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Multi-dimensional bio mass cytometry:
simultaneous analysis of cytoplasmic proteins and
metabolites on single cellst

Shaojie Qin,? Xinyi Zhang,? Yi Zhang,? Daiyu Miao,® Wensheng Wei (<
and Yu Bai®*@

Single-cell multi-dimensional analysis enables insight,

a comprehensive understanding of cell physiological processes. Due to limited cellular contents, the lack

more profound biological providing
of protein and metabolite amplification ability, and the complex cytoplasmic environment, the
simultaneous analysis of intracellular proteins and metabolites remains challenging. Herein, we proposed
a multi-dimensional bio mass cytometry platform characterized by protein signal conversion and
amplification through an orthogonal exogenous enzymatic reaction. Clustered regularly interspaced
short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) gene editing technology was
applied protein glycer-aldehyde-3-phosphate
dehydrogenase (GAPDH) through exogenous luciferase Nanoluc (Nluc). The simultaneous detection of
GAPDH and hundreds of metabolites at the single-cell level was realized for the first time.
Semiquantitative analysis of GAPDH together with single-cell metabolomes under S-nitrosoglutathione

in the quantification of endogenous intracellular

(GSNO)-induced oxidative stress was investigated. Bioinformatics analysis revealed 16 metabolites that
correlated positively with GAPDH expression upon oxidative stress, including long-chain fatty acids
(palmitoleic acid, myristic acid, etc.) and UDP-N-acetylglucosamine (UDP-GIcNAc). Potential synergetic
functions of GAPDH and UDP-GlcNAc-mediated oxidative stress responses were also elucidated. Our
work proposes a novel strategy for the simultaneous quantitative analysis of single-cell intracellular
proteins and metabolites, deepens the understanding of inherent anti-oxidative stress response
mechanisms, and provides the molecular fundamentals for the study of inherent biological processes.

exhibited promising advancements towards maturity.>'®
However, it should be noted that gene information primarily
reflects probabilities of disease susceptibility, whereas proteins
and metabolites serve as direct indicators of vital activities and

analysis integrates various

tion,>* protein expression,” and metabolome information,®
providing insights into the intricate biological processes in
cells. It unravels cellular events at the single-cell level, facili-
tating a comprehension of individual cell heterogeneity and
spatiotemporal dynamics.”® In recent years, nucleic acid
amplification-based single-cell conjoint analysis technologies,
including genomics, transcriptomics, and epigenomics, have
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phenotypes,” thereby offering more accurate reflections of
pathological processes in diseases and cellular states.'>*?
Nevertheless, the detection of metabolites and proteins at the
single-cell level remains challenging due to their large diversity,
low abundance, rapid turnover rates, wide dynamic ranges, and
lack of amplification capabilities within current single-cell
analysis platforms.'*** Consequently, there is an urgent need
for analytical techniques with high sensitivity and rapid
response capabilities. Fluorescence-based flow cytometry has
enabled multiplexed protein analysis in single cells with high
throughput,'® and surface-competitive immunoassays have also
been utilized in the quantification of proteins and specific
metabolites.*'”'* However, time-consuming antibody labeling
and cell pretreatment have caused an impact on the real phys-
iological state of cells, which may directly affect the information
of endogenous metabolites. Due to its high resolution, sensi-
tivity, and throughput, mass spectrometry is flourishing in
single-cell proteomics and metabolomics."*® The parallel
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analysis of proteins and metabolites has been shown to be
feasible for cells such as embryos,*** neurons,” and tumor
cells.* Although such techniques enable high-throughput
analysis of proteins and metabolites, targeted low-abundant
protein analysis is still challenging. The complex micromanip-
ulation technologies and sample preprocessing workflows are
required, resulting in a relatively low cell analysis throughput.
In addition, the spatiotemporal separation may cause the
alteration of proteins and metabolites.”>** Therefore, simulta-
neous analysis of proteins and metabolites in somatic cells is
critical to obtain accurate and comprehensive cellular pheno-
typic understanding. Insufficient ionization efficiency of
proteins puts forward a considerable challenge for direct
protein quantification strategies. Our group has developed
a multi-dimensional organic mass cytometry platform,* real-
izing the detection of six cell surface proteins along with
endogenous metabolites through immune-based MS signal
amplification. In comparison to cell surface proteins, cyto-
plasmic proteins constitute approximately 70% of the cellular
proteome and play a dominant role in fundamental cellular
activities.?” Nevertheless, the current methods are limited in the
cytoplasm because of the complex cellular environment that
presents intricate redox circumstances and diverse chemical
reactivity. Furthermore, the amplification capability is also
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restricted by the limited loading capacity of mass tags. There-
fore, there is an urgent need for detection methods that exhibit
excellent biological orthogonality and high sensitivity for cyto-
plasmic proteins and endogenous metabolites at single-cell
resolution.

Glyceraldehyde-3-phosphate  dehydrogenase = (GAPDH),
regarded as a moonlighting protein, has exhibited significant
function in not only the classical glycolysis but also in the
response to oxidative stress process.’**° Under oxidative stress
conditions, various oxidative posttranslational modifications
(oxPTMs), such as sulfenylation and S-thiolation, induce alter-
ations in GAPDH's conformation, subcellular localization, and
interactions with multiple metabolic pathways.*"** However,
detailed metabolic change accompanied by GAPDH alteration
at the single-cell level still remains unknown, and further
exploration is needed to understand the synergistic regulation
among numerous metabolic pathways in response to external
oxidative stimulation.

