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ABSTRACT 

Thesis title: Establishment of proteome dynamics of rat mitochondrial proteins  

Name of the candidate: Kadambari Chandra Shekar 

Thesis advisor: Dr. William C Stanley, Professor, Department of Physiology 

Proteomics has provided a major advancement in research due to rapid identification and 

quantification of a relatively large number of proteins. However, most of the current 

methods measure only the static protein levels. Proteome dynamics is the method of 

studying protein synthesis and/or degradation rates using isotopic tracers and advance 

mass spectrometry. In our study, we used heavy water (2H2O) as a stable isotopic tracer 

to measure the synthesis rates of various cardiac and liver mitochondrial proteins. Adult 

male Sprague-Dawley rats were administered with 5% heavy water in drinking water for 

pre-selected time points that include 0,3,10,20,40 and 60 days. Food and water were 

given ad libitum during this period. The rats were then euthanized, their heart and liver 

tissues harvested. Liver mitochondria and the two subpopulations of cardiac 

mitochondria including sub-sarcolemmal mitochondria (SSM) and inter-fibrillar 

mitochondria (IFM) were isolated by homogenization and centrifugation. Proteins from 

these subpopulations were separated by gradient gel electrophoresis, selected gel bands 

were then excised, tryptically digested and analyzed using a mass spectrometer for 

identification and determination of the protein synthesis rates. We were able to measure 

the synthesis rates of various nuclear DNA encoded and mitochondrial DNA encoded 

cardiac proteins with half-lives ranging from 17-45 days. On the other hand, liver 



 

 

 

proteins had a significantly faster turnover, with half-lives around 4-6 days. Future 

studies include comparing the protein synthesis rates of healthy rats and rats with heart 

failure in order to identify potential biomarkers of heart failure.
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CHAPTER 1. INTRODUCTION  

1.1 PROTEOMICS 

Post-sequencing era has paved way to the large scale quantification of DNA, RNA, 

proteins, hormones and metabolites using Omics technologies that include genomics, 

proteomics, metabolomics and transcriptomics. Genome sequencing has identified the 

entire genome of several fungi, bacteria, animals and humans. Currently, there are 

approximately 23,000 known gene sequences identified in humans. However, only a few 

hundred genes have been characterized. Several others remain unidentified because their 

functions remain unknown. Since genes encode for proteins that play a role in 

maintaining body functions and homeostasis, it is essential to identify those proteins in 

order to determine the effects of those genes. The past two decades of researches have 

made it apparent that there is a need for a more systemic approach for the study of 

biological entities. One of those ways is to look at the whole proteome and its effect on 

the body’s regulatory processes, where proteome refers to the entire protein component 

of a cell. Since the development of large scale protein quantification using two-

dimensional differential in-gel electrophoresis (2D-DIGE) and mass spectrometry (MS), 

there have been several studies published on the analysis of the complete set of cellular 

proteins and the implications of the changes in their expression levels in normal and 

disease states.  

The term Proteomics was coined by Marc Wilkins in 1995 (37). He used molecular 2D-

DIGE and EXPasy bioinformatics server to obtain large scale information on proteins. 

Proteomics (2) can be defined as the application of quantitative protein level 

measurements to characterize biological processes and identify the mechanisms of 
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control of gene expression. This approach is more complex than directly sequencing a 

nucleic acid. However, genomes do not work in an isolated system and one gene does not 

necessarily code for just one protein, but exerts its influence on many others. Hence, 

proteomics is essential to complement genomics in order to completely identify and 

characterize a gene and its function. Proteomic studies can be applied in several areas of 

life sciences research, including determination of protein composition, protein-protein 

interactions and changes in protein structure and function in response to an external or 

internal stimulus (24). In the past, global protein profiling was mainly done by 2D-DIGE. 

However, there aroused several challenges in performing the studies such as reproducing 

the same results and discrepancy in identifying proteins, longer periods of time that it 

took to quantify, etc. However, over the past few decades, there has been immense 

improvement in technology that has now led to rapid and more accurate quantification of 

proteins. It is now possible to directly use a protein mixture and quantify hundreds of 

proteins using mass spectrometric analysis. 

Quantitative proteomics is increasingly gaining popularity because of the vast amount of 

information that can be obtained through the process and the ease of identification of 

novel proteins, which are less abundant. Several powerful methods of protein 

quantification have been recently developed, that replace traditional modes of 

measurement like Radio Immuno Assay (RIA) and Pulse-Chase labeling. Depending on 

the nature of the results obtained, there can be several approaches of protein 

characterization. Absolute proteomics (15) involves analyzing multiple peptides of a 

single protein which are tryptically digested, in order to identify the complete genome. 

Relative proteomics, on the other hand provides a value by comparing the composition 
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and amount of peptides in order to identify the difference between two or more different 

components like normal and pathological conditions. Due to this reason, relative 

proteomics is a more commonly used concept and is used prevalently in biomarker 

identifications (13) and metabolic regulation studies. 

1.2 PROTEIN SYNTHESIS AND TURNOVER STUDIES 

The two main classifications of protein studies are static and dynamic studies. Static 

measurements of proteins can be done through several techniques like Western blots, 

immuno precipitation, immunohistochemistry, measurement of enzyme concentrations, 

traditional gas-chromatography, etc. These methods were prevalently used when the 

assumption was that the proteins undergo just synthesis and degradation and no changes 

in between both the steps. However, the results from these studies yield information 

about the role of proteins in individual groups and species, but not about the protein in 

itself. These results are also tedious to reproduce mainly because of the highly fastidious 

conditions on which these assays depend. Another important impediment in using static 

methods is that, the results obtained from these studies vary significantly between two 

populations and even between two groups of the same species.  

After the discovery of protein regulatory processes like post-transcriptional control of 

translation, protein activation, protein suppression, and post-translational modification 

and decay, protein turnover and protein dynamic studies are essential to correlate the 

amount of mRNA and protein present in a cell. mRNA analysis identifies details 

regarding only the synthesis of proteins or the translation of mRNA, but not the changes 

that take place after that. Hence, protein turnover studies are required to examine the state 
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of the protein starting from the synthesis until degradation. 

Several studies employ proteomic studies to identify biomarkers for various clinical and 

pathological conditions like Cancer, Heart Failure, Diabetes, Obesity, Alzheimer’s 

disease, kidney failure, etc. These biomarkers are highly crucial in identifying and 

characterizing the progression of the disease. For example, several proteins like Her-2, 

TNF-α, etc are increasingly abundant in cancer cells and serve as potential diagnostic 

biomarkers. It also helps predict which stage of the disease advancement the person 

suffers from and treatment costs vary accordingly. One of the main highlights of our 

study is that the method of proteome dynamics that we established can be used in the 

identification of biomarkers in a highly cost effective and non-invasive way, by the use of 

heavy water isotope. Heavy water is a non-radioactive isotope and can be easily 

administered orally to patients. Since it labels the amino acids rapidly, blood samples can 

be taken as soon as half hour after the isotope administration.  

