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Protein active states are dynamically regulated by various modifications; thus, endogenous protein
modification is an important tool for understanding protein functions and networks in complicated
biological systems. Here we developed a new pyridinium-based approach to label lysine residues under
physiological conditions that is low-toxicity, efficient, and lysine-selective. Furthermore, we performed
a large-scale analysis of the ~70% lysine-selective proteome in MCF-7 cells using activity-based protein
profiling (ABPP). We quantifically assessed 1216 lysine-labeled peptides in cell lysates and identified 386
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Introduction

Site-selective protein modification under native, complex
conditions is useful for both biological and pharmaceutical
sciences. A facile and biocompatible method to incorporate
synthetic molecules onto proteins could enable direct protein
identification, providing information about protein function
and structure relevant for disease diagnosis and drug
development.” Several methods have been developed for
selective protein labeling in living systems. Among them,
genetically encodable strategies using unnatural amino acids
have been the most widely used in a live cell environment.®”
However, some chemical methods for protein modification are
often limited by high toxicity, poor uptake/distribution, and the
complicated operation of many conventional methods.?®
Creating further complexity, protein functions are regulated by
a variety of subcellular compartments within their native
habitats. As a result, few chemical methods are suitable for
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This pyridinium-based methodology demonstrates the

importance of analyzing endogenous proteins under native conditions and provides a robust chemical
strategy utilizing either lysine-selective protein labeling or spatiotemporal profiling in a living system.

labeling native/endogenous proteins for live cell-based
proteomics.'** Ideally, combining site-selective modifications
and protein feature profiling would also directly exploit the
subcellular organelle compartments in live cells.

Lysine makes up 5.7% of the human proteome, is typically
found on protein surfaces (8.9% of surface residues*), and is
a weak nucleophile at physiological pH,'*"” making it the third
most popular target in the CovPDB database.'® Although it has
great promise, only one FDA approved drug “vigabatrin'’”
targets a lysine site. Thus, generating a broader lysine targeting
toolbox is of great interest to current drug discovery.*>°

Recently, state-of-art methodologies were developed for lysine-
selective modification and active-lysine protein profiling.?***
Among them, an activated ester amine transesterification reaction
is one of the most practical and robust methodologies
(Fig. 1a).>*?® For example, a sulfotetrafluorophenyl (STP) ester
probe was utilized by the Cravatt group for global lysine reactivity
and ligandability profiling in the human proteome.**** Each of
these activated esters has relative advantages and disadvantages,
but a method that enables efficient proteome labeling and
profiling in live cells is missing from the current toolbox.>***

To overcome these live system application limitations, we
recently investigated using sulfonium probes.****** We achieved
several successful applications and found that the probes had
good aqueous solubility, good cellular uptake, and outstanding
nucleophilicity from their positive charge.**** However, sulfo-
nium is a soft acid, making it relatively unstable in the reductive
cellular environment.*” Thus, we envisioned that another posi-
tively charged compound and harder acid, quaternary pyr-
idinium, which has been widely used in mitochondria-targeting
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Fig. 1 (a) Examples of classical activated esters for ~70% lysine-
selective bioconjugation. (b) Design concept of pyridinium-based
lysine-selective modification and profiling.

moieties, would be more applicable to live systems.**** Several
excellent bioconjugate methods were previously reported that
used pyridinium substrates, including cysteine conjugation*
and elimination to dehydroalanine (Dha),* protein N-terminal
amine transamination,"”** and photoinduced tryptophan-
selective modification in peptides and proteins*® (see Fig. S17).
Considering this, we expect that the exceedingly electron defi-
cient quaternizated N atom would act as a carboxyl activating
group that could be utilized in an efficient amine trans-
esterification reaction for quick, clean, and selective lysine
modification. Actually, Mukaiyama's reagent (2-halogenated
pyridinium) has been extensively used for amidation and ester-
ification in organic chemistry via a 2-acyloxy-N-methylpyridinium
intermediate,® which provides a solid foundation for our prop-
osition. However, direct application of Mukaiyama's reagent
would not achieve chemo-selective peptide and protein amida-
tion.>* Therefore, revisiting pyridinium activated esters is an
opportunity to assess a highly reactive methodology together
with optimized biophysical properties and mitochondrial
enrichment for endogenous protein modification.

