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A B S T R A C T

The myeloid-specific triggering receptors expressed on myeloid cells 2 (TREM2) is a group of class
I receptors expressed in brain microglia plays a decisive role in neurodegenerative diseases such
as Alzheimer’s disease (AD) and Nasu Hakola disease (NHD). The extracellular domain (ECD) of
TREM2 interacts with a wide-range of ligands, yet the molecular mechanism underlying recog-
nition of such ligands to this class I receptor remains underexplored. Herein, we undertook a
systematic investigation for exploring the mode of ligand recognition in immunoglobulin-like
ectodomain by employing both knowledge-based and machine-learning guided molecular dock-
ing approach followed by the state-of-the-art all atoms molecular dynamics (MD) simulations.
Besides the known binding site formed by complementarity-determining regions (CDR) 1 and
CDR2 loops, which enables the binding of different anionic ligands, our study identifies the
presence of second binding site formed by β-strands towards the C-terminal end. We observe a
dense network of hydrophobic contacts formed between the explored ligands and CDR loops and
β-strands, specifically CDR1, CDR2, β-strand C’, loop connecting β-strand D and E, and loop
connecting β-strand E and F. Ligand binding in immunoglobulin-like ectodomain increases the
conformational flexibility of CDR2 loop, thus most frequently observed pathogenic variants i.e.
R47H and R62H in TREM2 may affect the development and progression of AD. Our knowledge-
based and machine-learning guided docking and physics-based simulations study unveils deep
insights into the endogenous ligand recognition by the positive surface ligand binding site and
distant core site pave the way for exploration of other small molecules towards development of
novel therapeutics against Alzheimer’s disease.

1. Introduction

Triggering receptors expressed on myeloid cells 2, TREM2, are a group of immune receptors expressed by mononucleolar
phagocytes including alveolar macrophages, microglia and osteoclasts on the cell surface and intracellular pools of the central nervous
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system, bone, liver, adipose tissue, skin, gut and tumours. TREM2 comprises of a single extracellular V-type immunoglobulin domain
positioned on a flexible stalk in the extracellular region connected via β-sheet G, a transmembrane domain and a short intracellular
cytoplasmic tail at the C-terminus [1–4]. A wide array of functions encompassing cell maturation, survival, proliferation, activation,
phagocytosis, lipid processing, lysosomal degradation and regulating inflammation have been associated to TREM2 [5]. Furthermore,
a diverse range of neurodegenerative diseases including Alzheimer’s disease (AD), frontotemporal dementia (FTD), Nasu-Hakola
disease (NHD), and Parkinson’s disease (PD) have been linked to the loss of function of the receptor as an outcome of homozygous
and heterozygous mutation [6–10]. Genetic studies have successfully shown the critical role of TREM2 in amyloid plaque compaction
in AD and its slower progression [6,7].

Protein-ligand interactions, responsible for signal transmission, immune response, and gene regulation are crucial for offering a
theoretical framework for developing and identifying new therapeutic targets [11] associated with neurodegenerative diseases.
Though the endogenous ligands of TREM2 are yet to be unveiled, experimental studies have shown its acknowledgement towards
phospholipids, apoptotic cells, and lipoproteins [12–15]. Wide range of anionic molecules, bacterial products, and DNA are also
considered as active TREM2 ligands [16]. Putative ligands like apolipoprotein E (apoE) and apolipoprotein J (apoJ) have been re-
ported to show higher affinity towards TREM2 upon activation due to anionic lipid binding [12–15]. The unrestrained character of this
class of receptor is consistent with its capacity to engage with a variety of endogenous and substitute ligands in diverse physiological
and challenging settings by possibly engaging various molecular interaction surfaces [17].

TREM2 signalling is specifically dependent on immunoreceptor tyrosine-based activating motif (ITAM) i.e., DAP12 and DAP10,
which acts by phosphorylating proteins phosphatidylinositol 3-kinase (PI3-K) and protein tyrosine kinase Syk for pathway activation
respectively [18]. Additionally, ADAM10/17 regulates the function of TREM2 through intracellular trafficking and proteolytic
cleavage of the ligand binding ectodomain [19,20]. These phosphorylated co-receptors activate the intracellular signalling apparatus
upon exposure to TREM2-ligands.

The broad array of TREM2 ligands makes it difficult to predict the outcomes of their binding, and the range of ligands are a result of
tissue damage and cell death [16,21,22]. TREM2 extracellular domain (ECD) binds to Phosphatidylserine (PS), phosphatidyletha-
nolamine (PE), Phosphatidylcholine (PC), and sulfo-glucolipid [14,22,23]. TREM2-expressing cells readily remove ligands such as
phosphatidylserine, presenting cellular debris or sulfatide, covered with myelin debris, pointing towards the involvement of TREM2 in
the initial stage of phagocytic clearance [15,24,25]. Sphingnosinde-1-phosphate (S1P), another TREM2 ligand that encourages
microglial phagocytosis to guard against ischemic brain damage [26] are bioactive lipids generated by the phosphorylation of
sphingosine, a sphingolipid metabolite [27]. Sometimes they might act as a microglial phagocytosis regulator as well as a switch from
homeostatic to disease associated microglia state [28,29]. However, AD risk enhancing TREM2 variants R47H and R62H are found to
be associated with the impaired binding of phospholipids [12,13,30].

