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ABSTRACT: Isobaric labeling via tandem mass tag (TMT)
reagents enables sample multiplexing prior to LC−MS/MS,
facilitating high-throughput large-scale quantitative proteomics.
Consistent and efficient labeling reactions are essential to achieve
robust quantification; therefore, embedded in our clinical
proteomic protocol is a quality control (QC) sample that contains
a small aliquot from each sample within a TMT set, referred to as
“Mixing QC.” This Mixing QC enables the detection of TMT
labeling issues by LC−MS/MS before combining the full samples
to allow for salvaging of poor TMT labeling reactions. While TMT
labeling is a valuable tool, factors leading to poor reactions are not
fully studied. We observed that relabeling does not necessarily
rescue TMT reactions and that peptide samples sometimes
remained acidic after resuspending in 50 mM HEPES buffer (pH 8.5), which coincided with low labeling efficiency (LE) and
relatively low median reporter ion intensities (MRIIs). To obtain a more resilient TMT labeling procedure, we investigated LE,
reporter ion missingness, the ratio of mean TMT set MRII to individual channel MRII, and the distribution of log 2 reporter ion
ratios of Mixing QC samples. We discovered that sample pH is a critical factor in LE, and increasing the buffer concentration in
poorly labeled samples before relabeling resulted in the successful rescue of TMT labeling reactions. Moreover, resuspending
peptides in 500 mM HEPES buffer for TMT labeling resulted in consistently higher LE and lower missing data. By better controlling
the sample pH for labeling and implementing multiple methods for assessing labeling quality before combining samples, we
demonstrate that robust TMT labeling for large-scale quantitative studies is achievable.

■ INTRODUCTION

Proteomics has become a powerful tool in biological research;
however, limitations remain regarding throughput, proteome
coverage, and quality of quantitation.1 In recent years, the
development and refinement of isobaric labeling strategiesa
method of chemically derivatizing proteins and peptides with
isobaric chemical tagshave helped to address some of these
limitations. A specific class of isobaric labels known as tandem
mass tags (TMTs) are compounds composed of (1) a mass
reporter region, (2) a cleavable linker region, (3) a mass
normalization region, and (4) an amine-reactive group2

(Figure 1A). In multiplex TMT experiments, peptides from
individual samples are tagged with a TMT labeling reagent
with a unique reporter ion. While the different TMT reagents
are isobaric, they differ in how the heavy isotopes are
distributed on the mass reporter and mass normalization
regions. TMTs are designed so that the mass reporter region is
cleaved at a linker region upon high-energy collision-induced
dissociation (HCD).1,2 From the combined samples, the
intensity of distinct fragment reporter ions at different m/z
values is detected in the tandem mass spectra and is used to

determine the contribution of peptides from each channel
(sample), enabling a relative quantification of the peptides
across samples in a single LC−MS run.2 TMT labeling is
invaluable to quantitative proteomics, and a major advantage is
that this multiplexing strategy allows for higher throughput for
quantitative analyses with deep proteome coverage. Once
samples from a TMT set are labeled, they can be combined
into a single sample for subsequent processing and analyses.3,4

Recent advances have validated the use of additional TMT
reagents, which currently allows for up to 16 samples per TMT
set.1 While the cost of TMT reagents has been viewed as a
drawback, recent protocol adaptations now allow labeling
experiments to use as little as one-eighth of the recommended
reagents without sacrificing labeling efficiency (LE) or
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identifications.5 On the analysis side, if several biological
samples can run simultaneously in an LC−MS run, the number
of data sets, run-to-run variation, and missing values of low
abundant peptides are reduced.6,7 Furthermore, isobaric
labeling enables experiments where sample amounts might
be limiting, as the total peptide signal from all channels triggers
MS/MS fragmentation for peptide identification. Using this
feature, a strategy known as “BASIL” (boosting to amplify the
signal in isobaric labeling) can be applied, in which biologically
similar material is added to a “boost” channel in each multiplex
and thereby amplifies the signal for deeper coverage.8−10

While there are numerous benefits of TMT labeling,
technical aspects of the associated protocols can present
challenges. One major issue that can arise is the robustness of
the labeling step because of the potential poor reaction
efficiency between TMT labels and peptides. Incomplete
reactions in specific channels can jeopardize downstream
quantitative analysis, as unlabeled peptides in individual
samples will not yield TMT reporter ion intensities for those
samples. To address this concern, researchers often check for
poor LE in a Mixing quality control (QC) test of samples
before combining and further processing of samples, but bad
labeling reactions still result in significant time and reagent loss
as samples need to be relabeled and then analyzed again via
LC−MS/MS.11 Furthermore, when relabeling is ineffective,
irreplaceable samples can be lost. A recent protocol developed
through the Clinical Proteomics Tumor Analysis Consortium

seeks to provide a standardized TMT-11 workflow for use
across proteomics laboratories.11 While this processing pipe-
line in conjunction with the reduced TMT reagent protocol5 is
relatively robust, we have encountered situations where
samples from different experiments had poor labeling
efficiencies. In this work, we report the sample pH as a
primary cause of poor LE and the way to prevent such failed
TMT labeling, as well as a set of metrics for assessing LE.

