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Abstract 

Introduction: Maintenance of proper protein homeostasis (proteostasis) is essential to cellular 

and organismal health. A wealth of research has shown that age-related diseases and conditions 

are associated with the inability of the cell to maintain healthy proteins or get rid of defective 

proteins, including: neurodegenerative disease, cardiac dysfunction, cataracts, and sarcopenia. 

Calorie restriction (CR) and rapamycin (RP), two interventions known to alter protein 

degradation and synthesis rates, effectively extend lifespan and improve health in many model 

organisms. Overexpression of mitochondria-targeted catalase (mCAT), an antioxidant enzyme, 

similarly extends lifespan and healthspan in mammals, protects against protein damage and 

unfolding, and preserves proteostasis machinery. While a general observation of improved 
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proteome quality and activation of proteostasis machinery can be observed in all three aging-

interventions, the downstream proteins targeted by the affected processes remain unknown. 

Identifying these targets, their functional relevance to health and aging, and the mechanisms by 

which they change is the focus of this thesis.  

 

Methods: Utilizing a combination of stable isotope labeling and nano-scale liquid 

chromatography tandem mass spectrometry (nLC-MS/MS), we performed large-scale estimation 

of changes in protein abundances and turnover rates simultaneously for each treatment, followed 

by clustering, pathway enrichment, correlations, and statistical analysis. 

 

Calorie restriction and rapamycin in the aging heart and liver:  In several tissues, we 

examined changes in protein abundances and in vivo turnover rates of young and old mice 

treated with either CR or RP for 10 weeks. Our data shows that global protein turnover tends to 

increase with age in the heart and liver, while both RP and CR reverse this aging effect. In old 

mice treated with CR, protein abundances closely recapitulated young levels in both heart and 

liver among the top significantly altered pathways. Treatment with RP recapitulated young levels 

in heart, but had the opposite effect in liver. The top pathways altered by treatment consisted 

mostly of metabolic pathways, including mitochondrial function, oxidative phosphorylation, and 

fatty acid beta-oxidation and decreases in glycolytic pathways.  

 

Poly-ubiquitin mediated proteostasis: To determine the relative contribution of ubiquitin-

mediated homeostasis to changes in turnover, we also performed an antibody-based enrichment 

of the poly-ubiquitin modified fraction (ubiquitinome) of liver tissue, followed by a novel 
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analysis of “poly-ubiquitinome” kinetics. Our data demonstrates that a large number of poly-ub-

proteins show a preferential increase in abundance compared to their unmodified counterparts, 

and in several cases significantly correlate with previously observed increases in half-lives 

(HLs). These correlations extended to pathway-level changes during aging and treatment. 

Furthermore, we demonstrate how label kinetics can be used to distinguish accumulating poly-

ub-proteins from readily degraded ones. Overall, our results demonstrate that proteomic analysis 

of sub-populations of proteins may be a promising approach to identifying the targets and 

dynamics of major cellular processes. 

  

Mitochondrial respiratory chain turnover: The turnover rates of subunits of the mitochondrial 

respiratory chain were observed from over 40 unique experimental conditions representing a 

wide range of proteome compositions and turnover rates. We show that across highly divergent 

conditions, the relative differences in half-lives of respiratory proteins are highly conserved. This 

conserved heterogeneity can be partly explained by several factors.  

 

Mitochondria-targeted catalase (mCAT) and reverse antagonistic pleiotropy: A 

comprehensive examination of changes in abundance and turnover during normal and 

mCAT aging. The effects of mCAT on global turnover rates as well as a number of changes in 

top pathways are comparable to the effects of CR and RP. Interestingly, the YmCAT proteome is 

largely different in abundances and turnover rates from the YWT proteome and more closely 

resembles the OWT proteome – exhibiting a pattern of “reverse antagonistic pleiotropy”. 
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INTRODUCTION  

1.1 THE ROLE OF AGING IN DISEASE 

Aging can be loosely defined as the progressive decline in organismal function over time. Quantitatively, 

one can think of it as an increase in our mortality, or likelihood of death, over time due to a collection of 

biological changes 
5
. Despite the extensive research on aging and age-associated diseases that exists 

today, the underlying cause(s) of aging are not known. In fact, the view that a single process could 

underlie the multitude of biological changes with advancing age has been a point of contention among 

researchers for many years. On one hand, some have argued that aging could be driven by a small 

number of fundamental cellular mechanisms, which are presumably universal to all cell types 
6
, or 

alternatively, the endocrine action of a single tissue could be the dominant force behind aging in many 

tissues 
7
. On the other extreme, “aging” may be a singular term describing a large number of separate 

processes that are specific to pathologies, tissues, or cell types 
8
. The current popular opinion leans 

toward the notion that there are a relatively small number of cellular processes underlying the progression 

toward many diseases of aging, although most will agree some biological changes are separable from 

these. Some of the evidence consistent with the current mainstream view will be discussed in the 

Figure 1-1 Mortality data from the Center for Disease Control (CDC) showing death rates in the U.S. from 1999-

2010 from a several diseases. Death rates are in units of 1 per 100,000 people (on a natural log scale) as a function 
of age. This information is freely accessible using the WONDER database tools located on the CDC webpage (CDC 
WONDER) 

9
. 
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sections below.  

 

Regardless of underlying causes, there is a vast amount of data describing observable changes that are 

characteristic of aging. Notably, statistical data on the U.S. population illustrates that the risk of many 

diseases, including all of the top killers, consistently increase with advancing age 
9
  (Figure 1-1). With the 

exception of neurodegenerative diseases, the progressions of these diseases in the provided example 

(slope of each line) are relatively parallel across tissue types, and all of them clearly have a strong age 

component, perhaps consistent with the idea of some common underlying mechanisms.  

 

Age is also the single greatest risk factor for a number of diseases including Alzheimer’s and heart 

disease 
10

. This has been largely overlooked, as aging research receives only a fraction of the funding 

awarded to any of the individual diseases of aging
 2
. In terms of improving health, research on the 

diseases among the top causes of death in developed countries, such as heart disease and cancer, are 

giving diminishing returns in extending lifespan and the period of healthy life (“healthspan”) 
2
. As these 

returns are continuing to decline and scientific research increasingly demonstrates the potential of aging 

interventions, it is becoming evident that aging research may be a much more effective and fruitful 

investment  (Figure 1-2).  

 

Figure 1-2 The remaining 
life expectancy of a 50 year 
old Caucasian woman in the 

U.S. in 1985, based on 
mortality risk at the time (top 
bar), and the projected years 
remaining if the mortality risk 
for specific diseases were 
reduced to zero (blue bars). 
The bottom bar projects years 
of life remaining if mortality 
risks were reduced to the 
same extent that calorie 
restriction reduces mortality 
risk in mice. 2. 
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1.2 PROTEIN QUALITY CONTROL IN AGING  

Proteins directly participate in virtually all processes of the cell, so it is no surprise that the various 

declines in function associated with aging are evident on the protein level; however, increasing evidence 

suggests that protein quality control mechanisms have a more relevant role in aging and may be 

therapeutic targets for aging and a range of diseases.  

 

Protein homeostasis is the equilibrium between protein synthesis, maintenance, and degradation. 

Maintenance of proper protein homeostasis (proteostasis) is essential to cellular and organismal health – 

illustrated by many studies indicating that age-related diseases and conditions are associated with the 

inability of the cell to maintain healthy proteins or get rid of defective proteins 
11

. Some of these conditions 

include neurodegenerative disease 
12

, cardiac dysfunction 
13,14

, cataracts 
15

, and sarcopenia 
16

. Similar 

dysfunctions in proteostasis have been observed in “normally” aging cells which are free of disease, 

indicating a potentially important role for protein regulation in both health and aging. 

 

Aging interventions have also suggested an important role of protein homeostasis in health and aging.  

While dysfunction of protein quality control mechanisms is a hallmark of aging, improvement of these 

mechanisms is a hallmark of longevity and improved health. For example, the characteristic accumulation 

of damaged proteins and decline in quality control machinery have been alleviated in longevity models 

utilizing overexpression of mitochondrial-targeted catalase 
17-20

, calorie restriction 
21

, reduced IGF1 

signaling 
16,22,23

, and rapamycin treatment 
24,25

. 

 

Aside from the correlative association between aging, health, and protein quality control, direct 

intervention of quality control mechanisms may potentially increase lifespan and improve health. An 

example of this is the inhibition of mechanistic Target of rapamycin (mTOR), a regulator of protein 

homeostasis, which has been extensively shown to increase lifespan and healthspan in a variety of 

animal models and various intervention protocols 
26

. The major role of mTOR in protein homeostasis, 

among other functions (discussed in more detail below), is to mediate protein translation and degradation 

in response to nutrient availability
 26

. Both rapamycin and calorie restriction effectively inhibit mTOR and 
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are widely believed to confer benefits by this mechanism, although this has not been clearly established. 

Various protein quality control interventions have been shown to improve health and aging in both  

invertebrate and mammalian models
11,12,22,27

. 

 

Collectively, studies in this area may suggest that dysfunctional proteostasis has some causative role in 

aging or, alternatively, restoration of protein homeostasis machinery is protective against some other 

driving force in aging and age-related disease. In either scenario, the major mechanistic question of how 

these processes extend lifespan and healthspan remains unanswered and will pose a major challenge to 

researchers. An incomplete understanding of the various interactions, specificity, and targets of quality 

control pathways currently limits the ability of researchers to close this gap. Fortunately, several quality 

control pathways, such as autophagy and ubiquitin-mediated degradation, are receiving increased 

attention from several areas of biomedical research as their roles are recognized in a number of 

diseases
11,27

. In addition, emergence of sophisticated tools in proteomics and improved computer 

processing power have proven to be powerful tools in cellular biology, allowing researchers to acquire 

and analyze an unprecedented depth and volume of data.  

 

1.3 AUTOPHAGY  

Autophagy is one of two primary cellular systems that degrade the vast majority of proteins in the cell (its 

counterpart, the ubiquitin proteasome, is discussed in the next section). Any cellular degradation involving 

lysosomes, a single membrane vesicle containing various enzymes for the digestion of macromolecules, 

is generally categorized under the umbrella term “autophagy” 
27

. There are three major ways by which 

proteins can be delivered to a lysosome for degradation, which define three primary categories of 

autophagy: macroautophagy, microautophagy, and chaperone-mediated autophagy (Figure 1-3). For 

brevity these will not be covered in detail, however, readers are referred to a number of detailed reviews 

on each topic 
11,27,28

.  
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Lysosomal degradation serves four primary physiological roles: cell and protein quality control, 

conserving cellular resources, cell remodeling, and cell defense 
28

. In the context of quality control, 

autophagy is responsible for the clearance of damaged proteins, insoluble protein inclusions, and 

abnormal organelles, all of which are hallmarks of aged and dysfunctional tissues. Knocking down 

components of autophagy leaves cells unable to remove damaged organelles and proteins 
28-31

, 

demonstrating that autophagy plays a key role in protein homeostasis.  

 

Numerous lines of evidence suggest that autophagy is likely to have an important role in aging, however, 

there has been no smoking gun study. Many studies, mostly those in C. elegans, have demonstrated that 

autophagy components are required for lifespan extension by CR, mTOR inhibition, IGF-1 inhibition, and 

a few other longevity pathways 
32

 – though these have not as yet been confirmed in other model systems. 

Unfortunately, there is no genetic or pharmacological intervention known to specifically increase 

autophagy without targeting other processes (and it may not be possible to do so), hence the lack of a 

definitive study. Though genetic overexpression of ATG5, a vital autophagy protein involved in 

autophagosome formation, has been reported to extend lifespan in mice 
33

. ATG5 has also been shown 

to have pro-apoptotic functions, which cannot be excluded as the longevity-promoting component ATG5.  

 

Figure 1-3 Autophagic pathways 

illustrated by Cuervo et al. (Wong 
& Cuervo 2010). Three primary 
types of autophagy (A) 
macroautophagy, a whole region 
of the cytosol is sequestered into a 
membrane-bound vesicle, which 
then fuses with lysosomes. (B) 
Microautophagy, the lysosome 
directly takes in small regions of 
cytosol (C) chaperone-mediated 
autophagy, soluble proteins are 
recognized and delivered to the 
lysosome by a targeting sequence, 
and translocated through the 
membrane via lamp2a, a receptor 
on the lysosomal membrane. 
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The mTOR pathway, when inhibited, is well known to increase both lifespan and autophagy. In fact, 

rapamycin is one of the few drugs available that can be used to activate autophagy. Longevity studies 

with rapamycin, and other forms of mTOR inhibition, have reported increased autophagy in treated 

animals 
21,24-26

, and offer further evidence that autophagy may play a central role in aging. Again, because 

autophagy is tightly linked to most cellular processes in some way, including growth, immunity, 

metabolism, energy and protein homeostasis, the key to understanding the role of autophagy will likely 

require a deep understanding of its interactions with other processes.   

 

1.4 UBIQUITIN-MEDIATED TURNOVER 

The ubiquitin-proteasome system (UPS) is the primary non-lysosomal protein degradation pathway. In 

contrast to autophagy, its action is limited specifically to individual proteins, and cannot degrade other 

macromolecules, organelles, or groups of proteins. Where autophagy often degrades its targets in bulk, 

the UPS very specifically targets thousands of proteins and utilizes a sophisticated array of mechanisms 

to do so with special and temporal precision. The UPS is also active in all regions of the cell, and targets 

proteins localized within organelles. For most proteins, degradation through this pathway is characterized 

by 2 major steps: recognition and “tagging” of a protein for elimination with a poly-ubiquitin modification, 

and translocation to the proteasome for degradation
 28

 (summarized in Figure 1-4).  This process is very 

complex and has been extensively studied and described in detail in various reviews
11,27,28,34

. 

 

Similar to autophagy, the UPS is essential for maintaining overall cellular homeostasis. Inhibiting or 

deleting its components often leads to toxicity with severely altered cellular phenotypes and cellular 

death
34,35

. Almost immediately after inhibition, an accumulation of protein inclusions can be observed in 

cells. Interestingly these resemble the inclusions described in a number of neurodegenerative diseases
34-

37
. Genetic depletion of proteasome subunits in the brains of mice has been shown to induce a 

neurodegenerative phenotype, suggesting a role in neurodegenerative diseases characterized by protein 

inclusions 
36

.  
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Most of the evidence linking the UPS-intervention to longevity comes from C. elegans studies 
34

. 

Generally, these can be explained by the specific action of UPS on longevity pathways, rather than a 

global change in the proteolytic system. The ubiquitin ligase RLE-1, for example, selectively targets and 

poly-ubiquitinates daf-16, a key component in the insulin/IGF pathway in worms, leading to its 

degradation by the proteasome
 38

. As a result, inhibition of RLE-1 extends lifespan in C. elegans. In flies it 

has been shown that overexpression of parkin-1, a ubiquitin ligase involved in familial Parkinson’s 

disease, extends lifespan 
39

.  

 

On a broad scale, it is not known if general protein maintenance by the UPS is involved in aging. 

Correlatively, proteasomal activity becomes less functional with age and is restored in long-lived animals 

under CR 
11,27

. It is also important to note that autophagy and the UPS must work in harmony to direct 

protein homeostasis, and an intervention in either process is inevitably going to lead to changes in both. 

Unsurprisingly, there is extensive crosstalk between these processes - for example, it has been shown 

Figure 1-4 Components of the UPS broken down and illustrated by Cuervo et al. (Wong & Cuervo 2010) First, 

a protein in need of degradation (because of unfolding, oxidation, etc.) is recognized by an E3 ligase enzyme, 
and A) the protein is tagged with a ubiquitin chain over repeated cycles of ubiquitin activation (E1), conjugation 
(E2), and ligation (E3). B) A poly-ubiquitinated protein may directly bind to receptors on the proteasome or may 
be shuttled by factors. C) Once bound to the proteasome, de-ubiquitinating enzymes (DUBs) remove the 
ubiquitin modification and the protein is translocated into the proteolytic core of the proteasome, where it is 
digested into short peptides. 
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that poly-ubiquitination can promote the clearance of depolarized mitochondria through mitophagy 
40

. 

There also exists interaction between these systems in host-cell autonomous immunity, where the 

autophagic destruction of invading pathogens relies on the extensive ubiquitination of pathogen 

components in order to recognize pathogens as “non-self”  
41

 .  

 

The roles of poly- and mono- ubiquitination extend far beyond the widely known proteasomal degradation. 

This thesis, however, will focus directly on the aspects related to protein homeostasis – which itself also 

encompasses several fields of study. A few mechanisms of ubiquitin-mediated-homeostasis will be later 

revisited and are not discussed in detail here, but are worth noting. For example, poly-ubiquitin mediated 

proteostasis serves diverse roles including formation of insoluble protein inclusions characteristic of aged 

tissue 
39

, signaling protein turnover through autophagy 
42

, and the decoration of pathogen containing 

vacuoles to facilitate host-cell defense 
43

.  

 

1.5 CALORIE RESTRICTION, MTOR, AND RAPAMYCIN 

Calorie restriction (CR) was first associated with longevity in the 1930s 
44

, and to this day  is the most 

robust non-genetic aging intervention in a variety of model organisms, including yeast, flies, worms, rats, 

mice, and dogs 
45-47

. In addition to long-life, CR provides a number of health benefits, and has been 

reported to improve nearly every major pathway of interest in the field of aging, and through various 

mechanisms, including the insulin/IGF pathway, mTOR, hormone signaling, oxidative stress, DNA 

damage, protein homeostasis, and hormesis
48

.  It has also demonstrated the potential to extend life, or 

prolong age-related diseases, in non-human primates 
49,50

. Despite this vast amount of characterization 

and research, much of the data that exists is correlative and mechanism(s) by which CR confers longevity 

remains unclear. 

 

Mechanistic target of rapamycin (mTOR) has been popularly pursued as an aging intervention since it 

was discovered that CR is a potent inhibitor of this pathway. Like with CR, inhibition of mTOR is a known 

aging intervention that is conserved – increasing lifespan in yeast, worms, flies, and mice. Rapamycin, an 

FDA approved drug (which the mTOR pathway was named after), effectively inhibits mTOR activity and 
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improves health and aging in both invertebrates and mammals. Though there have been other popular 

anti-aging drug candidates proposed as “CR mimetics”, such as resveratrol, rapamycin was the only one 

to increase longevity in several independent mouse studies 
24,25

.  

 

 mTOR is a nutrient responsive pathway which, when active, inhibits protein degradation through 

autophagy and promotes cell growth and protein synthesis. When mTOR is inhibited by CR or RP, 

autophagy is promoted and protein synthesis is reduced. Although these alterations in protein 

homeostasis have been generally associated with both CR and RP treatments, the specific actions of 

each intervention are not well known. A deeper study of the proteins that are being targeted by 

homeostatic machinery will more directly address the specific differences in these treatments. 

Additionally, an increase in degradation coupled with a decrease in protein synthesis is clearly not a 

viable long-term strategy to maintain homeostasis, so the kinetics of treatment with CR and RP are also 

important to investigate. 

1.6 OVEREXPRESSION OF MITOCHONDRIA-TARGETED CATALASE 

One of the most popular and well-known, yet highly controversial theories of aging is the Free Radical 

Theory of Aging (FRTA) and the various versions of it that exist today. FRTA, first proposed by Denham 

Harman in the 1950s 
51

 and later renamed the “Mitochondrial” FRTA 
52

, views aging as an accumulation 

of macromolecular damage over time.  It hypothesizes that highly reactive molecules, collectively referred 

to as reactive oxygen species (ROS), which are unavoidably created as a side effect of essential cellular 

metabolism, damage various macromolecular components in the cell including proteins, lipids and DNA, 

and thereby drive a progressive decline in health and function seen with advancing age.  

 

ROS are associated with the progression of a broad spectrum of pathologies including aging 
51

, 

neurodegeneration, metabolic syndrome 
53-55

,  heart disease 
56-58

 , cancer , and others 
59

. Mechanistically, 

this has largely been attributed to oxidative modification of cellular macromolecules, including lipids 
60

, 

DNA 
61

 and proteins 
62

. Given the propensity for ROS to cause damage and modification on proteins, it is 

perhaps not surprising that it can have large impacts on protein homeostasis. Compounds with the ability 
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to inhibit the oxidative modification of molecules by ROS, antioxidants, are widely believed to promote 

health and longevity. Unfortunately, this widely held view is largely unsupported by scientific evidence. In 

human clinical trials, antioxidants have largely failed to have a therapeutic use 
63-65

 and have occasionally 

reported negative outcomes
66-68

.  

 

The results have been mixed in animal models as well, with invertebrate studies reporting that increasing 

rather than decreasing ROS promotes longevity 
69

.  Likewise, antioxidant models in mice have failed to 

show benefits from either overexpression of endogenous cellular antioxidants or treatment with 

pharmacological ones 
70

. However, a transgenic mouse model in which the antioxidant enzyme catalase, 

normally found in the peroxisomes, is overexpressed and targeted to mitochondria is a notable exception. 

Created in the Martin and Rabinovitch labs, the mitochondria-targeted catalase (mCAT) mice live about 

15-20% longer 
18

. Numerous studies 
61,71-76

 have now supported the exceptional health and resilience of 

these mice including heart failure models and cardiac aging studies in our lab, and numerous measures 

of health reported by other labs.  

 

In chapter 6, I examine the relationship between mCAT and the proteome more closely. Additionally, I  

discuss how global alterations in proteome abundances and turnover rates, in the context of a few recent 

mCAT papers, provide clues as to how to reconcile contradictory antioxidant studies.  

 

1.7 STABLE ISOTOPE LABELING AND PROTEIN TURNOVER  

Studies of in vivo protein kinetics with stable isotopes have been conducted at least as far back as the 

early 1960’s 
77,78

, and the value of doing so was recognized much earlier 
79

. Early experiments utilized 

pulse-chase or continuous radiolabeling of tissues to perform bulk measurements of protein turnover. A 

typical experiment could involve administering metabolically active biological precursors (amino acids, 

glucose, ammonia, etc) that contained a radioactive tracer (isotopes of carbon, hydrogen, and sulphur) in 

an animal or cell culture model. After an initial labeling period, radioactive decay is generally monitored by 

collecting specimens and measuring radioactivity over several time points. Tissue collection and cell 

fractionation often aided these techniques. In early studies of mitochondrial turnover, preparation of 
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mitochondrial inner membrane, outer membrane, and matrix fractions allowed for the comparison of bulk 

protein turnover among compartments of this organelle 
77

. Gel-based separations aided in collecting data 

on more specific protein isolates. The use of radioactive tracers to perform turnover studies did face some 

serious challenges, however. Some obvious examples are the adverse health effects of injecting 

radioactive isotopes into live animals, which emit radiation and can induce effects that may affect the 

disease model or the biological system of interest.  Perhaps the most significant limitations of these 

methods was the 1) lack of protein-specific data and 2) the fact that degree of enrichment of radioactive 

isotopes in the amino acid precursor pool of higher organisms is difficult to determine, which is required if 

one is to know the proportion that would be expected to appear in newly synthesized proteins.  

 

Owing to modern proteomic technologies, software tools, and improved computing power, researchers 

now have the ability to estimate turnover rates at the individual protein level of thousands of proteins 

simultaneously 
80

. Mass spectrometers rely on mass measurements to identify proteins, rather than 

measuring radioactivity, allowing for the use of stable-isotopes rather than radioactive ones and reducing 

the risk of inducing unwanted effects in animals. With the exception of deuterium or tritium, which can be 

highly toxic or fatal, stable isotopes have shown no evidence of significant disruption of biological 

systems, and near-complete labeling of higher organisms with 
13

C and 
18

O has been achieved without 

adverse effects 
81

. There have been few investigations of biological effects of stable isotopes, however, 

and it should be noted that even if changes to the physical properties of heavy-isotope containing 

molecules are subtle or undetectable, there might be larger and more apparent effects on a biological 

system.  

 

Metabolic labeling can be done with a number of molecules with various advantages and disadvantages 

82,83
. Generally, outside of nuclear magnetic resonance studies, amino acids are superior for metabolic 

labeling because their incorporation into proteins is predictable, although researchers have had success 

estimating protein turnover with other precursors such as deuterated water 
84

. Several considerations are 

taken when choosing the correct amino acid label: the number of biosynthetic pathways that a model 

organism can utilize to create it, whether the isotopic atom can be redistributed to other precursors that 
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incorporate into peptides, the prevalence of the amino acid in the proteome, and whether available 

instrumentation can reliably detect the mass differential between the heavy and light molecules. Essential 

amino acids are the most commonly used because they cannot be synthesized by the organism of study 

and are more likely to incorporate into the amino acid precursor pool used to synthesize new proteins. For 

all studies described in this thesis, we performed metabolic labeling with deuterated leucine. Leucine is 

an essential amino acid as well as the most prevalent amino acid in the proteome, increasing the 

likelihood that it will appear in tryptic peptides and proteins.  

 

One of the major challenges in turnover studies is the difficulty in assessing the enrichment of label in the 

amino acid precursor pool throughout the labeling period 
85-87

. The studies outlined in this thesis 

overcome these challenges using Topograph, an open-source software program developed in the 

MacCoss Lab at the University of Washington 
88

.  The Topograph algorithm is capable of calculating the 

enrichment of heavy-label (leucine in our case) in the amino acid precursor pool based on the isotopomer 

abundances of peptides containing 2 or more labels. Topograph corrects to these precursor enrichments 

to make an accurate estimation of turnover regardless of whether the precursor pool is fully labeled.  

Further details on the design and analysis of our turnover studies are given in the methods section of 

each chapter below. For more information about metabolic labeling or Topograph, readers are referred to 

several informative papers as well as the Topograph publication 
86-89

. 

 

1.8 CARDIAC AGING 

Physiologically, age-related heart failure in humans is closely recapitulated by mouse models, including 

the development of left-ventricular hypertrophy, diastolic dysfunction, and fibrosis 
17,90

. In mice, we have 

shown these functional declines are accompanied with proteomic remodeling of both energetic and 

structural pathways 
91

. Levels of mitochondrial respiratory proteins, key proteins in the production of most 

of the cardiac ATP, decline in the old heart, leading to concurrent loss of energy homeostasis. Additional 

declines in metabolic proteins involved in fatty acid beta oxidation, amino acid metabolism, ketogenesis, 

and the TCA cycle likely contribute to an overall energy deficiency 
91

. Conversely, glycolytic metabolic 

pathways as well as extracellular structural proteins are often significantly increasing in protein 
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abundance with age 
91

. Glycolytic proteins rise significantly during age, which together with the loss of 

fatty acid oxidation and amino acid metabolism suggests a metabolic fuel switch has occurred. These 

findings are consistent with a number of proteomic studies focused on cardiac aging and disease. These 

changes may owe to an underlying decline in major protein quality control systems with age, leading to 

increases in low quality and damaged proteins which less able to perform their roles efficiently. 

 

The aging cardiac proteome recapitulates most hallmarks of the aged cellular proteome including the 

appearance of protein aggregates and lipofuscin, increased protein oxidation and damage, increased 

ubiquitination, and declines in autophagy and the ubiquitin proteasome system 
26,27

. All of these changes 

will have an impact on global levels of proteostasis to some degree, consistent with a notion of proteome 

remodeling during aging. It is unlikely, however, that all protein changes are equally or significantly 

contributing to the aging phenotype – presenting a challenge for researchers to identify the most 

phenotypically relevant downstream targets and their changes during aging.  