Herein, we proposed a multi-dimensional bio mass cytom-
etry approach to achieve simultaneous analysis of cytoplasmic
protein GAPDH and hundreds of metabolites at the single-cell
level. As illustrated in Scheme 1, the in vitro protein quantifi-
cation is demonstrated by the fusion protein GAPDH-Nanoluc
(GAPDH-Nluc) using the amount of product generated from
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Scheme 1 The workflow of multi-dimensional bio mass cytometry. (a) In vitro validation. Through an Nluc fusion protein-mediated enzymatic
reaction, the amount of product was positively correlated with the concentration of enzyme. (b) CRISPR-based Nluc knock-in cell line
construction. Cas9, template DNAs, and sgRNA plasmids were transfected, and then genotype validation was performed to ensure the successful
knock-in of Nluc. Through monoclonal sorting and following phenotypic verification, an Nluc knock-in cell line was obtained. (c) Single-cell
multi-dimensional analysis. Metabolites and target proteins were detected simultaneously using single-cell mass cytometry. (d) GSNO oxidation-
stress analysis. GSNO oxidation stress application was further studied with the help of bioinformatics tools.
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substrate through monitoring the kinetics of the enzymatic
reaction of Nluc, a luciferase that spontaneously emits light
upon incubation with its substrate luciferin. To further char-
acterize the expression of endogenous GAPDH, the clustered
regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated protein 9 (Cas9) gene editing system* is
utilized to construct a GAPDH-Nluc cell line. Combined with the
rapid enzyme reaction, the level of GAPDH in cells can be re-
flected by the product measured. The intracellular protein and
the endogenous metabolites can be detected simultaneously
within individual cells. Based on the multi-dimensional infor-
mation, changes in GAPDH and metabolites under oxidative
stress induced by S-nitrosoglutathione (GSNO) and probably
synergistic effects among GAPDH and specific metabolic path-
ways were also investigated.

Results and discussion
In vitro validation

In order to validate the quantification capability of the strategy,
we conducted in vitro enzyme activity experiments. Firstly, the
active fusion protein GAPDH-Nluc was successfully expressed
and purified based on MS identification and SDS-PAGE results
(Fig. S1t). Subsequently, a non-contact electrospray MS device
other than conventional contact mode was opted for subse-
quent enzyme kinetics analysis (Fig. S27), considering factors
such as salt tolerance of existing ionization methods, proba-
bility of cell blockage, and compatibility with flow cytometric
devices (Fig. S2 and S37). A Cu wire was enwound at the spray
needle to establish electrical contact with the MS built-in elec-
tricity supply system (Fig. S27). Fig. 1a demonstrates that within
a concentration range of 0.26-26 uM (covering the intracellular
substrate concentration range), a good linearity between MS
response and the concentration of furimazine as substrates in
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Fig. 1 Enzymatic reaction kinetics monitoring using non-contact
electrospray MS. (a) Standard curve of substrate furimazine at different
concentrations in cell lysate. (b) MS response of product during
enzymatic reaction under different enzyme concentrations. (c) MS
response of substrate during enzymatic reaction under different
enzyme concentrations (low enzyme concentration is shown on the
top right). (d) Linear correlation between intensity of the product and
simulated intracellular enzymatic concentration at monitoring time
point of 2 min (n = 3 independent experiments; error bars: mean + s
day).
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cell lysate is obtained, indicating that the non-contact electro-
spray device exhibits excellent substrate detection capability
under complex environments. Based on this result, we moni-
tored the enzymatic reaction under different enzyme concen-
trations (covering the intracellular GAPDH concentration range)
by adding the substrate in excess to simulate the enzymatic
reaction process in cell lysate. The MS responses of the product
and substrate during the reaction are shown in Fig. 1b and c,
respectively. With an increase in enzyme concentration, the
product generation rate gradually improves. When the enzyme
concentration exceeds 1.6 mg L™, the peak of product genera-
tion can be achieved within 2 minutes. It is worth noting that
after reaching its peak concentration, there may be a slight
decrease followed by eventual stabilization in product concen-
tration due to the reported inverse reactions observed in
previous studies.**?® The same conclusion is also reached
regarding substrate consumption as depicted in Fig. 1c. Based
on these findings, we analyzed the correlation between enzyme
concentration and product production at a reaction time of 2
minutes, as illustrated in Fig. 1d. In order to better estimate the
number of proteins in single cells, we converted the absolute
concentration of proteins into the number of copies of proteins
in a single cell according to previous literature.*” There is
a piecewise linear relationship between the product production
and the protein copy number, which validates the quantifica-
tion capacity of our strategy. The detection limit of the method
can be as low as 400 copies per cell. The results indicate that
there are probably different catalytic reaction rate constants in
the range of high concentration and low concentration of
proteins (copy number of 50 000 as the dividing point).

