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BACKGROUND: The half-life of target proteins is fre-
quently an important parameter in mechanistic pharma-
cokinetic and pharmacodynamic (PK/PD) modeling of
biotherapeutics. Clinical studies for accurate measure-
ment of physiologically relevant protein turnover can re-
duce the uncertainty in PK/PD model-based predictions,
for example, of the therapeutic dose and dosing regimen
in first-in-human clinical trials.

METHODS: We used a targeted mass spectrometry work
flow based on serial immunoaffinity enrichment of
multiple human serum proteins from a [5,5,5-2H3]-L-
leucine tracer pulse-chase study in healthy volunteers.
To confirm the reproducibility of turnover measure-
ments from serial immunoaffinity enrichment, multi-
ple aliquots from the same sample set were subjected
to protein turnover analysis in varying order. Tracer
incorporation was measured by multiple–reaction-
monitoring mass spectrometry and target turnover was
calculated using a four-compartment pharmacokinetic
model.

RESULTS: Five proteins of clinical or therapeutic rele-
vance including soluble tumor necrosis factor receptor
superfamily member 12A, tissue factor pathway inhibi-
tor, soluble interleukin 1 receptor like 1, soluble mucosal
addressin cell adhesion molecule 1, and muscle-specific
creatine kinase were sequentially subjected to turnover
analysis from the same human serum sample. Calculated
half-lives ranged from 5–15 h; however, no tracer incor-
poration was observed for mucosal addressin cell adhe-
sion molecule 1.

CONCLUSIONS: The utility of clinical pulse-chase studies
to investigate protein turnover can be extended by serial
immunoaffinity enrichment of target proteins. Turnover
analysis from serum and subsequently from remaining
supernatants provided analytical sensitivity and repro-

ducibility for multiple human target proteins in the same
sample set, irrespective of the order of analysis.
© 2017 American Association for Clinical Chemistry

Mechanistic models that mathematically describe the
pharmacokinetic and pharmacodynamic (PK/PD)3 rela-
tionship of biotherapeutics and their target proteins are
used to project the dose levels and rationalize the dosing
regimen for interventional clinical studies such as first-
in-human clinical trials (1–3 ). PK/PD modeling is also
applied in early stages of drug discovery to aid in the
selection and validation of new biotherapeutic targets or
to determine an optimal affinity for target binding. The
accuracy of model predictions strongly depends on the
accuracy of the input parameters, including the PK of
the biotherapeutics, target expression levels, drug-
binding affinity to the target, internalization rate of
membrane-associated target proteins, and turnover rate
of soluble targets (1, 4, 5 ).

Accurate experimental data can reduce assumptions
and biases in PK/PD modeling approaches; however,
previous experimental information on target turnover
has not been routinely available, frequently contribut-
ing to PK/PD modeling uncertainties (1 ). In some
cases, target-turnover information can be indirectly
derived from interventional studies monitoring the PK
of the biotherapeutics and total or complexed target mea-
surements. However, some biotherapeutics show nonlinear
PK or reliable information on binding affinities and target
concentrations may not be available, which complicates the
estimation of target turnover (6).

Analytical techniques that deliver reliable, accurate,
and target-specific turnover measurements have recently
emerged (6, 7 ). Clinical pulse-chase studies using a stable
isotope-labeled amino acid combined with mass spec-
trometry analysis of metabolic incorporation of a
tracer into target proteins have enabled physiologically
relevant target-turnover measurements (8, 9 ). In clin-
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ical pulse-chase studies, the steady-state tracer concen-
tration is typically targeted to be a fraction of the
endogenous amino acid counterpart (for example,
10%), thereby only minimally altering the available
amino acid pool.

A variety of stable isotope-labeled amino acid tracers
have been deployed in pulse-chase investigations for pro-
tein turnover or flux analysis. The choice of tracer con-
siders the metabolic and biochemical stability of the
amino acid and its isotopically labeled moieties, as well as
provision of a sufficient mass offset to enable resolving
the peptide isotopologues by mass spectrometry (10 ).
[5,5,5 2H3]-Leucine (D3-leucine) tracers are widely used
in MS-based pulse-chase studies. However, in low-
resolution mass spectrometry, i.e., multiple–reaction-
monitoring (MRM) MS, signal interference occurs be-
tween the [M�3] natural isotopic peak of the light
peptide and the [M] peak of the heavy isotopologue due
to a mass shift of only 3 Da.

