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Protein temporal dynamics play a critical role in time-dimensional pathophysiological processes, including
the gradual cardiac remodeling that occurs in early-stage heart failure. Methods for quantitative assessments
of protein kinetics are lacking, and despite knowledge gained from single-protein studies, integrative views of
the coordinated behavior of multiple proteins in cardiac remodeling are scarce. Here, we developed a workflow
that integrates deuterium oxide (2H,O) labeling, high-resolution mass spectrometry (MS), and custom compu-
tational methods to systematically interrogate in vivo protein turnover. Using this workflow, we characterized
the in vivo turnover kinetics of 2,964 proteins in a mouse model of 3-adrenergic-induced cardiac remodeling.
The data provided a quantitative and longitudinal view of cardiac remodeling at the molecular level, revealing
widespread kinetic regulations in calcium signaling, metabolism, proteostasis, and mitochondrial dynamics.
We translated the workflow to human studies, creating a reference dataset of 496 plasma protein turnover rates
from 4 healthy adults. The approach is applicable to short, minimal label enrichment and can be performed on
as little as a single biopsy, thereby overcoming critical obstacles to clinical investigations. The protein turnover
quantitation experiments and computational workflow described here should be widely applicable to large-

scale biomolecular investigations of human disease mechanisms with a temporal perspective.

Introduction

Proteins are not static entities, but rather exist in a dynamic equi-
librium of degradation and renewal. Malfunctions of protein turn-
over are increasingly recognized in numerous human disorders,
including cystic fibrosis, neurodegenerative diseases, and heart
diseases (1, 2). In the normal heart, protein turnover helps main-
tain the protein pool in homeostasis through continual synthesis
and degradation (2, 3). The turnover cycle becomes perturbed dur-
ing cardiac injury and heart failure by factors including hypertro-
phic signaling (4), calcium regulation (5), and proteolytic stress
(6, 7), whereas increased oxidative stress compounds the reduced
protein degradation capacity of the failing heart (8). Altogether,
these perturbations of protein degradation and synthesis instigate
aremodeling of the cardiac proteome that is believed to parallel, at
the molecular level, the progressive deterioration of cardiac struc-
ture and functions (4, 8-11). Hence, identifying how pathological
proteome remodeling gradually manifests over time is critical to
advancing our knowledge of heart diseases.

Because the rate of either protein synthesis or degradation (i.e.,
protein turnover) must deviate from normal values in order for
the protein pool size to adjust to a new level, any permutation of
proteomic states leaves behind a kinetic signature in the form of a
fraction of the newly synthesized proteins in the protein pool (3,
12). This kinetic signature can be measured through the incorpo-
ration of isotopes into proteins over time and may be exploited to
identify unexpected disease proteins and their pathological impli-
cations independently of abundance measurements. For instance,
the increased abundance of a protein may originate from elevated
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protein synthesis or decreased proteolysis, two scenarios that can
be distinguished by the replacement kinetics of the protein pool
(3), i.e., the protein half-life. Alternatively, cellular signaling may
accelerate synthesis and degradation to shorten the protein half-
life without altering its abundance and has been hypothesized to
facilitate the generation of spatial gradients (13). Since abundance
measurements per se conflate disparate kinetic scenarios, inves-
tigations restricted to steady-state measurements have limited
power to discern certain time-dimensional features of disease pro-
gression. This limitation has perhaps hindered the identification
of causal events during hypertrophic responses, because potential
drug target proteins for which abundance is not the correlating
parameter in their disease association may be obscured. Assessing
global protein turnover kinetics in the remodeling heart therefore
provides new opportunities to understand cardiac remodeling and
identify molecular changes that presage functional debilitations.
In this study, we sought to elucidate the changes in protein
kinetics during adverse cardiac remodeling. Although disrupted
protein homeostasis is a hallmark of the remodeling heart, the
technologies to quantify its effects on protein turnover have been
lacking until very recently. Quantitative evaluations of protein
synthesis and degradation have been well demonstrated in cul-
tured cells using techniques such as stable isotope-labeled amino
acid (SILAC) or fluorescence timers (14, 15), but the proteome
dynamics of freely dividing cells in vitro does not necessarily reca-
pitulate the physical constraints and physiological regulations
that occur in animals in vivo (3, 16). Measuring protein turnover
in vivo entails additional technical challenges including label
delivery and tolerance, determination of precursor enrichment,
and data interpretation (3, 12, 16). Stable isotope labeling using
deuterium oxide (2H,O) tracers has shown great potential for trac-
ing protein turnover in mammals (17-21). However, widespread
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2H,0O-labeling strategy to quantify protein turnover in normal and isoproterenol-stimulated mice. (A) 2H.O-labeling scheme for the mouse exper-
iments. Step 1: Mice were labeled to =4.4% body water 2H,O enrichment. Step 2: Normal, remodeling, and reverse-remodeling mice were
euthanized at eight separate time points to harvest heart and plasma protein samples. Step 3: Newly made proteins containing 2H,O labels had

a higher average mass and shifted the isotope distribution of peptides

in the mass spectrum. Step 4: With the incorporation of heavier isotopes

after 2H,0O labeling, the gradual decrease in the proportion of unlabeled isotopomers (mo/m;) could be modeled to deduce the turnover rate.
Step 5: Protein kinetics in normal mice and disease models were compared. (B and C) Isoproterenol-induced cardiac remodeling, as measured
by heart weight/body weight ratio (HW/BW), ejection fraction (EF), and mitochondrial function. Solid lines denote local regression, dashed
lines denote 95% confidence intervals. (D) Histograms of protein turnover rates in normal mouse heart cytosol and mitochondria. On average,
cytosolic proteins turned over twice as fast as mitochondrial proteins. (E) Distributions of individual protein turnover rates in normal, remodeling,
and reverse-remodeling hearts. Box: interquartile; whiskers: 1.5x interquartile; violin: data density. (F) Turnover rates of proteins belonging to ten
selected complexes in normal (gray), remodeling (red), and reverse-remodeling (blue) mouse hearts. Associated proteins shared similar turnover

rates, e.g., ATP synthase: 0.026 (0.017—0.037) d-'; 20S proteasome: 0.

