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ARTICLE INFO ABSTRACT

Keywords: Toll-like receptors (TLRs) are pattern recognition receptors present on the surface of cells playing a crucial role in

Toll-like receptor innate immunity. One of the TLRs, TLR4, recognizes LPS (Lipopolysaccharide) as its ligand leading to the release

ZIR domain of anti-inflammatory mediators as well as pro-inflammatory cytokines through signal transduction and domain
utoimmune

Virtual screening
MD simulations
Reporter assay
NMR

recruitment. TLR4 homodimerizes at its intracellular TIR (Toll/interleukin-1 receptor) domain that helps in the
recruitment of the TRAM/TICAM2 (TIR domain-containing adaptor molecule 2) molecule. TRAM also contains
TIR domain which in turn, dimerizes and functions as an adapter protein to further recruit TRIF/TICAM1 (TIR
domain-containing adaptor molecule 1) protein for mediating downstream signaling. Apart from LPS, TLR4 also
recognizes endogenous ligands like fibrinogen, HMGB1, and hyaluronan in autoimmune conditions and sepsis.
We employed computational approaches to target TRAM and recognize small molecule inhibitors from small
molecules of natural origin, as contained in the Super Natural II database. Finally, cell reporter assays and NMR
studies enabled the identification of promising lead compounds. Hence, this study aims to attenuate the signaling

of the TLR4-TRAM-TRIF cascade in these auto-inflammatory conditions.

1. Introduction

Toll-like receptors (TLR) play a crucial role in the innate immune
response by recognizing PAMPs (Pathogen Associated Molecular Pat-
terns) and DAMPs (Danger Associated Molecular Patterns) as their li-
gands. The exogenous PAMP are derived from bacterial or viral sources,
whereas the DAMP includes endogenous proteins [1]. There are 10
known TLRs in humans and each of them identifies a different ligand.

Some of these TLRs are present on the plasma membrane (1, 2, 4, 5,
6, 10), whereas others (3, 4, 7, 8, 9) are located on the endosomes.
Unlike others, TLR4 is present on the plasma membrane as well as the
endosome. Structurally, TLRs are type I transmembrane receptors with
an extracellular domain that has Leucine Rich Repeat (LRR), followed by
a transmembrane region and an intracellular TIR domain (Toll/inter-
leukin-1 receptor) [2]. The cytoplasmic TIR domain is approximately
200 amino acids. It promotes the assembly of signaling complexes via
protein-protein interactions. The primordial function of TIR domain
containing proteins a per the InterPro Toll/interleukin-1 receptor ho-
mology (TIR) domain entry (IPRO00157) is of a

self-association-dependent  nicotinamide dinucleotide (NAD(+))
cleaving enzyme (NADase) activity that cleaves NAD(+) into nicotin-
amide (Nam) and ADP-ribose (ADPR), cyclic ADPR (cADPR) or variant
cADPR (v-cADPR), with catalytic cleavage executed by a conserved
Glutamic acid [3-5].

On identification of the ligands, the TLR forms homo or hetero di-
mers and recruits the adaptor molecules like MyD88, TIRAP, TRIF (also
called TICAM1 and is specific to TLR4 and TLR3), TRAM (also called
TICAM2 and is exclusive for TLR4 signaling pathway). The MyD88 &
TIRAP dependent pathway ultimately releases pro-inflammatory cyto-
kines, NF-kB, Tumor Necrosis Factor alpha (TNF-a), interleukin (IL-)1p,
IL-6, and chemokines like Monocyte Chemoattractant Protein 1 (MCP-
1), Macrophage Inflammatory Protein 3a (MIP-3a), and IL-8. Whereas
TRIF & TRAM pathway releases both pro-inflammatory cytokines as
well as anti-inflammatory mediators like Interferon Regulatory Factor 3
(IRF3), beta interferon (IFN-), delayed NF-kB activation, type 1 IFN-
o/p, IFN-a-inducible protein 10 (IP-10), MCP-5, RANTES, and nitric
oxide release [1,6]. A schematic representing the TLR signaling pathway
with adaptors and mediators is shown in Fig. 1.
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Fig. 1. Schematic of Toll-like receptor downstream signaling pathway.