Here we report a facile lysine-selective protein modification
using a cationic pyridinium activated ester (Fig. 1b). The esters
could be readily prepared, were bench stable for months, and
had high amino reactivity and a 70% lysine-selective labeling.
We then performed activity-based protein profiling (ABPP) for
active lysines in cells. In total, we quantitatively identified 350
high-reactive lysine-labeled peptides in 250 proteins in MCF-7
cell lysates. In addition, we achieved labeling 248 proteins
containing 386 modified lysine residues in live cells, confirmed
by a certain mitochondrial colocalization imaging, suggesting
the mitochondrial targeting was due to the positively charged
esters.”> Consequently, pyridinium activated esters provide
a promising toolbox to further facilitate spatiotemporal pro-
teome investigation and genetic manipulation.

Results and discussion
Design and identification of pyridinium activated esters

We initially examined the direct aromatic nucleophilic substi-
tution (SnAr) of carboxylic acid by Mukaiyama's reagent but
obtained complex and inseparable mixtures. Alternately, we
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tested 4-pyridinol ester 1a methylation by methyl iodide (Mel)
or methyl trifluoromethanesulfonate (MeOTf) and obtained
pyridinium pellets with nearly quantitative yields (Fig. 2a). In
addition, we established that the pyridinium ester water solu-
bility was around 10 mM, and the pyridinium esters were
satisfactorily hydrolysis-resistant in different aqueous solutions
(see the preparation of pyridinium activated esters in Fig. S2).
In the metabolic properties of pyridinium ester probes, we
performed a hydrolysis assay with carboxylesterase enzyme
(using carboxylesterase 1 (CE1) in vitro and Chang liver cells
(rich in carboxylesterases) in cells). We observed no obvious
hydrolysis with carboxylesterase enzyme and found a satisfac-
torily effective pyridinium ester concentration within live cells
(Fig. S2bf). In contrast, 2-pyridinol ester methylation led to
a highly unstable pyridinium.