1.3 USE OF ISOTOPES IN METABOLIC STUDIES 

Isotopes can be defined as different forms of the same naturally present element, with 

similar chemical properties and functions, differing mainly in the number of neutrons 

present. Due to this similarity in properties with their natural counterparts, heavy isotopes 

are prevalently used as tracers in chemical and metabolic studies for several applications, 

including determining the rate of synthesis or degradation of a compound, effect of drugs 

or other pharmaceutical agents in the body, identifying specific signaling pathways inside 

the body, etc. (5). In proteomics, isotopic tracers are used to study protein expression, 

function and post-translational modifications. Ideally, tracers are similar to the 



 

 

5 

 

molecules/compounds in investigation and do not affect the body metabolism. The main 

advantage of tracers is that they can be used in lower quantities for detection purposes, 

even though they are typically administered in significantly large quantities.  

Isotopic tracers can be classified to two main types- (unstable) radioactive and stable 

isotopes. The radioactive tracers, also called as radionuclides do not have a constant mass 

number and are highly unstable. They may disintegrate upon certain conditions, 

accompanied by the emission of ionizing radiations including α or β particles or γ-rays. 

Radioactive tracers were more commonly used during the initial years of tracer metabolic 

studies, mainly because they get incorporated in the plasma within minutes of 

administration and could be easily detected by counting the number of disintegrations per 

minute. Several elements like 13N, 14C, 3H, 35S, 32P, 123I, etc. have been used to identify 

and characterize protein and peptide sequences. However, because of the emitted 

radioactivity, these tracers present severe health concerns in vivo including tumor growth 

and genetic mutations. Hence, stable isotopes were used as a less harmful alternative to 

radioactive isotopes.  

Stable isotopes have a constant mass number and undergo no spontaneous decay. The 

first stable isotope studies in vivo were conducted (33) using Deuterium (2H) as a tracer 

to determine the rate of fat metabolism in mice. Further down the lane, several other 

elements like 13C and 15N were also used in metabolic studies. Multiple tracers can also 

be incorporated in the same compound (e.g. doubly labeled water) to determine the fate 

of molecules present (19).  

The stable isotopes have several advantages over their radioactive counterparts including: 
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(i) highly specific and accurate measurements of substrate content and isotopic 

enrichment using mass spectrometric and chromatographic methods, (ii) ability to 

determine intramolecular location of the compound in investigation, and (iii) minimal or 

no hazardous side effects after administration. We utilized deuterated water (a.k.a heavy 

water) for our isotopic studies. Although deuterium has been used in isotopic studies for 

over 60 years (HH USSING, 1941), its advantages as a stable tracer for in vivo studies 

have been exploited only in the past few years to study protein structures and functions. 

Deuterated water (2H2O) has several advantages over other stable amino acid tracers like 

13C and 15N. A few of them are: (i) It can be easily administered orally, for long term 

studies (ii) since 2H2O equilibrates with tissue water, which is a homogenous pool, the 

amino acids are labeled uniformly. This helps for a more accurate determination of the 

precursor to product labeling ratio. (iii) Heavy water is easy to prepare and is hence 

highly cost effective. 

Upon in vivo administration, heavy water dissociates into 2H or Deuterium. This 

deuterium then enters the precursor pool of amino acids. The precursor pool consists of 

amino acids that are (i) synthesized de novo, (ii) synthesized using existing substrates and 

(iii) the ones that are recycled back from degraded proteins. Inside the precursor pool, 

there is exchange of hydrogen at various levels depending on the type of amino acids 

(Fig.1a). The essential amino acids get labeled through deuterium incorporation during de 

novo synthesis and by reverse transamination (Fig.1b). On the other hand, the non-

essential amino acids are synthesized from existing precursors. Hence, they are labeled 

only through reverse transaminase reaction. Though the mode of tracer incorporation 

varies between both the essential and non-essential amino acids, the end result is a 
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homogenously labeled precursor pool. These amino acids are then translated to various 

proteins at different rates which can then be quantified. 

 

                         

                        

 

 

 

 

Fig. 1 Mechanism of labeling of amino acids in vivo using heavy water. Deuterium gets mixed 
with the free pool of amino acids in vivo. This is followed by exchange of hydrogen and further 
incorporation in the amino acids (Fig.1a). Both the non-essential and essential amino acids are 
labeled. Non-essential amino acids are labeled extensively (Fig.1b, top), while the essential amino 
acids are labeled only through reverse transaminase reaction (Fig.1b, bottom). 
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1H 
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1.4 PROTEIN QUANTIFICATION BY MASS SPECTROMETRY 

Several years of research have been dedicated in finding novel and simple methods to 

quantify the isotopic activity and their percentage enrichment- both in vivo and in vitro. 

Mass spectrometric analysis is more commonly used these days to quantify and analyze 

proteins and have long replaced analysis by 2D-DIGE. Initially, mass spectrometry was 

used only to analyze small amount of data. But with the increase in experimental 

approaches, increased sensitivity and selectivity, systematic analysis of a much larger 

proteome is now made possible. A typical mass spectrometric setup consists of three 

main components - an ion source to ionize the samples, an analyzer to measure the 

change in molecular mass, or the mass shift that occurs after the incorporation of isotopes 

in the molecules, and a detector that records the analyzed value. In terms of measuring 

protein synthesis, the change in mass measured by the analyzer corresponds to each 

heavy isotope that is incorporated in the amino acids.  

The ion source is usually either an Electro Spray Ionizer (ESI) or a Matrix Assisted Laser 

Desorption Ionizer (MALDI). While the former ionizes liquid solutions and is usually 

used with liquid chromatography-mass spectrometric methods (1), MALDI ionizes 

samples on a dry crystalline matrix by using laser pulses. MALDI is more commonly 

used to quantify simple protein complexes. The second and the most important 

component of a MS setup is the analyzer, as it determines the instrument’s efficiency in 

quantification. The different types of analyzers include Ion-trap, Time of Flight (TOF), 

Quadrupole and Fourier Transform-Mass Spectrometer (FT-MS) analyzers. Although 

used individually, advance mass spectrometers use combinations of these analyzers to 
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exploit the strongholds of the various types. The LTQ Orbitrap mass spectrometer 

employed in our study is a hybrid instrument that combines the features of Linear 

Transform Quadrupole (LTQ) and Orbitrap mass spectrometer. The instrument has an 

ESI ion source which ionizes the samples uniformly in positive ion mode. LTQ analyzes 

the trypsinized proteins based on the Collision Induced Dissociation (CID) spectra of the 

charged ions and helps to determine the protein sequence. Each peptide sequence has a 

unique spectrum and hence it addresses the issue of detection ambiguity. These spectra 

are cross-referenced with protein databases to confirm the protein identity. Further, a list 

of all peptide sequences is composed for every protein. User-friendly software like 

MSQuest and MASCOT are used to identify the peptides by their isotopomer profiles.  

