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a b s t r a c t

The triggering receptor expressed on myeloid cells-1 (TREM-1) is a pattern recognition receptor heavily 
investigated in infectious and non-infectious diseases. Because of its role in amplifying inflammation, 
TREM-1 has been explored as a diagnostic/prognostic biomarker. Further, as the receptor has been im-
plicated in the pathophysiology of several diseases, therapies aiming at modulating its activity represent a 
promising strategy to constrain uncontrolled inflammatory or infectious diseases. Despite this, several 
aspects concerning its interaction with ligands and activation process, remain unclear. Although many 
molecules have been suggested as TREM-1 ligands, only five have been confirmed to interact with the 
receptor: actin, eCIRP, HMGB1, Hsp70 and PGLYRP1. However, the domains involved in the interaction 
between the receptor and these proteins are not clarified yet. Therefore, here we used in silico approaches to 
investigate the putative binding domains in the receptor, using hot spots analysis, molecular docking and 
molecular dynamics simulations between TREM-1 and its five known ligands. Our results indicated the 
complementarity-determining regions (CDRs) of the receptor as the main mediators of antigen recognition, 
especially the CDR3 loop. We believe that our study could be used as structural basis for the elucidation of 
TREM-1′s recognition process, and may be useful for prospective in silico and biological investigations 
exploring the receptor in different contexts.

© 2023 Published by Elsevier B.V. on behalf of Research Network of Computational and Structural 
Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/ 

licenses/by-nc-nd/4.0/).

1. Introduction

The triggering receptor expressed on myeloid cells-1 (TREM-1) is 
a pattern recognition receptor (PRR), expressed mostly by immune 
cells from the myeloid lineage (e.g. neutrophils, monocytes, macro-
phages and dendritic cells) [1–3]. In general, TREM-1 seems to be 
associated with exacerbated inflammatory responses and, therefore, 
with the pathogenesis of parasitic, viral, bacterial and fungal infec-
tions (such as HIV, influenza, tuberculosis, aspergillosis, malaria and 
sepsis) [4,5]. The receptor has also been involved in sterile in-
flammatory disorders, including inflammatory bowel disease, gas-
tritis, arthritis, cardiovascular diseases and cancer [6–10]. Due to its 
essential role in inflammation, the receptor has been increasingly 
explored in the aforementioned scenarios, both in its soluble 
(sTREM-1) and membrane associated (mTREM-1) forms. The former, 
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results from alternative splicing and/or cleavage of mTREM-1 by 
metalloproteinases [3,11–13] and its levels have been explored as a 
disease and/or severity biomarker for several inflammatory and in-
fectious diseases, including COVID-19 [14,15]. On the other hand, 
mTREM-1 is responsible for triggering/amplifying the immune re-
sponse, working in mutual cooperation with other PRRs, such as toll- 
like receptors (TLR), nucleotide oligomerization binding domain-like 
receptors (NLR), the retinoic acid-inducible gene-I-like-receptors 
(RLR), among others [16–19]. Despite the elucidation of several 
mechanisms associated with TREM-1 activation [20–24], different 
features regarding the activity of the receptor remains unexplored, 
including the domains involved in antigen recognition.

TREM-1 is a glycoprotein composed by a 194 amino acids (aa) 
extracellular domain, a 29 aa transmembrane domain and a short 
cytoplasmic tail, with 5 aa [25]. So far, only the IgV-like portion of 
TREM-1 (aa 26–134), which is the portion most likely to interact 
with antigens/ligands, has been characterized by crystallography 
(18QM - [26]; 1SMO - [25]). This structure is composed by 10 β- 
strands and two small α-helixes, organized into two antiparallel 
sheets, formed by disulfide bonds between amino acids C41 and 
C113 [25,26]. However, the antigen-binding domains within the re-
ceptor are still elusive, hindering the understanding of structural and 
molecular aspects regarding the activation of the receptor, the de-
termination of new ligands and the development of therapeutic 
strategies targeting TREM-1. As a member of the immunoglobulin 
superfamily, TREM-1 shares some structural similarities with other 
members, including the presence of protruding loops that resemble 
the complementarity-determining regions (CDR) of antibodies, 
which are the domains associated with antigen recognition [25,26]. 
These loops are important for cognate ligand recognition in other 
proteins from the same family, such as the T cell receptor (TCR), the 
cluster of differentiation 8 (CD8) and the cytotoxic T-lymphocyte 
associated protein 4 (CTLA-4) [26]. Therefore, for many years, it has 
been speculated that the three CDR-like regions of TREM-1 (the BC 
[CDR1], C′C’’ [CDR2] and FG [CDR3] loops) may mediate ligand/an-
tigen recognition [25,26], but this aspect has not been clarified yet.

Several molecules have been suggested to interact with TREM-1. 
Among them, it is possible to highlight some well-known micro-
organism associated molecular patterns (MAMPs) and danger/da-
mage associated molecular patterns (DAMPs), such as: 
lipopolysaccharide (LPS), lipoteichoic acid (LTA), flagellin, the heat 
shock 70 kDa protein (Hsp70) and the high mobility group box 1 
protein (HMGB1) [17,27–31]. In general, such molecules are able to 
induce the expression of the receptor, the release of sTREM-1 and 
pro-inflammatory mediators, which are hallmarks of mTREM-1 ac-
tivation. However, only five proteins had the physical interaction 
with TREM-1 confirmed by experimental assays and, therefore, can 
be considered as TREM-1 ligands: actin, the extracellular cold-in-
ducible RNA-binding protein (eCIRP), HMGB1, Hsp70 and the pep-
tidoglycan recognition protein 1 (PGLYRP1) [32].

