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HMGBL1 interacts with TLR4 to activate the inflammatory cascade response, contributing to the
pathogenesis of endogenous tissue damage and infection. The immense importance of HMGB1-TLR4
interaction in the immune system has made its binding interface an area of significant interest. To map
the binding interface of HMGBL1 occupied by TLR4, triterpenoids that disrupt the HMGB1-TLR4 inter-
action and interfere with HMGB1-induced inflammation were developed. Using the unique triterpenoid
PT-22 as a probe along with photoaffinity labeling and site-directed mutagenesis, we found that
the binding interface of HMGB1 was responsible for the recognition of TLR4 located on the “L"” shaped
B-box with K114 as a crucial hot-spot residue. Amazingly, this highly conserved interaction surface
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overlapped with the antigen-recognition epitope of an anti-HMGB1 antibody. Our findings propose a
novel strategy for better understanding the druggable interface of HMGB1 that interacts with TLR4 and
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1. Introduction

Protein-protein interactions (PPIs) are critical in most biologi-
cal processes, including antigen-antibody recognition, cellular
signal transduction, and innate and adaptive immune regula-
tion." In innate immunity, pattern recognition receptors (PRRs)
can recognize the damage-associated molecular patterns
(DAMPs) or pathogen associated molecular patterns (PAMPs)
to initiate local and systemic inflammation.> As a prototypical
DAMP, high mobility group box 1 (HMGB1) normally resides in
the nucleus but it can be actively secreted and passively
released outside cells.® Extracellular HMGB1 functions as a
critical immune mediator by interacting with toll-like receptor
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provide insights for the rational design of HMGB1-TLR4 PPI inhibitors to fine tune immune responses.

4 (TLR4) to activate the inflammatory response, leading to a
massive release of cytokines and chemokines.* The ongoing
activation of the HMGB1-TLR4 axis facilitates tissue damage
that further upregulates HMGB1 levels and forms a positive
feedback loop, causing detrimental outcomes such as inflam-
matory and autoimmune diseases, hepatic and renal injuries,
and cardiovascular diseases.”> Administration of anti-HMGB1
antibodies significantly prevents these pathologically relevant
cellular events in wild-type mice, but this effect disappears in
TLR4-deficient mice.®

With the ever-increasing number of experimentally validated
PPIs, structural insight into the PPI interface is essential for a
better understanding of the fundamentals of protein-protein
association and its potential as a therapeutic target. Despite
intensive efforts in X-ray crystallography, nuclear magnetic
resonance (NMR) spectroscopy, cryo-electron microscopy (CryoEM),
and computational approaches, success in determining native
protein interfaces that are biologically relevant remains limited.”®
The regulation of HMGB1-TLR4 interaction has drawn intense
focus on physiological and pathological research, where the bind-
ing interface represents a potent target for therapeutic intervention.
Only a few studies have reported the first 20 amino acids
(89-108 aa) of the B-box domain in HMGB1 as the minimal
sequence necessary to activate the TLR4 signaling pathway.’
Challenges persist in identifying the structural elements within
HMGBI responsible for TLR4 recognition and immune response
regulation due to the lack of known complex structures.

Natural products are secondary metabolites biosynthesized
through multi-enzyme reactions in living organisms, historically
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recognized as privileged structures to interact with protein
targets.'® Pentacyclic triterpenoids (PTs), a class of natural
bioactive substances, are generally considered part of plant
defense systems with valuable pharmacological properties.'*
Structurally, they typically have a higher molecular mass, a
larger number of sp® carbon atoms but lower calculated lipid/
water partition coefficients, and greater molecular rigidity.
These properties, especially the higher rigidity and hydropho-
bicity of PTs, are beneficial to target large and featureless
protein surfaces. Cellular and animal-level studies have con-
firmed that oleanolic acid (OA)'* and glycyrrhizin (GL)" exhibit
significant inhibitory activity against HMGB1 and potential
therapeutic efficacy in clinical trials for hepatitis. Additionally,
the natural friedelane type PT, celastrol, has been shown to
possess neuroprotective and anti-inflammatory effects by
directly acting on HMGB1.'* Thus, naturally derived PTs are
considered to be promising probes for exploring the HMGB1-
TLR4 interaction interface.

To expand the structural diversity of triterpenoids, biotrans-
formation as a green and efficient tool was utilized, where
microbes with peculiar enzymes can yield bioactive compounds
by metabolic networks in a continuous and self-optimizing
manner.”” In our long-term research on the microbial trans-
formation of PTs, nearly 300 natural derivatives with different
structural types were prepared.'®™® To develop specific triter-
penoid leads targeting the HMGB1-TLR4 interaction, the cell-
based large-scale screening method was established on HMGB1-
and LPS-induced acute inflammatory cell models. As a result,
triterpenoids that selectively interfered with the HMGB1-TLR4
interaction and inhibited the subsequent cytokine secretion were
found. Using triterpenoid leads as chemical probes in combi-
nation with computational prediction and experimental assess-
ment including molecular dynamics (MD) simulations and site-
directed mutation, the druggable interface within HMGB1 that
was recognized by TLR4 was elucidated, which would provide a
structural basis for the rational design of new therapeutic agents.