TREM2 is also actively regulated by ectodomain shedding of the ECD by a disintegrin and metalloproteinase domain-containing
protein 10 (ADAM10) followed by intramembranous cleavage of the remaining C-terminal transmembrane domain and intracel-
lular domain by γ-secretase [19,31]. sTREM2, produced by cleavage of TREM2 ectodomain or by alternative splicing, possess ligand
binding capacity and decreases Aβ plaques in AD brain, and also serves as a biomarker that regulates the immune response in AD [32].
Additionally, post-transcriptional modifications in the ECD including glycosylation or sulfidation may influence TREM2 functioning
[33]. Moreover, the highly conserved nature of TREM2 ECD, as demonstrated in Fig. 1, highlights its significance in regulating various
essential biological processes. For this reason, it is very important to understand the structural intricacies of TREM2 ECD to achieve
insights into any ligand induced significant structural changes, which might in return affect the fundamental cellular functions.
Therefore, we have directed our focus on the computational-biophysical and structural study of ligand bound TREM2 ECD utilizing
knowledge-based and machine-learning guided molecular docking and state-of-the-art all-atoms molecular dynamics (MD) simula-
tions (Fig. 1), critical for understanding the conformational shift of proteins brought on by ligand binding [34]. Our findings

Fig. 1. Schematic representation of TREM2 ECD-ligand interaction. Left panel highlights the three-dimensional structures of selected ligands
used in the current study. Middle left panel highlights the docked conformation of TREM2 ECD-ligands that was performed through both knowledge
based and machine learning guided molecular docking. Middle right panel demonstrates a MD simulation box with docked TREM2 ECD-ligand
complexes. Right panel highlights the conservation profile of TREM2 ECD analysed through ConSurf, where green colour indicates variable re-
gions, and violet indicates conserved regions.
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demonstrate the differential mode of ligand binding in the TREM2 ECD and presence of a new probable binding site. The insights
attained from our study opens up new avenues to develop new effective therapeutics against neurological disorders targeting TREM2
ECD.

2. Materials and methods

2.1. Targeted protein and ligand assortment

In the current investigation on mode of interaction between TREM2 ECD and its ligands and the effect of small molecules in the
structure of TREM2 ECD, we have used the crystalized structure of TREM2 ECD (PDB ID: 6B8O) bound to Phosphatidylserine was
retrieved from RCSB PDB [35]. We extracted one protomer of ECD from the retrieved structure and processed it for further analyses.
There are existing studies that vividly investigates the interaction between TREM2 and its endogenous ligands [15,16]. However, scant
knowledge is available regarding the structural information of TREM2 upon interaction with small molecules such as antidepressants,
cannabis and drugs specific for AD. Therefore, we chose twenty TREM2 ligands with diverse range of chemical structures available
from literature to understand their possible interactions. Proposed molecules from the literature were fetched in their 3D confor-
mations from PubChem database [36] in SDF format for further analyses. Molecules, whose structure were absent in the database were
drawn using ChemSketch [37]. All the retrieved molecules were then assembled and prepared for molecular docking interaction
studies.

2.2. Structure preparation of TREM2 ECD and its ligand, grid box generation

The foremost essential step in molecular docking is preparation of the target protein and ligands. Refinement of TREM2 ECD was
carried out using AutoDockTools, with deletion of water molecules and heteroatoms along with addition of polar hydrogen atoms and
Kollman’s charge. The optimized protein structure was then exported in “.pdbqt” format to perform molecular docking studies. After
confirming ligands, they were converted into AutoDock Vina [38] readable format (.pdbqt) using Open Babel tool [39]. For generation
of the grid, we retrieved the already known information regarding the active site of TREM2 ECD from the literature, while
state-of-the-art machine learning mediated PrankWeb tool provided us information regarding the coordinates of a new binding site. In
the subsequent step the grid box was generated with a grid dimension of 52 × 52 × 52 and 0.375 Å grid spacing for docking analysis.
The exhaustiveness for performing molecular docking was set to 8 and finally a total of 10 modes were generated for each TREM2
ECD-ligand complex.

2.3. Determination of TREM2 ECD-ligand poses using molecular docking

To perform molecular docking, we chose AutoDock Vina docking program because of its free availability, proven accuracy and
programming efficiency in the field of academic research [40,41]. We determined the binding affinities and mode of TREM2
ECD-ligand binding through the knowledge-based scoring function implemented in AutoDock Vina. The empirical information
available in the docking program was then used to rank the ten docked conformations, based on their binding affinities. The protocol
and accuracy for AutoDock Vina have also been validated in our previous studies [42,43]. TREM2 ECD-ligand poses that displayed
higher binding affinity were selected as best docked conformers due to their stronger and energetically favourable interactions sug-
gesting towards higher stability amongst all the docked poses and hence, were chosen for further analyses. All the docked confor-
mations were visualized using BIOVIA Discovery Studio Visualizer. To confirm their structural orientation and integrity of TREM2
ECD-ligand complexes, classical all-atoms MD simulations were performed in aqueous solution.

2.4. TREM2 ECD-ligand system setup and molecular dynamics simulation

TREM2 ECD-ligand docked complex structures were then processed using the structure-based balanced CHARMM36m [44] and
CHARMM General Force Field (CGenFF) [45] for the protein and ligand structures respectively, in TIP3P water model in GROMACS
v2020. Periodic boundary conditions were used for all the protein-ligand complexes. To electro-neutralize the protein-ligand-water
complex system, 0.15 M NaCl counter ions were added. Following the process of neutralization, each system was subjected to en-
ergy minimization to obtain a geometrically reasonable starting structure and a two-phase equilibration process was also performed
using isothermal-isochoric NVT and isothermal-isobaric NPT ensemble. Energy minimization was carried out using the steepest
descent optimization for 5000 steps. On the other hand, the complex systems underwent the two-phase equilibration for 100 ps at
310.15K each for both NVT and NPT ensembles using the Parrinello-Rahman method [46] and Nose-Hoover thermostat [47]
respectively. Finally, a production MD of 200 ns was run at 1 bar and 310.15K for each complex system. The long-range electrostatic
interactions were calculated using the standard particle mesh Ewald method [48], while the cut-off for short-range electrostatic and
van der Waals forces was set in the range of 10–12 Å. All the hydrogen bonds were restrained using the SHAKE algorithm [49]. The
current protocol for MD simulation was adapted from previous studies described elsewhere [50,51]. To further have a comparative
illustration of the effect of ligand binding on the structural features of TREM2 ECD, we also performed a MD simulation on the apo wild
type structure (PDB ID: 5UD7) and R47H mutant (5UD8) with same parameters as mentioned above.
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2.5. Computational analysis of the MD trajectories