Targeted mass spectrometry has previously been
used in combination with immunoaffinity (IA)-
enrichment strategies for the analysis of individual target
proteins for half-life determination (8, 11–14). Turn-
over analysis using immunoaffinity enrichment and tar-
geted mass spectrometry offers the possibility to reuse
samples multiple times. A multitude of protein targets
can be analyzed from a single sample set without com-
promising analytical sensitivity, which leads to improved
usage of samples and more clinical utility while decreas-
ing the relative cost-per-analyte from such studies.

Here we describe a serial IA-enrichment work flow
that was applied for the sequential analysis of physiolog-
ical turnover of 5 proteins in serum sample sets obtained
from a D3-leucine pulse-chase study in healthy human
volunteers. We also describe a mathematical approach to
compensate for the isotopic interference resulting from
the use of D3-leucine.

Materials and Methods

Dithiothreitol, iodoacetamide, EZ-Link Sulfo-NHS-
LC-Biotin, and Zeba size-exclusion 7K MWCO 0.5-mL
spin desalting columns were purchased from Thermo
Scientific. A mass spectrometry-grade trypsin/Lys-C mix
was purchased from Promega. Dynabeads Streptavidin
MyOne T1 was purchased from Invitrogen. Antihuman
muscle-specific creatine kinase (CKm) monoclonal
antibody (mouse IgG1, MAB5564), antihuman tissue
factor pathway inhibitor (TFPI) monoclonal antibody
(mouse IgG2B, MAB29741), antihuman mucosal ad-
dressin cell adhesion molecule 1 (MADCAM1) mono-
clonal antibody (mouse IgG1, MAB6056), and antihu-
man soluble interleukin 1 receptor like protein (ST2/
IL1R4) polyclonal antibody (goat IgG, AF523) were
purchased from R&D Systems. Anti-human/mouse

tumor necrosis factor receptor superfamily member
12A (FN14, TWEAK Receptor)4 polyclonal antibody
(mouse IgG2b, 12–9018) was purchased from eBiosci-
ence. Microbiological and pyrogen-tested L-leucine
(5,5,5-2H3, 99%) was purchased from Cambridge Iso-
tope Laboratories.

HUMAN D3-LEUCINE PULSE-CHASE

STUDY

Three healthy male human participants of age between
21 and 40 years were recruited at Clinical Pharmacology
of Miami (CPMI); they were under no medication at the
time of the study. The clinical characteristics of the
human subjects and the sample collection times are
presented in Table 1 in the Data Supplement that accom-
panies the online version of this article at http://www.
clinchem.org/content/vol64/issue2. The study was car-
ried out with the consent from the volunteers and was
approved by Western Institutional Review Board (Olym-
pia, Washington). The subjects received a meal (ad libi-
tum) at 5 PM and 1 h before time 0 on day 1. At 6 PM
(time 0), a prime dose of 1.3 mg/kg body weight of D3-
leucine was administered, followed by an 18-h intrave-
nous infusion at a constant rate of 0.022 mg/kg body
weight per minute. The infusion was discontinued and a
meal (ad libitum) was provided at 12 PM on day 2. Blood
samples were collected from subjects for 36 h at 24 pre-
determined time points before, during, and after termi-
nation of the infusion [see Table 2 in the online Data
Supplement]. The protocol for blood collection, process-
ing, and storage of serum is provided in the online Data
Supplement.

