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ABSTRACT: Quantifying proteins based on peptide-coupled Triplex Ac-AG labeled sample
reporter ions is a multiplexed quantitative strategy in proteomics | ;- M
that alleviates the problem of ratio distortion caused by peptide | ! (+2)GA-Ac gDDA
cofragmentation, as commonly observed in other reporter-ion- || g

based approaches, such as TMT and iTRAQ. Data-independent [Channel 2 eA-Ac(+2)

acquisition (DIA) is an attractive alternative to data-dependent | ! [Channel3 |- (+1)GA-Ac(+1)
acquisition (DDA) due to its better reproducibility. While || |

S 2 L
quantification ion

multiplexed labeling is widely used in DDA, it is rarely used in 2, %(ntji,,m,
DIA, presumably because current approaches lead to more AeAaLayeNp o %o
complex MS2 spectra, severe ratio distortion, or to a reduction (+2)-Ac-AG-PNP -)—*uJ\O(NJ"""

in quantification accuracy and precision. Herein, we present a 2 JYH Lo DIA
versatile acetyl-alanine-glycine (Ac-AG) tag that conceals quanti- [“DACASEUPNY W ¥

tative information in isobarically labeled peptides and reveals it

upon tandem MS in the form of peptide-coupled reporter ions. Since the peptide-coupled reporter ion is precursor-specific while
fragment ions of the peptide backbone originating from different labeling channels are identical, the Ac-AG tag is compatible with
both DDA and DIA. By isolating the monoisotopic peak of the precursor ion in DDA, intensities of the peptide-coupled reporter
ions represent the relative ratios between constituent samples, whereas in DIA, the ratio can be inferred after deconvoluting the
peptide-coupled reporter ion isotopes. The proteome quantification capability of the Ac-AG tag was demonstrated by triplex labeling
of a yeast proteome spiked with bovine serum albumin (BSA) over a 10-fold dynamic range. Within this complex proteomics
background, BSA spiked at 1:5:10 ratios was detected at ratios of 1.00:4.87:10.13 in DDA and 1.16:5.20:9.64 in DIA.

B INTRODUCTION well as the throughput of quantitative proteomics in the DDA
mode.””

Isobaric strategies can be further classified into three
categories: (1) reporter-ion-based quantification (e.g.,
TMT>** and iTRAQ®); (2) peptide fragment ion based
quantification, including isobaric peptide termini labeling
(IPTL)-based approaches;* " (3) peptide-coupled reporter-
ion-based quantification, like TMTc>'' and EASI tag.12
Among these, the reporter-ion-based methods (TMT and
iTRAQ) are most widely used because of their high
multiplexing capacity and well-developed data-processing
software. However, it has become increasingly apparent that
reporter-ion-based quantification methods suffer from ratio
distortion™" "' *'* caused by peptide cofragmentation in which
the produced reporter ions from different peptides are
indistinguishable resulting in intensities that no longer reflect

Advancements in liquid chromatography and mass spectrom-
etry over the last decades have led to the maturation and
widespread application of a variety of mass-spectrometry-based
proteome quantification approaches. Label-free quantification
is hampered by the effect of changing ionization efficiencies
between LC—MS runs and the stochastic nature of precursor
ion selection in the data-dependent acquisition (DDA) mode.
Multiplex stable isotope labeling circumvents these issues and
has been widely applied to label samples derived from different
experimental conditions. Analysis of multiple samples labeled
with distinct isotopes in a single LC—MS run leads to more
reliable quantification. As reviewed by Arul and Robinson,'
isotope-label-based quantification methods can be classified
into MS1 quantification, which is usually based on isotopic
labeling resulting in different precursor masses of the same
peptide derived from different samples, and MS2 quantifica-

tion, which generally relies on isobaric labeling, resulting in Received: September 11, 2020
identical precursor masses while quantifying based on fragment Accepted: November 19, 2020
ions. Isobaric labeling strategies quantify constituent proteins Published: December 1, 2020

of mixed samples by distinct fragment ions upon MS/MS
without increasing the complexity of the MS1 spectra. These
methods significantly improve the accuracy and precision as
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Figure 1. Schematic view of the Ac-AG approach. (A) Isobaric labeling steps; (B) LC—MS/MS of a mixture of triplex-labeled samples with DDA
or DIA approaches; (C) functional design of the triplex-labeled Ac-AG-PNP tag (*C isotope locations are marked with asterisks).

