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ABSTRACT: Quantifying peptides based on unique peptide fragment ions avoids the issue of ratio distortion that is commonly
observed for reporter ion-based quantification approaches. Herein, we present a collision-induced dissociation-cleavable, isobaric
acetyl-isoleucine-proline-glycine (Ac-IPG) tag, which conserves the merits of quantifying peptides based on unique fragments while
reducing the complexity of the b-ion series compared to conventional fragment ion-based quantification methods thus facilitating
data processing. Multiplex labeling is based on selective N-terminal dimethylation followed by derivatization of the ε-amino group of
the C-terminal Lys residue of LysC peptides with isobaric Ac-IPG tags having complementary isotope distributions on Pro-Gly and
Ac-Ile. Upon fragmentation between Ile and Pro, the resulting y ions, with the neutral loss of Ac-Ile, can be distinguished between
the different labeling channels based on different numbers of isotope labels on the Pro-Gly part and thus contain the information for
relative quantification, while b ions of different labeling channels have the same m/z values. The proteome quantification capability
of this method was demonstrated by triplex labeling of a yeast proteome spiked with bovine serum albumin (BSA) over a 10-fold
dynamic range. With the yeast proteins as the background, BSA was detected at ratios of 1.14:5.06:9.78 when spiked at 1:5:10 ratios.
The raw mass data is available on the ProteomeXchange with the identifier PXD 018790.

KEYWORDS: isobaric labeling, tandem mass spectrometry, fragment ion, quantitative proteomics, stable isotope

■ INTRODUCTION

Quantitative information at the proteome level aids in
revealing the roles of proteins in biological, physiological,
and pathological processes.1 The most widely used strategies in
mass spectrometry-based proteome-wide quantitative ap-
proaches, other than label-free quantification, are based on
stable isotope labeling, which allows us to analyze multiple
samples simultaneously in a single LC-MS run.2−4 The major
advantage of multiplexed labeling is that it allows quantifying
peptides/proteins under the same experimental conditions,
which circumvents signal variation due to, among others,
variable sample loss during work-up and changing ionization
efficiency between injections.5 As reviewed by Arul et al.,4 the
currently most widely used multiplexing methods, like
iTRAQ6,7 and TMT,8−10 are based on isobaric labeling.
Peptides from different samples are quantified relative to each
other based on isotopically distinct reporter ions in the MS2
spectra. In that way, the complexity of MS1 and MS2 spectra is
not increased by the number of labeled samples. However,
reporter ion-based quantification methods suffer from the issue
of ratio distortion,5,11−14 which is caused by co-fragmentation

of multiple precursor ions having similar m/z values and
retention times. When more than one peptide is fragmented
concurrently, the produced reporter ions from different
peptides are indistinguishable in the MS2 spectrum, resulting
in intensities that no longer reflect the ratios of the individual
constituent peptides. To address the issue of ratio distortion,
narrowing the width of the precursor ion isolation window,5,13

gas-phase purification12 and MultiNotch MS311 have been
reported. These methods alleviate the problem of ratio
distortion to some extent but are not widely used as they
require sophisticated equipment combined with scan routines
that are difficult to optimize and control.
An alternative isobaric labeling strategy, which does not

suffer from ratio distortion, is isobaric peptide termini labeling
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(IPTL), which quantifies peptides based on isotopically labeled
peptide fragments (b and y ions). In IPTL,15−20 LysC peptides
are isobarically labeled with a pair of complementary tags at
their N- and C-termini and fragmented into different sets of b-
and y-ion clusters upon MS/MS. The fragment ions not only
convey sequence information, but each fragment ion cluster
contains information to determine the peptide ratio between
samples in contrast to single reporter ions in iTRAQ or TMT.
While co-fragmentation occurs also in IPTL, fragment ions can
be attributed to the correct peptide. Recently, we reported the
SMD-IPTL method,21 in which the multiplexing capacity of
IPTL was increased to four-plex with the option to extend it to
seven-plex. While SMD-IPTL provides accurate and precise
quantitative data, it increases the complexity of MS2 spectra
with challenges for subsequent data analysis.20 For example,
established protein identification software considers additional
peaks in the isotope envelop of fragment ions as unmatched
peaks reducing the peptide score.11,22−24

To reduce the complexity of MS2 spectra of IPTL methods
and to further improve multiplexing capacity, we propose a
novel labeling approach that relies on a collision-induced
dissociation (CID)-cleavable isobaric Ac-IPG tag. In this
method, quantitative information is concealed in the Ac-IPG
tag, which is located on the ε-amino group of the C-terminal
Lys residue of LysC peptides and revealed upon tandem MS in
the form of y-ion clusters containing different numbers of
stable isotopes. The b ions of different labeling channels have
the same mass because the N-terminus is not differentially
labeled with stable isotopes. This allows multiplexing and
relative peptide and protein quantification based on y-ion
clusters, while identification is simpler than for conventional
IPTL approaches because the MS2 spectra have regular b-ion
series.