High resolution Orbitrap then uses an ion trap analyzer to obtain full scans of the spectra 

to determine the percentage isotopic distribution. We employ Mass Isotopomer 

Distribution Analysis (MIDA) to determine the isotope enrichment in both the precursor 

and the product. MIDA compares the ratio of the various isotopomers present during a 

given time in the sample. These are represented by M0, M1, M2, etc. where M0 

represents the naturally occurring isotopes present in the body in minute quantities. Most 

of the body’s isotopic activity is due to 13C, while other elements like 2H and 15N are also 

present in minute quantities. In our case, with the incorporation in each of the amino acid, 

the ratio of the daughter peak and the mother peak (M1 and M0 respectively) increases 

(Fig.2). This ratio is then normalized to the total precursor labeling to get a double 

normalized value that represents the stable isotope enrichment in the protein sample. 

Since LTQ Orbitrap combines two different types of analyzers, it is highly efficient in 

calculating the percentage enrichment of the samples. 
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Fig. 2 Sample mass isotopomer distribution of the peptide SIFSYATK of  plasma C-reactive protein 
(18). M0 represents the mother peak or the isotopomers present naturally in the body. M1 through M4 
represents the various combinations of isotopomers of the elements naturally present at various time points 
between 0 hours and 72 hours of deuterium administration in rats. The changes in the mass isotopomer 
distribution are denoted by the dotted lines. 

 

1.5 ROLE OF MITOCHONDRIA IN PROTEIN SYNTHESIS 

Mitochondria are sub-cellular organelles responsible for more than 85% of the total 

energy production in the form of adenosine tri phosphates (ATP). They are present in 

majority of eukaryotic cells and are the active site of several biochemical reactions like 

Electron Transport Chain (ETC) reaction, oxidative phosphorylation, Tricarboxylic acid 

cycle (TCA) and Pyruvate decarboxylation. ATP is generated as a result of several 

reactions of the ETC along with the change in proton gradient within the mitochondria. 
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Mitochondria are also responsible for several other essential functions like synthesis of 

several steroids and heme, maintenance of the membrane potential, regulation of cell 

cycle, Calcium homeostasis, preservation of the cellular integrity, regulation of 

metabolism, heat generation via ATP, protein transport from and to Endoplasmic 

Reticulum (ER) and anti-oxidant defense. The mitochondria differ from the other 

organelles in that they have their own DNA. Although most mitochondrial proteins are 

encoded by nuclear DNA, the mitochondrial DNA (from here on, mtDNA) is responsible 

for encoding 37 genes, out of which 13 genes encode for the proteins highly essential for 

the ETC Complexes. These proteins play a crucial role in maintaining the mitochondrial 

complex stability and any alterations in these proteins prove detrimental to the cell. 

Alterations in mitochondrial structure and function are known to be related to diseases 

like Heart Failure, Obesity, Diabetes, pre-mature aging, Alzheimer’s, Parkinson’s and 

certain types of cancers. Thus, it is clear that the changes in mitochondria have 

detrimental effects on the organism. For example, increase in mtDNA deletion mutation 

leads to premature aging and lowered antioxidant defenses (21). Deficiency in 

mitochondrial phospholipids such as Cardiolipin has proven to be of immense importance 

in several conditions including Diabetes, Heart Failure and Barth syndrome (32).  Due to 

these global effects, several studies that consider mitochondria in the context of 

therapeutic intervention have been performed over the recent years. 

In our study, we are particularly interested in cardiac and liver mitochondria. Cardiac 

mitochondria share similarities with skeletal muscle mitochondria in that they are made 

up of two subpopulations- Sub-sarcolemmal mitochondria (SSM) and inter-fibrillar 
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mitochondria (IFM). The classification is mainly based on the sub-cellular location of 

both the types of mitochondria. While SSM are present close to the outer membrane, just 

beneath the sarcolemmal membrane, IFM are present close to the center of the 

cardiomyocytes, between the cardiac myofibrils (fig.3). Cardiac mitochondria are 

positioned inside the cardiomyocytes so as to efficiently perform several key functions, 

including delivering ATP locally for activities like muscle contraction, heme synthesis, 

oxidative stress regulation and other metabolic activities. On the other hand, liver 

mitochondria are uniformly located in the mitochondria, which are key sites of synthesis 

of several enzymes that are involved in metabolic activities.    

 

Fig.3 Sub-cellular location of Cardiac Mitochondria. Sub-sarcolemmal mitochondria (white arrows) are 
present below the Sarcolemma (black arrow) and inter-fibrillar mitochondria (grey arrows) present in 
between the myofibrils (striations) (31). 
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CHAPTER 2. MATERIALS USED: 

Experimental design: 

Male Sprague Dawley rats were given an initial priming bolus of deuterated water 

through intraperitoneal injection (20 µl/gram body weight). This was followed by 

administration of 5% 2H2O in the drinking water.  All animals were killed at 6 weeks of 

age, and the priming bolus and initiation of 5% 2H2O in the drinking water started 0, 3, 

10, 20, 40 and 60 days prior to the date of sacrifice. During this time period, food and 

water were given ad libitum. After the pre-selected time points, the rats were euthanized 

and their heart and liver tissues were harvested. Cardiac mitochondria were isolated from 

fresh tissue. Liver mitochondria were isolated from frozen liver tissue, due to time 

constraints. Sub-sarcolemmal mitochondria (SSM) and inter-fibrillar mitochondria (IFM) 

were isolated from cardiac tissue, and proteins were separated using blue native gel 

electrophoresis. The gel bands containing protein complexes were then excised and 

tryptically digested and those tryptic digests were then analyzed using LTQ Orbitrap 

(Thermo Scientific) for further mass spectrometric analyses. (Fig.4) 
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Fig.4 Diagrammatic representation of the method to determine the protein synthesis rates of cardiac 
mitochondrial proteins using 2H2O as an isotopic tracer. Data acquisition is done by the use of LTQ 
Orbitrap. 

 

Animals: 

All animal procedures were approved by the Institutional Animal Care and Use 

Committee at the University of Maryland Baltimore, and were performed in accordance 

with the NIH guidelines. Male Sprague Dawley rats used for the study were purchased 

from Harlan Laboratories. The rats were 5-6 weeks of age when bought and were housed 

in the University of Maryland Animal Facility with a 12 hour light/dark cycle. The 

animals had free access to food (standard diet, 17% kcal from fat, Research Diets) and 

water.  

After two days of quarantine, the rats were given an intraperitoneal (i.p) bolus of 2H2O 

(20 µl/g body weight) followed by 5% 2H2O in their drinking water (50 ml/liter) for 

preselected time points. 
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Heavy water: 

Deuterated water was prepared using Deuterium oxide (99.5%), to achieve a final 

concentration of 5% deuterated water. Deuterium oxide was purchased from Sigma (SIG-

151882). The rats were supplied with approximately 500 ml water per week in opaque 

water bottles. 

