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A B S T R A C T

Tumor necrosis factor (TNF) receptor 1 (TNFR1) plays a central role in signal transduction mediating inflam
mation and cell death associated with autoimmune and neurodegenerative disorders. Inhibition of TNFR1 
signaling is a highly sought-after strategy to target these diseases. TNFR1 forms pre-ligand dimers held together 
by the pre-ligand assembly domain (PLAD), which is essential for receptor signaling. TNFR1 dimers form the 
crucial points of interaction for the entire receptor signaling complex by connecting TNF ligand bound trimeric 
receptors. While previous studies have shown the feasibility of disrupting TNFR1 dimeric interactions through 
competitive mechanism that targets the PLAD, our recent studies have demonstrated that small molecules could 
also bind PLAD to modulate TNFR1 signaling through an allosteric mechanism. Importantly, these allosteric 
modulators alter receptor dynamics and propagate long-range conformational perturbation that involves 
reshuffling of the receptors in the cytosolic domains without disrupting receptor-receptor or receptor-ligand 
interactions. In this study, we perform molecular docking of previously reported allosteric modulators on the 
extracellular domain of TNFR1 to understand their binding sites and interacting residues. We identify the inter- 
monomeric space between TNFR1 pre-ligand dimers as a novel binding pocket for allosteric modulators. We 
further conduct pharmacological analyses to understand the bioactivity of these compounds and their interacting 
residues and pharmacological properties. We then provide insights into the structure-activity relationship of 
these allosteric modulators and the feasibility of targeting TNFR1 conformational dynamics. This paves the way 
for developing new therapeutic strategies and designing chemical scaffolds to target TNFR1 signaling.

1. Introduction

Tumor necrosis factor (TNF) receptor 1 (TNFR1) is a transmembrane 
receptor that regulates inflammatory and cell death signaling pathways 
[1]. Depending on the cell types, stimulation of TNFR1 by TNF induces 
IκBα degradation and NF-κB activation in inflammation or triggers 
caspase activation in cell death [2]. Overactivation of TNFR1 signaling 
is associated with autoimmune disorders such as rheumatoid arthritis, 
Crohn’s disease, and inflammatory bowel disease as well as neurode
generative diseases including Alzheimer’s disease and multiple sclerosis 
[3–6]. Currently available treatments of anti-TNF are monoclonal anti
bodies that block ligand binding to TNFR1. However, anti-TNF suffers 
from off-target effect by global TNF blockade and inhibit ligand in
teractions with TNFR2 that is important for immune functions, resulting 
in adverse side effects [7]. To address these issues, there is an urgent 
need for the development of receptor-specific therapies that leverage 

recent advances in understanding the structure and dynamics of TNFR1 
[8,9].

A recently resolved crystal structure (PDB: 7KP7) illustrated the 
coexistence of the TNF trimer and TNFR1 dimers in a ligand-bound re
ceptor signaling network, where each receptor monomer of the receptor- 
ligand trimeric complex forms dimer with another monomer in a three- 
fold symmetry [10]. This structure bridges the gap observed in earlier 
studies, including the ligand-bound receptor monomer (PDB: 1TNR) 
[11] and the pre-ligand assembled receptor dimer (PDB: 1NCF) [12] in 
the extracellular domain (ECD) of TNFR1 which is stabilized by the 
pre-ligand assembly domain (PLAD) [13]. Importantly, it confirms that 
ligand-bound TNFR1 can still form intact dimers under physiological 
conditions (Fig. 1A). Moreover, this study provides experimental evi
dence of the formation of receptor-ligand signaling complexes and 
network [10], offering a revised model of TNFR1 activation that aligns 
with prior findings [14,15]. Based on this updated model, three primary 
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strategies for modulating the TNFR1/TNF signaling complex have been 
identified: (i) disrupting receptor-ligand interactions, (ii) interfering 
with receptor-receptor interactions, and (iii) altering receptor confor
mational dynamics [8].

