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In Brief

N-hydroxysuccinimide (NHS)
ester chemistry is used
extensively across proteomics
sample preparation. However,
the role of NHS esters as
activated carboxyls can also
drive the formation of serine-,
tyrosine-, and threonine-derived
esters (O-derivatives). Their
presence also unnecessarily
increases sample complexity,
which reduces the overall
identification rates. We have now
developed a robust method,
using methylamine, to efficiently
remove overlabeled peptides.
Overlabeling is reduced to lower
than 1% leading to superior
identification rates and
quantitation precision.
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Highlights
e Methylamine is superior to hydroxylamine for reversal of overlabeling.

e Robust cleavage of N-hydroxysuccinimide-labeling byproducts for all three main O-acyl esters:
serine, threonine, and tyrosine.

e Methylamine improves signal and identification rates in tandem mass tag—based proteomics and
phosphoproteomics experiments.

e The method can be easily inserted into existing N-hydroxysuccinimide-labeling protocols.
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N-hydroxysuccinimide (NHS) ester chemistry is used
extensively across proteomics sample preparation. One of
its increasingly prevalent applications is in isobaric
reagent-based quantitation such as isobaric tags for
relative and absolute quantitation and tandem mass tag
approaches. In these methods, labeling on the primary
amines of lysine residues and N termini of tryptic peptides
via amide formation (N-derivatives) from corresponding
NHS ester reagents is the intended reactive outcome.
However, the role of NHS esters as activated carboxyls
can also drive the formation of serine-, tyrosine-, and
threonine-derived esters (O-derivatives). These O-deriva-
tive peptides are typically classed as overlabeled and are
disregarded for quantitation, leading to loss of information
and hence potential sensitivity. Their presence also un-
necessarily increases sample complexity, which reduces
the overall identification rates. One common approach for
removing these unwanted labeling events has involved
treatment with hydroxylamine. We show here that this
approach is not efficient and can still leave substantial
levels of unwanted overlabeled peptides. Through sys-
tematic study of nucleophilic aminolysis reagents and re-
action conditions, we have now developed a robust
method to efficiently remove overlabeled peptides. The
new method reduces the proportion of overlabeled pep-
tides in the sample to less than 1% without affecting the
labeling rate or introducing other modifications, leading to
superior identification rates and quantitation precision.

N-hydroxysuccinimide (NHS)-activated ester compounds
were originally developed for peptide synthesis under diverse,
including aqueous, conditions (1). They are highly reactive
carboxyl derivatives, and when applied to proteins, they show

some selectivity toward primary amines of N termini and N¢ of
lysines (2—-4); reversible reactions with disulfides and hydroxyl
groups of tyrosines have been suggested (5-7). NHS esters
have therefore found widespread use in a range of biochem-
ical applications including, for instance, covalent modifica-
tions for enzyme activation (5, 8), biotinylation for hybridization
and detection (9-11), heavy metal and fluorescent labeling for
imaging and structure elucidation (2, 12).

In the proteomics field, NHS esters are used as crosslinking
reagents for protein network analysis and structure elucidation
(13-15) as well as to introduce stable isotope labels to tryptic
peptides for quantitation (16, 17). Specifically, tandem mass
tags (TMTs) (17) and isobaric tags for relative and absolute
quantitation (16) have been developed to allow quantitation of
multiple samples in a single run, thereby minimizing impact of
technical variation. Both reagent types rely on NHS ester
chemistry to attach isotopically coded groups to N termini and
lysines of tryptic peptides of each sample before combining
them for analysis. These modifications result in the same
nominal addition to the precursor mass across all conditions
but release a differential reporter ion upon collision-induced
dissociation, which provides quantitative information. As the
samples are mixed prior to analysis, complete labeling and
robust quenching are paramount to precision of quantitation
using this method.

The NHS ester labeling reaction at most N termini and lysine
e-amines as reactive nucleophiles is considered to be most
efficient at pH 8.0 to 9.0, under conditions where certain side
products, such as tyrosyl esters, are formed and hydrolyzed
(7). At this pH, the rate of concurrent NHS ester hydrolysis also
increases and so is in competition with the desired amide
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Removal of TMT-Labeling ByProducts

labeling reaction. Together with slight differences in individual
reaction kinetics because of the local environments of nucle-
ophiles on peptides, small changes in reaction conditions can
lead to incomplete and/or heterogeneous labeling (18). As a
result, peptide concentration, reaction pH, and water content
have been optimized under most current protocols to achieve
>99% labeling efficiency and minimize side-product formation
(19). However, under these conditions, it has been shown that
alongside tyrosines, serines and threonines can also be
labeled though O-acylation of their hydroxyl groups to form
ester O-derivative, especially when located in proximity to
histidines (20-23) which may act as internal relay residues or
general bases (Fig. 1). Together, these amino acids (Ser, Thr,
Tyr, and STY) comprise over 15% of the proteome and so are
similar in abundance to primary amines in the sample. As
O-acylation reaction is typically slower than N-acylation under
the conditions required for complete N-acylation of primary
amines, a lower proportion of these hydroxyl groups is thus
labeled. This leads to generation of several forms of each
STY-containing peptide, each with a different number of tags
(22). Moreover, where there are multiple hydroxyl residues on
the same peptide, O-acylation is likely to occur only on one or
two such residues with sequence-dependent likelihood for
each residue, which may translate into differential chromato-
graphic retention.