TLR4 exhibits both MyD88-dependent as well as TRAM dependent
pathway. This TLR recognizes Lipopolysaccharides (LPS) as ligands and
upon binding to hexa-acylated LPS, CD-14 transfers it to MD-2 causing
the dimerization and then recruits the adaptor molecules to control the
downstream processes [7]. This study aims to target TLR4-TRAM
signaling. Upon recognition of ligand, TLR4 forms a homodimer of the
TIR domain with the help of its BB-loop interaction and associates in a
twofold symmetry [8]. These BB-loops form the interface which helps in
the recruitment of the TRAM adaptor molecule, which also forms dimers
symmetrically in a twofold axis along its BB-loop. The TRAM dimer
recruits the TRIF through interaction between its EDD & TS site and RK
& QI site of TRIF. These crucial residues have been found through
mutational studies [9]. These residues are very important for in-
teractions, so they were used in selecting the docking site.

The role of TLR4 is seen evident in sepsis, inflammatory conditions as
well as cancer. Also, if the LPS is not controlled properly it can lead to
septic shock syndrome which is a major cause of death in patients in the
ICU [10]. Besides, these there are several literature reports that support
the instances, where sepsis occurs as the worst outcome of
host-pathogen interactions, that is a leading cause of death [10,11].
Sepsis is developed equally by the gram-positive and gram-negative
bacteria where exaggerated immune trigger leads to multi-organ
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failure and septic shock. These gram-negative bacteria contain the LPS
that contributes to sepsis development, also the septic shock is due to the
amplified body immune response rather than the infection [12]. Addi-
tionally, there has been various TLR inhibitors clinically evaluated to
manage the sepsis conditions [13]. However, all the currently investi-
gated inhibitors are targeting at the level of TLRs. Our objective through
this study is to target such overamplified signaling in case of TLR4, with
the help of the TRAM adaptor protein.

The aim is to search for small molecule therapeutic that attenuates or
enhances TLR4-mediated signaling. The approach we have taken here is
to search for a novel compound that targets TRAM and hinders its role as
an adaptor.

A previous study from the lab had used TRAM as a target [14] since
A46-VIPER motif from vaccinia virus producing protein is known to
disrupt TRAM-TLR interactions. The VIPER peptide representing the
VIPER motif is now used in the field as TLR4 inhibitor [15]. It binds to
the TIR domain of the adaptor proteins thereby masking the binding
sites on TRAM and MAL and inhibiting the downstream signaling. Also,
another study suggests these VIPER motif being particularly important
for TRAM antagonism, as seen in case of Mal-deficient immortalized
mouse bone marrow-derived macrophage (iBMDMs) [16]. These pep-
tide do not interacts with MAL (MyD88 mediated pathway) in vitro [17].
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Although the exact binding site is not fully elucidated, in our previous
attempt we used homology modeling and molecular docking approach
to identify potential binding sites on TRAM (focusing on BB-loop and C*
helix). In the previous study ligands were screened from the ZINC
database and top 12 compounds were selected as potential hits [14]. In
this study, we present the findings of virtual screening using small
molecules of natural origin from Supernatural Database [18]. We have
also validated the small molecules using cell-based assay and NMR ti-
trations and report two promising candidate small molecules which bind
better than VIPER motif.

2. Materials and methods
2.1. Virtual screening pipeline

A virtual screening pipeline was followed using Glide [19] from
Schrodinger Suite. The protein coordinates were retrieved from PDB
(PDB ID: 2M1W, H117C) and the ligand library was prepared from the
Supernatural II database which contains all compounds of natural origin
(3,25,287 small molecules) [18]. All small molecules and proteins were
prepared and optimized at pH = 7.4 using Ligprep and the Protein
preparation module of Glide. Ligprep also considers the tautomers and
all possible conformations while preparing the ligand library, thereby 4,
31,685 ligands were generated. Further Site Map was used to predict the
potential binding site on the protein [20]. Docking was performed
through a series of hierarchical filters i.e. HTVS mode (high-throughput
virtual screening) for efficiently enriching million compound libraries,
to the SP mode (standard precision) for reliably docking tens to hun-
dreds of thousands of ligands with high accuracy, to the XP mode (extra
precision) where further elimination of false positives is accomplished
by more extensive sampling and advanced scoring, resulting in even
higher enrichment. Each step proceeded with the top 10 % from the
previous one. The HTVS filtered the library to around 3,40,000, SP
filtered to around 34,000 and, XP filtered to around 3000 small mole-
cules respectively. Latter QikProp descriptors were used to select com-
pounds with 95 % drug-like properties using ADME criteria (absorption,
distribution, metabolism, and excretion) [21]. Binding energy was
calculated using MM-GBSA (molecular mechanics energies combined
with generalized Born and surface area continuum solvation) from the
Prime module [22]. The formula for AG calculation by MMGBSA is as
follows: AG (bind) = E_complex (minimized) - (E_ligand (minimized)
+ E_receptor (minimized). After this step top 3000 compounds, in each
case, were clustered using CANVAS hierarchical fingerprinting and
Schrodinger’s interaction-based fingerprint [23,24]. MOLPRINT2D
fingerprint method was used and clustering was tried using all available
options (Average, Ward, Single, Centroid, Mc Quitty, Complete,
Weighted Centroid, Flexible § and Schrodinger). Average and Flexible
methods were chosen as these two methods gave the best clusters. List of
clusters centroids from these methods along with top 10 MMGBSA AG
(bind) score compounds were combined and the top score compounds
were then sorted and list of purchasable ones were made.