While there are several molecules that target the receptor to block 
ligand binding [16–18], this approach is challenging due to high affinity 
of the ligand and the extensive binding interface [19,20]. Similarly, 
strategies targeting TNFR1 dimerization [21–23], a key signaling sub
unit, face limitations of competitive inhibition with low efficiency. To 
address these challenges, we have developed noncompetitive or allo
steric inhibitors of TNFR1 signaling that could be more effective as they 
are unencumbered by competition [24,25]. Specifically, we have pre
viously reported a series of allosteric inhibitors including DS41 and 
DS114 that bind TNFR1 PLAD within the cysteine-rich domain 1 
(CRD1), to perturb receptor dynamics through a conformationally active 
region involving the ligand-binding domain (LBD) [26]. This con
formationally active region, centered around the β-hairpin (residues 
100–117) of the LBD and a hinge axis (residues 80, 104, 117, 133), fa
cilitates a bending motion of the receptor [14]. Binding of DS41 and 
DS114 at the PLAD induces long-range perturbations that propagate to 
the cytosolic domain via torque motion, driving TNFR1 into an open and 

inactive conformation measurable by fluorescence resonance energy 
transfer (FRET) biosensors [26,27]. Additionally, we have also identi
fied SB-200646 as a TNFR1 activator that appears to act through similar 
allosteric mechanism [28]. These allosteric modulators alter receptor 
dynamics without affecting receptor-receptor or receptor-ligand in
teractions or their binding affinity, making them true allosteric modu
lators (Fig. 1A). It is important to note that all biological activity of these 
compounds have been demonstrated in relevant cell assays [26,28] and 
our goal is to elucidate their potential binding sites and the associated 
mechanisms of action in this study.

Here, we use molecular docking and computational analysis to 
elucidate the binding sites and pharmacological properties of these new 
allosteric modulators of TNFR1 signaling, in conjunction with the 
knowledge that we have obtained from experimental observations. We 
identify the inter-monomeric space between TNFR1 dimers as a key 
binding pocket for these allosteric compounds where they could induce 
conformational changes without affecting receptor-receptor or receptor- 
ligand interactions. In addition, we examine the bioactivity of these 
chemical scaffolds and their interaction with receptor residues. 
Furthermore, these allosteric modulators possess promising drug-like 
properties, good blood-brain barrier (BBB) penetration capabilities, 
and high intestinal absorption, exemplifying a novel class of modulators 
of TNFR1 signaling.

2. Materials and methods

2.1. Prediction of active site and binding pocket on TNFR1 dimer

The active site and binding pocket on TNFR1 dimer were predicted 
using the computed atlas of surface topography of proteins (CASTp) 3.0 
server [29]. The target protein of TNFR1 dimer (PDB:1NCF) [12] was 
uploaded as input to predict the ligand binding sites and the key amino 
acid residues for interaction on the receptors. CASTp 3.0 locates and 
measures the geometric and topological properties of protein structures 
with comprehensive identification of binding pockets and cavities as 
well as quantification of protein topography.

2.2. Ligand preparation of small-molecule chemical scaffolds for 
molecular docking

Chemical scaffolds of small-molecule allosteric modulators of TNFR1 
signaling are downloaded and subjected to ligand preparation before 
being used in molecular docking. The two-dimensional (2D) structures 
of allosteric inhibitors DS41 (Compound ID: 19298144) and DS114 
(Compound ID: 16888972) [26] in SDF format are downloaded from 
ChemBridge Online Chemical Store (www.hit2lead.com). The 
three-dimensional structures of DS41 and DS114 were generated using 
Avogadro by continuous optimization of molecular geometry through 
molecular mechanics under Universal Force Field [30]. The 3D structure 
of allosteric activator SB-200646 in SDF format was downloaded 
directly from PubChem (https://pubchem.ncbi.nlm.nih.gov/). The SDF 
files of these modulators were loaded into Discovery Studio visualizer 
and first converted into PDB format before ligand preparation. Ligand 
preparation step was then conducted in AutodockTools 4.2 (ADT4.2) 
[31] and saved as PDBQT format compatible for subsequent molecular 
docking using AutoDock Vina [32,33].

