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Protein lipoylation is a post-translational modification (PTM) of great significance as the lipoylation sites
have essential effects on the enzymatic activities of several protein complexes, which affect the
biological metabolic pathways and are further related to some diseases, such as cancer and Alzheimer's
disease. While proteomic identification of lipoylated proteins has been studied, in situ profiling of protein
lipoylation with high sensitivity remains challenging. Herein, we developed a strategy for in situ analysis
of protein lipoylation by laser desorption/ionization-mass spectrometry (LDI-MS). In this study,
a chemoselective butyraldehyde probe (BAP) was used to label the lipoylated proteins, and then linked
with laser cleavable probe modified gold nanoparticles (AuUNPs) through click chemistry. Triphenylmethyl
mercaptan was used as mass tags (MTs) for the tertiary carbocations released under laser (355 nm)
irradiation, which reflected the presence of protein lipoylation. Based on this strategy, a relative

quantitative analysis of protein lipoylation on different cell lines was performed, and the distribution of
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Accepted 23rd January 2025 lipoylated proteins in tissues was revealed by MS imaging (MSI). This novel approach used chemical
modification to achieve signal amplification and overcome the low ionization efficiency and complicated

DOI: 10.1039/d4sc05553e mass spectra of standard protein analysis. This approach exhibits promise for uncovering biological
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Introduction

Protein lipoylation is an essential post-translational modifica-
tion (PTM) in organisms, formed by the covalent bonding of
lipoic acid (LA) to particular lysine residues.'? Lipoylation sites
are required for the enzymatic activities of several protein
complexes in core metabolic pathway reactions, such as pyru-
vate dehydrogenase (PDH), o-ketoglutarate dehydrogenase
(KDH), branched-chain a-ketoacid dehydrogenase (BCKDH),
and glycine cleavage (GCV).* These proteins are involved in
various metabolic pathways, including glycolysis, the tricar-
boxylic acid (TCA) cycle, fatty acid metabolism, reactive oxygen
species metabolism, amino acid catabolic processes, etc.*® For
example, PDH can catalyze the decarboxylation of pyruvate in
the TCA cycle to produce acetyl-CoA.” Dihydrolipoamide S-ace-
tyltransferase (DLAT) is an essential component of the PDH

“Beijing National Laboratory for Molecular Sciences, Key Laboratory of Analytical
Chemistry for Living Biosystems, Institute of Chemistry, Chinese Academy of
Sciences, Beijing 100190, China. E-mail: znie@iccas.ac.cn

*University of Chinese Academy of Sciences, Beijing 100049, China

‘Academician Workstation, Jiangxi University of Chinese Medicine, Nanchang 330004,
Jiangxi, China

t Electronic supplementary information (ESI) available: Experimental section and
ESI figures. See DOI: https://doi.org/10.1039/d4sc05553¢

4860 | Chem. Sci, 2025, 16, 4860-4865

processes and application in the diagnosis of related diseases.

complex.® Studies have shown that the binding of copper ions to
lipoylated DLAT can lead to the oligomerization of proteins,
thereby inducing cell death.’ Besides, dysregulation of protein
lipoylation is associated with a variety of diseases, such as
cancer, Alzheimer's disease, neonatal-onset epilepsy and
variant non-ketotic hyperglycinemia.*'**> Therefore, the anal-
ysis of protein lipoylation is of vital importance to disease
diagnosis and the understanding of relative biological
processes.

Antibodies have been widely used for immunoprecipitating
lipoylated proteins for proteomic identification by liquid chro-
matography-tandem  mass  spectrometry  (LC-MS/MS).**
However, the binding affinity of antibodies against PTM moie-
ties was not strong enough, which limited their applications.**
An alternative is chemoselective small-molecule probes that
covalently conjugate with PTMs. Xing Chen et al. have devel-
oped a chemoselective ligation strategy, iodoacetamide-assisted
lipoate-cyclooctyne ligation (iLCL), to chemically capture and
enrich lipoylated proteins by using iodoacetamide and cyclo-
octyne.” Chu Wang et al. developed a butyraldehyde probe
(BAP) that enables direct labeling and enrichment of protein
lipoylation in proteomes.” However, these methods have
tedious sample preparation procedures and lose the spatial
distribution information of PTMs.'® Besides, they have strict
requirements for the sensitivity of the mass spectrometer.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Strategy based on the chemoselective and laser cleavable probes for in situ protein lipoylation detection by LDI-MS.

