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Mitochondria are essential for eukaryotic life as powerhouses for energy metabolism. Excessive mitochon-
drial hyperthermia and reactive oxygen species (ROS) production have been associated with aging, cancer,
neurodegenerative diseases, and other disorders. Uncoupling protein 2 (UCP2) is the effector responsible
for regulating cellular thermogenesis and ROS production via dissipating protons in an electrochemical
gradient. A UCP2 inhibitor named genipin (GNP) is being researched for its effect on mitochondrial tem-
perature, but little is known about its mechanisms. This study developed several molecular probes to
explore the interactions between GNP and UCP2. The result indicated that the hemiacetal structure in
GNP could selectively react with the s-amine of lysine on the UCP2 proton leakage channel through ring-
opening condensation at the mitochondrial, cellular, and animal levels. A notable feature of the reaction
is its temperature sensitivity and ability to conjugate with UCP2 at high fever as lysine-specific covalent
inhibitors that prevent mitochondrial thermogenesis. The result not only clarifies the existence of an an-
tipyretic properties of GNP via its irreversible coupling to UCP2, but also reveals a bioorthogonal reaction

of hemiacetal iridoid aglycone for selectively binding with the s-amine of lysine on proteins.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Covalent inhibitors have received increased attention in re-
cent years as an important complementary or alternative drugs
to their non-covalent counterparts due to their long-acting nature
and cumulative enhanced potency on the same target(s) [1]. Nat-
ural products are a quintessential resource for developing covalent
drugs, even now as the research paradigm is shifting from an ac-
cidental discovery to a rational design phase [2]. Innovative ideas
are often inspired by innate covalent inhibitors, formed when an
endogenous electrophile reacts with protein targets [3,4]. As the
potential targets of nucleophilic residues, activated cysteine and
serine residues are expected to be the most attacked binding-sites
by Michael acceptors, aziridines, epoxides, and B-lactams [5]. Tar-
geting nucleophilic lysine residues can also present a viable ap-
proach to irreversible conjugation [6-8]. A marine active natural
product, manoalide, which is a sesterterpenoid antibiotic, has been
proposed to inhibit phospholipase A2 (PLA2) by initial imine for-
mation by binding to two lysine residues at Lys6 and Lys79 via two
masked aldehyde lactols [9-14]. Wortmannin, an antibiotic pro-
duced by Penicillium wortmanni, has been shown to irreversibly
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bind to catalytic Lys802 or Lys833 in the active-site of phospho-
inositide 3-kinases (PI3K), depending on the furan ring (C20), fol-
lowed by ring opening to give the enamine species [15-18]. Early
covalent inhibitors all depended on natural products. However, the
design of modern targeted covalent inhibitors has also required a
degree of serendipity, leading to the eventual discovery of novel
covalent binding mechanisms.

Phenylpropionyl iridoids are a notable natural product with a
cyclopentane ring and hemiacetal structural features. Based on
the unique structural features and complex stereo configurations,
these iridoids exhibit multipole desirable biological activities [19].
Genipin (GNP) is a geniposide-derived aglycone found primarily in
the fruits of Gardenia and American Gardenia [20]. It has long been
used in traditional oriental medicine to prevent and treat cancer,
inflammation, diabetes, and neurological disorders [21,22]. Previ-
ous studies have shown that oral geniposide can be hydrolysed by
most intestinal bacteria, and GNP is formed after deglycosylation
[23]. Moreover, GNP is generally described as a strong cross-linker
with less cytotoxicity in bioactive materials than glutaraldehyde
[24]. The cross-linking mechanism is thought to occur between
GNP and primary amine-containing molecules. Interestingly, GNP
has been reported to inhibit uncoupling protein 2 (UCP2) in mito-
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chondria via a non-crosslinking mechanism and thus block UCP2-
mediated proton leak [25]. C14-OH in GNP is suggested as the key
functional group responsible for its bioactivity, including induc-
ing cell apoptosis by inhibiting UCP2 and reducing reactive oxygen
species (ROS) [26]. However, GNP remains unpopular in clinical use
since the detailed mechanisms of action are poorly understood.