 

The majority of studies in mice have reported a decline in the efficiency of protein degradation machinery 

with advanced age, contributing to a popular notion that aging is associated with a decrease in overall 

protein turnover. In contrast, our group has consistently observed that proteome turnover is either 

unchanged or modestly increased in the various mouse tissues examined to date, including mouse heart 

91
 
 
as well as skeletal muscle 

92
 and unpublished data in brain. Unlike earlier studies, these finding were 

based on direct measurements of individual protein turnover rates in vivo 
88

, rather than using cellular 

markers of degradation as a proxy. Additionally, other recent studies utilizing a similar metabolic labeling-

based MS approach to assess in vivo protein turnover have observed turnover rates consistent with our 

observations in aging mice 
85,93

.  The relative contribution of various homeostatic processes to the many 

changes in protein turnover and abundance remains unknown. It is clear that several closely connected 

quality control mechanisms are required in order to maintain healthy cardiac function.   
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1.8.1 Autophagy in cardiac aging 

Macroautophagy has shown a mix of positive and negative results in various heart disease models; 

however, numerous lines of evidence have shown that macroautophagy does indeed have an important 

role in organismal and cardiac ageing. For example, a recent report found that genetic over-expression of 

ATG5, a vital autophagy protein involved in autophagosome formation, improved mitochondrial 

morphology, respiratory rates, and extended lifespan in mice 
33

. ATG5 has been shown to have a pro-

apoptotic function, and this activity in reducing cancer deaths in C57BL/6 mice may be a longevity-

promoting component. Cardiac-specific knockdown of ATG5 in mice has conversely been shown to 

accelerate aspects of ageing in the heart, suggesting that autophagy plays an important role in 

maintaining normal heart function and mediating cardiac ageing. Like normally ageing mice, cardiac 

specific ATG5 mutants develop left-ventricular hypertrophy, but they also develop accelerated heart 

failure with decreased fractional shortening, abnormal mitochondrial morphology, decreased respiratory 

capacity, and premature death
94-96

. While the mechanism by which autophagy maintains cardiac function 

is not fully understood, fragmentation of mitochondria and accumulation of ubiquitinated proteins and p62 

in mice lacking ATG5 suggests that this is an essential protective mechanism 
34,95

. In agreement with this, 

a study performed on cardiomyocyte cell lines found that induction of autophagy was protective against 

oxidative stress-induced protein aggregation, reduced levels of protein ubiquitination, improved 

mitochondrial function, and reduced cell death 
95

.  

 

Inhibition of the mTOR pathway (see above) is well known to increase autophagy and extend lifespan. In 

fact, the mTOR inhibitor rapamycin is one of the few drugs available which can be used to increase 

autophagy. Longevity studies with rapamycin and other forms of mTOR inhibition have reported 

increased autophagy in animals across many studies 
26,27,32

, and offer further evidence that autophagy 

may play a central role in ageing. Even so, due to the difficulty of specifically over-expressing autophagy 

components without targeting non-specific processes, direct evidence that activating autophagy can 

extend lifespan is not yet available.  
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1.8.2 Ubiquitin-mediated turnover in cardiac aging 

In the heart, the role of the UPS is less well known. Some evidence exists of proteasomal degradation of 

various cardiac proteins including myofibrillar proteins, connexins, actin, and myosin 
97

, although many of 

these mechanisms have not been well established. Pharmacological and genetic intervention of the UPS 

with proteasome inhibitors, however, has made it evident that the proteasome can have powerful effects 

on the heart. In models of ischemia reperfusion injury, for instance, proteasome inhibitors decrease infarct 

size - sometimes by over 50% 
97

. Little has been reported in the literature about the role of the ubiquitin 

proteasome in the context of cardiac aging specifically. 

 

1.8.3 Mitochondrial Fusion/Fission  

Mitochondrial dysfunction, particularly bioenergetic deficiencies, is an important hallmark of cardiac 

ageing. Age-related decline in mitochondrial activity and impaired mitochondrial dynamics offer a potent 

explanation for deteriorating cardiac performance with age. Dysregulation of mitochondria quality control 

processes are widely reported in ageing and although few studies have focused on the role of 

dysfunctional mitochondrial dynamics in cardiac senescence, there is extensive evidence to indicate that 

healthy cardiac performance is highly reliant on precise balance of mitochondrial fission and fusion.  

 

Mitochondria are highly motile organelles that constantly change morphology, fuse, divide, and move 

depending on energy demands and integrity of individual mitochondria. Following fission, segments of 

mitochondrial that are dysfunctional, sensed as reduced membrane potential, are targeted for mitophagy 

98
. This homeostatic process helps to ensure optimal mitochondrial quality and supply of ATP to meet 

energy demand 
99

. The key regulators of mitochondrial dynamics, Mfn1, Mfn2, Opa1, hFis1, Drp1, and 

Fss, show high expression in normal cardiac tissue, consistent with their pivotal role in mitochondrial 

dynamics and bioenergetics 
100,101

. Genetic defects of proteins regulating fusion/fission are correlated with 

severe alterations in mitochondria morphology, decreased mtDNA integrity, increased oxidative stress, 

susceptibility to apoptosis, and metabolic dysregulation 
102

. Mitofusion 1 and mitofusion 2 null mice are 

embryonic lethal, while knock-downs have fragmented mitochondria, characteristic of declining 

mitochondrial fusion; mfn1 deficiency is observed in giant cells similar to those present in age-related 
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cardiac hypertrophy 
103

. Genetic aberrations of mfn1 and 2 are consistent with increased respiratory 

dysfunction and higher frequencies of mtDNA mutations 
104

. Dysregulation of fission may cause 

permeabilization of the mitochondrial membrane and release of caspase-3, a key modulator of myopathic 

apoptosis observed in senescent heart 
105-107

 that can trigger several other cytosolic death pathways 

108,109
 likely similar to those observed in heart failure 

93
 and possibly other cardiac pathologies. 

 

Mitochondrial fusion is regulated by Mfn1, Mfn2, and Opa1. Opa1 mice missing one allele develop 

cardiomyopathy late in life, and the acetylation of Opa1 has been linked to the development of heart 

disease when mice are pharmacologically, dietary, or surgically stressed 
110

. The general loss of Opa1 in 

MEFs has been shown to give fragmented mitochondrial populations. Cardiac specific Mfn1/Mfn2 KOs 

have been shown to develop early onset heart disease 
111

. Mfn1/2 are found on the outer mitochondrial 

membrane, where they can make hetero- or homo-dimeric interactions with neighboring mitochondria. 

Mfn1/2, unlike Opa1, are increased in some forms of heart failure 
112

.  Mfn1/Mfn2 plays a large role in 

autophagy that is often difficult to separate from their roles in fusion, which is an area of intense research. 

Mfn2 plays a key role in mitochondria–sarcoplasmic reticulum tethering for calcium signaling. In fact, loss 

of outer membrane mitofusins (MARF) led to fragmented mitochondria with higher ROS, which was 

repaired by increasing XBP1 expression, a protein involved in ER stress 
113

. 

 

Mitochondrial fission is managed by Drp1, Fis1, and Mff. Drp1 is localized to the cytosol until it is attracted 

to the mitochondrial surface for a fission event 
114

. Drp1 has recently been suggested to help protect 

cardiac cells from ischemia repurfusion injury by allowing them to be less reliant on oxidative 

phosphorylation and delaying or suppressing apoptosis 
114,115

. The depletion of Drp1 in cardiomyocytes or 

in mouse hearts leads to mitochondrial dysfunction and heart disease, respectively. A study by Ikeda et 

al. demonstrated that unchecked mitochondrial fusion, by Drp1 knock out was just as detrimental as is 

unchecked fission 
111

. 

 

Despite the recent illumination of the roles and mechanisms of fission and fusion, challenges remain in 

studying these processes in ageing cardiac tissue. Much of what is known about mitochondria dynamics 
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and its relationship to energetic deficiencies in the ageing heart comes from studies of cultured 

cardiomyocytes and surgically stressed hearts, not from ageing hearts.  

 

1.8.4  Mitophagy 

Mitochondrial-specific autophagy, or “mitophagy”, is a process by which (usually) defective mitochondria 

are turned over through the lysosomal pathway. Knocking down components of macroautophagy strongly 

diminishes mitochondrial function 
28,90,116

, demonstrating that it plays a key role in mitochondrial 

maintenance and homeostasis. Two well characterized regulators of mitophagy are PINK1 and Parkin 

117,118
. PINK1, aka phosphatase and tensin (PTEN) homologue-induced kinase 1, is a mitochondria-

targeted serine/threonine kinase which serves to protect the cell from mitochondrial dysfunction and 

apoptosis 
119

. Mutations in this protein are the most common cause of recessive familial Parkinsonism in 

humans 
120

. In addition, PINK1 KO mice have severe deficiencies in mitochondrial homeostasis 

accompanied by morphological changes in the mitochondrial network, increased ROS, and susceptibility 

to heat shock 
119

. Together this evidence suggests PINK1 has an important role in Parkinson’s disease as 

well as mitochondrial quality in normal cells, and possibly plays an important role in ageing.  

 

Under healthy conditions, PINK1 is imported into mitochondria via the TOM complex and is actively 

degraded by mitochondrial processing peptidase (MPP) and presenilin-associated rhomboid-like protease 

121
 
94,119,122

. Upon loss of mitochondrial membrane potential, PINK1 accumulates on the mitochondrial 

outer membrane and recruits Parkin, an E3 ubiquitin ligase, leading to the poly-ubiquitination of many 

mitochondrial outer membrane proteins such as Hexokinase I, VCAC1, MFN1/2, and Miro 
123

. These 

ubquitinated proteins are recognized by autophagy proteins P62, LC3 II, and BNIP3 to promote fusion 

with the lysosome and clearance of the dysfunctional organelle via mitophagy 
123,124

.  Many of the details 

surrounding this pathway and the interactions starting at PINK1 and leading up to mitophagy have been 

studied in detail and reviewed elsewhere 
117,119,123,124

.  

 

A few studies have shown that PINK1/Parkin mediated mitophagy is important for heart function, 

particularly in the context of adaptation and recovery from stress. Parkin KO rats, in contrast to wild type, 
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lack cardioprotection following ischemic preconditioning 
125

. Parkin deficient mice exhibit impaired 

recovery of cardiac function after sepsis 
126

 and have reduced survival and larger infarct size following 

myocardial infarction 
127

. All of these studies noted that Parkin deficient animals show disorganized 

mitochondrial networks, small or fragmented mitochondria, and an increase in cardiomyocyte cell death. 

The infarct study additionally showed that overexpression of Parkin in isolated cardiomyocytes protects 

against hypoxia mediated cell death
128

. Interestingly, protein ubiquitination and LC3II, markers of 

mitophagy, were not higher in control mice than in Parkin deficient animals after sepsis or in the remote 

zone after myocardial infarction. However, there was evidence of compensatory increases in 

macroautophagy, and possibly an induction of alternative BNIP3-mediated mitophagy, where Parkin-

dependent mitophagy is absent. A more detailed review details the role of mitophagy, including the less 

known role of BNIP3, in the heart 
129

.  

 

Even though there were obvious morphological differences in the mitochondria of Parkin deficient 

animals, one common observation of these studies was that under normal conditions there was no 

apparent difference in cardiac function compared to wild type mice until advanced age or animals were 

first subjected to stress. PINK1 KO mice also show increased vulnerability to ischemic injury 
130

, but 

unlike Parkin deficiency, loss of PINK1 has been reported to show signs of cardiac dysfunction in mice as 

young as 2 months 
131

. By six months of age, PINK1 KO and heterozygous mutants show increased heart 

weight, cardiomyocyte hypertrophy, decreased fractional shortening, and increases in hypertrophic gene 

expression 
131

. Again in contrast to Parkin deficient mice under normal conditions, this study also reported 

reductions in mitochondrial biogenesis and bioenergetics starting at 2 months of age. Collectively, studies 

in PINK1/Parkin have shown that these mediators are important for cardiac function, particularly in 

response to stressors, and compensatory increases in other degradation pathways may alleviate the 

dysfunction resulting in reduced mitophagy. However, further studies in the context of ageing will be 

needed to determine the precise roles of PINK1/Parkin and mitophagy related to age-related cardiac 

dysfunction.  
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ALTERED PROTEOME TURNOVER AND REMODELING BY SHORT-TERM CALORIC RESTRICTION 

OR RAPAMYCIN REJUVENATE THE AGING HEART 

 

2.1 SUMMARY 

Chronic caloric restriction (CR) and rapamycin inhibit the mechanistic target of rapamycin (mTOR) 

signaling, thereby regulating metabolism and suppressing protein synthesis. CR or rapamycin extend 

murine lifespan and ameliorate many aging-associated disorders; however, the beneficial effects of 

shorter treatment on cardiac aging are not as well understood. Using a recently developed deuterated-

leucine labeling method, we investigated the effect of short-term (10 weeks) CR or rapamycin on the 

proteomics turnover and remodeling of the aging mouse heart. Functionally, we observed that short-term 

CR and rapamycin both reversed the pre-existing age-dependent cardiac hypertrophy and diastolic 

dysfunction. There was no significant change in the cardiac global proteome (823 proteins) turnover with 

age, with a median half-life 9.1 days in the 5-month old hearts and 8.8 days in the 27-month old hearts. 

However, proteome half-lives of old hearts significantly increased after short-term CR (30%) or rapamycin 

(12%). This was accompanied by attenuation of age-dependent protein oxidative damage and 

ubiquitination. Quantitative proteomics and pathway analysis revealed an age-dependent decreased 

abundance of proteins involved in mitochondrial function, electron transport chain, citric acid cycle and 

fatty acid metabolism as well as increased abundance of proteins involved in glycolysis and oxidative 

stress response. This age-dependent cardiac proteome remodeling was significantly reversed by short-

term CR or rapamycin, demonstrating a concordance with the beneficial effect on cardiac physiology. The 

metabolic shift induced by rapamycin was confirmed by metabolomic analysis.  
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2.2 INTRODUCTION 

Caloric restriction (CR) extends lifespan in a wide variety of organisms ranging from yeast to mice and 

may attenuate several age-related diseases including diabetes, cancer and neurodegenerative disease 

46,132
. Long term caloric restriction has been shown to ameliorate age-associated cardiac hypertrophy and 

diastolic dysfunction 
133-135

 as well as cardiomyopathy in rodents and in monkeys 
48,136

. Although short 

term caloric restriction improved ischemic tolerance in the aged heart 
135

, the beneficial effect of short-

term caloric restriction on cardiac hypertrophy and diastolic dysfunction is not well understood.  

 

Several nutrient sensing pathways have been implicated in the beneficial effect of caloric restriction on 

aging process  
137

, however, interest in the mechanistic target of rapamycin (TOR) has increased 

following the demonstration that long-term rapamycin (RP) treatment, initiated at 9 or 18 mo of age, 

extends lifespan in murine models 
25,138

. mTOR regulates metabolism and cellular growth by sensing 

nutrient status and the growth factor signaling.  The mechanisms by which TOR exerts its effects on 

aging involve the modulation of protein synthesis 
139

, ribosomal biogenesis and autophagy through mTOR 

Complex 1 (mTORC1) and downstream targets ribosomal S6 kinase (S6K) and the translational 

repressor 4E-BP1 
140,141

. Mice with deletion of S6K1 have increased life span and resistance to age-

related pathologies 
142

, and activation of 4E-BP has been shown to mediate the lifespan extension effect 

of dietary restriction in Drosophila 
143

. Furthermore, 4E-BP has been shown to act downstream of TOR to 

modulate cardiac functional aging in Drosophila 
144

.   

 

Although the inhibition of mTOR is well known to ameliorate pressure-overload induced cardiac 

hypertrophy 
145

, the effect of RP on murine cardiac aging is less established. Both CR and RP have been 

shown to suppress protein synthesis and increase autophagy. We have recently developed a novel 

method to measure proteome dynamics using 2H3 Leucine heavy isotope labeling 
88

. In this study we 

applied this novel method to investigate the effect of short-term CR or RP on cardiac aging, proteome 

dynamics and protein abundance.  
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2.3 RESULTS
*
 

2.3.1 Experimental diet and deuterated leucine labeling. 

The experimental design is summarized in Figure 2-1. C57BL6 mice were acclimatized to synthetic diet 

for 3 weeks. During the first week there was a 7% decline of mouse body weight, after which it stabilized.  

At week three, 4 and 26 mo old mice were fed ad libitum synthetic chow control diet (CL), caloric 

restricted (CR) or ad libitum plus rapamycin (RP) for 10 weeks. RP was used at the concentration and 

formulation previously shown by the NIA Interventions Testing Program to extend mouse lifespan 
25

. Old 

mice fed caloric restricted synthetic chow diet lost 25% of body weight over the first three weeks, after 

which weight stabilized (Fig. S1). The body weight of old CL and old RP remained unaltered throughout 

the 10 week period; young mice CL gained 7.8% of body weight, normal growth for age. Mice are then 

                                                 
*
 Supporting information such as supplementary figures, tables, datasets, and methods can be found online: 

http://blogs.uw.edu/nbasisty/home/136-2/ 

Figure 2-1 Summary of experimental design. After 3 weeks on synthetic chow diet for acclimatization, young (4 month old) and 

old (26 month old) female mice had baseline echocardiography and were placed on a synthetic diet ad libitum (control group), 
40% caloric restriction (progressively over 3 weeks), or ad libitum plus microencapsulated rapamycin 2.24 mg kg-1day-1. After 10 
weeks, echocardiography was repeated and the mice were switched to the same synthetic diet but with 2H3-leucine fully 
substituted for normal leucine. Tissue from 3 mice per treatment were harvested 3, 7, 12, and 17 days thereafter. Protein 
extraction was followed by LC-MS/MS. Topograph was applied to calculate the fraction of newly synthesized peptides, as well as 
the relative abundance of all isotopomers. The percentage newly synthesized peptides for each protein were plotted for the 
triplicate mice at each time point to derive the rate constant and half-lives based on first order kinetics. For abundance analysis, 
Topograph aligned the chromatograms to normalize the recovery times of the corresponding ions in each sample and obtain the 
areas under the curve for every peptide identified in any one sample. (see method S1 for further detail).  
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placed on a deuterated leucine diet while maintaining CR, RP or CL conditions. At 4 time points 

thereafter, mice were euthanized and cardiac proteins analyzed by LC-MCS/MS. Topograph software 

was used to deconvolute the mass spectra to determine the isotope distributions of deuterated label in 

each peptide and used this to calculate the precursor-pool adjusted turnover rate of proteins (Fig. S2, 

Stab1, supplementary method)
88

.  

 

2.3.2 Reversal of aging cardiac dysfunction by short-term rapamycin or CR.  

At baseline, the aged heart phenotype in mice recapitulates the age-related changes of the human heart 

73
, including left ventricular hypertrophy and impairment of myocardial performance and diastolic 

Figure 2-2 Echocardiography. (A) Left ventricular mass index (LVMI) is significantly higher in old hearts at baseline (25 

months old), when compared to young hearts (3 months old), indicating age-dependent left ventricular hypertrophy. After 
10 weeks of CR or RP in old mice, LVMI is significantly lower than old control mice (P < 0.001 and P = 0.004, 
respectively). It is also significantly reversed when compared with the baseline echocardiography of each mouse (P < 
0.01 for both CR and RP), indicating reversal of age-dependent ventricular hypertrophy. (B) Fractional shortening does 
not significantly change with age or treatment group. (C). Myocardial performance index 4 significantly worsened 
(increased) in old mice at baseline. CR or RP significantly improved the MPI in old hearts when compared with control 
mice. (P = 0.02 and 0.05, respectively). (D) Diastolic function measured by tissue Doppler imaging Ea/Aa significantly 
declined in old hearts. While old CL mice have progressive decline of Ea/Aa after 10 weeks, treatment with CR or RP 
significantly increased Ea/Aa. CL: ad libitum control diet, and CR: caloric restriction. *P < 0.05 vs. YCL; #P < 0.05 versus 
pretreatment. n = 5–8. 
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dysfunction, as measured by echocardiography (Figure 2-2). Old mice fed ad libitum with a control diet 

(OCL) had an approximately 2-fold increase in left ventricular mass index (LVMI, Figure 2-2A) compared 

to young controls (YCL), indicating left ventricular hypertrophy.  There was no significant change in 

systolic function measured by fractional shortening (Figure 2-2B). The myocardial performance index 
4
, a 

sensitive marker of systolic and diastolic function, significantly increased with age (Figure 2-2C), 

indicating a greater fraction of inefficient time spent without ejection in systole. Diastolic function 

measured by tissue Doppler Ea/Aa significantly decreased in OCL mice (Figure 2-2D), falling below the 

value of 1.0 which is the definition of diastolic dysfunction. While 10 weeks of control diet did not affect 

any of the above parameters, OCR mice demonstrated a large decline of LVMI, falling to a level 

comparable to YCL young mice and significantly lower than that of OCL mice (p<0.001, Figure 2-2A). 

This was closely recapitulated by 10 week RP (p=0.004). The worsening of myocardial performance 
4
 in 

old mice was also significantly reversed by both CR and RP (p=0.016 and 0.05, respectively, Figure 2-

2C), to levels comparable to YCL. Likewise, the age-related decline in diastolic function was significantly 

improved by both CR and RP (p=0.04 and p<0.001, respectively, Figure 2-2D) as compared to OCL. 

These findings suggest that short-term CR or RP effectively induce regression of age-related left 

ventricular hypertrophy, amelioration of myocardial performance and reversal of diastolic dysfunction. 

 

2.3.3 Measurement of global cardiac proteome dynamics in aged heart and its modification by 

short-term rapamycin or CR 

CR and RP are associated with the reduction of mTOR signaling and reduced protein synthesis 
146

. 

Alterations in mTOR signaling observed in this study included a significant increase in S6 ribosomal 

protein phosphorylation in the aged heart, which was significantly attenuated by both CR and RP (Fig. 

S3). There was no significant change of 4EBP1 phosphorylation with aging, CR or RP (Fig S3).  
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The proteomics analysis of turnover rates found a wide distribution in protein half-lives (Figure 2-3A, Stab 

1). The median half-lives of 823 proteins in the YCL heart were 9.1 days, similar to 8.8 days in the OCL 

heart. Short-term CR significantly increased proteome half-lives by approximately 30% (11.4 days), when 

compared with OCL (p<0.001). Short-term RP also significantly increased old heart proteome half-lives by 

12% to a median of 9.8 days (p=0.04 compared to OCL),  

 

A more sensitive analysis of treatment differences is performed by comparing the ratio of half-lives of 

each individual protein in two treatment groups. The pairwise comparison in Figure 2-3B shows that the 

median half-lives of OCL are 10% longer than YCL (p=0.09). Both short-term CR and RP significantly 

increased the half-lives of old heart proteins: OCR are 45% longer than OCL and ORP are 27% longer 

than OCL (both p<0.001, Figure 2-3B).  

  

Figure 2-3 Global proteomic half-lives. (A) Histograms of half-lives (days). YCL versus OCL: 

n.s., OCL versus OCR P < 0.001; OCL versus ORP, P = 0.038; OCR versus OR, P = 0.08. (B) 
Histograms of half-life ratios for two-group comparisons. P = 0.09 for YCL/OCL >1, P < 0.001 for 
both OCR/OCL and ORP/OCL >1. 
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Figure 2-4 Protein half-lives (days) 
stratified by (A) cellular compartment, (B) 

most significant canonical pathways in 
ingenuity pathway analysis. *P < 0.01 for 
OCR versus OCL or ORP versus OCL, #P < 
0.01 for OCR versus ORP. 
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To describe the variation of protein half-lives in different cellular compartments, we grouped the 

components proteins of 8 chief compartments. As shown in Figure 2-4A, extracellular proteins have the 

shortest half-lives in YCL, with the median of 3.4 days, and mitochondrial proteins have the longest half-

lives, with the median of 13.2 days, with other compartments falling in between.  The half-lives of plasma 

membrane and cytosolic proteins in OCL are ~8% and ~17% shorter, respectively, than those of YCL 

(p=0.03 and p<0.01, Figure 2-4A). CR significantly increased protein half-lives in old mice in all 

compartments except for Golgi; the magnitude of increase are: 42.8% for mitochondria, 38% for cytosol, 

39.5%for extracellular, 46%for ER, 47.3% for ribosome, 74.8% for nucleus and 75.4% for plasma 

membrane (p<0.01 for all except for nucleus, p=0.03, Figure 2-4A). ORP mice had significantly increased 

protein half-lives in mitochondria (27.8%), plasma membrane (32.1%), cytosol (23.2%) and ribosome 

(54.0%) compartments (p<0.01 for all, Figure 2-4A). 

 

2.3.4 Pathway analysis of proteome dynamics and remodeling in aged heart and the effect of CR 

and rapamycin 

To identify protein pathways that are differentially regulated by CR and RP, we used Ingenuity pathway 

analysis 
147

.  A complete list of the significantly altered protein abundances with aging and their canonical 

pathways are given in Stab. 2 There were 589 proteins whose turnover was significantly changed in one 

or more group comparison (q<0.05). The 12 pathways that were most significantly altered in protein 

turnover are shown in Figure 2-4B. Proteins involved in signaling have the shortest half-lives, including 

proteins in LXR/RXR activation, protein ubiquitination, actin cytoskeleton, calcium and AMPK signaling as 

well as oxidative stress response pathways. Proteins involved in metabolism have longer half-lives, 

including those involved in glycolysis/gluconeogenesis, branched-chain amino acid (BCAA) degradation, 

TCA cycle, mitochondrial dysfunction and electron transport chain (ETC), acetyl CoA and fatty acid beta-

oxidation. CR significantly increased the half-lives of proteins in all these IPA pathways by 48-94% 

(p≤0.01 for all), except for actin cytoskeleton.  Rapamycin in old mice significantly increased half-lives 

only for mitochondrial dysfunction (24.9%, p<0.01), glycolysis/gluconeogenesis (12.8%, p=0.02) and 

protein ubiquitin pathways (20.3%, p<0.01), each to a much lesser extent than the effect of CR. 
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Figure 2-5 Heatmaps of (A) half-life differences, (B) 

abundance differences for YCL/OCL,OCR/OCL, and ORP/OCL 
comparisons, ordered by the rank of significance of differences 
in ingenuity pathway analysis. In part A, red indicates longer 
and blue indicates shorter half-lives. In part B, red indicates 
higher and blue indicates lower abundance. The component 
protein IDs are listed in Tables S4 for abundance difference 
and Table S5 for turnover differences.  
 
FAO: fatty acid oxidation, BCAA: branched-chain amino acid 
metabolism; 2-HB: 2 oxobutanoate; MG:methylglyoxal; and Ub: 
Ubiquitination. 
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To examine and compare differences between groups for protein turnover (Stab 1) and protein 

abundance (Stab 3), we created heat map of proteins in IPA canonical pathways, ordered by the 

significance of the IPA pathway (Figure 2-5). Figure 2-5A displays the heat maps of the protein half-life 

ratios. Compared with OCL, YCL has shorter half-lives for 58% of proteins involved in mitochondrial 

dysfunction and ETC, and longer half-lives for the remainder. Consistent with Figure 2-3, short-term CR in 

old age hearts confers significantly longer half-lives, and this is true for the great majority of the proteins. 

Interestingly, the heat map shows that RP closely recapitulates CR in increasing mitochondrial 

dysfunction and ETC protein half-lives, despite its weaker effect than CR overall (Figure 2-3).  