■ RESULTS AND DISCUSSION
While it is possible to determine the quality of TMT labeling
for individual channels by taking a small aliquot of each labeled
sample from a multiplex TMT set and analyzing it by LC−
MS/MS, this would require significant instrument analysis
time. Thus, in this work, we opted to utilize the concept of a
single Mixing QC sample established in a well-validated
protocol,11 and we further demonstrate here that this sample
can provide the necessary information to accurately determine
channel-level LE when analyzed as described.
Our experimental results are derived from multiple projects

and include data from different sample types, including
MCF10A cell pellets, human-derived cell pellets from bone
marrow aspirate, peripheral blood, and leukapheresis, and
cryopulverized rat kidney and lung tissue. In all cases, a
standard protocol was used to extract and digest proteins and
label peptides with TMT reagents; therefore, the sample
source is not critical to the interpretation of TMT labeling
results.

Sample pH Is a Critical Factor of Labeling Efficiency.
During the implementation of the standard protocol paired
with reduced TMT reagent5,11 where dried peptides were
redissolved in 50 mM HEPES (pH 8.5), we sometimes
observed failed or poor TMT labeling (Figure 1B). The data
here were from two sets of MCF10A cell pellets labeled with
TMT-11 reagents, as described in the original labeling method.
The LE was 87.99% for the first TMT-11 set and 99.41% for
the second TMT set. Based on the median reporter ion
intensity (MRII), it was clear that many channels were labeled
poorly compared to those with high MRII.
During the troubleshooting process, we hypothesized that

the sample pH was altered because before TMT labeling, the
samples had been dried down from an acidic SPE elution
solution (50% ACN; 0.1% FA). Any residual acid from
incomplete drying could alter the sample pH. After testing the
pH of the samples resuspended in 50 mM HEPES (pH 8.5), all
samples that had failed TMT labeling reactions had pH values
less than 7, and five of the eight channels from the two TMT
sets remained poorly labeled even after attempting to relabel
without adjusting the pH, as indicated by comparatively low
MRII values (Figure 1B,C).
In another independent study, 11 sets of samples of the

digested cell pellets derived from human bone marrow aspirate,
peripheral blood, or leukapheresis were labeled with TMT-11
reagents using the original method described. We again
observed some TMT sets with lower than expected labeling
efficiencies, ranging from 92.97% to 99.74%, and 20 of 121
samples (or TMT channels) had failed labeling reactions. All
samples with poor reactions (as indicated by comparatively low
MRII values) had pH values below 7.1, while 20 randomly
chosen samples with apparently successful labeling reactions all
had a pH greater than or equal to 7.1. The 20 samples with
poor labeling were pH adjusted by adding the additional
HEPES buffer of a higher concentration, with final

Figure 1. Sample pH is correlated with MRIIs of TMT-labeled
samples. (A) Diagram of the general structure and relevant regions of
a TMT reagent. (B) MRII values generated from Mixing QC samples
and the corresponding pH results from two sets of peptides labeled
with TMT-11 reagents. Channels marked with an asterisk indicate an
MRII ratio >3. Images of pH strips were taken after blotting 1 μL of
sample onto ColorpHast Strips, pH 6.5−10.0 (Sigma). (C,D) MRII
values of TMT-11-labeled peptide samples with pH values <7.1 or
≥7.1 before and after relabeling. Samples were either relabeled
without adjusting pH (C) or were adjusted to ensure all samples had
pH > 7.1 prior to relabeling (D).
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concentrations of HEPES ranging from 45 to 310 mM in
samples before relabeling. Before relabeling, samples with a pH
below 7.1 had an average MRII of 2 × 105, but after pH
adjustment and relabeling of 20/121 samples, the average
MRII for all samples was 1 × 106. In particular, for the 20
samples that were pH adjusted and relabeled, MRII increased
over 5-fold (t-test, p < 0.001). Furthermore, the samples that
originally had pH values above 7.1 had an average MRII that
was 11× higher than the samples with pH values below 7.1
(Figure 1D, t-test, p < 0.001). Adjusting the pH before

relabeling resulted in an LE >99% for all TMT sets and
successfully rescued labeling reactions (Figures 1D and 2A−
D).

Improved Protocol with Higher Buffer Capacity. We
hypothesized that the significant variability in sample pH is due
to trace amounts of acid remaining after vacuum centrifugation
of peptide samples prior to resuspension for labeling and the
limited buffer capacity of 50 mM HEPES (pH 8.5) for peptide
solubilization. Additionally, the reduced amount of TMT
label5 could make the reactions more susceptible to failure.