Having successfully synthesized aqueous-stable pyridinium
activated esters, we examined the amidation of 1b, 1e¢, and
control reagents (pyridinol ester 1a and NHS ester 1d) with Boc-
Lys-OH via "H NMR spectroscopy (in sodium phosphate (NaPi,
pH 7.0, in D,0 with 40% CD;0D) solution for 1 hour) (see more
esters in Fig. S31). We added CD;OD to increase solubility, as
substrates other than pyridinium esters are highly hydrophobic.
Preliminary activating group screening demonstrated that the
pyridinium esters' reactivities were comparable to NHS ester
(80-90% yields). Interestingly, we detected a prototropic rear-
rangement of the leaving enol to the more stable keto form
(Fig. S471), which may provide additional driving force for the
transesterification (Fig. 1a).* We conducted a detailed kinetic
study to gain more insight into the pyridinium esters' reactiv-
ities (Fig. 2b and S47). The results demonstrated that pyr-
idinium esters 1b and 1c reacted with lysine significantly faster
(observed rate constant kops = 0.50 M~ ' s~ ') than pyridinol ester
1a (kobs = 0.16 M~ s~ 1) and NHS ester 1d (kops = 0.15 M ' s™1).
Moreover, the excellent efficiency in the aqueous solvent sug-
gested that the pyridinium activated esters would be physio-
logically compatible.
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Fig.2 Developing of pyridinium activated esters enable amidation. (a)
Postulated mechanism of amidation with pyridinium esters. (b) Kinetic
study between activated esters and Boc-Lys-OH. Conditions: acti-
vated ester 1 (20 mM), Boc-Lys-OH 2 (10 mM) in NaPi (pH 7, in D,O
with 40% CDsOD) at room temperature. Two replicates were con-
ducted for the calculation of observed rate constants (k,, M~ s71).
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We further investigated the pyridinium esters to compre-
hensively determine their reactivity, solubility, and stability. We
conducted peptide and protein amidation to demonstrate the
pyridinium esters' reactivity and chemo-selectivity. We prepared
lysine (K)-reactive probes (KP1 and KP2, 10 mM), the alkynyl
derivatives of 1b and 1¢, and reacted them with model peptides
in PBS (pH 7.4, 50% CH3CN was added to dissolve peptides)
(Fig. 3). Product 4-a, with dual amidation at the N-terminus and
lysine side chain, was observed with 99% conversion after 1
hour of the KP1/KP2 and peptide 4 reaction. Note that we used
KP2 as a substrate for the following reactions due to the iodine
anion's potential reducibility. The kinetic study demonstrated
that the reaction was finished within 10 min (inset chart in
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Fig. 3a and Data S17). To further illustrate their reactivity and
chemo-selectivity, we conducted a kinetic comparison between
KP2 and NHS ester KP11 (Fig. 4) in pH 6.0-8.0 buffers. KP2
maintained a high reactivity (99% conversion for 4-a) even at
a pH as low as 6.5, but the NHS probe KP11 could barely
complete the reaction (83% conversion for 4-a) at pH 8.0 after 1
hour (see ESI Tables S1 and S2+ for additional data). Interest-
ingly the pyridinium ester exhibited apparent selectivity at the
N-terminus in low pH 6.0 buffer. In contrast, the NHS ester only
slightly improved the N-terminal reaction selectivity at low pH
6.0 to 6.5. Thus, we performed an in-depth study of the N-
terminal-selective peptide and protein modification with pyr-
idinium esters. We found that cyclic peptide 5, which contains
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Fig. 3 Chemoselective amidation of pyridinium esters on lysine residue sites in peptides and proteins. (a) Model reactions between KP2 and
peptides, the inserted chart exhibits HPLC determined conversion versus time plot, and the LC traces of directly analyzing of reaction mixtures of
peptide 4 and 5. Standard conditions for peptide: KP2 (10 mM), peptide (indicated concentration in parenthesis) and in PB buffer (pH 7.4, 50%
MeCN) for 1 hour at rt. (b) Range of bioactive peptides and protein fragments. “+n mod.” refers to the number of modifications on the amino
groups. (c and d) Modification efficiency of KP2 on proteins by MALDI-TOF analysis. AM = 158 Da. Standard conditions for protein: KP2 (50 uM,
250 uM and 1000 uM, respectively), protein (50 uM) and in PBS (pH 7.4) for 1 hour at 37 °C. 20 mM DTT was added after amidation.
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Fig.4 Qualitative assessment of respective modification performance
of probes (KP1-KP13). (a) Modification of BSA (10 pg) with KP1-KP13
(100 pM). (b) Dose-dependent modification of BSA protein with KP2.
(c) Competitive modification of BSA protein with KP2 (100 uM) in the
increased dose of IAM, NHS-Ac and KP-B. (d) Labeling performance of
probes in cell lysates. (e) KP2 preferentially labels lysine residues in
MCF-7 cell proteomes. FL, in-gel fluorescence scanning. CBB, Coo-
massie gel.

only one N-terminal amino group, yielded 96% amidated
product 5-a at pH 6.5, indicating that the pyridinium ester has
the potential to be N-terminal-selective in a weakly acidic
environment. Moreover, we obtained LC traces by directly
analyzing reaction mixtures (Fig. 3a) and found that the reac-
tions typically proceeded with high chemo-selectivity. We also
detected the remaining excess KP2 in the LC traces.

