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Abstract 

Background Parkinson’s disease (PD), a chronic and severe neurodegenerative disease, is pathologically character‑
ized by the selective loss of nigrostriatal dopaminergic neurons. Dopamine (DA), the neurotransmitter produced 
by dopaminergic neurons, and its metabolites can covalently modify proteins, and dysregulation of this process 
has been implicated in neuronal loss in PD. However, much remains unknown about the protein targets.

Methods In the present work, we designed and synthesized a dopamine probe (DA‑P) to screen and identify 
the potential protein targets of DA using activity‑based protein profiling (ABPP) technology in combination with liq‑
uid chromatography‑tandem mass spectrometry (LC–MS/MS). In situ pull‑down assays, cellular thermal shift assays 
(CETSAs) and immunofluorescence were performed to confirm the DA modifications on these hits. To investigate 
the effects of DA modifications, we measured the enzymatic activities of these target proteins, evaluated glycolytic 
stress and mitochondrial respiration by Seahorse tests, and systematically analyzed the changes in metabolites 
with unbiased LC–MS/MS‑based non‑targeted metabolomics profiling.

Results We successfully identified three glycolytic proteins, aldolase A, α‑enolase and pyruvate kinase M2 (PKM2), 
as the binding partners of DA. DA bound to Glu166 of α‑enolase, Cys49 and Cys424 of PKM2, and Lys230 of aldolase A, 
inhibiting the enzymatic activities of α‑enolase and PKM2 and thereby impairing ATP synthesis, resulting in mitochon‑
drial dysfunction.

Conclusions Recent research has revealed that enhancing glycolysis can offer protection against PD. The pre‑
sent study identified that the glycolytic pathway is vulnerable to disruption by DA, suggesting a promising avenue 
for potential therapeutic interventions. Safeguarding glycolysis against DA‑related disruption could be a potential 
therapeutic intervention for PD.
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Introduction
Dopamine (DA) is one of the most abundant neuro-
transmitters in the nervous system, which plays impor-
tant roles in physiological and neurological functions [1]. 
Dopaminergic neurons located in the substantia nigra 
are the main source of DA [2]. DA deficiency caused by 
excessive loss of dopaminergic neurons has been dem-
onstrated to strongly correlate with Parkinson’s disease 
(PD), which is known to be a chronic and progressive 
neurodegenerative disorder [3, 4]. Although research in 
PD has made remarkable progress over the past years, the 
exact mechanism responsible for the progressive degen-
eration of dopaminergic neurons is still not fully defined.

The biosynthesis, regulation and metabolism of DA 
have been extensively investigated and nicely sum-
marized in review articles [5–9]. DA is synthesized in 
the cytosol and then transported to synaptic vesicles, 
whereas excessive cytosolic DA is toxic [5, 9]. DA toxic-
ity involves modifications of multiple proteins, including 
mitochondrial proteins [10, 11], lysosomal enzymes [12] 
as well as PD-implicated proteins [13–15]. Protein-DA 
modifications could alter protein structure with a conse-
quence of impaired cellular function. Collectively, these 
studies give a hint that the selective vulnerability of DA 
neurons in the early stage of PD is associated with the 
toxicity of DA.

To further investigate the molecular mechanisms of 
DA-induced toxicity contributing to PD progression, we 
utilized ABPP [16], a technology in combination with an 
activity-based probe and chemical proteomics, to com-
prehensively profile and identify the protein targets of 
DA in the mouse dopaminergic neuronal MN9D cell line. 
We found that DA could covalently bind to three glyco-
lytic enzymes, aldolase A, α-enolase and PKM2, resulting 
in glycolytic and mitochondrial dysfunction. Mitochon-
drial impairment is considered to be one of the major 
causes of neurodegenerative diseases including PD [17–
19]. Moreover, glycolytic deficits have also been reported 
to be associated with PD [20]. As enhancing glycolysis 
is neuroprotective in PD [21], our findings potentially 
suggest that preventing the modification of glycolytic 
enzymes by DA could be an alternative treatment strat-
egy for PD.

Materials and methods
Regents
Dopamine (DA, purity ≥98%) was obtained from Hubei 
Wande Chemical Co., Ltd. (Hubei, China). Trypan blue 
solution, 0.4% was purchased from Thermo Fisher Sci-
entific; Click chemistry reaction reagents including 
THTPA, TAMRA-azide and biotin-azide, were from 
Click Chemistry Tools; sodium ascorbate (NaVC) and 

 CuSO4 were from Sigma-Aldrich. High capacity neutra-
vidin agarose beads and LC–MS/MS reagents including 
tetraethylammonium bromide (TEAB), sequencing grade 
modified trypsin,  TMT10 plex reagent set and Pierce™ 
Quantitative Fluorometric Peptide Assay Kit were pur-
chased from Thermo Fisher Scientific; other LC–MS/MS 
reagents Tris (2-carboxyethyl) phosphine hydrochloride 
(TECP) and Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl] 
amine (TBTA) were obtained from Sigma-Aldrich.