Figure 2.Measurements of TMT labeling quality in experiments with different buffer conditions. Data from Mixing QC samples derived from three
representative experiments where TMT labeling was performed with different buffer conditions: peptides resuspended in 50 mM HEPES for
labeling and no pH adjustment prior to relabeling (red boxes and markers); peptides resuspended in 50 mM HEPES for labeling and samples were
adjusted to pH > 7.1 prior to relabeling (blue boxes and markers); peptides resuspended in 500 mM HEPES for labeling, and no relabeling was
necessary for any samples (green boxes and markers). From Mixing QC samples generated in each set of experiments, the following metrics were
calculated to measure the quality of TMT labeling: (A) LE, (B) log 2 MRII values, (C) MRII ratio, and (D) percent missing data.

Figure 3. TMT reporter ion intensities and missing data are impacted by sample pH during labeling. (A) MRIIs and the corresponding missing
data from two TMT-11 multiplexes containing channels with poor labeling (these samples are outlined and indicated with gray shading). Peptide
samples were relabeled without pH adjustment (left plots) or were pH adjusted before relabeling (right plots). (B) Correlation between missing
data and MRII ratio for samples across multiple experiments; “n” represents the number of channels used to make the missing data and MRII ratio
calculations.
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Moreover, the protocol used by Li et al.1 to validate the TMT-
pro reagents used 200 mM HEPES (pH 8.5) to resuspend
samples, supporting the use of a higher concentration of
HEPES (pH 8.5) buffer in TMT labeling reactions. Using a
higher concentration of HEPES buffer is a simple method to
increase buffer capacity and to prevent poor labeling caused by
variability in sample pH, which would prevent the loss of time,
resources, and precious samples from relabeling or repeating
whole experiments.
Subsequently, we implemented a revised protocol with 500

mM HEPES (pH 8.5) in place of 50 mM HEPES (pH 8.5) to
resuspend peptide samples derived from cryopulverized rat
kidney and lung tissue before relabeling. We used this revised
protocol to label 209 samples (19 TMT-11 sets). The LE of
each set was above 99.3%, indicating that the new protocol
successfully safeguards the samples against poor labeling
reactions (Figure 2A−D). The complete, revised protocol is
provided in the Supplemental Methods section of the
Supporting Information.
Poor Labeling Results in Higher MRII Ratios,

Increased Data Missingness, and Broadened Ratio
Distributions. Because calculating the LE for the entire
TMT experimental set does not effectively identify individual
channels that might be poorly labeled, we explored several
methods to assess LE at the individual channel level for each
TMT set.
Intuitively, comparatively low MRII values for an individual

channel in a TMT set is a red flag that there could potentially
be a labeling issue. To quantify this, we calculated an MRII
ratio by dividing the mean MRII of the TMT set by the MRII
from an individual sample (calculations described in more
detail in the Methods section), where a value greater than 1
would indicate that the individual channel has a lower MRII as
compared to the TMT set as a whole.
While calculating MRII ratios is a quick way to determine

the labeling quality, we implemented a complementary
approach to assess the downstream impact of poor labeling
by calculating the percentage of missing data (calculations
described in more detail in the Methods section). Overall, the
percentage of missing data was notably high for samples with
comparatively low MRII values and therefore higher MRII
ratios (R2 = 0.84; Figures 2C,D and 3A,B). For channels with
MRII ratios above 3, missing data averaged 19.6% ± 21.2%,
while channels with MRII ratios below 3 averaged 0.27% ±
0.65% (t-test, p < 0.001). The high correlation of the MRII
ratio to missing data percentage illustrates the utility of the
MRII ratio for determining if an individual channel should be
relabeled to prevent missing data and issues with later analyses.
In particular, the samples from the first two TMT-11 sets in

which we used 50 mM HEPES before TMT labeling with
MRII ratios above 3 had missing data averaging 7.69% ±
16.39% (Figure 2C,D), and individual channels with relatively
low MRII values had notably high missing data percentages
(Figure 3A). While relabeling of these TMT-11 sets reduced
missing data to 2.24% ± 4.02%, five of the eight channels from
the two sets remained poorly labeled. After pH adjustment and
relabeling, the 20 poorly labeled samples from the 11 TMT-11
sets had an average missing data percentage that improved
from 3.66% ± 11.45% to 0.04% ± 0.02% (Figure 2D), and
individual channels that were pH adjusted before relabeling
showed both relatively higher MRII values and lower missing
data after relabeling (Figure 3A). For the 19 sets of TMT-11
labeled samples that were resuspended in 500 mM HEPES