Pyridinium activated ester probe labels lysine containing
proteins

We next moved to more complex bioactive peptides and protein
fragments. KP2 reacted well with all investigated 10-mer to 24-
mer peptides (Fig. 3b) that contained a free N-terminal amine
and at least one lysine residue. For peptides 6-8 (10-15 amino
acid (AA) resides), we conducted the type I and type II collagen
fragment (6 and 7) and peptide 8 reactions in a different
manner. The peptide 6 reaction resulted in 99% conversion of
bisamidated product 6-a at a slightly higher pH (8.0), and we
isolated four products from the peptide 7 reaction comprising
triple modification (42% of 7-a), double modification (24% of 7-
b, 22% of 7-¢), and single modification on the N-terminus (12%
of 7-d) at standard conditions (pH 7.4). Note that a trial reaction
at pH 8.0 caused significant degradation of peptide 7. The
relatively low reactivity may be due to the helical conformation
and multiple exposed carboxyl groups in collagen fragments 6
and 7, which may cause lysine residue pK, changes and/or pH
changes in the peptide microenvironment. Reacting the cyclic
peptide somatostatin 8 (a human hormone analogue) resulted
in excellent conversion (>95% for 8-a) for amine group triple
modification at standard conditions. We further demonstrated
KP2's reactivity and selectivity during the late stage amidation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of a 24 AA-containing peptide. Peptide 9 (cosyntropin,
a synthetic adrenocorticotropic hormone) was reacted with KP2
and resulted in a +5 modification product 9-a with excellent
conversion (>90%). To investigate the chemo-selectivity
between amino and thiol groups, we conducted a reaction at
standard conditions using lysine and cysteine residue-
containing peptide 10. We found double modification on both
10-a lysine and cysteine sites, and we observed no other side
reactions between the pyridinium salt and cysteine. Addition-
ally, we found that cysteine contributed few side effects in the
following profiling studies, which may be attributed to thio-
esters' instability under physiological conditions. To validate
the hypothesis regarding thioester and to conduct a more in-
depth exploration of the chemical selectivity of this reaction,
we designed a model peptide 11 containing all nucleophilic
amino acids. Following the reaction, the addition of dithio-
threitol (DTT) facilitated the successful acquisition of the ami-
dation product 11a, achieving a conversion of 69%. This result
further demonstrates the chemical selectivity of the peptide
amidation method based on pyridinium ester. We analyzed all
peptide products using tandem MS/MS to confirm the reactions’
site selectivity (Fig. 3b and ESIY).

We next evaluated the amidation reaction of KP2 with lysine-
containing proteins at high dilution. We used ribonuclease A
(RNaseA), carbonic anhydrase (CA), lysozyme, and myoglobin as
model proteins, and we conducted equimolar reactions
between model proteins (50 uM) and KP2 (50 uM) under phys-
iological conditions (PBS, pH 7.4, 37 °C for 1 hour). We analyzed
the resulting KP2-labeled protein products using MALDI-TOF
(Fig. 3c). We clearly observed one or two modifications for all
four proteins at this dilute concentration. Furthermore, we
found that the RNaseA amidation was KP2 dose-dependent over
concentrations ranging from 0 to 1 mM (Fig. 3d). We increased
the conversions by increasing ester equivalents. With 20 equiv.
of KP2, we observed quantitative conversion with one to five
amidated modifications. Collectively, we revealed that peptide
and protein amidation reactions with pyridinium esters had
high reactivity and chemo-selectivity, suggesting a potential
pyridinium-based tool to be further validated for protein
labeling and profiling in more complex systems.

We next prepared a series of alkyne-tagged ester probes
(KP1-KP13), including pyridinium esters and control reagents
(Fig. 4a), and utilized them to investigate bovine serum albumin
(BSA) labeling profiles after copper-catalyzed azide alkyne
cycloaddition (CuAAC) coupling with a fluorescent dye (TAMRA-
PEG;-N;). We incubated the probes (100 uM) with BSA under
physiological conditions (PBS, pH 7.4, 37 °C for 1 hour) and
found that KP2 performed comparable well. Furthermore, the
reaction between KP2 and BSA proceeded in a dose-dependent
manner (Fig. 4b). We also performed competition reactions
using lysine- and cysteine-reactive reagents and found that
excess NHS-Ac pretreatment decreased the fluorescence inten-
sity, but iodoacetamide (IAM) pretreatment had negligible
influence (Fig. 4c), indicating that KP2 predominantly labeled
BSA protein lysine residues but not cysteine residues. We
further confirmed this using LC-MS/MS (ESI Table S3}). We
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consistently found weaker fluorescence intensity after
pretreatment with excess pyridinium ester competitor (KP-B).