To acquire the dynamics stability in each TREM2-ECD apo wild type, R47H (mutant) and ligand-bound TREM2 complexes, and
evaluate the conformational changes and effect of ligand binding on the structure of TREM2 ECD, we calculated their backbone RMSD,
radius of gyration (Rg), C-alpha root mean square fluctuations (RMSF), and solvent accessible surface area using gmx rms, gmx gyrate,
gmx rmsf and gmx sasa GROMACS analysis toolkit. Inter-molecular hydrogen bonds between the interacting TREM2 ECD residues and

Fig. 2. Ligand binding sites and molecular docking assessment of TREM2 ECD and its known ligands. (A) Two different ligand binding site,
site I and site II in TREM2 ECD. Both the binding sites have been shown in surface representation. (B) Line graph demonstrating the trend of binding
energy of each TREM2 ligand against TREM2 ECD assessed through molecular docking. (C) Intermolecular contacts of formed between each TREM2
ECD-ligand docked complexes. Ligand interacting residues have been shown in stick, while TREM2 ECD has been demonstrated in cartoon.
Hydrogen bond forming residues have been highlighted in red and hydrogen bonds are shown in red dotted lines.
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Table 1
Ensembled list of compounds used in the study with their docking score and amino acids associated in forming non-bonded interactions with TREM2 ECD.

Site I

Sl. No PubChem ID Complex Docking score (kCal/
mol)

H-bond Hydrophobic contacts

1 2160 Amitriptyline − 6.4 Thr88 Trp44, Trp70, Leu71, Leu72, Ser73,Phe75,Asp86, Asp87,Leu89
2 2170 Amoxapine − 6.4 Thr88 Trp44, Trp70,Leu71,Leu72,Ser73,Phe74,Asp86, Asp87,Leu89
3 82146 Bexarotene − 7.4 Thr88 Trp70,Leu71,Leu72,Ser73,Phe74,Leu75,Arg76,Thr85,Asp86,Asp87,Leu89, Thr92,Thr94
4 644019 Cannabidiol − 6.2 Thr88, Leu89 Trp70, Leu71, Leu72, Ser73, Phe74, Leu75, Thr85, Asp86, Asp87, Thr92
5 2771 Citalopram − 5.7 Trp44 Trp70, Leu71, Leu72, Ser73, Phe74, Asp86, Asp87, Thr88, Leu89
6 26987 Clemastine − 5.9 ​ Trp44,Trp70,Leu71,Leu72,Ser73,Phe74,Asp86,Asp87,Thr88,Leu89
7 2995 Desipramine − 5.5 Thr88 Trp44,Trp70,Leu71,Leu72,Ser73,Phe74,Leu75, Asp86,Asp87,Leu89
8 3152 Donepezil − 6.5 Ser40, Trp44 Met41, Trp44, Trp70, Leu71, Leu72, Ser73, Phe74, Asp86, Asp87, Thr88, Leu89
9 146570 Escitalopram − 5.6 Trp44 Trp70, Leu71, Leu72, Ser73, Phe74, Asp86, Asp87, Thr88, Leu89
10 43815 Paroxetine − 5.5 Leu89, Leu71 Trp70, Leu72, Ser73, Phe74, Asp86, Asp87, Thr88
11 1935 Tacrine − 5.4 Asp86 Trp70, Leu71, Leu72, Ser73, Phe74, Asp87, Thr88, Arg98

Sl. No PubChem
ID

Complex Docking score (kCal/
mol)

H-bond Hydrophobic contacts

1 2896 Cyclocretine − 4.4 Ser81, Asp104, Thr82 Trp50, Arg52, Val63, Asn79, Leu97, Arg98, His103, Tyr108
2 129675657 Diethylaminoethyl_dextran − 5.6 Arg52, Ser81, Gln61,

Thr82
Trp50, Cys51, Arg62, Val63, Asn79, Leu97, Arg98, His103, Asp104, Tyr108

3 3386 Fluoxetine − 5.9 Ser81, Thr82, His103,
Tyr108

Trp50, Arg52, Gln61, Arg62, Val63, Asn79, Ser81, Leu97, Arg98, Asn99, Leu100, Gln101, His103, Asp104

4 5324346 Fluvoxamine − 5 Arg98, Asp104 Trp50, Arg52, Gln61, Arg62, Val63, Asn79, Ser81, Thr82, Thr96, Leu97, Asn99, Leu100, Gln101, His103,
Tyr108

5 9651 Galanthamine − 5.9 Thr82, Ser81 Trp50, Arg52, Gln61, Arg62, Val63, Asn79, Leu97, Asp104, His103, Tyr108
6 163409169 Galectin-3 − 6.2 Arg52, Ser81, Thr82,

His103
Gln61, Arg62, Val63, Asn79, Thr96, Leu97, Arg98, Asn99, Leu100, Gln101, Asp104, Tyr108

7 3696 Imipramine − 5.4 Thr82 Trp50, Arg52, Gln61, Arg62, Val63, Val64, Asn79, Ser81, Leu97, His103, Asp104, Tyr108
8 77991 Rivastigmine − 4.9 Ser81, Thr82 Trp50, Arg52, Gln61, Arg62, Val63, Asn79, Leu97, His103, Asp104, Tyr108
9 68617 Sertraline − 6.1 ​ Trp50, Arg52, Gln61, Arg62, Val63, Asn79, Ser81, Thr82, Leu97, Arg98, Asn99, Leu100, Gln101, His103,

Asp104, Tyr108
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ligands of each system were explored with the help of gmx hbond toolkit. Evolutionary changes in the secondary structure profile of the
protein during the 200 ns MD simulation were monitored using the timeline viewer of VMD.