UCP2 is located in the inner mitochondrial membrane and is
highly homologous to other UCP subfamily members such as UCP3
and UCP1 [27]. The best understood non-shivering thermogenic
system in brown adipose tissue which has evolved to protect the
body from hypothermia, involves UCP1, a key regulator of cold-
mediated thermogenesis. In contrast, UCP2 is expressed in many
organs and tissues in the body. UCP2 participates in the body’s
thermogenesis through the electrochemical gradient of dissipat-
ing protons, and regulates not only mitochondrial ATP production,
but also the generation of reactive oxygen species (ROS). Evidence
highlighting the role of UCP2 in a broad range of physiological
and pathological processes continues to accumulate [28]. The cou-
pling/uncoupling state is related to the permeability of the in-
ner mitochondrial membrane [29,30]. UCP2 transfers protons di-
rectly from the intermembranous space into the matrix and fatty
acid anions in the opposite direction, reducing the proton gradient
and decoupling oxidative phosphorylation, thereby controlling the
ATP/ADP ratio and the inner mitochondrial membrane proton gra-
dient [31]. The evidence indicates that the expression of UCP2 in
the liver has the same trend as the body temperature of mice [32].
Surprisingly, mitochondrial thermogenesis can reach temperatures
close to 50°C [33]. Due to the fact that heat can be rapidly dis-
sipated into the extracellular environment, the mitochondria ther-
mometer or molecule probe of UCP should be tightly attached to
the organelle to detect the changes in heat [34].

Although GNP acts as a specific inhibitor of UCP2-mediated pro-
ton transport [35,36], little research has been conducted to deter-
mine the precise antipyretic mechanisms involving GNP and UCP2.
In this paper, two alkynyl-modified GNP (Alk-GNP) probes with
different modifications were designed and synthesised. A series of
chemical and biological methods were used to identify the mech-
anism underlying the antipyretic action of GNP by intraperitoneal
injection of Alk-GNP probes in mice. Subsequently, a novel irre-
versible reaction model for targeting lysine in UCP2 proton leak
was proposed. The hemiacetal structure in the phenylpropionyl iri-
doid of GNP undergoes a ring-opening and condensation process,
and thus undergoes temperature-sensitive binding to the e-amine
of lysine in UCP2 under physiological conditions, reducing proton
transport function and thermogenesis.

GNP targets mitochondrial UCP2 and exerts an antipyretic ef-
fect. To reveal the antipyretic mechanism of GNP, two alkynylation
probes, 14-Alk-GNP and 16-Alk-GNP, were prepared at different hy-
droxyl sites (Fig. 1A and Figs. S1-S8 in Supporting information),
and the antipyretic effects on mouse liver were subsequently eval-
uated via a thermosensitive rhodamine B (RhB)-derived fluorogenic
probe (RhBIV) [37]. A high temperature model in mice was induced
using carbonyl cyanide 3-chlorophenylhydrazone (CCCP) (7 mg/kg,
i.p.), a mitochondrial electron transport chain inhibitor, and as-
pirin (300 mg/kg, p.o.) as a positive control. The animal experi-
ments were approved by the Animal Ethics Committee, Guangxi
University of Chinese Medicine, China (No. DW20200711-098). The
result showed that the 16-Alk-GNP probe (20 mg/kg, i.p.), which re-
tained the hemiacetal structure, had the same antipyretic effect as
GNP (20 mg/kg, i.p.); the dose dependent nature of the antipyretic
effect is shown in Fig. S9 (Supporting information). In contrast, 14-
Alk-GNP (20 mg/kg, i.p.) lost its original activity (Fig. 1B), indicating
that the hemiacetal structure and C14-OH might be responsible for
the activity. To further investigate the distribution of GNP in liver
tissues, liver sections were incubated with BDP TMR azide follow-
ing intraperitoneal injection of 16-Alk-GNP or GNP for target imag-
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Fig. 1. UCP2 is identified as an antipyretic target on mitochondria for GNP. (A) The
chemical structures of GNP, 14-AIK GNP, and 16-AIK-GNP probe. (B) The antipyretic
effect of GNP and its probes, detected via a thermosensitive RhBIV probe on CCCP
(7 mg/kg) induced fever model (left panel). The statistical analysis of the fluores-
cence intensity is represented as the mean 4+ SD (right panel). Comparisons be-
tween two groups were carried out by Student’s t-test (NS, no significant), and one-
way analysis of variance (ANOVA) was used to identify differences among groups.
All groups except the Con group were treated with CCCP for the establishment of
an induced high temperature model. ##P < 0.01vs. Con, *P < 0.01, *P < 0.05vs.
CCCP (n=4). (C) The chemical reaction process of 16-AlK-GNP with N3-BDP TMR.
(D) The co-localization assay between the mitochondrial COX4 protein and 16-AlK-
GNP probe on liver tissue sections. (E) The SDS-PAGE and in-gel imaging assay of
mice liver mitochondria lysate after intraperitoneal injection of 20 mg/kg GNP (Lane
1) or 20mg/kg 16-AIK-GNP (Lane 2). (F) SDS-PAGE and western blot assay for target
fishing on mice liver mitochondria. Lane M, Marker; Lane 1 shows the mitochondria
lysate; Lane 2 represents the negative control with blank beads; Lane 3 shows the
captured protein by the 16-AlIK-GNP probe.