Regardless of origin, multiple versions of the same peptide
unnecessarily increase sample complexity and lead to wasted
time during data-dependent acquisition. The strong depen-
dence of O-acylation prevalence on exact reaction conditions
may lead to increased variation and therefore decreased
quantitation precision where reaction volume, pH, and peptide

or solvent concentration cannot be sufficiently controlled be-
tween samples. These issues have been recognized by the
community, and solutions have been sought. As O-acyl esters
are less stable than the amide bonds generated through N-
acylation of primary amines, it is potentially possible to
selectively reverse O-acyl formation by employing an appro-
priate nucleophile. Hydroxylamine treatment was shown to
reverse tyrosyl ester formation on model peptides and has
since been universally applied as a dual purpose reagent,
which is to quench the excess of TMT reagent and reverse
O-acylation (22). However, like others before us, we have
found that overlabeled peptides are still present in samples
labeled and quenched with the standard protocol and lead to
systematic under-representation of STY-containing peptides
in TMT datasets (19, 24). Several alternative approaches have
been proposed to further reduce the abundance of O-acyl
esters in TMT-labeled samples. A selection of commonly used
labeling and aminolysis conditions can be found in
Supplemental Table S1. For example, raised temperature in-
creases hydrolysis of O-acyl esters at high pH without intro-
ducing additional reagents. Thus, boiling of samples for 1 h
has been shown to reduce O-acylation in TMT-labeled sam-
ples (25). Alternatively, others have proposed that there is
reduced O-acyl ester formation when performing the labeling
reaction at pH 6.7 (24, 26). However, under these conditions,
the rate of N-acylation is also reduced; therefore, complete
labeling in solution requires higher temperature, excess of the
labeling reagent, and further reduced water content (24).
Whilst complete labeling at low pH can be achieved using
reduced TMT reagent to peptide ratio under controlled con-
ditions, higher ratios are recommended for robust labeling in

Fic. 1. A schematic representation of potential products of peptide labeling with TMT reagent. TMT, tandem mass tag.
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real quantitative experiments (27). As NHS ester compounds,
including TMT reagents, have been in use for decades, pro-
tocols for complete labeling of peptides have been optimized
for many types of applications, including single-cell protein
quantitation (28) and automated workflows (29-32). Required
boiling of samples or change of pH between the digestion and
labeling steps through desalting, drying, and resuspension
can introduce additional sample losses and variation and may
not be viable for some applications.

Here, through the reconsideration of the fundamental
deacylation chemistries that may be selectively applied to
unwanted O-derivatives, we have re-examined the strategy of
cleavage postlabeling. The resulting discovery of the addi-
tional more efficient nucleophiles for this “clean-up” of NHS-
labeling reactions substantially reduces O-acylation with
minimal protocol changes.

EXPERIMENTAL PROCEDURES
Expi293F Lysate Preparation and Protein Digestion

Expi293 (human cell line based on human embryonic kidney 293)
cell pellet was resuspended in lysis buffer (2% SDS [Sigma-Aldrich],
50 mM triethylamine bicarbonate (TEAB) [Supelco]), and sonicated
using Bioruptor Pico (Diagenode) for 30 cycles (30 s on/off). Protein
concentration was determined using bicinchoninic acid assay (Thermo
Fisher Scientific) following the manufacturer’s protocol prior to
reduction and alkylation with 10 mM Tris(2-carboxyethyl) phosphine
(Thermo Fisher) and 50 mM chloroacetamide (Sigma-Aldrich) for
30 min. Proteins were then digested using a modified single-pot solid
phase-assisted sample preparation method (SP3) (33, 34) using
magnetic carboxyl-coated magnetic beads (Cytiva) at 4:1 w/w ratio.
Proteins were precipitated onto the beads using acetonitrile (ACN;
80% final concentration) and incubated for 30 min with shaking. Once
proteins were immobilized, the beads were washed three times with
80% ethanol, followed by three washes with 100% ACN before
incubation with digestion buffer (50 mM TEAB, containing
sequencing-grade trypsin [Promegal) at 1:25 enzyme-to-protein ratio
for 4 h. Supernatant was collected, and beads were washed with 2%
dimethyl sulfoxide (DMSO) solution and combined with supernatant
before acidification with formic acid (FA; 5% final concentration) and
centrifugation at 16,000g for 10 min. Peptides were then desalted on
Oasis HLB cartridges and eluted with 50% ACN in ultrapure water.
After desalting, the peptides were dried using Genevac EZ-2 and
resuspended in 50 mM TEAB. The concentration of peptides was
estimated using absorbance at 205 nm and adjusted to approximately
5 mg/ml before snap freezing in 100 pg aliquots for further use.

TMT Labeling, Quenching, and Deacylation

One hundred microgram aliquots of tryptic peptides (20 pl) were
labeled with 160 pg (20 pl) of TMTzero (Thermo Fisher Scientific) for
2 h at room temperature with shaking. Where more peptide mixture
was required per experiment, several labeling reactions were mixed
and aliquoted for quenching treatment. The reaction was quenched
using different reagents, and quantities were specified for each
experiment individually. Standard quenching condition was 1% final
concentration of hydroxylamine (Sigma-Aldrich), equivalent to 0.3 M,
for 30 min. For initial screening, final concentrations of O-methoxyl-
amine HCI (Sigma-Aldrich), methylamine (2.0 M in methanol, Sigma-
Aldrich; may be restricted in some countries), and hydrazine hydrate
(Sigma-Aldrich) were kept at 0.3 M. In methylamine treatment

optimization experiment, a twofold serial dilution of quenching reagent
in methanol was made to result in 0.025 to 1.66 M final concentration,
the reaction volume was set to 120 pl. The volume and solvent content
of each reaction was kept constant by using 20 pl of labeled peptide
mixture and adding 100 pl of quenching reagent solution in methanol.
For evaluation of the final quenching protocol, three aliquots of 100 pg
of peptides were labeled separately and split for quenching. Twenty-
five micrograms of TMT-labeled peptides were used for each reac-
tion. Hydroxylamine and methylamine were used at 0.4 M, whereas
0.2 M Tris (Sigma-Aldrich) and 2% ammonium hydroxide (Fisher
Scientific) were used to ensure robust pH control at 9.2 and above
11.5, respectively.