2.6. Essential dynamics

The collective motions of each TREM2 ECD-ligand system was assessed from their local dynamics by condensing the datasets of
larger motion into subset made up of principal components (PCs) [52]. Principal component analysis (PCA) on each TREM2
ECD-ligand complexes were performed using the gmx anaeig and gmx covarmodules of GROMACS using the last 100 ns MD trajectories.
A set of eigenvectors and eigenvalues expressing collective motion of the molecules for each complex was extracted by diagonalizing
the covariance matrix.

2.7. Estimation of MM/PBSA binding free energy

Molecular-Mechanics Poisson-Boltzmann Surface area (MM/PBSA) is a method that determines the binding free energy of a system
by using the initial conformation of the receptor and ligand as well as the conformation of the complex [53]. For the evaluation of
binding free energy of each complex g_mmpbsa tool was considered. A total of 200 snapshots at equal time interval were extracted from
the last 100 ns of each MD trajectory for the estimation of binding energy (ΔGbind). The following equations were used for calculation
of ΔGbind:

ΔGbind = GComplex –GProtein –GLigand = ΔEMM +ΔGsol-TΔS (1)

ΔEMM = ΔEbonded +ΔEnonbonded = ΔEbonded + (ΔEvdw + ΔEele) (2)

ΔGsol = ΔGpolar + ΔGnonpolar (3)

where, ΔEMM, ΔGsol and TΔS illustrate energy contributions of molecular mechanics energy, solvation free energy and entropy upon
ligand binding respectively. To comprehend the contribution of each amino acid towards the total binding energy, we performed per-
residue energy decomposition analysis. The complete protocol for binding free energy decomposition analysis have been describe
elsewhere [43,54].

3. Results and discussion

3.1. TREM2 ectodomain possesses multiple ligand binding sites

Earlier investigation on the immunomodulatory receptor, TREM2 has shown their involvement in AD progression either through
rare pathogenic mutations or through its selective expression in the myeloid cells, promoting the optimal functioning of the microglia
and regulating their energetic metabolism [6,55]. Binding of TREM2 and DAP12 within the cell membrane has been proposed to be
critical for the initiation of TREM2 signalling pathway. The mechanism of TREM2 signalling is triggered by its differential binding to
numerous ligands in the ECD, which in return activates the downstream pathway involving stable interaction between TREM2 and
DAP10/12 [56]. Interaction of such ligands is significant to determine its differential signalling intensity and direction of TREM2 [16].
Molecular docking analysis performed in the current research work allows the behavioural characterization of such small molecules in

Fig. 3. Structural stability of TREM2 ECD upon binding to ligands assessed through MD simulations. (A) A snapshot of simulation box filled
with TIP3P solvent electro-neutralized Na+ and Cl− ions, TREM2 ECD and a docked ligand (B) Backbone RMSD of MD simulated TREM2 ECD-ligand
complexes represented in violin plots. Left panel indicates systems with ligands docked at site I of TREM2 ECD while right panel highlights the
backbone RMSD of complexes with ligands docked in site II of TREM2 ECD.
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the binding site of our target protein [57]. For molecular docking, we initially retrieved the coordinates of the known binding site i.e.,
site I in ECD from literature [58], while we also utilized PrankWeb, a state-of-the-art machine learning based ligand binding site
prediction tool [59] to identify any other probable binding site. Surprisingly, PrankWeb identifies a second binding pocket in TREM2
ECD with highest probability (Fig. 2A and S1).

TREM2-ECD forms a β-sandwich comprising nine antiparallel β-strands labelled from A-G with additional C’ and C” strands as per
the Williams and Barkley conventions [60] and three CDR loops namely CDR1 (Pro37-Arg47), CDR2 (Thr66-Arg76), CDR3 (His144--
Glu117) [61]. A close inspection of the docked poses of ligands within the binding pocket of TREM2 ECD illuminated us with the
presence of two binding sites: one closer to the CDR loops, i.e., site I and another towards the beta strands nearby C-terminal end,

Fig. 4. Interaction pattern of TREM2 ECD and ligands along with their electrostatic surface potential map. (A) Intermolecular non-bonded
interactions formed between MD simulated TREM2 ECD and ligands in their respective binding sites i.e., site I and site II. (B) Distribution of surface
charges on the MD simulated ligand bound TREM2 ECD. (C) Number of intermolecular hydrogen bonds formed between TREM2 ECD and its ligands
throughout the 200 ns timescale.
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namely site II (Fig. 2A). The presence of multiple binding sites in TREM2 ECD has been confirmed by two independent studies [62,63].
Significantly, site II has been studied to be involved in binding apolipoproteins which has also been studied in our recent investigation
[63,64]. Another recent research on biophysical mapping of TREM2-ligand interactions explores the structural intricacies of how
TREM2 engages with various ligands [65]. This study also confirms the presence of our binding site I and II in TREM2 ECD and also
highlights the importance of hydrophobic interactions in ligand binding. Notably, site I and II could be opted as therapeutic targets for