The following antibodies were purchased from the Pro-
teintech group: rabbit aldolase A polyclonal antibody 
(pAb) (#11217–1-AP), mouse GAPDH monoclonal anti-
body (mAb) (#60004–1-Ig), HRP-conjugated goat anti-
mouse (#SA00001–1) and anti-rabbit IgG (#SA00001–2) 
antibodies. Mouse α-enolase mAb (#sc-100,812) was pur-
chased from Santa Cruz. Rabbit PKM2 pAb (#ab85555) 
was purchased from Abcam. Alexa Fluor conjugated goat 
anti-mouse and anti-rabbit IgG antibodies were from 
Thermo Fisher Scientific.

The following assay kits are commercially available: 
Enolase activity assay kit (Sigma-Aldrich, #MAK178); 
Pyruvate kinase activity assay kit (Sigma-Aldrich, 
#MAK072); ATP assay kit (Beyotime, #S0026); Mito-
chondrial membrane potential assay kit with JC-1 (Beyo-
time, #C2006); Annexin V-propidium iodide apoptosis 
detection kit (KeyGen Biotech, #KGA108); Seahorse XF 
Cell Mito Stress Test kit (Agilent Technologies, #103015–
100); and Seahorse XF Glycolysis Stress Test kit (Agilent 
Technologies, #103020–100). All assay kits were used 
according to the manufacturer’s instructions.

Synthesis of the dopamine‑probe (DA‑P)
After 4-pentynoic acid (9.8 mg, 0.10 mmol) and HOBT 
(13.5 mg, 0.10 mmol) were dissolved in 1 ml DCM, EDCI 
(15.5 mg, 0.10 mmol) and DIPEA (25.8 mg, 0.20 mmol) 
were added and the mixture was stirred for 1 h to acti-
vate the reagent. Dopamine hydrochloride (19.0 mg, 
0.10 mmol) and DIPEA (25.8 mg, 0.20 mmol) were added 
to another flask, and the activated mixture was then 
dropped into the reaction. The reaction was stirred over-
night, quenched by the addition of water, and diluted 
with DCM. The organic phase was sequentially washed 
with 1 N HCl, saturated  NaHCO3 and brine. After the 
solvent was removed via vacuum evaporation, 14.0 mg 
dopamine probe was obtained, yielding 60%.

Cell culture
Mouse MN9D was obtained from Fenghui Biotechnol-
ogy (Hunan, China). Cells were maintained in MEM 
plus NEAA (Procell Life Science & Technology) sup-
plemented with 10% fetal bovine serum (FBS) (Thermo 
Fisher Scientific) at 37 °C in a 5%  CO2 incubator.
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Striatal neuron cell isolation and culture
Mouse striatum was dissected similarly as described 
earlier except that neonatal mice (within 24 h after 
birth) instead of mouse embryos were used [22]. Stria-
tum tissue was minced and digested with trypsin until 
no large chunks of tissue were observed. The cell sus-
pension was then passed through a 70 μm filter before 
plating on L-polylysine precoated glass-bottom dishes. 
After plating, cells were allowed to recover for 1 h at 
37 °C in a 5%  CO2 incubator. Neurobasal-A medium 
containing 2% B-27 and 1% GlutaMAX was added to 
maintain the cells. Half of the medium was changed 
every 48 h. Experiments were carried out on day 8 
(DIV8) with well-defined axons and dendrites.

Dopamine injections in vivo
Animal experimental procedures were performed 
in accordance with the guidance established by the 
Care and Use of Laboratory Animals Center of Shen-
zhen People’s Hospital (Shenzhen, China). C57BL/6 J 
male mice (19–25 g, 7–8 weeks, Vital River Labora-
tory Animal Technology, Guangdong, China) were 
maintained under standard conditions. Mice were 
first anesthetized with sodium pentobarbital (80 mg/
kg). Stereotaxic brain surgery was then used to con-
duct intrastriatal injection of 2 μl of 0.3 μM dopamine 
(coordinates from Bregma: A/P + 0.5 mm, L +/− 2.0 mm 
lateral, D/V − 3.6 mm) over a 25 min period. Mice were 
killed 24 hours following injection, and the striatal tis-
sue was dissected, weighed and immediately used for 
ATP detection.