Dose-Dependent Drug Treatment and Sample Preparation

The lung adenocarcinoma cell line H2228 (Cytion) was cultured in
RPMI1640 medium supplemented with 10% fetal bovine serum at
37 °C and 5% CO,. The dilution series of the kinase inhibitor les-
taurtinib (0.1, 0.3, 1.0, 3.0, 10.0, 30.0, 100.0, 300.0, 1000.0, and
10,000.0 nM) and the DMSO control were incubated with cells in
10 cm? dishes separately at 37 °C for 2 h. At the end of the treatment,
the cells were washed with 10 ml cold PBS. Finally, the cells were
lysed in 300 pl lysis buffer (2% SDS, 10 mM Tris, pH 7.5) and
centrifuged at 18,0009 for 15 min (4 °C). Protein concentration in the
lysates was estimated using Pierce bicinchoninic acid assay (Thermo
Scientific) following the manufacturer’s protocol before freezing in
100 pg aliquots.

The samples were then digested using a modified SP3 protocol
with Sera-Mag beads A and B (mixed ratio of 1:1) on the automatic
liquid handling platform BRAVO in the 96-well plate format. Proteins
were first precipitated onto the beads by adding EtOH to a final
concentration of 70%. The beads were then washed with 80% ethanol
three times and once with 100% ACN. The reduction and alkylation
were performed in a digestion buffer (10 mM Tris(2-carboxyethyl)
phosphine, 50 mM chloroacetamide, 100 mM Hepes, pH 8.5) at 37 °C
and 1200 rpm for 1 h. Trypsin (Promega) was then added to 1:50
enzyme-to-protein ratio and incubated overnight at 37 °C and
1000 rpm. The digests were acidified by the addition of TFA to a final
concentration of 1% and desalted using Oasis HLB cartridge, dried
down in the speedvac (Labconco), and stored at —20 °C.

Two batches of TMT-labeled peptides were made. For each batch,
100 pg aliquot of tryptic peptides (dissolved in 100 mM Hepes buffer,
pH 8.0) was mixed with 0.625 mg of TMT-11 plex reagent (Thermo
Fisher Scientific) per channel and incubated for 1 h at 25 °C, 800 rpm.
The labeling reaction was quenched using hydroxylamine (Sigma—
Aldrich) or methylamine (Sigma-Aldrich) with the final concentration
1.5% for 15 min and 0.4 M for 60 min, respectively. The labeled
samples were pooled, acidified with 10% TFA to pH <3, and desalted
using C18 Sep-Pak cartridges (Waters, 50 mg tC18).

Phosphopeptide enrichment was performed using immobilized
metal affinity chromatography (IMAC) on AKTA Pure (Cytiva). The
IMAC column (Thermo Fisher Scientific, ProPac IMAC 10, 0.5 ml) was
stripped with 50 mM EDTA (pH 8.0) and charged with 25 mM FeCl;
and 100 mM acetic acid before use and then equilibrated using 0.07%
TFA, 30% ACN (buffer A) overnight. The dried labeled peptides were
dissolved in buffer A and loaded on the IMAC column. The phos-
phopeptides were eluted using 0.315% NH,OH.

The phosphopeptides were fractionated using high-pH reversed-
phase chromatography on the automatic liquid handling platform
BRAVO with RPS cartridge (Agilent). After the cartridges were
equilibrated by three consecutive washes with 100% ACN, 50%
ACN, and 0.1% FA, the samples were loaded and washed with 0.1%
FA twice. The pH was then adjusted with 25 mM ammonium formate
(pH 10.0), and the peptides were eluted with ACN gradient (5-30%) in
2.5 mM ammonium formate, followed by an additional wash with

3 Mol Cell Proteomics (2025) 24(4) 100948

SASBMB



Removal of TMT-Labeling ByProducts

70% ACN. A total of 10 fractions were collected and further pooled
into six fractions, which were then acidified with FA to 1% final
concentration.

LC-MS/MS Data Acquisition

Peptides were separated on Ultimate 3000 RSLCnano system
(Thermo Fisher Scientific) equipped with a C-18 PepMap100 trap
column (300 pm ID x 5 mm L, 100 A, Thermo Fisher Scientific) and an
in-house packed Reprosil-Gold C-18 analytical column (50 pm ID x
500 mm L, 1.9 pm particle size, Dr Maisch). Mobile phases (A: 0.1%
FA, 5% DMSO, and 94.9% water; B: 0.1% FA, 5% DMSO, and 94.9%
ACN) were delivered at a flow rate of 100 nl/min. For single-shot LC—
MS/MS analysis, 30, 60, or 120-min gradient (10-36% or 10-32% B)
was applied. Eluting peptides were electrosprayed into an Orbitrap
Ascend Tribrid mass spectrometer (Thermo Fisher Scientific), using
data-dependent acquisition mode.

Full mass spectrometry (MS) scans (350-1400 m/z) were acquired
in the Orbitrap analyzer with 60 k resolution with a 1.2 x 10° automatic
gain control (AGC) target, and 123 ms maximum injection time. Forty
most intense precursors (charge states 2-7) from MS1 scans were
selected and isolated at 1.2 Th with the quadrupole for MS/MS event
using higher-energy collision dissociation at a normalized collision
energy of 26%, and the fragmentation spectra were detected by
Orbitrap at 7500 resolution (4 x 10* AGC target and 64 ms maximum
injection time). Dynamic exclusion of 25 s was enabled.