106 (0.088-0.140) d-'. Cardiac remodeling and reverse remodeling exert

different effects on each complex. Analyzed protein count is given in parentheses. Box: interquartile; whiskers: 1.5x interquartile.

applications for studying diseases have been hindered by the lack
of a necessary computational workflow for large dataset analysis
and translatable methods for human clinical studies. To address
this shortcoming, we developed a sensitive method that combines
2H,O0 labeling, high-resolution mass spectrometry (MS), and bio-
informatics tools to interrogate large-scale temporal dynamicsina
mouse B-adrenergic stimulation model of cardiac remodeling. We
subsequently translated this method to demonstrate the quanti-
tative assessment of proteome turnover in humans, including the
analysis of protein kinetics from a single time point.

Results

In vivo protein turnover kinetics measurements in mice. We first sought
to quantify the in vivo turnover rates of proteins in the mouse
heart (Figure 1A). Labeling was initiated on 9- to 12-week-old
male Hsd:ICR mice using 8% (v/v) 2H,O for 14 days, a duration

The Journal of Clinical Investigation

http://www.jci.org

adjudged to capture the turnover of most cardiac proteins (16).
At ten separate time points, we harvested mouse heart and blood
from three mice each, separated the cardiac proteins into cytosolic
and mitochondrial fractions, and analyzed the heart and blood
protein samples with liquid chromatography (LC) and high-
resolution Orbitrap MS. Labeling resulted in steady 2H,O enrich-
ment of =4.4% of total body water in the mice. The incorporation
of 2H,0 labels into newly synthesized proteins increased the pro-
portion of proteins with heavier isotopic compositions (isoto-
pomers) (Figure 1A, step 3). We could then use MS to distinguish
the gradual shifts in peptide isotopomer patterns, and the rate of
shift could be modeled to deduce the turnover rates of the protein
pool given the appropriate analytical software (Figure 1A, step 4).

To quantify protein kinetics changes in isoproterenol-stimulated
hearts, we performed 2H,O labeling on 24 additional mice that
were simultaneously administered isoproterenol to induce patho-
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Table 1

Example proteins with highly elevated turnover kinetics in cardiac remodeling

Gene Protein Basal turnover Half-life  Fold-change Rank Fold-change Function/disease
name name rate (d-) (d) (remodeling) percentile (reverse association
remodeling)
FBN1 Fibrillin-1 0.009 77.0 +6.89 99th NQ Extracellular matrix;
mutations in Marfan syndrome
and aortic stiffness
FHL1 Four and a half LIM 0.078 8.9 +3.56 99th -1.50 Mutations in heart
domains protein 1 failure (28, 45)
ANXA2 Annexin Il 0.042 16.5 +3.01 98t +1.01 Membrane remodeling
VIM Vimentin 0.091 7.6 +2.50 grth -1.21 Stabilization of intracellular
architecture
DES Desmin 0.100 6.9 +2.50 g7th -1.63 Mutations in heart failure and
ventricular myopathy (46, 47)
cD81 CD81 Target of 0.111 6.2 +2.36 96t +1.04 Unknown function in heart
antiproliferative 1 antibody
TGM2 Transglutaminase 2 0.066 10.5 +2.06 94th -1.25 Apoptosis; overexpressed
in heart failure (31, 48)
SRL Sarcalumenin 0.024 289 +2.04 94th -1.14 Contractility;
sarcoplasmic reticulum
COL15A1 Collagen XV/endostatin 0.047 14.5 +2.00 93rd +1.31 Extracellular matrix remodeling
TPMA4 Tropomyosin 4 0.143 48 +1.94 92nd -1.68 Contractility
ANXA5 Annexin V 0.065 10.7 +1.89 91st -1.05 Membrane remodeling
EIF3C Eukaryotic translation initiation 0.142 49 +1.88 91st +1.69 Translational control
factor 3 subunit C
MSN Moesin 0.078 8.9 +1.87 91st -1.10 Microtubule formation/
actin assembly
ATP1A1 Na+/K+ ATPase subunit o-1 0.052 13.3 +1.82 90t -1.16 Contractility; mutations
in hypertension (49)
PHB Prohibitin 0.024 28.9 +1.79 89t -1.04 Mitochondrial remodeling
HK1 Hexokinase-1 0.042 16.5 +1.71 g5t -1.51 Glycolysis
ACE Angiotensin-converting 0.108 6.4 +1.69 g5t +1.44 Hypertension and remodeling
enzyme (CD143)
XIRP1 Xin actin-binding repeat 0.252 2.8 +1.69 85t —2.28 Cardiac myogenesis (50)
protein 1

NQ, not quantified.

logical hypertrophy and remodeling (10, 22). Furthermore, a third
group of mice was given 15 mg/kg/d isoproterenol for 14 days, then
labeled with 2H,O afterward to measure protein kinetics during the
reverse remodeling process following isoproterenol withdrawal. In
these groups of mice, B-adrenergic stimulation induced increased
heart weight and ejection fraction within 24 hours, which persisted
throughout the duration of the isoproterenol treatment, then grad-
ually abated (Figure 1B). Remodeling at the molecular level was
also evident from the lowered respiratory complex I catalytic rate
following isoproterenol treatment (Figure 1C).