2.2. Molecular dynamics simulations

Further Molecular Dynamics Simulations were performed using
Desmond for protein-ligand complex initially for 20 ns. We performed
an initial all-atom Molecular Dynamics Simulations (MD) using Des-
mond (Schrodinger suite) [25]. The Protein-ligand complex with the
best scores was selected after XP docking. The system builder was used
with the TIP4P solvent model and default boundary conditions [26].
Using the OPLS3e force field and adding ions for neutralization the
set-up file was prepared. This was further taken forward for simulation
of 20 ns at a temperature of 300 K and Pressure of 1.013 bar. Further,
the whole system was relaxed through energy minimization before
simulation and detailed interaction analysis was performed. For ligands
that showed good results in reporter assay, the MD simulations were
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extended to 100 ns.
2.3. Small molecule ligands for experimental validation

Computationally predicted top compounds were searched for their
availability and ease of purchase. In total 10 compounds were ordered
from Molport (https://www.molport.com). The details of compound
number with their Molport ID are as follows: Compound 1(MolPort-
001-740-483), Compound 2 (MolPort-021-804-591), Compound 3
(MolPort-001-740-229), Compound 4 (MolPort-001-741-384), Com-
pound 5 (MolPort-005-945-341), Compound 6 (MolPort-
002-515-588), Compound 7 (MolPort-000-779-136), Compound 8
(MolPort-002-132-868), Compound 9 (MolPort-001-740-491), Com-
pound 10 (MolPort-046-509-064).

We also used VIPER and CP7 peptides as a positive and negative
control, for cell-based reporter assay. These peptides were commercially
available and were purchased from Novus Biologicals (https://www.
novusbio.com/products/tlr4-inhibitor nbp2-26244) [27]. We used
VIPER peptide (KYSFKLILAEYRRRRRRRRR) as a known positive control
[16,14] that is known to inhibit the downstream signaling thereby,
lower the SEAP production. And along with it the CP7 peptide
(RNTISGNIYSARRRRRRRRR) is a known negative control that does not
affect the downstream signaling. These peptides are well established in
the field and is commercially used as TLR4 inhibitor peptide set. The
VIPER peptide for the NMR experiment was customized and ordered
from Lifetime (https://www.lifetein.com/). The sequence from the
VIPER motif used for the peptide was KYSFKLILAEY [27].

2.4. Cell-based SEAP reporter assay

HEK-Blue™ TLR4 cells (Invivo Gen- https://www.invivogen.com/
hek-blue-htlr4) were used, to study the stimulation of TLR4 by moni-
toring the activation of NF-xB and AP-1. These cells have been also used
for several similar studies for finding small molecule drug molecules
[28-30].

These cells are already co-transfected by human TLR4, MD-2, and
CD14 co-receptor genes, and an inducible SEAP reporter gene. The
stable cell lines were grown in media containing DMEM, Fetal bovine
serum (10 X FBS), Penicillin-Streptomycin-Glutamine (1 X PSG), and 1 X
HEK-Blue™ Selection antibiotics. Cells were grown to 80 % confluency
and then detached and counted. Cells were added to freshly prepared
detection media with ~140,000 cells per ml. 180 pl of cell suspension
solution (~25,000 cells) were added to each well of a 96-well plate.
Further, we added the water/ peptide/ compounds (effective concen-
tration of 100uM per well) and incubated it for one hour at 37 °Cin 5 %
CO2.