For the dose-dependent phosphoproteomic experiment, the
phosphopeptides were separated on Ultimate 3000 RSLCnano sys-
tem (Thermo Fisher Scientific) equipped with an in-house packed C18
trap column (75 pm x 2 cm, 5 pm Reprosil resin; Dr Maisch) and an in-
house packed Reprosil C18 analytical column (75 pm x 48 cm, 1.9 pm
resin; Dr Maisch) at the flow rate of 300 nl/min. Mobile phases were as
follows: A: 0.1% FA, 5% DMSO in ddH20; B: 0.1% FA, 5% DMSO in
ACN. For single-shot LC-MS3 analysis, 90-min gradient (6-34% B)
was applied. Eluting peptides were electrosprayed with NSI source
into an Orbitrap Eclipse Tribrid mass spectrometer (Thermo Scientific),
using data-dependent acquisition mode on MS3 level. MS1 full scans
were acquired from 360 to 1800 m/z at 60 k resolution in the Orbitrap,
using profile mode with an AGC target of 4 x 10° charges and a
maximum injection time of 50 ms. The MS2 scans used a quadrupole
isolation window of 0.7 Th, with peptides fragmented in the ion trap by
collision-induced dissociation multistage activation, using 35% colli-
sion energy and a 10 ms activation time in fixed mode. The MS2
spectra were then acquired with 30 k resolution and autoscan range in
the Orbitrap, using centroid mode (AGC target of 1.5 x 10° and
maximum injection time of 60 ms). Next, a set of precursor ions was
isolated with an MS3 quadrupole isolation window of 1.2 Th, followed
by multistage activation fragmentation identical to the previous MS2
scan. The top 10 fragment ions from the MS2 scans were then iso-
lated in the ion trap using synchronous precursor selection and un-
derwent further higher-energy collision dissociation fragmentation
with a normalized collision energy of 55%. The MS3 spectrum was
obtained with 50 k resolution ranging from 100 to 1000 m/z in the
Orbitrap in centroid mode (AGC target 2.5 x 10° charges, maximum
injection time 120 ms). Cycle time of 3 s was used.

Database Searching

The raw files were searched against UniProt Human database
(Proteome ID: UP000005640) downloaded in August 2022 (79,759
sequences) using MSFragger search engine within FragPipe 21.1
(https://fragpipe.nesvilab.org/) (35). Up to two missed cleavages were
allowed. Three types of searches were conducted as appropriate:
labeling efficiency search, overlabeling search, and off-target effects
search. For all searches, the initial precursor and fragment ion toler-
ance was set to —20/20 and 20 ppm, respectively. Mass calibration

and parameter optimization (including mass tolerance) were enabled.
The identifications were filtered using 1% false discovery rate (FDR)
threshold at peptide spectrum match (PSM), peptide, and protein
level. Cysteine carbamidomethylation was set as a fixed modification.
Additional fixed and variable modifications were set for each search
individually. To evaluate labeling efficiency, methionine oxidation as
well as addition of TMTzero (224.15248 Da) on lysines and N termini
were set as variable modifications. To evaluate overlabeling, standard
closed search settings were used with addition of the TMTzero label
(224.15248 Da) as a fixed modification on N termini and lysine resi-
dues as well as a variable modification of the same mass restricted to
serines, threonines, and tyrosines. For all searches, mass calibration
and parameter optimization were enabled. The PSMs were rescored
with MSBooster and filtered using Percolator with default settings (1%
FDR at PSM, ion, and peptide levels). To assess the extent of addi-
tional unpredicted modifications when using new quenching reagent,
the default open search against the same database was used with the
following modifications: TMT label was included as a fixed modifica-
tion on lysine and peptide N terminus, the range of MS1 delta masses
was set to —225 to 300 to allow identification of underlabeled peptides
(36). lonQuant quantitation without signal normalization was enabled
for closed searches. PTM-shepherd (with default settings) was
enabled for open searches to allow localization of any discovered
maodifications (37).

For phosphosite identification and localization, raw files were pro-
cessed using Andromeda search engine within MaxQuant (1.6.17.0)
(38, 39) against human UniProt reference proteome downloaded in
November 2020 (97,057 entries). Up to three missed cleavages were
allowed. Standard search parameters were used, including precursor
mass tolerance of 20 ppm for the first search and 4.5 ppm for the main
search. Fragment ion tolerance was set to 20 ppm. All FDR thresholds
were set to 1%. Methionine oxidation, acetyl protein N terminus,
phosphorylation of serine, threonine, and tyrosine were considered as
variable modifications. In the experiment where beta-elimination of
phosphate was considered, loss of water (-18.01057 Da) was allowed
as an additional variable modification on serines and threonines. The
databases used for searches are deposited together with raw data and
search results.

Dose-Response Curve Fitting and Classification of Regulation

CurveCurator was employed to fit and statistically analyze all dose-
dependent profiles on corresponding phosphosites (40). To determine
curve regulation, the alpha asymptote was set at 5%, and the log2
fold-change asymptote was defined at 0.45. Supplemental Data
contains these data along with additional parameter settings, such as
drug dilution concentrations, TMT channels, and cutoff values. Curve-
related details—including fold change, potency values, root mean
square error (RMSE), and regulation results—were saved as text files
for each treatment and used for curve analysis.

Experimental Design and Statistical Rationale

For protocol development, we sought to find trends in ester removal
and focused on peptide population analysis in individual samples.
Initial reagent screening experiments were conducted as three inde-
pendent experiments using single replicates per condition. The rate of
overlabeling in each sample was calculated based on sum of intensity
of all overlabeled peptides. Representative results are shown. For
method optimization, 10 samples were made from a single peptide
mixture labeled with TMTzero (Thermo Fisher Scientific): eight sam-
ples treated with a range of methylamine concentrations and two
control samples. To record time-point data, aliquots of each sample
were taken at specified times and acidified with FA (to 5% final con-
centration) to stop the reaction, generating a total of 50 samples for
LC-MS/MS analysis. The performance of the optimized protocol was
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evaluated using three separate TMTzero-labeled peptide mixtures.
Each labeled sample was split into four samples for quenching and
deacylation, generating a total of 12 samples. All samples were
analyzed using label-free single-shot LC-MS/MS data-dependent
acquisition runs. Where possible, overlabeling rates and labeling effi-
ciency in each sample were calculated based on summed modified
peptide intensities.