To extract protein turnover rates from these experiments, we
developed a computational workflow, ProTurn, for the analysis of
2H,0-labeled protein MS data on a large scale. ProTurn integrates
the identified peptide peaks in the MS experiments, extracts iso-
tope abundances to determine protein expression level and label
incorporation, and performs multivariate optimization on data
time series to compute turnover kinetics. The ProTurn workflow
is scalable from single-protein investigations to the accrual of mul-
tiple large dataset experiments and allows proteome-wide kinetics
libraries to be created. Details on the methodology are described
in Supplemental Methods (supplemental material available online
with this article; d0i:10.1172/JCI73787DS1).
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In total, the 2H,O-labeling MS experiments discovered the turn-
over rates of 2,964 nonredundant proteins in the mouse heart and
blood that passed quality control (Supplemental Figure 1). The
measured protein turnover rates were highly diverse and spanned
more than 100-fold, with half-lives ranging from less than 1 day
to greater than 3 weeks. In the normal heart, the average cytosolic
protein species turned over ~10% per day (turnover rate, k = 0.107
[0.028-0.553] d"! [median and 5"-95th percentile]), and the aver-
age mitochondrial protein turned over approximately 5% per day
(k=0.045[0.021-0.23] d'!) (Figure 1, D and E), translating into half-
lives of approximately 6.5 and 15 days, respectively. These quanti-
tation data were consistent with previous observations (refs. 16, 23,
24, and Supplemental Figure 1, F-H), and provided much-expanded
coverage of major protein pathways in the cardiac cytosol and the
mitochondpria. For instance, we discovered the turnover rate of 80 of
95 respiratory chain subunits, 63 of 79 eukaryotic ribosome subun-
its, and all core 20S proteasome subunits in at least one experimental
condition (Figure 1F and Supplemental Excel file 1). We observed
heterogeneous temporal kinetics across molecular weight, isoelectric
points, and other biophysical parameters, consistent with previous
results (16). Turnover rates clustered with protein localizations and
complex associations (Figure 1F), highlighting protein half-life as a
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Protein kinetics in the remodeling heart. (A) Isoproterenol increases the turnover rates of multiple annexins (left). The fraction of turned over
ANXA2 over time was much higher in remodeling (red) versus normal (black) hearts (right). Lines represent the best-fitted curve from a single
peptide. (B) Ratios of turnover rates of the glycolytic proteins in remodeling (R) and reverse-remodeling (RR) hearts, normalized to normal (Nor)
hearts. Each data series represents the behavior of a single glycolytic enzyme. (C) Heatmap of turnover rate ratios of the glycolytic proteins in
remodeling hearts versus normal hearts (left) and the fraction of turned over proteins in selected enzymes (right) over time in normal (black)
and remodeling (red) hearts. (D-G) Isoproterenol regulated protein categories differentially, e.g., fatty acid oxidation, branched-chain amino acid
(AA) metabolism, 20S proteasomal proteins, and 60S ribosomal proteins. (H) The § and F, subcomplexes in respiratory complexes | and V had
particularly elevated turnover in remodeling. Subcomplexes are heatmapped where possible; white represents no quantified ratios. (I) Scatter plot
comparing the turnover rates of mitochondria-targeted proteins when measured in extracted mitochondrial samples versus when measured in a
cytosolic sample in normal (left), remodeling (middle), and reverse-remodeling (right) mouse hearts. Only proteins that were quantified with high
confidence were included (2+ fitted peptides, median absolute distribution <25%). We observed no systematic bias in the turnover rate of each
cellular fraction, suggesting that protein import into the mitochondria is not a significant factor for turnover measurements.

regulated cellular parameter. Altogether, these results greatly expand
the existing catalog of in vivo protein kinetics information.

Global changes in protein turnover following isoproterenol treatment.
Among the 2,034 protein pairs we compared between normal and
remodeling hearts, the turnover rates during remodeling were on
average 1.23-fold greater than that in the normal heart (5th-95th
percentile: -1.5-fold to 2.9-fold), reflecting increased synthesis and
replacement of protein pools during remodeling. Isoproterenol led
to increased turnover of 972 proteins (greater than 1.25-fold), as
compared with the decreased turnover of only 216 proteins. Thus,
isoproterenol treatment largely led to widespread acceleration of
protein turnover in the heart. This is in contrast to protein kinetics
in response to isoproterenol withdrawal, in which turnover rates
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decreased approximately 20% more slowly than normal (Figure 1E).
Despite the fact that the cardiac proteome does not remain con-
stant during remodeling, the nonlinear kinetic model we used to
calculate turnover rates precisely represented the majority of pro-
tein turnover behavior (Supplemental Figure 1), suggesting that
the changes in protein pools occurred gradually and were amena-
ble to longitudinal modeling. The global increases in turnover were
specific and could not be explained by sample bias, because global
plasma protein turnover from the same animals did not rise after
adrenergic stimulation, and there were also proteins that exhibited
retarded turnover in the remodeling heart (less than -1.25-fold).
Proteome kinetics signatures of cardiac remodeling. Some proteins
displayed more elevated kinetics than the population average and
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turned over up to three times faster than in the normal heart,
whereas other proteins were 50% slower (Table 1). The proteins
that showed exceptional kinetic responses may be inferred to be
associated with disease progression, because their behaviors were
specifically modified after isoproterenol, in the same manner
that targets are deduced from differentially expressed proteins
or transcripts. For example, the kinetic changes were notably
pronounced in the calcium-dependent membrane-binding pro-
teins in the annexin family. Among the eight annexins quanti-
fied, all but two displayed significantly accelerated replacement
in the protein pool. ANXA2/3/4/5 changed most prominently
in the remodeling heart (1.7- to 3.0-fold, 86th-98th percentile
rank) (Figure 2A), translating, for example, into a decrease in
the ANXA2 half-life from 16.7 to 5.5 days, whereas ANXA6 and
ANXA7 were also significantly elevated (1.4-fold). ANXA2 and
ANXAS are widely known to have elevated transcript and protein
levels in heart failure patients (25, 26), but consensus is lacking
on the other isoforms. The broadly increased kinetics among six
isoforms provides new evidence that annexins may be generally
associated with cardiac remodeling and hypertrophy.
Importantly, the data also revealed proteins with significantly
(P < 0.05) elevated turnover that were not previously associated
with cardiac remodeling (Table 1 and Supplemental Excel file 1).
These putative remodeling proteins belonged to diverse func-
tional classes, including extracellular matrix remodeling (e.g.,
VIM1, COL15A1), excitation-contraction coupling (e.g., TNNC1,
ATP1A1, and RYR2), and mitochondrial dynamics (PHB). Several
proteins (e.g., FHL1 and XIRP1) are known to be mutated in car-
diomyopathies and are thus notable candidate hypertrophy driv-
ers (27, 28). On the whole, proteins with significant changes after
isoproterenol treatment belong to at least 35 biological processes
that present promising targets for further studies (Supplemental
Excel file 1). The highly dynamic kinetics profiles we observed
indicate that the diseased heart is associated with broad protein
remodeling involving the majority of the cardiac proteome.
Further salient footprints of remodeling were evident at the
pathway level, in particular among metabolic and proteostatic
proteins. It has long been known that glycolysis is accelerated in
cardiac remodeling, as the heart shifts its fuel consumption from
primarily fatty acids to primarily carbohydrates. However, a large
1738
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Figure 3