■ EXPERIMENTAL SECTION

Chemicals and Materials

2-Chlorotrityl chloride resin, Fmoc-Gly-OH, Fmoc-13C1-Gly-
OH, Fmoc-13C2-Gly-OH, Fmoc-Pro-OH, Fmoc-Ile-OH, so-
dium cyanoborohydride, formaldehyde solution (36.5−38% in
H2O), bovine serum albumin (BSA), acetic anhydride
(12C4H6O3), acetic anhydride-1,1′-13C2 (

13C2
12C2H6O3), acetic

anhydride-13C4 (13C4H6O3), 1-[bis(dimethylamino) methyl-
ene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluoro-
phosphate (HATU), 1-(3-dimethylaminopropyl)-3-ethylcarbo-
diimide hydrochloride (EDC·HCl), piperidine, pyridine, N,N-
diisopropylethylamine (DIPEA), trifluoroethanol, p-nitrophe-
nol (PNP), tris(2-carboxyethyl)phosphine hydrochloride
(TCEP), 2-iodoacetamide, N,N-dimethylformamide (DMF),
acetonitrile (ACN), acetone, dichloromethane (DCM), acetic
acid, sodium acetate, sodium hydroxide (NaOH), hydroxyl-
amine hydrate, triethylammonium bicarbonate (TEAB), and
trifluoroacetic acid (TFA) were purchased from Sigma-Aldrich.
LysC and yeast extracts were purchased from Promega.
Synthetic peptide GTDWLANK and FDWA was purchased
from GL Biochem (Shanghai, China). Solid-phase extraction
disk Empore Octadecyl C18 was purchased from 3M.
Synthesis of Isobarically Labeled
Acetyl-Isoleucine-Proline-Glycine-p-Nitrophenol Ester

The synthesis scheme of triplex isobaric Ac-IPG-PNP tags can
be found in Scheme S1. Thirty milligrams of 2-chlorotrityl
chloride (CTC) resin (1.0−1.8 mmol g−1) was swollen with
1.5 mL of DCM/DMF (1/1) on a thermomixer at 800 rpm for

30 min at room temperature. The swollen resin was washed
three times with 0.75 mL of DMF. Then, 1 mL of 0.8 M
DIPEA in DMF, 0.5 mL of DMF, and 0.2 mmol (60 mg) of
Fmoc-Gly-OH, Fmoc-13C1-Gly-OH or Fmoc-13C2-Gly-OH
were added. The reaction mixture was shaken for 90 min at
room temperature. The solution was filtered out, and the
remaining isotopically labeled Fmoc-Gly-CTC resin was
washed three times with 0.75 mL of DMF. Afterward, the
resin was treated with 1.5 mL of 20% piperidine in DMF for 5
min and 15 min sequentially. Then, 0.5 mL of 0.4 M HATU in
DMF, 0.5 mL of 0.8 M DIPEA in DMF, 0.5 mL of DMF, and
0.2 mmol (68 mg) of Fmoc-Pro-OH were added. The reaction
mixture was shaken for 90 min at room temperature. The
resulting isotopically labeled Fmoc-Pro-Gly-CTC resin was
washed three times with 0.75 mL of DMF. Afterward, the resin
was treated with 1.5 mL of 20% piperidine in DMF for 5 min
and 15 min sequentially. Then, 0.5 mL of 0.4 M HATU in
DMF, 0.5 mL of 0.8 M DIPEA in DMF, 0.5 mL of DMF, and
0.2 mmol (71 mg) of Fmoc-Ile-OH were added. The reaction
mixture was shaken for 90 min at room temperature. Then, the
resin was treated with 1.5 mL of 20% piperidine in DMF for 5
min and 15 min sequentially to afford 3a−c. A 0.5 mL solution
of DCM, 5 μL of pyridine, and 5 μL of acetic anhydride were
added to 3c; 0.5 mL of DCM, 5 μL of pyridine, and 5 μL of
acetic anhydride-1,1′-13C2 were added to 3b; 0.5 mL of DCM,
5 μL of pyridine, and 5 μL of acetic anhydride-13C4 were added
to 3a. The reaction mixtures were shaken for 30 min at room
temperature and then the isobarically labeled 4a−c were
released with 0.75 mL of 20% trifluoroethanol in DCM.
Subsequently, the dried isobarically labeled 4a−c were reacted
with 80 mg of EDC·HCl and 40 mg of p-nitrophenol (PNP) in
0.7 mL of DCM to generate 5a−c, respectively. The reactions
were shaken for 3 h, and after drying, the Ac-Ile-Pro-Gly-PNP
esters were purified by RP-HPLC with detection at 254 nm.
The collected HPLC fraction was freeze-dried to afford a white
fluffy solid, which was stored at −20 °C until use. Around 3 mg
was obtained for each tag. The LC-MS/MS analysis of Ac-Ile-
Pro-Gly-PNP esters can be found in Figure S2. Five milligrams
of non-isotopically labeled Ac-IPG-PNP was synthesized for
NMR analysis (Figures S3 and S4).