In summary, we simulated the enzymatic reaction process in
cellular contents and confirmed that the MS response of the
product was positively correlated with the enzyme concentra-
tion at the specific reaction time, and good linearity within
a specific range was observed. The strong signal amplification
ability offers the probability for the quantification of proteins
with low copy number in cells. The results lay a foundation for
subsequent intracellular protein quantification.

CRISPR-based Nluc knock-in cell line construction

After confirming the quantification capability of the strategy in
vitro, we introduced the system into cells for intracellular
protein verification. To characterize the abundance of endoge-
nous GAPDH expression and maintain its original transcrip-
tional regulatory mechanism, CRISPR-Cas9 gene editing
technology was utilized to achieve site-specific Nluc knock-in at
the GAPDH locus. The main workflow is illustrated in Fig. 2a,
where Cas9 nuclease initially induces a double-strand break
(DSB) at specific sites under the guidance of single guide RNA
(sgRNA). In the presence of donor DNA fragments, Nluc is
inserted into the C-terminal region of GAPDH through the
intracellular homologous recombination repair mechanism.
Initially, five sgRNA sequences were designed (Table S1t) tar-
geting the last exon of GAPDH, and their targeted cleavage
efficiency was evaluated using the T7E1 assay as shown in
Fig. 2b. Considering the overall editing performance, sgRNA-1
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Fig. 2 Nluc knock-in cell line construction. (a) Workflow of CRISPR-
Cas9-mediated Nluc knock-in process. (b) Comparison of the site-
specific edition efficiency of five sgRNAs (represented by numbers 1—
5) on the genome. (c) PCR (top right) and luminescence test results for
Nluc knock-in verification (n = 3 independent experiments; error bars
represent mean + s day). (d) PCR (top right) and luminescence test
results for the obtained monoclones.

and sgRNA-2 were subsequently selected as guide RNAs.
Compared to the control group, gene-edited cell samples
exhibited significant luminescent intensity, indicating
successful insertion (Fig. 2¢), and normal expression of Nluc
was further confirmed by PCR verification (primer sequence in
Table S1}). Through fluorescence-activated cell sorting (FACS)
followed by monoclonal culture techniques, an excellent lumi-
nescent phenotype #76 cell line from the sgRNA-1 edited sample
was finally obtained (Fig. 2d). PCR and sequencing results
demonstrated successful generation of the Nluc knock-in cell
line (sequence in Table S21). qPCR and enzyme activity assays
confirmed the endogenous expression level as well as the
enzyme activity of GAPDH in the #76 cell line (Fig. S4 and S5,
primer sequences in Table S1t), which could be employed for
endogenous GAPDH characterization and subsequent single-
cell mass cytometry analysis. In order to further confirm the
quantitative capability of this method for low-abundance
proteins within single cells, similarly, we also applied this
strategy to establish a TP53-cypridina luciferase (Cluc) cell line
(Fig. S61) based on the enzymatic reaction of Cluc, thereby
demonstrating that this method also has the ability to quantify
low-abundance proteins in single cells.

Single-cell mass cytometry analysis

With the obtained Nluc knock-in cell line, we conducted single-
cell mass cytometry analysis using a modified non-contact
electrospray-based organic mass cytometry platform.** The
cells were incubated with the substrate for a specific duration,
followed by removal of excess substrate, washing, fixation, and
monodispersion prior to MS analysis. To achieve optimal
intracellular signal amplification performance, we optimized
the substrate incubation time (Fig. S7t), and a 10 minutes
incubation was selected for subsequent monitoring. A repre-
sentative cellular MS spectrum is shown in Fig. S8.1 The total
ion chromatogram (TIC) and extraction ion chromatogram
(EIC) of glucose are presented in Fig. 3a and b, respectively.
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Fig. 3 Single-cell mass spectrometry quantification results. TIC and
EICs of product (m/z 368.1400), substrate (m/z 380.1400), and
glucose (m/z 179.0560) in Nluc knock-in cells in negative mode (a)
with substrate incubation and (b) without substrate incubation. (c) Box
plots of product relative intensity changes of single cells when treated
with different concentrations of insulin and ethanol (cell number =
400; black lines indicate means; two-way ANOVA; the box plot shows
the median, 0.25 and 0.75 quantiles, and whiskers extend to points
within the 1.5 interquartile range of lower and upper quartiles). ***
denoted p values <0.001). (d) Western blot assay of GAPDH in Nluc
knock-in cells that were treated with different concentrations of
insulin and ethanol. B-actin was used as a loading control.