Isolation of mitochondria:  

Cardiac mitochondria: 

The cardiac mitochondria were isolated from freshly harvested heart tissues using the 

method of Palmer et al, as modified by Khairallah et al (16). In brief,  LV tissue (∼500 

mg) was minced and homogenized in 1:10 cold modified Chappel-Perry buffer [100 mM 

KCl, 50 mM MOPS, 5 mM MgSO4, 1 mM EGTA, 1 mM ATP, 0.2 mg/ml bovine serum 

albumin (BSA)], and the homogenates were centrifuged at 500g. The supernatant from 

this step was further washed at 3000g and purified to obtain SSM. The pellets were 

resuspended and digested with trypsin (5 mg/g wet weight) on ice for 10 minutes. This 

mixture was then spun at 500g and further washed at 3000g to obtain purified IFM. The 

protein concentrations of both SSM and IFM were determined by Lowry’s method 

Liver mitochondria: 

Liver mitochondria were obtained from frozen liver tissues using a method similar to 

above (12). The liver tissue was weighed, minced and homogenized with 1:10 MSM 

isolation buffer (220 mM mannitol, 70 mM sucrose, 5 mM MOPS, pH 7.4) and 
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centrifuged at 600g. The pellet obtained was further resuspended in 1:5 isolation buffer 

and washed several times at 10000g to obtain purified liver mitochondria. The protein 

concentration was determined by Lowry’s method. 

Blue Native Gel Electrophoresis: 

For the extraction of mitochondrial proteins, blue native polyacrylamide gel 

electrophoresis (BN-PAGE) method was used. BN PAGE is a non-denaturing type of gel 

electrophoresis, used to separate complexes of proteins from the samples.  All the 

chemicals, reagents and apparatus for the electrophoresis were bought from Invitrogen. 

Pre-cast blue native gradient gels containing 4-16% bis-tris Gel was used and the 

protocol was followed according to the instruction manual. In brief, 50 µg of protein 

samples were loaded in each of the wells for both t SSM and IFM. The loading volume 

was 10 µl for the test samples and 8 µl for the loading control (Invitrogen, NativeMarkTM 

Unstained Protein Standard). Gel electrophoresis was carried out at 140V, 20A for 1.5 

hour in the presence of the 1X NativePAGE Running Buffer. Once the run was 

completed, the gels were stained overnight with Coomassie Brilliant Blue (EZBlue Gel 

Staining reagent, Sigma). Protein bands were then sliced from the gels and sent to Dr. 

Takhar Kasumov at the Cleveland Clinic Foundation for further proteomic analysis. 

Proteomic Analysis by LC-MS/MS: 

All proteomic analyses were carried out at Cleveland Clinic Foundation under the 

supervision of Drs. Takhar Kasumov and Belinda Willard. All the tandem mass 

spectrometric analysis was carried out on a hybrid Velos LTQ Orbitrap (Thermo 

Scientific, Bremen, Germany) according to the methods described by Li et al (18). In 
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brief, the gel bands were digested using excess amount of trypsin (Promega, 20 µl of 30 

ng/ µl trypsin in 50 Mm ammonium bicarbonate) overnight at room temperature. The 

tryptic peptides were extracted from polyacrylamide in two aliquots of 30 µl containing 

50% acetonitrile with 5% formic acid. These extracts were combined, evaporated and 

reconstituted in 30 µl of 1% acetic acid. For the injection into the Orbitrap, 5 µl of the 

samples were used. All the samples were analyzed in duplicates. The isotopic detection 

was performed in Orbitrap at a resolution of 60,000 followed by 10 collision induced 

dissociation (CID) All CID spectra were searched using the MASCOT software (Matrix 

Science, London) against the NCBI rodent protein database (http:/ncbi.nlm.nih.gov). The 

search was performed using carbamidomethyl as a fixed modification of cysteine, 

oxidation as an option for methionine and one allowed miss cleavage. The mass tolerance 

for the parent and product ions was set to 1.5 and 0.5 Da respectively. An ion score of 

greater than 30 was considered as significant. All matching spectra were verified 

manually. 

Measurement of Total Body Water Enrichment (BWE) 

The total body water enrichment of deuterium was measured by the acetone exchange 

method using a gas chromatography-mass spectrometry (GC-MS) setup. The 

measurement of deuterium enrichment is based on the principle that, in the presence of 

2
H, there is a possible isotopic exchange of the six H atoms present in acetone. This 

amplifies the M1/M0 ratio of acetone, upto six times. This ratio is measured by GC-MS. 

5 µl of tryptically digested mitochondria was incubated with 5 µl pure acetone in a 2 ml 

GC vial at room temperature for 4 hours. 5 µl of acetone was directly injected for the 

analysis. The enrichment of acetone was determined by selective ion monitoring. 
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Measurement of 
2
H labeling in amino acids: 

The percentage labeling of the amino acids was determined using GC-MS by a method 

similar to the above. To ensure that enough data points were obtained, the acquisition was 

divided into several time frames and a maximum of 10 mass spectra per ion was collected 

per time point. 

Statistical analysis: 

All the analysis was performed with an n of 2 (#1 and #2) per time point. Mitochondrial 

proteins from each animal were run in duplicates (Set A and B) and for the proteomic 

analysis, each protein from a sample was fragmented into several peptides. Comparison 

of the proteins synthesis rates were done between the cardiac subpopulations- SSM and 

IFM using simple (paired) t-tests. P values less than 0.05 were considered significant. 

Results were represented by a scatter gram and a scatter plot. 
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CHAPTER 3. RESULTS  

3.1 EFFECT OF DEUTERIUM ON THE ANIMALS 

Deuterium has been known to have relatively less hazardous effects on animal and 

human subjects, when compared to the radioactive tracers like 14C and 3H. All the rats 

that were given deuterated water were regularly examined and found to be healthy with 

normal body mass, food intake and physical appearance. No tumor or any other adverse 

effects were found in any of the rats in the study.   

3.2 TOTAL BODY WATER ENRICHMENT 

We measured the percentage of deuterium labeling in plasma water through the GC-MS 

method. Plasma samples were obtained from the rats that were administered with heavy 

water for various time points including 0, 3, 20, 40 and 60 days. The percentage 

enrichment of deuterium remained stable at 3% throughout the various time points (Fig 5 

and Table 1). Previous studies with a similar dosing protocol found rapid and steady 

labeling was achieved within 30 minutes (18) and remained stable for the entire period of 

study. 

          Fig.5 Total body labeling of deuterated water in vivo, as determined by GC-MS method 
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Time (days) % Isotopic enrichment 

0 0.00 

3 2.67 

20 3.15 

40 3.34 

60 3.34 

 

Table.1 Percentage enrichment of total body water in rat cardiac tissue as measured by gas 
chromatography- mass spectrometry. 