Although the recognition of these five proteins by TREM-1 was 
observed, none of the aforementioned studies characterized the 
domains involved with this process. Therefore, the binding site in 
the structure of TREM-1 still needs to be determined. Considering 
the paramount importance of understanding the interactions be-
tween TREM-1 and its ligands and the regions of the receptor in-
volved in this process, we have integrated several in silico 
approaches to determine the structural basis for the interaction of 
TREM-1 with its known ligands (i.e., actin, eCIRP, HMGB1, Hsp70 and 
PGLYRP1). Despite limitations in the simulations, due to structural 
characteristics of the ligands, our results suggest the CDR regions, in 
particular CDR3, as key regions for the interactions between the 
receptor and its ligands, most likely, for the activation of the re-
ceptor. With this approach, we hope to broaden the knowledge re-
garding the recognition process by the receptor, providing data and 

tools that might be useful for the discovery of new TREM-1 ligands 
and prospective computer-aided drug discovery studies.

2. Material and methods

2.1. Prediction of hotspots on TREM-1

The crystallographic structure of human TREM-1 was retrieved 
from the Protein Data Bank (PDB) website (https://www.rcsb.org). 
The FTMap [33–36] and the SeRenDIP [37–39] web servers were 
used to predict hot spots (i.e. residues that are the major con-
tributors to the interaction with ligands) in the TREM-1 extracellular 
domain. FTMap simulates the interaction between the input struc-
ture and 16 small organic probes, generating consensus sites in 
which probes clusters bind to, while SeRenDIP uses random-forest 
based methods to predict protein-protein interaction positions in an 
amino acid sequences. On the FTMap website, the assay was con-
ducted with the advanced option “PPI mode” (specific for binding 
hot spots on protein-protein interfaces). For SeRenDIP, the sequence 
of TREM-1 IgV-like portion was submitted and the analysis was 
conducted using the combined dataset for random forest model 
training.

2.2. Generation of TREM-1/ligands complexes

The sequences of TREM-1, actin, CIRP, HMGB1, Hsp70 and 
PGLYRP1 were retrieved from the UniProt database (https://www. 
uniprot.org). We also selected Apolipoprotein A-I (APOA1) to act as a 
negative control, as a previous study showed, by biological assays, 
that this molecule was unable to bind to TREM-1 [40]. For the gen-
eration of the protein-protein complexes, we used the Alphafold2- 
multimer tool at ColabFold v1.5.2 (https://colab.research.google. 
com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb# 
scrollTo=G4yBrceuFbf3) [41], an artificial intelligence-based server 
for the prediction of protein structures. The default parameters were 
maintained for the modeling process, except for the selection of the 
pdb70 template mode (which searches for homologous proteins at 
the pdb70 database), and the relaxation of the five generated poses 
with the Amber force-field (to correct eventual stereochemical vio-
lations). ColabFold generates five models, which are ranked ac-
cording to three scores: interface predicted template modeling score 
(ipTM score), the predicted template modeling score (pTM) score 
and the predicted local distance difference test (pLDDT) score. For 
each complex, the best ranked model was selected.

The selected TREM-1/ligands complexes were analyzed regarding 
their structural quality on Molprobity [42]b and PROCHECK [43,44], 
the latter used for the generation of Ramachandran plots. The 
binding free energy of each pose was calculated with the molecular 
mechanics with generalized born and surface area solvation (MM/ 
GBSA) method, with the HawkDock webserver [45–47]. We also 
predicted the binding affinity and the dissociation constants (Kd), at 
36.5 ℃, with the Prodigy server, which uses a predictive model based 
on number of interfacial contacts and the properties of the residues 
[48–50]. The Computational Characterization of Protein-Protein In-
teractions (CCharPPI) webserver [51] was used to further investigate 
the intermolecular interactions, with the following descriptors: PY-
DOCK_TOT (total energy) [52,53], HBOND (hydrogen bond potential) 
[54], VDW (van der Waals energy) [52,53], ELE (total electrostatic 
energy) [52,53], FA_ATR (attractive van der Waals forces) [55] and 
DESOLV (desolvation energy) [52,53].

2.3. Characterization of surface interaction between TREM-1 and its 
ligands

The interaction between TREM-1 and its ligands was assessed 
with the combined results from the PPCheck [56] web server and the 
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DIMPLOT software (LigPlot+ suite v. 2.2) [57]. The latter was used for 
the identification of hydrogen bonds and salt bridges, and water 
molecules were included in the analysis with DIMPLOT. The PyMol 
software was used for the visualization of poses and the generation 
of images.

2.4. Molecular dynamics

We performed molecular dynamics (MD) simulations to in-
vestigate the reliability of the models proposed by AlphaFold2- 
Multimer for two protein complexes consisting of TREM-1 com-
plexed with either PGLYRP1 or actin.