Lipopolysaccharide purified from Escherichia coli K12 (LPD-EK) was
purchased from Invivogen (cat code: tlrl-peklps) for using as PAMP in
TLR4 pathway activation [31]. This is an ultrapure form of LPS extracted
by successive enzymatic hydrolysis step and purifies using
phenol-TEA-DOC extraction protocol [32]. These do not contain lipo-
protein, therby it only activated TLR4 pathway in the cells. LPS
dose-dependent assay was performed initially to check for optimum LPS
needed for TLR4 activation and SEAP production. Further, 10 ng/ml
was found to be the optimum amount of LPS, and it was used as a ligand
in screening compounds. For screening the compounds, we prepared a
100 mM stock of each compound in DMSO, and then prepared a working
solution of 10 mM in water. We first used an effective concentration of
100 pM of each compound and checked for % LPS-induced SEAP pro-
duction ((Absorbance LPS) / (Absorbance Control) * 100). This was
further incubated for 24 h and then the SEAP produced was calculated.
For this assay, we have also used positive (VIPER peptide), and negative
controls (CP7 peptide) [27]. Compounds that performed better than
positive control in the % LPS-induced SEAP production screening were
further studied by performing the dose-dependent assay.

Here, HEK-Blue™ TLR4 cells were treated with various
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Fig. 2. A schematic of TRAM mediated TLR4 pathway leading to overproduction of inflammatory mediators in presence of excess PAMP and DAMPS causing
autoimmune conditions. Highlighted residues on the TRAM cartoon structure depict AEDD site, BB loop, Ca helix, and TS site. The docking sites (VIPER, Deep, and
Shallow) are shown on the surface cartoon diagram with important residues highlighted in different colors.

concentrations of compounds in serially diluted manner. Concentrations
used were 100 pM, 50 pM, 25pM, 12.5pM, 6.25pM, 3.125pM,
1.5625 pM, 0.78125 pM. Dose-response curves were made for this
concentration. The experiment was performed independently three
times and % LPS induced SEAP production was calculated with respect
to control. ICsy values (half maximal inhibitory concentration) were
calculated for these by using Graphpad Prism 9 software (Y=Bottom +
(TopBottom)/(1 +10"((LogICso-X) *HillSlope)).

We also performed the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) tetrazolium reduction assay to check the
viability of the cells. HEK-Blue™ TLR4 cells were initially seeded into 96
well plates, it was incubated for 48 h for cells to become adhesive and
gain confluency for the experiment (40-60 %). After 48 h cells were
treated with compounds in serially diluted concentrations (100 pM,
50 pM, 25 pM, 12.5 pM, 6.25 pM, 3.125 pM). Cells with treatment was
incubated for another 24 h. Subsequently, MTT (0.5 mg/ml) solution
was added to each well and incubated for 4 h. Next, incubation for-
mazan crystal was dissolved using isopropanol and then absorbance was
taken at 580 nm. The experiment was repeated in triplicates and cell
viability was measured in presence of compounds.

2.5. Protein purification

The human TRAM gene (pcDNA3-TRAM-CFP, Plasmid #13027) was
purchased from addgene (https://www.addgene.org/13027/#?). The
region encoding the TIR domain (amino acid residues 70-235) was
cloned into the pET28a (+) vector with restriction enzymes (Ndel and
Hind 1l1) and expressed as a His6-tagged fusion protein at the N
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terminus. pET28a (+)-TRAM-TIR cloned vector was then transformed
into Escherichia coli BL21(DE3). The transformed E. coli BL21(DE3)
cells were cultured in N'° labeled (N15H4C1) minimal media at 37 °C
until the ODggg reached ~0.6-0.7. Composition of M9 Minimal media is
shown in Supplementary Figure 11. The cells were induced with 1.0 mM
IPTG and then cultured for 5h at 37 °C. The harvested cells were
resuspended in lysis buffer [50 mM Tris, 300 mM NaCl,1 mM PMSF,
DNase 0.1 mg/ml, 5 mM MgCl2, pH 8.0] and lysed using sonication.
TRAM-TIR fused with His6-tag was first purified by Ni2 + -NTA affinity
chromatography (HisTrap H- 5 ml) with step elution of TRAM-TIR at
200 mM Imidazole concentration. The purified protein was concen-
trated and buffer exchange was done to 50 mM Tris, 150 mM NaCl,
1.5 mM CaCl2, pH 8.0. The concentrated protein was then treated with
thrombin (SRP6556-1KU) for cleavage of His tag and after 4 h of
cleavage at RT, 1 mM PMSF was added to stop the reaction and finally,
size exclusion chromatography (Superdex 75 16/600) was done in
50 mM HEPES, 5 mM DTT, 0.1 mM EDTA, pH= 7.4. The labeled protein
was then used for conducting NMR titration experiments. The protein
purification profile with steps of Affinity and size exclusion chroma-
tography is shown in Supplementary Figure 12.