 

Figure 2-5B shows the heat map of protein abundance ratios between groups. There were 327 proteins 

whose abundance was significantly changed in one or more group comparison (q<0.05). Proteins 

involved in mitochondrial dysfunction and ETC are significantly more abundant in YCL as compared to 

OCL, indicating a significant decrease in these proteins with age; this difference is concordant for the 

great majority of proteins of mitochondrial dysfunction and ETC. CR and RP in old mice significantly 

reverse the aging difference, restoring protein abundances in this pathway to levels very comparable to 

YCL. The increased mitochondrial protein abundance by CR and RP was not associated with increased 

in mitochondrial copy number (Fig.S4A), mRNA levels of mitochondrial biogenesis regulator, PGC1α, or 

its downstream transcriptional factor, TFAM (Fig. S4B and C). Similar effects on proteome, though not as 

consistent across all proteins, were seen in proteins involved in fatty acid beta oxidation and TCA cycle 

pathways.  Conversely, YCL has significantly lower abundance of the majority of proteins involved in 

glycolysis/gluconeogenesis, oxidative stress response and cell cycle than OCL. CR is effective in 

reducing abundance of most of these proteins in these three pathways in old mice towards the youthful 

levels, in contrast, RP had mixed effects within all but the cell cycle pathway, which was effectively 

restored to the young phenotype. The decrease in protein abundance in glycolysis together with the 

increased abundance in fatty acid oxidation by RP in old mice suggested that RP shifts substrate 

utilization in old heart from glucose to fatty acid, similar to previous observation from skeletal muscle cells 

148
.  
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To confirm this observation, we performed a targeted metabolic profiling of aged heart tissue in OCL and 

ORP mice.  Figure 2-6A-B and Stab 6 show that when compared with OCL, ORP has significantly higher 

TCA cycle metabolites: α-ketoglutarate, fumarate, malate and citrate, with ratios of 1.32-1.41 (p=0.001 to 

0.02); and higher succinate and oxaloacetate with borderline significance (p=0.08-0.09). For glycolytic 

intermediates, ORP has significantly lower glucose-6 phosphate (ratio: 0.45, p=0.05) and fructose-6 

phosphate (ratio: 0.45, p=0.05), and non-significant decrease in the remaining glycolytic intermediates, 

when compared with OCL (Figure 2-6A-B, Stab 6).   
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Figure 2-6 Metabolic profiling and biochemical assay. (A) Relative abundance of the substrates in the glycolytic pathway and 

TCA cycle in ORP compared to OCL by targeted metabolic profiling. When compared with OCL heart, ORP hearts have 
significantly lower glucose-6-phosphate and fructose-6-phosphate (both are glycolytic metabolites), and significantly higher a-
ketoglutarate, fumarate, malate, and citrate (all are TCA cycle metabolites). *P < 0.05 compared with OCL. See Table S6 for 
numerical data. (B) A schematic diagram summarizing the changes in metabolism by rapamycin in old heart. (C) Western blots of 
autophagic markers show no significant change of LC3II/I, p62, or beclin-1 in cardiac aging. However, OCR has significantly 
lower p62 than that in OCL. #P < 0.05 compared with OCL. (D) Both CR and RP significantly reduce the age-dependent increase 
in protein carbonyls (nmol mL-1). #P < 0.05 compared with OCL. (E). Both CR and RP significantly reduce the age dependent 
increase in protein ubiquitination.*P < 0.05 compared with YCL and #P < 0.05 compared with OCL. n = 3–8. G6P: glucose 6-
phosphate; G1P: glucose 1-phosphate; F6P: fructose 6-phosphate; F1P: fructose 1-phosphate; F16BP: fructose 1,6 
bisphosphate; F26BP: fructose 2,6-biphosphate; G3P: glyceraldehyde 3-phosphate; DHAP:dihydroxyacetone phosphate; 2(3)-
PGA: 2- or 3- phosphoglycerate; and PEP: phosphoenolpyruvate. Isomers of same molecular weight, that is, G6P versus G1P, 
F6P versus F1P, and F16BP versus F26BP,were not distinguishable by the LC-MS/MS-based metabolic profiling method. 
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2.3.5 Alterations in protein autophagy, ubiquitination and damage by rapamycin and caloric 

restriction 

We observed no significant change in LC3 II/I, p62 and beclin-1, markers of autophagy, in cardiac aging 

(Figure 2-6C). However, OCR substantially reduced p62 (p<0.05). Consistent with our previous 

observation 
73

, there is an increase in oxidative damage in old hearts, as shown by a higher level of 

protein carbonylation. This increase is significantly reversed by CR and RP (Figure 2-6D). The ubiquitin-

proteosomal pathway is one of the major mechanisms for degradation of damaged proteins. Figure 2-6E 

shows that protein ubiquitination significantly increased in OCL hearts, and this was significantly reversed 

by CR and RP. The reduction of protein damage and ubiquitination is consistent with the slower rate of 

protein turnover seen in CR and RP treated old hearts. 
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2.4 DISCUSSION 

This study demonstrates that short-term, 10 week treatment with CR or RP, initiated at old age, reverses 

many of the pre-existing functional deficits of cardiac aging, rather than just slowing down the aging 

process. This rejuvenation of the heart includes reversal of age-dependent cardiac hypertrophy, diastolic 

dysfunction and impairment of myocardial performance (Figure 2-2). In parallel with the effect on cardiac 

physiology, short-term RP closely recapitulate CR to restore key components of the mitochondrial 

proteome to youthful levels, including those involved in mitochondrial function and electron transport 

chains, fatty acid oxidation and TCA cycles (Figure 2-5A, Stab 3). In some other pathways, such as 

glycolysis/gluconeogenesis, oxidative stress response and cell cycle, CR was effective in reducing 

abundance of most of these proteins in old mice towards the youthful levels, in contrast, RP had mixed 

effects and reversed to a smaller extent.  

 

This study is also the first to elucidate the global dynamics of the aging cardiac proteome, calculating the 

turnover rate of 823 proteins (containing at least one leucine) in a single experiment (Figure 2-3, 4, 5B, 

Stab 1). It was done by analyzing LC-MS data with the Topograph software program. Topograph 

deconvolutes the isotopologue distributions to determine the amount of heavy label in the amino acid 

precursor pool (Figure S2 and S5, and from this correctly calculates the percentage of peptides that are 

newly synthesized (18). This novel method of turnover analysis does, however, have several limitations. 

First, it requires feeding mice with a synthetic diet, not regular mouse chow. Second, the analysis of the 

protein turnover is limited to proteins containing at least one leucine. Some important proteins without 

leucine, such as collagen (which increased in age-dependent cardiac fibrosis) were therefore not included 

in the turnover analysis (these were, however, included in the abundance analysis). Third, the errors in 

half-life measurement of proteins with very short (less than 3 days) or very long (greater than 50 days) 

half-lives are higher using our current labeling protocol (Figure S6).  

 

The proteome in the aged heart is notable for the significant decline in proteins involved in mitochondrial 

function, ETC and fatty acid metabolism. Conversely, aged hearts have significantly increased protein 

abundance in glycolysis/gluconeogenesis, acute phase response and LXR/RXR and other signaling 
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pathways. This remodeling is similar to our previous observations in pressure-overload induced heart 

failure, including the decline in proteins in mitochondrial function, ETC, and fatty acid oxidation, as well as 

an increase in proteins of glycolysis/gluconeogenesis pathways 
75

. This switch in preferential substrate 

utilization from more efficient fatty acid oxidation in the mitochondrial-rich normal heart to less efficient 

glycolysis/glucose oxidation in failing hearts has been extensively described in human and animal models 

of heart failure 
149

. Although aged hearts do not demonstrate the full-blown phenotypes of end-stage heart 

failure, the concomitant changes in both functional performance (Figure 2-2) and metabolic proteomes 

(Figure 2-5B) are obvious. The age-related decline in proteins in mitochondrial function, ETC and fatty 

acid metabolism is reversed by 10 week CR or RP treatment. As the increased mitochondrial protein 

abundance following CR and RP occurred without increasing mitochondrial biogenesis and mtDNA copy 

number, this  suggests that the proteomic remodeling may be due to increased abundance of these 

mitochondrial proteins that resulted from better preserved protein quality and slower turnover. These 

findings emphasize the crucial roles of mitochondria in aging and are consistent with previous studies 

showing that preservation of mitochondria by overexpression of catalase targeted to mitochondria 
73

 or by 

inhibition of insulin signaling 
53,150

 attenuates age-dependent cardiomyopathy 
151

. 

 

RP has been shown to reduce glycolysis and facilitate a switch in fat metabolism by increasing fatty acid 

oxidation in skeletal muscle 
148

. By using a targeted metabolomics approach, we confirm that RP 

significantly reduces glycolytic metabolites and significantly increases TCA cycle metabolites (Figure 2-

6A-B and Stab 6) in old mouse hearts. The increased TCA cycle metabolites despite the lower glycolytic 

intermediates suggests increased proportion of TCA cycle substrate are coming from fatty acid oxidation. 

The concerted effect of RP on these metabolic pathways are consistent with the changes in protein 

levels: increase in proteins involved in TCA cycle and fatty acid oxidation and decrease in proteins 

involved in glycolysis (Figure 2-5B).  In contrast to this beneficial effect, RP treatment has been reported 

to induce detrimental metabolic phenotypes, including insulin resistance, hyperlipidemia and glucose 

intolerance, all of which are associated with shortened lifespan. Some of these effects may be due to 

inhibition of mTORC2 
152

. This RP paradox may be reconciled, at least in part, by the differential effects of 

acute vs short-term RP treatment; as recently reported, 2 or 6 weeks of RP result in detrimental metabolic 
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alterations, while 20 week RP treatment conferred beneficial metabolic profiles, including improved insulin 

sensitivity and increased oxygen consumption 
153

. The current study using a 10-week protocol of CR or 

RP is consistent with these 20-week short-term effects, as it ameliorated the age-dependent decline in 

metabolic proteins and reversed the adverse metabolic remodeling in the aged heart. The involvement of 

mTOCR2 in these metabolic changes will require further investigation.  

 

Two recent studies have reported contradictory results of RP on the aging mouse heart. Neff et al 

reported that chronic RP treatment for 1 year initiated at late life (20-22 months) reduced aging heart's 

increased dimensional measures, but did not show any effect on systolic function, mean flow velocity or 

pressure gradient across aortic and pulmonic valves in male mice 
154

. Flynn et al reported that short-term 

RP treatment for 12 weeks initiated at late life (24 months) attenuates age-related cardiac hypertrophy 

and marginally improves systolic function in female mice, with a reduction in age-related inflammation 
155

. 

The discrepancy observed in these studies could be explained by both difference in duration of treatment 

and gender differences. It is notable that neither of these studies have reported the effect of RP on 

diastolic dysfunction, which is one of the most prominent findings in aged hearts of mice and humans 

73,156
. In this study, CR and RP improve diastolic function in old mice; this reversal of diastolic dysfunction 

is potentially related to better preserved mitochondria 
73

. It is well known that diastolic heart failure (heart 

failure with preserved ejection fraction) is the predominant type in elderly human patients without 

structural or coronary heart disease and there is no effective treatment to date. Hence, our observation 

that short-term CR or RP ameliorates age-dependent diastolic dysfunction is clinically relevant and 

supports the potential of therapeutics development for the treatment of age-associated diastolic heart 

failure. 

 

Our study further shows that both CR and RP decreased protein oxidative damage in the aged heart 

(Figure 2-6D). This is consistent with the observed decrease in protein ubiquitination (Figure 2-6E), the 

rate-limiting step for the proteosomal degradation of oxidized proteins 
157

. Also consistent with this, CR 

and RP decreased the proteomics turnover rate globally (extended half-lives), and this is especially true 

for mitochondrial proteins. Whether CR increases or decreases proteomics turnover has previously been 
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a topic of debate, and the effect of RP on protein turnover has not been well established. CR and RP 

induce autophagy, which would suggest increased protein turnover. However, Miller and colleagues 

recently reported that CR and RP do not alter overall protein synthesis in heart 
158,159

. Price et al, on the 

other hand, showed that CR reduces protein turnover of 80% of proteins in liver 
160

. Our study showed 

that CR greatly reduced protein turnover in the heart, which is consistent with the study in liver 
160

. We 

showed that RP also reduced turnover in the heart. The absence of CR or RP effect on protein synthesis 

rate in the studies by Miller and colleagues is likely due to the limitation of the method of “bulk 

measurement”. Bulk analysis of overall protein labeling level is skewed by the synthesis rate of a few 

highly abundant structural proteins, whereas in our study and the study by Price et al, measurements of 

average protein turnover changes in large numbers of individual proteins are not weighted toward the 

most abundant structural proteins. 

 

Both CR and RP have been shown to induce autophagy 
146

, which is consistent with our unpublished 

observation that RP for 1-2 weeks induced autophagy (data not shown). Interestingly, the current study 

demonstrates that at the end of the 10 week CR or RP treatment does not increase the levels of 

autophagic markers, LC3-II/I and beclin-1 (Figure 2-6C). The absence of persistent induction of 

autophagy by CR or RP after 10-weeks undoubtedly relates to the temporal response of protein 

homeostasis. Upregulation of autophagy is generally observed acutely and allows damaged or 

aggregated proteins to be recycled, reaching a new equilibrium with proteins of better quality by 10 

weeks. Likewise, a recent study shows that constitutive activation of TORC1 decreased translational 

fidelity and increased amino acid misincorporation errors and that RP reversed these effects as it slowed 

the rate of ribosomal elongation in mouse embryonic fibroblasts 
161

. A further mechanism of preservation 

of protein quality by CR depends of mitochondrial SIRT3-mediated antioxidant effects, as reported by 

Someya et al using mouse model of age-dependent sensorineural hearing loss. In response to CR, 

SIRT3 directly deacetylates and activates mitochondrial isocitrate dehydrogenase 2, leading to increased 

NADPH levels and an increased ratio of reduced-to-oxidized glutathione in mitochondria, thereby 

enhancing the mitochondrial glutathione antioxidant defense system 
162

. Hence, 10 week CR or RP result 

in improved protein quality and decreased protein damage, with resulting longer protein half-lives and 



 48 

reduced protein degradation. Indeed, CR substantially reduced p62 in OCR hearts, while the RP effect is 

modest. p62 has been shown to recognize ubiquitinated protein aggregates and target them to the 

autophagosome or proteasome for degradation 
163,164

. The reduced protein damage in OCR may explain 

the reduced p62 levels without increased autophagy. These changes make sense in the context of 

reduced nutrients or nutrient sensing where the organism needs to cope with decreased amino acid 

substrate and energy availability. 

 

It is noteworthy that the increased protein ubiquitination and trend towards increased carbonylation of 

proteins in untreated old hearts (Figure 2-6D, E) is not accompanied by increased protein turnover 

(shorter half–lives) in old hearts (in fact, it trends towards slower turnover, consistent with a prior report 

(Niedermuller, et al., 1986). This indicates that proteostasis is impaired in old hearts, a result that is 

consistent with previous reports in other tissues and organisms (reviewed in (Taylor, 2011 #583)).  

 

The translational repressor 4E-BP, a downstream target of mTOR, has been shown to mediate the 

lifespan extension effect of dietary restriction in Drosophila by enhancement of mitochondrial activity 
143

. 

Using translational state array analysis, Zid et al. further demonstrated a preferential translation of 

mitochondrial genes after CR and proposed that this was related to shorter and less complex 5'UTRs. In 

contrast, a recent study applying transcriptome-scale ribosome profiling demonstrate that mTOR inhibition 

by Torin 1 in MEFs globally suppressed mRNA translation with no preferential regulation of mRNA with 

complex 5'UTRs 
165

. Our measurement of protein synthesis does not find any evidence of a preferential 

change in the dynamics of mitochondrial proteins in aged hearts after 10 weeks of CR or RP (Figure 2-

5B); however, because the relative abundance of mitochondrial proteins is elevated at 10 weeks (Figure 

2-5A), we cannot rule out the possibility of preferential synthesis at earlier times after CR or RP treatment. 

 

In summary, treatment with either CR or  RP for 10-weeks in old mice effectively reverse the pre-existing 

cardiac hypertrophy and diastolic dysfunction, attenuate age-dependent protein oxidative damage and 

ubiquitination, significantly decrease protein turnover rate, and ameliorate proteome remodeling in aging 

hearts.  
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2.5 MATERIALS AND METHODS 

Supporting information and supplementary data can be accessed online: 

http://onlinelibrary.wiley.com/doi/10.1111/acel.12203/suppinfo.  

 

2.5.1 Experimental diet, isotope labeling and echocardiography 

Forty five C57BL/6 female mice (25 month-old) from the National Institute of Aging (Charles River) were 

handled according to the guidelines of the Institutional Animal Care Committee of the University of 

Washington. This single gender was used in order to eliminate gender differences in response, and 

because the National Institute of Aging Interventions Testing Program previously demonstrated a larger 

life-span extension by rapamycin in females (10).  One week after arrival, mice were started on a 

synthetic diet (Harlan Teklad diet #TD.99366), nutritionally similar to the NIH-31 standard for rodents. 

Three weeks later, at 26 months of age, the mice were individually housed and randomly assigned to 

three diet regimens for 10 weeks (Figure 3-1): 1) ad libitum synthetic diet (CL, control group), 2) caloric 

restricted synthetic diet (CR), 3) ad libitum synthetic diet added with microencapsulated rapamycin 

(2.24mg / kg / day, purchased from the University of Texas Health Science Center, San Antonio). CR 

mice received a diet that was 10% less than CL in week 1, 25% less in week 2, and 40% less from week 

3-10. Young mice at 4 months of age received the same ad libitum synthetic diet as young control (YCL). 

After 10 weeks treatment groups were maintained but all mice  were switched to leucine-deficient 

synthetic diet (TD.09846, Harlan Teklad, Madison, WI) supplemented with 11.1 g/kg of [5,5,5 - 
2
H3] - L - 

leucine (Cambridge Isotope Laboratory, MA), the same leucine content as diet # TD. 10943. Although we 

measured newly synthesized proteins by heavy label incorporation, as old mouse body weights were not 

significantly changed during the last 7 weeks of the experiment and young weights changed only 1% per 

week (Fig. S1), we believe that protein synthesis and degradation are essentially in equilibrium at this 

time.  In addition, the abundance of all peptides identified remain unchanged over the labeling period (Fig. 

S7, regression slopes centered over zero), indicating that proteins were at steady-state at the time of 

labeling. 
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Echocardiography was performed at baseline and at the end of experiments (10 weeks) under 0.5% 

isoflurane, as described, using a Siemens Acuson CV-70 equipped with a 13MHz probe(9).  

 

2.5.2 Western blots and protein carbonyl assay 

Antibodies used for the Western blots were Beclin-1, LC3 (both from Novus Biologicals), p62, phospho-

4EBP1, 4EBP1, phospho-EEF2, phospho-S6, S6 and ubiquitin (all from Cell Signaling). Cardiac tissue 

protein carbonyl was measured using OxiSelect protein carbonyl ELISA kit (Cell Biolabs, San Diego, CA). 

 

2.5.3 Sample Preparation and Analysis by Mass Spectrometry 

Three to four mice of each experimental group were euthanized by cervical dislocation at each of the four 

time points shown in Figure 3-1. The heart was removed immediately, then ventricular tissues were 

homogenized in cold buffer, processed and trypsin-digested, and loaded to LC-MS/MS, using a Waters 

nanoAcquity LC system and a Thermo Scientific LTQ-FT Ultra.  

 

2.5.4 Topograph analysis of peptides turnover and relative abundance 

The Topograph software program was developed for the deconvolution and measurement of peptide 

isotopologue abundances from LC-MS chromatograms, and the calculation of peptide turnover rates, as 

previously described 
88

 (http://proteome.gs.washington.edu/software/topograph/). After the % newly 

synthesized peptide was calculated, for each of the multiple peptides that uniquely mapped to one protein 

(mean 50.1, median 21.5) these values were plotted for each sample at each time point to generate an 

exponential curve following a first order kinetics (Fig. S3B). Using a logarithmic transformation the first 

order protein turnover rate (slope) is determined by linear regression. For detail see the statistical method 

below, the supplementary methods and 
88

. 

For comparison of relative abundance between two experimental groups, we applied Topograph 

chromatogram alignment to correct chromatographic drift that may occur during the LC-MS/MS and 

allowing comparisons of low abundance analytes that may be detected in only one but not the other 

samples. A LOESS regression was used to find the best fit line through the data points (Fig. S8). For 

peptides that were identified in one sample, the regression of the identified peptide's MS/MS scan number 
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is used to estimate a window for the same peptide in the other samples and a matching chromatographic 

peak was identified within that time range.  

 

2.5.5 Metabolic profiling of cardiac tissue extract 

Pulverized cardiac tissues were resuspended in 80:20 methanol: water and soluble extracts were 

collected and dried by speed vac. Extracts were reconstituted in 5 mM ammonium acetate in 95% 

water/5% acetonitrile + 0.5% acetic acid and filtered prior to LC-MS analysis. The filtered samples were 

injected to the LC system, which was composed of two Agilent 1260 binary pumps, an Agilent 1260 auto-

sampler and an Agilent 1290 column compartment containing a column-switching valve (Agilent 

Technologies, Santa Clara, CA). The chromatography was performed using Solvents A (5 mM ammonium 

acetate in water + 0.5% acetic acid + 0.5% acetonitrile) and B (acetonitrile + 0.5% acetic acid + 0.5% 

water), with 5% B for 2 min, 5% B to 80% B in 3 min, 80% B for 3 min, 80% B to 5% B in 3 min, and 5% B 

for 7 min. 

After the chromatographic separation, MS ionization and data acquisition was performed using AB Sciex 

QTrap 5500 mass spectrometer (AB Sciex, Toronto, ON, Canada) equipped with electrospray ionization 

(ESI) source. Multiple-reaction-monitoring (MRM) mode was used for targeted data acquisition. The 

extracted MRM peaks were integrated using MultiQuant 2.1 software (AB Sciex, Toronto, ON, Canada). 

 

2.5.6 Statistical analysis 

Statistical analyses were performed using either Stata IC10, R or Bioconductor. Analyses used only 

peptides that mapped to a single protein. For the cases where a protein consisted of more than one 

peptide, statistical models were modified to appropriately account for the multiple peptides by using a 

blocking factor.  For each protein we applied a non-linear regression fits of first order exponential curves 

to the % newly synthesized protein using: y = 100 + β1
eαt

. To determine whether the slopes α were 

statistically significantly different between experimental group, we used ANCOVA.  Half-lives were 

calculated according to first order kinetics: t1/2 = ln
166

/ slope. The equality of distribution of protein half-

lives between two groups (Figure 3-3A) were compared by a Kolmogorov-Smirnov test. The equality of 

distribution of protein half-life ratios (Figure 3-3B) were examined using a test of proportions. 
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For proteomics relative abundance data, statistically significant changes of proteins between 

experimental groups were determined using a linear model of peptide abundance to calculate fold 

changes of proteins between experimental groups in the same manner as a two-sample t-test using the 

R/Bioconductor software. The linear model gave p-values that were adjusted for multiplicity with the 

Bioconductor package q-value, which allows for selecting statistically significant genes while controlling 

the estimated false discovery rate.  

 

The networks and canonical pathways were generated with Ingenuity Pathway Analysis (IPA, Ingenuity 

Systems, www.ingenuity.com). A q<0.05 was set to identify molecules whose expression was significantly 

differentially regulated. Canonical pathway analysis identified the pathways from the IPA library of 

canonical pathways that were significant to the data set. The significance of the association between the 

data set and the canonical pathway was derived by taking a ratio of the number of molecules from the 

data set that map to the pathway divided by the total number of molecules present in the canonical 

pathway. The Fisher's exact test was used to calculate a p-value reflecting the probability that the 

association between the mapped proteins in the dataset and the canonical pathway is explained by 

chance alone.  

 

  

http://www.ingenuity.com/
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SUBACUTE CALORIE RESTRICTION AND RAPAMYCIN DISCORDANTLY ALTER MOUSE LIVER 

PROTEOME HOMEOSTASIS AND REVERSE AGING EFFECTS 

3.1 SUMMARY  

Calorie restriction (CR) and rapamycin (RP) extend lifespan and improve health across model organisms. 

Both treatments inhibit mammalian target of rapamycin (mTOR) signaling, a conserved longevity pathway 

and a key regulator of protein homeostasis, yet their effects on proteome homeostasis are relatively 

unknown. To comprehensively study the effects of aging, CR and RP on protein homeostasis, we 

performed the first simultaneous measurement of mRNA translation, protein turnover and abundance in 

livers of young (3 month) and old (25 month) mice subjected to 10 week RP or 40% CR. Protein 

abundance and turnover were measured in vivo using 
2
H3-leucine heavy isotope labeling followed by LC-

MS/MS, and translation was assessed by polysome profiling. We observed 35-60% increased protein 

half-lives after CR and 15% increased half-lives after RP compared to age-matched controls. Surprisingly, 

the effects of RP and CR on protein turnover and abundance differed greatly between canonical 

pathways, with opposite effects in mitochondrial 
167

 dysfunction and eIF2 signaling pathways. CR most 

closely recapitulated the young phenotype in the top pathways. Polysome profiles indicated that CR 

reduced polysome loading while RP increased polysome loading in young and old mice, suggesting 

distinct mechanisms of reduced protein synthesis. CR and RP both attenuated protein oxidative damage. 

Our findings collectively suggest that CR and RP extend lifespan in part through the reduction of protein 

synthetic burden and damage and a concomitant increase in protein quality. However, these results 

challenge the notion that RP is a faithful CR mimetic and highlight mechanistic differences between the 

two interventions. 
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3.2 INTRODUCTION 

Protein homeostasis is the equilibrium between protein synthesis, maintenance, and degradation. The 

dysregulation of this dynamic process has been implicated in aging and age-related diseases 
168

. 

Converging evidence indicates that aging is accompanied by an increase in damaged proteins 
169

 caused 

by misfolding, translation errors, and post-translational  modifications such as oxidation, as well as a 

decline in damage clearance pathways such as  autophagy and proteasomal degradation 
170

.  

Calorie restriction (CR) is the best characterized and most effective intervention known to extend lifespan 

across a spectrum of species 
21

, with up to 40% extension in mice 
171

 . In addition to increasing longevity, 

CR is capable of decreasing morbidity by retarding the occurrence of many chronic diseases such as 

cancer and diabetes 
48

. The mammalian target of rapamycin (mTOR) pathway is widely regarded to be a 

central modulator of nutrient sensing and growth, which is known to adjust metabolism, increase 

autophagy, and reduce protein synthesis during CR 
26

. In 2009, Harrison et al. reported increased 

longevity in mice fed with rapamycin (RP), a macrolide antibiotic that inhibits the mTOR kinase 
25,172

. 

While the magnitude of longevity extension by RP at doses tested so far is only ~8-17%, considerably 

less than that of CR, RP has also been reported to improve functional ("healthspan") characteristics of 

aging mice 
138,173

 . While mTOR inhibition is a central theme in the research of CR and RP, decreased 

protein synthesis and increased autophagy are together not a sustainable cellular state, suggesting that 

cells may assume a new state of homeostatic balance over the course of treatment, and this is in need of 

further study. 