the ratios between the peptides and thus lead to inaccurate
protein ratios. Various solutions to alleviate the ratio distortion
problem have been described, such as narrowing the width of
the precursor ion isolation window, >’ gas-phase purifica-
tion, * and MultiNotch MS3,'*'> but these methods are not
widely used as they rely on specific, state-of-the-art
instrumentation, use scan routines that are difficult to optimize
and control, or require MS3 scanning leading to a longer cycle
time. Peptide fragment ion based quantification, an approach
that is not affected by cofragmentation,8 has thus attracted
attention: a growing number of IPTL-based approaches have
been reported, such as Triplex—(lITL,16 SMD-IPTL," and m-
pIDL."” In these methods, every labeling channel has a set of
distinct fragment ions resulting in more precise quantification.
However, the increased complexity'® of MS2 spectra requires
custom-made data analysis tools, which has restricted wide-
spread use. In contrast to the two methods mentioned above,
quantifying proteins based on a precursor-specific, peptide-
coupled reporter ion is not affected by peptide cofragmenta-
tion nor does it increase the complexity of the MS2 spectra.
This approach was first proposed by Wiihr et al.'' in 2012, but
two limitations leading to unsatisfactory quantification
accuracy and precision were pointed out: (1) the modest
efficiency of forming peptide-coupled reporter ions and (2) the
complicated isotope envelope of the peptide-coupled reporter
ions. The improved TMTc+ approach® applied a narrow
precursor ion isolation window of 0.4 Th rather than the
generally used 2 Th to select the monoisotopic peak, which
significantly improved the quantification accuracy. The
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recently introduced EASI tag'” utilizes a sulfoxide-based tag
to increase the formation efficiency of peptide-coupled
reporter ions and applied an asymmetric isolation window to
specifically isolate the monoisotopic peak to further simplify
the isotope envelope of peptide-coupled reporter ions.

Besides the commonly applied DDA strategy, data-
independent acquisition (DIA) approaches are becoming
increasingly popular because they avoid the stochastic nature
of DDA with its bias toward fragmenting higher intensity
peptide ions and the resulting missing value problem between
runs.'”” In contrast to DDA, isolation of precursors for
fragmentation in DIA does not rely on the peak intensities
in MS1; instead, all precursors present within the isolation
window will be fragmented and analyzed together. As a result,
the problem of missing values of specific peptides between
injections in a sample batch is largely avoided and
reproducibility is improved. On the other hand, MS2 spectra
are more complex as the fragment ions derived from multiple,
coisolated precursor ions are present in the same spectrum,
which makes analyzing DIA data more challenging than DDA
data. It is worth noting that, fueled by improvements in the
scan rate and resolution in mass spectrometry and the
development of sophisticated data processing algorithms,'” ™"
the analysis of DIA data has been improved over the last
decade, especially with respect to the reproducibility from run
to run.

However, DIA-based methods are not suitable for most
current multiplexing approaches, which makes them inferior in
terms of throughput to DDA-based methods, such as those

https://dx.doi.org/10.1021/acs.analchem.0c03858
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based on TMT or iTRAQ, for which the reporter ions lose
their quantification capability due to massive cofragmentation.
For isotopic labeling and peptide fragment ion based isobaric
labeling strategies, such as stable isotope labeling by amino
acids in cell culture’>*® (SILAC) and IPTL, the peptides of
different labeling channels have sets of distinct fragments ions,
which multiplies the complexity of MS2 spectra with the
number of labeled samples making identification of peptides
more challenging. The recently published NeuCoDIA™ and
MdFDIA™ methods apply neutron-encoding isotope labeling
to achieve multiplexed DIA quantification, but they rely on
ultrahigh resolution (resolution of MS2 >120k), which is not
yet widespread and comes at the cost of a decreasing data
acquisition rate. Thus, there is a need for a practical approach
that can quantify multiplexed proteomics samples in DIA
mode without compromising the data acquisition rate.