For benchmarking of the methylamine quenching and deacylation
method, we focused on the effect of methylamine versus the standard
hydroxylamine treatment procedure on the same set of biological
samples, which were separately labeled and treated. Two sets of 11
individual channels were separately labeled with a standard TMT-
labeling protocol and treated with either hydroxylamine (11 channels
in mixture 1) or methylamine (11 channels in mixture 2) prior to frac-
tionation, enrichment, and analysis of the samples.

RESULTS

Characterizing the Side Reactions of NHS Ester-Based
Labeling

We initially sought to evaluate the extent of side reactions,
predominantly, O-acylation, that occur under typical NHS
ester-mediated mass-tag labeling conditions. The most
common use is in quantitative proteomic experiments, namely
isobaric-based quantitation such as that obtained with TMT
reagents. Therefore, we used a tryptic digest of a human cell
line labeled with the TMTzero reagent as a model system (19).
As the quenching reagent concentration and reaction time
vary across published labeling protocols (Supplemental
Table S1), we chose a conservative condition of 1% hydrox-
ylamine and treatment time of 30 min, alongside no quench-
ing. Samples were analyzed using single-shot LC-MS/MS
runs. To evaluate the extent of O-acylation under these con-
ditions, we calculated the proportion of peptide intensity
associated with overlabeled peptides (Fig. 2A). We found that
after standard labeling without any quenching or deacylating
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reagent, over 25% of peptides (by intensity) were overlabeled.
In the sample treated with hydroxylamine, the proportion of
overlabeled peptides was reduced, but only to 10%. The
number of overlabeled peptides with more than one additional
label was also substantially reduced in samples treated with
hydroxylamine (Supplemental Fig. S1). It is expected that
serine, threonine, and tyrosine will all be modified at different
rates, and so we therefore compared the prevalence of O-acyl
esters on each of these residues separately (Fig. 2B). Without
treatment, tyrosyl esters were the most prevalent of the three
ester types, consistent with previous studies of O-acylation
(22, 41). While hydroxylamine treatment resulted in near
complete removal of tyrosyl esters, it notably failed to sub-
stantially reduce the occurrence of serine and threonine es-
ters. This is also in agreement with previously published data
(19, 24, 42).

As the presence of histidines on peptides has been shown
to increase the incidence of hydroxyl group reactivity toward
NHS esters (19, 20, 23, 24), we also assessed whether the
peptides overlabeled in our experiments contained histidine
residues (Supplemental Fig. S2). Consistent with previous
studies, the incidence of overlabeling was higher in histidine-
containing peptides from both treated and untreated samples
(Supplemental Fig. S2A). At the same time, despite histidine
being the second least abundant amino acid in the proteome,
histidine-containing peptides constituted a large proportion of
all overlabeled peptides (Supplemental Fig. S2B). Therefore,
while hydroxylamine treatment reduced overall overlabeling,
histidine-containing peptides were disproportionately unaf-
fected, suggesting that histidine not only plays a role in O-
acylation but also in its maintenance under prior conditions
used to remove it. Stable labeling of the histidine itself has
been ruled out in the past (19, 20); several reaction

Serine

Threonine  Tyrosine

Fic. 2. Evaluation of overlabeling using standard labeling and quenching protocols. A, a bar chart of the percentage of peptide intensity
from overlabeled peptides with and without standard hydroxylamine treatment. B, bar chart of the percentage of peptide intensity attributable to
overlabeled peptides by ester type with and without hydroxylamine treatment.
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mechanisms have been proposed suggesting that the imid-
azole group of the histidine may instead play a catalytic role
via the formation of transient acyl intermediates (nucleophilic
catalysis) or via general base assistance (20, 23). Indeed,
similar approaches may be exploited to allow for selective
modification of tyrosine residues at lower reaction pH,
regardless of the peptide sequence by using excess of imid-
azole during labeling (21). Analysis of sequence windows
around overlabeled residues using probability logo plots (43),
adjusted for natural probabilities in the background proteome,
shows enrichment of histidine residues particularly in +1 to 3
positions around each of the modified residues.

Search for a Superior Clean-Up Reagent

When considering their deacylation, serine, threonine, and
tyrosine provide three different ester moieties and leaving
groups that may therefore affect the rate of removal of the
TMT label. The phenolate of tyrosyl aryl esters is the most
labile. In contrast, serine and threonine derivatives, as alkyl
esters, are more stable. Only the esters of tyrosines were
efficiently cleaved by hydroxylamine after 30 min of treatment.
Given the likely critical role of any putative nucleophile in not
only determining the rate but also the nature of the rate-
limiting or -determining step in deacylation, we therefore
sought to vary nucleophilicity.

Three primary amines with varying nucleophilicity were used
to quench the TMTzero labeling reaction and cleave O-acyl
esters: O-methylhydroxylamine (methoxylamine), hydrazine
hydrate, and methylamine (44). To mimic the typical conditions
that are used for hydroxylamine treatment, all reagents were
applied at a concentration of 0.3 M, and the reaction time was

initially kept at 30 min (Fig. 3A). The proportion of intensity
associated with peptides containing additional labels on
serine, threonine, and tyrosine was used to estimate the
extent of overlabeling. Methoxylamine had little effect,
whereas treatment with hydrazine hydrate reduced over-
labeling by 20% compared with the equivalent hydroxylamine
treatment. Overall, the strongest nucleophile, methylamine,
was the most effective at removing O-acylation and halved
total overlabeling to just over 5%.

We evaluated the source of improvement in overlabeling by
estimating initial rates for each of the three hydroxyl-
containing amino acids separately (Fig. 3B). While improve-
ment was noted for both serine and threonine ester removal
with more nucleophilic reagents, most of the improvement
came from the reduction in O-acyl esters of serines, indicating
that threonine esters are the most stable of the three ester
types and require harsher conditions to be removed. This
observation is consistent with the corresponding Taft pa-
rameters of substituted alkyl esters (45).