LC Purification

For LC purification, the HPLC system (Shimadzu, Kyoto,
Japan) was equipped with a SIL-20AC autosampler, two LC-
20AT pumps, and an SPD-20A absorbance detector. The
synthesized Ac-IPG-PNP esters were separated on an XBridge
BEH C18 OBD Prep Column (250 mm × 10 mm, 5 μm
particles, 130 Å pore size, Waters, Ireland) with a 30 min
gradient of 2−90% acetonitrile in water/0.1% formic acid at a
flow rate of 2 mL min−1.

NMR
1H NMR and 13C NMR spectra were recorded on a Bruker
Ascend 600 MHz NMR spectrometer (operating at 600 and
150 MHz, respectively).

Alkylation and LysC Digestion

One hundred micrograms of BSA or yeast protein was
dissolved in 100 μL of 100 mM TEAB. Then, 5 μL of 200
mM TCEP was added and the mixture was incubated for 1 h at
37 °C. Afterward, 5 μL of 375 mM freshly prepared 2-
iodoacetamide was added and the mixture was incubated for
30 min in the dark at room temperature. Finally, 800 μL of
acetone was added and the mixture was kept at −20 °C
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overnight for precipitation. The precipitated protein was
centrifuged at 20,800g for 30 min. Subsequently, the
supernatant was decanted and alkylated proteins were stored
at −20 °C until digestion. One hundred micrograms of
alkylated BSA or yeast protein was dissolved in 200 μL of 100
mM TEAB, and 2 μg of LysC dissolved in 1% formic acid was
added. The pH was adjusted to 7.5−8 with 1 M TEAB, and the
digestion was kept overnight at 37 °C. The reaction was
terminated by acidification using 10% TFA, and resulting LysC
peptide mixtures of BSA and yeast proteins were freeze-dried
and stored at −80 °C before conducting the labeling reactions.

Selective N-Terminal Dimethylation of Peptides

One hundred micrograms of peptide GTDWLANK, LysC
peptides of BSA, or LysC peptides of yeast proteins was
dissolved in 100 μL 1% (aq.) acetic acid. Ten microliters of 4%
formaldehyde in H2O was added to the peptide solution, and
the mixture was shaken for 2 min before adding 15 μL of 600
mM sodium cyanoborohydride dissolved in 1% (aq.) acetic
acid.18,25 The reaction was shaken for 15 min at room
temperature. Excess reagents were removed by SPE using the
STAGE (STop And Go Extraction) TIPS Desalting
Procedure,26 and the collected N-terminally dimethylated
peptides were freeze-dried and stored at −80 °C.
Triplex Labeling of N-Terminally Dimethylated Peptides

Five micrograms of N-terminally dimethylated GTDWLANK
or LysC peptides of BSA or LysC peptides of yeast proteins
was dissolved in 50 μL of 200 mM TEAB buffer of pH 8.5.
Then, 4 μL of 50 mM Ac-IP-13C2-G-PNP,

13C1-Ac-IP-
13C1-G-

PNP, and 13C2-Ac-IPG-PNP in DMF was added to three
peptide solutions, respectively. The reaction mixtures were
shaken for 2 h at room temperature. To ensure complete
labeling, 2 μL of p-nitrophenol ester was added again and
incubated for 1 h more. Any esterification on the hydroxyl
groups of Ser, Thr, or Tyr and excess PNP ester were
hydrolyzed in the presence of 5% hydroxylamine hydrate at
room temperature for 5 min and then desalted by SPE using
the STAGE (STop And Go Extraction) TIPS Desalting
Procedure prior to LC-MS analysis.26 A 750 μL solution of 2%
acetonitrile (0.1% TFA) was added to remove excess Ac-IPG-
COOH before eluting peptides from the STAGE tips, as
shown in Figure S9.