To prepare the systems for MD simulations, we first used the 
propka3 software [58] to evaluate the protonation states of all re-
sidues, and we visually inspected the histidine tautomer. We then 
parametrized the protein atoms with the ff19SB force field [59] using 
the tLeap module [60]of AmberTools21. The complexes were sol-
vated in an octahedral box, with a minimum dimension of 12 Å from 
each solute atom, using the OPC water model. To ensure neu-
tralization of the simulation system and ionic strength to 150 mM, 
we added Na+ and Cl- ions. Hydrogen mass repartitioning (HMR) 
[61,62] was performed using the parmed module [63], which al-
lowed us to use a 4 ps timestep in the simulation.

Simulations were conducted using the pmemd.cuda engine of 
Amber20 [64]. Water and ions underwent double-precision mode 
minimization, followed by new water/ion minimization and un-
restrained minimization with steps switching from steepest descent 
to conjugate gradient after 3500, 3500, and 10,000 cycles, respec-
tively. The system was gradually heated to 310 K over 200 ps in the 
NVT ensemble using a Langevin thermostat with a weak force of 
10 kcal.mol-1 applied to the protein atoms. The restraint force was 
maintained during density equilibration for 500 ps in the NPT en-
semble, using a Langevin thermostat, Monte Carlo barostat, and NPT 
ensemble. An unrestrained simulation was then conducted in the 
NPT ensemble for 5 ns, using a Langevin thermostat and Monte Carlo 
barostat. Bonds involving hydrogen atoms were constrained using 
the SHAKE protocol [65], and long-range interactions were com-
puted with Particle Mesh Ewald [66], applying a nonbonded cutoff of 
10 Å. The simulation timestep was set to 4 ps.

To explore the conformational space of our systems, we utilized a 
stepwise heated molecular dynamics approach [67]. This involved 
consecutive simulations where the temperature was gradually in-
creased: 30 ns at 310 K, 12.5 ns at 330 K, 12.5 ns at 360 K, and a final 
15 ns at 390 K, while keeping all other parameters constant from the 
equilibration step. To validate our results, we conducted five new 
conventional simulations, each consisting of 200 ns, starting from 
the last frame of the stepwise heated molecular dynamics replicates 
but with a different random seed.

We employed the cpptraj module [68] within the AmberTools 
suite to perform trajectory analysis, specifically for the identification 
of hydrogen bonds and calculation of root-mean-square deviation 
(RMSD) values for the protein-protein interface. For the latter, we 
restricted our analysis to residues of the folded domain from one 
protein that were within a 5 Å distance of any atom from the folded 
domain of the corresponding complex partner.

3. Results

3.1. Hot spots residues on TREM-1

Initially, the 3D structure of human TREM-1 was retrieved from 
PDB (ID: 1SMO, resolution: 1.47 Å) [25]. This structure comprises the 
IgV-like portion of the receptor (aa 26–134), including its CDR loops. 
These loops present certain plasticity but, in the B chain of 1SMO 
(1SMO_B), the CDR regions are: Y43–G52 (CDR1), C70–P79 (CDR2) 
and Y116–R128 (CDR3) (yellow, orange and red, respectively, in 

Fig. 1A) [25]. Two web servers were used in the identification of hot 
spots residues: FTMap (Fig. 1B–D) and SeRenDIP (Fig. 1E). The results 
from FTMap indicated that the largest probe cluster (cyan, Fig. 1B) 
was located between CDR1 and CDR3, and two other clusters in-
teracted with CDR3 (magenta and yellow, Fig. 1B), which implies the 
importance of such region for antigen recognition. Probes clusters 
also bonded to regions comprised by the B β-strand, CDR1, the small 
C”D loop and, especially, the EF loop and F strand portions (Fig. 1B). 
The FTMap server also assesses which residues are most likely in-
volved in nonbonded (cyan, Fig. 1C) and H-bond (blue, Fig. 1D) in-
teractions (full list on Supplementary Table S1) and the regions that 
concentrate the most interactions are: 26–31, 36–44, 56–59, 64–69, 
82–85, 106–114, 121–129.

The TREM-1 IgV-like sequence (aa 26–134, UniProt: Q9NP99) was 
submitted to SeRenDIP and, as observed in the Supplementary Table 
S1, the output data from the server indicates the likelihood of each 
amino acid to be part of the interface, considering “interactive”, re-
sidues with a prediction score >  0.5. The results from SeRenDIP in-
dicated that 74 of the residues within the Ig-like V-type portion of 
TREM-1 might be in the protein-protein interface (pink, Fig. 1E). 
Comparing the results obtained from FTMap and SeRenDIP, we found 
26 residues that were indicated by both web servers as hot spots 
(Table 1). Therefore, these amino acids are crucial for the protein- 
protein interactions involving TREM-1 (gray, Fig. 1F), especially part 
of the CDR3 portion (aa 121 – 128).

3.2. Simulation of TREM-1/ligands complexes

The prediction of the TREM-1/ligands complexes were conducted 
with Alphafold2-Multimer, with the amino acids sequences obtained 
from the following entries on Uniprot: P60709 (actin), Q14011 
(eCIRP), P09429 (HMGB1), P0DMV8 (Hsp70), O75594 (PGLYRP1), 
P02647 (APOA1) and Q9NP99 (TREM-1) (Fig. 2A–F). We only in-
cluded the sequence of the IgV-like domain of TREM-1 (aa 26–134), 
and excluded the peptide signal for the sequences of PGLYRP1 (aa 
1–21) and APOA1 (aa 1–18). For eCIRP, we initially modeled its entire 
structure, however, due to an extensive disordered region (aa 
81–175), we decided to predict a complex containing only the amino 
acids 1–110, which includes the region on eCIRP used for the de-
velopment of a TREM-1 inhibitory peptide (M3, aa 101–107) [69].