2.6. NMR titration experiment

The compounds were diluted to a concentration of 5 mM in protein
buffer and titrated with protein in the following ratios (1:0, 1:1, 1:2,
1:4). HSQC data were collected for all the runs for compounds 2, 3, 4, 9,
10 and VIPER peptide.

Chemical shift perturbations were calculated using the formula: CSP
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Fig. 3. Chemical structure of top ten ligands selected from Virtual screening along with their binding sites.

= [(ASHN)2 + (A6N)2/25]1/ 2 [33]. All NMR spectra were acquired at
25 °C on 800 MHz/600 MHz Bruker Avance III spectrometers, processed
using NMRPipe, and analyzed using Spar [34,35].

3. Results and discussions
3.1. Putative binding sites on the TRAM protein

Potential binding sites on TRAM were chosen such that it interferes
with the binding of TRAM to TLR4-TIR or TRIF and thereby abrogating
the downstream signaling. The residues of TRAM that were part of
binding pockets for the VIPER peptide were selected as one of the pu-
tative binding sites — we refer this as “VIPER site” (Fig. 2). We also used
SITEMAP within Schrodinger package to predict other potential binding
sites. Two other sites were selected using SITEMAP which are named
“Deep” and “Shallow” sites (as marked in Fig. 2) on the basis of ligand
binding score, docking score, size and volume of the pocket (listed in
Supplementary Figure 1).

These pockets also contain structurally important residues like AEDD
and TS site, that are involved in upstream TLR4-TIR and downstream
TRIF interaction with TRAM respectively. Along with these sites, resi-
dues from the BB loop and Ca helix that are important for dimer for-
mation are also included in the docking sites.

3.2. Virtual screening against TLR4 adaptor molecule TRAM-TIR

Virtual screening was performed at pH = 7.4 using the three dock-
ing pockets of TRAM protein against the Supernatural II database that
consists of 3,25,287 ligands [18]. With a rigorous screening of the
naturally derived small molecule library using steps of virtual screening
(HTVS, SP, and XP) we filtered the dataset to a smaller number, around
3500 small molecules. Further with the energy scores, and ADMET
properties, we clustered top hits using various clustering approaches to
get the best representative of the small molecules. Finally, the top ten
hits were selected and extensively searched in literature for their known
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properties. The curated list of the top ten compounds is provided in
Fig. 3. Other details like SMILES format, docking scores, binding energy
values, and availability of these compounds are mentioned in Supple-
mentary Figure 2.

Most of the small molecules are associated with anti-inflammatory,
antipyretic and antioxidant properties. Some are of Asian origin and
have been documented as regularly used in traditional Chinese medi-
cines. In particular, Compound 1 is found in plants like Betula platyphylla
(common name: Asian white birch) and Acer maximowiczinum (common
name: Nikko maple, native to China and Japan). It is an HDAC6 inhibitor
that synergistically enhances anticancer activity [36]. Compound 2
obtained from the cell culture of Cornus Officinalis (common name:
Japanese cornel dogwood) which has antiviral properties and works as
an inhibitor of HCV NS3 Protease and Vertebrate Squalene Epoxide
[37]. Compound 3 is found in the stem bark of Magnolia officinalis
(common name: Chinese Magnolia) has antioxidant properties and is
used in traditional Chinese medicines [38]. Compound 4 is found in
fruits like Punica granatum (pomegranate) and Mangifera indica (mango).
It shows anti-microbial, anti-inflammatory, antioxidant, and
anti-carcinogenic properties [39]. Compound 5 found in Vinca erecta
(European periwinkle) and Robinia pseudoacaia (White Locust Tree)
mentioned in traditional Chinese medicine has anti-bacterial, anti-in-
flammatory, and diuretic properties [40]. Compound 6 has a scaffold
that was an integral part of many other top hits natural compounds.
Compounds 7 and 8, albeit recognised from the Supernatural II data-
base, do not have evidence of their use in literature. Compound 9 is
found in leaves of Lamioplomis rotate (Benth.) Kudo (known as Dabuba in
Tibet and China) and is used as a Chinese folk medicine plant for an
anti-inflammatory condition like sepsis [41]. It is known to inhibit
TNF-alpha, IL-6, and IxB and modulate NF-kb. Compound 10 is found in
the seed of Desuranina Sophia (flixweed or tansy mustard) and has
anti-inflammatory, antipyretic, analgesic, antioxidant, and anthelmintic
properties [42].
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NMR titration experiment (VIPER: LEU_84, Compound 2: ASN_124, PHE_143, ARG_145, ASN_150, Compound 4: VAL_129, THR_155, GLN_164, LYS_166, Com-