ing (Fig. 1C). The imaging of the 16-Alk-GNP probe (pseudo-green)
showed that it appeared to partially co-localize with the mitochon-
drial protein COX4; COX4 is bound by primary antibody coupled
with AlexaFluor®594-conjugated secondary antibody (pseudo-red),
thus colocalisation is detected as a merged yellow. The Pearson co-
efficient (PC) was approximately 0.924 (Fig. 1D).

Subsequently, the potential targets of GNP on mitochondria
were investigated by in-gel imaging assay. As shown in Fig. 1E, sev-
eral distinct bands of 16-Alk-GNP labelled proteins were detected
in the mouse liver microsphere fraction. The targets were then cap-
tured using N3-tagged magnetic microspheres according to previ-
ously reported methods (Fig. 1F, left panel) [38]. When compared
to the control beads (lane 2), several potential proteins were found
to be enriched by 16-Alk-GNP linked beads (lane 3). The captured
proteins were then released and identified by Triple-quad Ion-trap
and Orbitrap fusion (Thermo Scientific, USA) and KEGG functional
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Fig. 2. GNP targets mitochondrial UCP2 to affect its function. (A) The click reaction process of 16-AlK GNP with an N3-coumarin tag. (B) Co-localization of 16-Alk-GNP probe
(pseudo-green) with UCP2 (pseudo-red) in HepG-2 cells. (C) The cellular thermal shift assay (CETSA) of UCP2 treated with GNP (10 umol/L) in HepG-2 cell lysates detected by
western blot. The statistics assay was performed by the UCP2 staining of the control or GNP group, with normalization against the levels of S-actin (n=3). (D) The effects
of GNP on mitochondrial membrane potential (MMP), The Red/Green fluorescence images of MMP detected by the JC-1 probe (n=6). ATP content (E) and the activity of
mitochondrial complex V (F) in HepG2 cells (n=4). (G) The effects of GNP and 16-Alk-GNP on the mitochondrial temperature in HepG2 cells monitored via RhBIV probe.
The values of the image were expressed as mean & SD. One-way analysis of variance (ANOVA) was used to identify differences among groups. The comparison between the
two groups was carried out by Student’s t-test. **P < 0.01, #*#P < 0.001 vs. Con; **P < 0.001, **P < 0.01, *P < 0.05vs. CCCP; “P < 0.05vs. GNP (n=6).

annotation was performed. Among these proteins, UCP2 (approx-
imately 32kDa) was the most likely target. The identification was
also corroborated by the western blot analysis (Fig. 1F, right panel).
Unlike mitochondrial ATP synthase (ATP5f1b), UCP2 can separate
oxidative phosphorylation from ATP synthesis and the return trans-
fer of protons from the outer to the inner mitochondrial membrane
dissipates energy as heat [39]. Next, the effects of GNP on mito-
chondrial membrane potential and thermogenesis were evaluated
at the cellular level.