Regarding the confidence of the modeling process by Alphafold2- 
Multimer, predicted local distance difference test (pLLDT) values 
greater than 90 indicate high confidence, while values lower than 50, 
low confidence. In our prediction, all models had a pLLDT score 
higher than 50, but only the TREM-1/PGLYRP1 complex had a score 
indicating high confidence (pLLDT=94.3) (Table 2). Although the 
Molprobity analysis and Ramachandran plots (Fig. 2G–L) of the five 
TREM-1/ligands complexes indicated a relative quality of the mod-
eled structures (Table 2), we decided to exclude the TREM-1/eCIRP 
and TREM-1/HMGB1 complexes from further analysis. This decision 
was based on uncertainties regarding the structures of these ligands, 
which could compromise the confidence of the predicted interac-
tions: eCIRP still presented a large disordered region (aa 81–110), 
while HMGB1 has a long flexible domain (the acidic tail) and 
structural changes based on the its oxidative state [70], which we 
could not be simulated in silico.

The prediction of the intermolecular parameters between TREM- 
1 and actin, Hsp70 and PGLYRP1 was conducted with the HawkDock, 
Prodigy and CCharPPI webservers (Table 3). The TREM-1/Hsp70 pose 
presented a HawkDock’s free binding energy value of 14.49 kcal/mol, 
and results from CCharPPI’s PYDOCK_TOT and VDW outside the 
range expected for protein-protein complexes, therefore indicating 
that this pose was not stable and most likely did not represent the 
true conformation of this complex.

Regarding TREM-1/actin and TREM-1/PGLYRP1 complexes, we 
obtained negative values for the HawkDock’s free binding energy 
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Fig. 1. Hot spots analysis in the IgV-like domain of the triggering receptor expressed on myeloid cells (TREM-1). (A) The Complementarity-determining regions (CDRs) of TREM-1. 
CDR1 in yellow, CDR2 in orange and CDR3 in red. (B) The interaction of FTMap probe clusters with TREM-1, highlighting the interaction with CDR1 (yellow), CDR2 (orange) and 
CDR3 (red). TREM-1 amino acids mediating nonbonded, in cyan (C), and H-bonded, in blue (D) interactions, from the FTMap analysis. (E) Amino acids predicted as possibly 
“interactive” by SeRenDIP, in pink. (F) Amino acids predicted as hot spots by both FTMap and SeRenDIP, in gray.

Table 1 
Combined hot spots analysis in the TREM-1 IgV-like domain. 

FTMap SeRenDIP

Position Amino acid NB interactions % HB interactions % Prediction score Classification

27 E 1.84 0.666 I
29 Y 8.12 11.83 0.628 I
31 L 1.16 0.584 I
37 L 1.66 0.504 I
39 V 1.73 0.53 I
44 T 1.21 5.48 0.514 I
56 Q 1.2 0.47 0.63 I
57 I 2.7 0.554 I
66 T 1.73 0.67 0.564 I
67 L 11.55 2.1 0.606 I
68 A 0.9 0.642 I
69 C 0.52 5.27 0.616 I
83 G 2.9 0.514 I
100 M 1.57 0.528 I
107 D 6.78 3.49 0.518 I
111 Y 2.11 5.25 0.506 I
114 V 0.35 0.544 I
121 E 0.36 0.24 0.574 I
122 P 1.52 1.92 0.534 I
123 H 1.52 2.47 0.524 I
124 M 0.93 2.22 0.566 I
125 L 2.58 0.616 I
126 F 2.6 10.14 0.528 I
127 D 2.23 5.77 0.538 I
128 R 0.6 0.514 I
129 I 0.43 0.538 I

NB – non bonded; HB – H-bond; I – interactive.
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(−37.38 kcal/mol and −68.39 kcal/mol, respectively), and results for 
the CCharPPI descriptors within the expected ranges. These values 
were considerably better than those observed for the TREM-1/ 

APOA1 complex, which is our negative control. The simulated TREM- 
1 and APOA1 complex had a positive value for the PYDOCK_TOT 
descriptor. Further, it also showed the worst values for the binding 

Fig. 2. Predicted TREM-1/ligands complexes. (A) TREM-1 and actin, (B) TREM-1 and APOA1, the negative control, (C) TREM-1 and eCIRP, (D) TREM-1 and HMGB1, (E) TREM-1 and 
Hsp70, (F) TREM-1 and PGLYRP1. Ramachandran plots for the complexes: TREM-1/actin (G), TREM-1/APOA1 (H), TREM-1/eCIRP (I), TREM-1/HMGB1 (J), TREM-1/Hsp70 (K), TREM- 
1/PGLYRP1 (L).
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free energies and the dissociation constant (−21.09 kcal/mol, 
−6.2 kcal/mol, 4.3e-05), in comparison to TREM-1/actin and TREM-1/ 
PGLYRP1. Furthermore, the TREM-1/PGLYRP1 showed the most in-
tense predicted interaction, with the most negative values for both 
HawkDock’s and Prodigy’s binding free energies (−68.39 kcal/mol, 
−9.3 kcal/mol), besides the best overall dissociation constant (2.9e- 
07) (Table 3).