LC/MS/MS Analysis

All mixed samples of isobarically labeled peptide were analyzed
on a Q Exactive Plus, and other samples were analyzed on an
Orbitrap Velos Pro as detailed below.
LC-MS/MS analyses were performed on an Orbitrap Velos

Pro mass spectrometer (Thermo Fisher Scientific) coupled to
an LC system (Shimadzu, Kyoto, Japan) equipped with a SIL-
20AC HT autosampler, and two LC-20AD pumps. The sample
was separated on an ACQUITY UPLC BEH C18 column (2.1
mm × 50 mm, 1.7 μm particles, Waters) at a column
temperature of 60 °C with a 10 min gradient of 2−90%
acetonitrile in water/0.1% formic acid at a flow rate of 300 μL
min−1.
NanoLC-MS/MS analyses were performed on a Q Exactive

Plus mass spectrometer (Thermo Scientific, San Jose,́ CA)
equipped with an UltiMate 3000 RSLCnano system (Thermo
Scientific). The peptides (around 300 ng) were first loaded
onto a trap column (Acclaim PepMap 100 pre-column, 75 μm,
2 cm, C18, 3 mm, 100 Å, Thermo Scientific) and then
separated on an analytical column (PepMap RSLC C18, 50 cm

75 μm ID, 2 μm, 100 Å, Thermo Scientific). A flow rate of 300
nL min−1 and a column temperature of 40 °C were utilized.
Solvent A was 0.1% formic acid in water, and solvent B was
0.1% formic acid in acetonitrile. A gradient was applied from
2% to 50% or 65% B in the first 60 min then 85% B for 5 min
and equilibration for 15 min with 2% B. Mass spectrometry
data were measured using a data-dependent top 10 method.
Full MS scans were acquired between m/z 300 and 1650 with
a resolution of 70,000 (at m/z 200); the automatic gain control
(AGC) target was 3E6 and maximum injection time was 50
ms. Precursor ions were selected with a window of 2 or 0.8 Th
with −0.2 Th as offset. Selected ions were fragmented in the
HCD collision cell with stepped normalized collision energies
(NCE) of 18, 20, 22, 24, 26, 28, 30, and 32. The tandem
(MS2) mass spectra were acquired in the Orbitrap mass
analyzer with a resolution of 17,500 (at m/z 200). The AGC
target was 1E5, and the maximum injection time was 100 ms.
The charge exclusion discards ions with a single charge and
charges larger than 4, and the dynamic exclusion time was 20 s.

Database Searching and Quantification

LC-MS/MS raw files were analyzed with the Andromeda
search engine in SearchGUI27,28 and searched against the
UniProt reference database of yeast (UP000002311, 6049
entries, downloaded on Jan. 20, 2020) into which the BSA
entry (P02769) was inserted manually. LysC was selected as
the enzyme, digestion mode as specific, and max missed
cleavage sites as 0. A tolerance of 20 ppm for the precursor ion
and 0.05 Da for the MS/MS fragment ions was applied.
Carbamidomethylation (+57.02) on cysteine and dimethyla-
tion (+28.03) on N-terminus were set as fixed modification,
oxidation (+15.99) on methionine as variable modification.
For triplex labeling experiments, variable modifications on Lys
were set as triplex isobaric Ac-IPG tags with two 13C isotopes
(+311.17) with neutral losses of 13C2-Ac-Ile (−157.10), 13C1-
Ac-Ile (−156.10), and Ac-Ile (−155.10) in MS2 spectra. The
three labeling channels were searched in one run, and the
search results were processed with PeptideShaker.29