Single pulse peaks were observed in the TIC, which closely
matched the pulse peaks in the EIC of endogenous cellular
metabolites, such as glucose, indicating the occurrence of
single-cell events and good monodispersity of cells. Further-
more, only cells incubated with substrates exhibited distinct
EIC signals corresponding to both substrates and products; no
such signals were observed in the control group (Fig. 3a and
S9t). The fixation process prevents the leakage of enzymatic
reaction products from the cells (Fig. S1071), which also facili-
tates metabolite detection without salt disturbance (Fig. S117).
In addition, both negative and positive modes enabled the
detection of products and substrates (Fig. S12t), thereby
expanding the scope of metabolite profiling. Hence, our strategy
possesses the capability to detect substrates and products at the
single-cell level while demonstrating the orthogonality of the
reaction in complex cytoplasmic environments. To validate the
quantification results obtained through single-cell mass
cytometry, an insulin treatment model was employed. Accord-
ing to relevant literature,***° the promoter region of GAPDH
contains numerous cis-regulatory elements such as hypoxia
response elements (HREs) and insulin response elements
(IREs). Consequently, under conditions of hypoxia and insulin
treatment, the inducible transcription factor HIF complex binds
to this region, thereby enhancing transcriptional expression
levels. Simultaneously, ethanol can inhibit this signaling
pathway,* resulting in the decrease in GAPDH expression. The
quantification results obtained through single-cell mass
cytometry are depicted in Fig. 3c. With increasing concentra-
tions of insulin, there is a significant increase in product
intensity; however, upon ethanol treatment, the response
decreases, which is consistent with existing theories. Western
blotting conducted on bulk samples also exhibited similar

© 2025 The Author(s). Published by the Royal Society of Chemistry
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changes (Fig. 3d), indicating that our strategy possesses excel-
lent quantification capabilities for intracellular proteins at the
single-cell level.

Single cell multi-dimensional analysis of GSNO oxidation
stress

Metabolic profiling accompanied by quantification of GAPDH
expression on single cells under oxidative stress induced by
GSNO was conducted using this multi-dimensional bio mass
cytometry. GSNO is considered a major intracellular nitric oxide
donor that can induce trans-nitrosylation and glutathione
conversion of GAPDH at the post-translational modification
level, thereby affecting the intranuclear transport of GAPDH
and triggering the apoptosis process.***'~** Additionally, NO can
also influence the transcriptional level of GAPDH expression.**
Initially, we incubated Nluc knock-in cell lines under different
concentrations of GSNO. Oxidative stress significantly altered
the metabolic pattern (Fig. 4a and S13-S157), leading to distinct
cell clustering (Fig. S161) and increasing cell heterogeneity
(Fig. S14 and S167), which cannot be exhibited in bulk sample
studies. Specifically, as oxidative pressure increased, the TCA
cycle and amino acid metabolism pathways were gradually
activated. Interestingly, fatty acid metabolism was most affected
by oxidative stress (Fig. S17t), with some lipid hormones and
long-chain fatty acids initially increasing in expression before

View Article Online
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subsequently decreasing, consistent with the GAPDH expres-
sion, which demonstrates that this platform can provide the
molecular information of the dynamic process at the single-cell
level. It has been reported that under conditions of oxidative
stress, the upregulation of GAPDH expression triggers an
autophagic response to ensure the generation of glycolytic ATP
for cellular protection against oxidative damage.**® Excessive
oxidative stress, however, can ultimately impair the capability of
oxidative defense, as evidenced by the down-regulation of
GAPDH. The addition of GSH alleviated the oxidative stress and
upregulated the expression of GAPDH, indicating that the
impact of oxidative stress is reversible. Intragroup correlation
analysis (Fig. 4b) identified metabolites most closely related to
the trend of GAPDH change. Furthermore, trend analysis
(Fig. 4c) reveals multiple metabolic patterns. The end products
of glycolysis, pyruvate and lactate, as well as some metabolites
related to the TCA cycle, showed a decreasing trend as oxidative
stress levels increased, which is consistent with the relating
literature.”** Correspondingly, the intermediate metabolites
exhibited an upward trend,* suggesting that the increase in
oxidative stress may have a significant and irreversible impact
on the activity of downstream metabolic enzymes. Additionally,
some amino acids, such as aspartate and glutamine, displayed
a trend of initially increasing followed by decreasing, which has
not been reported yet. The changes in the levels of GAPDH were
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Fig.4 Application of GSNO-induced oxidative stress. (a) Circular heat maps of metabolites under different concentrations of GSNO and GSH. (b)
Correlation matrix of metabolites within all groups. (c) Trend analysis of metabolites within all groups. Detected metabolites were mainly divided
into 6 trends according to content change patterns. Change patterns of metabolites closely related to GAPDH are highlighted with a red frame.
(d) Box plots of relative abundance of specific fatty acids and UDP-GIcNAc in single cells with treatment of different concentrations of GSNO and
GSH (cell number = 400; black lines indicate means; the box plot shows the median, 0.25 and 0.75 quantiles, and whiskers extend to points
within 1.5 interquartile ranges of lower and upper quartiles). (e) Western blot assay of GAPDH, FASN (fatty acid synthase), and UAP1 (UDP-N-
acetylglucosamine pyrophosphorylase 1) in cells that were treated with GSNO and GSH. B-actin was used as a loading control.
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generally consistent with those of certain long-chain fatty acids.
Combined with intragroup correlation analysis and trend
analysis, we identified a total of 16 metabolites that exhibited
the closest association with changes in GAPDH levels. These
metabolites include fatty acids, amino acid derivatives, and
metabolites involved in glycosylation modification (Table S37).
Five long-chain fatty acids, including palmitic acid, pentade-
canoic acid, myristic acid, linoleic acid, and UDP-N-acetylglu-
cosamine (UDP-GIcNAc), were selected as the specific
metabolites, based on the literature®*™® (Fig. 4d). Western
blotting of key enzymes related to these pathways also demon-
strated a similar change pattern as observed for GAPDH
expression levels, which also correspond to wild-type 293T
(Fig. S18t), confirming a close relationship between these
metabolites and protein expression (Fig. 4e). Conventional
liquid chromatography-mass spectrometry (LC-MS) assay also
exhibits similar results (Fig. S19f). The MS/MS spectrum of
representative metabolites is presented in Fig. S20.f However,
there are some inconsistencies with amino acids, such as lysine
and serine, which reflect possible metabolism pathway hetero-
geneity. It is noteworthy that UDP-GIcNAc serves as a donor for
O-linked GlcNAc modification,> which exerts profound effects
on the oxidative stress response through the regulation of
specific kinase glycolation.>*® Moreover, UDP-GIcNAc itself is
derived from the hexosamine biosynthetic pathway (HBP),
which directly links to the glycolytic pathway of upstream
GAPDH. Fatty acid metabolism is connected to HBP through the
supply of synthetic substrate acetyl-CoA. Therefore, we
hypothesize that GAPDH, instead of functioning solely as
a glycolytic enzyme, may be involved in mediating the oxidative
stress response mechanism mediated by UDP-GIcNAc. The
detailed molecular mechanisms underlying this regulation
remain to be further explored.