3.3. TREM-1/ligands interaction interfaces

The regions comprising the interaction between TREM-1, actin 
and PGLYRP1, are depicted on Fig. 3. Regarding TREM-1/actin 
(Fig. 3A–D), from the 60 residues predicted by PPCheck, TREM-1 
interacts with 25 residues as follows: I115, Y116, Q117, P118, P119, 
K120, E121, P122, E46, K47, F48, A49, S50, S51, Q52, K53, M63, P64, 
E71, R72, P73, S74, K75, N76 and H91 (Fig. 3A–B). Furthermore, the 
DIMPLOT software indicated five hydrogen bonds: E167/Q52, E167/ 
Q117, E167/S51, T351/P119 and T148/K120 (actin/TREM-1) (Fig. 3C). 
Finally, the amino acids predicted as the main mediators of inter-
actions by HawkDock (ie. had binding free energies < −1 kcal/mol) 
were: S51, P119, P73, Q117, R72, Q52 and S50.

For TREM-1/PGLYRP1, the full interface predicted by PPCheck 
included 59 amino acids, from which, 32 were from TREM-1: H123, 
L125, F126, D127, R128, E26, E27, K28, Y29, D38, V39, K40, C41, D42, 
Y43, T44, L45, E46, K47, F48, N76, S77, E88, D89, Y90, H91, D92, H93, 
G94, L95, L96 and R97 (Fig. 3E–F). DIMPLOT detected 11 hydrogen 
bonds (two between R55/D127, R55/E27, R162/E27, Y56/D42, K168/ 
D42, K168/T44, P196/K47, D172/L45, V173/H93 and W122/H93 
[PGLYRP1/TREM-1]) and one salt bridge (R194/D127 [PGLYRP1/ 
TREM-1]) (Fig. 3G). Furthermore, the amino acids predicted as the 
main mediators of interactions by HawkDock, were: L45, D127, T44, 
L95, H93, K47, E27, D42, F126 and Y90.

To highlight the residues that are likely the main mediators of 
antigen recognition in the TREM-1/actin and TREM-1/PGLYRP1 
complexes, the residues with HawkDock’s binding free energies <  
−1 kcal/mol, and/or amino acids involved in hydrogen bonds or salt 
bridges, are depicted in yellow on Fig. 3D and H.

3.4. Molecular dynamics

The selected docked poses of TREM-1/actin and TREM-1/ 
PGLYRP1 were submitted to molecular dynamics simulations, to 
further evaluate the stability and intermolecular interactions of 
these poses (Fig. 4).

Our results demonstrated a stable interaction in the TREM-1/ 
actin proposed complex, as four out of five simulations maintained 
an interface RMSD below 5 Å throughout the simulation (Fig. 4A–C). 
Further analysis showed that the final structures of each simulation 
converged to a distinctive pose, with a maximum RMSD interface 
below 4 Å when comparing the last frames of each simulation (Table 
S2). Notably, the loop comprising residues Q117 to P122 of TREM-1 
consistently interacted with a cavity formed by actin residues Y133, 
Y143, L346, F352, M355 and C374 in all five replicates (Fig. S1). 
Another conserved interaction observed across the replicates was a 
salt bridge between TREM-1 R72 and the natural carboxylate ter-
mination of actin. This interaction was absent in the reference 
structure and was not observed in replicate 1, suggesting a possible 
reason for the divergent binding mode observed in our converged 
pose (Fig. S2). These findings suggest that the loop-cavity and R72- 
Cterm interactions may play crucial roles in establishing the TREM- 
1/actin complex.

The PGLYRP1 protein is suggested to interact with the outer sheet 
of TREM-1, which is distinct from its interaction with the loops ob-
served in the actin complex. This finding is supported by the highly 
reliable Alphafold2-Multimer prediction, which was reinforced by 
interface RMSD values as low as 2 Å in four out of five replicates, 
even after performing a stepwise heated simulation followed by a 
200 ns long MD (Fig. 4D–F, Table S3). The interaction between 
PGLYRP1 and TREM1 was found to be predominantly mediated by 
salt bridges, as evidenced by the occurrence of four specific pairs 
(E27/R162, D42/K168, D127/R55 and E46/R175 [TREM-1/PGLYRP1]) 
for over 50% of the last 10 ns of simulations in four out of the five 
replicates (Fig. 4D, Table S4). Notably, a hydrogen bond interaction 
between TREM-1 H93 and PGLYRP1 W122 was prevalent even in the 
simulation with the highest RMSD.

Table 2 
Structural parameters of the selected TREM-1/ligands complexes. 

Protein TREM-1 / Actin TREM-1 / eCIRP1–110 TREM-1 / HMGB1 TREM-1 / Hsp70 TREM-1 / PGRLYP1 TREM-1 / APOA1

pLDDT 59.2 75.9 74 83.4 94.3 59.2
pTM score 0.337 0.547 0.393 0.766 0.908 0.337
ipTM 0.0939 0.231 0.206 0.387 0.872 0.0939
MolProbity score 1.33 1.99 1.82 1.62 1.48 2.06
Clashscore 3.29 9.59 4.4 6.53 3.6 7.68
Poor rotamers 1.91% 0.53% 0.70% 1.11% 1.22% 6.98%
Favored rotamers 94.99% 97.33% 94.41% 96.66% 95.93% 84.13%
Bad bonds 0% 0% 0% 0% 0% 0%
Bad angles 0.36% 0.51% 0.67% 0.45% 0.32% 0.79%
Ramachandran’s most favored¹ 93.6% 88.2% 82.1% 93.4% 89.3% 98.1%
Ramachandran’s disallowed¹ 0.2% 0% 0.4% 0.3% 0.8% 0%

APOA1 - Apolipoprotein A-I; eCIRP - extracellular cold-inducible RNA-binding protein; Hsp70–70 kDa heat shock protein; HMGB1 - high mobility group box 1 protein; dHMGB1 – 
disulfide HMGB1; rHMGB1 – reduced HMGB1; PGLYRP1 - peptidoglycan recognition protein 1; ¹Residues found in the most favored and disallowed regions of the Ramachandran 
plot, in analysis with PROCHECK.