Fluorescence labeling assay
For the in situ fluorescence labeling assay, samples were 
treated as previously described [23–25]. Briefly, MN9D 
cells were incubated with or without the DA-probe (0, 
12.5, 25, 50 and 100 μM) for 3 h at 37 °C. For DA competi-
tion experiments, cells were pre-incubated with indicated 
concentrations of DA for 4 h, followed by 100 μM DA-P 
treatment for 3 h. After washing cells with ice-cold PBS, 
cells were lysed in RIPA buffer and cleared by centrifu-
gation at 12,000 rpm for 15 min. Next, equal amounts of 
lysate samples from each group were incubated with the 
premixed click reaction cocktail (1 mM NaVc, 100 mM 
THPTA, 1 mM  CuSO4 and 50 mM TAMRA-N3) at room 
temperature for 2 h. Prechilled acetone was then added 
to precipitate the proteins. Proteins were then dissolved 
by sonication. An equal volume of SDS–PAGE sample 
buffer was added to each protein sample. Proteins were 
finally resolved by 10% SDS-PAGE. Gels were scanned 
using the Sapphire Biomolecular Imager (Azure Biosys-
tem), and image analysis was performed with ImageJ.

For fluorescence labeling of recombinant protein, 
purified proteins were incubated with DA-probe and 
shaken at room temperature for 1 h. For competition 
experiments, competitors DA or IAA were added to 
the concentrations as indicated for 1 h following with 
another 1 h of probe incubation. Probe-labeled proteins 
were ligated to TAMRA-azide by copper-catalyzed 
azide–alkyne cycloaddition reaction (CuAAC) and sep-
arated in SDS–PAGE gel. Samples were visualized by 
fluorescence scanning as described above.

ABPP‑based protein target identification
MN9D cells cultured in 10 cm dishes were treated with 
DA-P (100 μM) for 3 h. For the competition group, cells 
were first incubated with the competitor DA (800 μM) 
for 4 h before treatment with DA-P. After incubation, 
cells were lysed and conjugated with biotin-azide by click 
chemistry reaction. Clicked proteins were then precipi-
tated with ice-cold acetone and air-dried. Next, pellets 
were dissolved in 1.5% SDS in PBS. The dissolved protein 
samples were further diluted with PBS to a final concen-
tration of 0.1% SDS. The resulting solution was subjected 
to incubation with 50 μl of pre-washed streptavidin beads 
for 4 h at room temperature. Subsequently, the beads 
were washed thrice with 1% SDS, 0.1% SDS, 6 M urea and 
PBS.

Proteins enriched on the beads were then reduced and 
alkylated by dithiothreitol (DTT) and iodoacetamide 
(IAA) respectively. Next, trypsin was added, and the sam-
ples were incubated at 37 °C overnight. Following diges-
tion, peptides were desalted on a C18 column and labeled 
with  TMT10 plex Mass Tag Labeling reagents. Finally, the 
samples were analyzed by LC–MS/MS (Thermo Fisher).

Immunofluorescence labeling
MN9D cells grown on Φ 12 mm glass coverslips were 
treated with DA-P in the absence or presence of competi-
tor DA. After 3 h of incubation, the cells were fixed with 
4% paraformaldehyde in PBS at room temperature for 
20 min before permeabilization with 0.2% Triton X-100. 
The cells were then subjected to a click reaction for 2 h 
at room temperature. After washing with PBS, the cov-
erslips were mounted in Mowiol 4–88. For colocalization 
experiments, after the click reaction, cells were incu-
bated with diluted primary antibody followed by diluted 
fluorescence-conjugated secondary antibody. All images 
were acquired with fluorescence microscopy.

Cellular thermal shift assay (CETSA)
CETSA was performed according to previously described 
procedures [26, 27]. Briefly, MN9D protein lysates were 
incubated with DA for 2 h at room temperature. After 
incubation, cell lysates were divided into 10 equal parts 
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and heated at the designated temperatures for 3 min. 
Heated samples were quickly cooled on ice followed by 
centrifugation at 20,000 x g for 20 min at 4 degrees. West-
ern blotting was subsequently conducted to detect solu-
ble proteins.

Purification of his‑tagged aldolase a, α‑enolase and PKM2 
proteins
pCold II, encoding His-tagged human aldolase A, 
α-enolase or PKM2, was transformed into BL21 E. 
coli cells. After induction by 0.3 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG), bacterial pellets were 
lysed by sonication in lysis buffer (20 mM Tris-HCl 
pH 8.0, 200 mM NaCl, 1 mM PMSF and 1× cOmplete™ 
Protease Inhibitor Cocktail). After high-speed centrifu-
gation, the supernatant was collected and incubated with 
pre-washed Ni-NTA agarose beads for 2 h at 4 degrees. 
After extensive washing using a buffer containing 20 mM 
Tris-HCl pH 8.0, 200 mM NaCl and 25 mM imidazole, 
bead-immobilized His-tagged aldolase A, α-enolase 
and PKM2 were eluted with elution buffer containing 
250 mM imidazole.