(pH 8.5) before labeling, MRII ratios averaged 1 and missing
data averaged less than 0.25%, further validating that the higher
concentration of HEPES before TMT labeling is an effective
tool for preventing variability in labeling quality (Figure 2C,D).
It has previously been described that TMT tags can label
additional amino acid side chains (besides N-terminal residues
and internal K residues, which are typically viewed as TMT
targets and included in our MS-GF+ searches of dynamic
TMT modification).5 Thus, we set up additional MS-GF+
searches on selected Mixing QC data sets to evaluate the
presence of TMT modifications to S, T, Y, and H residues and
assess the impact of sample pH on the labeling of these amino
acids. While TMT modification of internal S, T, Y, or H
residues was detected on identified peptides as frequencies
ranging from 3% to 10%, the levels of missing RII data for
these peptides were consistent with the levels of missing data
calculated from our standard MS-GF+ searches, and samples
with low pH prior to labeling showed high levels of missing
data (Figure S1). Importantly, when the sample pH was
adjusted prior to relabeling, the levels of missing data
decreased. Thus, these data indicate that the sample pH
influences all TMT labeling reactions equivalently and does
not result in altered amino acid selectivity.
Finally, we utilized the ratio distribution plots for each TMT

experimental set to assess the robustness of quantification.
These plots are generated from the Mixing QC test samples
(Figures 4 and Figure S2). In large-scale studies that compare

samples across multiple TMT sets and use a common universal
reference in one channel of each set, distribution plots can be
generated by calculating the peptide intensity ratios of each
channel to the reference channel of that set. For these plots,
however, we opted to use the mean RII of each peptide
identified in a TMT set as the common denominator by which
we divided each sample. This ratio is then log 2-transformed,
and the distribution of the log 2-transformed ratios for each
channel within a set is plotted. In general, when channels are
loaded with an equivalent amount of peptide and labeling
occurs equally efficiently, we would expect most peptides to
have relatively comparable RII values in each channel. As such,
the expected distribution plot for each channel should have a
narrow peak centered around zero (a reporter ion intensity
ratio of 1 will yield a value of zero when log 2 transformed).
When individual channels in a TMT set yield peaks that are

Figure 4. Additional measures of TMT labeling quality from Mixing
QC samples. Distributions of ratios calculated by log 2 transforming
the values of (channel RII/plex mean RII) for each peptide identified
from Mixing QC samples. (A) Peptide aliquots resuspended in 50
mM HEPES prior to labeling, with numerous channels later revealed
to be pH < 7.1. (B) Peptide aliquots resuspended in 500 mM HEPES
(pH 8.5) prior to labeling.
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shifted to the left or right, this indicates that the signals
detected in this channel are lower or higher than the TMT set
means. If labeling is still efficient in these differentially loaded
samples, distribution plot peaks remain sharp despite not being
centered around zero. In these experiments, however, poorly
labeled samples yielded peaks that are both left-shifted (i.e.,
ratios of less than 1) and were significantly broader in their
distribution profiles (Figure 4). This widening of the peak is
due to the differential LE of peptide species, which results from
suboptimal labeling conditionsrather than a uniformly lower
signal that would be expected from lower peptide loadings.
Thus, poor labeling can be identified by the resulting wide
range of TMT RII. This has a compounding effect when
considered alongside the issue of missing data because not only
are a large proportion of peptides not identified in certain
channels, but the peptides that are identified have reporter ion
intensities that are much more variable and quantitatively
unreliable. While the poor quantification brought on by
inefficient labeling can be partially accounted for using
standard proteomics data processing steps such as median
centering, the reduced measurement precision leads to reduced
statistical power in downstream analysis.

■ CONCLUSIONS

Efficient, robust, and consistent TMT labeling reactions are
critical to obtaining accurate quantitative proteomic measure-
ments. TMT LE is highly dependent on pH; therefore, using
our protocol with a higher concentration of HEPES (pH 8.5)
buffer (e.g., 200−500 mM) is an easy and cost-effective way to
safeguard against poor labeling reactions. Although not tested
here, we expect that these findings related to the effect of buffer
pH on labeling quality are relevant to other NHS-based
labeling reagents (such as iTRAQ). Furthermore, we have
shown that MRII ratios and missing data calculated from
Mixing QC samples are tightly correlated and useful indicators
of TMT labeling quality. In particular, plotting the distribution
of log 2 reporter ion ratios from Mixing QC samples can help
differentiate between unequal peptide loading (sharp peaks
shifted to the left or right) and TMT LE (left-shifted peaks
that are significantly broader), making it a particularly robust
approach for determining the proper steps to take to remedy
individual samples before moving forward and generating data
that are irreversibly flawed.

■ METHODS

Protein Digestion and Peptide Desalting. The data
presented in this work come from multiple experiments in our
laboratory, which utilize proteins from different biological
sources, including MCF10A cell line pellets, human-derived
cell pellets from bone marrow aspirate, peripheral blood, and
leukapheresis, and cryopulverized rat kidney and lung tissue.
Since the LE assessments are independent of specific sample
types, specific sample details are not provided here. All samples
were extracted and digested as detailed in the Mertins et al.
2018 workflow.11 In summary, the samples were lysed and
denatured in 8 M urea solution with protease and phosphatase
inhibitors. To reduce denatured proteins, the samples were
treated with dithiothreitol (5 mM, 1 h in a thermomixer set to
37 °C with shaking at 1000 rpm) and then alkylated with
iodoacetamide (10 mM, 45 min in a thermomixer set to 25 °C
with shaking at 1000 rpm in the dark). Proteins were then
digested with Lys-C (Wako, 1 mAU per 50 μg total protein)

for 2 h at 25 °C in a thermomixer with shaking at 850 rpm,
followed by trypsin (1 μg per 50 μg total protein; Promega) for
14 h at 25 °C in a thermomixer with shaking at 850 rpm.
Desalting of the peptide samples was performed using tC18
SepPak, 100 mg SPE cartridge (Waters WAT036820). Peptide
concentrations were determined using bicinchoninic acid
(BCA) assay (Pierce), and the samples were aliquoted for
the desired peptide mass and dried via vacuum centrifugation
in preparation for TMT labeling.