Protein kinetics in reverse remodeling. (A) Scatter plots of protein
turnover rate ratios in remodeling and reverse-remodeling hearts over
normal hearts. Each data point represents a protein species. (B) Pro-
teins in quadrant 1 have elevated turnover rates in remodeling hearts
(greater than 1.25-fold versus normal), but depressed turnover (less
than —1.25-fold versus normal) in reverse-remodeling hearts compared
with normal hearts and are significantly enriched for ribosomal pro-
teins, suggesting that ribosomal proteins have higher turnover during
remodeling, but slower turnover in reverse remodeling. (C) Proteins in
quadrant 2 (greater than 1.25-fold in remodeling/normal and reverse-
remodeling/normal) and (D) quadrant 3 (less than —1.25-fold in remod-
eling/normal and reverse-remodeling/normal) are enriched for MAPK
signaling and proteasomes, respectively.

number of studies have failed to convincingly show increased
protein abundance of glycolytic enzymes in the remodeling heart
(29-32), hinting that parameters other than expression level
may be responsible for the increased glycolysis. Remarkably, we
observed highly and significantly (P < 0.05) accelerated turnover in
glycolytic enzymes in our disease model (Figure 2B). The observed
kinetic changes were not confined to a few rate-limiting enzymes,
but were virtually ubiquitous along the glycolytic pathway (Figure
2C), e.g., the half-life of hexokinase 1 (HK1) decreased from 16.7 to
9.8 days in the remodeling heart, that of GAPDH decreased from
10.8 to 6.7 days, and that of phosphoglycerate mutase 1 (PGAM1)
decreased from 12.2 to 6.9 days. As expected, MS quantitation and
immunoblotting data suggested that the abundance of these pro-
teins was relatively unchanged (see below). Assuming increased
turnover but unchanged abundance, it could be deduced that pro-
teome remodeling increased both the synthesis and degradation
of glycolytic enzymes, replacing the protein pools at a higher rate.
In contrast to glycolytic enzymes, fatty acid oxidation proteins
had much more subdued changes following isoproterenol treat-
ment (Figure 2D). In conjunction with the commonly observed
decrease in their abundance in the remodeling heart, the kinetics
data support a scenario in which decreased synthesis of the fatty
acid enzyme drove the decrease in fatty acid oxidation capacity. An
exception is the fatty acid importer CD36, in which increased turn-
over (1.5-fold) instead suggests that it may be regulated primarily
by proteolysis. Branched-chain amino acid metabolism proteins
exhibited lower turnover relative to that of the the proteome (Fig-
ure 2E). Thus, isoproterenol stimulus exerts differential kinetic
regulation on multiple metabolic pathways.

Differential regulation of turnover is also observed in the imbal-
ance between protein synthesis and degradation machineries.
Consistent with the gain in net proteins during hypertrophy,
the turnover rates of 40S and 60S ribosomes were conspicuously
higher in the remodeling heart, as compared with the more subtle
changes in proteasome subunits (Figure 2, F and G). Notably, pat-
ticular components of the ubiquitin-proteasome system showed
repressed turnover (CULS, RNF7, RNF123, UBE20), whereas
that of some translation initiation factors (EIF3C/E, EIF4A1/B,
EIF5/6) but not others (EIF3F/H) was accelerated (Supplemental
Excel file 1). These individual changes suggest specific arms of pro-
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Temporal dynamics of the human plasma proteome. (A) Gradual labeling in human clinical studies complicates 2H,O-labeling data analysis and
curve fitting. (B) Labeling and data analysis schemes for the four healthy human subjects. Step 1: The subjects were labeled for 14 days. Step 2:
Three milliliters of blood was collected at 10 to 15 time points. Step 3: Plasma proteins were analyzed by MS. Step 4: The changing isotopomer
patterns were modeled with a nonlinear function to deduce protein turnover rates. (C) The gradual enrichment of 2H,O in the body water of the sub-
jects was modeled by a first-order exponential decay function to deduce the enrichment rate (k) and level (pss) that are used in turn to model the
turnover kinetics of peptide isotopomers. (D) Experimental data and kinetic curve fitting of a human plasma peptide (EQLGEFYEALDCLCIPR3+).
The fractional abundance of the unlabeled isotopomer (mo/m;) decreased in a sigmoidal curve that reflects the two rate constants of 2H,O ramping
(kp) and protein turnover (k). Dashed lines indicate the upper and lower limits of fitting. (E) The turnover rates of 182 plasma proteins that were
quantified as in D in three or more subjects. Selected proteins are marked. The full dataset is provided in Supplemental Excel file 1.

teostasis that may be further explored to determine the molecular
details of proteome remodeling.