To establish a new peptide-coupled reporter-ion-based tag
that avoids ratio distortion in DDA and improves the
throughput of DIA-based methods without sacrificing the
data acquisition rate, we propose a novel isobaric Ac-AG tag,
which conceals quantitative information in isobarically labeled
peptides and reveals it upon tandem MS in the form of
peptide-coupled reporter ions. The ratios between labeling
channels are simply reflected by the intensities of the peptide-
coupled reporter ions in DDA mode, whereas the ratios can
also be deduced from the peptide-coupled reporter ion isotope
envelope in DIA mode after deconvolution. The Ac-AG tag is
thus the first isobaric tag that can be applied for multiplexed
quantitation in both DDA and DIA modes without having to
resort to ultrahigh MS2 resolution.

B EXPERIMENTAL SECTION

Details of chemicals and materials, the synthesis of triplex Ac-
AG-tags (acetyl-alanine-glycine-p-nitrophenol, Ac-AG-PNP,
see Figure 1C), reduction/alkylation and LysC digestion,
selective N-terminal dimethylation of peptides, and LC—MS/
MS analysis can be found in the Supporting Information.

Triplex Labeling of N-Terminally Dimethylated
Peptides. S ug of N-terminally dimethylated GTDWLANK,
LysC peptides of BSA, or LysC peptides of yeast proteins was
dissolved in 50 uL of 200 mM triethylammonium bicarbonate
(TEAB) buffer of pH 8.5. Then, 4 uL of 50 mM Ac-A-"*C,-G-
PNP, “C,-Ac-A-"*C;-G-PNP, or *C,-Ac-AG-PNP in DMF
was added to the three peptide solutions, respectively. The
reaction mixtures were shaken for 2 h at room temperature. To
ensure complete labeling, 2 uL of the respective Ac-AG-PNP
reagent was added again and incubated for 1 h more. Any
esterification on the hydroxyl groups of Ser, Thr, or Tyr and
excess PNP ester was hydrolyzed in the presence of 5%
hydroxylamine hydrate at 5SS °C for 5 min, and samples were
then desalted by SPE using the STAGE (STop And Go
Extraction) TIPS Desalting Procedure prior to LC—MS
analysis.”® 500 uL of 2% acetonitrile in water with 0.1%
trifluoroacetic acid (TFA) was added to remove excess Ac-AG-
COOH before eluting peptides from the STAGE tips with 60%
acetonitrile in water with 0.1% TFA.

Database Searching and Quantification. LC—MS/MS
raw files measured in DDA mode were analyzed with
PEAKS X+ (Bioinformatics Solutions Inc., Waterloo, Ontario,
Canada) 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
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was specific, and max missed cleavage sites was 0. A tolerance
of 20 ppm for the precursor ion and 0.02 Da for the MS/MS
fragment ions were applied. Carbamidomethylation (+57.02)
on cysteine and dimethylation (+28.03) on the N-terminus
were set as fixed modifications and oxidation (+15.99) on
methionine as variable modification. For triplex labeling
experiments, variable modifications on Lys were set as triplex
isobaric Ac-AG tags with two *C isotopes (+172.08). The
results were filtered with a false discovery rate (FDR) of 0.5%
for peptides. The filtered results were exported as a spectral
library for DIA analysis using the default parameters of
PEAKS_X+.

For identification of peptides in DIA, the raw data was
searched against the prepared spectral library and the Uniprot
reference database of yeast (UP000002311) complemented
with BSA was selected as the PEAKS reference database. A
tolerance of 20 ppm for the precursor ion and 0.02 Da for the
MS/MS fragment ions were applied. The DIA results were also
filtered with an FDR of 0.5% for peptides.