Table 3 
Results from the molecular docking assays. 

TREM-1 / actin TREM-1 / PGLYRP1 TREM-1 / Hsp70 TREM-1 / APOA1

HawkDock's ∆G -37.38 kcal/mol -68.39 kcal/mol 14.49 kcal/mol -21.09 kcal/mol
Prodigy's ∆G -7.4 -9.3 -7.2 -6.2
Prodigy's Kd (36.5 °C) 6.4e-06 2.9e-07 7.8e-06 4.3e-05
PYDOCK_TOT (−60 a −5) -17.643 -28.518 -0.254 13.142
VDW (−200 a −50) -48.749 -63.885 -24.858 -8.202
HBOND (−15 a −1) -3.72 -5.46 -6.21 -8.09
FA_ATR (−100 a −20) -24.716 -38.314 -34.739 -37.849
ELE (−60 a 0) -13.78 -25.822 -7.756 -8.836
DESOLV (−30 a 20) 1.012 3.692 9.988 22.799
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3.5. Putative binding domains on TREM-1

The residues predicted by the hot spot analysis, and molecular 
docking between TREM-1/actin and TREM-1/PGLYRP1, are displayed 
on Fig. 5A. There were some differences regarding the TREM-1 re-
sidues observed in each case. Thus, to predict the putative binding 
domains within the receptor, we combined the amino acids pre-
dicted as hot spots by both FTMap and SeRenDIP, and as the main 
mediators of antigen recognition in the TREM-1/actin and TREM-1/ 
PGLYRP1 complexes (i.e. binding free energies < −1 kcal/mol and/or 
involved in hydrogen bonds or salt bridges, marked with * on 
Fig. 5A). As a result, the following residues were defined as the most 
likely involved in antigen recognition by TREM-1: E27, L31, V39, D42, 
T44, L45, K47, S50-Q52, Q56, I57, T66-C69, R72, P73, G83, Y90, H93, 
L95, M100, D107, Y111, V114, Q117, P119-I129 (yellow, Fig. 5B). Al-
though a clear domain could not be predicted by our results, is 
possible to observe that CDR3 (aa 116–128) is by far the most in-
volved region, followed by CDR1. The full monomeric TREM-1 
structure, predicted by Alphafold (ID: AF-Q9NP99-F1), is depicted in 
Fig. 5B with the different domains, including the putative binding 
site, highlighted in different colors.

4. Discussion

In our study, we used different in silico strategies to predict the 
still elusive binding domain of TREM-1. Combining hot spot analysis 
by two different approaches, and the simulation of the TREM-1 
complexes with its stablished protein ligands, we can suggest that 
the CDR1 and, specially, CDR3, seem to be the main regions of TREM- 
1 that mediate protein-protein interactions. The importance of the 
CDRs to antigen recognition by TREM-1 has been previously sug-
gested, as these loop sites are described in receptors from the im-
munoglobulin superfamily as the antigen recognition domains [25].

The characterization of TREM-1 binding sites was previously at-
tempted by Radaev et al. [26] and Kelker et al. [25], in their crys-
tallographic studies with TREM-1′s IgV-like domain. However, they 

were unable to define such regions but suggested the CDR loops, 
especially CDR3 (the F-G loop, that appeared as a flexible area), as 
the domain most likely involved with ligand recognition. Another 
topic that remained poorly explored for many years was the nature 
of the TREM-1 ligands. The receptor was first described as a pro- 
inflammatory structure activated in neutrophils and monocytes 
stimulated by LPS [2]. Accordingly, subsequent studies showed that 
TREM-1 could be activated in the presence of several MAMPs and 
DAMPs [4,5]. However, as the receptor was shown to work in co-
operation with different PRRs, whether these molecules directly 
bound to TREM-1, or promoted its activation indirectly, was un-
known. In the last decade, studies using techniques such as im-
munoblotting, affinity chromatography and surface plasmon 
resonance, identified five molecules that directly bonded to TREM-1 
and, therefore, were considered ligands of the receptor [32].

Here, we started our search for the TREM-1 binding domain by 
conducting hot spots analysis with different approaches, resulting in 
the observation of 26 predicted hot spots residues, and the CDR3 as 
the most likely main domain of antigen recognition. Next, we tried 
to simulate the interactions between TREM-1 and its five known 
ligands with molecular docking and dynamics. In this step, we found 
some limitations regarding the confidence in the predicted struc-
tures of certain ligands, and in the selection of the correct docked 
pose. Therefore, from the five TREM-1/ligands complexes predicted, 
only two were further explored, regarding its stability and regions of 
interaction.