Fig. 5. Ligand induced changes on TREM2 ECD depending on the site of interaction assessed post MD simulations. Line plots represent the
RMSF profile of the Cα atoms of whole TREM2 ECD. RMSF of key residues have been illustrated in the bar plots.
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modulating TREM2-ligand interactions for modifying TREM2 function and microglia activities.
Interplay between TREM2-ECD and fetched 20 small molecules was assessed based on their binding affinity towards TREM2-ECD

(Table 1). Based on their binding affinity, we noticed that Bexarotene possessed higher binding affinity, suggesting towards its most
stable interaction with TREM2 ECD (Fig. 2B and Table 1). A vivid analysis of all 20 protein-ligand complexes highlighted the residues
involved in forming intermolecular interactions with TREM2 ECD (Table 1).

Ligands interacting to the site I of TREM2 ECD exhibited active involvement with amino acids residues Trp44 (CDR1), Trp70,
Leu71, Leu72, Ser73 and Phe74 from CDR2, Ser81 and Thr82 from β6 and, Thr88 from loop connecting β6 and β7 through a dense
network of hydrophobic contacts (Table 1). On the other hand, Trp50 (β-strand C), Arg62 and Val63 from β-strand C’, Ser81 and Thr82
from β-strand D, and His103 residue from loop connecting β-strand E and F of TREM2 ECD were found to be predominantly interacting
with ligands in site II. Thr88 and Trp44 were seen to have dominant role in forming hydrogen bonds with the ligands in site I, whereas
Ser81 and Thr82 from site II had maximum contribution in formation of polar contacts. A clear representation of non-bonded rep-
resentation has been enumerated in Fig. 2C.

3.2. Structural stability of TREM2 ECD-ligand bound complexes

Recently, several researches have demonstrated the inability of microglia to eliminate supernumerary synapse during brain
development, altered brain connectivity, behavioural defects, impaired neuronal transcriptomic and energetic profile in the absence of
TREM2 [23,66,67]. Moreover, there exists several lines of evidence, which suggest that homeostatic microglia exclusively rely on
OXPHOS for ATP production, while inflammatory microglia undergo aerobic glycolysis for the same [68–70]. Having said that,
enhanced expression of TREM2 is required for modulating cellular biosynthetic metabolism and inducing transcriptomic and func-
tional DAM [56] and differentiate the transition of stage 1 to stage 2 DAM [71]. What is the mechanism underlying TREM2 activation?
How does TREM2 behaves upon binding to ligands? How do TREM2 activation promotes phenotypic transition of stage 1 and stage 2
DAM? The proper functionality of TREM2 and its precise effect of activation in AD progression is still a matter of debate. While a group
of researchers stick to the known functionality of TREM2 that promotes the clearance of amyloid β and suggests the development of
therapeutic approaches focusing on enhancing TREM2 activity [72–74], there exists several researches which focuses on its inhibition
[75]. Dysfunction of TREM2, caused due to reduced expression and mutations can be a major cause of AD progression by regulating
neuroinflammation and immune response in brain. This dysfunction can also contribute to overproduction of proinflammatory cy-
tokines, thus exacerbating inflammations. Therefore, there has been a constant discussion among researchers that inhibition of TREM2
can be an ideal approach to reduce inflammatory response in the brain, decrease neuroinflammation and eventually slowing down AD
progression, however, the implications of this complex strategy requires further critical investigations. A detailed study on the
structure of TREM2 and its mode of interaction with its ligands can aid in achieving a better understanding of TREM2 mechanism.

Therefore, our MD study can assist the development of drugs targeting TREM2 ECD through analysing its structural behaviour upon
binding to different ligands. A simulation box consisting of water molecules, TREM2 ECD bound to a ligand and NaCl ions have been
illustrated in Fig. 3A. Structural stability of all the TREM2 ECD-ligand complexes from both the groups were studied based on their
backbone RMSD (Fig. 3B). Moreover, we also calculated the atomic deviation of ligands from their starting structure through
calculation of ligand RMSD, as demonstrated in Fig. S2. As can be evident from Fig. 3B and Table S1, the RMSD of all the complexes
ranges between ~0.13–0.19 nm. However, we observe a diverse range of deviation in case of ligand RMSD. This deviation in RMSD of
ligands within the binding pocket of TREM2 ECD might have been resulted due to their change in orientation during the 200 ns MD
simulation. Structural stability of our TREM2 ECD-ligand complexes can also be confirmed from their Rg and SASA profiles (Figs. S3
and S4 and Table S1).While compactness of each TREM2 ECD-ligand complex was assessed through their gyradius profile, evaluation
of SASA provided us information regarding the area of TREM2 ECD exposed to solvent in each complex, with an observation of
disruption in the compactness of bexarotene bound TREM2 ECD towards the end of simulation can be evident from Fig. S4 [76,77]. As
can be evident from Table S1, Rg of each complex system ranges between ~1.37–1.39 nm, while SASA ranges between ~67 and 69
nm2. When compared with the stability profile of both apo wild type and R47H mutant of TREM2 ECD structure, we observe similar
behaviour of TREM2 ECD bound to ligands in reference to R47H mutant, while a more stable structure was evident in the apo structure
(Fig. S5).