Implications for mitochondrial dynamics. Mitochondrial dynamics,
in particular biogenesis, fusion-fission, and autophagy, play crit-
ical roles in cardiac functions (33-35). Our previous observations
of diverse and asynchronous mitochondrial protein turnover in the
normal mouse heart led us to conclude that the turnover of indi-
vidual proteins can influence the homeostasis and dynamics of
mitochondria (16, 36). Consistent with this notion, we found com-
plex and bidirectional kinetic responses among individual mito-
chondrial proteins in the remodeling heart. Whereas some proteins
related to mitochondrial dynamics exhibited accelerated turnover
(MIRO1/2, LONP, and PHB), others remained unchanged (MFN1/2
and FIS1) (Supplemental Excel file 1). Likewise, although most
respiratory chain components exhibited modestly elevated turnover,
we observed heterogeneous responses among individual complexes
(Figure 1F) and individual complex subunits (Figure 2H). In com-
plex I, the membrane-embedded 3 subcomplex was influenced by
remodeling independently of the rest of the subcomplexes, whereas
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the Fo subunits of complex V were similarly enriched for elevated
turnover. Together, these results demonstrate that mitochondrial
proteins are under independent control of different regulatory
elements during proteome remodeling, highlighting the added
insights into organelle dynamics derived from the analysis of pro-
tein kinetics at the individual protein resolution level.

To understand whether protein import rates preclude accurate
measurements of protein replacement inside the mitochondria,
we compared the turnover rates of mitochondria-targeted pro-
teins measured in the mitochondria with turnover rates in their
cytosolic milieu. In most cases, the proteins shared similar turn-
over rates when detected from either localization site. Although
isoproterenol stimulus exerted differential effects on the turnover
rates of a small number of proteins in the cytosol versus in the
mitochondria (Kolmogorov-Smirnov P < 7.3 x 10-#), as a whole,
there is limited evidence to suggest a disequilibrium between
the intra- and extramitochondrial populations or that lapses in
import would constrain mitochondrial protein pool replacement
within the measured time period (Figure 2I).
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Table 2
2H,0 enrichment rate and plasma turnover rates of 4 human subjects

Subject1 Subject2 Subject4 Subject 6

2H,0 enrichment rate (d-) 0.258 0.147 0.161

Fitted plateau 2H,0 enrichment (%) 1.8 2.2 2.1

Sample protein turnover rates (d-)
Albumin 0.024 0.072 0.032
Transferrin 0.059 0.126 0.074
Hemopexin 0.068 0.123 0.079
Ceruloplasmin 0.108 0.141 0.095
Apolipoprotein B100 0.276 0.289 0.196
Insulin-like growth factor Il 1.261 4.237 0.722

Protein kinetics in reverse remodeling. Following the withdrawal of
isoproterenol stimulus, mouse hearts underwent reverse remodel-
ing accompanied by reversed changes in cardiac function (Figure
1B). Based on the direction of kinetics changes following chronic
B-adrenergic stimulation and its subsequent withdrawal, we
could further categorize the kinetic behavior of proteins into four
quadrants (Figure 3A). In the first group, reverse cardiac remodel-
ing largely overturned the elevated kinetics of proteins we observed
during remodeling, in synchrony with the increase and subsequent
decrease in heart weight. This group encompassed most proteins
including the glycolytic enzymes, but was most prominently
enriched for ribosomal subunits (Fisher’s exact test, P < 8.6 x 1077;
Benjamini-Hochberg procedure, P < 6.9 x 10-%) (Figure 3B). We
found that the second group of proteins displayed elevated kinetics
in B-adrenergic stimulation that was sustained in reverse remodel-
ing. This group could be functionally distinguished from the first
by its significant enrichment of MAPK signaling proteins (Fisher’s
exact test, P< 6.3 x 105, Benjamini-Hochberg procedure, P < 0.039)
(Figure 3C), including RAC1, MAPK1, MAP2K2, MAP2K3, and
STATI1. In contrast, relatively few proteins showed decreased turn-
over throughout remodeling and reverse remodeling, a group sug-
gestively enriched for proteolytic pathway proteins (Fisher’s exact
test, P < 9.2 x 10-%) (Figure 3D). Other proteins in this category
include the nicotinamide nucleotide metabolism enzymes NNT
and NAMPT. Only nine proteins had decreased turnover with iso-
proterenol treatment, but increased turnover in reverse remodeling,
including some likely plasma contaminants; these also included

Figure 5

Measurement of protein turnover from a single biopsy. (A) Simulation of
the mass isotopomer abundance curves of the same peptide sequence
as shown in Figure 4D, but with different hypothetical turnover rates
(k), according to the nonlinear model. Puncta denote the correspond-
ing mass isotopomer abundance (m¢/m;) that would be measured from
a single time-point experiment on day 8 of labeling. A single (mo/m;)
value is therefore sufficient to deduce k. (B) Experimental data and
fitting of the same peptide sequence as shown in Figure 4D, but from
our single-point experiment on the day 8 plasma sample from sub-
ject 1. Triplicate data points acquired from the single sample define the
kinetic curve to the same effect as the multiple data points from differ-
ent time points as in Figure 4D, demonstrating the feasibility of acquir-
ing protein kinetics information without a time-course experiment.
(C) Correlations in turnover rates between peptides commonly ana-
lyzed from single-point sampling and 15-point time-course experiments
from subjects 1 (top) and 2 (bottom). The average peptide relative stan-
dard error was =20% compared with the time-course experiment.
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TXNIP (remodeling: -3.03-fold,
reverse remodeling: 2.08-fold), a
protein involved in regulating glu-
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0.159 0.181 £ 0.052 fied in the plasma sample. The
1.6 1.9+03 statistical enrichments underline
that an imbalance between pro-
0.027 0.038 £ 0.022 tein synthesis and degradation
0.063 0.081 +0.031 is a prominent feature of cardiac
0.065 0.084 +0.027 remodeling, and recovery may
0.066 0.103 + 0.031 . . .

involve the sustained elevation of

0.379 0.285 + 0.075 icular b h FMAPK si
2 468 9179 + 1558 particular branches o sig-

naling. Altogether, the results in

remodeling and reverse-remodel-

ing hearts demonstrate that pro-
found molecular insights can be acquired from turnover studies to
support new hypotheses and investigations.