2. Results

2.1. HMGBI1-specific triterpenoid probes inhibiting TLR4
downstream signaling

Although GL is the first reported and structurally well-
characterized natural HMGBI1 inhibitor, it exhibits a low affi-
nity and specificity for HMGB1 (Kp ~ 150 uM)."® To improve
these limitations, reversible interactions can be strategically
introduced, e.g., hydrogen bonds, which have been proven
crucial for the high selectivity and lead-likeness of small
molecules.?”*! In this context, microbial transformation as a
robust tool was applied to add polar groups into triterpenoid
skeletons with excellent regioselectivity and stereoselectivity.
A natural library consisting of hundreds of chemicals was
constructed.>*>* The catalytic sites covered A, B, C, D, and E
rings of oleanane, ursolane and lupane-type triterpenoids,
greatly enriching the structural diversity of PTs (Fig. S1, ESIT).
Taking these triterpenoids as tool molecules is conducive to
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capturing extensive HMGB1-TLR4 interfaces that lack ligand
binding pockets. However, unlike traditional drug target
enzymes or receptors, developing a more effective approach
for screening potential HMGB1-TLR4 regulators is necessary.

In contrast to endogenous HMGB1-initiated sterile inflam-
mation, external LPS plays a crucial role in host infection and
pathogenicity. Consistently, they are both recognized by the
TLR4 receptor to promote activation of NF-kB and the release of
cytokines, leading to an inflammatory cascade.> To discover
specific triterpenoids, cell models of RAW 264.7 macrophage-
based nitrite release induced by HMGB1 and LPS were estab-
lished with GL as a positive control (Fig. 1A). In these two cell
models, the inflammatory mediator production was blocked
by TAK-242, a specific TLR4 inhibitor*>*® (Fig. S2, ESIt), thus
confirming that the effect of LPS and HMGB1 was TLR4-
dependent. Furthermore, cell-based phenotypic screening of
the in-house PT compound library was carried out (Table S1,
ESIT). Structure-activity relationship analysis highlighted that
the chemical cluster with an A-ring cleaved fragment on the
triterpenoid skeleton from microbial-catalyzed Baeyer-Villiger
oxidation by Streptomyces olivaceus CICC 23628 exhibited
better inhibition of HMGB1-induced inflammation than LPS
(Fig. S3, ESIY).

Structurally, this type of A-ring cleaved triterpenoid deriva-
tive is similar to steroids, a kind of wide-spectrum anti-
inflammatory agent, equipped with higher drug-likeness com-
pared to the substrate according to the number of hydrogen
bond donors, acceptors and rotatable bonds. Among them, PT-
22 (3,4-seco-urs-12-en-4(S), 21p, 24, 28-tetrol-3-oic acid) showed
a unique chiral architecture and was found to inhibit HMGBI1-
induced nitrite elevation, rather than LPS (ICs, > 100 puM)
(Fig. 1B). In addition, PT-22 alone did not show such an effect
during these periods and was not cytotoxic. However, as a
diastereoisomer of PT-22 that differs only in the absolute
configuration of vicinal diol at the C-4 position, PT-25 did not
inhibit HMGB1-triggered nitrite release. These findings indi-
cated that the stereochemical configuration of triterpenoids is
crucial for their inhibition of HMGB1-initiated inflammatory
responses.

To confirm the specific inhibitory effect on HMGB1-dependent
inflammation, we pre-incubated PT-22 with HMGB1 in different
time periods before exposure to human acute monocytic leukemia
THP-1 cells. The results showed that the upregulation of TNF-o
mRNA levels profoundly decreased in a time-dependent manner
(Fig. 1C). Besides, PT-22 at concentrations of 0.1 to 10 pM
gradually suppressed the HMGB1-activated mRNA transcription
and secretion of TNF-o (Fig. 1D and E). In contrast, there was no
dose-dependent inhibitory effect on LPS-induced inflammation
(Fig. 1F). In RAW 264.7 cells, pre-incubation of HMGB1 with PT-22
also significantly improved its anti-inflammatory activity, with the
most apparent effect observed for 4 h (Fig. S4, ESIt). Additionally,
it was found that PT-22 strikingly interfered with HMGB1-initiated
nuclear translocation of NF-xB p65, while PT-25 did not (Fig. 1G).
Overall, PT-22 displayed a specific inhibition on the HMGB1-
TLR4 signal and was considered a potential probe for further
investigation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Discovery of triterpenoid probes with HMGB1-TLR4 dependent anti-inflammatory effects. (A) Compound screening strategy on two infllamma-
tory cell models induced by HMGB1 and LPS. (B) The dose-dependent inhibitory curves of PT-22 and PT-25 in LPS or HMGB1-activated nitrite release on
RAW 264.7 with GL as the positive control and their chemical structures. (C) The effect of co-incubation time of 1 uM PT-22 with HMGB1 on TNF-o mRNA
expression in THP-1 cells. The relative levels of TNF-oo mRNA in THP-1 cells were measured by quantitative real-time PCR (qRT-PCR). (D) The dose-
dependent relationship of PT-22 on HMGB1-triggered TNF-a release detected by ELISA. (E) The dose-dependent inhibition of PT-22 on HMGB1-induced
TNF-oo mRNA transcription. (F) The inhibitory effect of PT-22 on LPS-activated inflammation. (G) Effect of 1 uM PT-22 or PT-25 on the nuclear
translocation of NF-kB p65 induced by 1 ug mL~* HMGB1. Data shown are mean =+ SD from three independent experiments. *##p < 0.001 compared to
the control group. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to the model group, as calculated by Student's t-test. Gene expression was