GNP blocks the return transfer of protons into the inner mi-
tochondrial membrane and reduces thermogenesis. A click re-
action between 16-Alk-GNP and the Ns-coumarin tag was de-
signed to generate a fluorescent derivative for tracking GNP at
the cellular level (Fig. 2A). The 16-Alk-GNP probe (pseudo-green)
and UCP2 protein stained by primary antibody coupled with
AlexaFluor®594-secondary antibody (pseudo-red) colocalised well
in the cytoplasm of HepG2 cells (PC=0.831), while almost no flu-
orescence was observed in the unmodified GNP group (PC=0.281)
(Fig. 2B). In addition, the interaction between GNP and UCP2 was
evaluated using a cellular thermal shift assay (CETSA) with a gra-
dient temperature treatment (37-75°C) for 3 min, followed by a
western blot analysis. As shown in Fig. 2C, GNP treatment im-
proved the thermal stability of UCP2 in cell lysates in a dose-
dependent manner compared to the control group.

To investigate GNP’s effect on UCP2, a commercial JC-1 probe
was used to detect mitochondrial membrane potential (MMP)
changes induced by CCCP (50 pmol/L), with or without GNP in-
tervention. As shown in Fig. 2D, GNP (red/green) increased MMP
in HepG-2 cells in a dose-dependent manner (0.1-10 pmol/L). The
proton kinetic energy drove protons back to the substrate through
complex V (ATP synthase), which promoted the phosphorylation
of ADP to ATP in the presence of phosphorus. As shown in Figs.
2E and F, GNP increased the ATP content and improved the ac-
tivity of ATP synthase. The changes in mitochondrial temperature
were then assessed using RhBIV probe (Fig. 2G). It was found
that both GNP and Alk-GNP probes reversed CCCP-induced mito-
chondrial temperature increase, with GNP modified at the C16-OH

group showing a greater inhibitory effect at the low concentra-
tion (0.1 pmol/L), alkylation may have prevented GNP from self-
polymerising via C16-OH groups. Based on these results, we hy-
pothesised that GNP may block the return transfer of protons into
the inner mitochondrial membrane and attenuate the thermogen-
esis process by covalently binding with UPC2 in HepG2 cells.

The hemiacetal structure of GNP specifically attacks the e-amine
on lysine. Normally, only low-abundance cysteine residues are
proximal to druggable binding sites. Other nucleophilic residues
chosen for nucleophilic addition include lysine, serine, and tyro-
sine [40]. To investigate the irreversible binding mode of GNP to
amino acid residues on UCP2, 20 free amino acids were selected to
react with GNP or 16-Alk-GNP probe in physiological conditions. As
shown in Fig. 3A (upper panel), lysine can significantly react with
the 16-Alk-GNP probe to form a fluorescence product (Fig. S10 in
Supporting information), while unmodified GNP can also form a
cross-linked blue pigment with lysine (Figs. S11 and S12 in Sup-
porting information). Since 16-Alk-GNP lacks the probe missed the
C-16 hydroxyl group, the reaction was assumed to be a condensa-
tion reaction involving the C-14 hemiacetal structure in GNP and
the e-amine of lysine (Fig. 3A, down panel). Such a reaction has
previously been reported to produce a dietary gardenia blue pig-
ment derived from GNP and tyrosine [41]. Geniposide was hydrol-
ysed to GNP by microbial glycosidases, and GNP was spontaneously
converted to a dialdehyde intermediate. The dialdehyde then cova-
lently bound to the primary amine residues of free amino acids
[42]. The polymer fragments were used to infer the binding mode
of GNP to lysine and other amino acids [43]; howerer, the detailed
data is scarce.