SERIAL IMMUNOAFFINITY ENRICHMENT OF TARGET

PROTEINS

The concept of serial IA enrichment is illustrated in Fig.
1A and the experimental work flow in each IA-LC-
MS/MS analysis cycle is depicted in Fig. 1B. Serum sam-
ples (200 �L) were aliquoted into a 96-well deep-well
plate and subjected to a first immunoaffinity enrichment
for sFN14 (plate 1). For the qualification study, simi-
larly, 3 additional 96-well plates containing fresh aliquots
of the same samples were subjected to a first IA enrich-
ment of other proteins, i.e., sST2, TFPI, and CKm.
Samples were diluted with 400 �L of calcium- and
magnesium-free phosphate-buffered saline with 0.05%
Tween 20 (PBST), pH 7.2. Biotinylated anti-FN14 an-
tibody (1 �g; 10 �L of 0.1 �g/�L) or the corresponding
antitarget antibodies in the other three plates was added

4 Human genes: FN14, tumor necrosis factor receptor superfamily member 12A; TFPI,
tissue factor pathway inhibitor; IL1RL1, interleukin 1 receptor like 1; MAdCAM-1, muco-
sal addressin cell adhesion molecule 1; CKm, creatine kinase, M-type.
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to each sample. The biotinylation procedure of the anti-
bodies is presented in the online Data Supplement. The
plates were incubated overnight with mild shaking (600
rpm) at 4 °C. The antibody–target complex was pulled
down with 20 �L of MyOne Streptavidin T1 Dynabeads
prewashed in PBST. The plates were agitated on a mixer
(800 rpm) at ambient temperature for 45 min and im-
mediately transferred to a Hamilton liquid handler (Mi-
crolab Star) for further bead processing. The superna-
tants from the sample sets were saved and used for
subsequent target immunoaffinity LC-MS/MS assays,
i.e., second, third, etc.

TFPI, sST2, sMAdCAM, and CKm were the next
four targets that were consecutively subjected to turnover
analysis from the same sample set (plate 1). The order of
analyzed proteins in all four plates is shown in Table 1

and in Table 3 in the online Data Supplement. Each
succeeding assay was initiated from the supernatant of
the previous analysis either immediately or after storage
at �80 °C. Frozen supernatants were thawed on ice and
spiked with 1 �g of biotinylated antitarget antibody. The
samples were then processed similar to sFN14 IA enrich-
ment (Fig. 1B).

AUTOMATED BEAD PROCESSING

Magnetic bead washes and target elution were conducted
on an automated liquid handler akin to procedures pub-
lished previously (15, 16 ). After bead collection using a
magnet, the serum supernatants were transferred to a new
96-well deep-well plate and preserved for the next target
analysis. Separated beads were subjected to 2 wash steps
with 300 �L of PBST containing 0.1% Tween 20 for

Fig. 1. Serial immunoaffinity-enrichment work flow that enables mass spectrometry-based analysis of turnover of multiple proteins from
a single sample set (A). A cycle of IA-LC-MS/MS and associated data analysis for protein half-life measurements (B).
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60 s shaking at 1200 rpm. A third wash with 300-�L PBS
was applied to remove residual detergent. The washed
beads were suspended in 140 �L of 30 mmol/L HCl for
elution of bound proteins by shaking vigorously for 5
min. Thirty microliters of 1 mol/L Tris-HCl, pH 8, was
added to each sample for neutralization.

PROTEIN DIGESTION

Disulfide bonds were reduced with dithiothreitol at a
final concentration of 2 mmol/L and incubation at 60 °C
for 45 min. Alkylation of free cysteines was accomplished
by the addition of iodoacetamide at a final concentration
of 4 mmol/L (room temperature in the dark for 45 min).
A trypsin/Lys-C mixture (1 �g) was added to each sam-
ple for overnight digestion at 37 °C.

NANOFLOW LC-MS/MS

Each tryptic digest (50 �L) was separated using an
Ultimate 3000 (Dionex, Thermo) nano LC system
[see Method in online Data Supplement] connected to
an EASY-Spray™ Source on a TSQ-Quantiva™ triple
quadrupole mass spectrometer (Thermo Scientific).
Global and source parameters were set as follows:
Nano spray ionization (NSI) voltage, �2000 V; ion
transfer tube temperature, 325 °C; cycle time, 0.8 s;
Q1 and Q3 resolutions of 0.7 full width at half maxi-
mum (FWHM); collision induced dissociation (CID)
gas, 1.5; no source fragmentation; Chrom filter at 8.