2.3. Protein preparation of TNFR1 dimer for molecular docking

The PDB file of TNFR1 dimer (1NCF) was downloaded from Research 
Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank 
(PDB) [12]. The TNFR1 dimeric protein was prepared using ADT4.2 by 
removing unwanted molecules such as water molecules that might 
interfere with docking. This is followed with the addition of polar hy
drogens, which are critical for defining hydrogen bonds and charge 
distributions. Kollman charges are also assigned to the protein as they 
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Fig. 1. Inter-monomeric space of TNFR1 pre-ligand dimer as a novel binding 
pocket. (A) Schematic of small molecule allosteric modulators altering receptor 
conformational dynamics, resulting in a conformational opening that can either 
be in an inactive or overactivated state. This also leads to the notion of 
conformational states of TNFR1 as a molecular switch for receptor function. 
PLAD: pre-ligand assembly domain, ECD: extracellular domain, CRD: cysteine 
rich domain, TM: transmembrane domain, and CD: cytosolic domain. (B) Pre
dicted active site or binding pocket on the TNFR1 dimer (PDB:1NCF) labelled 
with respective CRD1–4, together with the solvent-accessible (SA) area and 
volume for therapeutic interaction. (C) Common residues in the binding pocket 
from each chain of the TNFR1 dimer that can form interaction with 
small molecules.
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are partial atomic charges required by AutoDock Vina to compute mo
lecular interactions. The final step would be to examine and verify the 
types, locations, and integrity of amino acid residues present in the 
protein model. This step ensures that the protein is correctly formatted 
for molecular docking by identifying any missing, misaligned, or un
wanted residues that may affect docking accuracy. Once protein prep
aration is completed, the file was converted into PDBQT format 
compatible for docking through the Grid and Macromolecule option.

2.4. Molecular docking of allosteric modulators of TNFR1 signaling

Molecular docking was carried out using AutoDock Vina using the 
prepared TNFR1 dimer with grid parameters for site-specific docking 
consisting of 16, 14, and 20 as center for X, Y, and Z and 30, 30, and 30 
as size dimension for X, Y, and Z (Fig. S1) with spacing 0.375, energy 
range 4, and exhaustiveness 8. To execute the docking program, a 
configuration file containing these parameters was generated for each 
ligand separately and a command was given in the command prompt to 
proceed with docking using AutoDock Vina. For each docking experi
ment, a log file containing the binding affinity (kcal/mol) and an output 
file containing the dock poses in PDBQT format were generated for each 
ligand. The complex of the top pose in each output file with the TNFR1 
dimer was used for subsequent analysis. A receptor-ligand complex and 
a two-dimensional interaction map between the chemical scaffold of 
each allosteric modulator and the TNFR1 dimer was generated using the 
Discovery Studio visualizer.

2.5. Pharmaceutical properties and druglikeness of allosteric modulators

The pharmaceutical properties and druglikeness of allosteric modu
lators were predicted by the SwissADME tool [34]. The pharmaceutical 
analysis as illustrated by a bioavailability radar takes into account pa
rameters including physiochemical properties, lipophilicity, water sol
ubility, pharmacokinetics, druglikness, and medicinal chemistry. 
Importantly, SwissADME also predicts BBB penetration capability, 
human intestinal absorption (HIA), and p-glycoprotein (PGP) substrate 
using the Boiled-Egg method. Druglikeness is also analyzed by various 
methods include Lipinski’s rule of five. These properties will enable 
further optimization of lead compounds and advancement towards 
clinical drug candidates.