normalized to GAPDH.

2.2. Verification of triterpenoid probe interfering with
HMGB1-TLR4 interaction

Given the evidence that the inhibition of PT-22 on the tran-
scription and release of pro-inflammatory cytokines, which
depends on the HMGB1-TLR4 signal, we hypothesized that it
might disturb the interaction between HMGB1 and TLR4.
To test the assumption, we employed surface plasmon reso-
nance (SPR), which allows the detection of ligand binding
to immobilized proteins (Fig. 2A). As shown in Fig. 2B, the
concentration-dependent binding curves of HMGB1 to immo-
bilized TLR4 were monitored. The dissociation constant (Kp)
value was determined to be 7.41 x 10~ ® M, suggesting that both
HMGB1 and TLR4 proteins were in their active form. Subse-
quently, we pre-incubated different concentrations of PT-22
with HMGB1 flowing through the TLR4 sensor. As shown in
Fig. 2C, the response signals between HMGB1 and TLR4 was

© 2024 The Author(s). Published by the Royal Society of Chemistry

dramatically inhibited in a concentration-dependent manner.
Furthermore, the SPR signals of different concentrations of
HMGB1 and TLR4 interactions were significantly decreased
after adding 1 pM PT-22. As a result, the calculated binding
affinity of HMGB1-TLR4 was reduced approximately 10-fold
with a Kp, value of 7.96 x 10~’ M (Fig. 2D).

To further corroborate our findings, a competitive ELISA
method was also developed and the principle of this assay is
shown in Fig. 2E. The binding of biotin-labeled HMGBI1 to
TLR4 coated on a 96-well plate could be detected directly by the
color change of TMB solution (Fig. S5, ESIT). The optical density
(OD) values increased with the increase in the concentration of
biotinylated HMGB1, indicating that there is a direct binding
between HMGB1 and immobilized TLR4 (Fig. S6A, ESIt). Next,
recombinant HMGB1 was used as a positive control to test the
reliability of the competition binding assay. In the presence of

RSC Chem. Biol., 2024, 5, 751-762 | 753
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Fig. 2 Triterpenoid probe PT-22 interferes with the interaction between HMGB1 and TLR4. (A) Scheme of the competition SPR assay. (B) Validation of
the HMGB1-TLR4 interaction (the extracellular domain of TLR4 was immobilized on the CM5 sensor chip). The 1:1 binding model was used to assess
binding kinetics. (C) SPR sensorgrams representing the inhibition of PT-22 (0, 0.125, 0.25, 0.5, 1, and 2 puM) on the interaction of HMGB1 (50 nM) to
immobilized TLR4. (D) The inhibitory effect of 1 uM PT-22 on the binding of HMGB1 at different concentrations (3.12, 6.25, 12.5, 25, 50, and 100 nM) with
TLR4. (E) Schematic diagram of the principle of a competitive ELISA assay. (F) The inhibitory curve of different concentrations of PT-22 (0.39, 0.78, 1.5, 3.1,

6.2, 12.5, 25, 50, 100, and 200 uM) on the HMGB1-TLR4 interaction.

HMGBI, the interaction between biotin-labeled HMGB1 and
TLR4 was significantly disrupted (Fig. S6B, ESIt). Thus, a rapid
and sensitive method for evaluating the inhibitory potency of
HMGB1-TLR4 interactions was established. Incubating PT-22
with biotin-labeled HMGB1 for 1 h before mixing with loaded
TLR4 resulted in a dose-dependent inhibition of the HMGB1-
TLR4 interaction (Fig. 2F). These observations indicated the
potential of PT-22 as a modulator of HMGB1-TLR4 and thus
could be used as a probe to clarify the potential binding
interface of PPIs.