Measurements of in vivo protein turnover kinetics in humans. We next
translated the method to study protein kinetics in healthy human
subjects. Among the advantages of 2H,O labeling are its bulk avail-
ability, low cost, established safety, and ease of delivery without
dietary modifications (16, 17). Although these attributes make 2H,O
a uniquely suitable isotope protein label for clinical applications,
systematic measurements of proteome dynamics in humans remain
hindered by several technical challenges. Because human subjects
take in 2H,O through small boluses, label enrichment in body water
rises gradually before reaching the target level. A protein molecule
that is synthesized shortly after labeling begins, therefore, would
contain fewer isotope labels than one synthesized later, which com-
plicates the ascertainment of the fraction of newly synthesized pro-
teins from the MS data (Figure 4A). Under this gradual enrichment
scheme, label incorporation into proteins deviates from the first-
order exponential decay function. To correct for the variable label
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Figure 6

Comparison of protein turnover and expression changes. (A) Scatter plot of individual protein turnover ratios versus abundance ratios in remod-
eling versus normal hearts, as measured by either spectral count (top) or iBAQ (bottom). Right panels: Analysis performed only on proteins with
significant changes in turnover in the remodeling hearts showed a similar lack of correlation. The lack of correlation between protein turnover
and abundance changes is consistent with previous observations in the literature (41) and further corroborate the effective independence of
the two measurable parameters. (B) Immunoblots (IB) against annexin Il (ANXA2), annexin V (ANXAS5), and lactate dehydrogenase (LDHA/C)
show that for these proteins, increased turnover is associated with increased abundance after 7 or 14 days of isoproterenol (Iso). On the other
hand, other tested proteins including the glycolytic enzymes aldolase A (ALDOA), GAPDH, hexokinase 1 (HK1), hexokinase 2 (HK2), pyruvate
dehydrogenase (PDH), phosphoglycerate mutase 1 (PGAM1), and pyruvate kinase (PKM1/2) did not show increased abundance, suggesting
that their accelerated turnover is independent of upregulated expression. kiso/k, fold-change of turnover rates in remodeling versus normal hearts.
(C) The independence between changes in protein turnover and abundance is consistent with the notion that both synthesis and degradation
contribute to the overall protein pool size.

enrichment, we further derived a nonlinear mathematical function We designed a labeling procedure and enrolled four healthy

that incorporates the rate constant of 2H,O enrichment (k,) and the
rate constant of protein turnover (k) (Figure 4D). In a human label-
ing experiment, this sigmoidal function resolves isotopomer shifts
by accounting for both the initial lag of available isotopes and the
rise-to-plateau kinetics of protein turnover (Supplemental Methods
and Supplemental Data 2). Under fast enrichment, such as in mice
(ky, >> k), the function approximates a first-order exponential decay
function. Thus, the nonlinear model could handle a wide range of
labeling scenarios in mice and humans.
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volunteers in a longitudinal study. The procedure consisted of
administration of regular boluses of 70% 2H,O for 14 days and
procurement of 3 ml of peripheral blood at 10 to 15 time points to
extract plasma and erythrocyte proteins for analysis (Figure 4B).
Upon labeling, the body water 2H,O level of the subjects followed
first-order kinetics as expected, gradually approaching =1.6%-2.2%
at the enrichment rates of 0.15 to 0.25 d-! (Figure 4C and Table 2).
After termination of labeling, the enrichment level of body 2H,O
gradually subsided in the subjects at a rate of 0.1 d-%. The volun-
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teers were further monitored for up to 6 months after labeling and
reported no adverse effects.

After MS analysis and kinetic curve fitting, we obtained the total
turnover rates of 496 plasma proteins from the human samples.
The turnover kinetics of the detected plasma proteins was diverse
and spanned a more than 50-fold range in turnover rates from
albumin (ALB) (average half-life: 18.3 days) to IGF2 (average half-
life: 8 hours) (Figure 4E). In contrast, the 59 proteins we also quan-
tified from transcriptionally quiescent erythrocytes had negligible
turnover, with half-lives of greater than or equal to 50 days. The
results confirm that the designed labeling procedure, featuring a
very low level of enrichment (<2%), was safe and sufficient to mon-
itor large-scale protein turnover in humans.

To explore the reproducibility of human labeling, we repeated
the labeling on one of the subjects (subject 1) in a second indepen-
dent experiment 6 months after the first experiment. Despite the
different 2H,O enrichment levels (1.8% versus 1.4%) and rates in the
replicate experiments, we were able to acquire reproducibly quan-
tified kinetics information with relatively small amounts of varia-
tion (Supplemental Figure 2). The kinetics data showed excellent
correlation among all subjects (Spearman’s correlation coefficient,
P =0.82-0.93) and were consistent with previous single-protein
studies. The nonlinear function closely modeled 32%-47% of con-
sistently observed peptides in each plasma sample (Supplemental
Figure 2), whereas more than 50% of consistently identified proteins
yielded turnover rates, indicating that our approach does not nega-
tively impact the scope and coverage of proteomics inquiries. Alto-
gether, these data demonstrate the robustness of large-scale protein
kinetics quantitation in humans and, to the best of our knowledge,
constitute the largest human protein kinetics dataset to date. Future
studies are required that will better define the possible sources of
variability in human protein turnover, e.g., the impact of age and
gender, and that will determine whether low isotope enrichments
contribute disproportionately to the standard errors of half-lives of
slow-turnover proteins. The human study presented here serves to
validate our approach and software. The dataset will benefit future
investigations by providing a critical reference for experimental
designs and power analysis for sample-size determination.