 

In this report we examine protein turnover, abundance, and synthesis changes following sub-acute (10 

week) CR and RP in young and old mice. Protein turnover was measured in vivo using LC MS/MS and 

calculated using Topograph, software that deconvolutes isotopologue distributions and calculates amino 

acid precursor pool enrichment levels; this permits the accurate determination of the proportion of newly 

synthesized protein 
88

. To further investigate mRNA translation we examined ribosome loading by 

polysome profiling. These methods revealed the effects of the two treatments on liver protein dynamics 

and proteome remodeling.  
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3.3 RESULTS
*
 

3.3.1 Liver total and mitochondrial proteome dynamics with aging and short-term CR and RP 

To investigate the effects of CR and RP on hepatic protein turnover rates in vivo, we performed stable-

isotope metabolic labeling in mice with a synthetic diet containing 
3
H2-leucine (Figure 3-1A). CR was a 

40% reduction in total calories introduced over 3 weeks and RP was delivered using the dose (14 ppm) 

and formulation previously shown to extend mouse lifespan 
25

 and healthspan 
138

. Both CR and RP are 

known to inhibit mTORC1 
26

, which is suspected to mediate much of their longevity and health span 

benefits. Immunoblotting showed that CR and RP both substantially decreased S6 ribosomal protein 

phosphorylation in both young and old livers (Fig. S1A, C), but only RP significantly increased eEF2 

phosphorylation (Figure 3-4C, D) and only young RP showed a significant reduction in phosphorylation of 

4ebp1 (Fig. S1B). The absence of a chronic effect of RP on 4ebp1 phosphorylation has been previously 

reported 
174

.  

                                                 
*
 Supporting information such as supplementary figures, tables, datasets, and methods can be found online: 

http://blogs.uw.edu/nbasisty/home/136-2/ 
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Figure 3-1 Subacute treatment of CR and RP prolong liver protein half-lives. (A) Summary of experimental design 

showing young (3 months at the start of treatment) and old (25 mo at the start of treatment) C57BL/6 female mice started 
on an ad libitum, encapsulated RP (14 ppm)-containing or CR (40% restricted) diet for 10 weeks. Livers were harvested 
and frozen for polysome analyses from five mice per cohort at the conclusion of 10 weeks, and the rest were switched to 
the same diets except that leucine was replaced with3H2–leucine. Mice were euthanized 3, 7, 12, and 17 days post-3H2–
leucine diet feeding. Liver tissue was harvested and LC-MS/MS performed on tryptic peptides of total and mt proteins. 
Topograph software enabled the calculation of protein half-lives. (B) Protein half-life density plot illustrates the distribution 
of half-lives of young (dashed) and old 1 control (CL), calorie restricted (CR), and rapamycin (RP) cohorts. Median half-life 
in days is indicated on the right of the legend. Protein half-life ratio histograms for two group comparisons: (C,D) total 
protein half-lives as ratio to those same proteins in YCL (C) or OCL (D). (E,F) Mt protein half-lives as a ratio to YCL (E) 
and OCL (F). All comparison mean ratios were significantly different from 1.0 with a P < 0.01 by z-test for proportions. 
OCL/YCL < 1.0, P < 0.001, and all others > 1.0 P < 0.01. 
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Tissues harvested over time were analyzed by shotgun nLC/MS-MS followed by protein turnover and 

abundance measurements using the software Topograph 
88

.  We identified an average of 3,110 peptides 

per sample in total lysates that mapped uniquely to one of 950 proteins and an average of 4,001 peptides 

in purified mt fractions that uniquely mapped to 750 proteins. At each of 4 time points following the switch 

to heavy labeled diet the percent newly synthesized protein was determined.  The rate of synthesis 

followed first order kinetics (Fig. S2A) and the turnover rate constant was calculated 
88

. Old mouse 

weights were essentially constant during the time period of heavy labeling and young mouse weights 

varied by less than 1% per week (Fig. S3), suggesting a condition of steady-state where protein synthesis 

and degradation rates would be approximately equal.  Furthermore, the abundance of all peptides 

identified did not change significantly over the labeling period (Fig. S4, regression slopes centered over 

zero), also confirming that proteins were at steady state. We therefore refer to the half-time of 

appearance of newly synthesized protein as the protein half-life (HL).  

 

Protein HLs were seen to have a broad distribution, ranging over at least two log10 orders of magnitude, 

as shown in Figure 3-1B. While differences between groups are evident in these histograms, a more 

sensitive analysis is to compare HLs of the same protein in two groups (pairwise analysis of HL ratios, 

Figure 3-1C-F). Total proteome median HLs decreased from 3.1 (YCL) to 2.8 (OCL) days and the mean 

ratio of OCL/YCL is significantly less than 1.0 by approximately 20% (p<0.0001, Figure 3-1C), suggesting 

a small overall increase in hepatic protein turnover rates with age. CR induced an increase in both total 

and mt fraction protein HLs in both young (Figure 3-1C, E) and old (Figure 3-1D, F) livers. CR significantly 

increased young total proteome HLs by ~60% (to median of 4.9 days, p < 0.0001, Figure 3-1B, C) and old 

HLs by ~44% (to 3.7 days, p < 0.0001, Figure 3-1B, D) compared to their respective controls.  Rapamycin 

treatment increased total proteome HLs modestly but significantly by 15% for young mice (to 3.3 days, p 

< 0.0001, Figure 3-1B, C) and 15% for old mice (2.8 days, p < 0.0001, Figure 3-1B, D).  

 

HLs of mt proteins from purified mitochondria behaved similarly to total proteins, with median HLs 

decreasing significantly with age, from median 3.5 (YCL) to 3.3 (OCL) days (p < 0.0001, Figure 3-1 E). 

For proteins in common between total and mt extracts, the protein turnover rates were in high agreement 
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(Fig. S5, Spearman’s ρ > 0.65 with p<0.001 for all slope comparisons), demonstrating the high 

reproducibility of the turnover rate measurements.  Mt protein turnover was altered to a greater extent 

with CR than was that of total proteins, increasing HLs by ~85% to 6.4 days (p < 0.0001, Fig. 1E) in YCR 

and by 59% to 5.0 days in OCR (p < 0.0001, Figure 3-1F). RP increased young mt protein HLs by 12% 

(3.9 days, p < 0.0026) and old HLs by 7% (3.4 days, p < 0.0001, Figure 3-E, F). These changes indicate 

that the CR effect on protein HLs is considerably larger than that of RP at the 14 ppm dose and that the 

mt proteins have preferentially slower synthesis (longer HLs) after CR.  
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Figure 3-2 Box plots of liver protein half-lives of CR and RP by pathway and location. (A) Three representative IPA 

canonical pathways that are among the top fastest turning over (shortest half-lives). Boxes represent the inter-quartile 
range for protein HLs and whiskers extend from 5 to 95% of the data. (B) Three representative canonical pathways with 
the longest living proteins. Most pathways were metabolic indicating less turnover and higher stability of the metabolic 
proteins. BCAA, Branched-chain amino acid degradation. Old CR extended median HLs of all shortest and longest living 
pathways except the eIF2 signaling pathway that contains a majority of ribosomal proteins (ribosomal protein HLs shown in 
panel 2C). (C) Protein HLs by cellular compartment. Peroxisomal proteins were shortest lived while ribosomal proteins 
were longest lived. Statistical significance tested with one-way ANOVA, * p< 0.01, ** p<0.001. Detailed numerical detail 
and HLs for these pathways is in Table S1.  
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3.3.2 Shortest and longest lived proteins, canonical pathways and subcellular locations 

The top 20% of shortest and longest-living proteins in the YCL cohort were analyzed for enrichment of 

canonical pathways, as defined by Ingenuity Pathway Analysis (IPA, Tables S1A and S1B).  The 

shortest-lived protein pathways (Table S1A) had mean HLs of 0.894 to 1.524 days in YCL livers and were 

predominantly signaling pathways, including LXR/RXR activation, Acute Phase Response Signaling, and 

LPS/IL-1 mediated inhibition of RXR function; these three examples are illustrated in Figure 3-2A. CR 

extended the mean half-life of a majority of the short-lived protein pathways significantly (Table S1A). 

Even though YRP increased the mean half-life of most pathways, none of these changes was statistically 

significant (Table S1A, Figure 3-2A).  

 

The protein pathways with the longest HLs are shown in Table S1B, ordered based on the YCL average 

half-life, which ranged from 5.55 to 11.89 days. The longest-lived proteins belonged to amino acid 

metabolism, intermediary metabolism, and energy (ketolysis, acetyl-CoA biosynthesis, fatty acid beta-

oxidation) pathways. Pathways of these three categories are shown in Figure 3-2B. The average half-life 

of a majority of these pathways was significantly extended by CR in old mice (p < 0.05, Table S1B).  

 

We also compared protein HLs in several cellular compartments as shown in Table S1C and Figure 3-2C. 

Of these, peroxisomal proteins had the shortest HLs (ranging from 1.8 to 3 days) and ribosomal proteins 

had the longest HLs (ranging from 6 to 8.4 days) that were extended by ~40% in young RP treated mice 

(p < 0.0001). RP did not have nearly as large nor as significant an effect on ribosomal protein half -lives in 

old mice (Figure 3-2C). Mt proteins were the second longest-lived category after ribosomal proteins and 

the only cellular compartment to have a significant increase in HLs with CR in both young and old groups 

(Table S1C, and Figure 3-2C). 

 

3.3.3 Pathway analysis of significant changes in hepatic proteome turnover  

In order to identify the pathways differentially affected by CR and RP, we categorized proteins whose 

half-lives were significantly altered (q < 0.05) by age or one or more intervention and assigned those to 
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canonical pathways using IPA. The top pathways most significantly altered by the treatments are shown 

in a heatmap (Figure 3-3A). 
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Figure 3-3  Heatmap of protein half-life differences and scatter plots of top pathway HL ratio comparisons. (A) 

Total proteins that were significantly altered (q<0.05) were categorized into the top 19 canonical pathways using 
IPA. Red indicates longer half-life in the numerator and blue indicates longer half-life in the denominator. Ratio 
values ranging from log2 -3 to +4 are depicted in a color gradient from blue to red. BCAA, branched chain amino 
acid degradation, FAO, fatty acid beta oxidation, Keto, ketogenesis, Acetone (to MG), acetone degradation to 
methylglyoxal. 3 Scatter plots of log2 ratio comparisons of top metabolic pathways for (B) YRP/YCL vs. YCR/YCL, 
(C) ORP/OCL vs. OCR/OCL, (D) OCR/OCL vs. YCL/OCL, (E) ORP/OCL vs. YCL/OCL. (D,E) If changes with aging 
are reversed, those proteins are located in the top right or bottom left quadrants of the scatter plots. The number of 
significantly changed proteins that mapped to each pathway is listed in parenthesis in panel (B). All heatmap 
proteins and their half-life log2 ratios are listed in Table S2.  
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Of the significantly changed protein HLs in the liver proteome, the majority (81%) belonged to metabolic 

pathways, including energy, amino acid, hormone, and intermediary metabolism. Other functional groups 

included signaling, transcriptional regulation (i.e., PXR/RXR activation), and biosynthetic pathways. 

Mitochondrial dysfunction (defined in the supplementary methods) is the top pathway significantly altered 

by the 10-week intervention. As noted above, HLs from total and mt fractions were highly concordant, and 

the mt fraction HL heatmap (Fig. S6) is very similar to the total protein heatmap.  

 

In almost all pathways and both ages, CR globally extended protein HLs (decreased turnover) compared 

to controls, as demonstrated by consistent red colors (log2 ratios>0) of the CR/CL ratios in the total 

(Figure 3-3A) and mt protein (Fig. S6) heatmaps. The only exceptions to this phenotype are eIF2 

signaling and regulation of eIF4 and p70S6K signaling pathways (Figure 3-3A) where young, but not old 

HLs were increased by CR compared to controls. Notably, these are the pathways most directly 

downstream of mTORC1 and include many large and small ribosomal proteins. Although fewer than 12% 

of the total proteins included in the heatmap had HLs that were shorter in OCR than OCL (blue colors in 

Figure 3-3A), 45% of all observed ribosomal proteins in old livers had shorter HLs after CR. RP treatment 

increased mean HLs 5-15% in 9/19 pathways in young and old groups.  

 

It is interesting to note that despite the similarities in lifespan and healthspan benefits of CR and RP, the 

effects on hepatic proteome dynamics are dramatically different between the two treatments. In young 

livers the magnitude of the change induced by RP is about 40% smaller than CR (Figure 3-1C, 3B) and in 

old livers the direction of change was often opposite to that of CR (Figure 3-3C; negative Spearman’s ρ = 

-0.17, p < 0.0505). Moreover, whereas CR in old liver lysates had an effect that was generally toward 

making the HLs more similar to those of young livers (Figure 3-3D, significant positive correlation shown 

by Spearman’s ρ = 0.5, p < 0.0001), RP produced effects that were highly variable, but often in an 

opposite direction to that of young control livers (Figure 3-3E, many proteins in the lower right and upper 

left quadrants). It is also apparent that while RP treatment in young and old mice visually resemble one 

another and correlate well in the heatmap (3A), the magnitude of the changes induced by RP in old mice 

is smaller than the response from young mice. Consistent with this, blood levels of rapamycin (Fig S11) 
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were found to be lower in old mice compared with the young cohort. Thus, diminished bioavailability of 

the drug in old mice likely explains part or all of the difference.  

 

3.3.4 Protein quality control: altered protein carbonylation, autophagy, and translational 

elongation by CR and RP 

Protein carbonylation can be used as a readout for oxidative stress and damage. We observed a 

significant decrease in protein carbonylation with CR and RP in both young and old animals after 10-

weeks of treatment (Figure 3-4A). Autophagy is a major proteolytic system involved in protein quality 

control and degradation that is regulated by mTORC1. To examine the effects on autophagy, we 

measured the content of several autophagy markers with age and treatments. A significant decrease in 

p62 with aging was reversed by ORP (p<0.01, Figure 3-4B). Beclin-1 levels decreased with OCR (p<0.01, 

Figure 3-4B) and LC3 II/I ratios did not alter with aging or treatments. Collectively, these markers are 

consistent with a decline in autophagy in old mouse treatment groups, which is also consistent with 

reduced turnover (longer HLs) associated with OCR and ORP (Figure 3-1 C-F).  

Figure 3-4 Protein carbonyl content, autophagic degradation, and translation elongation marker with 

treatment and aging. (A) Protein carbonyls are decreased with treatments. (B) Autophagic marker p62 show a 
decrease with aging and an increase with ORP while beclin-1 is decreased with OCR. LC3 II/I ratios did not 
change with age or treatments. (C) Representative fluorescent western blot of phospho-eEF2 and total eEF2. 
Phosphorylation of this elongation factor disrupts translational elongation. The ratio of phospho/total eEF2 is 
quantified in (D). Rapamycin treatment significantly increased this ratio in both young and old mice. n=4-6 per 
group., * p<0.05, **p<0.001, ***p<0.0001 
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Figure 3-5 Heatmap of protein abundance differences and scatter plots of top pathway abundance 

comparisons.  (A) Proteins that were significantly altered at q<0.05 were categorized into canonical pathways 
using IPA. The top 19 pathways are reported. Log2 fold changes ranging from -2 to +2 are gradually colored from 
blue to red. 3 Scatter plots of log2 fold change comparisons of the top metabolic pathway proteins of (B) YRP/YCL 
vs. YCR/YCL, (C) ORP/OCL vs. OCR/OCL (D) OCR/OCL vs. YCL/OCL, (E) ORP/OCL vs. YCL/OCL are shown. 
(D,E) If changes with aging are reversed, those proteins are located in the top right or bottom left quadrants of the 
scatter plots. The number of significantly changed proteins that mapped to each pathway is listed in parenthesis in 
panel (B). All heatmap proteins and their log2 fold-changes are listed in Table S3. 
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3.3.5 IPA analysis of significant changes in protein abundance  

Topograph calculates peptide abundances by chromatographic peak areas under the curve (AUC), which 

includes the sum of the unlabeled and labeled peaks for each peptide. We found no systematic difference 

in the AUC estimates between samples from early heavy labeling times vs late (Fig. S4A) and the data 

from all 12 mice in each cohort were used in the analysis.  From the 3110 unique peptides in the total 

protein fraction, protein abundances were calculated and the significantly altered proteins (q < 0.05, an 

average of 200 proteins in each pairwise comparison) were analyzed using IPA to define the canonical 

pathways affected by CR and RP.  

 

This analysis revealed many contrasting changes between CR and RP (F Figure 3-5A). The most 

prominent example of this is the mt dysfunction pathway, where YRP/YCL and ORP/OCL comparisons 

showed a decrease in relative protein abundances, while YCR/YCL and OCR/OCL showed increases 

(Figure 3-5A mt dysfunction pathway, filled circles in Figure 3-5B, C in the lower right quadrants). Overall, 

this inverse correlation between CR and RP was stronger in old liver (Fig. 5C, Spearman’s ρ = -0.54, p < 

0.0001) than in young liver (Fig. 5B, Spearman’s ρ = -0.14, not significant).  This was recapitulated in the 

assay of aconitase activity, with a similar trend in citrate synthase activity (Fig S7).  These apparent 

changes in mt protein content and activity by CR vs. RP are not likely to be explained by changes in total 

mt mass per cell as mtDNA copy number did not alter with treatments (S8A). Nor can they be explained 

by increased mt biogenesis, as mRNA levels of mt biogenesis markers Nrf1, Nrf2, and mt transcription 

factor A (TFAM) did not change with the treatments (Fig S8B-D).  

 

In general, OCR restored protein abundances to young levels (significant positive correlation, Spearman’s 

ρ = 0.31, p < 0.0001, Fig. 5D).  Conversely, RP reduced most protein abundances (blue colors in 

ORP/OCL, Fig. 5A, significant negative correlation, Spearman’s ρ = -0.21, p = 0.004 in Fig 5E), amplifying 

many of the changes that occurred with aging. Notable exceptions to this pattern were eIF2, eIF4 and 

p70S6K, and Rho GDI signaling pathways. These pathway components were almost all decreased by 

both CR and RP, and are comprised of many ribosomal and protein translation proteins regulated by 

mTORC1, as noted above. With the exception of these pathways, the striking difference between CR and 
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RP in old mice appears to create two very different metabolic profiles, suggesting that important parts of 

their mechanisms of action are distinct.  

 

3.3.6 Analysis of CR and Rapa effects on protein translation: polysome profiles and eEF2 

As initiation is usually the rate-limiting step of mRNA translation 
175

, we wished to gain insight into 

changes in global protein translation by examining polysome profiles of CR and RP treated livers. Figure 

6A shows representative profiles of YCL, YCR and YRP liver polysome gradients. We quantified the 

areas under the curve of free subunits (40S, 60S), monosome (80S) and polysome peaks (Figure 3-6A); 

the ratios of these areas to the total area under the ribosome peaks are plotted in Figures 6B (young 

livers) and 6C (old livers). As expected, old CR showed a significant increase in free 40S and 60S 

subunits and a decrease in ribosome loading (5 ribosomes or higher, Figure 3-6C, p < 0.001) compared 

to control, indicating decreased translation. This was confirmed by a significant linear trend of decreased 

peak ratios vs. ribosome loading when the areas were analyzed as a percent of control values (Fig. 

S10B, p<0.01).  Surprisingly, young RP livers showed an increase in polysomes consisting of 5 or more 

ribosomes and a decrease in 40S and 60S subunits (Figure 3-6B, p < 0.0001) and a significant linear 

trend of increased loading when the peak ratios were analyzed as a percent of control (Fig. S10A, 

p<0.0001). No significant differences were observed in individual old RP peaks (Figure 3-6C) but trend 

analysis showed significantly increased ribosome recruitment (Fig. S10B, p< 0.0001), just as was seen in 

young RP livers. This is contrary to the expected outcome of decreased translational activity by RP  
176

 

and the net increase in protein half-lives seen in RP (Fig 1C-F), but it would be consistent with a reduction 

of elongation rates that would slow ribosome translocation on messages. In agreement with this, 

rapamycin significantly increased the proportion of phosphorylated eukaryotic elongation factor 2 (eEF2) 

in both young and old mice (Fig 4 C, D), which is consistent with reduced translation elongation rates 
177

.  
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The comparison of YCL to OCL polysome profiles (Figure 3-6D) showed significantly lower levels of 60S 

ribosomal subunits in OCL; this was confirmed by trend analysis (Fig S10C), which showed significantly 

(p<0.001) increased polysome loading in OCL livers compared to YCL. This result is consistent with the 

overall increase in protein synthesis rates (decreased half-lives) observed with aging (Fig. 1C).  

 

  

Figure 3-6 Global protein synthesis and elongation. Sub-acute CR decreases global protein translation while 

RP increases ribosome loading in the liver. (A) Representative polysome profiles of young control, RP, and CR 
groups. The “top” and “bottom” of the gradient are indicated on the x-axis. The peaks are labeled with the name of 
the ribosome subunit or number of ribosomes that they represent. (B, C) Area under the curve (AUC) 
measurements shown relative to the total AUC of the single subunits, monosome, and polysome peaks of control, 
CR, and RP livers of (B) young and (C) old mice. (D) Quantified relative polysome area of young and old livers.  
n=5 per group, p<0.05 ANOVA. * p<0.05, ** p<0.01, *** p<0.001, ****p<0.0001 
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3.4 DISCUSSION 

In this study, we sought to investigate the hepatic proteome dynamics associated with two well-

established longevity interventions, CR and RP, in young and old mice. To measure dynamic changes, 

we utilized whole-body stable isotope labeling and a new software tool to calculate protein turnover rates 

and relative protein abundances in vivo. While both CR and RP are lifespan-extending interventions with 

a mechanistic link in the mTOR pathway, our results provide insight into distinct differences (especially in 

protein abundances), as well as similarities (especially in protein HL changes) after subacute treatment.  

In particular, the highly opposing effects of these treatments on mt protein abundances (Fig. 5A) suggest 

that these interventions have a different effect on cellular energetics in liver. The effects of RP on protein 

half-lives, although positively correlated in many pathways, are generally much smaller than those of CR 

(Fig. 1C-F). While this might suggest that the ITP dose of RP is suboptimal as a CR mimetic, it is notable 

that the effects on altered protein abundance were qualitatively different, rather than just quantitatively 

different. We would not expect that a higher dose of RP would reverse the direction of abundance 

changes seen in Figure 5 A and D. Furthermore, RP was equally effective as CR in slowing turnover of 

ribosomal proteins in the eIF2, eIF4 and p70S6K pathways in young mice (Fig. 3A), in accord with the 

hypothesis that RP has a subset of specific overlapping targets with CR that  are sufficient to promote 

health. These data are consistent with a recent study that suggests that 20 weeks of RP treatment 

inhibited pS6 but not 4EBP1, and thus there is little inhibitory effect on cap-dependent translation by RP 

153
. This is in agreement with our observations (Fig. S1B,C) and another report that RP differentially 

inhibits S6Ks vs. 4EBP1 
153

. One may therefore speculate that the beneficial effects of RP track less with 

inhibition of cap-dependent initiation of translation and more closely with inhibition of ribosomal protein 

synthesis, reduced translation elongation and improved translational fidelity (see Fig S14 and discussion 

below). 

 

Our approach to define proteome dynamics with CR and RP in vivo used novel software that is able to 

deconvolute complex isotopomer distributions and calculate amino acid precursor pool enrichment levels. 

This is key to accurate calculation of protein turnover rates; other heavy isotope labeling approaches 

require complex calculations to indirectly estimate and compensate for changes in precursor pool 
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enrichment 
84,93,160

. With this novel platform we were able to determine the precursor pool-adjusted 

turnover rates of over 900 proteins in mouse liver.  Previous reports on the effect of CR on protein 

turnover suggest an increase in protein synthesis and degradation 
178-182

. In contrast, we observed a large 

global increase in HLs (decreased synthesis) following 10 weeks CR, a reversal from the slightly lower 

HLs seen in old control livers (Figure 1C OCL/YCL). Consistent with our data, Price et al. reported 

prolonged HLs in over 80% of liver proteins with chronic CR 
160

. We believe an important part of this 

apparent contradiction with previously published turnover data relates to differences between acute, 

subacute, or chronic CR treatments.  

 

The global decline in protein synthesis rates observed with subacute CR, and to a lesser extent with RP, 

is consistent with the hypothesis that with longer treatment times CR is switching cells to an energy-

conservation state, decreasing the energetically expensive process of protein synthesis. After subacute or 

chronic treatment these longer-lived proteins may have higher quality and less damage; this is supported 

by our observation of lower levels of protein carbonyls (Fig. 4A) and a recent report that showed 

increased protein translation fidelity in RP-treated liver MEFs 
161

. Consistent with this interpretation, acute 

RP treatment (1-2 wks) caused insulin resistance and lower glucose tolerance 
152

 while a longer treatment 

(20-wk) reversed the insulin resistance with better lipid profiles and increased oxygen consumption 
153

. 

Our results are also disparate to two recent reports using metabolic-labeling that showed no change in 

overall protein synthesis in the liver, heart, or skeletal muscle with CR and RP 
158,159

. We and Price et al. 

show substantially reduced global turnover with CR, and we observed a reduction in turnover after RP.  A 

plausible explanation for the difference from Miller and colleagues is that they measured “bulk” protein 

synthesis that can be dominated by the synthesis rates of a few highly abundant structural proteins, while 

our and Price’s measurements of large numbers of individual proteins are not skewed by the most 

abundant proteins.  
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Whereas there is an abundance of evidence that acute CR and RP treatments increase autophagy 
183,184

, 

our data are contrary to this: LC3-II/I levels are unchanged and beclin-1 only decreased with OCR, while 

p62 only increased with ORP (Fig. 4B). Measurement of autophagic flux will be needed to conclusively 

determine the status of autophagy, however, this disparity may be due to the majority of prior studies 

reporting changes after acute CR and RP treatments. In order for protein turnover rates to have 

decreased after 10 weeks of CR and RP, as we observe, elevated rates of autophagy cannot be 

maintained. 

 

An unanticipated finding of this study was the increased polysome loading observed with young and old 

RP treatments (Figure 3-6B, C; Fig. S10A, B). This might seem to be inconsistent with reduced protein 

Figure 3-7 A summary model of the effects observed in this study. With aging, we observed an overall increase in 
turnover and translation with a concomitant decrease in mt protein HLs and abundance. In combination, these factors 
can result in increased ROS and the formation of error-prone polypeptides and oxidized proteins, thereby disrupting 
protein homeostasis. CR reversed these changes effectively recapitulating a more youthful proteome, while RP 
changes were more subtle but indicated decreased oxidative damage and changes that improved translational fidelity. 
Short-term CR and RP can both restore protein homeostasis to promote more healthy aging. 



 72 

turnover and a previous report of a reduction in cap-dependent translation by RP 
176

. This dichotomy is 

resolved by noting that RP treatment reduces eEF2 phosphorylation (Fig. 4C, D), which will lead to a 

reduced elongation rate of ribosomes; this can result in increased polysome loading, even if initiation is 

decreased.  This condition has been shown to enhance translation fidelity 
161

, keeping proteins in good 

quality with longer half-lives 
185

. Thus, our results are consistent with the hypothesis that reduced rates of 

translational elongation and reduced rates of protein synthesis after 10 weeks of RP facilitate production 

of error-free polypeptides that are longer lived. 

 

In agreement with our observation of differential mt protein abundance (Fig. 5C), Zid and colleagues 

demonstrated preferential translation of mt proteins after CR in Drosophila 
143

 and CR has also been 

shown to increase mt gene expression and respiratory capacity in multiple murine tissues 
186-188

. In 

contrast, acute RP has been shown to suppress mt biogenesis 
189

 and decrease mt respiration in cultured 

cells 
100,190

. Surprisingly, carbonylation, an indication of oxidative protein damage, was significantly lower 

in RP compared to CR in both young and older livers (Fig. 4A). We believe this is best explained by our 

observation of differential mt respiratory dynamics, as indicated by increased protein abundances (Fig 

5A) and higher levels of aconitase activity in CR compared to RP (Fig. S7A). Increased mt respiration with 

CR may be producing more carbonyl inducing ROS while decreased mt activity in RP results in less 

carbonylation. Interestingly, these differences in mt occurred without a change in mtDNA copy number 

and mt biogenesis (Fig. S8). The 10 week treatments also made no impact on the elevated mitochondrial 

deletion frequency seen in old mice (Fig S9).  