The peptidoglycan recognition protein 1, PGLYRP1, was described 
as a TREM-1 ligand in 2015, by Read and cols [71]. PGLYRP1 is a 
secreted protein with antimicrobial and antitumor activities in 
mammals, commonly detected in neutrophils tertiary granules 
[72,73]. Interestingly, the interaction between TREM-1 and PGLYRP1 
seems to require a co-factor. Carrasco et al. [17] showed that, in LPS- 
primed monocytes, the addition of PGLYRP1 was not enough to 
promote TREM-1 dimerization and, therefore, its activation. Pepti-
doglycan may be one co-factor, as Read et al. [71] showed that this 
molecule was essential for soluble PGLYRP1 to activate TREM-1. 

Fig. 3. The simulated TREM-1/actin and TREM-1/PGLYRP1 complexes. (A – D) TREM-1 (green) and actin (gray), with interacting residues in yellow and cyan, respectively. (C) 
Hydrogen bonds in TREM-1/actin predicted by DIMPLOT. (D) Combination of residues with binding free energies <  −1 kcal/mol and/or involved in hydrogen bonds or salt bridges 
from TREM-1/actin. Yellow: TREM-1 residues, cyan: actin residues. (E – H) TREM-1 (green) and PGLYRP1 (gray), with interacting residues in yellow and cyan, respectively. (G) 
Hydrogen bonds and salt bridges in TREM-1/PGLYRP1 predicted by DIMPLOT. (H) Combination of residues with binding free energies <  −1 kcal/mol and/or involved in hydrogen 
bonds or salt bridges from TREM-1/PGLYRP1. Yellow: TREM-1 residues, cyan: PGLYRP1 residues.
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However, the existence of others co-factors able to bind to PGLYRP1, 
cannot be ruled out, as this protein was able to activate the receptor 
in monocytes in the absence of PGN [30,74]. Despite this fact, we did 
not consider peptidoglycan or any other co-factors in our simula-
tions. In this regard, it is important to mention that some scientific 
data suggest that, in fact, PGLYRP1 is the molecule that physically 
interacts with TREM-1, while the co-factor may mediates the cross- 
linking of TREM-1 on the cell surface [17,71].

It was initially proposed that platelets express a TREM-1 ligand 
on its surface, however, a previous study was unable to identify such 
ligand [75]. Later, Fu et al. [76] showed the co-localization of actin 
and TREM-1 during the activation of macrophages by platelets, and 
demonstrated that extracellular actin could activate TREM-1 [76]. 
Actin is a ubiquitous protein, biologically observed as a monomer (G- 
actin) or polymer (F-actin), and in different isoforms, including α-, β- 
and γ-actin [77]. The isoform that was implicated as a TREM-1 ligand 
was β-actin [76], thus, this was the isoform used in our study. De-
spite this, a putative interaction between the other actin isoforms (α 
and γ) and the receptor has never been addressed. Although best 
known as a cytoskeleton protein, actin can be found on the cell 
surface and as an extracellular protein [75,77–79]. Soluble actin is 
released by dying cells, and has been considered as a biomarker of 
tissue damage and a DAMP, with interactions described with DNGR- 

1 (also known as CLEC9A), C1q (a complement system protein), and 
TREM-1 [77,80–83].

Regarding the ligands that did not result in reliable complexes, 
we believe that the main limitation was the correct definition of the 
protein structures. Both eCIRP and HMGB1 still do not have full 
crystallographic structures available. Limiting factors also included 
the oxidative state-dependent conformations of HMGB1, besides the 
presence of the flexible acidic tail on this molecule and a long dis-
ordered region on eCIRP, which hinders the confidence of molecular 
docking and molecular dynamics simulations [70,84–86]. Finally, we 
were able to predict a TREM-1/Hsp70 complex, but the energetic 
parameters of the selected pose did not indicated the stability of this 
interaction.

HMGB1 is a DNA-binding protein that can be passively or actively 
released by different cells, thus acting as a DAMP [87]. The different 
roles of this molecule depend on its location and, specially, its redox 
state [87]. Two DNA-binding boxes are present in the structure of 
HMGB1 and, within these portions, three cysteines (C23 and C45 in 
Box A, C106 in Box B) are critical for the conformation and function 
of HMGB1. Connected to Box A and B there is a flexible acidic tail, 
that is able to interact with specific region of the boxes [86]. The 
HMGB1 conformation with the three cysteines fully reduced 
(rHMGB1) promotes monocyte recruitment through the formation 
of a complex with CXCL12, thus resulting in the activation of the 

Fig. 4. Molecular dynamics simulations for TREM-1/actin and TREM-1/PGLYRP1. (A) Last frames of each replicate of the TREM1 complex with (A) actin and (B) PGLYRP1, 
represented in ribbons. The interface RMSD during the five replicate stepwise heated simulations for the (C) TREM-1/actin and (D) TREM-1/PGLYRP1 complexes are also shown. 
The interface RMSD for each simulation during the extended conventional MD is illustrated in (E) and (F) for TREM1-Actin and TREM1-PGLYRP1, respectively. Each color of the 
lines represents one replicate and corresponds to the color of the ribbons. The green ribbons represent the reference structure obtained from AlphaFold2-Multimer. Sticks are used 
to depict the residues performing the most relevant interactions. Dashed lines represents a cutoff of acceptable interface RMSD during the simulations.
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CXCR4 receptor [88]. The mildly oxidized form of HMGB1, with a 
disulfide bond between residues C23 and C45 (dHMGB1), is able to 
activate TLR4 after interacting with the co-receptor MD-2, leading to 
cytokine secretion [89]. The third form, originated from further 
oxidation, has sulfonyl groups on the cysteine residues and has no 
known function [87]. It is important to mention that Wu et al. [31]
did not define which HMGB1 conformation was interacting with 
TREM-1, which represented a first obstacle for the in silico simula-
tion of the TREM-1/HMGB1 complex. Furthermore, there are no 
crystallographic structures of the full rHMGB1 and dHMGB1 pro-
teins, which also presented a major drawback in our study, as we 
could not predict such structural changes with acceptable accuracy. 
For the future, the use of different modeling strategies, and the use 
of the separated HMGB1 domains for the molecular docking simu-
lations, may help the study of the TREM-1/HMGB1 interaction.