Metabolomic analysis by LC–MS/MS
MN9D cells incubated with 400 μM DA for 12 h were col-
lected. Metabolites were extracted from the cell samples 
following the published protocol [28] for LC–MS/MS 
analysis. Raw data were imported into Compound Dis-
coverer 3.1 software for peak alignment and peak pick-
ing. Each metabolite was quantitated by the mzCloud, 
mzVault and MassList databases. MetaboAnalyst 5.0 web 
servers and statistical software R (R version R-4.1.1) were 
applied to perform the metabolite statistical analysis. 
Student’s t-test and fold change (FC) were used to iden-
tify differential features. A volcano plot was produced 
with GraphPad Prism to highlight the significant differ-
entially abundant metabolites between the DA treatment 
and control groups. KEGG pathway enrichment analysis 
was performed on differentially abundant metabolites.

Molecular docking
The 3D structure SDF file of DA was obtained from 
PubChem to generate the PDBQT file by Open Babel 
[29]. Structures of human aldolase A (PDB entry 6XMH) 
and PKM2 (PDB entry 4B2D) were downloaded from 
RCSB PDB. As the structure of the open active state of 
human α-enolase is not available, we performed homol-
ogy modeling using yeast α-enolase (PDB entry 1L8P, 
open active state) as a template [30]. After that, these 
receptor structure files were transferred into PDBQT 
format through the AutoDock tool (ADT) [31]. Dock-
ing analysis was performed using AutoDock Vina (v1.2.3) 
[32]. The grid box with a side length parameter of 30 was 

centered on the enzymatic active sites. In addition, the 
exhaustiveness parameter was set to 32 to find a lower 
affinity binding pose. The PLIP web tool [33] was used to 
analyze the docking results, which were eventually visu-
alized in PyMOL.

Statistics
Data were analyzed using GraphPad Prism 9.0. One-way 
ANOVA followed by Turkey’s test was used to evaluate 
statistical significance in multiple groups, and Student’s t 
test was used to compare two groups. p < 0.05 was con-
sidered statistically significant.

Results
Design, synthesis and characterization of dopamine probe
To identify the potential protein targets of dopamine in 
living systems, we developed a dopamine probe (DA-P) 
containing a clickable alkyne group at the amino termi-
nus of dopamine (Fig. S1). The detailed synthesis pro-
cess of DA-P is presented in Fig. 1A. We then evaluated 
and compared the cytotoxic effects of DA and DA-P in 
undifferentiated dopaminergic MN9D cells. As shown in 
Fig. 1B, both DA and DA-P exhibited similar dose-related 
toxicity profiles. Next, MN9D cells were incubated in situ 
with DA-P for 3 h and lysed, followed by the attachment 
of TAMRA-azide by copper-catalyzed azide–alkyne 
cycloaddition reaction (CuAAC). As observed via SDS-
PAGE and in-gel fluorescence scanning, DA-P could 
label proteins effectively in a concentration-dependent 
manner (Fig. 1C). A 100 μM concentration of DA-P was 
selected for the subsequent assay as it could yield an 
optimal labeling intensity. In the competition experi-
ment, we found that the labeling of DA-P could be par-
tially outcompeted by excess DA (Fig. 1D), indicating that 
the binding of DA-P is specific. Subcellular localization 
of DA-P was also visualized by click chemistry reaction, 
which was found to distribute throughout the cytoplasm 
in MN9D cells (Fig. 1E).

DA directly binds to three glycolytic enzymes: aldolase a, 
α‑enolase and PKM2
Having characterized the DA-probe in living cells, we 
proceeded to explore the direct binding partners of DA 
by the ABPP approach. As illustrated in Fig.  2A, DA-P 
labeled protein lysates were reacted with biotin-alkyne, 
enriched on streptavidin beads, separated by SDS-PAGE, 
and identified using LC–MS/MS. We generated a volcano 
plot to visualize the significance and magnitude of binding 
changes in proteins between the DA-P group and the DA 
competition group (Fig.  2B). Meanwhile, proteins with 
fold change ≥ 2 and p value < 0.05 were depicted as poten-
tial targets of DA (Fig. 2B, highlighted in red). We noticed 
three glycolytic enzymes in the list: aldolase A, α-enolase 
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Fig. 1 Dopamine probe (DA‑P) serves as an effective chemical tool for protein labeling in MN9D cells. A Schematic illustration of the synthesis route 
for DA‑P. Structures of DA and DA‑P are shown. B Trypan blue exclusion test of MN9D cell viability following treatment with different concentrations 
of DA or DA‑P (0, 100, 200, 400 and 800 μM) for 24 h. C In‑gel fluorescence visualization of proteins labeled by indicated concentrations of DA‑P 
for 3 h in live MN9D cells through the copper‑catalyzed azide–alkyne cycloaddition reaction (CuAAC). D In‑gel fluorescence visualization of MN9D 
proteome after pre‑treatment with indicated concentrations of DA for 4 h followed by 100 μM DA‑P labeling. E Representative fluorescence images 
of MN9D cells following treatment with 0 μM, 50 μM, 100 μM or 200 μM of DA‑P, respectively for 3 h. Cells were processed for CuAAC click reaction 
with TAMRA‑azide. Error bars, mean ± SEM. Scale bar, 10 μm. Fluo fluorescence, CBB coomassie brilliant blue