 

Consistent with differences we observe in treatments, two recent reports have highlighted the distinctive 

effects of RP and CR in the liver after a 6 month treatment 
191,192

 CR had a larger and mostly opposite 

effect on the transcriptome compared to RP. Genes associated with mt function and antioxidants were 

among the top upregulated with CR while most transcripts changed with RP was down regulated. No 

significant change was observed in the liver metabolome by RP but CR had a larger effect changing 

metabolites associated with energy status. Compared to CR, RP showed no protective effect on fat mass, 

insulin sensitivity, redox status, or the fatty acid oxidation in liver. These results track with our 
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observations of distinctive differences in mt protein abundance (Fig. 5A,5B), polysome loading (Fig. S10 

A,B), and ~40% lower effect on protein half-lives (Fig. 3A,C) by RP compared to CR. 

 

A cautionary note is that the effects of CR and RP on the proteome appear to be different depending on 

the tissue examined. We have recently reported that short-term CR and RP in the heart produced similar 

proteome effects, both treatments restoring proteins involved in mitochondrial function, electron transport 

chain, fatty acid oxidation and TCA cycle into youthful levels. Furthermore, both treatments reversed age-

dependent cardiac hypertrophy and diastolic dysfunction to the same extent 
85

. The magnitude of change 

in protein HLs by OCR in the heart was similar to liver (~45% longer than OCL) but ORP induced a bigger 

change in the heart (27% longer compared to only 15% in the liver). Overall the changes in proteome 

turnover and abundance were highly similar in both treatments, including effects on mt proteins, in 

contrast to our observations in the liver. Therefore, these treatments, especially RP, appear to have much 

different effects on the proteome and physiology depending on the tissue type, with heart and liver 

perhaps lying at extremes, considering their disparate function and energetics. 

 

In summary, we investigated the effect of CR and RP in parallel on young and aged mouse protein 

turnover, abundance, and polysome loading. Our findings provide compelling evidence supporting the 

idea that CR’s beneficial effect on life span is mediated to a large extent by a restoration of a more 

youthful proteome: a majority of the metabolic pathways were significantly altered by aging and this was 

reversed in OCR. The effects of RP in liver are complex and in many cases dissimilar to those of CR, but 

nevertheless indicate a large impact on proteome dynamics.  Ribosomal and mt proteins in particular 

behaved very differently in OCR and ORP (Fig. 3A,C-E, Fig. 5A,C-E). Increased HLs after RP and 

decreased relative protein abundance in many key metabolic pathways in old mice, coupled with 

increased polysome loading (most likely due to a reduction in elongation rate), suggests a slowing of 

protein synthesis with production of higher quality, longer lived proteins after RP. Overall, our data 

provide the first comprehensive analysis of proteome dynamics with aging and sub-acute CR and RP and 

underline a functional connection between protein homeostasis and longevity.   
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3.5 MATERIALS AND METHODS 

Supporting information and supplementary data can be accessed online: 

http://onlinelibrary.wiley.com/doi/10.1111/acel.12317/suppinfo  

3.5.1 Animals 

C57BL/6 female mice were purchased at 3 and 25 months of age (Figure 1A) from the NIA Charles River 

colony. Female mice were used as a past study showed that the effects of RP in murine aging were 

larger in this gender 
25

. Mice were housed at 20ºC with a 12-hour light and dark cycle. All animals were 

handled according to the guidelines of the Institutional Animal Care Committee of the University of 

Washington and the National Institutes of Health. One week after arrival, all mice were started on a 

synthetic diet (Harlan Teklad diet #TD.99366) that was nutritionally similar to the NIH-31 standard for 

rodents. The use of this diet facilitated the subsequent substitution of heavy-labeled [5,5,5 – 
2
H3] leucine 

for light leucine, which enabled the protein turnover measurements. Mouse weights and food intake were 

recorded weekly. The young and old mice were individually housed after three weeks of acclimation to 

the synthetic chow and were randomly assigned to three groups: 1) an ad libitum synthetic food regimen 

9
; 2) rapamycin-containing synthetic diet (RP) and 3) calorie restricted (CR), as detailed in the 

supplemental methods.  

3.5.2 Stable Isotope labeling 

After 10 weeks of diet regimens, all mice received a synthetic diet (TD.09846, Harlan Teklad, 

Madison,WI) with the light leucine fully replaced by 11 g/kg of deuterated [5,5,5 – 
2
H3] – L – leucine 

(Cambridge Isotope Laboratory, Tewksbury, MA), with CR and RP cohort conditions continued as above. 

Three mice were euthanized for tissue collections and proteomics analysis at four time points: days 3, 7, 

12 and 17 after switching to 
2
H3 – leucine diet.  

 

3.5.3 Mass spectrometry and analysis  

Whole liver tissue was homogenized or mt fractions were isolated as previously described 
193

. Both were 

processed, trypsin digested, and LC-MS/MS analysis performed with a Waters nanoAcquity UPLC and a 

Thermo Scientific LTQ Orbitrap Velos, as previously described 
88

. The raw data from MS/MS and 

extended supplementary files are available at  https://chorusproject.org/pages/blog.html#/351.  

http://onlinelibrary.wiley.com/doi/10.1111/acel.12317/suppinfo
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The Topograph software program 

(http://proteome.gs.washington.edu/software/topograph/)(http://proteome.gs.washington.edu/software/top

ograph/) was developed for the measurement of peptide isotopologue abundances from LC-MS/MS 

chromatograms and the calculation of peptide turnover rates 
88

. It allows the measurement of the 

proportion of the amino acid precursor pool that is labeled, which varied over time and condition (Figure 

S12A). This information allows the correct calculation of percent new synthesis for each peptide, which 

when plotted for 12 biological replicates over time (4 time points) generated an exponential curve 

following first order kinetics (Fig. S2A). Using a logarithmic transformation, the first order protein turnover 

rate (slope) was determined by linear regression (Fig S2B). Only peptides that uniquely mapped to a 

single protein were used for our measurements. See supplemental methods for details.  
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STABLE ISOTOPE LABELING REVEALS NOVEL INSIGHTS INTO POLY-UBIQUITINATED 

HOMEOSTASIS AND PROTEIN AGGREGATION WITH AGE, CALORIE RESTRICTION, AND 

RAPAMYCIN TREATMENT 

4.1 SUMMARY 

Background: Accumulation of protein aggregates with age, a symptom of declining proteostasis, was 

first described in aged human tissue over 150 years ago. Scientists have since described many forms of 

aggregates in virtually every human tissue. Poly-ubiquitin modifications are a canonical marker of 

insoluble protein aggregates, however, the composition of most age-related inclusions remains relatively 

unknown. Methods/Principal Findings: To examine the landscape of age-related protein aggregation in 

vivo, we performed an antibody-based pulldown of poly-ubiquitinated proteins coupled with metabolic 

labeling and mass spectrometry on young and old untreated, calorie restricted and rapamycin-fed mice. 

The abundances and percentages of newly synthesized protein in the poly-ubiquitinated proteome (poly-

ubiquitinome) were estimated relative to the unmodified proteome. We show that in old mice there is an 

increase in the abundance of many poly-ubiquitinated proteins and a greater retention of pre-existing 

(unlabeled) poly-ubiquitinated proteins relative to their unmodified counterparts – fitting the expected 

profile of aggregating proteins. These candidate proteins were refined to include only proteins that 

increasingly appeared in insoluble protein fractions with age. Finally, we confirm the aggregation of 

several of the top candidate proteins by confocal microscopy. Conclusions/Significance: Stable-isotope 

labeling can be a powerful tool to gain novel insights into proteostasis mechanisms, such as the 

aggregation of proteins. Understanding the composition of protein aggregates and the cellular machinery 

that targets them offers new insights into aggregation mechanisms and may identify novel targets for 

intervention.  
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4.2 INTRODUCTION 

Maintenance of proper protein homeostasis (proteostasis) is essential to cellular and organismal health. A 

wealth of research has shown that age-related diseases and conditions are associated with the inability of 

the cell to maintain healthy proteins or get rid of defective proteins
11

, including: neurodegenerative 

disease
12

, cardiac dysfunction
13,14

, cataracts
15

, and sarcopenia
16

. Loss of proteostasis can manifest on 

the cellular level in a number of ways: protein aggregation
194

, unfolding
195

, oxidative damage
196,197

, post-

translational modification
40,198-200

, as well as altered rates of synthesis and degradation
91,92,201

.  

 

The age-dependent accumulation of proteins and other macromolecular “junk” was first described over a 

hundred years ago
202

, and has since been reported to accumulate in virtually all human tissues with 

age
11,34,203,204

. Insoluble inclusions have been extensively cataloged based on histological appearance, 

macromolecular structure or origin, described by various names such as lipofuscin
205

, amyloid
15

, 

aggresome-like induced structures 
206,207

, advanced glycation end products (AGE)
208

, plaques 
209

, 

dendritic cell aggresomes-like induced structures (DALIS)
210

, particle-rich cytoplasmic structure 

(PaCS)
211

, inclusion bodies
212

, ceroid
202

, aggresomes
203

, etc. In some disease-associated inclusions, 

particularly in neurodegenerative diseases, the one or few primary protein constituents involved are well 

known, such as amyloid beta and alpha-synuclein in Alzheimer’s disease and Parkinson’s disease, 

respectively
120,213

. Most other protein inclusions, however, are identified by histological or biochemical 

features, but the identities of the protein components are not known.  

 

The Ubiquitin-Proteasome System (UPS) is a robust and highly precise system of maintaining proteome 

homeostasis by the recognition and degradation of damaged, unfolded, overly abundant, or otherwise 

dysfunctional proteins by the proteasome. In addition to a well-known association with proteosomal 

degradation, poly-ubiquitination is closely associated with insoluble protein inclusions characteristic of 

aged tissue 
39

, signals protein turnover through autophagy 
42

, localizes to viral stress granules 
214

, and 

decorates pathogen containing vacuoles to facilitate host-cell defense 
43

.  
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Using a combination of stable isotope labeling and proteomics, we recently reported that a large number 

of age-related changes in protein abundances, quality, in vivo turnover rates, and total protein 

ubiquitination could be mitigated or reversed in mice treated with short-term calorie restriction (CR) or 

rapamycin (RP) 
91,201

. To examine how poly-ubiquitin mediated proteostasis may underlie these changes, 

we perform a similar stable isotope approach on several sub-proteome fractions: the poly-ubiquitin 

mediated proteome (poly-ubiquitinome) and the urea-soluble and insoluble proteomes. We demonstrate 

that aging and treatment have widespread effects on the landscape of poly-ubiquitin modified and 

insoluble proteins. With age, there is an accumulation of pre-existing ubiquitin-modified proteins relative 

to their unmodified counterparts. Additionally, a number of proteins become increasingly insoluble with 

age. We show that this data can verifiably predict in vivo protein aggregates, and demonstrate the utility 

of combining protein abundances and turnover kinetics, as well as sub-proteomic fractions, in uncovering 

novel mechanistic insights on a large scale.  
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4.3 RESULTS 

4.3.1 Experimental Workflow 

The experimental workflow, summarized in Figure 4-1, utilizes a previously described metabolic labeling 

proteomic workflow 
88,201

 in combination with an antibody-based enrichment of the poly-ubiquitin-modified 

proteome. Briefly, 4 and 26 mo old mice were subjected to one of three treatments for 10 weeks (6 

groups total): ad libitum synthetic chow control diet (CL), caloric restricted (CR) or ad libitum plus 

rapamycin (RP). RP was used at the concentration and formulation previously shown by the NIA 

Interventions Testing Program to extend mouse lifespan 
25

. Following 10 weeks of treatment, deuterated 

“heavy” leucine was substituted into the diet and maintained along with treatments for 3, 7, 12, or 17 days 

before tissues were harvested and frozen. In order to enrich the poly-ubiquitinated proteome, we 

performed an antibody enrichment of proteins from liver lysates using the FK2 multi-ubiquitin (ub) 

antibody in highly denaturing buffer containing 8M urea to avoid non-specific binding (Figure 4-1B). This 

antibody has been previously shown to be effective in performing pulldowns under these conditions, 

which we were able to confirm (Supplementary Figure 4-1B). To further control for non-specific binding, a 

Figure 4-1 Workflow   A) Young and old mice are treated for 10 weeks with CR, RP, or ad libitum diet, then dietary 

leucine is replaced with deuterated “heavy” leucine for 17 days while mice remain on treatments. Tissues are 
harvested from each treatment group over 4 timepoint over the 17 day labeling period, followed by processing of livers 
into protein fractions and analysis by nLC-MS/MS. Topograph software is used to calculate precursor-pool corrected 
estimates of percentage of newly synthesized protein as well as perform peak area integration. Statistical analysis and 
visualizations are performed by in-house R-scripts. Pathway enrichments are performed using commercially available 
Ingenuity Pathway Analysis (IPA) software. 
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portion of each lysate was subjected to a pulldown under the same conditions with an isotype control 

antibody. All ub-enriched and control samples were analyzed by nLC-MS/MS followed by an analysis of 

abundances and percentage of newly synthesized proteins in Topograph similarly to previously described 

88
, although additional steps were taken to estimate the proportion of newly synthesized ubiquitin modified 

proteins (described below). Importantly, the resulting data from ubiquitin-enriched fractions were 

corrected to isotype control pulldowns to omit any possible non-specifically enriched proteins from further 

analysis. For isolation of the urea soluble and insoluble proteome (Figure 4--1C), a low speed spin was 

performed and the supernatant was prepared as the soluble portion. The insoluble pellet was solubilized 

in 8M urea. 

 

Figure 4-2 increasingly insoluble poly-ub modified proteins with age.  A) Significant increase in poly-

ubiquitinated proteins in the insoluble fraction with age and a trending increase in the soluble fraction. B) 
Representative western blot and total protein reversible stain. C) The ratio of insoluble/soluble protein increases 
with age. D) Increased soluble poly-ub modified proteins in old RP treated mice compared to untreated and a 
decrease in insoluble poly-ub proteins in mice on CR compared to controls. E) Representative western blot and 
total protein reversible stain. F) The proportion of insoluble/soluble proteins significantly decreases with CR, and 
appears to move in the same direction despite seemingly opposite changes in panel D.  
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4.3.2 Accumulation of increasingly insoluble poly-ubiquitinated proteins with age 

To assess whether the age-dependent increase in ubiquitinated (UB) proteins we previously reported 
201

 

could be due to accumulation and retention of insoluble protein aggregates, we performed western 

blotting of poly-UB proteins in the soluble and insoluble proteomes with age (Figure 4-2A-C).  There was 

a significant increase in insoluble UB proteins with age, as well as a trending increase in insoluble UB 

proteins (Figure 4-2A). Due to differences in buffer conditions insoluble and soluble UB proteins cannot 

be compared directly, however, quantification of the insoluble/soluble ratios in young and old mice 

suggest there is an increasing proportion of insoluble proteins in the aged poly-ubiquitinome (Figure 4-

2C). We also assessed whether these changes were reversed by CR and RP treatment, as previously 

observed in total protein ubiquitination (Figure 4-2D-F). A significant reduction was seen in insoluble 

ubiquitinated proteins in old mice on calorie restriction. Interestingly, aged mice fed rapamycin showed a 

significant increase in soluble poly-ubiquitinated proteins (Figure 4-2D). However, when taking the ratio of 

insoluble/soluble proteins in each treatment, both CR and RP show a decreased proportion of insoluble 

UB-proteins on average, though this is only statistically significant with CR (Figure 4-2F). 

 

4.3.3 Abundance changes in the poly-ubiquitinome  

To identify the poly-ubiquitinated proteins that are altered by aging, CR, and RP, we performed mass 

spec analysis of the antibody-enriched poly-ubiquitinome as described above (Figure 4-1A-B). To account 

for the possibility that an increase in a given poly-ub protein is a reflection of a general increase in the 

abundance of the unmodified protein, areas of poly-UB proteins were normalized to their unmodified 

signals in a total (non-enriched) fraction. All poly-ubiquitinated proteins that significantly increased or 

decreased in abundance with age (after normalization) were analyzed using Ingenuity Pathway Analysis 

(IPA) software to determine canonical pathways that were most significantly enriched. These results were 

visualized on a heatmap for the top 10 enriched pathways (Figure 4-3A). An increase (red) indicates a 

greater accumulation of a poly-ub protein than is seen in the protein overall, while blue represents a 

decrease in poly-ubiquitination. It is interesting to note the similarity in pathways enriched here and in our 

previously reported abundance and turnover analysis in liver 
201

.   Young mice showed clearly lower 

levels of poly-ub protein compared to aged control mice or aged mice treated with CR or RP.  
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4.3.4 Turnover changes in the poly-ubiquitinome  

One of the characteristics of typical poly-ub protein aggregates and insoluble proteins in general is that 

they are difficult to degrade. We therefore estimated the percentage of newly synthesized protein within 

the ubiquitinome to build a list of candidates that we believe to be likely be aggregating proteins. To 

calculate these values in Topograph we manually indicated the precursor pool percentages for each 

sample based on the precursor enrichments that were calculated from the total fraction.  We compared 

the proportion of newly synthesized and pre-existing proteins in the poly-ub-modified fraction to the 

unmodified fraction and plotted results on a heatmap. Interestingly, old untreated mice were heavily 

composed of pre-existing poly-ub proteins, while both treatments were improved in comparison.  

4.3.5 Urea soluble and insoluble –“omes” 

On average, across the top pathways, old mice had the greatest abundance of poly-ubiquitinated 

proteins, and the greatest proportion of poly-ub proteins were pre-existing “old” proteins, 

suggesting the accumulation of poly-ub proteins was in part due to an inability to degrade 

proteins. We hypothesized proteins following this pattern are likely to be forming insoluble 

aggregates, as aggregates are less efficiently degraded and removed from cells, if at all. The 

poly-ub proteins that were increasing in abundance with age were filtered for those that retained 

a high proportion of pre-existing proteins To test results against current knowledge of liver 

 

Figure 4-3 Heatmap of top pathways altered in poly-ubiquitination.  

Figure 4-4 Heatmap of top poly-ub protein pathways with an altered proportion of old and new proteins. 
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aggregates we looked among top candidates, proteins showing the highest significance and 

magnitude of change, for proteins which are well established to aggregate in the liver in current 

literature.  

 

Mallory Bodies (MBDs) are a highly studied and characterized aggregate in the liver associated 

with fatty liver disease 
215

. These aggregates are known to be highly modified with poly-

ubiquitin 
216

 and are composed primarily of a single protein of known identity - keratin 8 
215

. 

There is also an increased risk of having MBDs with age in both mice and humans 
217,218

. 

Interestingly, keratin 8 was among the proteins showing the largest abundance increases in the 

ubiquitinated fraction in addition to being highly composed of pre-existing proteins (Table 1). In 

addition, western blotting for Keratin 8 in the insoluble and soluble fractions showed that Keratin 

8 became increasingly insoluble with age (Figure 4-5), further suggesting heavy-label MS may 

be an effective method of uncovering the identities of novel aggregate-prone proteins.  

 

While the data provided by the poly-ubiquitinome provides evidence of accumulation of a 

protein as well as retention of the pre-existing copies, this does not conclusively indicate that a 

protein is forming an insoluble aggregate – a protein could just as easily be accumulating in 

solution. In order to further refine our list of possible candidates to account for this, we 

performed another round of MS analysis on the lysates from the same mice, however, for each 

mouse we prepared the insoluble fraction in addition to the soluble fraction. As the earlier 

ubiquitin pulldowns had already been done in 8M Urea, we prepared the insoluble pellets from a 

low-speed spin of remaining whole-lysates followed by a solublization of the pellet with an 8M 

Urea-containing buffer. 

 
 

Table 4-1 Changes in poly-ubiquitinated Keratin 8 abundance and proportion of pre-existing protein 

  

Figure 4-5 Keratin 8 increases and become increasingly insoluble with age. A) Increased insoluble Keratin 8 with age by 

B) western blotting (normalized to total protein reversible stain).  
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To get a visual confirmation of the aggregation of Keratin 8, we performed confocal microscopy imaging 

on Keratin 8 and poly-ubiquitin, both highly associated with Mallory Bodies, in order to get a visual 

confirmation of the presence of insoluble aggregates within these mice. Indeed, we confirmed an 

accumulation of Keratin 8 formed poly-ubiquitinated accumulations in old mouse tissue. Interestingly, both 

CR and RP mice were protected from the effect seen in old WT mice (Figure 4-6). Ongoing studies are 

investigating the remaining list of candidate “aggregator” proteins, as shown in Table 2.  

  

Figure 4-6 Confocal microscopy of Keratin 8 and Poly-Ubiquitin.  
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Table 4-2 Top candidate “aggregator” proteins  
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4.4 MATERIALS AND METHODS 

4.4.1 Animals  

C57BL/6 female mice were purchased at 3 and 25 months of age (Figure 4-1A) from the NIA Charles 

River colony. Female mice were used as a past study showed that the effects of RP in murine aging were 

larger in this gender 
219

. Mice were housed at 20ºC with a 12-hour light and dark cycle. All animals were 

handled according to the guidelines of the Institutional Animal Care Committee of the University of 

Washington and the National Institutes of Health. One week after arrival, all mice were started on a 

synthetic diet (Harlan Teklad diet #TD.99366) that was nutritionally similar to the NIH-31 standard for 

rodents. The use of this diet facilitated the subsequent substitution of heavy-labeled [5,5,5 – 
2
H3] leucine 

for light leucine, which enabled the protein turnover measurements. Mouse weights and food intake were 

recorded weekly. The young and old mice were individually housed after three weeks of acclimation to 

the synthetic chow and were randomly assigned to three groups: 1) an ad libitum synthetic food regimen 

9
; 2) rapamycin-containing synthetic diet (RP) and 3) calorie restricted (CR), as detailed in the 

supplemental methods.  

 

4.4.2 Mass spectrometry 

Portions of harvested mouse livers were used for MS analysis to determine abundance and proportion of 

newly synthesized and pre-existing poly-ubiquitin-modified proteins. In order to purify poly-ubiquitinated 

proteins, liver lysates were immuno-purified with a previously described poly-ubiquitin specific FK2 

antibody 
220

. Each liver lysate was split into two samples for incubation on filtration columns with either the 

FK2 antibody or an isotype control antibody. To prevent enrichment of interacting proteins, lysates 

contain highly denaturing 8M urea which does not affect the FK2 antibody binding. Columns are washed 

several times and eluted with 100mM Glycine, pH 2.8. Protein from each sample will be methanol-

chloroform precipitated and re-suspended into a trypsin compatible buffer followed by trypsin digestion, 

neutral ion removal, and MS analysis as described earlier.  

 

Using the software Topograph (described earlier), we measured abundance and the proportion of new 

and existing proteins within poly-ubiquitinated proteins. To further control for non-specific contaminants, 
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the values obtained in the FK2 enrichments are later corrected to the control enrichments (protein by 

protein).  

 

4.4.3 Data Repository 

The raw data from MS/MS and extended supplementary files are available at 

https://chorusproject.org/pages/blog.html#/961In order to view the data, a free account must be obtained 

by following the instructions on the Chorus Project website. For R-scripts, spreadsheets, and other data 

please contact the corresponding author.  

 

4.4.4 MS Data Analysis 

MS data were processed with the Hardklor (v1.33) and Bullseye (v1.25) algorithms to refine precursor 

mass measurements(20,21), followed by database search against all mouse entries of the UniProt 

database (UniProt release 2013_02) with the SEQUEST algorithm (vUW2012.01.7) – searching a total of 

74,888 protein entries that were designated Mus musculus (Mouse). A dynamic modification of 

3.0188325 for leucine was set to account for [5,5,5-2H3]-leucine and a static modification of 57.021461 

for cysteine was set for carbamidomethyl modifications. The precursor monoisotopic mass tolerance was 

set to ± 10 ppm and the fragment mass tolerance window was set to 0.36 m/z. Enzyme specificity was set 

to semi-tryptic, allowing for up to 2 missed cleavage sites per peptide. The false discovery rate for 

spectrum matches was determined by the Percolator algorithm (v2.04) using a reversed copy of the 

UniProt database as a decoy 
221

. Only results with a q-value less than 0.01 were kept for further analysis. 

This filter was used as it allows a small number (1%) of false positives to the next portion of analysis while 

providing enough data for categorization and statistical analysis of subsets of proteins. In addition, less 

than 5% of accepted false positives are expected to pass a subsequent turnover score filter, described 

below.  

 

Topograph (v1.1.0.297) software performs estimation of peptide turnover rates in stable-isotope labeling 

experiments. It was designed with the unique ability to calculate the enrichment of amino acid precursor 

pool, allowing an accurate estimation of peptide turnover rates when the amino acid precursor pool is not 
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fully labeled 
88

. (http://proteome.gs.washington.edu/software/topograph/).  Determining precursor relative 

isotope abundance (RIA) is a critical step in accurately estimating the fraction of newly synthesized and 

pre-existing peptides.  

 

Prior to analysis of abundance and turnover, peptides with a turnover score less than 0.98 were filtered 

out of the data. Turnover score is a metric internal to Topograph, ranging from 0 to 1, which describes the 

closeness of each observed isotopologue distribution with its closest matching theoretical distribution. A 

cutoff score of 0.98 was derived by plotting a receiver operator curve of true positive results versus true 

negative results (not shown), where true positive was defined as any peptide measurement that fell within 

2 standard deviations of the mean label enrichment for all peptides, and true negatives were results that 

did not meet these criteria.  

 

Relative peptide abundances were determined by integrating MS1 peaks. For peptides that were 

identified in one sample, the regression of the identified peptide's MS/MS scan number is used to 

estimate a window for the same peptide in the other samples and a matching chromatographic peak was 

identified within that time range. This method allows peaks areas to be measured even in samples in 

which they are low and otherwise difficult to identify 
222

.  

 

Only peptides that uniquely mapped to a single UniProt protein accession for Mus Musculus (UniProt 

release 2013_02), consisting of 74,888 entries from UniProtKB/Swiss-Prot and UniProtKB/TrEMBL, were 

used for quantification of abundance and turnover. First, sequences were searched against Swiss-Prot 

(reviewed) entries and accepted in a unique match is found. If no match was found, a second search was 

performed on TrEMBL (unreviewed) entries and the unique matches were retained. All remaining 

peptides, consisting of peptides with either no matching proteins or greater than 1 matching protein, were 

filtered out.  For the cases where a protein consisted of more than one peptide, statistical models were 

modified to account for the multiple peptides by using a blocking factor.  For each protein we applied non-

linear regression fits of first order exponential curves to the percent newly synthesized protein using: y = 

100 + β1eαt. To determine whether the rates of turnover (slopes, α) were statistically different between 



 89 

experimental groups, ANCOVA was used.  Half-lives are calculated directly from slopes, where t1/2 = 

ln
223

/ slope. For details see the methods supplement of Hsieh et al. 2012 
88

.  

4.4.5 Pathway analysis 

Top pathways were determined using QIAGEN’S® Ingenuity Pathway Analysis (IPA®, QIAGEN Redwood 

City, www.qiagen.com/ingenuity) on all proteins which were significantly changed (p-value < 0.05) in 

abundance or half-life by aging (OWT vs YWT) or mCAT (YmCAT vs YWT and OmCAT vs OWT) 

expression. IPA determines the p-values of enrichment into canonical pathways by Fischer exact test. 

 

All significantly changed proteins were then grouped by IPA canonical pathway and z-scores were 

visualized on a heatmap created in R using the gplots package.  Values within each pathway category 

were clustered by Ward’s method.  