TMT Labeling and Mixing QC Sample Preparation.
Peptide samples ranging from 120 to 400 μg were
reconstituted in 50 mM HEPES (pH 8.5) to a concentration
of 5 μg/μL. TMT-10 reagent (Thermofisher Scientific cat#
90111) and TMT-11 reagent (Thermofisher Scientific Cat#
A37724) were resuspended in anhydrous ACN to a
concentration of 20 μg/μL. The appropriate TMT reagent
was added to each sample at 1:1 reagent/peptide (wt/wt),
mixed, and incubated for 1 h at 25 °C. The labeled samples
were diluted to 2.5 mg/mL with 50 mM HEPES (pH 8.5),
20% ACN. For the Mixing QC sample, 2 μg aliquots of each
labeled sample were combined for each plex, dried via vacuum
centrifugation, and desalted using a C18 Stage-Tip method
(Supplemental Methods in Supporting Information). The
samples were resuspended in 40 μL of 3% ACN; 0.1% FA was
then diluted to 0.1 μg/μL with water after BCA assay for LC−
MS/MS analysis.

LC−MS/MS Analysis. Mixing QC samples were separated
using a Waters nano-Aquity UPLC system (Waters) with an
in-house 75 μm i.d. × 70 cm length C18 column packed with 3
μm Jupiter particles (Phenomenex). A 100 min gradient of
100% mobile phase A (0.1% (v/v) FA in water) to 60% (v/v)
mobile phase B (0.1% (v/v) FA in ACN) was applied. This
system was paired with a Thermo Q-Exactive Plus or
equivalent mass spectrometer for MS/MS analysis. MS spectra
were collected from 300 to 2000 m/z at a mass resolution of
50 000 or greater. MS2 spectra were collected in a data-
dependent fashion and fragmented with HCD; +1 charged
species were excluded, and the dynamic exclusion window was
30 s. All MS2 spectra were collected at a mass resolution of
35 000 or greater. Complete detailed information about mass
spectrometry settings is provided in the Supporting Informa-
tion.

Data Processing and Peptide Identification. Quantita-
tive TMT LC−MS/MS data were extracted using a previously
described method.12 Data were preprocessed with De-
conMSn13 and DtaRefinery14 for recalibration of parent ion
m/z. Calibrated spectra were searched against the appropriate
protein sequence databases (Human RefSeq release version 37
or Rat RefSeq database downloaded in April 2018, each
supplemented with common contaminants including trypsin
and keratin sequences) using the MS-GF+ tool.15 For the
determination of peptide labeling efficiencies, MS-GF+
parameters were set to include TMT as a variable modification
on lysine residues and N-terminal amines. Carbamidomethy-
lated cysteine was set as a fixed modification, and oxidation of
methionine was set as a dynamic modification. The intensities
of all TMT reporter ions from peptide spectrum matches were
extracted using MASIC software.16 The results were filtered to
a 1% false discovery rate at the peptide level by adjusting MS-
GF+ peptide Q-value cutoffs and employing a target-decoy
approach using reversed protein sequences.

Calculating Labeling Efficiency, MRII Ratios, and
Missing Data. Using the data sets generated from Mixing
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QC samples, the overall LE of each TMT set was calculated
according to the following formula:

−

×

(((Total unique peptide IDs)

(Unique peptide IDs without TMT label))

/(Total unique peptide IDs)) 100

MRII ratios were calculated as follows:

Mean TMT set MRII/individual channel MRII

Missing data for individual channels were calculated
according to the following formula:

×

((Unique peptide IDs missing RII values in channel)

/(Total unique peptide IDs in plex)) 100

Generating Ratio Distribution Plots. Using the data sets
generated from Mixing QC samples for each TMT set,
reporter ion intensities in each TMT channel were aggregated
to the peptide level. Mean values were then calculated for each
identified peptide across all TMT channels, and the RII values
for each channel were then divided by this mean. The resulting
ratios were log 2-transformed and used to make distribution
plots for each TMT channel within a plex.
Assessment of Mixing QC Labeling. We considered

TMT labeling to be successful if (1) LE is greater than 99%
and (2) there is less than a 3-fold difference in an individual
channel MRII to the average plex MRII, referred to as the
“MRII ratio.” While the MRII ratio would shrink in TMT
experimental sets with multiple failed channels because the
average plex MRII would also decrease, overall this metric
correlates well with other assessments of poor labeling
(discussed further in the Results and Discussion section) and
is a method to compare labeling quality across TMT
experiments where MRII values can vary widely. Relabeling
is routinely performed if the labeling reaction appears to be
unsuccessful based on these metrics.
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Sample pH influences the labeling of numerous amino
acid side chains with TMT reagents (Figure S1);
robustness of improved TMT labeling protocol as
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QC protocol and LC-MS/MS analysis (Supplemental
Methods) (PDF)