Optimization of Methylamine Clean-Up Conditions

As methylamine was the most successful reagent and
showed promise in removing serine and threonine esters, we
sought to achieve complete ester removal by optimizing re-
action conditions. We investigated the impact of reagent
concentration and reaction time. We chose a range of
methylamine concentrations from 0.013 to 1.66 M and moni-
tored the reaction taking measurements at fivetime points: 15,
30, 60, 120, and 240 min. Hydroxylamine and 50% ACN were
used as comparisons. For each treatment and timepoint, the
proportions of total intensity assigned to correctly labeled
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Fic. 3. Screening of aminolysis reagents. A, bar chart showing the percentage of the intensity attributable to peptides containing at least
one overlabeled residue after treatment with 50% acetonitrile (control) or 0.3 M of each: methoxylamine, hydroxylamine, hydrazine hydrate, and
methylamine. B, a bar chart showing the percentage of overlabeled peptide intensity by ester type after each treatment.
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peptides in each sample were calculated (Fig. 4A). At the
highest concentration of methylamine (1.66 M, approximately
2100 equivalent to TMTzero reagent), we observed near-
complete removal of O-acyl esters after 15 min. Data sug-
gested that at lower concentrations of methylamine, the same
effect could be achieved by incubating the reaction for a
proportionally longer time. At concentrations above 0.2 M, the
abundance of correctly labeled peptides reached 99% in un-
der 2 h. In contrast, hydroxylamine treatment did not benefit
from extended incubation time, and the proportion of correctly
labeled peptides plateaued at 92% after 1 h, further high-
lighting the need for an alternative reagent.

To confirm that the improvement in overlabeling in
methylamine-treated samples was due to additional removal
of serine and threonine esters, we separately plotted the
prevalence of the modification on each of the residues
(Fig. 4B). As expected, both standard hydroxylamine treat-
ment and methylamine treatment at concentrations over
50 mM were effective at removing tyrosyl esters in under 2 h.
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Albeit methylamine was over four times as efficient as hy-
droxylamine, requiring four-to-five times lower concentration
or incubation time to achieve the same result. The improve-
ment in removal efficiency of seryl- and threonyl-esters was
even more striking. Whereas hydroxylamine failed to sub-
stantially reduce the abundance of these esters even after 4 h,
a similar concentration of methylamine more than halved the
abundance of serine and threonine esters after 30 min; once
again, threonine esters appear to be the most resistant of the
three ester types. At methylamine concentrations above
0.4 M, relative abundance of remaining overlabeled peptides
was less than 0.25% after 2 h of treatment.

Considering the higher basicity of methylamine and the
resulting increase in sample pH from ~8.5 to above 11, the
possibility of new unforeseen reactions developing over
the extended incubation time was also considered. Cleavage
of amide bonds at lysines and peptide N termini generated
through NHS labeling with TMT reagent is highly unlikely, but
nonetheless possible. To exclude this, we searched the 2-h
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Fic. 4. Optimization of methylamine concentration and reaction time to minimize the proportion of overlabeled peptides. A, a line
graph showing the proportion of peptides (by intensity) correctly labeled only at lysines and N termini after 15 min to 4 h of quenching with
increasing concentrations of methylamine compared with standard treatment with hydroxylamine and no quenching controls. B, a line graph
showing the proportion of peptides (by intensity) containing O-acyl esters of serines, threonines, and tyrosines for each treatment and timepoint.
C, a bar chart showing the proportion of labeled lysines and N termini (labeling efficiency) after 2 h of treatment.
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timepoint data using the TMT label as a variable modification
and calculated the labeling efficiency. We found that over
99% of all identified peptides were labeled at lysines and N
termini regardless of treatment, indicating that the amide
bonds created during the labeling reaction remain stable
(Fig. 4C).

To rule out the formation of other unexpected products, we
used the open search functionality of MSFragger to detect any
new modifications on peptides after 2 h of treatment (36).
Although we identified over 300 potential mass shifts, the
majority of these were represented by 0 to 10 PSM per sample
and were also present in the control experiments
(Supplemental Table S2). To assess whether methylamine had
any concentration-dependent effect on the prevalence of un-
expected modifications, we filtered the delta mass list to only
those with more than 10 PSMs in the sample treated with
1.66 M methylamine and calculated the difference in total
percentage of PSMs in each sample compared with the un-
treated control (Supplemental Fig. S3). Overall, the prevalence
of PSMs with additional delta masses decreased with
increasing concentrations of methylamine. This was largely
because of the reduction in overlabeling caused by methyl-
amine treatment from over 8% of all PSMs in untreated
sample to just over 0.1% in the sample treated with 1.66 M
methylamine. The abundance of other prominent delta
masses including underlabeling, deamidation, and methyl-
ation at asparagines, and a delta mass of —198.14 Da with
unknown composition only showed small differences between
conditions (Supplemental Fig. S3). The best overall decrease
in side products of the TMT labeling reaction after 2 h of
treatment was in samples treated with 0.2 to 0.8 M methyl-
amine. To minimize reaction time, 1 h incubation and 0.4 M
methylamine was used in further experiments.

Performance of the Optimized Deacylation Protocol

We next sought to confirm the robustness of the new
protocol and evaluate the extent of its benefit on peptide
identification rates. We labeled 100 pg aliquots of peptides
with TMTzero reagent and quenched the reaction with 0.4 M
of either hydroxylamine or methylamine for 1 h (Fig. 5A). As
the final pH of the reaction is influenced by the quenching
reagent, 0.2 M Tris (pH 9.2) and 2% ammonium hydroxide
(approximately final pH 11.6) buffer solutions were used as
untreated controls to rule out any effect because of alkaline
hydrolysis. The extent of overlabeling was assessed by
comparing the sum of intensities of the peptides modified on
serines, threonines, or tyrosines to the total signal (Fig. 5B).
Although the pH change alone had a small effect on the
abundance of overlabeled peptides, as expected, both hy-
droxylamine and methylamine treatments resulted in
significantly less overlabeling than respective controls.
Methylamine was significantly more effective than hydroxyl-
amine with less than 1% O-acylated peptides (p < 0.0001).
The labeling efficiency of primary amines was not affected by
any of the treatments and after 1 h was >99% in all samples
(Supplemental Fig. S4).