pound 10: ASN_124, TYR_167, ASN_168).

3.3. Reporter gene assay using HEK-Blue hTLR4 cells

We screened the top compounds using cell-based reporter assay and
found Compounds 2, 3, 4, 9, and 10 were inhibiting TLR4 activation in
presence of ligand (LPS). The inhibition by these compounds were
comparable to the known positive control i.e. VIPER peptide. The LPS
optimization values and SEAP assay for compounds are shown in Sup-
plementary Figure 3. We also performed dose-dependent assay to
calculate the ICsg value of the compounds and found Compounds 2 and 4
inhibits the activity at ICso of 1.995 pM and 6.552 pM respectively.
Based on the ICsp, both the compounds have higher efficacy against
TLR4 signaling as compared to know inhibition by VIPER peptide (ICso
of 10.49 pM). Results from dose dependent assay of other compounds
are shown in Supplementary Figure 3. A figure depicting the schematic
of the functioning of HEK-Blue hTLR4 cells, LPS-induced cell-based re-
porter screening assay, and dose-dependent assay for compounds
(VIPER, Compound 2 and 4) that are inhibiting the downstream
signaling is shown in Fig. 4 and for Compound 3, 9 and 10 is shown in
Supplementary Figure 4. We also performed cell viability assay to check
the toxicity of these compounds. This cell viability assay was done in the
absence of LPS and using range of concentration of small molecule

compound (100 pM, 50 pM, 25 pM, 12.5 pM, 6.25 pM, 3.125 pM). As
these are small molecule compounds of natural origin, they are expected
and found to cause no toxicity to cells. The results are shown in Sup-
plementary Figure 5.

Additionally, compounds 1, 5, 6, and 8 were increasing the SEAP
production. It may be binding to TRAM in such a way that strengthen the
downstream signaling. Thereby, these may act as potential agonists for
the TRAM-mediated TLR4 signaling pathway.

3.4. Molecular dynamics simulations for best ligand-protein complexes

The strength of small molecule ligand interaction with TRAM protein
was verified using MD simulations. We observed the Root Mean Square
Deviation (RMSD) of protein and ligand from the reference frame to
measure the changes in the position of atoms. Protein appears to be
stable by the end of the simulation in each case. We also looked at Root
Mean Square Fluctuations of the protein to determine the protein region
involved in major interactions and see if the secondary structures were
maintained across the trajectory. The trend of these values across tra-
jectory for TRAM protein is in Supplementary Figure 6, 7 and 8
respectively.
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Fig. 6. Cartoon diagram of TRAM protein in docked pose from final frame of molecular dynamics run (100th ns frame). Residues highlighted in blue show CSP higher
than average CSP + 2 SD. The table on the right lists the position and name of the residues identified as significantly interacting with each of the compounds through

NMR titration experiments.

Apart from these, we also monitored the protein-ligand contacts
throughout the simulation. These interactions were categorized mainly
into four major categories: Hydrogen Bonds, Hydrophobic, Ionic, and
Water Bridges. Interactions that were consistent for 70 % of the simu-
lation are shown in the stacked bar plot in Fig. 5. A schematic for the
simulation interaction diagram for ligands docked pose in protein
pocket is shown in Supplementary Figure 9.