■ AUTHOR INFORMATION
Corresponding Author
Joshua N. Adkins − Biological Sciences Division, Pacific
Northwest National Laboratory, Richland, Washington
99352, United States; orcid.org/0000-0003-0399-0700;
Email: joshua.adkins@pnnl.gov

Authors
Chelsea Hutchinson-Bunch − Biological Sciences Division,
Pacific Northwest National Laboratory, Richland,
Washington 99352, United States; orcid.org/0000-0002-
4184-3085

James A. Sanford − Biological Sciences Division, Pacific
Northwest National Laboratory, Richland, Washington
99352, United States; orcid.org/0000-0001-7901-5579

Joshua R. Hansen − Biological Sciences Division, Pacific
Northwest National Laboratory, Richland, Washington
99352, United States; orcid.org/0000-0001-9237-2773

Marina A. Gritsenko − Biological Sciences Division, Pacific
Northwest National Laboratory, Richland, Washington
99352, United States; orcid.org/0000-0001-9992-9829

Karin D. Rodland − Biological Sciences Division, Pacific
Northwest National Laboratory, Richland, Washington
99352, United States; orcid.org/0000-0001-7070-6541

Paul D. Piehowski − Environmental Molecular Sciences
Division, Pacific Northwest National Laboratory, Richland,
Washington 99352, United States; orcid.org/0000-0001-
5108-2227

Wei-Jun Qian − Biological Sciences Division, Pacific Northwest
National Laboratory, Richland, Washington 99352, United
States; orcid.org/0000-0002-5393-2827

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.1c00776

Author Contributions
§C.H.-B. and J.A.S. are co-first authors.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors would like to thank Dr. Xiaolu Li for the
molecular structure of the TMT reagent used in Figure 1a.
Portions of this work were supported by NIH grants U24
DK112349, U01 CA214116, and U01 CA227544. The
experimental work described herein was performed in the
Environmental Molecular Sciences Laboratory, Pacific North-
west National Laboratory, a national scientific user facility
sponsored by the Department of Energy under Contract DE-
AC05-76RL0 1830.

■ ABBREVIATIONS
BCA bicinchoninic acid
BSA bovine serum albumin
DTT dithiothreitol
FDR false discovery rate
HPLC high-performance liquid chromatography
IAA iodoacetamide
LE labeling efficiency
MRII median reporter ion intensity
m/z mass-to-charge ratio
MS mass spectrometry
PSMs peptide-to-spectrum matches
SPE solid-phase extraction
TMT tandem mass tag

■ REFERENCES
(1) Li, J.; Van Vranken, J. G.; Pontano Vaites, L.; Schweppe, D. K.;
Huttlin, E. L.; Etienne, C.; Nandhikonda, P.; Viner, R.; Robitaille, A.
M.; Thompson, A. H.; Kuhn, K.; Pike, I.; Bomgarden, R. D.; Rogers, J.
C.; Gygi, S. P.; Paulo, J. A. TMTpro reagents: a set of isobaric labeling
mass tags enables simultaneous proteome-wide measurements across
16 samples. Nat. Methods 2020, 17, 399−404.
(2) Thompson, A.; Schäfer, J.; Kuhn, K.; Kienle, S.; Schwarz, J.;
Schmidt, G.; Neumann, T.; Hamon, C. Tandem mass tags: A novel

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c00776
ACS Omega 2021, 6, 12660−12666

12665

https://pubs.acs.org/doi/10.1021/acsomega.1c00776?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acsomega.1c00776/suppl_file/ao1c00776_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joshua+N.+Adkins"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-0399-0700
mailto:joshua.adkins@pnnl.gov
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chelsea+Hutchinson-Bunch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-4184-3085
http://orcid.org/0000-0002-4184-3085
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="James+A.+Sanford"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-7901-5579
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joshua+R.+Hansen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-9237-2773
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marina+A.+Gritsenko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-9992-9829
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karin+D.+Rodland"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-7070-6541
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+D.+Piehowski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-5108-2227
http://orcid.org/0000-0001-5108-2227
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei-Jun+Qian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-5393-2827
https://pubs.acs.org/doi/10.1021/acsomega.1c00776?ref=pdf
https://doi.org/10.1038/s41592-020-0781-4
https://doi.org/10.1038/s41592-020-0781-4
https://doi.org/10.1038/s41592-020-0781-4
https://doi.org/10.1021/ac0262560
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c00776?rel=cite-as&ref=PDF&jav=VoR