We hypothesized that this reduction in overlabeling would
lead to an increase in peptide identification numbers in a
standard TMT experiment because of the reduction in sample
complexity. To evaluate the effect of the new quenching
protocol on peptide identification, we searched the files using
the same settings as those normally used for quantitative TMT
experiments, that is, treating labeling at peptide N terminus
and lysines as fixed modifications (Fig. 5C). As expected, the
average number of peptide identifications increased with hy-
droxylamine treatment, and methylamine treatment compared
with the controls quenched with Tris or ammonium hydroxide.
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Fic. 5. Evaluation of the optimized quenching protocol. A, schematic representation of experimental design. Peptides were labeled with
standard protocol (samples and reagent amounts and volumes are indicated). Tris, ammonium hydroxide, and hydroxylamine were used for
comparison to optimized methylamine method, final reagent concentrations, volumes, and reaction time are indicated. B, a graph showing the
proportion of peptides containing O-acyl esters after each treatment. Individual values represent replicates, and line represents the median. C, a
graph showing the number of peptides identified in single-shot LC-MS runs for each sample. Each point represents individual replicates, and

lines are drawn at the median value.
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Methylamine treatment significantly increased the number of
peptide identifications by up to 30% compared with the Tris-
quenched control and provided an additional 10% improve-
ment compared with hydroxylamine treatment.

Use of Methylamine with Phosphopeptides

It has been suggested that basic conditions such as those
created by methylamine can potentially lead to p-elimination of
phosphate or a sugar from a modified serine or threonine. It
has been shown that prolonged exposure of the sample to
hydroxylamine during sample preparation can have a detri-
mental effect on phosphopeptides (46). Therefore, we sub-
jected a tryptic digest of a mixture of bovine serum albumin
and casein to methylamine treatment similar to that in a typical
labeling experiment. We found no appreciable differences in
overall intensity of peptides containing either a phosphory-
lated residue or a f-elimination product between
methylamine-treated samples and the controls, suggesting
that phosphoserines and phosphothreonines are stable under
the proposed treatment conditions (Supplemental Fig. S5).

We next conducted a small scale phosphoenrichment of
TMT-labeled samples to assess the effect of methylamine
treatment on labeled phosphopeptides in a typical experiment
(Supplemental Fig. S6A). We labeled three 100 pg aliquots of
tryptic peptides from a human cell lysate with 160 pg of three
TMTpro channels and quenched each reaction with either Tris
(pH 9.2), hydroxylamine, or methylamine for 1 h. Each sample
was first analyzed separately to calculate labeling efficiency
and overlabeling rates (Supplementary Fig. S6B). The samples
were then combined and enriched for phosphopeptides using
Zr**-IMAC beads. We identified 7172 peptides corresponding
to 7002 unique phosphosites and similar reporter channel
intensity distributions (Supplemental Fig. S6C). To assess
whether the deacylation approach affects phosphopeptide
intensity, we calculated the log, fold change between
methylamine- and Tris- or hydroxylamine-treated channels for
each peptide and plotted against its total intensity at MS1
level (Supplemental Fig. S6D). We observed a general positive
ratio toward methylamine indicating a slightly higher signal for
the methylamine-treated sample. Previously, we noted that
most overlabeled samples contain a histidine. We used its
presence as a marker of peptides that could potentially be
affected by overlabeling. As expected, histidine-containing
peptides (approximately 25% of all peptides) showed
increased fold-change values with a larger spread compared
with other peptides, which showed little intensity variation
between differentially treated channels.

Benchmarking the Methylamine Quenching and
Deacylation Method for Phosphopeptide Quantitation

To further evaluate the potential impact of methylamine on
phosphopeptide analysis, particularly in relation to the iden-
tification of more complex dose-dependent patterns, we
conducted a drug treatment experiment using the

nonselective kinase inhibitor lestaurtinib on the human cancer
cell line H2228 in a dose-dependent manner. Each concen-
tration sample was split into several aliquots. One set was
labeled (TMT 11-plex) and quenched with hydroxylamine and
the other labeled and quenched with methylamine as illus-
trated in Figure 6A. As phosphoenrichment was performed
separately for each set, we calculated phosphopeptide
enrichment efficiency for each batch by averaging the pro-
portion of phosphopeptide intensity in each sample after high
pH fractionation (Supplemental Fig. S7, A and B). We found no
significant differences in phosphopeptide enrichment between
the two batches, with both sets achieving on average 90%
efficiency.

When comparing the use of 0.4 M methylamine (60 min)
with 1% hydroxylamine (15 min) as TMT quenching reagents,
the final enriched data revealed substantially higher levels of
overlabeling in the hydroxylamine-treated samples, with nearly
10% overlabeling by intensity and over 13% by the number of
modification-specific peptides (Fig. 6B). In contrast, the
methylamine-treated samples demonstrated significantly
lower overlabeling, with only 0.1% by intensity and 0.6% by
occurrence. The substantial reduction in overlabeling rate also
contributed to a 20% improvement in the sum of the correctly
labeled peptide intensities (Supplemental Fig. S8, A and B)
and a 20% enhancement in the number of identified peptides
in the methylamine-treated batch (Fig. 6C). It is noteworthy
that over 50% of the new identifications contain histidine,
reflecting earlier observations that overlabeling is more pro-
nounced on peptide-containing histidines. For all shared
phosphopeptide identifications, we observed similar in-
tensities between the two treatments. A marginal increase in
intensity was observed for 59% of phosphopeptides in the
methylamine-treated set (Fig. 6D).