4.4.6 Immunoblotting and ELISA 

A portion of each tissue was aliquotted into separate tubes containing cold isolation buffer (250 mM 

sucrose, 1 mM EGTA, 10 mM HEPES, 10 mM Tris-HCl pH7.4) as well as protease and phosphatase 

inhibitors (Pierce #87786 and #78420, Waltham, MA, USA) at the time of harvest, and stored at -80 

degrees Celsius to be used for immunoblotting and other bench assays as necessary.  Western blotting 

was done on the NuPAGE® Bis-Tris gel system (Life Technologies #WG1403BOX, Carlsbad, CA, USA) 

according to the manufacturer protocols with primary antibody concentrations of 1,000X and secondary 

antibody concentrations of 10,000X. The following primary antibodies were used: multi-ubiquitin FK2 

(D058-3, MBL), agarose conjugated multi-ubiquitin FK2 (D058-3, MBL), FK2 isotype control (M075-3), 

agarose conjugated FK2 isotype control (M075-8), Secondary antibodies: Donkey anti Rabbit 

(42PI31458, Waltham, MA, USA), Goat anti Mouse (42PI31432, Waltham, MA, USA), and Rabbit anti 

Goat (42AP106P, Waltham, MA, USA), Qdot 705 (Q-11061MP. Thermo Fisher), Qdot 585 (Q-11011MP, 

Thermo Fisher) 
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RESPIRATORY CHAIN PROTEIN TURNOVER RATES IN MICE ARE HIGHLY HETEROGENEOUS 

BUT STRIKINGLY CONSERVED ACROSS TISSUES, AGES AND TREATMENTS  

5.1 SUMMARY 

The mitochondrial respiratory chain (RC) produces the vast majority of cellular ATP and requires strict 

quality control mechanisms to sustain metabolic homeostasis. To examine RC subunit proteostasis in 

vivo, we measured RC protein half-lives (HL) in mice by LC-MS/MS using metabolic 
2
H3-leucine heavy 

isotope labeling under divergent conditions. We studied seven tissues/ fractions of young and old mice, 

under control diet, or one of two diet regimens (caloric restriction or diet with rapamycin) that alter protein 

turnover (42 conditions in total) with up to a 11.5 -fold difference in mean HL. Normalization to the mean 

HL of each treatment/condition showed that relative HLs were conserved across conditions (Rho=0.57, 

p<10-4), but were highly heterogeneous between subunits, with a 7.3-fold mean range overall, and a 4.6-

fold range within complex I alone. To identify factors regulating this conserved distribution, statistical 

analyses were performed to study the correlation of HLs to properties of subunits. HLs significantly 

correlated with localization within the mitochondria, evolutionary origin, location of protein-encoding, and 

ubiquitination levels. These findings challenge the notion that all subunits in a complex turnover at 

comparable rates and suggest that there are common rules governing the differential proteolysis of RC 

protein subunits under divergent cellular conditions. 
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5.2 INTRODUCTION 

A primary function of the mitochondrion is to maintain the four electron transfer complexes (ETC) 

I-IV and an ATP Synthase, complex V, which generates the currency of cellular energetics ATP. Together 

these complexes form the mitochondrial respiratory chain (RC). Due to electron leakage from the ETC 

during oxidative phosphorylation, mitochondria are also the major source of reactive oxygen species 

(ROS) in the cell 
224

 and therefore require a network of quality control systems to maintain protein 

homeostasis. Continuous fission and fusion serves to protect the integrity of the mitochondrial 
225

 network, 

with damaged mt regions being subject to mitophagy, a bulk removal process 
226

. Additionally, proteases 

and chaperones within each mt compartment oversee proper folding or degradation of damaged proteins 

227
. Accumulating evidence indicate that the ubiquitin proteasome system (UPS) also plays a role in mt 

protein degradation 
228

. However, in the event of mt protein damage exceeding the organelle’s quality 

control capacity, a collective cellular response termed mt unfolded protein response (mtUPR) is initiated; 

a mitochondria-to-nucleus signal transduction pathway that up-regulates genes encoding mt chaperones 

and proteases 
229

. Even though these multiple quality control mechanisms limit mt damage, failure to 

maintain mt protein quality control is believed to underlie many pathological events and aging 
230

. 

Understanding mt proteome dynamics can provide a framework for the investigation of protein quality 

control in the mitochondria 
11

. In spite of this, there is a paucity of understanding of the mechanisms of mt 

dynamics and quality control in the study of mt pathologies and aging. In addition, no studies have 

attempted to identify common underlying components of mt protein dynamics across varying tissues and 

metabolic conditions.  

Early studies investigating mt protein turnover reported that it is a unitary process involving the 

whole organelle, suggesting that all mt proteins turn over at similar rates 
77,231,232

.  Consistent with this 

view, several recent reports show that proteins localized to specific organelles or belonging to complexes 

often have similar turnover rates 
93,233

. In particular, it has been suggested that RC complexes and 

supercomplexes are maintained in unitary solid states 
234,235

. However, other investigators have found 

less homogeneity in mt turnover rates within respiratory complexes and challenge the notion of unitary 

turnover. Kim and colleagues reported wide differences in mt protein half-lives within heart and liver 

tissues, suggesting a complexity in regulation of the mt RC proteome 
84

. In contrast to previous reports, 
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these authors also showed that subunits of RC complexes turn over with different kinetics, albeit over a 

narrow range. A recent study of Arabidopsis mt proteins also reported a wide (30-fold) range of 

degradation rates within the RC 
236

, supporting a more protein-specific turnover process rather than a 

unitary one.  

Using a newly developed mass spectrometry method that accounts for precursor pool enrichment 

88
, we examined the in vivo turnover rates of over 250 mt proteins including 84 individual RC proteins in 

mouse heart, liver, skeletal muscle, and the brain cortex. To examine conditions that modify cellular 

homeostasis, we investigated the effect of aging, caloric restriction (CR) and the “CR mimetic” rapamycin 

(RP) 
25,138

 on mt proteome dynamics. CR and RP target the mTORC1 complex to alter protein synthesis 

and degradation rates 
21

, making them useful modulators of cellular proteostasis. 
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5.3 RESULTS
* 

5.3.1 Experimental design and protein half-lives of RC proteins  

The experimental design is 

summarized in Figure 5-1A. All mice 

were maintained on three diet 

regimens for 10 weeks and their 

stabilized weights varied less than 

1.1% in the final 5 weeks. Total 

proteins were extracted from liver, 

heart and brain. Mitochondria were 

also purified from heart and liver and 

two skeletal muscles, extensor 

digitorum longus (EDL) and soleus, 

prior to protein extraction. Trypsin-

digested peptides from lysates were 

analyzed by shotgun nLC/MS-MS 

followed by protein synthesis 

measurements using the software 

Topograph 
88

. We measured turnover rates for up to 84 proteins of the RC (out of 90 known RC proteins) 

for each of six age/treatment groups in each of seven tissues or tissue fractions. This is the highest 

coverage for RC protein HL measurement to date. Average HLs of the RC proteins in each tissue and 

age or treatment group are shown in Table 1.  Mean HL in different tissues ranged from 5.2 days (liver) to 

33.9 days (EDL), a 6.5-fold difference. In comparison to heart, the two muscle types had 5-10% longer 

average HLs, while the liver proteins had about 80% shorter HLs (Table 1). There was no significant 

change in HLs with age except after CR. Both the CR and RP treatments resulted in significantly altered 

half-lives (p< 10
-5

), with CR having the largest effect -- 38-60% longer HLs than young controls, compared 

                                                 
*
 Supporting information such as supplementary figures, tables, datasets, and methods can be found online: 

http://blogs.uw.edu/nbasisty/home/136-2/ 

Figure 5-1 Summary of the experimental design showing young (3 mo) and 

old (25 mo) C57BL/6 female mice maintained on a control diet or fed ad libitum, 
an encapsulated RP (14 ppm)-containing diet, or a CR (40% restricted) diet for 
10 wk. Mice were subsequently switched to the same basic diet but with leucine 
replaced with [3H2]-leucine and euthanized 3, 7, 12, or 17 d thereafter. Heart, 
liver, brain cortex, and the skeletal muscles EDL and soleus were harvested, and 
LC-MS/MS was performed on tryptic peptides of total lysates or purified mt. B) 
The protein turnover rate was determined by fitting the fractional syntheses of 
peptide isotopomers of a protein into an exponential curve of first-order kinetics 
over the labeling period. Individual data points represent all peptide isotopomers 
that matched a single protein. 
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to 16-19% longer half-lives after RP.  The substantial shifts in distribution of HLs between tissues are 

further illustrated by histograms shown in Supplementary Figure 5-1A. All RC protein HL values are listed 

in Supplementary Dataset 1. 

5.3.2 RC protein HL relative differences are broadly conserved across tissues and treatments 

To compare the relative distribution of RC HLs within each condition we normalized individual HLs in all 

tissues and treatments to their mean HLs, as displayed in Figure 5-2A. The mean value for each protein 

(in rows) across all conditions (in columns) is shown in the right-most column. With the tissue/treatment 

differences accounted for in this way, the RC proteins span a 7.3-fold range between longest and shortest 

mean HLs.  Complex I (CI) proteins had the broadest range of normalized HLs, ranging 4.6-fold (n= 42), 

while complex V (CV) had the smallest range, 2.2-fold (n=13). In spite of the substantial differences in 

tissue and treatment half-lives (Table 1), the normalized heatmap shows broad conservation of HLs 

across tissues and conditions. Subsets of proteins with relatively homogenous normalized HLs within 

complexes can be appreciated by the horizontal color bands. This effect, measured as the average 

correlation between mouse groups, was highly statistically significant (Spearman’s rho = 0.57, p< 10
-4

), 

illustrating  that the relative (normalized) differences in RC protein HLs are highly consistent across 

tissues and treatment groups, in spite of the large differences in average HLs that we observed between 

tissues and treatments (Table 1). The average normalized HL across all tissues, ages and treatments is 

shown as a separate column to the right of the tissue groups on the heat map and this same color is 

plotted onto schematics of the RC complexes and proteins (Figure 5-2B), based on known location 

information 
237-244

. All mean normalized log2 HLs are listed in Supplementary Dataset 2.



Figure 5-2 Heat map of RC protein relative HLs shown for 6 experimental groups in 7 tissue types. A) All protein HLs are normalized to the mean HL of their respective tissue and 

treatment group (columns). The 6 age-treatment groups are numbered (see key). Protein subunits in each complex are grouped according to their location in the mitochondrion IMS, 
membrane, and matrix. The relative log2 HLs, ranging from 23.4 to +2.5 (58-fold) around the mean, are depicted in a color gradient from dark blue to dark red (see color key). Gray: 
values missing in the MS data. The rightmost 3 columns depict mean-adjusted HLs of orthologous proteins from fly heads (columns a, WT; b, parkin and c, Atg7 mutant flies) from 
Vincow et al. (39). B) The RC complexes showing the subunit topology within each complex. The proteins are colored according to their average relative HL across all mouse 
treatments and tissues (the rightmost column of the mouse heat map). 
 



 

5.3.3 Mouse RC protein turnover is evolutionarily conserved 

The heterogeneity in RC protein relative HLs maybe evolutionarily conserved in lower organisms, as 

suggested by the conserved colors in 43 orthologous proteins from fly data previously published by 

Vincow et al. 
245

. Data sets from wild type and parkin and Atg7 mutants are shown in the three rightmost 

columns of Figure 5-2A. The mouse protein average HLs correlated significantly with the fly protein 

average HLs (Spearman’s rho = 0.58, p = 9.2 x 10
-5

, Supplementary Figure 5-2 B, C). 

5.3.4 RC protein HLs are correlated with cellular location   

Proteins localized in the matrix of CI had 16% shorter HLs on average (faster turnover) than the CI 

membrane proteins, a difference that was highly significant after adjusting for tissue and treatment effects 

(p = 1x10
-19

, Figure 5-3A). A similar pattern was previously reported for Arabidopsis thaliana RC proteins, 

with exceptions of carbonic anhydrase (CA) and CA-like subunits which are unique to plants 
236

. In our 

study, this association of shorter HLs in matrix proteins was also statistically significant for complexes II 

and V l (p = 1x10
-19

 and 0.027, respectively), with an average 41% and 5% shorter HLs in the matrix than 

their corresponding inner membrane proteins, respectively.  However, this relationship was opposite in 

CIII (9% longer HLs in the matrix, p=0.03) and CIV (44% longer HLs in the matrix, p<0.00001), with CIII 

having generally longer HLs (21% longer, p<0.049) and CIV having shorter HLs (29% shorter, p<0.01) 

than other complexes (Figure 5-3A).  

The average HLs of each of the 5 RC complexes, after adjustment for differences in subunit 

location, tissue and treatment, were significantly different for all pairwise comparisons (p < 10
-6

, Figure 5-

3B) except between CII and CIV, demonstrating complex-specific differences in turnover rates. 

5.3.5 Ancestral origin is highly correlated with RC protein HLs 

To determine whether evolutionary origin of RC subunits have an effect on protein turnover rates, we 

tested for correlation between HLs and ancestral age using a linear regression model. Each protein’s 

origin was assigned to one of six ancestral ages including the ancestral bacterium, last eukaryotic 

common ancestor (LECA), unikonts, opisthokonts, metazoa, and vertebrata 
246

 (Supplementary Figure 5-

2A).  Complex II represents only a single ancestral group and was therefore removed from the linear 

analysis. The analysis was also restricted to ancestral groups that were present in all 4 remaining 
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complexes, i.e., bacteria (group 0), LECA (group 1) and Opisthokonts (group 3).  The analysis was also 

restricted to ancestral groups that were present in all 4 remaining complexes, i.e., bacteria (group 0), 

LECA (group 1) and Opisthokonts (group 3). There was linear correlation of half-lives with ancestry 

groups 0, 1, and 3 (p = 0.013) and this improved further upon adjusting for the complex-differences noted 

above (Figure 5-3C, p = 2x10
-5

). This data suggests that RC proteins with the earliest evolutionary origins, 

bacterium, likely have shorter HLs (faster turnover). Bacterial ancestry proteins were 4% shorter lived 

compared to LECA and 11% shorter lived compared to those more recently evolved, the opisthokonts 

(Figure 5-3C). One explanation for this could be their close proximity to electron transport and the 

catalytic core.  

5.3.6 The order of assembly does not correlate with complex I turnover  

We assigned complex I subunits into three sequential stages of assembly as previously reported 
244,247

.  

We hypothesized that early assembled subunits might be less likely to turn over faster because they 

would be more stably associated with or internal to the complex structure. However, there was no 

significant (linear) correlation between assembly order and CI HLs (p = 0.635, CI [0.98, 1.04] for ratio of 

HLs between groups). This result is inconsistent with the view that subunits that are incorporated last turn 

over faster compared to subunits that are incorporated at early stages and become “protected” by their 

internalization as suggested by Kim et al. 
84

. It also suggests that subunits that are incorporated last are 

not subject to appreciably greater proteolysis in the free environment.  

5.3.7 The origin of protein encoding correlate with RC protein HLs 

Mitochondria contain multiple copies of a 16.5-kb circular genome that encodes 13 essential subunits of 

four of the five RC complexes (I, III, IV, and V). All 13 proteins are hydrophobic integral proteins located in 

the inner membrane. The rest of the ETC proteins are encoded by the nuclear genome and are imported 

into the mitochondria by the TIM/TOM “translocase” proteins 
248

. To determine if the location of protein 

synthesis has an effect on protein turnover, we compared nuclear DNA (nDNA) encoded protein HLs with 

mitochondrial DNA (mtDNA) encoded proteins, adjusting for tissue, age, treatment, and complex. Proteins 

encoded by the nuclear genome had 14% shorter HLs on average compared to mtDNA-encoded ETC 

proteins (p = 1x10
-10

). Since all mtDNA-encoded proteins reside in the membrane-spanning region, we 

also compared their HLs to HLs of only the membrane integral RC proteins encoded by the nDNA. The 
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difference was maintained with 16% shorter HLs in nDNA-encoded membrane subunits compared to 

mtDNA-encoded proteins (p = 9x10
-10

). Our data suggest that even within the same sub mitochondrial 

location, nDNA-encoded proteins turnover faster than mtDNA-encoded proteins. This may be due to 

additional proteostatic process(es) during the transit of nDNA-encoded proteins to the RC, however, the 

faster turnover that we observed of the nDNA-encoded RC subunits did not differ between total and mt 

fractions (ratio of HLs 0.999, CI [0.88 - 1.13], p = 0.99) and this would not be as supportive of the concept 

that degradation of subunits before entry into mitochondria is appreciably affecting turnover rates. Thus, 

RC proteins synthesized in the cytoplasm might instead be subject to additional proteostatic process(es) 

during their transit through the mitochondrial intermembrane space. 

 



Figure 5-3 Factors affecting RC protein turnover. A) Tissue-, age-, and treatment-adjusted 

(log2) HLs of RC proteins plotted based on their location within each complex. Boxes: 
interquartile range; line within the box: median log2 HL for each group; whiskers: 61.5 times the 
interquartile range (distance between the 75th and 25th percentiles). *P , 0.05, **P , 2 3 1025, 
differences between 2 locations within complexes. B) HL comparison of the 5 RC complexes, 
adjusted for tissue, treatment, and location effects. Complexes with different letters are  
significantly different from each other (P < 10-

26
). C) Log2 HLs of CI, -III, -IV, and –V adjusted for tissue, treatment, and complex effects correlated with 

ancestral levels of bacterium, LECA, and opisthokonts. D) Correlation of normalized log2 HLs of RC proteins with their resistance to degradation by the 20S 
proteasome. The degradation values are from Lau et al. (43). E) Correlation of RC protein HL and ubiquitin enrichment of the same proteins, as determined by 
poly-ubiquitinated protein antibody pulldown and LC-MS/MS. 
 



 

5.3.8 RC protein ubiquitination correlate with HLs 

 To investigate the involvement of proteosomal degradation systems in RC protein turnover we utilized 

recently reported measurements of cardiac proteome susceptibility to proteolytic degradation 
249

. The 

linear correlation between our HL measurements and 20s proteasome degradation susceptibility of RC 

proteins was statistically significant (Figure 5-3D, rho = 0.44, p = 0.05). In contrast, correlation between 

HLs and the reported susceptibility to degradation by the endogenous mitochondrial proteases did not 

reach significance, although it was trending (p = 0.089). These results are consistent with the observation 

of Lau et al. 
249

 that the 20s proteasome has a selective effect on the turnover of specific mitochondrial 

proteins, including RC subunits.  

 

We extended these observations by measuring the abundance of ubiquitinated RC proteins from the liver, 

using an anti-polyubiquitin pulldown assay corrected for non-specific binding and comparing this to the 

total abundance of each protein. RC protein HL showed a significant negative correlation with ubiquitin 

enrichment (Figure 5-3E, rho = -0.33, p
 
= 6x10

-8
). Both these measures indicate a significant contribution 

by the 20S proteasome on RC protein dynamics. In fact, recent data highlight the involvement of the 20s 

proteasome in modulating mt proteome dynamics under oxidative stress conditions 
249

.  
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5.4 DISCUSSION  

Knowledge of proteome dynamics is essential to understand how cellular systems maintain quality and 

integrity under varying biological conditions and in different molecular niches. By using a whole-animal 

metabolic labeling strategy, we examined the in vivo mitochondrial proteome dynamics in five different 

tissues each under the effects of aging, CR, and RP. We used a novel software tool that allowed the 

accurate determination of fractional protein synthesis and protein half-life, independent of variation in the 

precursor pool relative isotope abundance 
88

. 

 

We observed a 7.3-fold range in normalized RC protein turnover rates, with up to 4.6-fold range within a 

complex. Protein HLs in different tissues vary greatly and CR and RP are known to affect protein 

synthesis 
84,160,174

. Examination of HLs in different tissues and with these interventions allow us to deduce 

whether the observed diversity in RC turnover is tissue specific and if it is affected differentially by 

changes in overall turnover rates. Our findings reveal that in spite of the large differences in HL between 

tissues and age/treatments (Table 1), the pattern of diversity in turnover dynamics is conserved across 

the tissues/age/treatment groups (Figure 5-2A). The great heterogeneity in mt HLs cannot be readily 

explained by a macro degradation process such as mitophagy 
250

. The evidence instead supports a 

process of individually targeted protein recycling of RC subunits, such as proteolysis by intra-

mitochondrial proteases or the ubiquitin proteasome system. Several lines of evidence support the 

presence of a pathway that retro-translocates damaged mt proteins to the outer mitochondrial membrane 

(OMM) for ubiquitination and targeting to the proteasome 
251,252

. For example, proteasome inhibition was 

shown to lead to a significant accumulation of key respiratory chain proteins, both mtDNA and nDNA-

encoded 
253

, some by retrotranslocation to the OMM where ubiquitination and degradation occurred 
249

. 

Consistent with this, we observed a significant positive correlation between our HL measurements and 

the reported susceptibility to 20s proteasome degradation (Figure 5-3D) and a highly significant 

correlation between HL and the relative ubiquitination levels of RC proteins (Figure 5-3E). These results 

indicate a role for the UPS in RC protein turnover in mice. 
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The broad variation in mitochondrial protein HLs that we observed (Figure 5-2A) is consistent with 

previous data from Arabidopsis
236

, Drosophila
245

 and mice 
84

, and the large differences seen between 

tissues (especially liver vs. others) is dramatic but consistent with previous data. However, our 

observation that a specific pattern of heterogeneity is maintained within the RC, both within and between 

individual complexes, and is broadly conserved across tissue and treatments is unexpected. The 

possibility that this finding is evolutionarily highly conserved is suggested by the strong correlation 

observed between mouse RC HLs and the average of the orthologous fly protein HLs that have been 

previously reported 
245

 (Supplementary Figure 5-2B, C). Our data support previous studies that have 

shown that mt protein quality control mechanisms 
254

, are highly conserved but add to the understanding 

that to a large extent, common mechanisms govern RC protein quality control.   

 

Multiprotein complexes are often responsible for major functional processes in the cell such as protein 

translation (ribosome), degradation (proteasome), and oxidative phosphorylation (RC). A range of prior 

studies have suggested that the constituents of these protein complexes turn over at similar rates in a 

coordinated fashion 
84,93,233,255,256

.  However, exceptions to this have also being reported, showing 

variability in turnover within well-defined complexes 
84,257

. In our data, we detected a wide range of 

turnover rates between and within RC complexes.  This variability was in part correlated with protein 

localization in the mitochondria. For instance, proteins located in the matrix generally had faster turnover 

than their respective membrane or IMS proteins (Figure 5-3A). One explanation for this could be 

increased oxidative damage and faster turnover in the high-ROS matrix owing mostly to complexes I and 

III, which produce the majority of ROS created by the RC 
224,258

. Interestingly, assembly factors in all 

complexes displayed faster turnover rates compared to other localization groups (e.g., in CI 20% faster 

vs. matrix subunits, p<0.0001; CIII 54-58% faster vs. matrix and membrane subunits, p<0.0001), 

concordant with recent reports that showed faster turnover kinetics for mitochondrial assembly factors or 

chaperones 
84,236

. Overall, this data suggest that proteins within RC protein complexes appear to turnover 

in a heterogeneous fashion and that turnover correlates with subunit localization.  In contrast, there was 

no significant correlation in HLs with stages of CI assembly, inconsistent with the view that exposed 
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subunits that are incorporated last would turn over faster compared to subunits that are incorporated at 

early stages, becoming “protected” by their internalization.  

 

Interestingly, our data also show that the location of RC protein synthesis, i.e., the cytoplasm for the 

nDNA-encoded subunits vs. mitochondrial matrix for the mtDNA-encoded proteins, has a small, but 

significant effect on protein turnover: RC proteins synthesized in the cytoplasm turnover 14-16% faster, 

but this was observed equally in both total and mitochondrial purified fractions, seemingly at odds with the 

concept that additional proteolysis in the cytoplasm explains the HL difference in coding origins. Current 

literature on mitochondrial protein import suggest, however, that most nDNA-encoded proteins are 

translated on the OMM, tethered by the nascent polypeptide or the polysome-bound mRNA 
248

. If these 

are tethered in a way that they are co-purified with mitochondria, it would explain our observation. 

Alternatively, RC proteins synthesized in the cytoplasm may be subject to additional proteostatic 

process(es) during their transit through the mitochondrial intermembrane space. 

 

If RC proteins are recycled before they are incorporated into complexes, the 7.3-fold range of mean 

normalized HL’s that we observe would require at least 86% of some proteins to be degraded before 

entry into complexes. It would also require that this process be specific to the mitochondrion, since there 

is a very modest HL difference between proteins encoded by n-DNA vs. mt-DNA.  Understandings of 

mechanisms of mitochondrial protein turnover and the contribution from various proteolytic systems is still 

evolving. Mitochondria contain proteases in each mt compartment that sustain a stoichiometric balance 

between nuclear DNA and mtDNA-encoded subunits, removing excess subunits, dysfunctional, 

oxidatively modified or otherwise damaged 
259

. These proteases are found within mitochondria and play 

important roles in clearing proteins. Lon and ClpXp are two AAA+ proteases (AAA is ATPase Associated 

with various cellular Activities) residing in the matrix, while two other AAA metalloproteases, m-AAA 

(matrix AAA) and i-AAA (intermembrane AAA), embedded in the inner membrane performs quality control 

in their respective compartments 
227,228

.  As noted above, this contrasts to mitophagy, a process that 

degrades whole mitochondria or mitochondrial fragments 
250

, although autophagy has occasionally be 
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suggested to play a role in the selective turnover of some mitochondrial proteins 
260

, including RC 

proteins, possibly involving the ubiquitin proteasome system 
245

.  

 

The alternative model of dynamic RC protein exchange in which intermediate subunits and proteins can 

be readily exchanged or recycled when damaged/unfolded seems equally implausible, as the observed 

heterogeneity in turnover would require that damaged or misfolded proteins would be released from 

complexes, followed by reassembly with new protein. This would be inconsistent with the current 

understanding of a highly structured order of complex assembly 
261

, and would require a view that allows 

for reassembly of complexes to continue from “checkpoints” in assembly rather than starting over 

completely, or perhaps in an order that is not well fixed at all. Such a theory would also need to account 

for the large variation seen in turnover rates for RC complexes I, III, and IV, which exist as 

supercomplexes 
261,262

. It has been assumed that the formation of these supercomplexes prevent 

destabilization and degradation while enhancing electron transport efficiency. Is it possible that, even 

within supercomplexes, protein components are in a state of fluidity where they can be ejected and 

replaced as needed? A recent report supports a “plasticity model” of RC organization where 

supercomplexes exist as dynamic aggregates, a state that allows adaptability to varying substrates and 

specific cellular requirements 
262

. This would challenge the “solid state” model of rigid high order 

assembly 
261

. \ 

 

In conclusion, this study demonstrates for the first time that the relative turnover of respiratory chain 

proteins is highly conserved across tissues and conditions that substantially differ in overall homeostasis. 