2.3. Triterpenoid probe target HMGB1 to disrupt its
interaction with TLR4

In light of the intervention of PT-22 on the HMGB1-TLR4 PPI,
we presumed that it might bind with HMGB1 or TLR4. In
support of this hypothesis, SPR-based binding assays were
conducted. As shown in Fig. 3A, the dose-dependent associa-
tion and disassociation curves of PT-22 with HMGB1 were
observed. The Ky, value was calculated as 8.75 x 10> M, lower

754 | RSC Chem. Biol., 2024, 5, 751-762

than the well-known HMGB1 inhibitor GL (Fig. S7A, ESIY).
However, there was no observable interaction between HMGB1
and PT-25 in the parallel experiment (Fig. S7B, ESIf).
In addition, no specific binding of PT-22 to immobilized
TLR4 was detectable up to a concentration of 100 uM (Fig. S8,
ESIT), excluding TLR4 as the target of PT-22. Although TLR4 is
the dominant receptor sensed by extracellular HMGB1 to
mediate inflammation, antagonism of TLR4 renders organisms
susceptible to infectious or injurious insults caused by other
exogenous ligands e.g., LPS.”” Herein, the triterpenoid probe
targeting the central node of this signaling network, HMGB1, is
biologically rational to abolish the downstream inflammatory
responses.

To further decipher the PT-22-HMGB1 interaction, a series
of spectra under simulated physiological conditions were moni-
tored. As shown in Fig. 3B, the addition of PT-22 was found
to quench the intrinsic fluorescence of HMGB1 in a dose-
dependent manner, meaning the micro-environmental variation
in the vicinity of aromatic residues. In three-dimensional (3D)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The direct binding of PT-22 induced the local conformation and thermal stability changes of HMGBL. (A) Association and dissociation curves of
PT-22 with immobilized HMGBL. (B) Effect of PT-22 (0, 50, 100, 150, 200, and 250 uM) on the fluorescence spectra of 3 uM HMGBL. (C) 3D fluorescence
spectrum of HMGBL1 at a concentration of 3 uM without (left) or with PT-22 (20 uM) (right). (D) CD spectra of HMGB1 alone or co-incubated with 20 pM
PT-22. (E) Thermal stability of HMGBL1 (10 puM) in the presence or absence of 100 uM PT-22.

fluorescence spectra, the intensity of peak 1 decreased (Fig. 3C),
indicating that the surrounding microenvironment of trypto-
phan and tyrosine in HMGB1 was disturbed by PT-22. Mean-
while, the fluorescence intensity of peak 2 also decreased, which
was related to the change in the tertiary structure of HMGBI.
Furthermore, the presence of PT-22 increased the fluorescence
intensity of peak a, suggesting an increase in the diameter of
HMGBI1 due to the formation of the ligand-HMGB1 complex,
thus enhancing scattering.

The predominant secondary structure of HMGB1 is reported
to be an o-helix with characteristic double circular dichroism
(CD) signal peaks at 208 and 222 nm.*®*° In Fig. 3D, the addition
of excess PT-22 induced a reduction of the peak signal of HMGB1
from 40.06% to 37.89% near 208 nm, indicating a slight decrease
in the o-helical content of HMGB1. Thermal shifts of target
proteins affected by ligands have been shown to correlate with
drug efficacy and are widely used to characterize ligand binding in
structural biology.>* Herein, the thermal stability of the HMGB1
protein was also evaluated by nano-differential scanning fluoro-
metry (nanoDSF). It was found that triterpenoid probe PT-22
could improve the T, (melting temperature) value of HMGB1
from 51.1 °C to 51.5 °C (Fig. 3E). Overall, the binding of PT-22 to
HMGB1 was accompanied by local structural changes of HMGB1
without strikingly distorting its secondary structure and thermo-
stability. These data revealed the intrinsic conformational
dynamics of HMGB1 that are likely to affect its binding with TLR4.

2.4. Prediction of the HMGB1 interface that interacts with
TLR4 by PeSTo and MD

Next, to explore the possible interface of HMGB1-TLR4 inter-
action in atomistic detail, a protein structure transformer (PeSTo),