To avoid the cross-linking effect and gain a better insight into
the novel mechanism, the 16-hydroxyl group in GNP was first
sealed by alkynylation. The lysine residues contain a potentially
nucleophilic primary amine that can covalently bond with an elec-
trophilic functional “warhead,” but this irreversible bonding is sub-
ject to specific constraints [44]. Therefore, the optimum temper-
ature and pH for the reaction between 16-Alk-GNP and lysine
were investigated. The results showed that condensation could
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Fig. 3. The hemiacetal group of GNP selectivity reacts with the e-amine of ly-
sine. (A) Cross-linking reactions of 16-Alk-GNP (1 mmol/L) with 20 free amino acids
(1mmol/L), incubated in physiological conditions for 45min. The investigation of
optimum reaction conditions of pH (B) and temperature (C) for the reaction be-
tween 16-Alk-GNP (1 mmol/L) and lysine (1 mmol/L). (D) Proposed mechanism of
the hemiacetal condensation between 16-Alk-GNP and e-amine compounds in phys-
iological conditions.

work well under physiological pH conditions (Fig. 3B). Interest-
ingly, the reaction efficiency gradually as the temperature was in-
creased from 25°C to 65°C but decreased as the temperature was
raised further from 65 °C to 75 °C (Fig. 3C).

Generally, selective irreversible inhibitors must operate through
two steps. Firstly, they bind reversibly to non-covalent complexes
and subsequently undergo covalent bond formation, which is only
fast once the reversible complex has formed [45]. It was there-
fore important to know how to trigger the ring-opening condensa-
tion reaction of hemiacetal in physiological conditions. Aldehydes
have commonly been reported to modify lysine residues in pro-
teomics [46]. Due to its unstable hemiacetal structure, 1-Alk-GNP
was synthesised to capture the enol structure of GNP I (Figs. S13-
S17 in Supporting information). The condensation process from
GNP 1 with e-amine compounds (lysine, N-c-acetyl-lysine or 4-
phenylbutylamine) to the GNP II-IV end products was then mon-
itored. The chemical interaction mode between them is suggested
in Fig. 3D and Fig. S18 (Supporting information), to involve an elec-
trophilic aldehyde group, which is then cross-linked with the e-
amine group. The detailed information is shown in supporting data
(Figs. S19-528 in Supporting information).

Conjugation of the hemiacetal group and e-amine on lysine
showed a temperature responsiveness. The conjugation efficiency
between GNP and UCP was investigated both in vitro and in vivo.
The bioorthogonal reaction strategy based on protein lysine &-
amine group and 16-Alk-GNP hemiacetal is shown in Fig. 4A.
Liver mitochondria were artificially incubated for 1h with 16-Alk-
GNP (10 pmol/L) at the specified temperatures (30-57 °C), and the
temperature responsiveness was monitored simultaneously with 1
pmol/L RhBIV probe (Fig. 4B). An in-gel imaging assay was used
to determine the conjugation efficiency of 16-Alk-GNP with UCP2.
As shown in Fig. 4C, the fluorescence intensity was gradually in-
creased with temperature response.

To explore whether the characteristics actually exist in vivo,
CCCP (7 mg/kg, i.p.) was administered to induce fever in mice,
while chlorpromazine (CP) (8 mg/kg, i.p.) was used to induce low
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Fig. 4. The irreversible conjugation of GNP and UCP2 demonstrates temperature
sensitivity both in vitro and in vivo. (A) A bioorthogonal reaction strategy based
on protein lysine e-amine group. (B) The changes in temperature response on the
extracted liver mitochondria detected by a thermosensitive RhBIV probe (n=5).
(C) The cross-linking efficiency of 16-Alk-GNP to UCP2 protein with temperature
response, shown by an in-gel imaging assay and normalised via western blot
(n=3). (D) The fever model established by CCCP and the low-temperature model-
performed by CP. The body temperature was monitored with an infrared tempera-
ture imager. (E) The mice’s liver temperature for fever and low-temperature models
monitored by a RhBIV probe. (F) In-gel imaging assay used to trace the conjugation
efficiency between the 16-Alk-GNP probe and UCP2 protein in mice liver, and west-
ern blot performed to normalize the UCP2 content. The values were the mean +
SD. *P < 0.05, **P < 0.01 and #P < 0.05, ##P < 0.01 were respectively indicated for
raising and lowering the temperature vs. Con group (n=3).

temperature. Afterwards, 16-Alk-GNP (20 mg/kg, i.p.) was admin-
istered intraperitoneally for 30min. The changes in body tem-
perature were investigated via an infrared temperature imager
(UTi260K, China) in mice. As shown in Fig. 4D and Fig. S29 (Sup-
porting information), CCCP significantly increased the body tem-
perature, whereas the CP group obtained the expected temper-
ature decrease. Meanwhile, monitoring liver temperature yielded
the same results confirmed by RhBIV imaging (Fig. 4E). Notewor-
thy, the in-gel imaging results for liver mitochondria showed that
the CCCP treatment facilitated the conjugation efficiency of the 16-
AIK-GNP to UCP2 (P < 0.05), while the intervention of CP signifi-
cantly prevented the binding process (P < 0.01) (Fig. 4F).