Laser desorption/ionization-mass spectrometry (LDI-MS) has
certain advantages in rapid and sensitive analysis, as well as
obtaining in situ information of analytes.”” Bai and colleagues
designed bifunctional cleavable probes for in situ multiplexed
glycan detection and imaging by LDI-MS." Our research group
used laser cleavable probes for in situ sialoglycoconjugate
profiling and multiplexed glycan detection in single cells by LDI-
MS.*?° But until now, the research into in situ, rapid and sensi-
tive analysis of lipoylation PTMs by LDI-MS has been lacking.

Herein, a strategy for in situ analysis of protein lipoylation by
LDI-MS was proposed (Scheme 1). This extraction-free and sensi-
tive method combined chemoselective small-molecule probes,
click chemistry, and a signal amplification strategy based on gold
nanoparticles (AuNPs) and laser cleavable mass tags.* > The BAP
was synthesized for the labeling of protein lipoylation according to
Wang's study. Azido-polyethylene glycol-thiol (N;-PEG-SH) as the
linking group connected the probe to the AuNPs covering tri-
phenylmethyl mercaptan as mass tags (MTs) by click chemistry.
Under laser (355 nm) irradiation, the carbon-sulfur (C-S) bond of
MTs could be broken efficiently, and tertiary carbocations were
released for the sensitive detection by LDI-MS. Although the
combination of click chemistry with modified gold nanoparticles
has been used in analytical chemistry, it has not been used for the
analysis of post-translational modification of proteins as far as we
know. Based on this strategy, we performed relative quantitative
analysis of protein lipoylation on different cell lines.** Further-
more, MS imaging to provide the visible distribution of lipoylated
proteins was also conducted. This novel approach provided mass
spectrometric evidence of different expression levels of lip-
oylation, revealing the correlation with diseases. By combining
various probes, it can also be used for other PTM analyses. Thus,
this approach has potential for deciphering biological events and
application in diseases diagnosis and therapeutic treatment.

Results and discussion
Synthesis and characterization of MTs/N;@AuNPs

The BAP was synthesized for labeling lipoylation according to
the previous study of Chu Wang et al.*® The alkyne handle of the

© 2025 The Author(s). Published by the Royal Society of Chemistry

BAP could be conjugated with azide-functionalized AuNPs via
copper(i)-catalyzed azide-alkyne cycloaddition (CuAAC), and
the AuNPs were modified with triphenylmethyl mercaptan as
MTs for releasing tertiary carbocations under laser irradiation
to provide a high sensitivity for protein detection. N;-PEG-SH
(5000 Da) was used as the linker between the BAP and AuNPs for
the azido terminal aimed for the click reaction with the alkyne
handle of the BAP, and the sulfhydryl terminal linked to the
AuNPs. Triphenylmethyl mercaptan which had high efficiency
in releasing triphenylmethyl cations under laser irradiation was
chosen as the MS reporter grafted on the surface of AuNPs
through the formation of Au-S bonds.' Proportions of Au, N;-
PEG-SH and triphenylmethyl mercaptan were systematically
optimized to obtain highly sensitive and reactive MTs/
N;@AuNPs. Transmission electron microscopy (TEM)
measurements showed that the synthesized AuNPs had
a diameter of approximately 15 nm, and MTs/N;@AuNPs had
a corona of 2 nm thickness (Fig. 1a and S1t).>*?¢ Ultraviolet-
visible (UV-vis) absorption spectra corresponding to the MTs/
N;@AuNPs and the original AuNPs exhibited significant varia-
tion, suggesting that MTs/N;@AuNPs were prepared success-
fully (Fig. 1b). N3-PEG-SH and MTs were modified on AuNPs to
form MTs/N;@AuNPs which could produce characteristic mass
signals with high intensity in LDI-MS without an additional
matrix. The mass spectrum of MTs/N;@AuNPs in positive ion
mode showed a higher intensity of triphenylmethyl cations at
m/z 243 than the signals of Au’, 2Au* and 3Au" at m/z 197, 394
and 591 (Fig. 1c). High mass resolution LDI-FTICR-MS results
are shown in Fig. S2.1 The MTs achieved signal amplification in
this strategy, which facilitated that rapid identification even
under complex matrices for the characteristic fragment ion
would avoid signal interference from the sample background.