To assess the impact of methylamine treatment on the
quality of quantitation, we evaluated the distributions of curve
RMSEs of calculated dose-response curves for all phospho-
sites identified in both datasets (Fig. 6C). The distribution of
curve RMSE values generated from the methylamine-treated
sample set had a 25% smaller standard deviation and a
15% lower median value, indicating an overall improvement in
the curve quality.

To evaluate the consistency of apparent regulatory
response to lestaurtinib treatment (5% FDR, >0.45 Log, fold
change) between the two treatments, we compared the
PEC50 value distribution between the hydroxylamine- and
methylamine-treated sets (Supplemental Fig. S9, A and B)
and found no significant differences between the treatments.
We observed no significant difference for the downregulated
sites (Supplemental Fig. S9A); however, we did observe that
hydroxylamine has a bimodal distribution at pEC50 = 5 and
six in the upregulated data (Supplemental Fig. S9B), whereas
methylamine only has one peak at pEC50 = 6. This
complexity arises because the experimental treatment spans
a pEC50 range of 5 to 10 (corresponding to concentrations
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Fic. 6. Benchmarking of the optimized quenching protocol for dose-dependent phosphoproteomic experiments. A, a schematic
representation of the experimental design. B, bar charts showing the overlabeling rate in samples treated with hydroxylamine and methylamine
by intensity (left) and by the number of identified modification-specific peptides (right). C, Venn diagram of phosphopeptide identifications in
each of the datasets. D, phosphosite intensity correlation between TMT batches treated with methylamine and hydroxylamine. The datapoints
are colored by absolute difference in site intensity between the two batches. E, A box plot showing the distributions of root mean square error
(RMSE) values of dose-dependent response curves of all phosphopeptides identified in both the hydroxylamine-treated and methylamine-

treated sets. TMT, tandem mass tag.

from 10 uM to 0.1 nM). Upregulated sites with pEC50 values
between five and six lie near the border of this treatment
range, making it difficult to fit using a sigmoid curve model
and to accurately extract pEC50 values. Moreover, while
improving overall curve quality by eliminating artifacts en-
hances quantification, it is not surprising to observe minor
differences in calculated pEC50 values at the boundary re-
gions. Importantly, the distribution of the majority of pEC50
values remains consistent, demonstrating good reproduc-
ibility between the two biological replicates. This observation
further substantiates the reliability of our method compari-
son. When comparing the regulatory status of all identified
phosphosites (Supplementary Fig. S9C), the majority of
phosphosites were either identified in only one experiment or
not found to be regulated in one or both of the experimental
batches. For phosphosites found to be regulated in both
experiments, the two experimental batches largely agree on

whether the site is upregulated or downregulated upon
treatment with fewer than 1% of sites showing a contra-
dictory regulatory result. To validate the curves generated in
this experiment, we also plotted the regulatory curve for
pT246 of AKTS1 (Supplementary Fig. S9D), a known
downstream target of the JAK2/STAT5-ERK/AKT pathway,
which is inhibited by lestaurtinib (47). The curves generated
from both, hydroxylamine- and methylamine-treated sample
sets, overlap, resulting in calculated pEC50 values of 104
and 103 nM with RMSE values of 0.105 and 0.097,
respectively.

Overall, the application of methylamine as a quenching and
deacylation reagent not only enhances the identification and
quantitation of phosphopeptides but also improves the quality
of the dose-response curves. This improvement may facilitate
the identification of more potential off-target effects and pro-
vide deeper biological insights.
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DISCUSSION

Although widely regarded as amine-specific reagents, NHS
esters have been shown to form significant amounts of O-acyl
esters within peptide and protein mixtures. We have shown here
that an alternative nucleophilic reagent, methylamine, can
efficiently cleave all three types of O-acyl esters in a
concentration-dependent manner (Fig. 4B). Under optimized
conditions, near-complete removal can be achieved regardless
of the initial overlabeling rate (Fig. 5B). Focusing on selective
removal of byproducts postlabeling allows users to maintain
previously developed robust labeling protocols with minimal
changes to sample manipulation. The effect of such a clean-upis
therefore twofold for data acquisition and analysis: 1) reductionin
variation between correctly labeled peptides and 2) the overall
reduction in sample complexity through signal consolidation. We
observed the reduction in variation when comparing initial
overlabeling rates (in Tris-treated samples) and those treated
with the optimized quenching protocol (Fig. 5B).

The reduction in complexity through ester removal allows
more instrument time for sequencing new peptides as evi-
denced by the increase in identification rates of correctly
labeled peptides coinciding with the reduction in overlabeling
(Fig. 5, B and C). Thus, we expect this method to be especially
useful for challenging TMT-based workflows such as high-
throughput applications involving heterogenous samples,
sample-limited studies, and experimental designs involving
multiple mixtures that rely on homogenous labeling within
batches that can be compared with each other through a
reference channel. As shown by our quantitative dose-
dependent phosphoproteomic data (Fig. 6), similar peptide-
level quantitation workflows would particularly benefit from
higher number of identifications and improved precision
(Fig. 6, C-E). Other areas within proteomics that utilize NHS
ester chemistry may also find the ability of methylamine to
selectively remove esters of hydroxyl-containing aminoacids
useful. For example, in cross-linking experiments with NHS-
based crosslinkers, induction of cross-link formation be-
tween STY residues and subsequent selective cleavage of
tyrosyl linkages at low pH, followed by serine and threonine
linkage cleavage by methylamine, may help improve overall
cross-linked peptide identification and site localization.

In summary, we demonstrate that the simple replacement of
hydroxylamine with methylamine can substantially improve
“clean-up” of NHS ester-mediated mass-tag labeling experi-
ments and leads to tangible benefits for the subsequent mass
spectrometric data acquisition, as shown for TMT-based ex-
periments. We anticipate that this minor modification, which is
readily employable, will lead to considerably superior data for
a substantial number of proteomics experiments.
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