The interaction between TREM-1 and Hsp70, was initially ruled 
out by Wu et al. [31], however, it was confirmed by a more recent 
study [30]. The Hsp70 family of proteins is observed in physiological 
conditions, promoting proper protein folding, however, they are 
increased during stress, when they act to promote cell survival [90]. 
Extracellular Hsp70, which can be found free or associated with 
exomes and antigens, is able to induce the secretion of pro-in-
flammatory cytokines [90–92]. Many receptors have been identified 
to interact with Hsp70, such as CD14, CD35, CD40, CD91, TLR2, TLR4, 
some scavenger receptors and TREM-1 [90]. Among the Hsp70 fa-
mily members, the HSPA1A isoform was shown to interact with 
TREM-1 [30], thus, this was the isoform selected by our group. Al-
though the Hsp70 family is one of the most conserved protein fa-
milies [90], it is possible that the discrepancies between studies 
regarding the recognition of Hsp70 by TREM-1, such as those ob-
served by Wu et al. [31] and Sharapova et al. [30], rely on the use of 
distinct Hsp70 isoforms. However, we cannot confirm or deny such 

assumption as Wu and cols have not clarified the Hsp70 isoform 
used in their study.

CIRP, or CIRBP, was first describe in the late 1990s as an RNA 
chaperone controlling the cell cycle of hibernating animals [93]. This 
protein is composed by a RNA binding region (aa 6–84), a disordered 
domain (aa 70–172) and a region with polar residues (aa 143–172) 
[85]. Aside its role as regulator of the cellular response to stress, the 
presence of an extracellular form of this protein, eCIRP, was de-
scribed and has been investigated in different cell types and disease 
contexts, especially for therapeutic purposes [94]. Initially shown as 
a ligand for TLR4/MD-2 [95], eCIRP was proposed to be a TREM-1 
ligand by Denning and collaborators [96]. The authors also explored 
this interaction to develop a new inhibitor of TREM-1, M3, consisting 
of 7 amino acids from murine CIRP [96]. They compared the struc-
ture of murine PGLYRP1 and CIRP, and identified a portion in CIRP 
(RGFFRGG, aa 101–107) with similar sequence and conformation to 
that observed in PGLYRP1 (RGFLR, aa 145–149), which was also 
conserved in human CIRP. The M3 peptide inhibited exacerbated 
inflammation in sepsis and a murine model of intestinal ischemia- 
reperfusion injury [69,96,97], highlighting the potential of exploring 
the interfaces between TREM-1 and its ligands for drug devel-
opment.

Despite the limitations of our study, we believe that our results 
might shed a light on the subject of ligand recognition by TREM-1, 
showing the prominent role of CDR3 in this process. These results 
may assist future experiments to confirm how TREM-1 binds to its 
ligands and can be useful for further in silico investigations with the 
receptor, besides the development of new therapeutic approaches 
targeting TREM-1 in inflammatory and infectious diseases.

Fig. 5. The putative binding domains on TREM-1. (A) Residues from the IgV-like domain of TREM-1 observed in the interaction interfaces (*residues with binding free en-
ergies < −1 kcal/mol and/or involved in hydrogen bonds or salt bridges) and in the hot spots analysis. (B) Full structure of TREM-1 with its different domains and the predicted 
putative binding domain (in yellow). PDB file downloaded from the Alphafold database (https://alphafold.ebi.ac.uk/entry/Q9NP99).
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5. Limitations

Our study had some limitations regarding the ability of our se-
lected tools to predict the structure of two TREM-1 ligands, HMGB1 
and eCIRP, and the right conformation of the TREM-1/Hsp70 com-
plex. In addition, some ligands, more specifically HMGB1, presents a 
great flexibility, which impaired the molecular dynamics. Therefore, 
future biological assays may prove whether the binding domain that 
we observed here is biologically involved in interactions between 
TREM-1 and its ligands.

6. Conclusions

Using different in silico approaches, we simulated interactions 
between TREM-1 and its known ligands: actin, eCIRP, HMGB1, Hsp70 
and PGLYRP1. Comparing the TREM-1 residues observed in the in-
terfaces of the stable poses (TREM-1/actin and TREM-1/PGLYRP1) in 
addition to those predicted in the hot spots analysis, we proposed 
that the binding domain within the IgV-like portion of TREM-1 is 
mainly driven by the CDR3 region, which seems to play a pivotal role 
in the antigen recognition process. Finally, we believe our results can 
be used in future experimental studies involving the discovery of 
new TREM-1 ligands and may foster the discovery of new ther-
apeutic approaches aiming at modulating the activity of the re-
ceptor.
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