© 2024 The Author(s). Published by the Royal Society of Chemistry

a newly reported machine learning approach,*! was employed.
The results showed that most interfacial residues involved in
the interaction of TLR4 are located on the pro-inflammatory
B-box domain of HMGB1 (Fig. 4A), suggesting the reliability of
the predicted surface. Among them, K90 and K96 are likely to
occur on the binding interface, and R97, P98 and P99 were
predicted to have a moderate probability as shown in Table S4
(ESIY). In addition, K88, F89, E74, D33 and D158 are also likely
to be involved in protein interactions. The obtained HMGB1-
TLR4 complex by PeSTo was saved as the starting structure for a
subsequent 200-ns MD simulation. The root mean square
deviation (RMSD) plot reached equilibrium from 150 ns during
the simulation and remained stable thereafter (Fig. S9, ESIT).
Upon inspection of the HMGB1-TLR4 structure, it was found
that the TLR4 protein showed direct contact with A-box and
B-box domains in HMGB1 (Fig. 4B). The surface area buried at
the HMGB1-TLR4 interface was calculated as 1227.04 A%, which
is larger than the typical protein-ligand contact area (300-
1000 A%). Based on previous reports>> and the above prediction,
we primarily focus on the binding interface on the B-box.
Specifically, the outer region on the HMGB1 surface remains
partially solvent-accessible upon binding, consisting of polar
and charged residues (K114, R110, K96, K165, K87, and E84).
The central region of the interface (F103, 1122, A126, P92, and
V125) is occluded from solvent upon association, which is
crucial for the binding affinity. Detailed analysis of the complex
interface indicated that the externally charged residues can
provide high stability for the HMGB1-TLR4 complex through
hydrogen bonding interactions. In contrast, the central hydro-
phobic residues determine the specificity of the complex
through hydrophobic contributions and van der Waals forces.

RSC Chem. Biol., 2024, 5, 751-762 | 755
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Fig. 4 Architecture of HMGB1-TLR4 interaction interface through PeSTo and MD simulation. (A) PeSTo-based prediction of binding interface of HMGB1
(PDB: 2YRQ) with TLR4 (PDB: 3FXI) (the confidence of the predictions is represented with a gradient of color from blue for non-interfaces to red for
interfaces). (B) Structural basis of HMGB1 recognition by TLR4 through MD simulation (the interaction interface is shown in yellow, where the central
hydrophobic residues are labeled in blue, while the surrounding hydrophilic residues are labeled in red).

To further identify the PT-22-HMGB1-binding region, MD
simulation was performed in the presence of different concen-
trations of ligands. The results showed that the fluctuation
degree of the RMSD of the HMGB1 backbone decreased after
adding PT-22 as shown in Fig. 5A, indicating an improvement
in the stability of the system. Nevertheless, residues 79-89 in
the linker region between the A-box and the B-box exhibit large
root mean square fluctuation (RMSF) values (Fig. S10, ESIT).
These structural fluctuations were associated with the shift
of these two boxes with respect to each other, as shown by
the dominant conformations in Fig. 5B. In a ratio of HMGBI1 to
PT-22 of 1:1, the ligand was found to be in close contact with
the L-shaped o-helical B-box domain in the equilibrium state.
Interestingly, with the ratio increasing from 1:10 to 1:100,
most PT-22 molecules preferentially gather around the B-box.

Next, molecular docking and MD simulation of PT-22 with
two independent domains, A-box and B-box, were carried out,
respectively. The binding free energy (AG) was calculated
through molecular mechanics/Poisson-Boltzmann surface area
(MM/PBSA).*? 1t can be seen from Fig. S11 (ESIt) that AG of PT-
22 binding with the A-box was calculated as —0.48 k] mol .
However, the interaction of the B-box with PT-22 is tighter with
a AG value of —35.64 k] mol ™ *. SPR further confirmed the result
that PT-22 exhibited a strong binding force with the B-box
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(Fig. 5C), whereas no concentration-dependent response sig-
nals were observed with the A-box (Fig. S12, ESIf). Previous
studies have proven that the pro-inflammatory function of
HMGB1 was held within the B-box domain. Herein, we found
that co-incubation of PT-22 attenuated B-box-induced pro-
inflammatory cytokine TNF-oo mRNA expression and release
in human and mouse macrophages (Fig. S13, ESIT).

Having established that the dominant interaction between
PT-22 and HMGB1 occurs at the TLR4-binding domain on
the B-box, to further obtain the structural information in the
PT-22-HMGBI interface, the snapshot of the lowest energy in
the 100-ns MD simulation was analyzed. It can be seen from
Fig. 5D that PT-22-binding HMGB1 surfaces are enriched with
aliphatic (I122 and G123) and charged (R97, R110, K114)
residues. Besides, the aromatic (F102, F103, and Y109) residues
also present a higher preference, which might have participated in
the intrinsic fluorescence quenching of HMGB1 induced by triter-
penoids. Furthermore, the carboxyl group of C-3 in PT-22 forms two
stable hydrogen bonds with R97 of HMGB1 with lengths of 2.7 A
and 2.8 A, further reinforcing their interactions. These essential
residues in the binding regions of triterpenoid-HMGB1 constitute
a specific interface where they are highly complementary in shape.

Given the competitive inhibition of triterpenoids on the
HMGB1-TLR4 interaction, we next map the PT-22-binding

© 2024 The Author(s). Published by the Royal Society of Chemistry
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region on HMGB1 to the aforementioned HMGB1-TLR4 bind-
ing interface. To our delight, several shared interfacial residues
were found, including F103, R110, K114, 1122, G123, V125 and
A126, which are mainly located at the core of the HMGB1-TLR4
interface. These residues are evolutionarily conserved in the
HMGB1 protein, enabling it to recognize TLR4 and initiate
innate immune responses. Using the MM/PBSA method,** we
decomposed the binding free energy into the corresponding
residues. Among them, the energy contribution of R110, K114,
and 1122 is the most significant, which are —15.88, —21.86, and
—23.27 k] mol ', respectively. Further experimental validation
of the predicted HMGB1-TLR4 binding interface is expected.