The high inter-protein heterogeneity in turnover between and within RC complexes, as well as in non-RC 

proteins of the mitochondria supports a dynamic, non-unitary mechanism of protein quality control. The 

high degree of conservation of heterogeneity between tissues and treatments suggests that mechanisms 

and rules of protein turnover are uniform regardless of tissue-type and relative long or short HLs of 

tissues or treatments. The similarity to previously reported Drosophila turnover rates suggests that these 

rules are evolutionarily conserved. The contrasting hypotheses of dynamic RC protein exchange vs. 

highly heterogeneous degradation of RC proteins in mitochondria prior to RC complex assembly are in 
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need of further study. Regardless of mechanism, the very high relative turnover rates of some proteins 

indicates that mitochondria impose very stringent quality control, in spite of the very high energetic cost of 

protein synthesis, and that understanding the rules that govern heterogeneity in turnover should provide 

new insights into mitochondrial dynamics.  
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5.5 MATERIALS AND METHODS 

Supporting information and supplementary data can be accessed online: 

http://onlinelibrary.wiley.com/doi/10.1111/acel.12317/suppinfo  

 

5.5.1 Animals 

C57BL/6 female mice at 3 and 25 months of age (Figure 5-1A) were obtained from the National Institute 

of Aging Charles River colony. Female mice were used, as the effects of rapamycin in murine aging were 

much larger in this gender 
25

. Mice were housed at 20ºC with a 12-hour light and dark cycle in an 

AAALAC accredited facility under Institutional Animal Care Committee supervision.  

 

5.5.2 Diet Regimens and Feeding 

One week after arrival, all mice were started on a synthetic diet (Harlan Teklad diet #TD.99366) to 

facilitate the subsequent substitution of heavy-labeled leucine diet to enable protein turnover 

measurements. After three weeks mice were individually housed and randomly assigned to three groups: 

1) maintained on an ad libitum synthetic food regimen 
9
; 2) administered rapamycin-containing synthetic 

diet (RP); 3) calorie restricted (CR), as detailed below. Mice were maintained on these three regimens for 

10 weeks. There was an average of 7.4% body weight loss on the synthetic diet that stabilized a week 

after start of feeding. 

 

Mice in the CR group received a vitamin and mineral adjusted diet (Harlan diet # TD. 10943) providing the 

same essential nutrient levels as the control group. CR rations per mouse were calculated based on the 

age-matched ad libitum mouse intake normalized to each restricted animal’s starting body weight. 

Restricted mice received 10% less than control mouse consumption in week 1, 25% less on the second 

week, and 40% less in the 3rd week onwards. The young CR cohort lost on average ~20% from their 

stabilized body weights over the 3 week progressive diet restriction. The weight loss of the old CR mice 

averaged ~25%. After this initial loss, CR mice maintained a stable weight. If any CR mouse lost 30% or 

more of their stabilized body weight, food rations were increased by 5-10% until they stabilized at 70% of 

their initial body weight, a limit set by the animal care committee. The old control and Rapa mice 

http://onlinelibrary.wiley.com/doi/10.1111/acel.12317/suppinfo
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maintained a stable weight over the study period. For details on body weights see the supplementary 

information of Karunadharma et al. 2015 
201

. Microencapsulated rapamycin was purchased from the 

University of Texas Health Science Center at San Antonio and administered at 14 mg per kg of food (2.24 

mg of rapamycin/kg body weight/day). RP blood levels were measured at 4 weeks and at the time of 

euthanasia; the mean concentration of RP in young and old mice was 76 + 8 ng/ml and 44+ 4 ng/ml, 

respectively 
201

.   

 

5.5.3 Stable Isotope labeling 

After 10 weeks of diet regimens, all mice were started on a leucine-deficient synthetic diet (TD.09846, 

Harlan Teklad, Madison, WI) with the light leucine fully replaced by 11 g/kg of deuterated [5,5,5 – 
2
H3] – L 

– leucine (Cambridge Isotope Laboratory, MA), with CR and RP cohort conditions continued as above. 

Four mice per cohort were euthanized by cervical dislocation at four time points: days 3, 7, 12 and 17 

after switching to 
2
H3-leucine diet. (Figure 5-1A).  

 

5.5.4 Mass spectrometry 

Tissues were removed immediately, rinsed in cold saline and homogenized in cold isolation buffer (250 

mM sucrose, 1 mM EGTA, 10 mM HEPES, 10 mM Tris-HCl pH7.4). Lysates were centrifuged at 800 x g 

for 10 minutes to get rid of the debris. A portion of liver, muscle and heart tissue was processed for 

mitochondrial fractions as previously described 
193

. All samples were trypsin digested and LC-MS/MS 

analysis performed with a Waters nanoAcquity UPLC and a Thermo Scientific LTQ Orbitrap Velos, as 

previously described 
88

.  

 

MS data was processed with the Hardklor (v1.33) and Bullseye (v1.25) algorithms to refine precursor 

mass measurements (45, 46), followed by database search against all mouse entries of the UniProt 

database (UniProt release 2013_02) with the SEQUEST algorithm (vUW2012.01.7), searching a total of 

74,888 protein entries that were designated Mus musculus. A dynamic modification of 3.0188325 for 

leucine was set to account for [5,5,5-
2
H3]-leucine and a static modification of 57.021461 for cysteine was 

set for carbamidomethyl modifications. The precursor monoisotopic mass tolerance was set to ± 10 ppm 

http://www.uniprot.org/news/2013/02/06/release


 108 

and the fragment mass tolerance window was set to 0.36 m/z. Enzyme specificity was set to semi-tryptic, 

allowing for up to 2 missed cleavage sites per peptide. The false discovery rate for spectrum matches 

was determined by the Percolator algorithm (v2.04) using a reversed copy of the UniProt database was 

used as a decoy (47). Only results with a q-value less than 0.01 were kept for further analysis 

 

5.5.5 MS analysis 

Topograph (v1.1.0.297) software was used for the deconvolution and measurement of peptide 

isotopologue abundances from LC-MS chromatograms and the calculation of peptide turnover rates, as 

previously described 
88

. (http://proteome.gs.washington.edu/software/topograph/). Relative peptide 

abundances were determined by integrating MS1 peaks. For peptides that were identified in one sample, 

the regression of the identified peptide's MS/MS scan number was used to estimate a window for the 

same peptide in the other samples and a matching chromatographic peak was identified within that time 

range. This method allows peaks areas to be measured even in samples in which they are low and 

otherwise difficult to identify 
263

. For two given LC-MS/MS chromatograms, the MS/MS scan number for 

peptides identified in both samples were plotted against each other in a scatter plot. A LOESS regression 

was used to find the best-fit line through the data points 
75,201

. 

 

Topograph allows the measurement of the proportion of the amino acid precursor pool that is labeled, 

which varied over time and condition. This information allows the correct calculation of the percentage of 

each peptide that is newly synthesized, which when plotted for 12 biological replicates over 4 time points 

generated an exponential curve following first order kinetics. Using a logarithmic transformation, the first 

order protein turnover rate (slope) was determined by linear regression.   

 

Only peptides that uniquely mapped to a single UniProt protein accession were used for quantification of 

abundance and turnover. For the cases where a protein consisted of more than one peptide, statistical 

models were modified to appropriately account for the multiple peptides by using a blocking factor.  For 

each protein we applied non-linear regression fits of first order exponential curves to the % newly 

synthesized protein using: y = 100 + β1
eαt

. ANCOVA was used to identify statistically significantly different 

http://proteome.gs.washington.edu/software/topograph/
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turnover (slopes, α) between experimental groups.  For details see the methods supplement of Hsieh et 

al. 2012 
88

.   

 

This turnover calculation relies on the assumption that proteins existed in a condition of steady state at 

the time of sampling, in which protein synthesis and degradation rates were approximately equal. To 

reasonably account for steady-state, mice were acclimated to experimental diets until reaching stable 

weights, which remained stable over the course of heavy labeling.  Furthermore, the abundance of all 

peptides identified did not change significantly over the labeling period (regression slopes centered over 

zero), confirming that proteins were at steady-state at the time of labeling. To reduce the complexity of 

each regression we derived a single x-intercept (time of first appearance of heavy label) as an average 

for each age/treatment group and subsequently fixed the x-intercept for regression of individual proteins 

within each group to this value. These intercepts for liver and heart have been published in 

Supplementary information of Karunadharma et al. 2015 and Dai et al. 2014, respectively 
91,201

. 

 

As previously shown, relative standard errors (RSE) of the HL estimates are small (<2.5%) as shown for 

liver and heart in. There is an increase in the RSE’s at the short (<3 days) or very long (> 12 days in liver, 

>45 days in heart) HL ranges in both tissues, possibly due to the reduced precision in HL estimates that 

are beyond our chosen span of harvest times (3-17 days) 
91,201

. 

 

Between the total and mitochondrial fractions, liver HLs differed 6% (p<0.0001) and heart HLs differed by 

16% (p<0.0001) on average among the age//treatment groups (Table 1); we tentatively ascribe these 

differences to non-representative extraction or survival of mitochondria during purification or 

contamination by microsomal fractions.   

 

5.5.6 Ubiquitin enrichment and analysis 

A portion of liver tissues was enriched for poly-ubiquitinated proteins using an antibody pulldown, as 

previously described 
220

. In order to purify poly-ubiquitinated proteins, total liver lysates were prepared in 

a simple 50mM ammonium bicarbonate buffer containing 8M Urea and then split into 2 fractions. The first 
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fraction was immuno-purified using the agarose-conjugated poly-ubiquitin specific antibody “FK2” (D058-

8, MBL, Nagoya, Japan) and the second fraction from each portion of liver was enriched using an 

agarose-conjugated isotype negative control antibody (M194-3, MLB, Nagoya, Japan). Using low 

molecular weight exclusion filter spin columns, all samples were washed 2x with an 8M Urea wash buffer, 

followed by 2x wash with 50mM ammonium bicarbonate. Antibody-bound proteins were eluted with 

100mM Glycine, pH 2.8 and precipitated using a standard methanol chloroform extraction. The insoluble 

proteins were then pelleted, decanted, and resuspended in a mass-spec-compatible mitochondrial 

isolation buffer, then prepared for mass spectrometry identically to whole-cell extracts, as above.  Isotype-

control enriched abundances were subtracted from FK2-enriched sample abundances to remove 

nonspecific contamination.  

 

5.5.7 Statistical Analysis 

Tissue (HT, HM, LT, LM, BT, EM, SM), age-treatment (OCL, OCR, ORP, YCL, YCR, YRP), complex (CI 

to CV) and localization (membrane, matrix, IMS) log-HLs interaction were examined by least squares 

regression, while ancestral age, assembly order, 20s proteome degradation susceptibility and ubiquitin 

enrichment were fitted as continuous linear variables.  RC protein subunits with membrane-spanning 

domains were assigned “membrane” as their location for statistical purposes. Factors for each protein 

also were fitted as precision variables for tests of tissue, age-treatment and complex; these protein effects 

did not appreciably alter the estimated effects but do result in greater statistical power. A likelihood ratio 

test was used to test overall effects of tissue, age-treatment and complex as well as linear trend tests for 

the continuous variables. The Wald test was used for the pairwise comparisons reported in the Results.   

A pairwise comparison to test for a non-zero difference in the mean log HL between two groups is 

equivalent to testing that the geometric mean of the HL ratios between the two groups is different from 

one. After establishing large and highly significant tissue and age-treatment group effects, all other tests 

were adjusted for these two variables.  Because of imbalances on ancestral group across the different 

complexes that precludes proper adjustment for confounding by complex, a second test for ancestral 

group effect was performed on a balanced subset of the data and adjusted for complex effects. The 

subset was restricted to ancestral groups that were present in all complexes, resulting in restriction to 
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bacteria (group 0), LECA (group 1) and Opisthokonts (group 3) in complexes I, III, IV and V.  Eighty-four 

different respiratory proteins (RC) were used in the analyses. Protein SDHD was excluded from statistical 

and turnover analyses due to high variability and inconsistency across tissues. Statistical significance was 

set at level 0.05. Statistical computations were done in R. 

 

5.5.8 Raw Data Repository and Other Files 

Raw files and datasets from the MS analysis can be viewed and downloaded online on the Chorus 

Project data repository - https://chorusproject.org/pages/blog.html#/352. For R-scripts and other data, 

please contact the corresponding author to receive copies. 

 
 
 

https://chorusproject.org/pages/blog.html#/352
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OVEREXPRESSION OF MITOCHONDRIAL-TARGETED CATALASE IS GOOD FOR 

THE OLD MOUSE PROTEOME BUT NOT FOR THE YOUNG: REVERSE 

ANTAGONISTIC PLEIOTROPY 

6.1 SUMMARY 

Aims: Reactive oxygen species (ROS) are highly reactive oxygen-containing molecules associated with 

aging and a broad spectrum of pathologies. We have previously shown that transgenic expression of the 

antioxidant enzyme catalase targeted to the mitochondria (mCAT) in mice reduces ROS, attenuates age-

related disease, and increases lifespan. However, it has been increasingly recognized that ROS also has 

beneficial roles in signaling, hormesis, stress response, and immunity. We therefore hypothesized that 

mCAT might be beneficial only when ROS approaches pathological levels in older age and might not be 

advantageous at a younger age when basal ROS is low. Results: We analyzed abundance and turnover 

of the global proteome in hearts and livers of young (4 mo.) and old (20 mo.) mCAT and wild type (WT) 

mice. In old hearts and livers of WT mice, protein half-lives were reduced compared to young, while in 

mCAT mice the reverse was observed; the longest half-lives were seen in old mCAT mice and the 

shortest in young mCAT, Protein abundance of old mCAT hearts recapitulated a more youthful proteomic 

expression profile (p-value < 0.01). However, young mCAT mice partially phenocopied the older wild-type 

proteome (p-value < 0.01). Innovation: Age strongly interacts with mCAT, providing an example of 

antagonistic pleiotropy in the reverse of the typical direction.  Conclusion: These findings underscore the 

contrasting roles of ROS in young vs. old mice and indicate the need for better understanding of the 

interaction of dose and age in assessing the efficacy of therapeutic interventions in aging, including 

mitochondrial antioxidants.  
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6.2 INTRODUCTION 

Reactive oxygen species (ROS) are associated with the progression of a broad spectrum of pathologies 

including aging
51

, neurodegeneration , metabolic syndrome 
53-55

, heart disease 
56,57,94

, cancer , and others 

59
. Mechanistically, this has largely been attributed to oxidative modification of cellular macromolecules, 

including lipids 
60

, DNA 
61

 and proteins 
62

. While ROS have been widely regarded as a major component 

of aging since the “Free Radical Theory of Aging” was proposed in the 1950s 
51

, there is an increasing 

appreciation that ROS also serve important physiological signaling roles. It is therefore important to 

closely examine both negative as well as positive consequences of therapeutic interventions that target 

ROS.   

 

Given that oxidative modifications can impair the activity of macromolecules, and the well documented 

correlation between oxidative damage and aging reported in almost all models studied, it has been 

tempting to conclude that this is a likely mechanism for aging 
264

. However, there are many observations 

at odds with this theory of aging. Clinical trials of dietary antioxidants to reduce  cancer 
63

, gastrointestinal 

265
, neurological 

266
, rheumatoid 

267
, endocrine 

64
, and cardiovascular diseases 

65
 have thus far shown little 

to no efficacy.  Some have shown adverse outcomes 
66

. In mice, deletion of many antioxidant enzymes 

has little effect on lifespan and, importantly, overexpression of several antioxidants including superoxide 

dismutase and peroxisomal catalase has failed to extend lifespan 
70,268

. Compared to mice with a median 

lifespan just over 2 years, the naked mole rat shows remarkable longevity, living 10-30 years, in spite of 

similar rates of ROS production and more extensive oxidative damage to its tissues over its lifetime 
269

, 

suggesting that ROS may not necessarily play a causative role in aging. Additionally, while mtDNA 

mutations increase with age, the characteristic mutations created by ROS are not among those most 

seen by the new method of duplex sequencing, suggesting that ROS may not be a driver of somatic 

mutations in aging 
270

. In C elegans, an invertebrate model of aging, several strains deficient in respiratory 

proteins which produce excess reactive oxygen species are in fact longer lived than WT controls 
69

. 

 

Our group has previously shown that mice overexpressing mitochondrial-targeted catalase (mCAT), but 

not nuclear or peroxisomal catalase, have an approximately 20% increased median and maximal lifespan 
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18
, suggesting that reducing ROS specifically in the mitochondria is key to achieving a beneficial effect on 

aging. mCAT has been shown to reduce oxidative modification of DNA and proteins, and delays the 

progression of multiple pathologies 
71

. We have also demonstrated that mCAT is protective against 

cardiac aging 
73

 as well as models of cardiac hypertrophy and failure in young mice 
75

, 
76

. Other 

laboratories have demonstrated that mCAT mice have additional benefits, such as improved amyloid 

precursor protein processing 
72

, reduced loss of bone after estrogen withdrawal 
271

, reduced insulin 

resistance 
61

, and protection against radiation exposure 
74

. Similar benefits have been seen in mice 

treated pharmacologically with the mitochondrial targeted tetra peptide SS-31
56

 (d-Arg-2′, 6′-

dimethyltyrosine-Lys-Phe-NH2), also known as Bendavia, which targets mitochondrial inner membrane 

cardiolipin, enhance electron transfer efficiency and thereby reduce ROS production 
272

.  This report 

describes an analysis of global proteomic changes resulting from mCAT overexpression in the context of 

aging, measuring both protein abundances and turnover rates. We report changes in the hepatic and 

cardiac proteomes with age, 
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6.3 RESULTS
*
 

6.3.1 mCAT has opposite effects on hepatic and cardiac protein turnover in young versus old 

mice 

In order to comprehensively quantify in vivo changes in global proteome half-lives (HLs), we performed 

stable-isotope metabolic labeling of mice by administering a synthetic diet containing 
3
H2-leucine over a 

period of 17 days, as previously described 
201

 (Figure 6-1). Hearts and livers were collected at four 

subsequent time points from each of four experimental groups: young WT (YWT) and young mCAT 

(YmCAT) at 3-4 months of age, old WT (OWT) and old mCAT (OmCAT) at 18-21 months of age. All 

samples were analyzed by nLC-MS/MS. Topograph software was used to estimate the proportion of 

newly synthesized protein at each time point, corrected for enrichment of heavy leucine in the amino acid 

precursor pool 
88

, and HLs were calculated based on first order regressions of percentage of newly 

                                                 
*
 Supporting information such as supplementary figures, tables, datasets, and methods can be found online: 

http://blogs.uw.edu/nbasisty/home/136-2/ 

Figure 6-1 Experimental workflow for metabolic labeling and proteomic analysis. A) YWT, YmCAT, OWT, 

and OmCAT mice were placed on a diet in which leucine was substituted for deuterated leucine for up to 17 
days. At each of four time points – 3, 7, 12, and 17 days – mice from each of the four groups were sacrificed, 
tissues harvested, and flash frozen until used to prepare total lysates. Total lysates from hearts and livers 
were subject to shotgun (data-dependent) mass spectrometry analysis. B) Topograph software was used to 
estimate the percentage of newly synthesized protein for every protein at each timepoint, as well as area 
under the curve for each peptide. First-order exponential regressions of the percentage of newly synthesized 
protein over time were performed in R to determine half-lives. Abundances, as determined by peptide peak 
areas, and half-lives for each experimental group underwent statistical comparisons and visualization in R. 
Ingenuity Pathway Analysis software was used to perform pathway enrichments into top canonical 
pathways. 
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synthesized protein over time. In heart we identified 11,240 unique peptides mapping to 2570 proteins 

and in liver we identified 11, 461 unique peptides mapping to 3145 proteins. 

 

There were no significant protein abundance changes over the 17-day labeling period in either the hearts 

or livers of mCAT and WT mice at either age (SFigure 6-1). This indicates that 1) the presence of multiple 

peptide isotopic peaks, which arise from the combination of heavy and light leucine in the diet, does not 

seriously alter the integration of peak area by Topograph to quantitate protein abundance; 2) unchanging 

protein abundances suggest that the rates of protein synthesis and degradation are at steady states, as 

expected in adult animals.  

 

Median protein half-lives are longer in heart than liver; even among proteins common to both. The protein 

HLs in YWT hearts were 1.4 times longer (6.4 days) than in the liver (4.57 days) (Figure 6-2A). In the 

heart there was a significant difference in median half-life between any two age/treatment groups; the 

longest half-life was seen in OmCAT (7.71 days) followed by YWT (6.43 days), OWT (5.37 days), and 

YmCAT (4.86 days). The liver followed this same order over a smaller range, with half-lives of 4.58, 4.57, 

Figure 6-2 Medians and distributions of protein half-lives in hearts and livers of whole cell 
lysates in each experimental group. A) Table of median half-lives for each experimental group. 
Only proteins in common to both tissues and all experimental groups were considered in these 
calculations.  Distributions of the changes in proteome half-life in B) heart and C) liver tissues 
by treatment - OWT, YmCAT, and OmCAT – each relative to young WT controls. Dotted lines 
mark the location of a ratio equal to one (YWT). One tailed t-tests: * p-value < 0.001 for the 
ratio being less than zero, **p-value < 0.001 for the ratio being greater than zero. 
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4.54, and 4.12 days in OmCAT, YWT, OWT, and YmCAT respectively. Histograms of the distribution of 

half-lives in each experimental group in heart and liver are shown in supplementary Figure 6-2 (SFigure 

6-2A, B). A more sensitive analysis was performed by normalizing HLs of each protein in each treatment 

group to the corresponding protein’s YWT HL This paired analysis of the protein by protein fold change in 

HL in each group versus YWT is visualized in histograms for heart (Figure 6-2B) and liver (Figure 6-2C). 

A positive number indicates an increase in half-life versus YWT (in units of log2 fold change) while a 

negative number indicates a reduced HL relative to YWT. As previously reported 
91,201

, old WT mice had 

significantly decreased HLs compared to young WT mice; however, old mCAT HLs were longer than old 

WT and thus more similar to young WT, consistent with restoring a more youthful proteome. Interestingly, 

the young mCAT had shorter HLs than YWT, and the effect of aging on mCAT protein half-life is thus a 

complete reversal of the change seen in WT mice.  
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Figure 6-3 Heatmap of all cardiac 
proteins significantly changed in half-
life during aging and correlation plots of 

cardiac proteins that significantly 
changed with age. A) Heatmap depicting 
all proteins with significantly altered (p-
value < 0.05) in the statistical comparison 
of YWT and OWT proteome half-lives. 
The four columns correspond to the 
treatment groups used in this study: 
YWT, OWT, YmCAT, and OmCAT. 
Colors in the heatmap represent the half-
life of a protein relative to its mean half-
life (in days) across all treatment groups 
(difference from row mean). Correlations 
were performed between OWT half-lives 
versus each treatment group– B) YWT, 
C) OmCAT, and D) YmCAT. E) A 
correlation of WT aging (OWT/YWT) 
versus mCAT aging (OmCAT/YmCAT).  
 
* p-value < 0.05, ** p-value < 0.001 for 
Spearman correlation of the individual 
pathways in the regressions. 
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6.3.2 Analysis of cardiac proteome changes in half-life  

Proteins that showed a significant age or mCAT-dependent change in HL (p-value < 0.05) were plotted on 

a heatmap with hierarchical clustering in both rows and columns (Figure 6-3A). The first two columns, 

showing mostly decreases (blue) in half-life of OWT and YmCAT compared to the row means, illustrate 

the visual similarity between aged WT and young mCAT mice. This is in contrast to the increasing half-

lives (red) seen in a higher proportion of proteins in the third and fourth columns, which include old mCAT 

and young WT mice.  

 

The effects of mCAT overexpression on protein HLs were correlated with WT aging changes by bivariate 

plots for proteins in the top 10 Ingenuity Pathway Analysis 
147

 pathways, ranked by significance of half-life 

changes in WT aging (OWT vs. YWT) (Figure 6-3B-D). The majority of the “top” pathways were metabolic 

pathways (including mitochondrial dysfunction, xenobiotic metabolism, fatty acid oxidation, and TCA 

cycle) or signaling pathways (aryl hydrocarbon receptor signaling), and a few other notable pathways, 

such as actin cytoskeleton, which are closely tied to heart function. The regression in all top pathways 

combined confirms that the half-lives of these top pathway proteins in young mCAT mice  is more similar 

to those of old WT mice (slope =1.05, r = 0.724, p-value<2.2x10
-308

, Figure 6-3D) than to young WT 

(slope = 1.09, r=0.559, p-value = 1.8x10
-9

, Figure 6-3B) or old mCAT (slope = 1.38, r = 0.568, p-value = 

7.0x10
-10

, Figure 6-3C). A direct comparison of WT aging (OWT vs. YWT) to mCAT aging (OmCAT vs. 

YmCAT) also showed a strong negative correlation (Figure 6-3D), highlighting the opposing effects of 

mCAT in young versus old mice. All proteins and corresponding heatmap values can be found in 

Supplementary Dataset 1. Pathway categorizations for the top 20 pathways can be found in 

Supplementary Dataset 2.  

 

6.3.3 Analysis of hepatic proteome changes in half-life 

Hepatic proteome turnover partially recapitulated the effects seen in the heart (Figure 6-4A), and the list 

of top affected pathways was highly overlapping in the two tissues (Figure 6-4B-D). All treatment groups 

showed a highly significant degree of correlation with OWT in all 10 top pathways combined, and this 

correlation remained significant for every individual pathway in YWT and YmCAT (Figure 6-4B,D) as well 
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as 8 out of 10 of the pathways in OmCAT (Figure 6-4C), This high degree of similarity between treatment 

groups in liver suggests that both aging and mCAT changes in half-life are modest. Even so, the apparent 

visual differences between groups in the heatmap are consistent with the differences in the strength of 

these correlations. For example, OmCAT is the most divergent group in both cases (Figure 6-4A, C). 

Additionally, mCAT aging did not show a significant correlation with WT aging (Figure 6-4D). 
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Figure 6-4 Heatmap and correlation 
plots of hepatic protein half-lives that 

significantly changed with age. A) 
Heatmap depicting all significantly 
changed (p-value < 0.05) protein HLs 
during aging (OWT vs YWT). The 
heatmap colors represent the half-life of 
a protein relative to its mean half-life (in 
days) across all treatment groups 
(difference from row mean). B-D) 
Correlations of OWT half-lives  versus 
B) YWT, C) OmCAT, and D) YmCAT 
half-lives. E) A correlation of WT aging 
(OWT/YWT) versus mCAT aging 
(OmCAT/YmCAT).  
 
ǂ p-value < 0.10, * p-value < 0.05, ** p-
value < 0.001 for Spearman correlation 
of the individual pathways in the 
regressions. 
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6.3.4 Protein Abundance changes in the cardiac and hepatic proteomes 

MS1 peak areas were calculated in Topograph, and used to perform relative quantification of protein 

abundances (see methods). An inherent limitation to MS quantitation is that the intensity of peak areas is 

highly dependent on peptide ionization efficiency, which is very variable across peptides, and therefore 

provides no information about the absolute quantity of a peptide or protein. It is common to instead to 

measure the relative change in any given peptide across samples.  To compare the effects of mCAT and 

aging on protein abundance we therefore examined relative differences in peak area by examining the 

ratios of treatment groups: OWT/YWT (WT aging), OmCAT/YmCAT (mCAT aging), YmCAT/YWT, and 

OmCAT/OWT (the effects of mCAT expression in young and old mice).. Our results show, similarly to the 

trend seen in half-lives, the effects of mCAT in young mice (YmCAT vs. YWT, column 1) are clustered 

with WT aging effects (OWT vs. YWT, column 2), while mCAT aging changes (OmCAT vs. YmCAT, 

column 3) and mCAT effects in old mice (OmCAT vs. OWT, column 4) cluster with each other and often 

show an opposite pattern of expression to the first two columns (Figure 6-5A). Because comparisons 

between sets of ratios with common terms (i.e. OWT/YWT vs YmCAT/YWT and OWT/YWT vs 

OmCAT/OWT) can introduce ‘spurious correlation 
273

, we performed statistical analysis using partial 

correlations controlling for the common terms 
274

. Notably, mCAT expression levels in young mice tend to 

be in the same direction as OWT, as can be seen from the positive correlation in Figure 5B (p-value < 

0.05). In contrast, mCAT effects in old mice (OmCAT vs OWT) were not correlated with WT aging 

changes, while mCAT aging (OmCAT vs YmCAT) was correlated with WT aging changes (Figure 6-5D, 

p-value=1.57x10
-14

). Among the top 20 pathways most significantly changed in the heart abundance 

proteome (Figure 6-3B-D, Figure 6-5B-D, Supplementary Dataset 2) 8 were in common with pathways 

most changed in the turnover data set. Three of these top 20 pathways are protein turnover mechanisms: 

protein ubiquitination, p70s6K, and clathrin mediated endocytosis (Supplementary Dataset 2).  