GAS CHROMATOGRAPHY–MASS SPECTROMETRY ANALYSIS OF

D3-LEUCINE ENRICHMENT IN SERUM

The serum tracer enrichment measurement was con-
ducted by gas chromatography–mass spectrometry, as
previously described in detail (17 ) (see online Data
Supplement).

DATA ANALYSIS AND TURNOVER CALCULATIONS

Surrogate peptides were selected from each target protein
based on the following criteria: the presence of at least 1
leucine in the sequence and proteotypicity to the target
protein when searched against the human proteome.
Multiple precursor-to-fragment transitions were moni-
tored in MRM channels for both heavy and light peptide
isotopologues. One or more best MRM transitions (Ta-
ble 1) were used for peak integration and calculation of
area ratios of the heavy peptide to total (H/total) at each
time point (total � light � heavy). Owing to a mass shift
of only 3 Da between isotopologues, a mathematical
approach (see online Data Supplement) was used to
calculate interferences in MRM MS when the measured
fragments contained a leucine (14, 21 ). To verify this
approach, a synthetic tryptic peptide from yeast alcohol
dehydrogenase 1 (ADH1; ANELLINVK) was analyzed
monitoring 4 MRM transitions (y7, y6, y5, and y4) in
both [M] and [M�3] channels.

The acquired MS data were imported into Skyline
software version 3.5 for peak integration, as shown in Fig.
2 for sST2 (18, 19 ). Peak areas of heavy and light peptide
pairs were exported into Excel, and plots of the time
course of tracer incorporation and clearance phases illus-
trating H/total peptide ratios were generated. The data
were imported into SAAM II software (The Epsilon
Group, University of Washington), in which a 4-
compartment PK model was developed for half-life esti-
mation (20 ). The model incorporated serum precursor
enrichment (leucine tracer), as well as the protein enrich-
ment values (Fig. 3). Two measured values of H/total
precursor (S1), as well as H/total peptides (surrogate for
the protein, S2) were imported into the model for all time
points. Based on the steady-state assumption, the synthe-
sis of the target from the precursor (ksyn � Pre0, the
synthesis constant multiplied by the precursor concentra-
tion) was assumed to be equal to the degradation of the
target (kdeg � Pro0, the degradation constant multiplied
by the target concentration). After data fitting,
the half-life of the target was calculated on the basis of

t1/ 2 �
ln 2

kdeg
.

Results

SIGNAL INTERFERENCE CALCULATION

The theoretical signal interference was calculated (see
Eqs. 1 and 2; online Data Supplement) and compared
with experimentally obtained values. The results verified
that subtracting the calculated MRM signal of the
[M�3] isotopic peak at time 0 (no tracer) from the sam-
ples at all time points was appropriate (11 ). If not cor-
rected, this interference could confound data interpreta-
tion, particularly when the tracer incorporation is low.

MRM signals of [M] and [M�3] for the
ANELLINVK peptide, including the respective intensity
ranking of transitions, are shown in Fig. 4, A and B.
Equation 2 (see online Data Supplement) provides the
sum of the total expected isobaric interference:

Predicted interference �
S�M�3�

SM
��#Cy7

45 � 3� Sy7

100�
� �#Cy6

45 � 3� Sy6

100� � �#Cy5

45 � 3� Sy5

100�
� �#Cy4

45 � 3� Sy4

100�� � 4.46%��38

45�
3� 16

100�
� �33

45�
3� 19

100� � �27

45�
3� 37

100�
� �21

45�
3� 27

100�� � 1.25%

The intensity ratio of transitions and their rank order
were expectedly different in the [M] and [M�3] chan-
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nels, mainly due to differences in the stochastic distribu-
tion of 13C natural abundance in the different fragment
ions, proportional to their sizes and number of carbons.
The calculated 1.25% interference (MRM signal ratio of

[M�3] to [M]) was similar to the experimental value of
1.23%. In addition, the calculated and mean experimen-
tal interferences compared well for the proteins in this
study [absolute difference 0.07%–0.7%; see Supplemen-

Table 1. Calculated half-lives of 4 proteins measured using serial IA-LC-MS/MS from 4 separate sample sets.a