2.5. Validation of the HMGBI1 interface that interacts with
TLR4 using the triterpenoid probe

Our computational analysis indicated that the triterpenoid
probe shared several characteristic residues with TLR4 on the
HMGB1 surface. To further prove these findings, photoaffinity
labeling (PAL) was applied for target identification as well as
elucidating ligand binding sites (Fig. 6A). Firstly, probe PT-22-
BP containing a ‘“minimalist” diazirine-alkyne as a photo-
activatable crosslinking moiety was strategically synthesized
(Fig. 6B).>* The end of alkyne was used as a functional tag for

© 2024 The Author(s). Published by the Royal Society of Chemistry

where interfacial residues are in yellow).

a bio-orthogonal click reaction with azide-linked biotin to
enrich the target protein. Before the PAL experiment, the
photoreactivity of PT-22-BP in MeOH was examined by high-
resolution mass spectrometry (HR-MS). As a consequence of UV
light exposure, the diazirine undergoes photolysis to form a
highly reactive carbene with the loss of N, yielding a methanol
adduct (Fig. S17, ESIt), confirming the photoprobe’s utility.
With the synthesized PT-22-BP in hand, the SPR assay was
performed to evaluate its binding affinity with HMGB1. To our
delight, PT-22-BP exhibited binding potency comparable to that
of the original compound (Fig. S19, ESI+t).

Next, we sought to validate the target engagement of PT-22
in cell lysates using competitive labeling, facilitating the effec-
tive exclusion of nonspecific binding proteins. PT-22-BP was
incubated with the crude protein extract followed by UV activa-
tion specifically cross-linked to HMGB1. And SDS-PAGE were
analyzed (Fig. S20, ESIt). A direct comparison of the labeling
patterns of PT-22-BP with and without PT-22 competition
showed two distinct bands around 30 kDa and 50 kDa
(Fig. 6C). Among them, the protein in the 30-kDa band was
selected to assess the specific binding event of PT-22-BP with
HMGB1 by immunoblotting. The results showed that HMGB1
was efficiently bound with PT-22-BP, whereas the excess PT-22

RSC Chem. Biol., 2024, 5, 751-762 | 757
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as a soluble competitor prevented the specific cross-linking, con-
firming the interaction of the triterpenoid probe with HMGBI1.

To further identify essential interaction regions and critical
residues, the purified recombinant HMGB1 protein was incu-
bated with PT-22-BP. Once activated by UV light (365 nm), the
probe was inserted into C-H, O-H or N-H bonds of residues
proximal to the binding sites in HMGBI1 for covalent labeling.
The photo-crosslinked complex was further subjected to
LC-MS/MS analysis. A molecular weight increase of 597.4466
Da in D158 was detected in the peptide ®DIAAYR'®?, indicat-
ing that PT-22-BP was labeled on D158 (Fig. 6D). Similarly, K114
was found as another potential photocrosslinking site in the
3 IKGEHPGLSIGDVAK'® peptide (Fig. $21, ESIt). It is worth
noting that these two residues lie in the B-box domain and
are 100% conserved between humans and mice by sequence
alignment analysis. These results were highly consistent
with the computational prediction that K114 appears at the
triterpenoid-binding HMGBI1 interface and the HMGB1-TLR4
interface.

758 | RSC Chem. Biol., 2024, 5, 751-762

Inspired by these findings, we then applied ANCHOR
(https://structure.pitt.edu/anchor/), a web-based tool search
for anchor residues in protein-protein interfaces suitable for
small molecule intervention.’” According to this result, K114 in
the box-like domain acted as a binding anchor, preferentially
bound to the surface of TLR4 through hydrogen bonding and
electrostatic force that stabilized the overall complex structure
(Fig. S22, ESIY).

2.6. TLR4-binding HMGBI1 interface and its antigen-
recognition epitope

Immune recognition of antigens by antibodies represents an
essential class of specific PPIs in biological systems. Recently, it
has been reported that the anti-HMGB1 IgM autoantibody
neutralizes extracellular HMGB1 via specifically binding to a
conserved epitope, namely HMW4 (HMGB1gg 113, PSAFFLF
CSEYRPKI).>® The surface area involved in antigen-antibody
recognition lies in the B-box composed of three o-helices,
including the hydrophobic residues (Phe, Pro, and Ile) and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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polar and charged residues (Ser, Arg, and Lys) (Fig. S23A, ESIT).
TLR4, as a cell surface receptor, is indispensable for HMGB1-
induced innate immunity activation and cytokine production.
Therefore, extracellular HMGB1 is both a ligand for TLR4 and
an antigen for the anti-HMGB1 antibody. In contrast to the
antigen-antibody, the HMGB1-TLR4 heterodimer interface
tends to be flat and wide and consists of a series of discontin-
uous residues (Fig. S23B, ESIT). Consistently, some residues
like K114 at the HMGB1-TLR4 binding interface were found to
be adjacent to antigen-recognition epitopes of the anti-HMGB1
antibody.

