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TMT-DLPEPIpSPETK-TMT Abstract. Phosphorylation-mediated signaling
pathways have major implications in cellular reg-
ulation and disease. However, proteins with roles
in these pathways are frequently less abundant
and phosphorylation is often sub-stoichiometric.
As such, the efficient enrichment, and subse-
quent recovery of phosphorylated peptides, is
vital. Mass spectrometry-based proteomics is a
well-established approach for quantifying thou-
sands of phosphorylation events in a single ex-

periment. We designed a peptide internal standard-based assay directed toward sample preparation strategies
for mass spectrometry analysis to understand better phosphopeptide recovery from enrichment strategies. We
coupledmass-differential tandemmass tag (mTMT) reagents (specifically, TMTzero and TMTsuper-heavy), nine
mass spectrometry-amenable phosphopeptides (phos9), and peak area measurements from extracted ion
chromatograms to determine phosphopeptide recovery. We showcase this mTMT/phos9 recovery assay by
evaluating three phosphopeptide enrichment workflows. Our assay provides data on the recovery of
phosphopeptides, which complement other metrics, namely the number of identified phosphopeptides and
enrichment specificity. Our mTMT/phos9 assay is applicable to any enrichment protocol in a typical experimental
workflow irrespective of sample origin or labeling strategy.
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Introduction

M ass spectrometry-based proteomic techniques are often
adapted to measure changes in global phosphorylation

events [1–6]. Phosphorylation cascades contribute to a plethora
of cellular functions through intricate networks of proteins in
signaling pathways [7–10]. As shifts in phosphorylation events
are more numerous than protein alterations, targeting single
proteins does not sufficiently address global cellular mecha-
nisms [1, 11, 12]. As such, the comprehensive study of the
phosphoproteome relies heavily on proper phosphopeptide
enrichment. However, no single universal phosphoproteomic

enrichment methodology exists currently. Several enrichment
strategies have been applied successfully in mass spectrometry-
based investigations, including selective interaction with
metals in the form of chelated metal ions [13–18] or metal
oxides [18]. Bead composition and peptide-to-bead ratios have
been contributing factors to the performance of these methods.
As phosphopeptides are generally sub-stoichiometric, efficient
enrichment and recovery are critical to achieving deep
phosphoproteome coverage.

Typically, tandem mass tag (TMT) reagents are used for
multiplexed, isobaric labeling, as in TMT-MS3 workflows [1,
11, 12]. However, four variants of TMT exist, each with
distinct masses: TMTzero (224.152 Da), TMT2-plex
(225.155 Da), TMT6/10/11-plex (229.163 Da), and
TMTsuper-heavy (235.177 Da). These amine tag variants,
which we term mTMT (mass-differential tandem mass tag),
are not isobaric, but nevertheless co-elute and can be used for
MS1-based quantification, similar to mTRAQ [19]. To reduce
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the potential of overlapping isotopic envelopes, we use the two
most distant mTMT variants, TMTzero with no stable isotopes
and TMTsuper-heavy (TMTsh) with 11 stable isotopes. Pep-
tides labeled with TMTzero or TMTsh do not interfere with
standard TMT2/6/10/11-plex quantification strategies and can
be used to optimize both label-free and isobaric-labeled phos-
phopeptide enrichment protocols.

Here, we developed an assay to measure phosphopeptide
recovery by combining mTMT (i.e., TMTzero and TMTsh)
and a cocktail of mass spectrometry-amenable phosphopeptide
internal standards, hereafter referred to as phos9. As proof-of-
principle, we compared three enrichment methods using the
mTMT/phos9 recovery assay: two Fe-NTA (nitrilotriacetic
acid)-based immobilized metal affinity chromatography
(IMAC) protocols and one TiO2-based metal oxide affinity
chromatography (MOAC) protocol. We report the number of
phosphopeptides and enrichment specificity for each method.
In addition, the assay allowed us to determine the percent
recovery of phosphorylated peptides. This versatile mTMT/
phos9 recovery assay is useful for optimizing virtually any
phosphoproteome enrichment strategy.