The PEAKS output of the peptides matched to proteins
(protein-peptides.csv) and the peptide-spectrum matches (DB
search psm.csv) were exported for both DDA and DIA
searches. All the following steps were performed using in-house
built Python scripts (available at https://github.com/
tianxiaobo002/Ac-AG-tag_scripts_and_quantification
outputs). Only the unique peptides extracted from the protein-
peptides.csv files were used for quantification. For every
peptide spectrum match (PSM) that was derived from unique
peptides in the DB search psm.csv files, the theoretical peptide-
coupled reporter ion was calculated and grouped by scan
number. The raw data was converted into a Python readable
mgf file with RawConverter.”” All MS/MS spectra were
extracted from the resulting mgf file and also grouped by scan
number. Afterward, based on the scan number, the measured
peak intensities in the mgf file were related to the
corresponding theoretical peptide-coupled reporter ions, and
the matched intensities were used to quantify peptides and
ultimately proteins. The ratios of each PSM, peptide, and
protein were calculated based on the peak intensities of the
respective labeling channel. For quantification in DDA, the
intensities of peptide-coupled reporter ions simply represent
the relative quantification information. Examples of calculating
ratios at the PSM, peptide, and protein levels can be found in
Figure S1. Each peptide ratio was calculated from the three
PSMs with the highest total peak intensity, and each protein
ratio was calculated from the three peptides with the highest
total peak intensity. For quantification in DIA, the only
difference from the quantification in DDA is the correction of
the *C contribution in the isotope envelope of peptide-
coupled reporter ions before calculating the ratios at the PSM
level. Based on the peptide sequence derived from the PSM,
the molecular formula is established, and from this, the native
isotope envelope distribution of peptide-coupled reporter ions
can be calculated and used to correct the *C contribution.
The corrected intensities were used for all the following
calculations. Examples of correcting *C contributions can be
found in Figure S2.

The Python scripts and quantification outputs of triplex Ac-
AG labeled BSA, yeast, and BSA-yeast samples at the PSM,
peptide, and protein levels are available at https://github.com/
tianxiaobo002/Ac-AG-tag_scripts_and_quantification_
outputs. The raw mass spectrometry proteomics data of yeast
and BSA-yeast samples have been deposited to the

https://dx.doi.org/10.1021/acs.analchem.0c03858
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Figure 2. LC—MS/MS analysis of triplex-labeled GTDWLANK. (A) MS2 spectrum of triplex-labeled N-dime-GTDWLANK-GA-Ac with an NCE
of 18 acquired in the parallel reaction monitoring mode; (B) MS2 spectrum of triplex-labeled N-dime-GTDWLANK-GA-Ac with a combined NCE
of 18 and 28 acquired in the DDA mode; (C) precursor isolation with a window of 0.6 Th and peptide-coupled reporter ions in the DDA MS2

spectra at ratios of 1:10:20, 1:2:5, 1:1:1, 5:2:1, and 20:10:1.

ProteomeXchange Consortium via the PRIDE*® partner
repository with the dataset identifier PXD021187.

B RESULTS AND DISCUSSION

Design of the Ac-AG Tag and Labeling Strategy.
During development of the SMD-IPTL'® method, we observed
that the amide bond between the incorporated Ac-Ala and the
side chain of the C-terminal Lys residue (produced by LysC
protein digestion) fragments prior to the peptide backbone at
lower stepped normalized collision energies (NCEs) generat-
ing a fragment ion covering the full sequence. We therefore
assumed that an Ac-Ala-Gly tag on the side chain of Lys would
have similar dissociation features and that the peptide bond at
the C-terminal side of Gly would remain stable upon collision-
induced dissociation (CID).>"~*? Fragmentation between the
Gly and Ac-Ala parts would thus generate a peptide-coupled
reporter ion at low NCEs, and fragment ions of the peptide
backbone would be generated at higher NCEs."” In this way,
the ions required for identification and quantification can be
produced in the same MS2 spectrum by applying two NCEs."”
Multiple NCE values can be set in the Orbitrap acquisition
software; when more than one value is set, the mass
spectrometer will perform a stepwise fragmentation of the
precursor jon, and all fragments created in the steps are
collected and sent to the Orbitrap analyzer for detection in one
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scan. Since Ac-Ala does not have a good ionization site, it is
expected to give rise to a neutral loss, and the peptide-coupled
reporter ion with the attached Gly part from the Ac-AG tag will
have the same charge state as the precursor ion."”