3. Results

3.1. Inter-monomeric space of TNFR1 pre-ligand dimer as a novel binding 
pocket

To delineate the mechanism of action of allosteric modulators of 
TNFR1 signaling, we first examined the potential active sites or binding 
pockets on the TNFR1 dimer (PDB:1NCF) [12] using the CASTp 3.0 
server [29]. The analysis showed that the top predicted binding pocket 
lies in the inter-monomeric space of TNFR1 pre-ligand dimer, spanning 
CRD1–3 with a solvent-accessible area of 1104 Å2 and volume of 3161 
Å3 (Fig. 1B). From each chain of the TNFR1 dimer, we have also iden
tified the common receptor residues within this binding pocket that are 
capable of forming interaction with small molecules. These residues 
include regions in CRD1 (His34-Lys35), CRD2 (Ala62-Glu64, 
Ser74-Arg77, Gln82, Ile85, and Asp91-Cys96), and CRD3 (Arg104, 
Tyr106, Glu109-Phe112, and Glu131-Lys132) (Fig. 1C).

3.2. Identification of key interaction between allosteric modulators and 
TNFR1 dimer

For the pharmacological analysis, we selected known noncompeti
tive or allosteric modulators of TNFR1 signaling, including allosteric 
inhibitors DS41 and DS114 [26] as well as allosteric activator 
SB-200646 [28], for molecular docking. Briefly, both classes of 

compounds have been reported to bind and perturb TNFR1 conforma
tional dynamics to adopt an open and inactive or open and overactivated 
state by acting through the conformational active region involving the 
ligand binding residues. Specifically, DS41 and DS114 have been shown 
to compete binding site with zafirlukast [22,35], a known competitive 
inhibitor that target the interface of TNFR1 dimerization, at the PLAD 
within CRD1 to induce long-range receptor conformational alterations 
[26]. Importantly, these compounds do not ablate ligand binding or 
disrupt receptor dimerization. To examine the interaction profiles of 
these allosteric modulators with TNFR1 dimers, we perform site-specific 
molecular docking at the region covering the interface of receptor 
dimerization in CRD1 (Fig. S1).

From our docking analysis, DS41 interacts with TNFR1 dimer with a 
binding energy of − 6.6 kcal/mol. DS41 adopts a L-shape orientation 
where the cyclopentanecarboxamide group fits into the cavity formed at 
the receptor dimer interface and interacts with residues His34 and Lys35 
of chain A and Lys35 of chain B, predominantly through alkyl in
teractions (Fig. 2A). The oxygen atom on the cyclopentanecarboxamide 
group also interacts with Lys35 of chain A and Ser63 of chain B through 
hydrogen bonding. On the other end of the compound, the benzene ring 
interacts with Ala62 and Arg92 of Chain B through pi-alkyl interactions. 
Several other residues including His34, Glu64, Asp93, Thr94, and Val95 
also interact with DS41 through van der Waals forces (Fig. 2A).

DS114, which is an analog of DS41 with the cyclopentyl side group 
replaced by a methoxybenzyl group, interacts with TNFR1 dimer with a 
binding energy of − 6.3 kcal/mol. Although DS114 is similar in structure 
to DS41 and adopts a similar L-shape orientation, the benzene ring now 
interacts with the cavity formed by the receptor dimer instead of the 
methoxybenzamide end (Fig. 2B). The benzene ring interacts with Lys35 
and Ser63 of both chains A and B through amide-pi stacked and alkyl 
interactions. The methoxybenzyl side group now interacts with Arg92, 
Asp93, and Val95 of chain B through alkyl interaction and hydrogen 
bonding. Other residues including His34 and Glu64 of chains A and B as 
well as Ala62 and Asp91 of chain B interact with DS114 through van der 
Waals forces (Fig. 2B).

On the other hand, allosteric activator SB-200646, being a shorter 
molecule, adopts a relatively linear orientation while interacting with 
similar residues with a binding energy of − 6.2 kcal/mol. The benzene 
ring end interacts with His34 (hydrogen bonding) and Glu64 (pi-anion 
interaction) of chain A and Lys35 (pi-alkyl interaction) of chain B 
(Fig. 2C). Several hydrogen bonds are also formed between the oxygen 
atom with Lys35 and nitrogen atom with Ala62 of chain A. The meth
ylindole of the molecule interacts with Arg92 of chain A through pi-alkyl 
interaction. Other residues including Ser63 of chain A as well as His34, 
Ser63, and Glu64 of chain B are interacting with SB-200646 through van 
der Waals forces (Fig. 2C).