The peptide spectrum matches (PSM) were exported from
the PeptideShaker identified features. All the following steps
were performed using in-house built Python scripts. For every
PSM of unique peptides, the corresponding theoretical
fragment ions with neutral loss of Ac-Ile were calculated and
grouped by retention time. The raw data was converted into a
Python readable mgf file with RawConverter30 to circumvent
that the precursor ion m/z value is adjusted to the
monoisotopic mass by Andromeda in SearchGUI. All MS/
MS spectra were extracted from the resulting mgf file and also
grouped by retention time. Afterward, based on the retention
time, the original peak intensities in the mgf file were related to
the corresponding theoretical fragment ions and the matched
intensities were used to quantify peptides and ultimately
proteins. The y1 ions with neutral loss from the C-terminal
lysine and the fragment ions losing H2O and NH3 were
excluded.21 The ratios for each PSM, peptide and protein were
calculated based on the total peak intensities of the same
labeling channel. For fragment ion spectra that were produced
from monoisotopic peaks and in which no 13C interference
existed, all matched y ions except y1 were used for
quantification and the minimum number of matched ions
was set to 3. For fragment ion spectra that were not produced
from monoisotopic peaks only and in which 13C interference
was observed in all y ions, only the small y2 ions were used for
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peptide quantification. Examples of calculating ratios can be
found in Figure S10. Each peptide ratio was calculated from
the three spectra with the highest total peak intensity, and each
protein ratio was calculated from the three peptides with the
highest total intensity. The Python scripts and quantification
outputs are available at https://github.com/tianxiaobo002/Ac-
IPG-scripts-and-quantification-outputs-at-multiple-levels. The
raw mass spectrometry proteomics data of yeast and BSA-
yeast samples have been deposited to the ProteomeXchange
Consortium via the PRIDE31 partner repository with the
dataset identifier PXD 018790.

■ RESULTS AND DISCUSSION

Design of Ac-IPG Tag and Labeling Strategy

The CID-cleavable Ac-IPG tag targets the ε-amino group of
the C-terminal Lys residues of LysC peptides after blocking
their N-termini by dimethylation. The Ac-IPG tag consists of
three parts: (1) Ac-Ile, which will form a neutral loss fragment
upon CID; (2) the Pro-Gly tag, which will remain at the C-
terminal Lys upon CID, and (3) an amine reactive p-
nitrophenol ester (PNP) (Figure 1A). With different
combinations of commercially available 13C- and 15N-labeled
acetic anhydride, isoleucine, proline, and glycine, the Ac-IPG
tag has a multiplexing capacity of 3 with an interval of 1 Da
with the potential of being extended to the 10-plex level
(Figure S1). Although deuterium-labeled amino acids can
extend the multiplexing capacity further, these are generally
avoided due to the possibility of varying retention times of the
same peptide modified with a different number of deuterium
atoms.32,33 The peptide bond N-terminal to Pro is known to be
fragile upon CID.34−38 This was exploited in the Ac-IPG tag to
induce neutral loss of Ac-Ile upon CID in addition to
fragmentation along the peptide backbone. The different
isotope distributions of the Pro-Gly tag render the fragment
ions distinguishable between the labeling channels and the
corresponding peak intensities represent the information for
relative quantification (inset in Figure 1C).
In order to reduce complexity of the MS2 spectra, the N-

termini of peptides were first modified by selective N-terminal
dimethylation (Figure 1B). This serves two purposes: (1) it
blocks the N-terminus of the LysC peptide to permit
modifying the ε-amino group of the C-terminal Lys with a
single isobaric tag per peptide and (2) it preserves ionization
efficiency and improves completeness of the b-ion series by
converting a primary into a tertiary amine.39−42 As there is no
isotope label at the N-terminus, b ions originating from
different samples will have the same mass, reducing complexity
of the MS2 spectra. The differentially labeled samples are
mixed prior to LC-MS/MS analysis, as shown in Figure 1C.
The monoisotopic peak, selected with an isolation window of
0.8 Th and −0.2 Th offset,5,13,14 is fragmented into sets of b
ions and y-ion clusters upon CID from which peak intensities
of the y ions are extracted for each labeling channel. Their
intensity ratios represent the relative quantification information
of each sample in the mixture for that particular peptide.
Peptide Derivatization and Optimization of
Fragmentation Energy