With different combinations of commercially available *C-
labeled acetic anhydride, alanine, and glycine, triplex isobaric
Ac-AG tags were prepared as shown in Figure 1C and Scheme
S1 (Supporting Information). The p-nitrophenol (PNP) ester
was selected instead of the more widely used N-hydroxysucci-
nimide (NHS) ester because it has comparable reactivity with
the epsilon amino group of Lys but a much better stability in
the presence of water, which is important during purification of
the synthesized Ac-AG-PNP tag. As derivatization of the C-
terminal Lys with the Ac-AG tag might decrease the peptide
ionization efliciency, the N-terminal amino groups of the
peptides were dimethylated convertin§ them into tertiary
amines, which improves ionization.”*™>’ Dimethylation has
also been reported to improve the completeness of the b-ion
series.”” As shown in Figure 1A, the isobaric labeling method
includes two steps: (1) selective N-terminal dimethylation®*>”
and (2) labeling with the Ac-:AG-PNP ester at the epsilon
amino group of the C-terminal Lys residue. As there is no
isotope label at the N-terminus and y-ions are expected to
contain the full Ac-AG tag, all fragment ions of the peptide
backbone originating from different labeling channels will have
the same respective masses, which means that the complexity

https://dx.doi.org/10.1021/acs.analchem.0c03858
Anal. Chem. 2020, 92, 16149—16157
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of MS2 spectra does not increase with the number of
differentially labeled samples. Only the peptide-coupled
reporter ions with different isotopic forms of Gly, produced
after the loss of the complementarily labeled Ac-Ala part, will
have different masses between labeling channels.

The differentially labeled samples are mixed prior to LC—
MS/MS analysis, and the data acquisition can be performed in
DDA or DIA mode, as shown in Figure 1B. In the analysis with
DDA, a narrow precursor isolation window (e.g., 0.6 Th)
allows isolation of the monoisotopic peak for fragmentation,
and the resulting peptide-coupled reporter ions provide the
quantitative readout with their respective intensities represent-
ing the relative ratios of the constituent peptides/proteins.’ In
the case of DIA, the peptide-coupled reporter ions of different
labeling channels form an isotope envelope due to the
respective °C contributions since the entire isotope envelope
of the precursor is selected for fragmentation. The
quantification information can be inferred from DIA data
after deconvolution (see Figure S2 for details).

Derivatization with the Ac-AG Tag at the Peptide
Level. To evaluate the efficiency of the labeling steps and
investigate the influence of modification with the Ac-AG tag in
combination with N-terminal dimethylation on ionization
efficiency and charge state distribution, GTDWLANK was
selected as the model peptide. FDWA was included as a
reference peptide since it cannot react with the Ac-AG tag and
will thus only show the effects on ionization efficiency and
charge state distribution due to N-terminal dimethylation. By
normalizing ionization efficiency with FDWA before and after
labeling with the Ac-AG tag, the influence of the Ac-AG tag
can be evaluated. The extracted ion chromatograms (XICs) of
GTDWLANK, N-terminally dimethylated (N-dime)-
GTDWLANK, and N-dime-GTDWLANK-GA-Ac were com-
pared. As shown in Figure S3, GTDWLANK was efficiently
converted to N-dime-GTDWLANK-GA-Ac with yields higher
than 98% for both selective N-terminal dimethylation and
labeling with the Ac-AG tag. We observed that the intensities
of both model and reference peptides increased after N-
terminal dimethylation and that there was a slight decline in
the intensity of the model peptide upon labeling with the Ac-
AG tag. However, the intensity was still higher than that of the
original unmodified peptide. The charge state distribution of
the model peptide before and after labeling with the Ac-AG tag
showed that the doubly charged ion remains the most
abundant (96.5%) species after modification (Table S1).

Optimizing the Fragmentation Energy for Ac-AG
Labeled Peptides. The peptide-coupled reporter ion is used
for quantification, and fragment ions of the peptide backbone
are required for identification. Formation of both types of
fragment ions in sufficient yields is thus a prerequisite for Ac-
AG-tag-based quantification. Fragmentation of N-dime-
GTDWLANK-GA-Ac was studied at different NCEs ranging
from 18 to 32 (Figure S4). At an NCE of 18, the peptide-
coupled reporter ion produced from the neutral loss of Ac-Ala
was the dominant ion compared to the y- and b-ions from
peptide backbone fragmentation (Figure 2A). As the NCE was
increased stepwise from 18 to 28, the intensity of the peptide-
coupled reporter ion gradually decreased and the ion was no
longer detectable at an NCE of 28 (Figure S4). On the
contrary, the intensities of ions from peptide backbone
fragmentation increased from NCE 18 to 28 but dropped
again when the NCE was increased to 32. Based on these
results, an NCE of 18 was selected as the energy for producing

the peptide-coupled reporter ion and an NCE of 28 for
forming b- and y-ion fragments. Figure 2B shows the MS2
spectrum at a combined NCE of 18 and 28.