3.3. Promising drug-like properties of allosteric modulators of TNFR1 
signaling

The careful consideration of pharmacokinetic properties and physi
ochemical profiles of lead compounds in the early stages of drug dis
covery will facilitate lead optimization and improve the quality of 
clinical candidates. We conducted pharmaceutical analysis of DS41 
(Figs. 3A and S2), DS114 (Figs. 3B and S3), and SB-200646 (Fig. 3C and 
S4) using SwissADME [34] with a comparison of the three compounds in 
a table format (Fig. 3D). All three compounds show good water solubi
lity and high druglikness through Lipinski’s rule of five. Importantly, the 
Boiled-Egg analysis also predicts the compounds to have good BBB 
penetration capability and high intestinal absorption, with DS41 and 
SB-200646, but not DS114, being PGP substrates (Fig. 3E). Although all 
three compounds illustrate good druglike properties, DS114 emerges as 
the most promising candidate with an optimized bioavailability radar as 
well as excellent intestinal absorption, BBB penetration capability, and 
superior biological activity as demonstrated through experiments con
ducted in the previous study [26]. Overall, our analysis shows that these 
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allosteric modulators of TNFR1 conformations exhibit promising 
drug-like properties and are important chemical scaffolds for subsequent 
therapeutic development to modulate the TNFR1 signaling pathway.

4. Discussion

In this study, we described the inter-monomeric space of TNFR1 pre- 
ligand dimer as a novel binding pocket for allosteric modulators that act 

Fig. 2. Molecular docking of allosteric modulators of TNFR1 signaling reveals key interacting chemical groups and receptor residues. Top docked pose and two- 
dimensional interaction map for allosteric inhibitors (A) DS41 and (B) DS114 and allosteric activator (C) SB-200646 on TNFR1 dimer (PDB:1NCF).
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through perturbing receptor dynamics and conformational states. We 
provide the first proof-of-concept evidence suggesting the feasibility of 
noncompetitive or allosteric compounds binding at the inter-monomeric 
space proximal to the cavity formed by the TNFR1 dimeric interface. 
Importantly, binding at this position and interacting with His34 and 
Lys35 of CRD1 is consistent with experimental findings showing that the 
allosteric modulators are interacting at the PLAD to induce long-range 
receptor conformational changes [22,26,28]. As receptor dimerization 
is formed by interactions of several residues including Gln17, Lys19, 
Cys33, His34, Lys35, Gly36, Gln48, and Asp49 [22], the interaction of 
the allosteric modulators with His34 and Lys35 may not be sufficient to 
disrupt receptor-receptor interaction as they are still being held together 
by other interactions, consistent with previous experimental observa
tions that these allosteric modulators do not disrupt PLAD-PLAD or 
ECD-ECD interactions [26,28]. Furthermore, binding of allosteric 
modulators at this inter-monomeric space does not interfere with re
ceptor regions such as Arg77-Gly81 and W107–Q113 that form the LBD 
[14,36,37], which is also consistent with these compounds not ablating 
ligand binding experimentally [26,28].

From the docking analysis, both DS41 and DS114 have similar 
binding energies, although the potency of DS114 is about 3-fold more 
than DS41 in cell-based assays [26]. This could partly be explained by 
more interactions that DS114 made with the receptor residues and the 
orientation of the small molecule in terms of how well it adheres to the 
TNFR1. On the other hand, DS41 appears to interact strongly at both 
ends of the small molecules, with the receptor and the central portion of 
the molecule appearing to be not essential in the binding, making it not 
adhering well with the receptor. This might explain its consistent allo
steric inhibitory mechanism but with the lack of biological potency. On 
the other hand, SB-200646 has a slightly weaker docking score than 
DS41 and DS114 potentially due to the lack of interaction with the re
ceptor monomer at the end of the L-shape orientation to stabilize its 
binding conformation. Altogether, this suggests that for small molecules 
to exhibit strong interaction at this novel binding pocket, there is a need 
for more polar groups or ring structures at two ends as well as an opti
mized central connecting group that provide good adherence of the 
molecule to the receptor.