Fig. 2 Identification of aldolase A, α‑enolase and PKM2 as the binding partners of DA in MN9D cells. A ABPP workflow for the identification 
of the DA protein targets. Live cells were incubated with DA‑probe (blue circle). For fluorescence imaging, cells were fixed and permeabilized, 
followed by the attachment of TAMRA‑azide tag (red circle) by CuAAC reaction; otherwise, cells were lysed and the DA‑P labeled proteome 
were ligated by CuAAC to TAMRA‑azide for fluorescence SDS‑PAGE analysis, or to biotin azide (purple circle) for LC–MS/MS based protein targets 
identification. B Volcano plot representing proteins labeled by DA‑P (100 μM) for 3 h in live cells versus samples pre‑treated with 800 μM DA for 4 h 
followed by co‑treatment with DA‑P (100 μM) for 3 h (fold change ≥ 2 and p value < 0.05). Red: upregulated genes. C In situ pull‑down to verify 
the interaction between DA and aldolase A, α‑enolase and PKM2 proteins. Cells treated with 100 μM DA‑P or with an excess of the DA (800 μM, 
4 h) plus the DA‑P for 3 h were lysed, followed by the attachment of biotin‑azide by CuAAC reaction. D CETSA to verify DA binding to α‑enolase. 
Cell lysates incubated with 100 μM DA for 2 h were subjected to CESTA‑western blot analysis. E Representative fluorescence images of intracellular 
aldolase A or α‑enolase in MN9D cells incubated with 100 μM DA‑P for 3 h. Error bars, mean ± s.d. Scale bar, 10 μm. *, p < 0.05; **, p < 0.01

(See figure on next page.)
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and PKM2, which act in the fourth step, the second to 
last step and the final step in glycolysis, respectively. To 
further confirm the direct interactions between DA and 
the identified glycolytic enzymes, we performed a pull-
down assay followed by immunoblotting in DA-P treated 
MN9D cells. As expected, we found that all three glyco-
lytic enzymes were pulled down by DA-P. In particular, an 
8-fold excess of DA added to the cells 4 h before probe 
incubation was able to efficiently block the protein bind-
ing to DA-P (Fig. 2C). We also conducted a cellular ther-
mal shift assay (CETSA) to evaluate the binding efficiency 
between target glycolytic proteins and DA. CETSA has 
been used extensively in recent years to detect the interac-
tions between ligands and proteins, which is based on the 
principle of altered protein thermal stabilization or desta-
bilization upon ligand binding [34–36]. We then com-
pared and measured the amounts of soluble α-enolase, 
PKM2 or aldolase A remaining in cells after heating at a 
panel of temperatures in the absence or presence of DA. 
Interestingly, the thermal stability of α-enolase was signif-
icantly enhanced in the presence of DA (Fig. 2D), whereas 
PKM2 and aldolase A showed some reduction in thermal 
stability after DA treatment, suggesting that DA bind-
ing could destabilize PKM2 and aldolase A protein (Fig. 
S2A&B). In addition, colocalization of DA-P with aldolase 
A, α-enolase and PKM2 in MN9D cells was also observed 
(Fig.  2E, Fig. S2C). These findings suggested that DA 
could directly bind to aldolase A, α-enolase and PKM2 in 
cultured MN9D cells.

DA inhibits the enzymatic activities of α‑enolase and PKM2
Our next objective was to test whether DA can affect 
the catalytic activities of identified glycolytic enzymes. 
Although the expression levels of aldolase A, α-enolase 
and PKM2 were barely affected by DA (Fig.  3A&B, Fig. 
S3A), the enzymatic activities of recombinant α-enolase 
and PKM2 were significantly reduced by incubation with 
DA (Fig. 3C&D). In the mammalian central nervous sys-
tem, DA is produced by the dopaminergic neurons of 
the midbrain and released in the striatum. Hence, we 
further tested whether DA affects the catalytic activity 
of α-enolase in striatum neurons and mouse midbrain 
tissue. Striatal neurons in culture for 8 days were lysed 