 

3.3 TIME COURSE LABELING OF AMINO ACIDS 

The percentage of (%) deuterium enrichment of the various essential and non-essential 

amino acids was measured to determine the labeling of the precursor amino acid pool. 

Percentage of (%) enrichment is the ratio of the infusion rate of the tracer to the rate of 

degradation at any time point (Holm, 2010). Measurement of the enrichment of amino 

acids is a vital criterion to confirm the effectiveness of the labeling and to determine the 

fractional synthesis rate (FSR) of any protein, which can be defined as the rate of 

incorporation of a precursor into the product per unit mass of the product (11).  

 

 Both the essential and the non-essential amino acids were found to be labeled rapidly 

and stably (in approximately 72 hours) by heavy water (Figs 6 and 7). However, the non-
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essential amino acids had a higher percentage of enrichment when compared to the 

essential amino acids. It confirms our rationale that non-essential amino acids get labeled 

extensively when compared to essential amino acids (Tables 2 and 3). This is because the 

non-essential amino acids get labeled through de novo synthesis and reverse 

transamination, while essential amino acids get labeled only through reverse 

transaminase reaction. 

          

   

 

Fig.6 Time course labeling of the non-essential amino acids in rat tissue. Percentage isotopic 

enrichment of the non-essential amino acids was plotted against the time course of the study. 
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Table.2 Precursor amino acid labeling of the non-essential amino acids at various time points from 0 to 

60 days. M1/M0 label ratio represents the mass shift as observed by the mass isotopomer distribution 

analysis. 

 

 

 

Amino acid M1/M0 labeling 3 days 20 days 40 days 60 days 

Alanine 117.2/116.2 12.9 13.2 11.6 12.0 

Glycine 103.2/102.2 4.8 5.1 4.6 4.9 

Serine 205.2/204.2 4.0 3.8 4.2 4.3 

Aspartate 233.2/232.2 7.8 6.7 6.5 7.0 

Asparagine 189.2/188.2 1.3 1.3 1.1 1.0 

Glutamate 247.2/246.2 13.3 13.6 13.4 13.2 

Glutamine 246.2/245.2 11.3 12.6 12.4 11.4 

Tyrosine 281.2/280.2 1.7 1.7 1.6 2.0 
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Fig.7 Representative graphs of the time course labeling of essential amino acids as observed from rat 

cardiac tissue.  

Table.3 Precursor amino acid labeling of the essential amino acids at various time points from 0 to 60 

days. Note that the percentage enrichment remained low in case of essential amino acids since they are not 

labeled as extensively as the non-essential amino acids. 

Amino acid  M1/M0 labeling 3 days 20 days 40 days 60 days 

Valine 219.2/218.2 2.5 2.5 2.4 1.9 

Leucine 159.2/158.2 2.7 2.8 3.0 3.0 
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Isoleucine 159.2/158.2 2.5 2.8 2.2 2.3 

Threonine 292.1/291.2 0.6 0.6 0.9 1.0 

Methionine 177.2/176.2 3.8 3.6 3.7 4.0 

Phenyl Alanine  193.2/192.2 2.6 2.6 2.8 2.9 

Lysine  318.2/317.2 1.2 1.2 1.3 1.0 

Histidine  255.2/254.23 5.6 5.3 5.9 5.9 

Tryptophan  304.2/303.2 0.5 0.6 0.6 0.6 

 

3.4 ANALYSIS OF PROTEOME KINETICS BY ORBITRAP MASS 

SPECTROMETRY 

The cardiac and the liver mitochondrial proteins were separated by gradient gel 

electrophoresis and analyzed by mass spectrometry after tryptic digestion. The 

asymptotic number of deuterium atoms in the proteins (N) was calculated using 

sophisticated proteomics tools. The calculation consisted of several steps which are 

documented below: 

3.4.1 GENERATION OF THE PROTEIN LIST FOR EACH BAND 

All Collision Induced Dissociation (CID) data of the samples obtained from Orbitrap 

were analyzed using Thermo Electron Xcalibur version 2.0. This list was then searched 

against the National Center for Biological Information (NCBI) Rattus norvegicus fasta 

database (ftp://ftp.ncbi.nih.gov/refseq/) using the tandem MS ion search of MASCOT 

software (Matrix Science, London) to obtain all proteins that were present in each set of 

Table 3 continued 
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data (i.e.,. each band and time point). Fixed modifications were used as described in the 

materials section. MASCOT score greater than 30 were considered significant. The 

uniqueness of each protein and peptide sequence was additionally confirmed by 

performing BLAST searches. For each time point, mascot score, peptide number, 

coverage, and spectrum count were recorded (Fig.8).  
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3.4.2 GENERATION OF PEPTIDES USING PROTEOME DISCOVERER 

Once the protein list was obtained, the proteins of interest were picked out and analyzed   

using Proteome Discoverer 1.0 software (Thermo Scientific, Germany). The protein 

sequence for each of the proteins of interested was searched by performing SEQUEST 

search against the fasta file generated for each protein [precursor tolerance- 100 ppm, 

fragment mass tolerance- 2 Da, dynamic modification- Oxidation on (M) and) static 

modification- Carbamidomethyl on (C)]. The generated peptide list was then filtered 

based on the Peptide Filters/Score versus Charge State to obtain a final list of matching 

peptides for each protein (Fig.9).  
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3.4.3 CALCULATION OF THEORETICAL ISOTOPIC DISTRIBUTION: 

The elemental composition of each peptide and the theoretical isotopic distribution was 

calculated using the online portal Protein prospector version 5.10.1 of University of 

California, San Francisco (http://prospector.ucsf.edu/prospector/mshome.htm). These 

values were used to confirm the authenticity of the peptide chosen for analysis.  

 

3.4.4 MASS ISOTOPOMER DISTRIBUTION ANALYSIS (MIDA) OF PEPTIDE S 

The m/z ratio of each isotope was calculated by computing the area under each 

chromatographic spectra using Thermo Xcalibur 2.0 software. Each raw data file 

encompasses the chromatographic peaks of several proteins for a single time point 

(Fig.10).  The area under the curve for each set of raw data is specific to every protein 

and maintains its uniqueness, which can be identified by several factors like the expected 

score and the scan number. 

To calculate the m/z ratio, the integration of each peak in the chromatogram was obtained 

individually with a defined range (Scan filter- FTMS + p NSI Full ms [300-2000]; Plot 

type- Mass range; Range - observed peptide mass +/- 0.05 Da).  The range is specific for 

each peptide sequence of the protein of interest, but is similar for all the time points for a 

given peptide. 
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Fig.8 Chromatographic and spectral peak –peak of peptide IGLFGGAGVGK of the protein ATP 
synthase, H+ transporting, mitochondrial F1 complex, beta subunit. Similar peaks were obtained for all the 
time points ranging from 0 to 60 days of heavy water administration. 