Conclusions

In summary, we have developed a multi-dimensional bio mass
cytometry platform for the simultaneous analysis of intracel-
lular proteins and metabolites at the single-cell level. By
utilizing the enzymatic kinetics of luciferase Nluc, we have
transformed the quantification of intracellular proteins into the
detection of enzymatic reaction products, thereby achieving
signal transformation and amplification. To accurately deter-
mine the abundance of endogenous protein GAPDH, we intro-
duced the CRISPR-Cas9 gene editing system to precisely insert
Nluc at the C-terminal of GAPDH. Both in vitro enzymatic
experiments and single-cell mass cytometry validated the
accuracy of our method for protein quantification. Finally, we
applied this multi-modal bio mass cytometry platform to
investigate GSNO-induced oxidative stress and revealed signif-
icant metabolic changes at the single-cell level. We identified 16
metabolites that positively correlated with changes in GAPDH
abundance. Notably, long-chain fatty acids and UDP-GlcNAc
showed close correlation in terms of both protein levels and
metabolite levels, suggesting the possibility of a synergistic anti-
oxidation function between GAPDH and UDP-GlcNAc-mediated
oxidative stress response. In conclusion, our method expands
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the toolbox for single-cell multi-modal mass spectrometry
methodology and provides insights into understanding the
mechanisms of cellular apoptosis, aging, and oxidative stress
response at the single-cell level.

Experimental section
Chemicals and materials

293T cells were obtained from the Wensheng Wei Laboratory
(Peking University). Dulbecco's modified eagle medium
(DMEM)/high glucose (+0.584 g per L -glutamine, + 4.5 g per L
glucose, + 3.7 g per L sodium bicarbonate, + 0.110 g per L
sodium pyruvate, + 80 U per mL penicillin, + 0.08 mg per mL
streptomycin) was purchased from Thermo Fisher Scientific
Life Technologies (USA). Trypsin-EDTA digestion solution
(0.25%) was purchased from Solarbio Biotech. Co., Ltd. (Beijing,
China). Phosphate buffer saline (PBS 1x) was purchased from
Hyclone (Logan, UT, USA). Certified fetal bovine serum (FBS)
was purchased from BI (Kibbutz Beit-Haemek, Israel). Human
insulin was purchased from HarveyBio (Beijing, China).

Methanol (HPLC grade) was purchased from Fisher Scien-
tific (USA). Ethanol (AR grade) was purchased from Modern
Oriental Fine Chemistry (Beijing, China). Acetone (AR grade)
was purchased from Tong Guang fine chemicals company
(Beijing, China). Purified water was from Hangzhou Wahaha
Group (Hangzhou, China). Furimazine was purchased from
TargetMol (Shanghai, China). GSNO was purchased from Enzo
Life Sciences (USA). Ordering silica capillaries (150 pm i.d. and
360 pm o.d.) were obtained from Ruifeng Chromatographic
Devices Co., Ltd. (Hebei, China). Electrospray emitters were
made of fused silica capillaries (360 um i.d. and 150 um o.d.),
obtained from Ruifeng Chromatographic Devices Co., Ltd.
(Hebei, China).

All the primers were ordered from Beijing Ruiboxingke
Biotechnology Co., Ltd. (Beijing, China). DNA template was
cloned from the protein purification vector. X-tremeGEN HP
DNA Transfection Reagent was purchased from Roche Phar-
maceuticals Co., Ltd. (Shanghai, China). Opti-MEM medium
was purchased from Thermo Fisher Scientific Life Technologies
(USA). Universal DNA purification kit was purchased from
TIANGEN (Beijing, China). RIPA lysis buffer was purchased
from Solarbio (Beijing, China). Trans Taq DNA polymerase high
fidelity was purchased from TransGen (Beijing, China).