The three labeled forms of N-dime-GTDWLANK-GA-Ac
were first analyzed separately and found to have identical
fragment ions of the peptide backbone but a distinct peptide-
coupled reporter ion (Figure SS). To demonstrate the
feasibility of the Ac-AG tag approach, triplex-labeled N-dime-
GTDWLANK-GA-Ac peptides were mixed at ratios of 1:1:1,
1:2:5, 1:10:20, 5:2:1, and 20:10:1 followed by LC—MS/MS
analysis. The measured ratios were 0.93:1.03:1.04,
0.98:1.98:5.04, 1.29:9.95:19.75, 5.05:1.94:1.02, and
20.15:9.69:1.16, respectively (Figure 2C).

DDA Analysis of Triplex-Labeled LysC Peptides of
BSA. Triplex Ac-AG labeled N-terminally dimethylated LysC
peptides of BSA were prepared, mixed at various ratios, and
analyzed with LC—MS/MS in DDA mode with a narrow, 0.6
Th, precursor isolation window. To investigate the effect of
different fragmentation energies on identification, NCEs of 24,
26, 28, and 30 were evaluated and the PSMs were counted to
establish the optimal NCE for forming fragments of the
peptide backbone. As shown in Figure S6, an NCE of 28
produced more PSMs than other NCEs, which is consistent
with the result of N-dime-GTDWLANK-GA-Ac. As shown in
Figure 3A, the log2-normalized ratios at the PSM level of the
triplex-labeled BSA sample mixed at a ratio of 1:1:1 converge
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Figure 3. Analysis of Ac-AG triplex-tagged BSA-derived LysC
peptides. (A) Log2-normalized ratio distribution at the PSM 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 ratio at
the peptide level at a mixing ratio of 10:5:1; (D) log2-normalized
ratio at the peptide level at a mixing ratio of 1:5:10. Expected values
for log2-normalized mixing ratios are shown as dotted lines.
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to zero for a more intense PSM. The corresponding peptide
ratios were calculated based on the three PSMs with the
highest total peak intensity. As shown in Figure 3B, the log2-
normalized peptide ratios of the triplex-labeled BSA sample
mixed at a ratio of 1:1:1 also converge to zero. Likewise, the
protein ratio can be calculated from the three peptides with the
highest total peak intensity. The ratio of the 1:1:1 mixed BSA
sample was determined to be 0.93:1.07:1 at the protein level.
Calculation details at the PSM, peptide, and protein levels can
be found in Figure S1. Based on the medians of the log2-
normalized peptide ratios, the 10:5:1 and 1:5:10 mixed triplex-
labeled BSA samples were determined to be 9.51:5.24:1.24 and
1.16:5.03:9.78, as shown in Figure 3C,D, respectively.

DDA Analysis of Triplex-Labeled LysC Peptides of the
Yeast Proteome. To confirm the efficiency and reproduci-
bility of the isobaric labeling steps and the quantification
accuracy in complex samples, triplex-labeled LysC peptides of
yeast proteins were prepared. An evaluation of the efficiency
and reproducibility of selective N-terminal dimethylation on
the proteome scale was reported in our previous work:*’ for N-
terminal dimethylation, more than 98% of LysC yeast peptides
had a labeling yield exceeding 95%. To assess the labeling yield
of the Ac-AG tag at the C-terminal Lys, Ac-AG was set as
variable modification in the database search to simultaneously
identify Ac-AG labeled peptides and peptides without the Ac-
AG modification. Assuming that the peptides with and without
modification have comparable ionization efficiencies (as shown
in Figure S3), the Ac-AG labeling efficiency can be calculated,
and more than 99% of all peptides had a labeling yield higher
than 98%. Moreover, only 50 proteins were identified when no
Ac-AG modification was selected, and most of them were
identified by the C-terminal peptide of the protein. The charge
state distributions of unlabeled LysC yeast peptides and N-
dime-LysC peptides-GA-Ac were compared showing that the
doubly charged peptide precursor ions remain most abundant
after labeling with N-terminal dimethylation and the Ac-AG
tag (Figure S7); the number of identified peptides remains
comparable. Around 90% (1784 out of the 1996) of PSMs had
peptide-coupled reporter ions with a complete isotope
envelope, which can be used for quantification. Around 96%
(9835 out of the 10,255) matched y-ions ions did not show the
neutral loss due to fragmentation of the Ac-AG tag. The log2-
normalized protein ratios of the triplex-labeled LysC yeast
sample mixed at a ratio of 1:1:1 are shown in Figure 4A. Based
on the medians of log2-normalized protein ratios (0.03, 0.01,
and 0.01), the medians of measured ratios of the 1:1:1 mixed
yeast sample were measured to be 1.02:1.00:1.00. The three
channels have standard deviations of measured ratios of 0.12,
0.11, and 0.12, respectively.