quantification strategy for comparative analysis of complex protein
mixtures by MS/MS. Anal. Chem. 2003, 75, 1895−1904.
(3) Mertins, P.; Qiao, J. W.; Patel, J.; Udeshi, N. D.; Clauser, K. R.;
Mani, D. R.; Burgess, M. W.; Gillette, M. A.; Jaffe, J. D.; Carr, S. A.
Integrated proteomic analysis of post-translational modifications by
serial enrichment. Nat. Methods 2013, 10, 634−637.
(4) Zhou, Y.; Lih, T. M.; Yang, G.; Chen, S. Y.; Chen, L.; Chan, D.
W.; Zhang, H.; Li, Q. K. An Integrated Workflow for Global, Glyco-,
and Phospho-proteomic Analysis of Tumor Tissues. Anal. Chem.
2020, 92, 1842−1849.
(5) Zecha, J.; Satpathy, S.; Kanashova, T.; Avanessian, S. C.; Kane,
M. H.; Clauser, K. R.; Mertins, P.; Carr, S. A.; Kuster, B. TMT
Labeling for the Masses: A Robust and Cost-efficient, In-solution
Labeling Approach. Mol. Cell. Proteomics 2019, 18, 1468−1478.
(6) Chen, L. S.; Wang, J.; Wang, X.; Wang, P. A Mixed-Effects
Model for Incomplete Data from Labeling-Based Quantitative
Proteomics Experiments. Ann. Appl. Stat. 2017, 11, 114−138.
(7) Bramer, L. M.; Irvahn, J.; Piehowski, P. D.; Rodland, K. D.;
Webb-Robertson, B. M. A review of imputation strategies for isobaric
labeling-based shotgun proteomics. J. Proteome Res. 2021, 20, 1−13.
(8) Budnik, B.; Levy, E.; Harmange, G.; Slavov, N. SCoPE-MS: mass
spectrometry of single mammalian cells quantifies proteome
heterogeneity during cell differentiation. Genome Biol. 2018, 19,
No. 161.
(9) Tsai, C. F.; Zhao, R.; Williams, S. M.; Moore, R. J.; Schultz, K.;
Chrisler, W. B.; Pasa-Tolic, L.; Rodland, K. D.; Smith, R. D.; Shi, T.;
Zhu, Y.; Liu, T. An Improved Boosting to Amplify Signal with
Isobaric Labeling (iBASIL) Strategy for Precise Quantitative Single-
cell Proteomics. Mol. Cell. Proteomics 2020, 19, 828−838.
(10) Yi, L.; Tsai, C. F.; Dirice, E.; Swensen, A. C.; Chen, J.; Shi, T.;
Gritsenko, M. A.; Chu, R. K.; Piehowski, P. D.; Smith, R. D.; Rodland,
K. D.; Atkinson, M. A.; Mathews, C. E.; Kulkarni, R. N.; Liu, T.; Qian,
W. J. Boosting to Amplify Signal with Isobaric Labeling (BASIL)
Strategy for Comprehensive Quantitative Phosphoproteomic Char-
acterization of Small Populations of Cells. Anal. Chem. 2019, 91,
5794−5801.
(11) Mertins, P.; Tang, L. C.; Krug, K.; Clark, D. J.; Gritsenko, M.
A.; Chen, L.; Clauser, K. R.; Clauss, T. R.; Shah, P.; Gillette, M. A.;
Petyuk, V. A.; Thomas, S. N.; Mani, D. R.; Mundt, F.; Moore, R. J.;
Hu, Y.; Zhao, R.; Schnaubelt, M.; Keshishian, H.; Monroe, M. E.;
Zhang, Z.; Udeshi, N. D.; Mani, D.; Davies, S. R.; Townsend, R. R.;
Chan, D. W.; Smith, R. D.; Zhang, H.; Liu, T.; Carr, S. A.
Reproducible workflow for multiplexed deep-scale proteome and
phosphoproteome analysis of tumor tissues by liquid chromatog-
raphy-mass spectrometry. Nat. Protoc. 2018, 13, 1632−1661.
(12) Zhang, H.; Liu, T.; Zhang, Z.; Payne, S. H.; Zhang, B.;
McDermott, J. E.; Zhou, J.-Y.; Petyuk, V. A.; Chen, L.; Ray, D.; Sun,
S.; Yang, F.; Chen, L.; Wang, J.; Shah, P.; Cha, S. W.; Aiyetan, P.;
Woo, S.; Tian, Y.; Gritsenko, M. A.; Clauss, T. R.; Choi, C.; Monroe,
M. E.; Thomas, S.; Nie, S.; Wu, C.; Moore, R. J.; Yu, K.-H.; Tabb, D.
L.; Fenyö, D.; Bafna, V.; Wang, Y.; Rodriguez, H.; Boja, E. S.; Hiltke,
T.; Rivers, R. C.; Sokoll, L.; Zhu, H.; Shih, I.-M.; Cope, L.; Pandey,
A.; Zhang, B.; Snyder, M. P.; Levine, D. A.; Smith, R. D.; Chan, D.
W.; Rodland, K. D.; Carr, S. A.; Gillette, M. A.; Klauser, K. R.; Kuhn,
E.; Mani, D. R.; Mertins, P.; Ketchum, K. A.; Thangudu, R.; Cai, S.;
Oberti, M.; Paulovich, A. G.; Whiteaker, J. R.; Edwards, N. J.;
McGarvey, P. B.; Madhavan, S.; Wang, P.; Chan, D. W.; Pandey, A.;
Shih, I.-M.; Zhang, H.; Zhang, Z.; Zhu, H.; Cope, L.; Whiteley, G. A.;
Skates, S. J.; White, F. M.; Levine, D. A.; Boja, E. S.; Kinsinger, C. R.;
Hiltke, T.; Mesri, M.; Rivers, R. C.; Rodriguez, H.; Shaw, K. M.; Stein,
S. E.; Fenyo, D.; Liu, T.; McDermott, J. E.; Payne, S. H.; Rodland, K.
D.; Smith, R. D.; Rudnick, P.; Snyder, M.; Zhao, Y.; Chen, X.;
Ransohoff, D. F.; Hoofnagle, A. N.; Liebler, D. C.; Sanders, M. E.; Shi,
Z.; Slebos, R. J. C.; Tabb, D. L.; Zhang, B.; Zimmerman, L. J.; Wang,
Y.; Davies, S. R.; Ding, L.; Ellis, M. J. C.; Townsend, R. R. Integrated
Proteogenomic Characterization of Human High-Grade Serous
Ovarian Cancer. Cell 2016, 166, 755−765.
(13) Mayampurath, A. M.; Jaitly, N.; Purvine, S. O.; Monroe, M. E.;
Auberry, K. J.; Adkins, J. N.; Smith, R. D. DeconMSn: a software tool