Protein  purification  vector  pET-His/hGAPDH:3 X
GGGGS:Nluc was designed and synthesized by VectorBuilder
Inc. (Guangzhou, China). Escherichia coli strain BL21 was used
for GAPDH-Nluc fusion protein expression. The binding buffer
was composed of 50 mM Tris-HCI, 2.5 mM EDTA, 2 mM DTT,
500 mM NacCl, and 15 mM imidazole (pH = 8.0). The elution
buffer was composed of 50 mM Tris-HCl, 2.5 mM EDTA, 2 mM
DTT, 500 mM NacCl, and 300 mM imidazole (pH = 8.0). Super-
dex 75 increase prepacked columns were purchased from GE
Healthcare (USA).

Anti-FASN antibody and anti-UAP1 antibody were purchased
from abcam (USA). Anti-GAPDH antibody and anti-actin anti-
body were purchased from Proteintech Group (USA). BCA
Protein Concentration Assay Kit, Triton X-100, 30% Acr-Bis (29 :
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1) solution, and 6 x SDS-PAGE sample loading buffer were
purchased from Beyotime (Shanghai, China). 10% SDS solution
was purchased from Solarbio (Beijing, China). Ammonium
persulfate was purchased from Macklin (Shanghai, China).
Clarity Western ECL Substrate was purchased from Bio-rad
(California, USA). Bovine Serum Albumin was purchased from
yuanye Bio-Technology Co., Ltd (Shanghai, China), Tween-20
was purchased from Beijing Chemical Reagent Research Co.,
Ltd. (Beijing, China), secondary antibodies of HRP-Goat Anti-
Rabbit IgG (H + L) were purchased from Biodragon (Shanghai,
China), and the stripping buffer was purchased from Cowin
Biotech Co., Ltd (Suzhou, China).

Cell culture and harvest

GAPDH-Nluc knock-in 293T cells were cultured with DMEM
supplemented with 20% FBS, 80 U per mL penicillin, and 80 pg
per mL streptomycin in an incubator (5% CO,, 37 °C). At the
logarithmic growth phase, the medium was removed, followed
by cell rinsing once using PBS, and then dissociation by trypsin
solution within 2 min. The supernatant was removed by
centrifugation (1250 rpm, 5 min). Furimazine PBS solution (26
uM) was then added into cell deposition and resuspended
thoroughly. After 5 min of dark incubation (5% CO,, 37 °C), the
remaining substrate solution was removed by centrifugation
(1250 rpm, 3 min), and cells were fixed by pre-cooled acetone for
3 min, followed by washing with a cold 80% methanol/H,O
solution twice (1250 rpm, 5 min), and finally suspended in cold
80% methanol/H,0. The cell number was determined using
a cell counter. The final cell suspension needed to be analyzed
by mass spectrometer immediately.

Protein purification

GAPDH-Nluc fusion protein was expressed in Escherichia coli
strain BL21 using purification plasmid pET-His/hGAPDH:3 x
GGGGS:Nluc. Recombinant cells were cultivated at 37 °C in LB
medium. At an OD600 of 0.6-0.8, expression was induced by the
addition of 0.4 mM IPTG, and cultures were grown at 16 °C for
12 h. E. coli cells were resuspended in binding buffer, lysed by
sonication supplemented with 1 mM PMSF, and sedimented at
15000 rpm for 30 min. The supernatant lysates were chroma-
tographed on a Ni** column. Protein fractions were eluted with
the elution buffer with five column volumes and then
exchanged into PBS solution, pH 7.3. Fractions were concen-
trated and further purified on Superdex 75 increase prepacked
columns. SDS-PAGE results are presented in Fig. Sla, which
implies successful purification of the GAPDH-Nluc fusion
protein. MS/MS analysis and in vitro enzymatic experiments also
confirmed the successful purification of active fusion protein.

The transformation of GAPDH-Nluc protein absolute
concentration to protein copies was estimated from the
following equation:

nx 57 x 103 ,_n

APDH-Nluc = — X2/ X 70 o4 o1
G Y= 602 x 105 x 1028 HE

10
where single-cell volume was approximately set as 1 pL
according to the relevant literature,***** the molecular weight
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of GAPDH-Nluc was 57 kDa, and the copy number of GAPDH-
Nluc fusion protein in single cells was n.

CRISPR-Cas9 based Nluc knock-in cell line construction

Detailed gene editing workflow refers to relevant protocols.**>”
Briefly, oligonucleotides for sgRNA templates were synthesized,
annealed, and inserted into the corresponding vectors. Golden
gate assembly was used to assemble the constructed vectors
into the CRISPR/Cas9 vector. Oligonucleotide sequences of
sgRNA and primers are shown in Table S1. The sgRNA with the
highest editing efficiency was selected using the T7E1 assay. We
synthesized double-stranded template DNA donor specific to
the cleavage site and co-transfected it with sgRNA expression
plasmid into 293T cells. Successfully transfected cells were
cultured as single clones using fluorescence-activated cell
sorting (FACS). After several weeks, luminescence assays were
conducted to screen for cells exhibiting successful insertion of
Nluc, followed by expansion of their cultivation. Further geno-
type identification and sequencing experiments confirmed the
successful acquisition of 293T cells with the GAPDH-Nluc

genotype.