To assess the labeling conditions, the fragmentation properties
and quantification at the peptide level, we first prepared N-
termina l ly d imethy la ted GTDWLANK (N-dime-
GTDWLANK) and applied FDWA as the control peptide.
N-terminal dimethylation by reductive amination was highly

selective and complete (Figure S5), and the yield was higher
than 98% (Figure 2A). The intensities of both peptides were
increased after N-terminal dimethylation, which agrees with
the fact that the newly formed tertiary amine ionizes more
easily than the original primary amine. N-dime-GTDWLANK
was reacted with three isobaric Ac-IPG tags separately in 200
mM TEAB buffer (pH 8.5) at room temperature for 2 h. LC-
MS of the products showed that the peptide was efficiently
labeled (Figure 2A) with a yield of around 98%. There was
only a slight decline in intensity upon labeling with the Ac-IPG
tag, but the intensity of N-dime-GTDWLANK-GPI-Ac was
still higher than that of the original unmodified peptide.

Figure 1. Schematic view of the Ac-IPG approach. (A) Functional
design of the Ac-IPG-PNP tag (13C isotope locations of the triplex Ac-
IPG-PNP tag are marked with asterisks). (B) Triplex isobaric labeling
steps. (C) LC-MS/MS for a mixture of triplex-labeled samples.
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Fragmentation of N-dime-GTDWLANK-GPI-Ac was studied
at different normalized collision energies (NCE).43 Figure 2C
shows the MS2 spectrum at an NCE of 28 (MS2 spectra at
NCE values ranging from 18 to 32 are shown in Figure S6).
Neutral loss of Ac-Ile was complete at an NCE of 18 without
any fragmentation of the peptide backbone. The intensity of
fragment ions with neutral loss of Ac-Ile increased from NCE
22 to 28 but dropped again when the NCE was increased to
32. NCEs of 26, 28, and 30 were further evaluated with N-
dime-BSA peptides-GPI-Ac and an NCE of 28 resulted in the
highest number of PSMs (Figure S15), which is consistent
with the results at the peptide level. Having established the
optimal NCE at 28, we determined whether the CID-cleavable
isobaric Ac-IPG tag allows for accurate quantification by
comparing the intensities of y ions of three differentially
labeled N-dime-GTDWLANK-GPI-Ac peptides. Separate
analyses (Figure S7) of the three forms shows them having
identical b ions but different y ions. When the three
differentially labeled forms were mixed at ratios 1:1:1, 1:2:5,
and 1:10:20 and analyzed by LC-MS/MS (Figure 2B and

Figure S8), the corresponding measured ratios were
0.94:0.99:1.06, 1.01:2.04:4.94, and 1.30:9.60:20.11, respec-
tively, which closely match the mixing ratios.

Peptide and Protein Identification and Quantification

Peptide and protein identification and quantification were
assessed with N-terminally dimethylated LysC peptides of
bovine serum albumin (BSA) that were labeled with triplex
isobaric Ac-IPG tags and mixed at different ratios prior to LC-
MS/MS analysis. As shown in Figure 3A, the log2-normalized
intensity ratios of y ions of triplex-labeled BSA peptides mixed
at a 1:1:1 ratio cluster around 0 with better convergence for
more intense ions. The overall ratios between different labeling
channels at the PSM level were calculated from the sums of all
y-ion intensities from the same labeling channel. Since multiple
quantification ions, in the form of y ions, are present in each
PSM, random fluctuations of peak intensities of single ions
have less influence on the overall ratio (see Figure S10 for
details). Ratios at the peptide level were calculated from the
three most intense PSMs, and ratios at the protein level were

Figure 2. Derivatization and quantification of GTDWLANK. (A) LC-MS of selective N-terminal dimethylation and derivatization of the C-
terminal Lys with isobaric Ac-IPG tags. From top to bottom: extracted ion chromatogram (XIC) of m/z 452.73 and 538.23, the combined XICs of
m/z 452.73, 466.74, 480.75, and 566.26, and the combined XICs of m/z 466.74, 566.26, and 622.33. Peak a is unmodified GTDWLANK. Peak b is
N-dime-GTDWLANK. Peak c is N-dime-GTDWLANK-13C1-GPI-Ac-