Quantifying BSA in a Background of Yeast Proteins
in DDA Mode. To examine the quantification capabilities and
dynamic range of the Ac-AG tag in a complex background, 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 was prepared (Figure S8A)
followed by LC—MS/MS analysis. In the BSA-yeast sample,
660 proteins were identified and 600 proteins were quantified
by the peptide-coupled reporter ions. Around 60 identified
proteins could not be quantified due to the low quality of
PSMs lacking a complete isotope envelope of peptide-coupled
reporter ions or incorrect peptide assignments. As shown in
Figure 4B, the medians of log2-normalized protein ratios of the
LysC yeast sample mixed at a ratio of 1:2:5 were determined to
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Figure 4. Analysis of Ac-AG tagged peptides from the LysC-digested
yeast proteome. (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 at a ratio of 1:2:5 combined with LysC BSA peptides
mixed at a ratio of 1:5:10. Expected values for log2-normalized mixing
ratios are shown as dotted lines.

be 0.00, 1.0S, and 2.30, which are close to the expected values
of 0.00, 1.00, and 2.32, respectively. For the triplex-labeled
BSA sample mixed at a ratio of 1:5:10, the measured ratio was
determined to be 1.00:4.87:10.13.

Exploiting the Ac-AG Tag for Multiplex Quantifica-
tion in the DIA Mode. The recently reported DIA
multiplexed approaches, NeuCoDIA** and MdFDIA™ incor-
porate isotopes by cell culture, while the mdDiLeu approach
uses chemical labeling."' These methods employ neutron
encoding,” which makes them rely on ultrahigh resolution
(>120k) at the fragment ion level with, as a consequence, a
reduced data acquisition rate. In contrast, the Ac-AG tag can
be used to chemically label peptides derived from any type of
sample, and the resulting peptide-coupled reporter ion can be
properly differentiated with a resolution of 17.5k for the MS2
spectra.

In contrast to the DDA mode with a narrow precursor ion
isolation window, wide isolation windows are used in DIA,
meaning that the complete isotope envelope of precursor ions
is selected for fragmentation. As a result, the isotope envelopes
of peptide-coupled reporter ions of adjacent labeling channels
overlap due to the contribution of heavier (**C) isotopes. An
isolation window of 29 Th was applied with a 2 Th overlap
between adjacent isolation windows to capture the entire
isotope envelope of a given precursor ion in at least one
isolation window. As shown in Figure 5A, the complete isotope
envelope was observed for the peptide-coupled reporter ion of
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Figure 5. Analysis of triplex-labeled N-dime-GTDWLANK-GA-Ac (A) and BSA-yeast in the DIA mode (B). (A) From left to right, the peptide-
coupled reporter ion of a single channel of the precursor ion of N-dime-GTDWLANK-GA-Ac (+2) and the peptide-coupled reporter ions in the
DIA MS2 spectra at ratios of 1:2:5, $:2:1, 1:10:20, and 20:10:1; (B) analysis of the BSA-yeast sample in the DIA mode. Log2-normalized protein
ratio distribution of triplex-labeled LysC yeast peptides mixed at a ratio of 5:2:1 combined with LysC BSA peptides mixed at a ratio of 1:5:10.
Expected values for log2-normalized mixing ratios are shown as dotted lines.