However, the application of neutralizing antibodies is limited
to the extracellular HMGB1 protein due to its large molecular
weight. Unlike TLR4 or anti-HMGB1 antibodies, the existing
triterpenoids only occupy a relatively smaller binding interface
of HMGB1 (Fig. S23C, ESIt), which disturbs the interaction of
proteins with TLR4. Using a direct biophysical binding assay, we
further found that the anti-HMGB1 antibodies function similarly
to PT-22 (Fig. S24, ESIY), that is, once they bind with HMGB1, it
leads to the failure of TLR4 to recognize HMGB1 and activate
inflammation. In addition, the composition of the large antigen—
antibody interfaces is not significantly different from that of the
accessible HMGB1 surface of triterpenoids. Among them, Lys
makes overall similar contributions to the ligand-receptor and
two kinds of protein-protein interfaces. In particular, K114 is not
only involved in the interaction of HMGB1 with its ligand

(A)
Initiate
inflammatory response

View Article Online

Paper

triterpenoid and receptor TLR4 but also closely related to the
conserved epitope of HMGB1 antibody recognition.

In short, HMGB1 was found to use almost the same area
to recognize these two different receptors or ligands, and the
structural features of each complex interface are nearly iden-
tical. In particular, the HMGB1 interface that interacts with
TLR4 highly overlaps with the recognition region of the anti-
HMGB1 antibody. The most consistently discernible property is
the higher evolutionary conservation of residues at the inter-
face of HMGB1-ligand and HMGB1-receptors, including TLR4
and anti-HMGB1 neutralizing antibodies. The strong conserva-
tion of interfacial residues further highlights the importance of
the core region of HMGBI1 in ligand or receptor recognition.
Altogether, these three highly unified interfaces share com-
mon characteristics that make them great significance in
inflammatory signal transduction and immune regulation
(Fig. $23D, ESI¥).

2.7. Mutation verification of druggability of the HMGB1
interface occupied by TLR4

To explore the druggability of the identified HMGB1-TLR4
interface, we mutated the key anchor residue K114 at the
HMGB1 protein surface. The HMGB1 mutant (K114A) was
prepared, and its binding affinity with TLR4 was also detected
by the SPR-based assay (Fig. 7A). The results showed that the
replacement of residue K114 with Ala created a significant
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Fig. 7 (A) Binding affinity of HMGB1 with receptor TLR4 and ligand PT-22 before and after mutation. (B) Effect of the HMGB1 mutant (1 ug mL™%) on
TNF-o mRNA expression in THP-1 cells with or without PT-22 (1 uM). (C) The effect of mutant on the TNF-o. release of 1 ng mL~* HMGB1 and inhibition of
PT-22 (1 uM) on RAW 264.7. (D) Competitive inhibition of PT-22 on the interaction of the HMGB1 mutant and TLR4. Data shown are mean £ SD from
three independent experiments. *P < 0.05, *#*#p < 0.001 compared to the control group. **P < 0.01, ***P < 0.001 compared to the model group, as

calculated by Student's t-test. Gene expression was normalized to GAPDH.
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decrease of binding affinity (Fig. S25, ESIf). In addition,
compared with wild type (WT), the HMGB1 mutant also exhib-
ited a ten-fold decreased affinity toward PT-22 (Fig. S26, ESIT).
Considering the above results, we then evaluated its influence
on the pro-inflammatory activity of HMGB1. The results showed
that the mutant K114A displayed a dramatically decreased
activity in triggering transcription (Fig. 7B) and release (Fig. 7C)
of TNF-o. in THP-1 compared with WT. In this regard, the pro-
inflammatory effect of the HMGB1 mutant on RAW 264.7 was also
significantly reduced (P < 0.001, Fig. S27, ESIt), indicating the
key role of K114 in the HMGB1-TLR4 interaction and the down-
stream inflammatory response. On this basis, the inhibition of
PT-22 on inflammatory responses induced by the HMGB1 mutant
was also assessed. The results showed that PT-22 did not inhibit
HMGB1 mutant-induced TNF-¢; elevation in two macrophages (P
> 0.05).