and mouse midbrain tissue was homogenized, incu-
bated with 0 μM, 50 μM, 100 μM and 200 μM of DA and 
subjected to the measurement of α-enolase enzymatic 
activity. We observed that treatment with DA resulted in 
similar reduction levels of α-enolase enzymatic activity in 
both striatal neuron lysates and mouse midbrain tissue. 
Moreover, the inhibition of the α-enolase catalytic activ-
ity in both lysates is DA concentration-dependent (Fig. 
S3B&C). Glycolysis is one of the first metabolic pathways 
to produce ATP, and PKM2 functions in the last glyco-
lytic step, which converts phosphoenopyruvate to pyru-
vate with the concomitant production of ATP [37]. Thus, 
we hypothesized that ATP production is also reduced 
when the activities of glycolytic enzymes are impaired. 
Indeed, a dose-dependent decrease in intracellular ATP 
following pretreatment with increasing concentrations 
of DA for 24 h was observed (Fig.  3E). Accordingly, we 
also examined the effect of DA overdose on energy gen-
eration in vivo. ATP was measured in the mouse striatum 
24 h following an intrastriatal injection of 0.3 μM DA. As 
shown in Fig. 3F, DA significantly decreased ATP levels 
in the striatum compared with the control group. We 
then proceeded to test whether mitochondrial function 
is also impaired after DA exposure. The mitochondrial 
membrane potential (ΔΨm), one of the most reliable 
indicators of mitochondrial function, was evaluated by 
flow cytometry analysis using JC-1 fluorescent probes. 
Following the administration of DA, the percentage of 
cells with green-fluorescent JC-1 monomers increased 
from 19.6% in the control group to 53.3% in the 800 μM 
DA treatment group, suggesting the earliest event in 
mitochondrial dysfunction (Fig.  3G). Lastly, the effect 
of DA on cell apoptosis was also explored. The percent-
age of apoptotic cells was significantly increased by DA 
treatment, although it did not cause a high level of apop-
tosis (Fig. 3H). These results implied that the enzymatic 
activities of α-enolase and PKM2 are compromised upon 
DA exposure, which might further induce mitochondrial 
damage.

DA binds to Glu166 in α‑enolase
We next sought to investigate how DA interacts with 
these three glycolytic enzymes. We first incubated 

(See figure on next page.)
Fig. 3 DA suppresses the enzymatic activities of α‑enolase and PKM2. A, B Immuno‑blots showing the levels of endogenous α‑enolase and PKM2 
after incubation with indicated concentrations of DA for 24 h. C, D Measurement of the catalytic activities of recombinant α‑enolase and PKM2 
in the presence of indicated concentrations of DA treatment. E Quantification of relative ATP levels in MN9D cells treated with 0 μM, 200 μM, 400 μM 
or 800 μM of DA for 24 h. F Measurement of ATP levels in the DA‑injected mouse striatum. ATP were measured one day following an intrastriatal 
injection of DA (0.3 μM). G Flow cytometric analysis of JC‑1 aggregates in MN9D cells treated with DA for 24 h. H Representative flow cytometric 
plots and quantification results of apoptotic cells after 24 h of DA exposure. Error bar, mean ± s.d.;. n.s., not significant; *, p < 0.05; **, p < 0.01; ***, 
p < 0.001; ****, p < 0.0001
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recombinant human aldolase A, α-enolase and PKM2 
with different concentrations of DA-P (0–20 μM) fol-
lowed by the attachment of TAMRA-azide by CuAAC. 
The labeling intensities of these proteins by DA-P gradu-
ally increased with increasing concentrations of DA-P 
(Fig.  4A-C). Furthermore, 100 μM DA could efficiently 
compete with DA-P for binding to these three proteins 
(Fig.  4D-F). Meanwhile, we noticed that iodoacetamide 
(IAA), a general cysteine alkylating agent, was able to 
compete away the labeling of α-enolase and PKM2 but 
not aldolase A by DA-P, suggesting that some reactive 
cysteine residues in α-enolase and PKM2 might be the 
binding sites of DA (Fig. 4D-F, Fig. S4A-C). Indeed, using 
tandem mass spectrometry, we identified that Cys49 and 
Cys424 (a site that can affect the subunit interaction and 
enzymatic activity of PKM2 [38]) residues in PKM2 were 
modified by DA (Fig. S4F-H). Interestingly, Glu166, an 
active-site residue responsible for 2-phosphoglycerate 
binding to α-enolase [39], was detected as the binding 

site of DA in α-enolase (Fig.  4G). The molecular dock-
ing analysis also coincided with the recognition that DA 
could interact with Glu166 in α-enolase (Fig.  4H). For 
aldolase A, we speculated that Lys230 (the active site res-
idue) [40] might be the modified site of DA (Fig. S4D&E).