13C1. Peak d is unmodified FDWA. Peak e is N-dime-FDWA. Mass spectra
are shown to the right of the chromatograms. (B) Precursor ion selection of triplex-labeled N-dime-GTDWLANK-GPI-Ac and the corresponding
y7 ion in the MS2 spectra at ratios 1:1:1, 1:2:5, and 1:10:20. (C) MS2 spectrum of N-dime-GTDWLANK-13C2-GPI-Ac with an NCE of 28.
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calculated based on the three most intense peptides. Examples
of calculations at the PSM, peptide, and protein levels are
shown in Figure S10. As a result of averaging multiple data
points, the log2-normalized ratio distribution at the PSM level
(Figure S11) and at the peptide level (Figure 3B) show good
convergence on 0. Subsequently, the triplex-labeled LysC
peptides of BSA were mixed at a ratio of 1:5:10 (Figure 3C),
and the medians of log2-normalized peptide ratios were found
to be 0.12:2.32:3.30 (measured ratio = 1.09:4.99:9.85).
Labeling Efficiency and Reproducibility at the Level of a
Complex Proteomics Sample

The efficiency and reproducibility of the isobaric labeling steps
and the quantification accuracy in complex samples were
assessed by performing triplicate experiments on LysC
peptides from a yeast proteome sample. The yield of selective
N-terminal dimethylation was determined as the percentage of
intensity of the N-terminally dimethylated form of each
identified peptide to the total intensity of all possible forms
(unmodified, N-terminally dimethylated, C-terminally dime-
thylated, and both N- and C-terminally dimethylated
peptides). As shown in Figure S12, more than 98% of all
peptides had a labeling yield exceeding 95% with an average
coefficient of variation (CV) of 12.4% (n = 3). The yield of
labeling the C-terminal Lys residues with isobaric Ac-IPG tags
was calculated as the ratio of the intensity of the Ac-IPG-
labeled form to the sum of the Ac-IPG-labeled form and the
unmodified form. More than 93% of Ac-IPG-labeled peptides

had a labeling yield higher than 95% in the triplex LysC yeast
peptides mixed at a ratio of 1:1:1 (Figure S13). The average
CV of the labeling yield of the three channels of 13C2-Ac-IPG,
13C1-Ac-IP-

13C1-G, and Ac-IP-
13C2-G was 8.7% (n = 3) (Figure

4A).

Quantification of a Specific Protein within a Complex
Proteomics Background

The quantification capability and dynamic range of the Ac-IPG
approach in a complex background were assessed by preparing
a BSA-yeast proteomics sample consisting of triplex-labeled
LysC-digested BSA mixed at 1:5:10 and triplex-labeled LysC
yeast peptides mixed at 1:2:5, as shown in Figure S14. A total
of 485 yeast proteins were quantified, and the medians of the
log2-normalized protein ratios of the three labeling channels
were determined as 0.00:1.09:2.29, which is close to the

Figure 3. Analysis of Ac-IPG triplex tagged BSA-derived LysC
peptides. (A) Log2-normalized ratio distribution at the fragment ion
level at a mixing ratio of 1:1:1. (B) Log2-normalized ratio distribution
at the peptide level at a mixing ratio of 1:1:1. (C) Log2-normalized
ratios at the peptide level at a mixing ratio of 1:5:10. Expected values
for log2-normalized mixing ratios are shown as dashed lines.

Figure 4. Analysis of Ac-IPG tagged yeast-derived LysC peptides. (A)
Log2-normalized protein ratio distribution of triplex-labeled LysC
yeast peptides mixed at a ratio of 1:1:1. (B) Log2-normalized protein
ratio distribution of triplex-labeled LysC yeast peptides mixed with a
ratio of 1:2:5. (C) Log2-normalized protein ratio of triplex-labeled
LysC BSA peptides mixed with a ratio of 1:5:10. Expected values for
log2-normalized mixing ratios are shown as dashed lines.
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expected values of 0.00:1.00:2.32 (Figure 4B). For triplex-
labeled BSA mixed at 1:5:10, the log2-normalized protein
ratios were 0.19:2.34:3.29, respectively, which is close to the
expected values of 0.00:2.32:3.32 (Figure 4C).
In conclusion, we propose a novel quantification approach

relying on a CID-cleavable Ac-IPG tag and selective N-
terminal dimethylation. This approach has the advantage that
MS2 spectra are less complex than for conventional IPTL
while avoiding the issue of ratio distortion observed for
reporter ion-based quantification methods, such as TMT and
iTRAQ. The proteome quantification capability of the CID-
cleavable Ac-IPG tag method was demonstrated by triplex
labeling of a yeast proteome spiked with BSA over a 10-fold
dynamic range. The multiplexing capacity can be readily
expanded to 10-plex with commercially available 13C- and 15N-
labeled acetic anhydride, isoleucine, proline, and glycine via the
reported synthesis route.
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