TLR4, an integral part of innate and adaptive immune
systems, can rapidly respond to the invasion of extracellular
LPS and intracellular HMGB1. In this work, we aimed to
understand the druggable interface of the HMGB1-TLR4 inter-
action to attenuate HMGB1-mediated sterile inflammation
(Fig. 8B). First, two different cell models were successfully
established in LPS- and HMGB1-stimulated RAW 264.7 cells. The
triterpenoid that selectively interferes with the HMGB1-TLR4
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dependent signal other than LPS-TLR4 axis was found. Binding
of the triterpenoid to HMGB1 induces a conformational change in
HMGBI1, which hinders its interaction with TLR4 and further
prevents inflammation initiation. With triterpenoid PT-22 as the
probe, the hot-spot residues involved in protein surface recognition
of HMGB1-TLR4 were mapped, including a single anchoring
residue (K114) in the helical peptide of HMGB1. Mutation at
the essential residue significantly reduced the HMGB1-TLR4
interaction and related cytokine release, suggesting that their
recognition through this specific interface is indispensable for
inflammatory diseases. Our study enhances the comprehension
of the recognition interface of HMGB1-TLR4 in the immune
system, which is crucial for regulating signal transduction
networks and rational design of new therapeutic agents.
Mutation at K114 of HMGB1 interrupted the HMGB1-TLR4
complex and alleviated inflammatory responses, suggesting
that the interaction between HMGB1 and TLR4 through this
specific interface is indispensable for the immune regulation
process. Furthermore, we evaluated the ability of PT-22 to
interfere with the interaction of the HMGB1 mutant with
TLR4 at the molecular level (Fig. S28, ESIT). It was surprisingly
found that the substitution of K114 with Ala completely abol-
ished the intervention of PT-22 to HMGB1-TLR4 PPI (Fig. 7D).
The results further confirmed the potential of K114 as the
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(A) Inhibition of PT-22 on the IL-6, IL-1B and TNF-o mRNA levels of THP-1 cells stimulated by the APAP-damaged hepatocyte supernatant.

(B) Schematic model of the process in which PT-22 modulates the HMGB1-TLR4 signaling. PT-22 inhibited the HMGB1-TLR4 PPI through binding to a
previously unknown interface on HMGBL involving K114, a binding determinant of the HMGB1-TLR4 complex, inhibiting the pro-inflammatory cascade
to implement the treatment of endogenous injury and exogenous infection. Data shown are mean + SD from three independent experiments. P < 0.05,
###p < 0.001 compared to the control group. *P < 0.05, **P < 0.01, ***P < 0.001 compared to the model group, as calculated by Student's t-test.
Gene expression was normalized to GAPDH.
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critical interfacial residue of the triterpenoid probe to compete
with TLR4 on the druggable surface of HMGB1. Altogether, the
essentiality of K114 to maintain the interaction of HMGB1 and
TLR4 and its participation in cytokine secretion provides a
significant therapeutic opportunity for using HMGB1-TLR4 PPI
inhibitors in acute and chronic inflammatory diseases.

Encouraged by above results, we next established a highly
HMGB1-dependent cell model of acute liver failure induced
by acetaminophen (APAP) to assess the potency of PT-22 in
neutralizing released HMGB1.>” The hepatocyte supernatant
was collected and added to THP-1 cells (Fig. S29, ESIt), which
was activated by releasing the pro-inflammatory cytokines in
TLR4 downstream. To confirm that the cytokine secretion of
THP-1 was mediated by HMGB1 released from necrotic hepa-
tocytes, we incubated the culture medium exposed to APAP with
the A-box, an HMGBI1-specific antagonist. The results showed
that the production of TNF-o and IL-1 was greatly reduced in
the presence of the A-box (P < 0.05) (Fig. S30, ESIt). Besides,
PT-22 was found to dose-dependently inhibit the transcription
and release of pro-inflammatory mediators (Fig. 8A), which are
attributed to the neutralization of HMGB1 in the APAP-induced
liver injury. Given that the modulator of HMGB1-TLR4 PPI was
effective in treating HMGB1-related diseases, it is reasonable to
assume that the PPI interface identified using the triterpene
probe is valuable for drug design.

3. Discussion

Investigating HMGB1-TLR4 interactions holds great potential
for therapeutic applications, since they mediate intricate cell
signaling networks in physiological and pathological states.
However, the design and development of drugs targeting
HMGB1-TLR4 is hindered by the lack of a functionally relevant
protein-protein binding interface. In this study, we found that
triterpenoids derived from microbial transformation selectively
interfered with NF-kB activation and cytokine production of
macrophages induced by HMGBI1 instead of LPS, despite both
of them being activators of TLR4. Using the specific triterpe-
noid as a chemical probe, we observed the hot spot K114 in an
a-helical peptide protruding from the HMGBI1 surface prefer-
entially bound to TLR4. On this basis, we coincidently found
that TLR4 shared at least part of its characteristic binding
region with the neutralizing antibody of HMGB1, where the
interface is amenable to inhibition by triterpenoids. On the
whole, our work provides a paradigm for the fast and efficient
characterization of the druggable interface of HMGB1-TLR4,
which will deepen our understanding of the interaction of
endogenous DAMP-PRR axis in the innate immune system.
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