Methods
We developed a method to evaluate phosphopeptide recovery
by analyzing chromatographic peak area measurement differ-
ences of non-isobaric, mass-differential TMT (mTMT)-labeled
phosphopeptide internal standards (phos9) that are added be-
fore and after enrichment. We assembled two equi-molar cock-
tails of phos9 peptides, one labeled with TMTzero and another
with TMTsh. We applied our recovery assay to three commer-
cial phosphopeptide enrichment workflows: High-Select Fe-
NTA Phosphopeptide Enrichment Kit (IMAC1; High-Select),
Fe-NTA Phosphopeptide Enrichment Kit (IMAC2; Fe-NTA),
and High-Select TiO2 Phosphopeptide Enrichment Kit (TiO2).
For the assay, we added approximately 0.5 pmol of each
TMTzero-labeled phos9 peptides to 1 mg of tryptic peptides
from human whole cell lysate, and we performed the enrich-
ment according to manufacturer’s instructions. Following en-
richment, 0.5 pmol of each TMTsh-labeled phos9 peptide was
added to the eluent. The sample was then desalted and subject-
ed to LC-MS/MS. Our mass spectrometry data were collected
in data-dependent acquisition (DDA) mode using a Q Exactive
mass spectrometer (Thermo Fisher Scientific) coupled to a
Famos autosampler (LC Packings) and an Accela600 liquid
chromatography (LC) pump (Thermo Fisher Scientific). Ap-
proximately 1 μg of peptide was loaded onto an 100 μm inner
diameter column packed with Accucore C18 (Thermo Fisher
Scientific) and separated over a 90-min gradient. Mass spectra
were processed with a SEQUEST-based software pipeline [5]
and SkyLine 3.7 [20, 21]. SEQUEST searches were performed
with phosphorylation at serine, threonine, and tyrosine residues
(+ 79.966 Da) set as a variable modification. PSMs were iden-
tified, quantified, and collapsed to a 1% peptide false discovery
rate (FDR) and collapsed further to a final protein-level FDR of

1% [22, 23]. Peak areas from the mTMT-labeled phos9 pep-
tides were extracted and quantified with Skyline. Expanded
experimental methods are available in the Supplementary
Methods. The mass spectrometry proteomic data have been
deposited to the ProteomeXchange Consortium via the PRIDE
partner repository with the dataset identifier PXD008966.

Results and Discussion
We and others have noted enrichment strategy-specific differ-
ences in phosphopeptide recovery. As such, we designed a
mass spectrometry-based internal standard assay to assess
phosphopeptide recovery across enrichment methods. We first
synthesized a set of nine mass spectrometry-amenable
phosphopeptides, collectively termed phos9 (Fig. 1A). We
chose phosphopeptides from a previously published
S. cerevisiae dataset [11]. Selection criteria included a length
of 10–18 amino acids, no more than one missed cleavage, and
no methionine (to avoid oxidation artifacts) or cysteine (to
avoid alkylation artifacts) residues. These peptides were also
consistently detected across mass spectrometry-based phos-
phorylation experiments. We then labeled these peptides with
non-isobaric mass-differential tandem mass tag (mTMT) re-
agents (TMTzero and TMTsh) (Fig. 1B). For doubly charged
arginine-terminating peptides with no internal lysines, the mass
difference between these mTMT tags is ~ 5.5 Th, while this
difference is ~ 11.0 Th for lysine-terminating peptides (due to
the TMT label on the C-terminal lysine in addition to the N-
terminus) (Fig. 1C). The chromatograms illustrating peptide
retention time showed that the differentially labeled peptides
co-elute (Supplemental Fig. 1). From here, peak area differ-
ences were calculated for differentially tagged phosphopep-
tides. The analytical workflow of the mTMT/phos9 recovery
assay is outlined in Fig. 2A.

As proof-of-principle, we subjected 1-mg aliquots of human
whole cell lysate to three phosphopeptide enrichment strategies
in triplicate. To each sample, we added a cocktail of TMTzero-
labeled phos9 prior to enrichment, and a second cocktail of
TMTsh-labeled phos9 peptides following enrichment.We used
SkyLine 3.7 to extract ion chromatograms (Fig. 2B) and to
calculate peak areas (Fig. 2C) for each phosphopeptide. Impor-
tant parameters to assess for any phosphopeptide experiment
included the total number of phosphopeptides, the enrichment
specificity, and the phosphopeptide recovery.