 

The obtained values were then used for calculating the normalized labeling, taking into 

account the total body water enrichment at that time point and the ratio of the 

isotopomers M1 and MO (M1/MO). The net labeling values were calculated by 

performing non-linear regression of the normalized labeling values. The final data 

obtained were hence double normalized. The coefficients of the graph were measured to 

find the half-life and the fractional synthesis rate for each protein. 
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3.5 DATA ANALYSIS 

For each protein, several different peptide fragments (̴ 4 to 10 peptides) were analyzed. 

Each of those peptide fragments was considered as an individual entity and the half lives 

and FSRs were calculated. Each peptide of the same protein varied in enrichment 

depending on the amino acid composition. However all the peptides had similar half-

lives, turnover rates and peak shapes (Figs. 11-14). The half-lives of all the different 

peptide fragments of the same protein were comparable. Hence, the labeling values from 

all the peptides in question are averaged, and a single final graph is plotted with time of 

deuterated water administration and the normalized labeling, to get a more accurate value 

of the half-lives and FSRs of each protein. The graph of normalized labeling vs. time of 

heavy water administration was plotted for every protein. The study had an N of 2 per 

time point. 

3.5.1 CARDIAC MITOCHONDRIAL PROTEIN SYNTHESIS RATES 

Cardiac mitochondria are made up of two subpopulations- sub-sarcolemmal mitochondria 

(SSM) and inter-fibrillar mitochondria (IFM). Several differences exist between the two, 

which have been well documented by numerous researchers (3), (25), (26). Hence, we 

chose to investigate if there were changes in the fractional synthesis rates and half-lives 

of the proteins of both the subpopulations of cardiac mitochondria.  
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The proteins analyzed were grouped into categories of Tricarboxylic Acid (TCA) cycle, 

Electron Transport Chain (ETC), oxidative stress and Fatty Acid Oxidation (FAO) 

proteins. For each protein, the half-lives were calculated in both the subpopulations. 

 

 

    

 

    

Fig.9 Fractional synthesis rates of nuclear DNA encoded proteins: Representative nuclear DNA 
encoded protein - Aconitase- 2 (oxidative stress protein). Individual peptides (top and bottom left) and 
weighted average (top and bottom right) 

Half life = 21.5 days 

Half life = 22.2 days 

Half life (A) = 22.2 days 
Half life (B) = 22.2 days 
Half life (C) = 22.2 days 

Half life (A) = 22.0 days 
Half life (B) = 20.3 days 
Half life (C) = 20.9 days 
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Table.6 Comparison of cardiac SSM and IFM proteins with the half-lives and Fractional Synthesis 

Rates (FSRs) (list not exhaustive) 

 
Sub-Sarcolemmal Mitochondria 
(SSM) 

Inter-Fibrillar Mitochondria 
(IFM) 

Protein 
name 

Accession 
number 

Number 
of 
peptides 
analyze
d 

Scor
e 

FSR 
K 
%/day 

Half-
life 
t1/2 

days 

Number 
of 
peptides 
analyzed 

Sco
re 

FSR 
k 
%/day 

Half
-life 
t1/2 

days 
Acyl-
Coenzyme A 
dehydrogena
se, very long 
chain 6978435 3 

134
5 

3.30 ± 
0.28 

21.2 ± 
1.8 6 

106
2 

2.62 ± 
0.37 

26.9 
± 3.7 

Aconitase 2, 
mitochondria
l 40538860 3 

157
0 

3.12 ± 
0.01 

22.2 ± 
0.1 3 

114
9 

3.23 ± 
0.07 

21.5 
± 0.5 

Mitochondri
al 
trifunctional 
protein, α 
subunit 18677763 2 

130
6 

4.07 ± 
0.12 

17.0 ± 
0.5 4 

131
3 

3.07 ± 
0.10 

22.6 
± 0.8 

Cytochrome 
c oxidase 
subunit II 34538601 3 

122
4 

1.70 ± 
0.11 

40.9 ± 
2.5 3 

112
1 

1.57 ± 
0.09 

42.8 
± 3.9 

Cytochrome 
c oxidase 
subunit IV 
isoform 1 8393180 5 961 

2.18 ± 
0.16 

32.0 ± 
2.4 5 

148
5 

1.64 ± 
0.08 

42.4 
± 2.1 

Isocitrate 
dehydrogena
se 2 
(NADP+), 
mitochondria
l 27370516 3 

313
1 

2.36 ± 
0.13 

29.4 ± 
1.7 6 

246
5 

1.79 ± 
0.22 

39.4 
± 4.6 

Superoxide 
dismutase 2 8394331 2 93 

1.58 ± 
0.13 

44.2  
± 3.8 1 184 

1.50 ± 
0.22* 

46.2
* 

Stress-70 
protein, 
mitochondria
l precursor 62664205 2 950 

6.90 ± 
1.00 

10.3 ± 
1.5 4 980 

7.17 ± 
0.20 

9.7 ± 
0.3 

Thioredoxin 
reductase 2 12018236 3 127 

1.87 ± 
0.24 

37.8 ± 
5.4 3 360 

1.80 ± 
0.31 

39.6  
± 6.1 

Glutamate 
dehydrogena
se 1 6680027 4 

257
1 

2.21  ± 
0.24 

31.7 ± 
3.7 3 

228
7 

1.66 ± 
0.10 

42.0 
± 2.6 

ATP 
synthase F0 
subunit 8 11018967 2 229 

1.59 ± 
0.12 

43.7 ± 
3.3 2 281 

1.51 ± 
0.15 

46.4 
± 4.5 
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Fig.10 Synthesis rates and half-lives of mtDNA encoded proteins: Cytochrome C Oxidase subunit 4 
isoform 1- mitochondrial DNA encoded ETC protein. Individual peptides (top and bottom left) and 
weighted average (top and bottom right) 

 

We found that the half-lives of the proteins ranged from anywhere between 20 days to 45 

days. This means that, on an average, ̴ 2.5% proteins are synthesized per day. 

Interestingly, the proteins that are membrane bound (eg. cytochrome c oxidase subunit IV 

isoform 1, ATP synthase F0 subunit 8, etc) had slower turnover and hence slower half 

lives when compared to those that are not bound to the mitochondrial membrane 

Half life = 40.9 days 

Half life = 42.8 days 
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(examples: aconitase 2, mitochondrial trifunctional protein, alpha subunit). It was 

observed that the proteins of both the SSM and IFM had comparable half-lives and FSRs. 

There was no significant differences between the two subpopulations for the same 

protein.  

                                                                              

   
 

Fig.11 Mitochondrial protein synthesis rates and half-lives determined by proteome dynamics: ATP 
Synthase F1 beta-mitochondrial DNA encoded Mitochondrial Inner Membrane protein. Individual peptides 
(top and bottom left) and weighted average (top and bottom right) 

 

Half life = 30.4 days 

Half life = 34 days 
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Fig.12 Synthesis rates of proteins not involved in energy metabolism: Representative protein- Heat 
shock protein Hsp70 (nuclear DNA encoded stress protein). Individual peptides (top and bottom left) and 
weighted average (top and bottom right) 

Heat shock protein- Hsp 70 had a significantly shorter half-life when compared to the 

other proteins, with a high daily turnover of ̴ 6.90%. This indicates that, even in a normal 

healthy animal the stress protein can be synthesized rapidly, depending on the needs. 