for accurate parent ion monoisotopic mass determination for tandem
mass spectra. Bioinformatics 2008, 24, 1021−1023.
(14) Petyuk, V. A.; Mayampurath, A. M.; Monroe, M. E.; Polpitiya,
A. D.; Purvine, S. O.; Anderson, G. A.; Camp, D. G., II; Smith, R. D.
DtaRefinery, a software tool for elimination of systematic errors from
parent ion mass measurements in tandem mass spectra data sets. Mol.
Cell. Proteomics 2010, 9, 486−496.
(15) Kim, S.; Pevzner, P. A. MS-GF+ makes progress towards a
universal database search tool for proteomics. Nat. Commun. 2014, 5,
No. 5277.
(16) Monroe, M. E.; Shaw, J. L.; Daly, D. S.; Adkins, J. N.; Smith, R.
D. MASIC: a software program for fast quantitation and flexible
visualization of chromatographic profiles from detected LC-MS(/MS)
features. Comput. Biol. Chem. 2008, 32, 215−217.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c00776
ACS Omega 2021, 6, 12660−12666

12666

https://doi.org/10.1021/ac0262560
https://doi.org/10.1021/ac0262560
https://doi.org/10.1038/nmeth.2518
https://doi.org/10.1038/nmeth.2518
https://doi.org/10.1021/acs.analchem.9b03753
https://doi.org/10.1021/acs.analchem.9b03753
https://doi.org/10.1074/mcp.TIR119.001385
https://doi.org/10.1074/mcp.TIR119.001385
https://doi.org/10.1074/mcp.TIR119.001385
https://doi.org/10.1214/16-AOAS994
https://doi.org/10.1214/16-AOAS994
https://doi.org/10.1214/16-AOAS994
https://doi.org/10.1021/acs.jproteome.0c00123
https://doi.org/10.1021/acs.jproteome.0c00123
https://doi.org/10.1186/s13059-018-1547-5
https://doi.org/10.1186/s13059-018-1547-5
https://doi.org/10.1186/s13059-018-1547-5
https://doi.org/10.1074/mcp.RA119.001857
https://doi.org/10.1074/mcp.RA119.001857
https://doi.org/10.1074/mcp.RA119.001857
https://doi.org/10.1021/acs.analchem.9b00024
https://doi.org/10.1021/acs.analchem.9b00024
https://doi.org/10.1021/acs.analchem.9b00024
https://doi.org/10.1038/s41596-018-0006-9
https://doi.org/10.1038/s41596-018-0006-9
https://doi.org/10.1038/s41596-018-0006-9
https://doi.org/10.1016/j.cell.2016.05.069
https://doi.org/10.1016/j.cell.2016.05.069
https://doi.org/10.1016/j.cell.2016.05.069
https://doi.org/10.1093/bioinformatics/btn063
https://doi.org/10.1093/bioinformatics/btn063
https://doi.org/10.1093/bioinformatics/btn063
https://doi.org/10.1074/mcp.M900217-MCP200
https://doi.org/10.1074/mcp.M900217-MCP200
https://doi.org/10.1038/ncomms6277
https://doi.org/10.1038/ncomms6277
https://doi.org/10.1016/j.compbiolchem.2008.02.006
https://doi.org/10.1016/j.compbiolchem.2008.02.006
https://doi.org/10.1016/j.compbiolchem.2008.02.006
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c00776?rel=cite-as&ref=PDF&jav=VoR