3.3. Hydrophobic contacts anchor the ligand within TREM2 ECD

As mentioned before, early studies have shown the bidirectional activity of TREM2 in both modulating phagocytosis, proliferation,
inflammatory responses and lipid metabolism of microglia and development and progression of AD. Therefore, understanding the kind
of molecular interactions between TREM2 and its ligands can aid in understanding its proper functionality. 2013 reports on hetero-
zygous point mutations in TREM2, more specifically R47H identifies a three-fold increase in AD risk [6,55], while another study
highlights that R47H mutation in TREM2 promotes inflammation, causes synapse loss and basic microglia functioning impairment
[78]. Recently, a study by Sudom et al. on the wild type (WT) and R47H variant of TREM2 reveals the critical role of Arg47 in
maintaining the structural stability of the N-terminal fold and region near the CDR 2 loop through a network of hydrogen bonds with
Ser65, Thr66, His67 and Asn68, which was further strengthened by another set of hydrogen bonds formed between carbonyl and
amide groups of Lys48 and Thr66 in the WT [62]. Additionally, homozygous loss-of-function T66M mutations have been studied to
prevent TREM2 glycosylation and cell surface expression, thus causing polycystic lipomembranous osteodysplasia with sclerosing
leukoencyphalopathy (PLOSL) and a frontotemporal dementia-like syndrome [31,79]. Furthermore, Kober and co-workers along with
Sudom et al. shows that our ligand binding site I is also a phospholipid binding site which engages a hydrophobic patch and may also
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act as a major binding site for ApoE [62,63]. On the other hand, Kober et al. also reveals the presence of another binding site in TREM2
ECD with a basic patch, which might be critical for the binding of anionic ligands like proteoglycans [63]. In the light of these findings,
our extensive computational approach, for the first time, shows the possibility of presence of another potential site for the binding of
small molecules.

Our intermolecular contact analysis of snapshots derived from MD reveals that most of the intermolecular interactions between
TREM2 ECD and its ligands in both the sites were dominated by a dense network of hydrophobic interactions (Table S2). In case of site I
binding ligands, we observed that Trp44 (CDR1 loop), Trp70, Leu71 and Phe74 from CDR2 loop, Thr88 and Leu89 from loop con-
necting β-strand D and E were observed in forming hydrophobic contacts with most of the ligands, while Thr44 was seen to pre-
dominantly form hydrogen bonds. On the other hand, we observed Arg52 (β-strand C), Arg62 (β-strand C’), Thr82 (β-strand D), Thr88
and Leu89 from loop connecting β-strand E and F, His103 and Asp10 from loop connecting -strand E and F, and Tyr108 (β-strand F)
forming a dense network of hydrophobic contacts in case of site II while Ser81 was involved in forming polar contacts. Most
importantly, we observed that Trp44, Thr88, Trp70, Leu71, Phe74 and Leu89 from site I and Arg52, Arg62, Val63, Thr82, His103 and
Tyr108 residues from site II are preserved in both docking and MD studies (Figs. 4A and 2C). Hence, we can hypothesize that these
residues might be playing significant role in the process of ligand recognition. However, further experimental validations are required
for confirmation of their role.

Fig. 6. Essential dynamics assessment of MD simulated TREM2 ECD upon ligand binding. (A) Porcupine plots of the mainchain atoms of the
first PC of complexes with ligands bound at site I. (B) PC1 porcupine plots of the TREM2 ECD mainchain atoms from site II bound ligand complexes.
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The electrostatic surface potential map of the MD simulated TREM2 ECD also highlights that the ligand binding site I is surfaced
with mildly positively charged residues, while site II possesses negatively charged residues on the surface of the binding site (Fig. 4B).
The electrostatic surface potential map was generated using the top MD simulated clusters of each TREM2-ligand complex through the
APBS plugin implemented in PyMOL. To calculate the electrostatic surface potentials, we employed the default ion concentration of
0.15 M with dielectric constant of 2 and 78 for protein and solvent respectively at 298 K. Approximately, similar distribution of the
surface charges were observed in the WT TREM2 ECD [62]. The discrepancies in intermolecular interactions and the surface charge
distribution of TREM2-ligand complexes might have been a result of ligand induced conformational changes in TREM2 or chemical
properties of the ligands. The complexity of intermolecular contacts in TREM2-ligand complexes can be notably spotted which might
have also been affected due to the local environment, thus affecting the behaviour of ligands. In ligand-bound states derived from MD,
we observe that ligand binding does not induce much changes to the surface charge distribution of the binding site of TREM2 ECD.
Additionally, our hydrogen bond analysis using the gmx hbond utility of GROMACS is in concurrent with the intermolecular contact
analysis (Fig. 4C). Thus, it can be suggested that TREM2 ECD interacts with its ligands mostly with hydrophobic contacts.

3.4. Ligand binding affects the structure of binding site I

Previously, studies have shown that over-expression of TREM2 leads to decrease in inducible nitric oxide synthase (iNOS) and
proinflammatory cytokines expression level and thus inhibits microglia M1 polarization, while on the contrary increases the level of
Arginase 1 (Arg1) and anti-inflammatory cytokine expression and enhances polarization of microglia M2. An in-depth analysis of
microglia M1/M2 polarization suggests that microglia exists in multiple, dynamic and multidimensional states and are physiologically

Fig. 7. Binding energy of each TREM2 ECD-ligand complexes calculated through MMPBSA approach. (A) Line plots indicating the total
binding energy of each TREM2 ECD-ligand complexes for both site I and site II. (B) Key residues having maximum contribution towards the process
of molecular recognition of TREM2 ligands. (C) Binding free energy decomposition analysis demonstrates the contribution of each key residue
towards the recognition of each ligand by TREM2 ECD.
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dependent on their environmental changes [80]. However, the process of TREM2 modulated microglia polarization and AD regulation
requires further investigations [81]. In the context of these revelations, structural studies on TREM2 are required for exploring
numerous unresolved questions underneath microglia functioning.