 123 

  

Figure 6-5 Heatmap of all significant 
cardiac protein abundance changes 

with age and correlations of WT aging to 
mCAT aging. A) The heatmap shows the 
direction and magnitude of abundance 
changes between the groups noted in the 
column labels. B-D) Correlation plots of 
changes in HL of proteins in the top 10 
IPA pathways, B) The effect of mCAT in 
young mice (YmCAT vs YWT) positively 
correlates with WT aging (OWT vs YWT, 
p-value < 0.05). C) The effect of mCAT in 
old mice (OmCAT vs OWT) had little to no 
correlation with WT aging. D) The effect of 
aging in mCAT (OmCAT vs YmCAT) 
versus WT aging (OWT vs YWT) shows a 
significant negative correlation, with a 
correlation coefficient of -0.5.  
 
* p-value < 0.05, ** p-value < 0.001 for 
Spearman correlation of the individual 
pathway between the x and y-axis groups. 
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Figure 6-6 Heatmap containing hepatic 
protein abundance changes enriched into 

proteins significantly altered by aging (p-
value< 0.05) and correlation plots of mCAT 
versus WT aging effects. A) The heatmap 
shows the direction and magnitude of 
abundance changes between the groups 
written in the column labels. B-D) 
Correlations were done on the top 10 
pathways to compare the effects of mCAT to 
the effects of WT aging (OWT vs YWT). B) 
The effect of mCAT in young mice (YmCAT 
vs YWT) is significantly correlated with WT 
aging changes, but to a lesser extent than 
heart tissue. C) The effect of mCAT in old 
mice (OmCAT vs OWT) has no relationship 
with WT aging (OWT vs YWT), D) mCAT 
aging (OmCAT vs YmCAT) is significantly 
but weakly correlated with normal aging 
(OWT vs YWT). * p- value < 0.05,  
 
** p- value < 0.001 for Spearman correlation 
of the individual pathway between the x and 
y-axis groups. 
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The effects of mCAT and aging on liver abundances appear to share many trends with heart changes, but 

to a much lesser extent (Figure 6-7A-D). Again, aging effects (OWT vs. YWT) and the effects of mCAT in 

young mice (YmCAT vs. YWT) clustered as a pair in the heatmap, while mCAT aging (OmCAT vs 

YmCAT) and the effects of mCAT in old mice (OmCAT vs OWT) were paired in another cluster (Figure 6-

7A). Young mCAT effects were significantly correlated with aging effects, albeit much more weakly than in 

heart (p-value < 0.05). Among the top 10 IPA pathways, the three that showed individually significant 

correlations were protein turnover pathways: EIF2 signaling, p70S6K signaling, and eiF4/p70S6K 

signaling. The effects of mCAT expression in old livers did not have a significant negative correlation with 

aging changes (Figure 6-7C). However, the comparison of WT aging and mCAT aging effects (Figure 6-

7D) did show a small negative correlation (p-value < 0.01).  

 

The significantly weaker mCAT effects in liver seen for both half-lives and abundances are likely due to 

the much lower levels of liver mCAT expression from the chick beta actin promoted transgene. In contrast 

to highly expressed mCAT in heart, skeletal muscle and brain, we have previously reported no difference 

from littermate controls in mCAT liver expression 
18

. To verify these previous observations, we measured 

protein levels of mCAT by western blot (Fig 7A) and mRNA expression by qPCR (SFigure 6-3A); the 

results confirmed that mCAT protein and mRNA expressions are essentially undetectable in liver. This 

suggests either that undetectably small levels of mCAT expression in livers are sufficient to produce 

modest and partial effects in proteome abundance and turnover, or that that the changes in liver are a 

non-cell autonomous effect of mCAT expression in other tissues. 

 

6.3.5 mCAT aging exhibits reverse antagonistic pleiotropy  

In order to compare the trajectories of wild type aging and mCAT aging, we condensed the proteomic 

changes into an index of aging change by taking the average absolute magnitude of the fold changes in 

protein abundance from YWT to OWT over all significantly altered (q-value<0.05) proteins in WT aging.  

By this metric, WT aging is an average 5.66 fold change in heart proteome abundance. For each of the 

same proteins the YWT vs. YmCAT or YWT vs. OmCAT was similarly calculated and the average 

absolute change expressed as a percentage of the WT aging effect (Figure 6-8). Consistent with the 
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abundance correlations noted above, mCAT mice have a striking reversal of the WT aging trajectory; the 

YmCAT proteome index for these same proteins is nearly 100% of OWT in magnitude, but declines to 

YWT levels in the old mCAT proteome. This surprising result was initially seen in a separate "pilot" 

experiment without heavy leucine labeling (Figure 6-8B, dotted line, heatmap summary in SFigure 6-4). 

Some of these trends in significantly changed proteins in the aging cardiac proteome were further 

validated by western blot (SFigure 6-5A, B). A similar analysis of the liver proteome (Figure 6-7B) showed 

a trajectory in mCAT aging that was similar to that of WT aging, although the slope was slightly lower. As 

noted earlier, this smaller effect is likely explained by the lack of detectable mCAT expression in liver 

tissues.  

 

6.3.6 Changes in major proteostasis pathways 

As described in Figure 6-2A and shown for reference as bar plots in Figure 6-8A and B, median proteome 

turnover rates of each experimental group in liver (Figure 6-8A) and heart(Figure 6-8B, suggest that 

global turnover may be highest in YmCAT and OWT and lowest in YWT and OmCAT mice. To explore 

some of the mechanisms by which abundance and turnover might be affected by mCAT and aging, we 

Figure 6-7 Reverse antagonistic pleiotropy in the proteome as a result of mCAT. We condensed 

proteomic changes into simple line plots depicting the trajectory of WT aging (black line) and mCAT aging 
(colored line). (See the methods for more detail.) A) The heart proteome demonstrates reverse antagonistic 
pleiotropy: the YmCAT proteome more closely resembles old mice, while the OmCAT mouse is shifted 
toward a younger proteome compared to their OWT counterparts. B) This effect was not seen in liver tissue, 
which C) did not express mCAT protein, as measured by western blotting and confirmed by qPCR (SFig 3). 
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measured markers of autophagy, oxidation, the ubiquitin proteasome, mitochondrial biogenesis, and 

protein translation (Figure 6-8C-H, SFigure 6-5C-F, SFigure 6-7A-H). Oxidation of proteins, as measured 

by protein carbonylation, was increased with age 

in WT hearts (Figure 6-8C) and liver (Figure 6-

8D), as expected. This increase was not seen 
65

 or 

was smaller 
275

 in old mCAT mice and 

carbonylation remained unchanged in young 

mCAT mice. In concordance with faster protein 

turnover in YmCAT tissues, lamp2a levels, a 

marker of chaperone-mediated autophagy, were 

increased in YmCAT hearts and livers to levels 

similar to that seen in old WT tissues (Figure 6-8E, 

F). Levels of poly-ubiquitinated proteins were 

increased in OWT hearts and in all groups of liver 

relative to YWT (Figure 6-8G, H). This is 

consistent with the increases seen in the “Protein 

Ubiquitination” pathway of the proteomic data set 

(Supplementary Dataset 2).  

 

The p70s6k signaling pathway, consisting of 

ribosomal proteins, elongation factors, and 

initiation factors, all of which positively regulate 

protein translation, showed significantly increased 

protein expression in old WT and young mCAT 

mice in the pathway analysis, a pattern consistent 

with the increased global protein turnover rates 

seen in these groups. We confirmed these 

increases in eEF2 by western blot (SFigure 6-7A, 

Figure 6-8 Protein turnover markers. mCAT and aging significantly 

alter markers of several protein turnover mechanisms. Western blotting 
was done on various markers of turnover pathways and compared to 
the median global protein turnover rates determined by mass 
spectrometry in A) heart and B) liver. C) Protein carbonylation increased 
with age and was attenuated in old mCAT in heart. D) Liver tissue 
similarly increased in carbonylation with age and this was attenuated in 
old mCAT mice. E) Chaperone mediated autophagy, as measured by 
lamp2a, was increased by both young and old mCAT hearts. F) Lamp2a 
was elevated in YmCAT as well as OWT mouse liver. G) Levels of poly-
ubiquitinated proteins significantly increased with age in the heart, and 
this effect was attenuated in old mCAT.  H) Levels of poly-ubiquitinated 
proteins in the liver were increased by both mCAT and aging. *p-value < 
0.05 
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B). Macroautophagy was measured by the ratio of LC3II/I and Beclin1 (SFigure 6-7C, D). The LC3II/I ratio 

was not significantly altered in any group. However, these markers cannot determine flux through the 

lysosomal pathway, and therefore this would require further study.  

 

To determine if mitochondrial biogenesis was significantly altered we performed analysis of mitochondrial 

DNA copy number (Figure 6-8 Figure 6-5C-F). There 

was a significant decrease in mitochondrial DNA copy per cell in old WT and old mCAT hearts (Figure 6-

8I), but a trend toward increased mito copy number in the OmCAT liver (Figure 6-8J), suggesting 

mitochondrial copy number may account for some of the protein abundance differences. There were no 

differences in PGC1α in either tissue. 

 

6.4 DISCUSSION 

This study presents a comprehensive characterization of proteome dynamics during aging in wild-type 

and long-lived mCAT mouse hearts and livers. In order to determine in vivo proteome turnover kinetics 

and protein abundances we utilized a metabolic labeling strategy in combination with LC-MS/MS and 

Topograph software. We were surprised to find that mCAT has very different effects in young compared 

with old mouse hearts, with YmCAT mice resembling OWT, in addition to OmCAT hearts having a more 

“youthful” proteome. This effect was observed in two independent data sets.  

 

Globally, protein half-lives are decreased with age in both heart and liver, similarly to our previously 

reported observations 
91,201

.  Changes in HL in WT aging in both heart and liver within individual pathways 

were also concordant with these prior observations, including the pathways mitochondrial dysfunction, 

branch chain amino acid metabolism, actin cytoskeleton, oxidative stress response, ethanol degradation, 

and aryl hydrocarbon receptor signaling. Likewise, changes in protein abundances during WT aging were 

significant in most of the same pathways as previously reported. In heart this included mitochondrial 

dysfunction, actin cytoskeleton, calcium signaling, and LXR/RXR activation 
91

. In liver abundances this 

included EIF2 signaling, p70S6K, and LPS & IL1 mediated RXR function 
201

. A consistent finding in the 

present study and our previous reports 
91,201

 is the observation of an age-related decrease in protein half-
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lives, and a lengthening of half-lives by the addition of an aging-intervention. We have observed this trend 

in three separate life-span extending interventions including calorie restriction (CR), rapamycin (RP), and 

now mCAT. This raises the question of whether enhanced protein quality and reduced protein turnover is 

a common underlying longevity mechanism in these and perhaps other interventions. The close 

connection between CR and rapamycin is expected based on their common effect in mTOR signaling, 

however, commonality with mCAT is less expected and strengthens the generality of this observation.  

One possibility may be that reduction of mtROS is a common component of all of these interventions - 

ROS is a powerful signal for cellular energy status and is very closely tied to the allocation of cellular 

resources. It can signal synthesis and degradation of proteins as well as cellular fate, not unlike the 

nutrient sensitive mammalian target of rapamycin (mTOR) pathway 
276,277

 and therefore these may be 

utilizing similar mechanisms to promote longevity. 

 

One aspect of the mCAT proteome, however, is novel compared to other interventions thus far: 

antagonistic pleiotropy. While old mCAT mice are benefited with a more youthful pattern of proteome half-

life and abundance, corresponding with longer life 
18

 and numerous healthspan benefits 
56,61,72,73

, the 

young mCAT proteome assumes an “older” phenotype in a young animal, in both protein abundance and 

half-life. Antagonistic pleiotropy is typically seen as an effect that is beneficial to an organism’s fitness 

early in life, but which causes functional decline and aging phenotypes later in life. In this case we 

observe the opposite in mCAT mice. Hence, we refer to this effect, illustrated in Figure 6-7, as reverse 

antagonistic pleiotropy.  
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At moderate or low levels, ROS are increasingly being found to serve important physiological signaling 

roles that may be important for metabolism, protein turnover, cellular differentiation, stress response, and 

apoptosis 
278,279

, while damaging effects may not be apparent until ROS reaches high levels. For 

example, low level ROS is important for the renewal of stem cells and it has been shown that suppression 

of ROS significantly limits renewal of stem cells and suppresses neurogenesis in mice 
280

.  Thus, 

overexpression of mitochondria targeted catalase might lead to similar effects. In fact, a recent study has 

reported that while low levels of transgenic mCAT expression were beneficial in a cardiac Mfn2 knockout 

background, ”super-suppression” of ROS by higher levels of mCAT exacerbated the cardiac phenotype 

and suppressed compensatory autophagy 
281

. A separate study found that bactericidal activity is impaired 

in young mCAT mice 
282

. At high levels, ROS cause oxidative damage, such as in cardiac hypertrophy 

and failure, and in this setting high and low levels of mCAT are both protective 
76

. In the present study, 

the proteomic changes from mCAT overexpression in unstressed, young animals mimic a number of 

changes that occur with aging. Taken together, these studies suggest that mitochondrial antioxidant may 

not be universally beneficial, and the beneficial effects are observed in a setting when oxidative stress or 

Figure 6 9 Model of mCAT “reverse” antagonistic pleiotropy 
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a high burst of ROS is anticipated. Thus, as with many drugs, mitochondrial antioxidants likely have a 

therapeutic windows and this may be age-dependent. It is also possible that such therapeutic windows 

vary by genetic background and organism.  

 

These observations are also consistent with the notion of a ROS continuum, at the center of which is a 

physiologically necessary level of mitochondrial ROS 
283

 (SFig 7). At lower extremes of the continuum 

redox signaling pathways may be impaired while at higher extremes “pathological” ROS damages 

important components of the cell. In aging, increasing levels of ROS and oxidative damage are widely 

documented, and were part of the support for the “free radical theory of aging” 
284

. However, the mCAT 

effect in young mice is consistent with an adverse impact on the more beneficial effects of ROS, while 

mCAT suppression of pathological levels of ROS in old animals is protective. This also suggests that 

ROS itself exhibits conventional antagonistic pleiotropy, and would explain why stronger antioxidant 

mechanisms, such as mCAT, have not evolved under natural selection of young animals in nature.  

 

It would be of interest to pursue assays of reproductive fitness in mCAT versus WT mice as a further test 

of the hypothesis of reverse antagonistic pleiotropy. We have not detected such an effect in the 

laboratory, however, such tradeoffs in fitness may only be present in natural environments. Alternatively, 

one could pursue surrogate functional assays, such as tests of fighting behavior 
285

 or endurance on 

treadmills 
286

. Another area for future research would be to examine additional ages of mCAT and WT 

mice to test the unproven assumption that there is an approximately linear decline in the youthful status of 

the proteomes over the life course. 

 

In conclusion, we show evidence of “reverse” antagonistic pleiotropy in the cardiac and hepatic 

proteomes of mice overexpressing mitochondria-targeted catalase. In old mice, mCAT overexpression 

leads to a youthful proteome and better health, while in young mice it confers an “older” proteome. This 

data supports a view of ROS in aging that is inclusive of the beneficial functional roles ROS plays, such 

as redox signaling, in addition to pathological effects of ROS mediated oxidative damage. Importantly, 

this data underscores the importance of dosage and age with respect to therapeutic interventions. In 
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particular, in order for mitochondrial antioxidants to have a desired effect in humans, it may be important 

to consider not only the correct dose, but also to adjust the dose (or any delivery at all) with age.  
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6.5 MATERIALS AND METHODS 

6.5.1 Animals 

We used two independent founder lines as described before 
18

, B6.C3H-Tg(mCAT)4033Wcl and B6.C3H-

Tg(mCAT)4403Wcl were generated and back-crossed as hemizygotes onto the C57BL/6J background 

(Jackson Laboratories, Bar Harbor, ME) for more than 10 generations. Control animals were wild type 

(WT) littermates of MCAT transgenic animals. Mice were fed irradiated Picolab Rodent Diet 20 #5053 

(PMI Nutrition International, Brentwood, MO) and provided reverse osmosis water. One week after arrival, 

all mice were started on a synthetic diet (Harlan Teklad diet #TD.99366) that was nutritionally similar to 

the NIH-31 standard for rodents. The use of this diet facilitated the subsequent substitution of heavy-

labeled [5,5,5 – 
2
H3] leucine for light leucine, which enabled the protein turnover measurements.  

6.5.2 Stable Isotope labeling 

After 10 weeks of diet regimens, all mice received a synthetic diet (TD.09846, Harlan Teklad, 

Madison,WI) with the light leucine fully replaced by 11 g/kg of deuterated [5,5,5 – 
2
H3] – L – leucine 

(Cambridge Isotope Laboratory, Tewksbury, MA), with CR and RP cohort conditions continued as above. 

Three mice were euthanized for tissue collections and proteomics analysis at four time points: days 3, 7, 

12 and 17 after switching to 
2
H3 – leucine diet.  

6.5.3 Mass spectrometry 

Tissues were homogenized in cold isolation buffer (250 mM sucrose, 1 mM EGTA, 10 mM HEPES, 10 

mM Tris-HCl pH7.4). These lysates were centrifuged at 800 x g for 10 minutes to get rid of the debris. 

Whole liver and heart tissue were homogenized as previously described 
193

, trypsin digested, and LC-

MS/MS analysis performed with a Waters nanoAcquity UPLC and a Thermo Scientific LTQ Orbitrap 

Velos, as previously described 
88

. 

6.5.4 Data Repository 

The raw data from MS/MS and extended supplementary files are available at 

https://chorusproject.org/pages/blog.html#/678. In order to view the data, a free account must be obtained 

by following the instructions on the Chorus Project website. For R-scripts, spreadsheets, and other data 

please contact the corresponding author.  
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6.5.5 MS Data Analysis 

MS data were processed with the Hardklor (v1.33) and Bullseye (v1.25) algorithms to refine precursor 

mass measurements
287,288

, followed by database search against all mouse entries of the UniProt 

database (UniProt release 2013_02) with the SEQUEST algorithm (vUW2012.01.7) – searching a total 

of 74,888 protein entries that were designated Mus musculus (Mouse). A dynamic modification of 

3.0188325 for leucine was set to account for [5,5,5-
2
H3]-leucine and a static modification of 57.021461 for 

cysteine was set for carbamidomethyl modifications. The precursor monoisotopic mass tolerance was set 

to ± 10 ppm and the fragment mass tolerance window was set to 0.36 m/z. Enzyme specificity was set to 

semi-tryptic, allowing for up to 2 missed cleavage sites per peptide. The false discovery rate for spectrum 

matches was determined by the Percolator algorithm (v2.04) using a reversed copy of the UniProt 

database as a decoy 
221

. Only results with a q-value less than 0.01 were kept for further analysis. This 

filter was used as it allows a small number (1%) of false positives to the next portion of analysis while 

providing enough data for categorization and statistical analysis of subsets of proteins. In addition, less 

than 5% of accepted false positives are expected to pass a subsequent turnover score filter, described 

below. Topograph (v1.1.0.297) software was developed for the deconvolution and measurement of 

peptide isotopologue abundances from LC-MS chromatograms and the calculation of peptide turnover 

rates, as previously described 
88

. (http://proteome.gs.washington.edu/software/topograph/). Prior to 

analysis of abundance and turnover, peptides with a turnover score less than 0.98 were filtered out of the 

data. Turnover score is a metric internal to Topograph, ranging from 0 to 1, which describes the 

closeness of each observed isotopologue distribution with its closest matching theoretical distribution. A 

cutoff score of 0.98 was derived by plotting a receiver operator curve of true positive results versus true 

negative results (not shown), where true positive was defined as any peptide measurement that fell within 

2 standard deviations of the mean label enrichment for all peptides, and true negatives were results that 

did not meet these criteria. Relative peptide abundances were determined by integrating MS1 peaks. For 

peptides that were identified in one sample, the regression of the identified peptide's MS/MS scan number 

is used to estimate a window for the same peptide in the other samples and a matching chromatographic 

peak was identified within that time range. This method allows peaks areas to be measured even in 

samples in which they are low and otherwise difficult to identify 
289

.For two given LC-MS/MS 

http://www.uniprot.org/news/2013/02/06/release
http://proteome.gs.washington.edu/software/topograph/
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chromatograms, the MS/MS scan number for peptides identified in both samples were plotted against 

each other in a scatter plot. A LOESS regression was used to find the best-fit line through the data points 

as previously described 
88

. 

 

Only peptides that uniquely mapped to a single UniProt protein accession for Mus Musculus (UniProt 

release 2013_02), consisting of 74,888 entries from UniProtKB/Swiss-Prot and UniProtKB/TrEMBL, were 

used for quantification of abundance and turnover. First, sequences were searched against Swiss-Prot 

(reviewed) entries and accepted in a unique match is found. If no match was found, a second search was 

performed on TrEMBL (unreviewed) entries and the unique matches were retained. All remaining 

peptides, consisting of peptides with either no matching proteins or greater than 1 matching protein, were 

filtered out.  For the cases where a protein consisted of more than one peptide, statistical models were 

modified to appropriately account for the multiple peptides by using a blocking factor.  For each protein 

we applied non-linear regression fits of first order exponential curves to the percent newly synthesized 

protein using: y = 100 + β1
eαt

. To determine whether the rates of turnover (slopes, α) were statistically 

different between experimental groups, ANCOVA was used.  Half-lives were calculated according to first 

order kinetics: t1/2 = ln
166

/ slope. For details see the methods supplement of Hsieh et al. 2012 
88

.  

 

For heatmaps and pathway enrichment, only proteins that had significantly changed (p-value < 0.05) with 

age (significantly different between YWT and OWT) were considered. The p-values and correlations of 

the bivariate plots in panels B and C of Figs. 4-5 were derived from a partial correlation of the plotted 

groups while controlling for covariance with young wild type samples. Partial correlation allows direct 

comparison of peak areas (abundances) while controlling for changing baseline intensity caused by 

peptide variation in ionization efficiency. The YWT treatment group was used as the baseline for all other 

groups. Heatmaps were created using the heatmap.2 function in the gplots package in R. Rows and 

columns were ordered by linkage clustering using a Euclidean distance measure.  

 

Line plots displayed in Figure 7 were calculated using proteomic abundance values (peak areas) of all 

proteins that significantly changed in abundance with age below a p-value threshold of 0.05. To compare 

http://www.uniprot.org/news/2013/02/06/release
http://www.uniprot.org/news/2013/02/06/release
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the trajectories of wild type aging and mCAT aging, we condensed the proteomic changes into an index 

of the aging change by taking the average absolute magnitude of the fold changes in protein abundance 

from YWT to OWT (WT aging).  By this metric, WT aging is an average 5.66 fold change in heart 

proteome abundance. YWT was then set to zero and all values are expressed as a percentage of the WT 

aging effect; thus the 5.66 fold change in OWT equals 100% (black line, Figure 6-8A). Young and Old 

mCAT were adjusted accordingly such that all differences from YWT in the same direction as aging were 

positive values and changes in the opposite direction were negative values. The mCAT aging line was 

then plotted by connecting two points representing YmCAT and OmCAT.   

6.5.6 Pathway analysis 

Top pathways were determined using QIAGEN’S® Ingenuity Pathway Analysis (IPA®, QIAGEN Redwood 

City, www.qiagen.com/ingenuity) on all proteins which were significantly changed (p-value < 0.05) in 

abundance or half-life by aging (OWT vs YWT) or mCAT (YmCAT vs YWT and OmCAT vs OWT) 

expression. IPA determines the p-values of enrichment into canonical pathways by Fischer exact test.

 All significantly changed proteins were then grouped by IPA canonical pathway and z-scores were 

visualized on a heatmap created in R using the gplots package.  Values within each pathway category 

were clustered by Ward’s method.  

6.5.7 Immunoblotting and ELISA 

A portion of each tissue was aliquotted into separate tubes containing cold isolation buffer (250 mM 

sucrose, 1 mM EGTA, 10 mM HEPES, 10 mM Tris-HCl pH7.4) as well as protease and phosphatase 

inhibitors(Pierce #87786 and #78420, Waltham, MA, USA) at the time of harvest, and stored at -80 

degrees Celsius to be used for immunoblotting and other bench assays as necessary.  Western blotting 

was done on the NuPAGE® Bis-Tris gel system (Life Technologies #WG1403BOX, Carlsbad, CA, USA) 

according to the manufacturer protocols with primary antibody concentrations of 1,000X and secondary 

antibody concentrations of 10,000X. The following primary antibodies were used: rabbit anti-human 

erythrocyte catalase(Athens Research & Technology #01-05-030000, Athens, GA, USA), 

UQCRC2(Abcam #ab103616, Cambridge, UK), VDAC(Thermo Scientific #PA1-954A, Waltham, MA, 

USA), Lamp2a(Invitrogen #51-2200, Waltham, MA, USA), mouse anti mouse multi-ubiquitin(MBL #D058-

3, Wooburn, MA, USA), eEF2(Santa Cruz Biotechnology #sc-166415, Dallas, TX, USA), LC3II/I(Cell 

http://www.qiagen.com/ingenuity
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Signaling #4108, Denver, MA, USA), Beclin1(Cell Signaling #3495, Denver, MA, USA), PGC1a(Abcam 

#ab54481, Cambridge, UK), COX-IV(Abcam #ab14744, Cambridge, UK). Secondary antibodies: Donkey 

anti Rabbit 
290PI31458, Waltham, MA, USA

, Goat anti Mouse 
290PI31432, Waltham, MA, USA

, and Rabbit anti Goat 
290AP106P, 

Waltham, MA, USA
. Protein carbonylation was measured using an OxiSelect™ Protein Carbonyl ELISA Kit (Cell 

Biolabs, Inc. #STA-310, San Diego, CA, USA). 

6.5.8 Mitochondria Copy Number and mCAT gene expression 

In order to quantify mitochondria copy number per cell, we isolated DNA from hearts and livers using a 

PureLink
® 

Genomic DNA Mini Kit, as per the manufacturer’s instructions (Invitrogen K1820-02, Waltham, 

MA, USA). Mitochondrial DNA copy number was quantified using quantitative PCR of total DNA extracts 

from cardiac tissues. Mitochondrial DNA copies were estimated by the ratio of the amount of 

mitochondrial gene NADH dehydrogenase 1 (ND1) and a single-copy nuclear gene cytochrome P4501A1 

(cyp1A1). Primers used were: ND1 (For: GAACGCAAAATCTTAGGGTACATACA, Rev: 

GCCGTATGGACCAACAATGTT, probe: 6FAM-CTACGAAAAGGCCC) and cyp1A1 

(For:GACACAGTGATTGGCAGAGATC, Rev:AACGGATCTATGGTCTGACCTGT, probe: 

6FAMCTCAGCTGCCCTATCTGGAGG CCTTC). Mitochondrial catalase qPCR was performed using 

forward and reverse primer sets for human catalase. 
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