In situ detection of protein lipoylation in cells by LDI-MS

Human neuroblastoma (SK-N-SH) cells were chosen to verify in
situ analysis of protein lipoylation. After 24 h of incubation and
attachment, the cells were fixed with 4% paraformaldehyde
(PFA) at 4 °C overnight, and penetrated with 0.2% Triton-X100
for 10 min. To exclude the “side reactions” between the BAP and

Chem. Sci., 2025, 16, 4860-4865 | 4861
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Fig. 1 Characterization of MTs/N3@AuUNPs. (a) Transmission electron
microscopy (TEM) image of MTs/N3@AuNPs. (b) Ultraviolet-visible
(UV-vis) absorption spectra of bare AuNPs (black), Ns@AuNPs (red) and
MTs/Nz@AuNPs (blue). (c) MS spectrum of MTs/Ns@AuNPs (m/z 243
represents the triphenylmethyl cation released from MTs; m/z 197, 394
and 591 represent the signal of Au).

cysteine, the cells were treated with 100 mM N-ethylmaleimide
(NEM) 3 h for blocking protein thiol, and then incubated with
20 mM BAP and 10 mM tris(2-carboxyethyl)phosphine (TCEP) in
an acidic buffer system (pH = 3) for 12 h at 37 °C.'*'® For
comparison, cells without the BAP added and cells cultured
with the BAP for 5 min were set as control groups to exclude the
nonspecific adsorption of cells. The cells were washed with
phosphate buffered saline (PBS) in each step. After washing to
remove the excess BAP, 500 uL of reaction solution (0.2 mM tris
[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA), 0.2 mM
TCEP, 1.0 mM CuSO,, and 2.0 mM sodium ascorbate in MTs/
N;@AuNPs) was added for the click reaction for 6 h. Finally, the
completely washed cells (1% Tween-20 and PBS) were then
scraped and directly spotted on the target plate for LDI-MS
detection. The results showed that the signal of MTs was ob-
tained at m/z 243, while in the control groups no signal at m/z
243 was observed (Fig. 2 and S3aft). To confirm the conjugation
of the BAP to the cells, Cyanine5-azide (Cy5-azide) was
employed for the imaging of the BAP under a confocal laser scan
microscope (CLSM). Confocal imaging results showed that the
experimental group exhibited strong fluorescence signals of the
cells after incubation with Cy5-azide and the click reaction
reagent while no obvious signal was observed in the control
groups (Fig. S3bt). To further verify the interaction between the
BAP and lipoylation cells attributed to the specific binding,
a lipoic acid (LA) inhibition experiment was conducted. The
BAP was pre-incubated with LA, followed by incubation with
cells. The BAP-MTs/N;@AuNPs strategy was conducted with
LDI-MS analysis, and no obvious MTs signal was detected
(Fig. S47). These results demonstrated that the BAP specifically
labeled protein lipoylation in cells, and the BAP-MTs/
N;@AuNPs strategy is effective for protein lipoylation analysis
by LDI-MS.
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Fig. 2 In situ detection of protein lipoylation in cells. MS spectra ob-

tained using the BAP-MTs/N3@AuNPs strategy for protein lipoylation
analysis by LDI-MS with the BAP incubated for 12 h (top) and without
the BAP added (bottom).