The irreversible binding of GNP to lysine in the proton leak
cavity on UCP2 induces the antipyretic effect. The surface e-amino
group of lysine residues on target proteins is the most difficult for
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and mesh protein surface were generated using PyMOL Molecular Graphics System,
Version 3.2 Schredinger. (E) 3D structure simulation of UCP2 protein on proton leak
cavity for irreversible binding with or without GNP, built using Caver 3.03 plugin.

the nucleophilic reaction because they are largely exposed to phys-
iological pH (7.4) and are unavailable to nucleophiles [47]. To suc-
cessfully target lysine residues, different ionization states of vari-
ous amino acids must be used to decrease pK, values [48]. Lower
orders of pKj; in the active free lysine residues promote irreversible
binding. Hence, the pK; values of lysine in UCP2 were predicted
using Propka 3.1 software and the results are shown in Fig. 5A. It
was previously shown that GNP inhibits UCP1 at low concentra-
tions (50 umol/L) by binding to lysine (Lys198) and arginine, and
modifies cysteine (Cys188) at high concentrations (1 mmol/L) [29].
The homology between human UCP1 and UCP2 is only 56.9%. How-
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ever, the sequence identity of UCP2 between humans and mice is
higher than 96% and all lysines are highly conserved, which sug-
gests they have the same covalent binding mode (Fig. 5B). Com-
pared with most surface lysines on UCP2 (blue), the lysines in the
proton leak pipeline (red) harbor a more suitable pK,; for nucle-
ophilic attack.

To further reveal the binding mode of GNP with UCP2, puri-
fied mouse recombinant UCP2 was incubated with16-Alk-GNP and
then identified by protein MS/MS profiles. As shown in Fig. 5C,
for the b- and y-fragment ions of the UCP2 peptide, the m/z shift
was 372.1690 between the yg* and yg* fragment ions, consistent
with the mass of Lys239-labelled 16-Alk-GNP (372.1691). In addi-
tion, the m/z shift 728.3884 between the b,* and bg™ fragment
ions agreed with the mass of Val238-Lys239-labelled 16-Alk-GNP-
Thr240-Arg241 (728.3868). Hence, covalent binding was identified
at Lys239. Moreover, this covalent binding may also occur at other
lysine sites, such as Lys164 (Fig. S30 in Supporting information).

Subsequently, the Lys239 on UCP2 (pK, 7.97) was selected as
an example for covalent docking with GNP in the binding mode,
and a covalent docking simulation between hemiacetal in GNP
and e-amine of Lys239 on UCP2 was suggested (Fig. 5D). The re-
sult demonstrated that irreversible binding blocks the proton leak
pipeline in UCP2 from 4.83 to 2.66 A (Caver3.03 plugin) (Fig. 5E).
This covalent binding narrows the proton leak tunnel, leading to a
decrease in the reduction of H* leakage via UCP2. By preventing
proton transfer from the intermembranous space into the matrix,
the conjugation of GNP to UCP2 increases the MMP, and changes
the reflux of protons via ATP synthase, thus improving the effi-
ciency of ATP production. By blocking the decoupling oxidative
phosphorylation, the binding ultimately exerts an antipyretic ef-
fect.

In summary, the irreversible binding of GNP’s hemiacetal group
to Lys239 in UCP2 plays a key role in the proton leak cavity. The
nucleophilic attack with temperature response reduces mitochon-
drial thermogenesis by blocking the efficiency of proton dissipa-
tion. Besides demonstrating the antipyretic mechanism, this study
provides an expanded understanding of the interaction between
hemiacetal groups and e-amine. It is anticipated to be used as a
specific modification tool for the e-amine of lysine on proteins,
which can be applied in bioorthogonal reactions.
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