Protein, peptide, and
transitions

Sample set
(Plate no.) IA order

t1/2 (h)

Subject 1 Subject 2 Subject 3
Intersubject

turnover ± SD (IA1)

sFN14 1 IA1 5.6 4.7 5.6 5.3 ± 0.4

GSSWSADLDK 2 IA2 5.0 4.7 5.6

3 IA3 4.7 4.9 5.7

y6, y7 Mean 5.1 4.8 5.6

CV% 7.3 2.0 0.8

TFPI 2 IA1 19.4 9.2 13.8 14.1 ± 4.2

FESLEECK 1 IA2 14.1 10.9 16.9

3 IA4 14.7 7.3 16.2

y6, y5 Mean 16.0 9.1 15.6

CV% 14.7 16.0 8.5

sST2 3 IA1 16.6 10.0 12.0 12.9 ± 2.7

VFASGQLLK 2 IA3 13.8 12.1 12.8

1 IA5 15.2 11.6 12.5

y7, y6 Mean 15.2 11.2 12.4

CV% 7.5 8.0 2.7

CKm 4 IA1 10.1 8.6 13.3 10.7 ± 1.9

FEEILTR 3 IA2 12.3 10.5 13.3

1 IA7 15.7 12.9 15.1

y5, y4 Mean 12.7 10.7 13.9

CV% 18.1 16.5 6.1

a Target peptide and fragments (ordered by intensity) monitored for turnover calculations for each protein are shown. Intrasubject triplicate measurements in serial IA experiment of
varying order resulted in CVs <20%.

Fig. 2. Extracted ion chromatograms show the sST2 peptide isotopologues in light (red, upper arrows) and heavy (blue, lower
arrows) channels.
Maximum tracer incorporation was observed at 18 h.
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tal Table 4 in the online Data Supplement]. Therefore,
we subtracted the experimental interference observed at
time 0 from all other time points.

SERUM PRECURSOR ENRICHMENT

The serum D3-leucine tracer to total leucine ratios define
and limit the maximum possible tracer incorporation at
the protein level. Precursor enrichment profiles (Fig. 5A)
illustrated fast initial enrichment due to the bolus injec-
tion of the tracer at time 0. A plateau was reached ranging
from 8% to 13% as a consequence of different clinical
characteristics of the individuals, such as body mass index
(see Table 1 in the online Data Supplement). The plateau
was maintained with constant tracer infusion for 18 h.
Following termination of the infusion and an ad libitum
meal, tracer levels declined rapidly. Subsequently, resid-
ual tracer levels were observed as a consequence of con-
tinuing catabolism of the labeled protein pool, releasing
the labeled precursor.

MASS SPECTROMETRY OF TRACER INCORPORATION IN

PROTEINS

D3-leucine incorporation into selected prototypic pep-
tides was measured from serially IA-enriched proteins, as
demonstrated with peptide isotopologues from sST2
(Fig. 2). Owing to the lower signal of the labeled peptide,
high analytical sensitivity is critical for confident mea-
surement of incorporation. FN14 was the first protein

Fig. 4. Comparison of observed MRM signal and calculated values for different fragments of [M] and [M+3] natural isotopes.
Observed peaks of doubly charged light ANELLINVK peptide [M] and their intensity ranking (A). Observed MRM peaks of the corresponding
doubly-charged natural isotope [M+3] (B). Calculated values and rank orders of the [M+3] isotope fragments (C).

Fig. 3. Dynamic four-compartment pharmacokinetic model
for half-live estimation, incorporating amino acid precursor
and protein products.
S1: Heavy/total precursor; S2: Heavy/total peptides.
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subjected to half-life measurement by using a set of fresh
serum aliquots. FN14 acts as a cytokine receptor and is
a single-pass, type-1 membrane protein expressed in the
heart, placenta, and kidneys. FN14 blockade has been
investigated for the treatment of acute and chronic kid-
ney disease (21 ). FN14 is also detected in circulation as a
shed form (sFn14). Its half-life measurement can con-
tribute to establishing the feasibility of a therapeutic tar-
geting approach using biologics. Our results showed that
the mean half-life of sFN14 in serum was 5.3 (0.4)
(�SD) h. Relatively fast tracer incorporation into the
sFN14 peptide was observed during the infusion phase of
the study (Fig. 5B). Consistent with the serum tracer
enrichment profiles in the 3 subjects (Fig. 5A), the la-
beled sFN14 levels approached the maximum achievable
tracer incorporation. Furthermore, after withdrawal of
infusion, the tracer incorporation declined rapidly, con-
firming the relatively fast turnover of sFN14.