Although we examined the kinetics of human blood proteins
because of their immediate translational potential as diagnostic
indicators, the method is applicable to all human tissues. Proteome
kinetics studies in human tissues other than blood may be addi-
tionally hindered by limited clinical accessibility of protein sam-
ples. The extant 2H,O labeling methods would invariably require
repeated sample biopsies (16-18, 20), which presents unnecessary
distress and is impractical in many clinical settings. In the present
nonlinear-fitting model, the initial and final isotopomer abun-
dances of a peptide in the MS (i.e,, the unlabeled and fully turned
over protein, respectively) can be precisely defined by the peptide
sequence and H,O enrichment in the body water. A single data
pointacquired in between could therefore effectively demarcate the
trajectory of the kinetic curve (Figure 5, A and B). To demonstrate
the feasibility of deducing protein kinetics from a single, non-time-
course measurement, we performed triplicate MS experiments on
human plasma samples from two subjects at each of three indi-
vidual time points (days 4, 8, and 12). We found that although the
day-4 samples presented more variations — possibly due to limited
label incorporation — both the day-8 and day-12 single-point mea-
surements were highly consistent with the 15-point time-course
data (Figure SC). Because cardiac proteins have limited surgical
1742
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accessibility and are typically only available during cardiac trans-
plantation or ventricular assist device implantation, the described
method opens opportunities for kinetics investigations in the
human heart, among other invasive tissue samples.

Discussion
By combining 2H,O labeling, high-resolution MS, and rigorous
computational analysis, we obtained a comprehensive view of pro-
tein kinetics in a disease model at the individual protein resolution
level. The data indicate diverse and prominent changes in the pro-
tein kinetics landscape of B-adrenergic-stimulated cardiac remod-
eling. The protein turnover changes both recapitulated known
phenotypes and inferred new putative perturbations, illustrating
the potential of the workflow to discover new disease targets and
insights. We show that increased glycolysis in the failing heart
is associated with higher turnover of glycolytic enzymes. Since
certain glycolytic enzymes including triosephosphate isomerase
(TPI) are known to be irreversibly damaged during catalysis (37),
a possible explanation for the higher turnover is that faster pro-
tein pool replacement is necessary to remove damaged proteins
and maintain enzyme pool efficiency. Thus, turnover rates could
place an indirect limit on fuel consumption in the diseased heart
by regulating the proportion of functional glycolytic enzymes in
the protein pool. This hypothesis should be testable by examining
in vitro enzyme function and modifications.

Recently, Stanley and colleagues (19) also used 2H,O labeling to
compare the in vivo turnover rates of 28 proteins between inter-
fibrillar and subsarcolemmal mitochondria in the rat heart. The
study observed higher protein turnover rates in the subsarcolem-
mal population, suggesting that these rates might be measured to
distinguish similar cellular components. Together with the data
presented here, the turnover measurements by Stanley and col-
leagues demonstrate a clear potential of protein kinetics measure-
ments as a tool to characterize multiple aspects of cardiac physi-
ology. The approach presented in our study further extends the
scope of 2H,O-labeling experiments by providing a flexible nonlin-
ear model and computational software. These advances enabled us
to quantify protein turnover with higher coverage than previously
described and to study global protein dynamics in a disease model.

Other recent investigations involving noncardiac tissues are also
beginning to show the burgeoning translational potential of 2H,O
labeling in the study of human diseases. In a pioneering study,
Emson et al. (18) administered psoriasis patients with 2H,O and
collected skin samples with tape. The authors found 2H,0O label
appearance on keratin samples from psoriasis-affected skin to be
markedly quicker than in healthy skin, suggesting that increased
keratin synthesis is a quantitative biomarker of psoriasis that may
be useful as a noninvasive clinical indicator of treatment response.
Since the study analyzed total label incorporation from the acid
hydrolysate of isolated proteins, the weighted average of all protein
turnover rates was measured. As our approach allows the turnover
rate of individual protein species in humans to be quantified sepa-
rately, we anticipate that it can avail similar translational strategies
and greatly expand the scope of investigations.

A measurable change in turnover rate can indicate a number of’
possible pathophysiological scenarios. Most straightforwardly, the
particular protein may be expected to have changed in abundance
correspondingly, such that the increase in isotope incorporation
reflects the outcome of increased protein expression and synthesis.
However, ample scenarios also exist in which the turnover cycle per-
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mutes without conspicuous net differences in protein abundance,
such as when increased degradation counterpoises increased syn-
thesis, as is likely for a number of glycolytic enzymes in this study.
Since the MS dataset contained information on both protein quan-
tity and turnover, this allowed us to further explore the relations
between protein kinetics and protein abundance changes in the
disease model. We measured protein abundance ratios between
normal and remodeling hearts using two common quantitative
MS methods: spectral counts (38, 39) using ProLuCID and inten-
sity-based absolute quantification (iBAQ) (14, 40) implemented in
ProTurn. We found that higher turnover coincided with congruent
abundance increases in some proteins (e.g., ANXAS and FHL1) but
notin others (e.g., DES and HK1) (Supplemental Excel file 1). Over-
all, we found only modest correlations between kinetics changes
and abundance changes (Figure 6A) (correlation coefficient,
P <0.2), indicating that a large number of proteins with increased
turnover did not in fact increase in steady-state abundance, and vice
versa. Similar results were observed when we compared the data
with the cardiac transcript profile from the Gene Expression Omni-
bus database (GEO GSE48670) following isoproterenol stimula-
tion in mice. We further performed immunoblotting experiments
on some proteins of interest as an orthogonal technique to validate
the abundance measurements. ANXA2 and ANXAS proteins both
increased in abundance in the failing heart (Figure 6B), consistent
with previous reports (25, 26). Also expectedly, immunoblots failed
to detect evidence for increased expression of the tested glycolytic
proteins. Taken together, these data suggest that changes in pro-
tein turnover and protein abundance in a system are largely inde-
pendent parameters, an observation that is consistent with a recent
study in 2H,O and SILAC doubly labeled mice (41).