However, this speculation needs to be confirmed further by investigating the other 

proteins of the stress proteins family, including Hsp27, Hsp 90 and chaperones.  Another 

possible explanation is that the proteins that are not involved directly in energy 

metabolism are synthesized faster than the ones involved in energy metabolism. Further 

analysis of the non-metabolic proteins of mitochondria is necessary. 

Half life= 10.3 days 

Half life= 9.7 days 
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3.5.2 LIVER MITOCHONDRIAL PROTEIN SYNTHESIS RATES 

The synthesis rates of liver mitochondrial proteins were calculated using the same 

method as for the cardiac mitochondrial proteins. It was found that the liver 

mitochondrial proteins in general have a faster turnover and hence a shorter half-life 

when compared to the cardiac proteins. (Fig.15 and Table.5) 

         

         

Fig.13 M1/M0 labeling of liver mitochondrial proteins Pyruvate carboxylase (top) and ATPase beta 
subunit (bottom). Liver proteins stabilized rapidly, as seen by the graphs on the top and bottom left. 

 

 

 

Half life = 3.7 days 

Half life = 5.2 days 
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Proteins  Half life  (days)  

Pyruvate carboxylase    3.68 ±0.72  

Carbamoyl phosphate synthase  5.07±0.54  

ATPase alpha subunit  4.09±0.62  

ATPase beta subunit  5.17±0.60  

ATPase O subunit  5.24±0.67  

      

               Table.7 Half-lives of liver mitochondrial proteins measured by proteome dynamics 
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CHAPTER 4. DISCUSSION 

 

We established the method of proteome dynamics to measure the fractional synthesis 

rates (FSRs) and the half-lives of individual proteins of mitochondria. This was achieved 

by the administration of an initial i.p bolus of 2.5% 2H2O to male Sprague Dawley rats, 

followed by 5% heavy water in their drinking water for various time points from 0, 3, 20, 

40 upto 60 days. Cardiac and liver mitochondria were isolated from the labeled tissues 

and the proteins were separated by the use of BN-PAGE. The protein gels were then 

stained overnight with Coomassie brilliant blue dye and each band from the gel was 

excised, tryptically digested and analyzed using FTQ Orbitrap. We followed the mass 

isotopomer distribution analysis (MIDA) method to analyze the protein kinetics. Data 

from various time points and from several peptides of the same protein were integrated to 

determine the FSRs and the protein half-lives.  

Both the sub-sarcolemmal mitochondria and inter-fibrillar mitochondria had comparable 

half-lives in the range of 25-40 days. An interesting observation is that, membrane-bound 

proteins like ATP Synthase F0 subunit 8 and Cytochrome C Oxidase Subunit II had a 

generally slower FSR and a longer half life (̴ 30-40 days) when compared to those that 

are soluble and are present in the mitochondrial matrix (e.g. Aconitase 2 and Glutamate 

dehydrogenase 1 had half-lives of 22 days and 31 days respectively). Also, the 

significantly shorter half-life of the heat shock protein (Hsp70) suggests that the 

mitochondrial proteins have distinctly different half-lives depending on their role. To put 

it more generally, those proteins that are involved in energy-metabolism seem to have a 

longer half-life (Fig.16). The liver mitochondrial proteins have turnover rates are in the 
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order of 3-6 days. Similar results have been observed in several studies of liver 

mitochondria (4), (10). The significant differences in the protein half-lives of liver and 

cardiac mitochondria have also been observed previously in several studies of whole 

mitochondrial components. This difference can be partly attributed to the high turnover 

rate of the liver mitochondria itself to accommodate the high metabolism that takes place 

in the liver. 

   

Fig. 14 Comparison of the rates of synthesis of proteins in Cardiac mitochondria- Statistical analysis 
to compare the protein synthesis rates of Cardiac SSM and IFM. Left plot represents vertical scatter plot of 
the two populations (p value=0.0019, paired t-test). Right plot represents the scatter gram of the proteins 
with IFM and SSM as independent variables. 

The bottom-up method of determining protein synthesis rates that we employed in our 

study is one of the two major categories of mass-spectrometry based proteomic 

researches. The bottom-up approach (38) also called as shotgun proteomics, refers to 

sequencing of digested and fragmented peptides of the same protein to determine its 

characteristics. We used this method in our quantifications since it allows simpler 

detection and analysis of fully translated proteins using distinct peptide sequences. On the 

other hand, the top down approach (35) refers to the usage of ion trap mass spectrometry 

to create fragments of individual proteins and characterize those proteins in an isolated 
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environment. Although useful for identifying post-translational modifications (PTMs) 

and protein-protein interactions, this method is highly labor intensive. Latest 

improvements in the specifications and resolution of proteomic tools like mass 

spectrometry, gas chromatography, etc. have helped speed up the quantification process 

for both these methods. However, there are a few key issues that hinder mass 

quantification through proteomics such as: (i) the use of a good, non hazardous tracer and 

(ii) the use of high resolution spectrometric methods. 

One of the early papers to measure the rate of protein turnover, specifically in whole 

mitochondria (4) used a simple pulse chase experiment by administrating [35S] 

methionine and [2-14C] acetate in vivo to determine the protein turnover of adult rats. 

Around 25-30 µC of the radioactive aminoacids was administered at different time points 

and the radioactive decay of labeled components was measured after maximum 

incorporation (Fig 17). Similar method was followed by several other researchers to 

study bulk protein turnover (7), (22). Although, this method was able to give a concrete 

value to a broad category of components in liver mitochondria, the measurement made 

was crude and approximate. Besides, individual mitochondrial proteins were not assessed 

through this method. And most importantly, the use of radioactivity alters the in vivo 

metabolism of animals and presents severe health hazards, if administered for long time. 

In our method, we have addressed these issues by the use of a stable non-radioactive 

isotopic compound - 2H2O. Deuterated water equilibrates rapidly with body water. Since 

deuterium has identical properties with hydrogen atom, it doesn’t majorly alter the body’s 

metabolic functions. 
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Over the past twenty years, several researchers have addressed the issue of using 

radioactive tracers and several less-hazardous methods have been developed. One of the 

recent developments is the concept of Stable Isotopic Labeling of Amino acids in Cell 

culture (SILAC) technique, developed by Pandey et al (2002) (23). This method was used 

in several invitro genomic and proteomic studies to measure protein turnover, 

degradation and synthesis rates. It uses stable 13C isotopes to label the amino acids and 

the ratio of the labeled and the unlabeled amino acids is computed using mass 

spectrometry. More recently, this method was also shown to be useful in case of in vivo 

studies using Drosophila melanogaster (34) and SILAC mouse (14). However, SILAC 

technique uses a singly labeled amino acid tracer, which labels only the peptides that 

contain the aminoacid composition. Since amino acid tagging is tedious and labor 

intensive, this method does not prove to be cost effective for long term studies. Another 

important fact to be noted is that the measurement of proteins invitro differs largely from 

in vivo measurement (20). For e.g., in vitro administration of 2H/D reversibly labels the 

amino acids, while in our method we measured the turnover of proteins which had 

Fig.15 Radioactive decay curve of the bulk 
proteins of rat liver mitochondrial 
components, administered with of [35S] 
methionine and [2-14C] acetate. The 
mitochondrial components were categorized into 
lipids, soluble and insoluble proteins and the 
experiment was carried out for 4 weeks (4). 
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undergone irreversible exchange of deuterium. This measurement of fully translated 

proteins also addresses the issue of isotope recycling, which is usually a problem in case 

of amino acid labeling. 