The serum supernatant from the first assay for
sFN14 was subjected to turnover measurement of TFPI.

TFPI is a lipoprotein-associated coagulation inhibitor
that has been associated with pathophysiological bleed-
ing and clotting conditions (22, 23 ). Blocking TFPI ac-
tivity with biologics has become an attractive approach to
treating hemophilia (24 ). In our study, the turnover of
TFPI was measured as 14.1 (4.2) h in the 3 human sub-
jects (Fig. 5B). The supernatant from the TFPI turnover
analysis was then used for immunoaffinity enrichment of
sST2, which is known to be involved in helper T cell
functioning (25 ). A tracer incorporation profile similar
to that of sFN14 was observed; however, the maximum
enrichment was much lower (Fig. 5B). A mean half-life
of 13.1 (1.5) h was calculated for sST2.

The fourth protein for serial turnover measurement
was sMAdCAM-1, which is the shed form of the
MAdCAM receptor expressed on endothelial cells in muco-
sal venules. MAdCAM is implicated in inflammatory bowel
diseases (26) such as ulcerative colitis (27) and Crohn dis-
ease (26, 28). Interestingly, no significant tracer incorpora-
tion into the monitored target peptide (SVLTVR) was ob-

Fig. 5. The D3-leucine enrichment profiles in serum of the subjects (A). First 18 h correspond to pulse and the second 18 h represent
chase phase. (B) D3-leucine incorporation profiles of peptides from 4 target proteins. (C) No tracer incorporation observed for
sMAdCAM. (D) An overlay of data (fitted in Prism 6.03 only for demonstration purpose) for target proteins from subject 3.
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served. Throughout the 36-h study, no newly synthesized
sMAdCAM was detected, indicating a long half-life in
excess of the duration of this study. The turnover of
sMAdCAM could not be calculated (Fig. 5C).

The final protein that was investigated from this
sample set was CKm, which is a phosphotransferase with
high abundance in skeletal muscle. CKm is an established
biomarker for muscle damage and relevant pathological
conditions such as acute myocardial infarction (29 ). A
maximum tracer incorporation of 5% to 8% was ob-
served in the 3 subjects (Fig. 5B) and a mean half-life of
14.5 (1.2) h was calculated.

VERIFICATION OF SERIAL IMMUNOAFFINITY ENRICHMENT

To demonstrate the reproducibility of the protein turn-
over measurement irrespective of the order of IA enrich-
ment, we performed 3 more experiments on 3 fresh (un-
used) serum sample sets from the same pulse-chase study.
Each protein under investigation (except sMAdCAM)
was measured in a first analysis directly from fresh serum
aliquots. Furthermore, additional analyses were per-
formed from supernatants such that the turnover of each
protein was determined on 3 occasions from different
aliquots and supernatants. Table 1 shows the order of
serial immunoaffinity enrichment for each sample set
(see also Table 3 in the online Data Supplement). Indi-
vidual results were compared with the turnover data from
the first experiment for each protein. Mean half-lives
were calculated and intrasubject coefficients of variations
(%CV) across all measurements for each target protein
were 	20% and in many cases 	10%. The overall low
variability in both tracer-enrichment profiles and half-life
values verified the application of serial IA-LC-MS/MS
for turnover measurement of proteins, regardless of anal-
ysis order. Furthermore, no trend was noticeable in the
determined turnover value as a function of analysis order.