In vitro labeling lysine residues containing proteome

Inspired by pyridinium ester's high protein-labeling efficiency,
we next evaluated the human proteome lysine reactivity profile.
We first established the KP1-KP13 (100 uM, room temperature
(RT) for 1 hour) labeling profiles in MCF-7 cell lysates using in-
gel fluorescence scanning. Similar labeling intensity was
observed for 100 uM KP2 compared to 100 pM of KP11 and KP12
(NHS esters), and KP13 (STP) (Fig. 4d). Also, KP2 labeling
appeared to be dose-dependent and time-dependent (Fig. S5a
and bt). In a competitive labeling experiment, the fluorescent
bands became weaker after pretreatment with NHS-Ac or
competitor (KP-B) but not IAM, suggesting that KP2 labeled
proteins in a lysine-/KP-specific manner (Fig. S5c¢ of in-gel
fluorescence imaging and Fig. S7c of cellular imaging in
cellst). Next we incorporated KP2-labeled fragments into
photolytic tags (PC-biotin-N3) to enrich for the labeled MCF-7
cell lysate proteome using streptavidin beads. The photo-
released labeled peptides were then analysed using LC-MS/
MS. The hydroxyl-containing AAs tyrosine (9.5%) and serine
(8.3%) were partially labeled, and the majority of KP2-labeled
sites were lysine residues (67.9% on average) (Fig. 4e and ESI
Table S471), highlighting a certain lysine-selectivity of pyr-
idinium esters comparing with the NHS and STP esters (Fig.
S6t). To visualize the statistical significance of the frequency of
modified-lysines containing peptides (Tables S4 and S5d¥), we
further performed a pLogo®* analysis to show the KP2 labeling
pattern. Argine (R), glycine (G) and alaine (A) residues were
significantly enriched at —1/+3/—6 positions around lysines,
respectively. Next, we quantitatively assessed the active lysine
residues labeled by KP2 using tandem orthogonal proteolysis-
activity-based protein profiling (TOP-ABPP) with label-free
quantification (LFQ) without normalization (see ESIt) when
a large-scale change in the global modification occurs.”> We
prepared two pairwise KP2 concentrations (10 : 10 pM and 100:
10 uM) in two parallel experiments with MCF-7 cells (Fig. 5a and
ESI Table S51). Highly reactive lysines (387 KP2-labeled
peptides) could be enriched with low-concentration KP2,
yielding nearly equivalent intensities as that of high-dose KP2 (0
< Rj00.10 = 2) (Fig. 5b). The KP2-labeled peptide spectra that met
our quality control confidence criteria with quantified values in
all samples were selected for analysis. The 350 potential high-
reactive lysine-labeled peptides (at both ratios of 0.67 = Ry¢.10
= 1.5 and 0 < Rygp.10 = 2.0) in 250 proteins that spanned protein
classes, including kinases, chaperones, and structural proteins
(Fig. 5¢).

Mitochondrial-labeled proteome profiling in live cells

We next evaluated KP2 biocompatibility in live cells. We
measured IC5, values in MCF-7 cells and found that 500 uM KP2
showed almost no toxicity, much less than NHS and STP esters
(Fig. 6a and S7aft). To perform an in situ labeling of KP2, we first
used in-gel fluorescent signals to preliminarily optimize the
labeling conditions. Notably, cell culture medium ingredients
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Fig. 5 Chemoproteomic lysine profiling with KP2 in MCF-7 cells. (a)
The workflow of tandem orthogonal proteolysis-activity-based
protein profiling (TOP-ABPP) combined with label-free quantification.
(b) Identified LFQ TOP-ABPP ratios for peptides from MCF-7 cells
labeled with two KP2 concentrations (100 :10 uM in red color) and
(10:10 uM in green color) (ESI Table S5¢1). (c) MF (molecular function)
analysis for 350 high-reactive lysine containing proteins (at both ratios
of 0.67 = R10;10 =15and 0 < R100;10 = 20)