3.5. NMR protein-ligand titration studies

Some of the residues identified through the simulation interaction
diagram are significantly found to be interacting in the NMR titration
experiment as shown in Fig. 5. While performing the NMR titration with
each protein-ligand complex, the residues which show Chemical shift
perturbations (CSP) more than the average value + 2 SD (standard de-
viation) are highlighted in the images below. For the pictorial repre-
sentation final frame snapshots (100th ns) from each protein-ligand
complex were taken and interacting residues as observed in NMR are
highlighted in blue color (CSP > average CSP + 2 SD) (Fig. 6). A detailed
plot with CSP values for each complex is shown in Supplementary
Figure 10.

Through both the computational and experimental NMR studies,
following list of residues were found to be consistent at the interaction
site of small molecule compounds and TRAM. Residues N124, F143,
R145, N150 for Compound 2; V129, T155, Q164, K166 for Compound 4,
and N124, Y167, N168 for Compound 10. Among these residues, N124
and V129 are part of the second alpha helix that is structurally after the
BB loop region. Residues F143, R145, and N150 are part of the third
alpha helix (Ca helix) that is important for TRAM dimer interface.
Residue T155 is part of the fourth alpha helix and it forms the TS site
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that is important for the interaction of TRAM-TIR with TRIF for down-
stream signaling. Apart from these, other residues i.e., Q164, K166,
Y167, and N168 are part of the loop region connecting the fourth and
fifth helix. Amongst these, Y167 is a crucial residue since its mutation
leads to complete loss of phosphorylation in response to LPS [43].
Interestingly, in the case of Compounds 3 and 4, we noticed several
residues that are far from the predicted binding site. This may imply
presence of allosteric binding site or some structural changes occurring
at distant residue because of ligand binding. This can be because of long
distance interaction occurring in protein structures. A network-based
approach can highlight these better, which is currently out of the
scope of the paper. Some literature which supports such long range
allostery due to ligand binding has been cited [44,45].

4. Conclusion

Overall, the study aims to target the TLR4 pathway in case of over-
production of pro and anti-inflammatory mediators leading to autoim-
mune conditions. We selected the TRAM adaptor protein as the potential
candidate for our study to target TRAM mediated TLR4 pathway. We
screened the docking sites against ligands from natural origin followed
by extensive steps of filtering, binding energy scoring, clustering, and
selecting the top hits. We also extended our computational study to
perform the cell-based assay for validating the effect of compounds in
HEK-Blue™ TLR4 cells. We performed dose-dependent assay and
calculated the ICsg value. Further, we purified the TRAM-TIR domain
and performed NMR titration experiments to verify the interacting res-
idues in vitro. The involvement of these residues in the significant
interaction of small molecules and TRAM protein can interfere with the
signaling of TRAM with its downstream TRIF and while forming dimers.
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The current approach targets the structurally important regions like the
BB loop, Ca helix, TS site, and phosphorylation site.

Altogether using our integrated approach, we identified Compound 2
and Compound 4 as promising hits and probable antagonists for TRAM
protein. Compound 2 binds 10 times better than the control VIPER
peptide as measured by the reporter assay, whereas Compound 4 retains
60 % lower ICsy value in comparison with this peptide. These two
compounds also affect the structural positions of multiple residues
through NMR titrations. Much of these interactions, especially hydrogen
bonds, are retained throughout the MD simulations. These naturally
derived small molecule compounds can be useful for abrogating the
downstream signaling in case of autoimmune disorders.

A potential limitation of the study will be false negatives, due to our
stringent filtering. In addition, the initial docking considers target pro-
tein structure as a rigid entity, although multiple docking poses were
taken into consideration for selecting the best possible pose. We also
used the clustering method to choose the best representative of similar
structures. The cluster centroids were, therefore, considered as top hits.
Further, cluster members were next selected as secondary hits and the
experiments were performed. However, none of the secondary hits were
observed to bind better than the initial set of hits (data not shown).

Apart from this, the experiments were conducted using HEK-Blue™
TLR4 cells, replicating the same on other cell lines will give more insight
into the behavior and efficacy of these compounds. But as the major
objective was to validate these compounds, our LPS dose-dependent
assay provides confidence for computationally predicted compounds.
Further, the top hits can be used as parent structure and chemically
modified to promote stronger binding and be developed as a stronger
antagonist against TRAM-mediated TLR4 signaling pathway.
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