While the total number of phosphopeptides and the enrich-
ment specificity (defined as the ratio of phosphorylated pep-
tides to total peptides identified) can be determined without
modification to enrichment strategies, a more directed assay
was necessary to assess phosphopeptide recovery. The classical
strategy of using radioactive isotope-labeled peptides has major
deterrents associated with potential health risks and stringent
regulations. To establish a more universally applicable method,
we designed a recovery assay based on mTMT stable isotope-
labeled phos9. By flanking the enrichments with these two
cocktails, we can use area under the chromatographic peak
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ratios of the Bheavy^ (TMTsh) to Blight^ (TMTzero) peptides to
estimate the recovery efficiency of each method. We calculated
the percent recovery for the phosphorylated phos9 peptides for
each method tested (Fig. 3A). The recovery of the phos9
peptides was on average 78.3 ± 7% for IMAC1 (High-Select),

56.8 ± 18% for IMAC2 (Fe-NTA), and 22.9 ± 16% for TiO2.
When comparing the three methods, the High-Select workflow
yielded the most promising results in our hands, providing the
highest number of phosphorylated peptides recovered. The
spectra collected were also subjected to database searching using

Figure 1. TMT reagents and peptides used in this experiment. (A) The table lists the phos9 phosphopeptide sequences, m/z for
singly-charged TMTzero- and TMTsh-labeled phosphopeptides, isoelectric point for unlabeled phosphopeptides, and the associ-
ated protein. (B) Chemical structures of TMTzero and TMTsh. (C) Spectrum highlighting the mass difference between a doubly
charged, lysine-terminating peptide (DLPEPIpSPETK) labeled with TMTzero and TMTsh
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the SEQUEST algorithm fromwhich traditional phosphopeptide
metrics, i.e., the number of phosphopeptides and percent enrich-
ment, can be assessed from the actual sample.

The SEQUEST search revealed that IMAC resin-based
strategies identified the highest number of phosphorylated
peptides among the strategies tested. The High-Select and Fe-
NTA workflows identified on average 5616 ± 204 and 4931 ±
292 phosphopeptides, respectively, while TiO2 identified only
2684 ± 305 phosphopeptides (Fig. 3B, bars). However, this
trend was different with regard to enrichment specificity. The
average enrichment specificity was higher in the TiO2 and
High-Select methods, with 95.5 ± 2 and 90.2% ± 6%, respec-
tively, whereas this value was only 45.5% ± 2% for the Fe-
NTA enrichment workflow (Fig. 3B, dots). We note that the

IMAC resins differed substantially in enrichment specificity.
This scenario was predictable as decreased enrichment speci-
ficity (as in the Fe-NTAworkflow) will decrease the number of
quantified, phosphorylated peptides, as more non-
phosphorylated peptides are available for sequencing. Com-
pared to High-Select, the Fe-NTA resin identified nearly 10%
fewer phosphopeptides, which is likely impacted by 50% less
enrichment specificity (Fig. 3B, dots). Although the modality
of enrichment (IMAC) was equivalent between High-Select
and Fe-NTA, the proprietary buffers used in each workflow
were distinct. Conventional IMAC material exhibits relatively
low enrichment specificity as non-phosphorylated peptides
with multiply acidic residues tend to show strong nonspecific
binding [24]. However, protonating carboxylate moieties at

Figure 2. Experimental overview of the phosphopeptide enrichment strategy. (A) TMTzero-labeled phos9 was added to 1-mg
aliquots of trypsinized humanwhole cell lysate (WCL). Phosphopeptideswere enriched using one of threemethods (High-Select, Fe-
NTA, TiO2) with three technical replicates. TMTsh-labeled phos9was spiked into the enriched sample. The samplewas desalted and
analyzed on a Q Exactive mass spectrometer. (B) Example of an extracted ion chromatogram, as displayed in Skyline. (C) Peak area
comparison as determined in Skyline
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Figure 3. Evaluation of phosphorylated peptides identified by each enrichment method. (A) The dot plot illustrates the efficiency of
recovery (peak area ratio of TMTzero to TMTsh) for phos9 phosphopeptides. Error bars represent standard error of the mean (s.e.m.)
for three independent replicate samples. (B) The bar plot illustrates the total number of phosphorylated peptides identified by each
method. The overlaid orange circles represent the enrichment specificity (percentage of peptides that are phosphorylated) for each
method. (C) The table summarizes the findings for the phos9 peptide cocktail (mean ± SD)
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low pH decreases such binding. An altered buffer composition
may explain the improvement in performance of the High-
Select workflow over its Fe-NTA predecessor. When compar-
ing the TiO2 and High-Select workflows, we observed that
although both methods have high enrichment specificity,
High-Select identified over twice as many phosphopeptides.
We proposed that this discrepancy was a result of recovery, that
is, fewer phosphopeptides are eluted from the TiO2 beads
compared to the High-Select IMAC beads. The data for the
number of phosphopeptides, the enrichment specificity, and the
phosphopeptide recovery are summarized in Fig. 3C. Our assay
could be used to track the phos9 peptides through multiple
elutions. As the assay can be applied to any enrichment strat-
egy, one can gain further insight into the binding kinetics of the
phosphopeptides to the matrix. Upon discovering where
phosphopeptides are lost, buffers and/or binding conditions
can be altered so as to improve the enrichment strategy.