Metabolic dysfunction caused by DA via inducing 
mitochondrial damage
As the powerhouse of the cell, mitochondria play a cen-
tral role in cellular metabolism and homeostasis [41]. 
Mitochondrial dysfunction has been implicated in vari-
ous neurodegenerative diseases, including PD [42]. Our 
results on protein species modified by DA might provide 
a link between mitochondrial dysfunction and PD patho-
genesis. Thus, we further investigated the impact of DA 
on mitochondrial functions. Cellular glycolysis was first 
examined using the Seahorse glycolytic stress test, which 
revealed that glycolysis (measured as extracellular acidifi-
cation rate, ECAR), glycolytic capacity and the glycolytic 

A

40 

40 

DA-P (µM)

Fluo

CBB

0 5 10 20

aldolase A

kDa

40 

40 

DA-P (10 µM)
DA (100 µM)
IAA (100 µM) 

- + + +
- - - +
- - + -

kDa
Fluo

CBB

55 

55 

DA-P (µM) 0 5 10 20

Fluo

CBB

α-enolase

kDa 70 

70 

DA-P (µM) 0 5 10 20

Fluo

CBB

PKM2

kDa

55 

55 

α-enolase

DA-P (10 µM)
DA (100 µM)
IAA (100 µM) 

- + + +
- - - +
- - + -

kDa 70 

70 

kDaDA-P (10 µM)
DA (100 µM)
IAA (100 µM) 

- + + +
- - - +
- - + -

PKM2

B C

D E F

0

20

40

60

80

100

R
el

at
iv

e 
In

te
ns

ity
 (

%
)

100 200 300 400 500 600 700 800 900 1000 1100 1200
m/z

-20
0

20

pp
m

y1
+

y2
+

b
5+

+

y8
++

y3
+ b
6+

+
y9

++
b
7+

+
y4

+

b
8+

+
y5

+
b
9+

+
b
4+

y6
+

b
10

++
b
11

++

y7
+

b
5+

y1
3+

+
y8

+

b
6+

y9
+

b
7+

b
8+

3+

A M
y13

Q
4b

E
5b

F
6b

M
7b

y9

I
8b

y8

L
9b

y7

P
10b

y6

V
11b

y5

G
y4

A
y3

A
y2

N
y1

F R

G Hα-enolase E166

aldolase A

Fluo

CBB

Fluo

CBB

Fig. 4 DA could bind to E166 residue of α‑enolase. A‑C In‑gel fluorescence visualization of recombinant human aldolase A, α‑enolase or PKM2 
after labeling with different concentrations of DA‑P. D‑F In‑gel fluorescence visualization of recombinant human aldolase A, α‑enolase and PKM2 
labeled by DA‑P in the presence or absence of the competitors DA or IAA. G MS/MS spectrum of human α‑enolase treated with 100 μM DA 
for 60 min. The amino acid E highlighted in red represents the glutamic acid bound to DA. H A binding model of DA with human α‑enolase 
predicted by molecular docking. Fluo, fluorescence; CBB, coomassie brilliant blue



Page 10 of 14Chen et al. Cell Communication and Signaling           (2024) 22:75 

reserve in MN9D cells decreased remarkably in a dose-
dependent manner by 12 h of DA treatment (Fig. 5A&B). 
Similarly, we evaluated mitochondrial respiration by 
conducting the Seahorse cell mitochondrial stress test. A 
significant reduction in oxygen consumption rate (OCR) 
was observed after DA exposure (Fig. 5C). ATP produc-
tion, basal respiration, maximal respiration, proton leak-
age and spare respiration rate, which were all significantly 
lower in the DA treatment group than in the control 
group (Fig.  5D, Fig. S5A-C). Collectively, these find-
ings provided strong evidence that cells are incapable of 
responding to an energetic demand after DA exposure, 
since excessive DA impairs key glycolytic enzymes and 
thus reduces mitochondrial ATP production.

Mitochondria are central to cellular metabolism. 
To further characterize the impairment of metabolic 
processes after DA exposure, LC–MS/MS-based-
nontargeted metabolomics profiling was performed. 
By metabolomics analysis, the differentially abundant 
metabolites in control and 400 μM of DA-treated sam-
ples were screened and identified (Fig. S5D). The dys-
regulated metabolites were visualized in a volcano plot 
(Fig.  5E). In addition, KEGG enrichment annotation 
analysis was conducted to annotate the unique signifi-
cant metabolite pathways affected by DA, which were 
found to be galactose metabolism and glycolysis/glu-
coneogenesis (Fig.  5F, Fig. S5E). On the basis of our 
above LC–MS/MS results (Fig.  2B), we chose to focus 
on the glycolysis pathway (Fig.  5G). DA treatment sig-
nificantly increased the level of D-fructose 6-phos-
phate, an upstream substrate of aldolase A (Fig.  5H), 
and decreased the level of the aldolase A downstream 
product dihydroxyacetone phosphate (Fig. 5I). Likewise, 
a statistically significant reduction was also observed in 
the level of the α-enolase catalytic product phosphoe-
nopyruvate (Fig.  5J). Overall, these data demonstrated 
that exposure to DA could result in aldolase A and eno-
lase inactivation, which further impair key metabolic 
pathways in glycolysis. This is consistent with our ABPP 
results mentioned above.