consume KP2; thus, it was necessary to conduct the live cell
labeling in PBS buffer for 1 hour. As additionally shown in
Fig. 6b, labeling proteins with 500 pM KP2 in cells yielded the
lowest signals but no toxicity to MCF-7 live cells. The cellular
imaging was then performed to assess KP2 labeling®® (Fig. 6¢
and S7bf¥), in which 2.5 M KP2 was incubated in live MCF-7/
HeLa cells for 1 hour, then fixed and permeabilized, followed
by TAMRA-N; click. It is noteworthy that a lower concentration
of 2.5 uM KP2 was utilized in the cell imaging assays to mitigate
the detrimental effects of excessive fluorescence probe on
imaging outcomes. Since macrophage inflammatory responses
are important during immune responses,® we also applied KP2
labeling to RAW264.7 macrophages. Interestingly, we discov-
ered that KP2 appeared to be a partially mitochondrial location,
possibly because of its positive charge. Therefore, we examined
KP2 labeling colocalization with two mitochondrial markers in
live MCF-7/HeLa/RAW264.7 cells, heat shock protein 60 (HSP60,
blue) and cytochrome c oxidase subunit 4 isoform 1 (COX4,
green) (Fig. 6d and S7bt).

Finally, based on above optimized conditions (Fig. 6a and b),
we used 500 uM KP2 to label MCF-7 live cell in culture dish
replaced with PBS buffer for one hour to successfully collect 386
modified lysine sites in 248 proteins (ESI Table S6%). Distin-
guishable KP2-labeled proteins were further explored and
systematically compared (Fig. 6e). These proteins showed
a diverse cellular components (CC) as annotated in the GO
database.*® CC analysis in live cells revealed 43 unique proteins

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 In situ profiling human proteome by KP2. (a) ICsq values of the
probes (KP2, KP12, KP13) against MCF-7 cell. Data represent means +
standard deviation for three experiments. (b) KP2 probe labeling
proteins in MCF-7 live cells, by ABPP in-gel fluorescence scanning and
CBB, treated with KP2 probe 1 hour followed conjugation of TAMRA-
N3z by CuAAC click-chemistry. FL, in-gel. (c) Cellular imaging of KP2
(2.5 uM) with live MCF-7 cells. KP2 exhibited the strongest in situ
labeling in live MCF-7 cells after 1 hour of treatment, colocalized with
that of MitoTracker green FM. Scale bar = 10 um. Correlation was
determined by Manders overlap coefficient (MOC = 0.94529). (d)
Immunofluorescent analysis of MCF-7 live cells after KP2 labeling
validated the labeled mitochondria proteins. The colocalization of
TAMRA immunofluorescence (red) conjugated by KP2 with two
mitochondrial markers cytochrome ¢ oxidase subunit 4 isoform 1
(COX4, green) and Heat Shock Protein 60 (HSP60, blue). Scale bar =10
um. (e) Cellular component (CC) analysis for KP2 labeled lysines
containing proteins labeled by 500 pM KP2.

in mitochondrion, consistent with our findings in imaging.
Taken together, we revealed that to a certain extent pyridinium-
based KP2 labeling was lysine-selective and mitochondria-
labeling. Thus, KP2 can potentially be used to detect endoge-
nous lysine-specific sites both in vitro and in live cells. In the
future, it would be valuable to derive more pyridinium-based
strategies for spatiotemporal changes in living systems.

Conclusions

Here we developed a cationic pyridinium activated ester to label
and profile active lysine proteins. The pyridinium ester exhibi-
ted effective lysine reactivity and ~70% selectivity. We applied
KP2 to human proteome ABPP and quantitatively identified 350
high-reactive lysine-labeled peptides by LFQ. Remarkably, we
also used KP2 for lysine-selective proteome profiling in live cells
and identified 386 lysine sites in 248 proteins. To the best of our
knowledge, this is a rare, successful case of lysine selective ABPP
in a complex system. Additionally, the cationic pyridinium ester
demonstrated the potential for mitochondrial-localized
labeling in live cells. In future, we will continue to improve
KP2's lysine selectivity, organelle-specificity, and metabolic
features. In conclusion, we developed a pyridinium-based acti-
vated ester with good reactivity, a ~70% lysine selectivity, and
biocompatibility that provides a complimentary alternative for
lysine-selective modification and organelle-targeted chemo-
proteomic profiling.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Data availability
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and biological experiments are provided in the ESI.f Protein
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data have been deposited to the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.org) via the iProX
partner repository®® with the project ID IPX0004016001. The
data that support the findings of this study are available.
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