TREM2 CDR loops, i.e., CDR1 (residues Pro37 to Arg47), CDR2 (residues Thr66 to Arg76) and CDR3 (residues His114 and Glu117)
are major complementarity determining regions. Among them, CDR2 loop has been shown to be critical for maintaining a stable
conformation for ECD through a dense network of hydrogen bonds with CDR1 loop [62]. Moreover, both CDR1 and CDR2 are equally
important for forming site I ligand binding site. Also, studies have shown that CDR2 loop remodels from an irregular conformation to a
short helix upon R47H mutation [58]. Our computational investigation on the structural changes in ECD upon binding ligands through
RMSF analyses reveals that β-strands B, C, D, F, CDR1 and CDR2 loops showed similar range of fluctuations which also aligns with the
RMSF profile of apo TREM2 ECD (Figure S7 (A and B)). More specifically, maximum fluctuation in the CDR2 loop was observed in case
of Bexarotene from site I and Galectin-3 from site II, which is similar to the one observed in the R47H mutant (Fig. S7C) and might
affect the stability of TREM2-ECD. Thus, it can be inferred that CDR2 loop is often prone to conformational changes. On the contrary,
higher and similar range of flexibility in loop connecting β-strands D and E and CDR3 loop was also evident in all the TREM2 ECD and
ligand complexes (Fig. 5 and S6).

To further measure the range of flexibility of our key residues, we calculated their RMSF profiles, as illustrated in the bar plot in
Fig. 5. As can be evident from the plot, we observe maximum fluctuation in residues from site I, with Trp70 and Leu71, while Asn79,
His103 and Asp104 exhibiting maximum RMSF values in site II.

3.5. Principal component analysis

The most important elements such as atomic displacements in each ligand-bound conformation of TREM2 ECD from the MD
trajectories were extracted using a covariance matrix from its atomic coordinates [82]. A set of orthogonal collective modes, known as
eigenvectors or principal components with their corresponding eigenvalue, symbolizing motion of the atom were decomposed
together to form a covariance-matrix. The larger motions of each principal component (PC) is usually stored in the larger eigenvalues
[83]. Investigation of the initial PCs of MD trajectories thus provides us information regarding direction and region of motion in
TREM2 ECD. Fig. S8 demonstrates the superposition of TREM2 ECD eigenvectors from the last 100 ns MD trajectories of each TREM2
ECD-ligand complexes. The trace values for site I binding ligand complexes Amitriptylin, Amoxapine, Bexarotene, Cannabidiol, Cit-
alopram, Clemastine, Desipramine, Donepezil, Escitalopram, Paroxetine, and Tacrine was found to be 3.46, 3.30, 3.07, 4.04, 3.10,
3.81, 3.75, 3.04, 3.11, 3.52 and 3.34 nm2 respectively. On the other hand, the trace values of site II binding ligand complexes
Cyclocreatine, Detran Sulphate, Fluoxetine, Fluvoxamine, Galanthamine, Galectin-3, Imipramine, Rivastigmine and Sertraline were

Fig. 8. Time step evolution of each secondary structural element of TREM2 ECD in all the twenty ligand bound TREM2 ECD complexes.
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observed to be 3.32, 3.48, 4.77, 3.29, 3.41, 4.77, 3.42, 4.51, 2.89 nm2.
As can be evident from the porcupine plots, significant atomic movements were observed in case of CDR2 loop in Amitriptylin (only

in PC1), Bexarotene, Cannabidiol, Clemastine, and Desipramine in both PC1 and PC2 (Fig. 6A and S9), and smaller movements in
CDR3 loop were also observed in CDR3 loop of Amitriptylin. Also, the loop connecting β-strand C and C′ showed significant movements
in all the site I binding ligand complexes, except for Paroxetine and Tacrine. Despite of the binding site, we observed a similar trend of
atomic displacements in case of CDR2 loop in site II binding ligands such as Fluvoxamine and Galectine-3 in PC1 plots, while Sertraline
in PC2 plot exhibited smaller outward movements. Moreover, in case of loop connecting β-strand C and C′ we observed outward
movements in all the complexes in both PC1 and PC2 plots, except for Galectin-3, which showed some movements only in case of PC2
plots. Some large outward movement in β-strand B was also noticed in case of Rivastigmine (Fig. 6B and S9). On the other hand, the
PC1 porcupine plot of apo TREM2 ECD, as demonstrated in Fig. S9B, small minimal movements were observed in CDR2 loop and loop
connecting β-strand C and C’. Altogether, we have observed that Bexarotene and Galectin-3 binding to TREM2 ECD results in
maximum movements in case of CDR2 loop, similar to that of the R47H mutant (Fig. S7D) which is in support of our RMSF analysis.

3.6. Prediction of binding free energies (ΔGbind) using MM/PBSA approach

TREM2 has a widespread role in modulating AD by mediating numerous metabolic pathways in the microglia. Other than inducing
microglia polarization, TREM2 has been seen to mediate the pathological range of phosphorylated Tau by microglia-Aβ interaction,
which is again modulated by PI3K/AKT/GSK-3β signalling pathway [84]. However, TREM2 deficiency or loss of TREM2 function have

Fig. 9. Top ranked cluster representatives of the MD simulated TREM2 ECD-ligand complexes highlighting structural changes in TREM2
ECD upon binding to ligands. ECD regions undergoing structural changes have been highlighted through dotted circles.
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been observed to promote accumulation of pathological Tau in presence of Aβ plaques, decrease in microglia and increase in Aβ
deposition [85–87]. Notably, loss of TREM2 functioning has also been observed to result in pathogenic lipid metabolism in microglia
[88]. Mechanically, TREM2 can also promote microglia proliferation by activating Wnt/beta-catenin signalling pathway [56],
microglia chemotaxis by activating focal adhesion kinase and FAK/Racl/Cdc42-GTPase signalling pathway [89] and also induces the
phosphorylation of extracellular signal-regulated kinase to increase the expression of chemokine receptor 7 on the surface of microglia
and promote microglia migration [90]. Other than that, TREM2 also plays significant role in microglia phagocytosis by altering in-
flammatory environment surrounding Aβ and also affects the lipid metabolism in microglia [91]. Thus, to contribute towards gaining
insights into the specific roles of TREM2 in human brain or AD patients, we were focused on analysing the kind of interactions between
TREM2 and its known ligands through calculating their binding free energies.