Our mTMT/phos9 assay can be applied seamlessly to any
enrichment protocol regardless of sample origin or labeling
strategy employed. Coincidently, previous studies have shown
the complementarity of MOAC and IMACmethods in efforts to
obtain a comprehensive phosphoproteome [25]. As such, using
two or more methods in tandem or coupled to another enrich-
ment strategy [26], including those usingmotif-specific antibod-
ies [27], may deepen our coverage of the phosphoproteome. In
Sequential enrichment ofMetal OxideAffinity Chromatography
(SMOAC), peptides not binding to TiO2 are enriched further
with Fe-NTA [28]. In addition, ion exchange chromatography,
for example, strong cation exchange (SCX) [29], has been used
frequently in phosphopeptide enrichment protocols, as
phosphopeptides are generally acidic. Phosphopeptides interact
poorly with the anionic stationary phase and thus elute early
compared to non-phosphorylated peptides. Hydrophilic interac-
tion chromatography (HILIC) may be used for phosphopeptide
enrichment. HILIC which uses normal phase chromatography
can enrich phosphopeptides at the end of the gradient [30].
Similarly, a variation of HILIC, ERLIC uses electrostatic repul-
sion to enhance separation between phosphorylated and non-
phosphorylated peptides, such that phosphopeptides are retained
under low pH, high organic solvent conditions [31]. Therefore,
the mTMT/phos9 assay described above can be used to assess
these, among other, phosphopeptide enrichment strategies.

Although the phos9 peptides were chosen as among the
peptides with the highest precursor signal in a TiO2-based
phosphopeptide enrichment experiment, our results showed
greater recovery with High-Select Fe-NTA than with TiO2.
To reduce further selection bias, we suggest using a syn-
thetic phosphopeptide library for future investigations,
which can also include phosphorylated tyrosine. An alter-
native strategy could be to divide and label whole cell
lysates with different mTMT reagents, thereby testing the
enrichment recovery of phosphopeptides on a global scale,
and not solely as a spike-in standard as outlined herein.
Even if other peptides are used, the premise of this assay is
the use of mTMT reagents to assess the recovery of selec-
tively enriched peptides.

Conclusion
Efficient binding and subsequent recovery of phosphorylated
peptides from the enrichment matrix are critical for deep
phosphoproteome analysis. We coupled mTMT reagents,
phos9 peptides, and peak area measurements from extracted
ion chromatograms to compare the phosphopeptide recovery of
three enrichment methods. Our data support the notion that
TiO2 enrichment is hindered by low phosphopeptide recovery
from the beads. From these data, it was unclear where the
peptides were lost, i.e., remaining on the beads or in the
unbound peptide fraction. The mTMT/phos9 assay outlined
herein can be expanded to address this question by interrogat-
ing the flow-through and wash fractions collected throughout
the procedure. We foresee using mTMT for pY enrichment, as
well as other posttranslational modification enrichment proto-
cols, such as ubiquitylation enrichment. The principle of these
assays (i.e., measurement of mTMT-labeled peptides before
and after enrichment) is unaltered, only a separate set of pep-
tides, or potentially peptide libraries, will be enrichment target-
specific. This assay can be used to optimize and potentially
streamline experimental parameters of any enrichment strategy
and in any sample background. In summary, each phospho-
peptide enrichment strategy has advantages and disadvantages,
concerning specificity, in addition to cost and duration of the
procedure. Here, we used mTMT and phos9 in a simple, yet
versatile, internal standard-based recovery and quality control
assay that offers a new metric for phosphopeptide analysis
which can be applied to benchmark and enhance current phos-
phopeptide enrichment protocols.
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