Discussion

The central premise of this work was to develop and
verify the application of serial IA-LC-MS/MS in a clini-
cal pulse-chase study for reproducible turnover analysis
of multiple proteins from a single sample set. The num-
ber of target proteins for which turnover can be confi-
dently determined from the same sample increases. This
enables the creation of sample repositories from pulse-
chase studies that can be analyzed retrospectively. Turn-
over measurement of multiple proteins in the ng/mL
range or slightly below that range can be accomplished
independent from each other, time, or order of analysis.
With the serial immunoaffinity-enrichment strategy, su-
pernatants from pulse-chase samples can be saved for
targeted turnover analysis of proteins of future interest.
This strategy enables the generation of high-quality turn-
over data for targets of potential clinical chemistry and

therapeutic interest. In the event that the turnover of
multiple target proteins needs to be analyzed, a multi-
plexed immunoaffinity-enrichment approach can be
pursued together with simultaneous LC-MS/MS analysis
of various leucine-containing proteotypic peptides. One
key advantage of such a strategy would be the shortened
analysis time in comparison with individual analysis. The
supernatants after multiplexed analysis can also be pre-
served for further turnover analyses. Protein turnover is
determined by analysis of isotopologue ratios, and sample
manipulation and processing steps do not affect the ratios
due to the identical physicochemical properties of pep-
tide isotopologues. Thus, subsequent turnover analysis
from supernatants is not affected.

In D3-leucine studies, signal interference is observed
in the heavy channel, which results from naturally occur-
ring isotopes in the unlabeled peptide. This interference
can be determined and compensated for by using a
calculation template during the selection of peptides
and corresponding ion transitions. Ahead of experimen-
tal confirmation, this approach allows choosing those
peptides and MRM transitions that show minimum in-
terference. We found that there was greater interference
when larger peptides and larger leucine-containing frag-
ments were selected for MRM transitions. Whether or
not the subtraction of baseline interference from all time
points has a significant effect on the calculated half-life at
all times may vary and will depend on the size of the
interference and the degree of observed label incorpora-
tion. For example, in a protein with up to 10% label
incorporation, a calculated half-life with or without 0.5%
interference correction may not differ significantly,
whereas a 3% interference in a protein with up to 6%
label incorporation may result in a bias in the calculated
half-life. Furthermore, the assumptions of the kinetics
model presented in this study require the absence of in-
corporation (interference) at time 0 (20 ). In contrast, the
interference between unlabeled leucine and D3-leucine
during their measurement is negligible due to the low
molecular weight of leucine.

Although this study provides a proof of principle,
one can arguably further explore the serial immuno-
affinity-enrichment work flow to analyze additional pro-
teins for turnover (
10). Limiting factors may include
potential freeze–thaw or storage stability that could par-
ticularly affect the ability to measure turnover of lower-
abundance targets. Although the relative abundance of
protein isotopologues will not be affected, reduced pro-
tein concentration due to lack of stability or removal of a
protein target by coimmunoprecipitation could affect the
ability to sensitively measure turnover. Therefore, careful
handling of samples and limiting freeze–thaw cycles may
be necessary. Furthermore, the maximum half-life mea-
surable by using this study design is limited by the dura-
tion of tracer infusion and maximum levels of available
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tracer. In general, the half-life of proteins with a measur-
able but shallow tracer incorporation profile cannot be
determined with confidence using this study design. De-
termining heavy to light peptide ratios becomes less ac-
curate not only because of lower incorporation but also
when more compensation of isotopic interference is re-
quired. Thus, the lower the tracer incorporation into
the protein, the higher the uncertainty of half-life es-
timation using the D3-leucine tracer. Extended infu-
sion times and higher tracer levels could be helpful to
investigate longer-lived proteins; however, further ex-
tending the tracer infusion times in clinical studies is
currently not practical.

Knowledge of turnover rates of biotherapeutic tar-
gets can be critically important in drug development by
enhancing the PK/PD modeling outcome, for example,
influencing dose selections in clinical trials. Protein turn-
over analysis is also an emerging biomarker application to
which the presented approach can be directly applied
(30–32). Furthermore, similar approaches can be taken
for serial analysis of protein turnover in tissue or cell
lysates and their remaining supernatants. Given the lim-
ited availability of tissue and cells from turnover studies,

the application of the presented serial IA-LC-MS/MS
measurements can be particularly relevant.
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