N-dime-GTDWLANK-GA-Ac (+2), as well as for different
mixing ratios of triplex-labeled N-dime-GTDWLANK-GA-Ac.
The intensities of the individual isotopic peaks of the isotope
envelope of the peptide-coupled reporter ion contain the
information that is needed for quantification. Different from
DDA, it is necessary to deconvolve the overlapping isotopic
envelopes of peptide-coupled reporter ions from the different
labeling channels prior to using the corrected intensities of the
monoisotopic peaks for ratio calculations at the PSM level. The
peptide sequence, determined based on the PSM, is converted
to the corresponding molecular formula of the peptide-coupled
reporter ion allowing calculation of its native isotope envelope
distribution. This distribution is subsequently used to correct
the intensity of the respective monoisotopic peaks (see Figure
S2 for further details). The corrected intensities of all
monoisotopic peaks were used for the following ratio
calculations at the PSM, peptide, and protein levels.

To determine whether the DIA approach gives accurate
quantitative results, we analyzed samples of triplex-labeled
LysC peptides of BSA mixed at ratios of 1:1:1, 1:2:5, 1:10:20,
5:2:1, and 20:10:1 in DIA mode with a 29 Th isolation
window. All the measured ratios were close to the original
mixing ratios, as shown in Figure S9. We subsequently
analyzed a BSA-yeast proteome sample consisting of triplex-
labeled LysC-digested BSA mixed at a ratio of 1:5:10 and
triplex-labeled LysC yeast peptides mixed at a ratio of 5:2:1
(Figure S8B). Using the spectral library established based on
identification results from the previous DDA analysis, 450

16155

proteins were identified and 416 proteins were quantified. As
shown in Figure SB, based on the medians (2.31, 0.97, and
0.12) of log2-normalized protein ratios, the medians of
measured ratios of the 5:2:1 mixed yeast sample were
determined to be 4.96:1.96:1.09. For the triplex-labeled BSA
sample mixed at a ratio of 1:5:10, the measured ratio was
determined to be 1.16:5.2:9.64.

Based on the aforementioned results, we believe that the Ac-
AG tag is an attractive alternative of peptide-coupled reporter
ion quantitation to TMTc’ and EASI tag.'” Although the Ac-
AG tag exhibits good quantification capability across a 10-fold
dynamic range in both DDA and DIA modes, there is still
room for improvement: (1) the labeling capacity; even though
the capacity can likely be increased with commercially available
isotopically labeled amino acids, it compares unfavorably to the
16-plex that can be achieved with TMTpro,” although
TMTpro cannot be used in DIA mode; (2) the width of the
precursor isolation window in DDA mode; the currently used
isolation window of 0.6 Th is not small enough to clearly
isolate the monoisotopic peak from a triply charged or
quadruply charged precursor ion where the intervals between
isotopic peaks are 0.33 and 0.25, respectively. So, for
quantifying triply or quadruply charged peptides, isotope
cluster deconvolution is also required. (3) While the Ac-AG
tag exhibits good accuracy and precision across a 10-fold
dynamic range in DIA mode, it may suffer from overlapping
isotope envelopes of peptide-coupled reporter ions in cases
where m/z values are very close to each other. Our results
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indicate that such situations did not occur frequently.
Obtaining accurate peptide ratios in such cases depends on
(a) increasing the resolution at the MS2 level at the expense of
longer cycle times and (b) developing more advanced
deconvolution algorithms that do not assume that the observed
isotope envelopes are derived from single peptide-coupled
reporter ions.

B CONCLUSIONS

We describe an isobaric labeling approach based on the Ac-AG
tag that maintains the advantages of existing peptide-coupled
reporter ion-based quantification methods in DDA but also
allows multiplexing in the DIA mode without sacrificing the
rate of data acquisition and complicating MS2 spectra. While
the labeling capacity is currently limited to triplex, it is
potentially expandable with commercially available isotopically
labeled amino acids. A combined NCE of 18 and 28 was used
during data acquisition to generate both the peptide-coupled
reporter ion for quantification and the peptide backbone
fragment ions for identification in the same MS2 spectrum.
The proteome quantification capabilities in DDA and DIA
were demonstrated by triplex labeling of a yeast proteome
spiked with BSA over a 10-fold dynamic range. The Ac-AG tag
is easily prepared and makes multiplexed quantification in both
DDA and DIA modes accessible to a wider community of
proteome researchers.
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