Recently, Price et al measured the synthesis rates of individual proteins in mouse brain, 

liver and blood by the administration of 15N-labeled Spirulina (28). This study identified 

hundreds of proteins in various mouse tissues and measured their individual half-lives. 

Although, the method was effective in measuring turnover rates of individual proteins, 

long term studies using 15N-labeled Spirulina prove to be expensive and labor intensive. 

In addition, although Spirulina is commonly used as a dietary supplement and has more 

than 65% protein content, the administration of labeled Spirulina might have an 

exaggerated effect on the amount of protein turnover. Furthermore, this method does not 

consider the effects of individual organelles like nucleus, Golgi bodies, mitochondria and 

endoplasmic reticulum in the protein turnover. It has been apparent that not all mRNA in 

a cell is translated to proteins. In addition, several changes including post-translational 

modifications, protein-protein interaction, and protein import to and from endoplasmic 

reticulum and nucleus and protein degradation takes place, that helps maintain cellular 

homeostasis. More studies by the Hellerstein group(8),(9),(29) and the Brunnengraber 

group (36), (27) have used heavy water to label the non-essential amino acids in human 

plasma proteins as well as in cell culture, to study the protein synthesis rates and 

performed mass isotopomer distribution analysis (MIDA) to determine the half-lives. 

This further helps to validate our method of using MIDA for isotope distribution analysis 

of individual mitochondrial proteins. In our study, we measured the protein kinetics by 

taking into account the peak shift between the different isotopomers (M0, M1, M2 and so 
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on…). Previous studies using MALDI-TOF were unsuccessful in measuring the 

precursor labeling ratio due to the insignificant amount of labeling of amino acids. This 

problem was addressed by our method. Since 2H2O is proteogenic, it labels all the amino 

acids extensively. It also reduces the disturbance in the body metabolism caused due to 

the administration of radioactive pre-labeled amino acids. 

Usage of heavy water as a non-radioactive tracer also addresses a major issue of 

measuring precursor product labeling ratios. In case of using labeled amino acids as 

tracers, where the precursor and products are amino acids, measurement of precursor to 

product label ratio becomes difficult. Likewise, while measuring the amino acid labeling, 

the amino acid pool may get diluted because of the continuous recycling of the labeled 

amino acids. Hence it does not represent a steady-state. This issue is addressed in our 

method, where the precursor is 2H2O and the product is a labeled amino acid. 

Additionally, since heavy water gets incorporated into amino acids that are turned over to 

proteins, there is no reversible exchange of deuterium from the amino acids. Last, but not 

the least, oral administration of heavy water orally is highly cost effective even for long-

duration studies and for a larger sample size.  

Application of deuterated water in metabolic studies has its own limitations. An 

important limitation is the use of heavy water for studying protein degradation. Since 

deuterium is a stable isotope of hydrogen, the time period deuterium takes to degrade 

might be longer than desired for the experimental design. Another hindrance is that 

although our method is time and cost effective to measure the whole protein turnover, it 

becomes increasingly difficult to detect the post-translational modifications. Many 
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modifications of proteins- including phosphorylation, sulfonation, oxidation and 

methylation takes place at the carbon level, without any change in the number of 

hydrogen atoms. For such measurements, the use of stably labeled-amino acids and top-

down proteomic approach provides a more dependable measurement. Further advances in 

mass quantification process and innovative technologies might prove to be useful in 

overcoming these limitations. 

5. FUTURE DIRECTIONS: 

One of our chief goals is to apply the concept of proteome dynamics in the context of 

heart failure. Heart failure is one of the major public health issues affecting around 6 

million Americans. According to the AHA updates (30), 1 in every 3 people in the US are 

known to have died of heart failure. In addition, several factors like Ischaemia, Obesity, 

Diabetes and Hypertension contribute to cardiac hypertrophy and eventually to heart 

failure. Currently there are several ways of treatment for failing hearts- depending on the 

stage of the disease. These range anywhere from combinational therapy of diuretics, ACE 

(Angiotensin Converting Enzyme) inhibitors, beta blockers, diuretics, etc. to Coronary 

Bypass Surgery, implantable defibrillators and left-ventricle assisting devices (LVADs). 

Our method aims to address this issue by applying proteome dynamics as a potential 

diagnostic tool. It has been shown that several proteins are alterably regulated in failing 

hearts- some of those proteins serve as important heart failure biomarkers like TNF-α 

(17),Angiotensin II, Brain natriuretic peptide (BNP) (6), etc. In failing hearts, the cardiac 

mitochondria exhibit decreased respiration using fatty acid substrates, decreased fatty 

acid oxidation, increased reactive oxygen species (ROS) production, increase in the 
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quantity of mitochondrial DNA and alteration in mitochondrial biogenesis, accompanied 

by altered synthesis rates for several enzymes of Electron Transport Chain and Fatty Acid 

Oxidation substrates. Hence, our goal is to compare the synthesis rates of cardiac 

mitochondrial proteins of healthy animals to those with failing hearts. We propose that 

the mitochondrial proteins have significantly lower rate of synthesis in failing hearts. The 

experimental design will consist of 3 sets of animals- one with normal heart function, one 

with mild heart failure (14 weeks after Transverse Aortic Constriction [TAC] surgery to 

create heart failure) and the last set with severe heart failure (22 weeks after TAC). The 

animals will be administered with heavy water for time points from 0, 3, 10, 20, 40, 60 

and 98 days and their heart function parameters will be regularly monitored. After the 

preselected duration, enrichment of deuterium in cardiac and liver mitochondrial proteins 

will be analyzed using LTQ Orbitrap mass spectrometer, following the previously 

mentioned mode of analysis.  If our hypothesis is proven correct, this method can be used 

in diagnostics as a non-invasive method of measuring the levels of various biomarkers 

that indicate the incidence and the prevalence of heart failure. It could further be used to 

determine the percentage risk a person with failing heart may possess, for a heart attack. 

Furthermore, it can also help test the effect of various existing therapeutics and the 

regulatory effects these drugs have on the different proteins of heart failure. 
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