We propose that the allosteric modulators binding at this new cavity 
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Fig. 3. Pharmacokinetic properties and physiochemical analysis of allosteric modulators of TNFR1 signaling. (A-C) Chemical name, structures, and bioavailability 
radar obtained from SwissADME for allosteric inhibitors (A) DS41 and (B) DS114 and allosteric activator (C) SB-200646. (D) Comparison of the pharmacological 
properties across DS41, DS114, and SB-200646 with descriptions of molecular weight (MW), total polar surface area (TPSA), lipophilicity (Log P), water solubility, 
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and the BBB penetration capability of DS41, DS114, and SB-200646, and an indicator on whether they are P-glycoprotein (PGP) substrates.
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are potentially important in triggering the long-range receptor pertur
bation. This is because the L-shape conformation of the small molecules 
allows one end to anchor at the cavity formed by the receptor dimer 
interface, while the other end interacts with the receptor, stabilizing it 
toward the center of the dimer. This could potentially perturb the con
formationally active region where a hinge axis involving the ligand 
binding residues has been suggested [26,28,38]. Stabilizing the receptor 
towards the center of the dimer could result in a torsion at this hinge axis 
which would lead to a thrust to the receptor to adopt an open confor
mation. It is important to mention that the feasibility of the 
inter-monomeric space as potential binding sites is supported by our 
recent study, which demonstrated that a peptide-based allosteric in
hibitor can bind to the CRD2–3 region within the TNFR1 dimer, and this 
interaction induces a conformational change, shifting the receptor into 
an open and inactive state [38]. The feasibility of allosteric modulation 
of TNFR1 signaling is further supported by an allosteric small molecule 
inhibitor called F002 [39]. In contrast to the receptor conformational 
rearrangement proposed in our study, F002 acts through perturbation of 
W107, a key ligand binding residue, which might reduce ligand binding 
affinity or abolish ligand binding [39].

It is also important to note that both allosteric inhibitors and acti
vators could interact at this novel binding pocket to perturb receptor 
dynamics leading to either inhibitory or overactivated conformational 
states, acting through the conformationally active region of the receptor 
that involves the ligand binding residues. The differentiation on how 
these receptor perturbations lead to an inhibitory or overactivated states 
remains unknown, although experimental evidence has suggested that 
this lies in either decreased or increased recruitment of downstream 
signaling molecules, respectively [26,28]. This suggests that the 
conformational changes of the receptor might not be in a 
two-dimensional manner, but a three-dimensional receptor conforma
tional opening that changes how the receptor could interact with 
downstream signaling molecules with altered affinity or different spatial 
orientations. The need to take into account three-dimensional receptor 
or protein conformation changes is supported by several other studies 
[40–43].

This study provided insights into a conserved binding site for allo
steric modulators of TNFR1 signaling. This would enable further opti
mization of the existing compounds to enhance their potency and 
biological effects. While there is some existing experimental evidence, 
the exact binding sites and the pharmacological properties of these 
compounds should be further determined experimentally. The discovery 
of these compounds being able to cross the BBB opens avenues for their 
potential use as therapeutic agents in neurological disorders such as 
Alzheimer’s disease, Parkinson’s disease, multiple sclerosis, and glio
blastoma [44–46] or diseases that arise from pathological body-brain 
interactions [47,48]. This new druggable region involving 
inter-monomeric space between receptor dimer could be applicable to 
other TNF receptors and membrane proteins in general [49,50]. 
Furthermore, this could open future opportunities in virtual screening 
[51] or experimental high-throughput screening efforts such as using 
FRET-based biosensors with superior sensitivity [27,52] to discover new 
and more effective noncompetitive or allosteric modulators of TNF re
ceptor signaling for treatment of autoimmune and metabolic disorders, 
cancers, and neurodegenerative diseases.
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