GSNO oxidation stress model construction

Cells were maintained under optimal growth conditions in
a humidified incubator in DMEM, 20% fetal bovine serum, 50 U
per mL penicillin, and 50 pg per mL streptomycin, at 37 °C and
5% CO, in the logarithmic growth phase. Five plates of GAPDH-
Nluc 293T cell lines (6 cm dishes) were treated with PBS solu-
tions of GSNO, achieving final concentrations of 0, 500 pM,
1 mM, and 3 mM, respectively. The media were gently agitated
to ensure thorough mixing and incubated at 37 °C for 5 hours.
One plate with a final concentration of 3 mM GSNO was
subsequently supplemented with a GSH solution at a final
concentration of 3 mM and incubated at 37 °C for an additional
3 hours to form a replenishment group. Following incubation,
the media were removed, and the cells were washed twice with
PBS, making them suitable for subsequent assays, including
single-cell mass spectrometry, LC-MS, and Western blot
analysis.

Single cell MS analysis

The mass cytometric analysis of cells was similar to organic
mass cytometry,* as follows (Fig. S2t): the prepared cell solu-
tion (~8 x 10" mL) was injected by an MS built-in injection
syringe at a flow rate of 1-3 uL min~", and the cells were mono-
dispersed by an ordering capillary (150 um i.d. and 360 um o.d.)
twined into 6 loops with diameters of 6 cm. In particular,
a homemade non-contact ESI emitter was used for cellular
content ionization. In detail, nearly 5 cm of copper wire was
surrounded with an emitter that had a faded outer coating layer.
MS analysis was performed with positive and negative modes,
respectively. After each test or between two tests, the flow
system required washing using methanol and 80% methanol/
H,O in turn with a flow rate of 20 pL min~" for 10 minutes each.

Electrospray emitters were made of fused silica capillaries
(50 um i.d. and 150 pm o.d.). The tip of the capillary was firstly
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disposed of on fire and then washed with ethanol to peel off the
coating of the capillary. No extra pulling was needed. The spray
electric field was provided by the MS built-in DC electrical power
supply system, and electric contact was realized through the
connection of the surrounding copper wire outside of the
emitters with a nanospray ion source (Thermo Fisher Scientific,
CA, USA). All the mass cytometric experiments were conducted
on Orbitrap MS (Q Exactive plus, Thermo Fisher Scientific, CA,
USA). The parameters of full scan MS mode were set as follows:
mode—negative; scan range—m/z 80-1200; resolution—35000;
microscans—1; AGC target—1e6; maximum inject time—>50
ms; sheath gas flow rate—0; aux gas flow rate—O0; sweep gas flow
rate—O0; spray voltage—4 kV capillary temperature—320 °C;
tube lens voltage—60. Xcalibur software (version 4.0) was used
to control the MS system, data collection, and subsequent
analysis.

Single-cell events were selected according to the signal-to-
noise ratio, characteristic mass peaks, and monodispersity.
Only cells with a total ion current (TIC) of pulse peak >5 times the
signal-to-noise ratio, characteristic mass peaks of cell-specific
metabolites, and good monodispersity could be chosen. The
mass spectra with the highest total ion current was selected to
represent single cells. The intensities of identified metabolites in
each mass spectrum of a single cell were assembled into a data
matrix. The MS intensities of metabolites in each mass spectrum
were normalized by the total ion current (TIC). Characteristic MS
peaks were defined as totally new MS peaks that appeared in
sample spectra compared with control group spectra. The
metabolites were identified with the available literature,>**
which provided single-cell metabolite identification lists with MS
or MS/MS information. The single-cell data were performed using
the OmicShare online platform for data analysis (https://
www.omicshare.com/tools), including correlation analysis,
volcano plots, data visualization and clustering by uniform
manifold approximation and projection (UMAP), trend analysis,
circular heat maps, and KEGG enrichment pathway analysis.

Western blot assay

Cell lysates were resolved on 10% SDS/PAGE gels for electro-
phoresis and transferred to PVDF membranes (Millipore) by
a Trans-blot Turbo transfer system (Bio-rad). After blocking with
5% BSA at 37 °C for 1 h, probed with primary antibody overnight
at 4 °C, the membrane was incubated with goat anti-mouse IgG
HPR secondary antibody for 1 h at room temperature. Clarity
Western ECL Substrate Kit (Bio-rad) and Chemi-doc system
(Bio-rad) were used to detect protein bands.

TP53 validation model. The methods of inducing changes of
TP53 protein expression were referred to the relevant
literature.®**® In brief, the culture medium was first removed,
and the cells were irradiated in a 3 cm dish under ultraviolet
light for 20 minutes, followed by medium incubation for 2 h.
The culture medium was sucked off, and the cells were washed
with PBS. The cells were either scraped off and transferred into
a 1.5 mL centrifuge tube for centrifugation to collect cell
precipitation, which was deposited in a refrigerator at —20 °C
for WB, or the washed cells were subjected to a single-cell mass
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cytometry assay (the substrate was cypridina luciferin, a Cluc
luciferin substrate).

qPCR quantification. Total RNA was extracted using the
TaKaRa MiniBEST universal RNA extraction kit (ranging from
100 to 150 pg), which was quantified using a NanoDrop 1000
spectrophotometer (Thermo Scientific), as per the manufac-
turer's instructions, to a 70 pL final volume. Reversal tran-
scription was carried out using the TaKaRa PrimeScript RT
reagent kit. The expected amplicon size was 150 bp, and the
primer sequences are listed in Table S1.f TB Green Premix Ex
Taq was used as the fluorescence dye. PCR cycling was per-
formed at 95 °C, 2 30 s, followed by 40 cycles of 95 °C, 5 s, and
60 °C, 30 s, on an AriaMx (Agilent), with the fluorescence
acquired at the end of each cycle. A melt curve performed at the
end of the amplification was undertaken to confirm that there
was only a single product amplified in each reaction.