Quantitative analysis of protein lipoylation in different cells

Quantitative information of protein lipoylation is crucial to
understand the potential molecular mechanisms of lipoylation-
related diseases and biological processes. The relative quanti-
fication of protein lipoylation was performed by evaluating the
relative intensities of MTs and internal standard (IS). Tris(4-
methoxyphenyl)methanol was chosen as the IS for its similar
structure and ionization performance to MTs. The character-
istic MS signal corresponding to the IS was a tertiary carboca-
tion at m/z 333 which was generated under laser irradiation by
LDI-MS. The IS with a concentration of 25 pM and a series of
concentrations of MTs were mixed and measured to draw the
standard curve (Fig. 3a). The repetitive assays were found to
exhibit desired reproducibility, implying the use of an IS based
procedure offering the possibility of lipoylation protein quan-
tification. The limit of detection for MTs is 0.25 uM. Relative
quantitative analysis was applied to three different cell lines
including SK-N-SH cells, Michigan cancer foundation-7 (MCF-7)
cells and human embryonic kidney 293 (HEK 293) cells. After
culturing for 24 h, the average counts of the three different cell
lines were 3.36 x 10° 3.52 x 10°% and 3.04 x 10° per dish,
respectively. The representative mass spectra of the three cell
lines are shown in Fig. 3b. The concentrations of MTs were
calculated according to the standard curve. Compared with the
number of cells, the average relative concentration of MTs for
each cell of the three different cell lines was approximately 1.00,
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Fig. 3 Quantitative analysis of protein lipoylation in different cells. (a)
Calibration curve of MTs (x-axis, concentration ratio of MTs to IS; y-
axis, intensity ratio of m/z 243 against m/z 333). (b) Representative
mass spectra of three cell lines with the BAP-MTs/Ns@AuNPs strategy
by LDI-MS.
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Fig. 4 Hematoxylin and eosin (HE) staining of the brain tissue section
from the neonatal rat model of hypoxic-ischemic encephalopathy
(HIE) and MS image of protein lipoylation in the ischemic region and
contralateral region.

1.06, and 1.22, respectively. The results implied the heteroge-
neity in protein lipoylation content among different cell lines,
and indicated the lower expression of protein lipoylation in
cancer cells than in normal cells to a certain extent. This might
be related to the “Warburg effect” of cancer cells for the
tricarboxylic acid (TCA) cycle disturbance.>” The mechanism for
the cell-type-specific difference in protein lipoylation remains to
be investigated.

MS imaging of fresh tissues

While the visible distribution of protein lipoylation in tissues by
MS imaging (MSI) is vital for the knowledge of related biological
processes, direct MSI analysis is challenging. Here, we applied
our in situ detection strategy based on BAP-MTs/N;@AuNPs to
convert protein lipoylation into the MT signal, and achieved the
protein lipoylation MSI analysis.”®** We evaluated the protein
lipoylation in the brain tissues of neonatal rats with hypoxic-
ischemic encephalopathy (HIE). The establishment of the
neonatal rat model of HIE was carried out as in our previous
work.*® The hematoxylin and eosin (HE) staining of the tissue
section is shown in Fig. 4. The left hemisphere of the rat brain is
the normal area, and the right hemisphere is the ischemia area.
As shown in Fig. 4, the MSI results indicated that the protein
lipoylation level in the ischemia area was lower than that in the
normal area. This may be related to disturbances in certain
biological processes and functions of protein lipoylation in the
ischemic region. We also applied this BAP-MTs/N;@AuNPs
strategy to human brain glioma tissue and obtained the visible
distribution of protein lipoylation (Fig. S5t1). Unfortunately,
a small amount of normal brain tissue we obtained was washed
out during the pretreatment process due to the high lipid
content and could not be compared with cancer tissue. The
results indicated the capability of this method to detect the
distribution and alteration of protein lipoylation.

Conclusions

In conclusion, a high sensitivity and low interference approach
based on LDI-MS was developed for in situ detection of protein

© 2025 The Author(s). Published by the Royal Society of Chemistry
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lipoylation. A chemoselective BAP probe was used to label lip-
oylated proteins, and was linked with laser cleavable probe
modified AuNPs. Thus, the detection of protein lipoylation
could be conducted by replacing the signal of MTs for it under
laser (355 nm) irradiation. Based on this strategy, the low
ionization efficiency and complicated mass spectra of protein
analysis were overcome by signal amplification without the
addition of a matrix. Furthermore, relative quantitative ana-
lysis of protein lipoylation on different cell lines was
performed, and the visible distribution of lipoylated proteins
in tissues was revealed by MSI. This strategy can also be used
for other PTM analyses by combining various labeling
probes. This extraction-free and sensitive method provides
mass spectrometric evidence of different expression levels of
lipoylation, and exhibits promise for uncovering the biological
events and application in disease diagnosis and therapeutic
treatment.
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