Binding free energies of any biomolecular complexes aids in determining the strength of their interactions. Amongst all the known
approaches, MM-PBSA has surpassed as one of the most widely implemented methods to calculate the interaction energies between
any two biomolecules by decomposing the total binding energy into a series of energetic components [92]. MM-PBSA approach
implemented in MD simulated complexes is often used to re-score a set of docked complexes, improve its utility and generate an
ensemble of binding conformations in the presence of explicit water [53]. The binding free energies of each TREM2 ECD-ligand
complexes (Fig. 7A) attained using the MD simulated systems has been enlisted in Table S3. As can be evident from Table S3, van
der Waals has the most contribution towards ΔGbind

, which was also evident in our previous studies [54,76].
To further achieve insights into the contribution of each key residues towards the process of molecular recognition of TREM2 li-

gands, we performed the binding free energy decomposition analysis. Positional view of key residues in TREM2 ECD contributing
towards binding free energy have been illustrated in Fig. 7B. Evidently, in case of site I binding ligand complexes, Trp44 (CDR1), Ser73
(CDR2), Thr88 and Leu89 (loop connecting β-strand D and E) were observed to have significant contribution towards the binding
process, while Arg62 (β-strand C’), His103 and Asp104 (loop connecting β-strand E and F) had most contribution in case of site II
binding ligand complexes (Fig. 7C).

3.7. Conformational changes in TREM2 ECD upon ligand binding

Major conformational changes in CDR2 loop such as development of a distinct and non-standard 2-turn helix have been observed by
Sudom et al. which involves the alteration of pH dependence in Arg47 upon interaction with residue His67 [62]. This alteration in the
conformation of CDR2 loop also leads to substantial changes in the putative positive ligand-interacting surface (PLIS), i.e. site I.
Moreover, mutation of R47H was observed to reduce the stability of CDR2 loop and its downstream β-strand C” [62]. In concordance to
the study by Sudom et al. another study has also revealed the difference in the stability and secondary structure of TREM2 ECD in both
the WT and R47H mutant which has been hypothesized to be the effect of point mutation [93].

Evolution of secondary structures throughout the 200 ns timescale of MD simulations have been demonstrated in Fig. 8. The visual
interpretation of changes in the secondary structure profile of TREM2 ECD as demonstrated in Fig. 9 has been achieved with the help of
the top cluster representatives of each MD simulated complex. As can be evident from both the figures, some shift in the conformation
of the secondary structure of TREM2 ECD can be observed throughout the 200 ns MD run. Moreover, major shift in the β-strand A can
be evident in case of Paroxetine and Fluvoxamine. On the other hand, noticeable formation of a small helix in CDR2 loop was observed
in case of Amoxapine, Cannabidiol, Clemastine and Paroxetine, similar to the one observed in case of R47H mutant (Fig. S10) [62].
Additionally, a development of small helix in CDR3 loop of Amoxapine, Cannabidiol, Clemastine and Paroxetine was also observed.
Furthermore, loss of β-strand C” was an unusual event observed in case of Bexarotene and Desipramine. Also, loss of helicity in the loop
connecting β-strand E and F was evident in case of amitriptyline, Clemastine, Desipramine, Fluvoxamine and Imipramine bound
TREM2 ECD complexes. The superimposed view of all the TREM2 ECD-ligand complexes have been illustrated in Fig. S11. Altogether,
it can be seen that, ligand binding mostly affects the PLIS or site I of TREM2 ECD.

4. Conclusion

TREM2 has been aggressively highlighted in numerous studies for its significant role in the progression of AD. Our study, while
focusing on the active interaction between TREM2 ECD and its known ligands identifies multiple ligand binding sites.

Our extensive computational approach, as for our knowledge, for the first time reports the presence of site II ligand binding site in
TREM2 ECD with the help of machine learning guided molecular docking. Further analyses of plasticity and essential dynamics of
TREM2 ECD-ligand complexes emphasizes over the hypothesis that irrespective of the binding site, CDR2 is the most affected sec-
ondary structural element in TREM2 ECD, which is also supported by our secondary structural element analysis of the top cluster
representatives.

Moreover, our MD study and free energy decomposition analysis identifies Trp44, Ser73, Thr88 and Leu89 from site I and Arg62,
His103 and Asp104 residues from site II to be significantly involved in the process of molecular recognition of TREM2 ligands.
However, our study is limited to only twenty known ligands of TREM2, investigation of other ligands might provide several other
critical insights into ligand recognition process, which may open up new avenues for development of novel therapeutics against AD.
Also, further experimental investigations are required to confirm our hypothesis.

In summary, our computational approach provides a great framework for understanding the molecular basis of interaction between
TREM2 ECD and its known ligands, which can also aid in achieving more insights into the functioning of TREM2 signalling biology and
its dysregulation in neurodegenerative diseases like AD.
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