Although cardiac hypertrophy is associated with a general increase
in protein synthesis and abundance, individual protein pools may
expand or shrink to different degrees. Because both protein syn-
thesis and protein degradation contribute to the protein pool size,
a protein pool may expand either through increased synthesis or
decreased degradation (Figure 6C). The former would result in a
higher increase in turnover than the latter. Therefore, a particular
cardiac protein may show a prominent S-fold increase in abundance
but only a modest 20% increase in turnover, whereas another protein
may have a 5-fold increase in both abundance and turnover, in addi-
tion to other scenarios that contribute to the overall hypertrophic
response. Therefore, a poor overall correlation between abundance
and turnover changes would result when all protein species are
considered, as we have observed in the data. Furthermore, a pro-
tein may also show increased turnover without an apparent abun-
dance change if the elevation of abundance was transient and the
protein level had already returned to normal at the time point at
which it was measured. In contrast, even transient increases in syn-
thesis during labeling will permanently increase the proportion of
labeled versus unlabeled proteins. The resulting isotope pattern is
a signature of protein turnover that remains imprinted in a mixed
protein pool, even if some of the proteins later become exported or
aggregated. Taken together, the poor correlation between turnover
and abundance suggests that protein turnover measurements can
be leveraged to study the plasticity of the pathological proteome in
parallel with commonly pursued protein expression profiling. This
is also illustrated by the poor overlap between the list of kinetically
regulated proteins discovered here and the differentially expressed
proteins from large-scale protein abundance profiles of the failing
heart in the literature (31, 42).
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In summary, this study presents a sensitive and versatile workflow
for the characterization of protein turnover kinetics at the individ-
ual protein resolution level in mice and humans. This method is
compatible with large-scale inquiries and allows turnover rates to be
extracted from a single time point, thus greatly extending the scale
and clinical applicability of protein turnover studies. Data from a
mouse isoproterenol model of cardiac remodeling illustrate that
turnover kinetics can be harnessed to discriminate protein associa-
tion with heart disease development. Although future experiments
are needed to fully integrate all relevant protein properties, these
endeavors will be facilitated by the technique and quantitative kinet-
ics data first reported here. We suggest that comparison of in vivo
turnover rates may provide investigators with a powerful new tool
to uncover unexpected molecular mechanisms of human diseases.

Methods
Detailed descriptions of all experimental methods and the computational
workflow of ProTurn are provided in Supplemental Methods (ProTurn is
available at http://www.heartproteome.org/proturn/index.html).

Reagents. 2H,0 (70% and 99.9% molar ratio) was purchased from Cam-
bridge Isotope Laboratories and filtered through 0.1-um polyethersulfone
membranes (VWR International). Other chemical reagents were from
Sigma-Aldrich unless otherwise specified. Milli-Q (Millipore) filtered
water (18.2 MQ) was used.

Animal models and ?H,0 labeling. Male Hsd:ICR (CD-1) mice (Harlan Lab-
oratories) 9-12 weeks of age were housed in a 12-hour light/12-hour dark
cycle with controlled temperature, humidity, and free access to standard
chow and water. Labeling was initiated by two intraperitoneal injections
of 500 ul 99.9% (molar ratio) 2H,O-saline 4 hours apart. Mice were then
given free access to 8% (v/v; 7.25% molar ratio) 2H,O in the drinking water
supply. Groups of 3 mice each were euthanized at 0, 1, 2,3, 5,7, 10, and 14
days following the first 2H,O injection at 12:00 noon for sample collection.
Remodeling and reverse-remodeling mice were surgically subcutaneously
implanted with a micro-osmotic pump (ALZET) delivering 15 mg/kg/d iso-
proterenol over 14 days following established protocols (10). 2H,O labeling
was initiated as above, either immediately or 14 days after pump implanta-
tion. Cardiac function was monitored by transthoracic echocardiography.

Human subjects. Four healthy participants (subjects 1, 2, 4, and 6) were
enrolled in the study and provided written informed consent. To label body
water with 2H,O, the participants were instructed to take in 4 boluses of 0.51
ml/kg (body mass) sterile 70% molar ratio 2H,O daily at 11:00 am, 2:00 pm,
6:00 pm, and 9:00 pm for the first 7 days, and 2 boluses of 0.56 ml/kg sterile
70% molar ratio 2H,O daily at 11:00 am and 9:00 pm for the following 7 days,
with the exception of subject 1, whose first- and second-week boluses were
0.66 and 0.74 ml/kg, respectively. During labeling, the participants were given
daily general physical examinations and were questioned about their adher-
ence to the labeling regimen by the clinical coordinator (D.A. Liem). Vital
signs were monitored by measuring blood pressure, heart rate, and tempera-
ture on a daily basis. From days 0 to 14, whole-blood samples (3 ml) were col-
lected in the clinical laboratory of the UCLA Ronald Reagan Medical Center
at 12:00 noon at the 10 to 15 time points. The participants were monitored
for 14 days to 6 months after administration and indicated no discomfort or
side effects throughout the labeling and monitoring periods.

Computational workflow for protein kinetics analysis. Proteins were identified
from the acquired mass spectra using ProLuCID (38). Protein functional
information and gene ontology (GO) entries were queried through NCBI
DAVID (43) and COPaKB (44). Protein turnover kinetics was quantified
with ProTurn. For each identified peptide, all isotopomer areas under the
curve over a 60-ppm window were integrated from the raw mass spectra.
False-positive identifications were further controlled by the requirement
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of a peptide to be explicitly identified in at least 4 time points before it
was considered for kinetics calculation. Turnover rates were extracted by
multivariate optimization to a nonlinear function.

Statistics. Nonparametric Mann-Whitney-Wilcoxon statistics were calculated
in R to estimate the significance of difference in turnover rates (see Supple-
mental Methods). The Fisher’s exact test with the Benjamini-Hochberg proce-
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