Discussion
In this study, we designed and synthesized a DA-probe 
that mimics endogenous DA to perform an ABPP assay 
in the MN9D cell line. We identified three glycolytic 
enzymes, aldolase A, α-enolase and PKM2, conjugated 
to DA. Covalent modifications of these proteins by DA 
inhibited enzymatic functions and impaired ATP synthe-
sis, resulting in mitochondrial dysfunction.

Glycolysis is the metabolic process in which glucose is 
converted to pyruvate with the subsequent generation of 
ATP [43]. The mammalian brain depends mostly on glu-
cose as a source of energy [44]. Changes in glycolysis are 
observed in several neurodegenerative diseases [21, 43, 45]. 
Indeed, phosphoglycerate kinase 1 (PGK-1), the first ATP-
producing enzyme in glycolysis, has been linked to PD [46], 
as its deficiency was generally found in male PD patients 
[47]. Enhancement of PGK-1 activity by the alpha 1 recep-
tor antagonist terazosin [48] could attenuate neurodegen-
eration in genetic models of PD [49]. Despite PGK-1, the 
functions of other glycolytic enzymes in PD are not fully 
clarified. PKM2 is another ATP-generating enzyme in the 
glycolytic pathway that catalyzes the conversion of phos-
phoenolpyruvate and ADP to pyruvate and ATP. Recently, 
several studies [50, 51] have indicated that PKM2 might act 
as a neuroprotector against oxidative stress by promoting 
GSH biosynthesis. In addition, Jin et al. reported the associ-
ation of aldolase A with the PD-linked proteins α-synuclein 
and DJ-1 using a SILAC in dopaminergic MES cells [52]. 
α-enolase, together with carbonic anhydrase 2 (Car2) and 
lactate dehydrogenase 2 (Ldh2), was found to be oxidatively 
inactivated in a mouse model of PD [53]. Therefore, such 
findings provide a new treatment option for PD, namely, 
treatment through glycolysis.

In this frame, our results are particularly interesting. 
Our analysis identified PKM2, aldolase A and α-enolase, 
which are all glycolytic enzymes involved in glycolysis. 
Although aldolase A has been previously reported as a 
DA-conjugated protein, researchers only analyzed the 
abundance change of the protein [54]. Our study revealed 
that DA bound to these three enzymes blocks their cata-
lytic activity, thereby disrupting glycolysis. Moreover, the 
specific binding sites of DA to these three proteins were 
tested. Disruption of the glycolytic pathway results in 

(See figure on next page.)
Fig. 5 Metabolic dysfunction caused by DA‑induced mitochondrial damage. A, B Measurement of the extracellular acidification rate (ECAR) and its 
indicators in MN9D cells treated with indicated concentrations of DA for 12 h. C, D Measurement of the oxygen consumption rate (OCR) and its 
indicators in MN9D cells treated with indicated concentrations of DA for 12 h. E Volcano plot of the different metabolites in MN9D cells treated 
with 400 μM DA. Red and blue dots represent the upregulated and downregulated metabolites respectively. F KEGG pathway enrichment analysis 
of DA‑targeted metabolites. Top 10 pathways are shown. G Schematic representation of the glycolysis pathway. H‑J Quantification of glycolysis 
intermediates after 400 μM DA treatment for 12 h. All error bars represent the mean ± s.d. n.s., not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; 
****, p < 0.0001
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decreased ATP production. The effects of DA exposure 
on glycolysis were further validated by the Seahorse gly-
colytic stress test and metabolomics analysis. Defects in 
mitochondrial respiration were also observed after DA 
treatment. DA could lower the mitochondrial membrane 
potential and reduce the mitochondrial respiration chain.

To date, the mainstay treatment for PD is still the 
administration of the DA precursor levodopa [55]. How-
ever, long-term exposure to levodopa frequently leads 
to dyskinesia as well as cognitive impairment, suggest-
ing that DA is a double-edged sword, and that increas-
ing the DA concentration could damage neuronal cells 
[56]. Thus, the identification of protein targets of DA 
and its metabolites is critical to uncover the relationship 
between DA and neurodegenerative diseases. The discov-
ery of three glycolytic proteins, aldolase A, α-enolase and 
PKM2, as DA binding partners in our study highlights 
the importance of energy metabolism in PD. Overall, our 
findings lead to the hypothesis that protecting the glyco-
lysis pathway from DA disruption represents a promising 
new direction of therapy for PD.

Conclusions
In summary, we systemically studied the toxicity of 
DA by utilizing ABPP technology in combination with 
metabolomics analysis. We identified three glycolytic 
proteins, aldolase A, α-enolase and PKM2, as the bind-
ing partners of DA. Disruption of glycolysis by DA expo-
sure impaired mitochondrial functions. Glycolysis has 
been recently found to have a neuroprotective role in PD. 
Thus, our findings further indicate that protecting the 
glycolysis pathway from DA disruption could serve as a 
novel approach to mitigating the progression of PD.
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