GAPDH enzyme activity assay. The activity of GAPDH in the
supernatant was measured according to the manufacturer's
instructions (Solarbio, Beijing, China). The NanoDrop 1000
spectrophotometer (Thermo Scientific) was preheated to 37 °C,
and the wavelength was set to 340 nm. The samples were fully
mixed with the working solution provided by the GAPDH
detection kits (Solarbio, Beijing, China) in a 1 cm cuvette. At
340 nm wavelength, the absorbance values A1 and A2 of the
sample mixture before and after incubation at 37 °C for 5
minutes were measured, respectively. Finally, the activity of the
enzyme was calculated. Blank indicates ddH,O was added
instead of cell lysate.

LC-MS/MS analysis. 293T cells were seeded in 6 cm cell
culture plates with Dulbecco Modified Eagle's Medium (DMEM)
containing 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin. Cells were grown to 80% confluence and
washed using 1 mL of PBS. Cell plates were placed on the dry ice
and fast quenched with 1 mL of MeOH : ACN: H,O (2:2: 1, v/v/
v, pre-cooled in a —80 °C refrigerator) solvent mixture. The
plates were incubated at —80 °C for 40 min. Cells were scraped
from the plate and transferred to a 1.5 mL centrifuge tube. The
samples were vortexed for 1 min, followed by 15 min of
centrifugation using 16 200 x g at 4 °C. The supernatant was
taken and evaporated to dryness in a vacuum concentrator. Dry
extracts were reconstituted in 100 uL of ACN:H,O (1:1, v/v,
containing internal standard v-4-chlorophenylalanine), fol-
lowed by 10 min sonication (50 Hz, 4 °C) and 15 min centrifu-
gation using 16 200 x g at 4 °C to remove insoluble material.
Supernatants were finally transferred to HPLC glass vials and
stored at —20 °C prior to LC/MS analysis.

Metabolomics data of 293T cell samples were acquired using
a UHPLC system (ACQUITY UPLC H-class, Waters) coupled to an
orbitrap mass spectrometer (Q-Exactive Plus, Thermo Scientific).
The Waters ACQUITY UPLC BEH C8 column (particle size, 1.7 um;
100 mm (length) x 2.1 mm (i.d.)) was used for LC separation for
the HILIC mode. Column temperature was kept at 50 °C. Mobile
phases A = 0.1% ammonium hydroxide in acetonitrile : water =
95 : 5 solution and B = 0.1% ammonium hydroxide in acetonitrile
were used for ESI negative mode. The linear gradient was eluted
from 0% B (0-1 min), 0% B to 40% B (1-4 min), 40% B to 80% B
(4-14 min), 80% B to 99% B (14-20 min), 99% B (20-25 min), and
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0% B (25-30 min). The flow rate was 0.3 mL min~'. The sample
injection volume was 10 pL.

All the mass cytometric experiments were conducted on an
Orbitrap MS (Q-Exactive Plus, Thermo Fisher Scientific, CA,
USA). The parameters of the full-scan MS mode were set as
follows: mode, negative; scan range, m/z 80-1200; resolution,
35 000; microscans, 1; AGC target, 1 x 10°; maximum injection
time, 50 ms; sheath gas flow rate, 30; aux gas flow rate, 0; sweep
gas flow rate, 50; spray voltage, 3.5 kV; capillary temperature,
320 °C; and tube lens voltage, 60. For metabolite identification,
the full MS-ddMS2 acquisition mode was used. For the full MS
process, the parameters were set as follows: m/z 80-1200; reso-
lution—35000; microscans—1; AGC target—3e6; and maximum
injection time—100 ms. For the ddMS2 process, the parameters
were set as follows: resolution—17500; AGC target—1e5;
maximum IT—50 ms; loop count/top N—7; isolation window—
0.4 m/z; NCE—30, 40, 50; minimum AGC target—=8e3; excluding
isotopes—on; dynamic exclusion—20 s. Xcalibur software
(version 4.0) was used for the control of the MS system, data
collection, and subsequent analysis.

Statistical analysis. Trend analysis can classify metabolites
with similar change characteristic patterns within a changing
trend. We wused the OmicShare online tool (https:/
www.omicshare.com/tools/) analysis. Metabolite
abundance was normalized with log2(FC); P < 0.05 was
considered statistically significant. Short time-series expres-
sion mine software (STEM) (profiles =20 and FC =2) simulates
the possible change trends and then calculates the correlation
coefficient between each factor and the preset trend and divides
the factors into the most similar trends. The top six trends were
exhibited in the main text. Intra-group correlation analysis was
used to calculate pairwise correlations for all metabolites within
single cells and draw correlation heat maps. The correlation
index was calculated by Spearman's correlation method using
the OmicShare tools.
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