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Graphical abstract 26 

Highlight of the work:  27 

 Binding site analysis of adenosine triphosphate, muramyl dipeptide and imidazoquinoline with 28 

mouse Nalp3 domains and free energy calculation.  29 
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Abstract: 41 

Scrutinizing various nucleotide-binding oligomerization domain (NOD)-like receptors 42 

(NLR) genes in higher eukaryotes is very important for understanding the intriguing mechanism 43 

of host defense against pathogens. The nucleotide-binding domain (NACHT), leucine-rich repeat 44 

(LRR) and pyrin domain (PYD) containing protein 3 (Nalp3) is an intracellular innate immune 45 

receptor, and is associated with several immune system related disorders. Despite of Nalp3’s 46 

protective role during pathogenic invasion, the molecular feature, and structural organization of 47 

this crucial protein is poorly understood. Using comparative modeling and molecular dynamics 48 

simulations, we have studied the structural architecture of Nalp3 domains, and characterized the 49 

dynamic and energetic parameters of adenosine triphosphate (ATP) binding in NACHT and 50 

pathogen derived ligands muramyl dipeptide (MDP) and imidazoquinoline with LRR domains. 51 

The results anticipated walker A, B and extended walker B motifs as the key ATP binding regions 52 

in NACHT that mediates self-oligomerization. Analysis of binding sites of MDP and 53 

imidazoquinoline revealed LRR7-9 being the most energetically favored site of imidazoquinoline 54 

interaction. However, binding free energy calculations using Molecular Mechanics/Possion-55 

Boltzman Surface Area (MM/PBSA) method advocated that MDP is incompatible for activating 56 

Nalp3 molecule in monomeric form and suggest its complex nature with NOD2 or other NLRs 57 

for MDP recognition. The high affinity binding of ATP with NACHT is correlated to the 58 

experimental data for human NLRs. Our binding site prediction for imidazoquinoline in LRR 59 

warrants further investigation via in vivo models. This is the first study that provides ligand(s) 60 

recognition in mouse Nalp3 and its spatial structural arrangements. 61 

Keywords: nucleotide-binding and oligomerization domain; Nalp3; muramyl dipeptide; 62 

imidazoquinoline; Molecular Mechanics/Possion-Boltzman Surface Area 63 
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1. Introduction: 64 

The recognition of pathogen/damage-associated molecular patterns (PAMPs/DAMPs) 65 

through pattern recognition receptors (PRRs) has been studied in a number of higher and lower 66 

eukaryotes.
1
 Upon interaction with PAMPs, PRRs trigger activation of innate immune genes, and 67 

protect the host organisms from various kinds of infections and inflammations.
2
 However, the 68 

interaction between host innate immune system and microorganisms is very intricate to analyze. 69 

Among the different types of PRRs, the newly discovered nucleotide-binding oligomerization 70 

domain-containing protein (NOD) like receptors (NLRs) with leucine rich repeats (LRR) plays 71 

an important role in sensing intracellular PAMPs or DAMPs.
3, 4

 NLRs are mainly comprised of 3 72 

domains i.e. a variable N-terminal domain, a central NACHT (nucleotide-binding domain) 73 

domain and a C-terminal LRR domain. These are further divided into different subfamilies,
5
 of 74 

which the NACHT, LRR and PYD (pyrin domain) domains-containing protein 3 (Nalp3) or 75 

cryopyrin protein belongs to Nalp subfamily that is characterized by N-terminal PYD, central 76 

NACHT, and C-terminal LRR domain.
6, 7

 Nalp3 is normally present in the cytoplasm primarily 77 

in an inactive form and becomes active when the LRR domain is engaged with an agonist. The 78 

phenomenon is thought to be attributed to the conformational rearrangement of Nalp3 molecule, 79 

which exposes the oligomerization domain and subsequently the effector domain (PYD).
8, 9

 80 

Nalp3 plays an important role in inflammation, and is considered as a proximal sensor of cellular 81 

stress and danger signals
10

 that forms a caspase-1 activating molecular complex and allows the 82 

activation of interleukin (IL)-1β. The involvement of Nalp3 with inflammatory diseases, 83 

specifically chronic infantile neurological cutaneous and articular syndrome has been studied 84 

recently.
11

 However, its role in these diseases is not clearly understood yet. Nalp3 is able to 85 

respond to a variety of signals including adenosine triphosphate (ATP), nigericin, maitotoxin, 86 
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Staphylococcus aureus and Listeria monocytogenes,
12

 ribonucleic acid (RNA)
13

 and uric acid 87 

crystals (monosodium urate and calcium pyrophosphate dehydrate) released from dying cells.
14

  88 

Muramyl dipeptide (MDP), a key activating ligand of NOD2, is also reported as an activator of 89 

the Nalp3 inflammasome.
15

 However, the consideration of MDP as Nalp3 ligand has been 90 

challenged in recent years, as IL-1β is produced when macrophages are stimulated with bacterial 91 

ligands followed by ATP.
16

 92 

Previous studies showed no significant difference in IL-1β production between Nalp3 and 93 

wild-type mice peritoneal macrophages stimulated with MDP or lipids like lipopolysaccharide 94 

(LPS).
9,11

 So, the exact role of MDP in IL-1β secretion is still elusive. In this study, we 95 

investigated the possible role of MDP in Nalp3 activation, and structural and functional 96 

characteristics of Nalp3 using computer algorithms. To date there is no experimental report 97 

available on the structure and PAMPs/DAMPs interacting mechanism of Nalp3. In order to 98 

understand the structural architecture and molecular interaction of Nalp3 domains leading to 99 

activation of the Nalp3 signal transduction, we modeled three dimensional (3D) structures of 100 

NACHT and LRR domains, and elucidated their interaction with ligands using molecular 101 

docking and long-range molecular dynamics (MD) simulations. We studied the intermolecular 102 

interactions of ATP with NACHT, MDP and imidazoquinoline with LRR domain. The protein-103 

ligand complexes were examined for their bonding patterns, conformational variability, and 104 

binding free energies. For the first time, we elucidated the structural arrangements of NACHT 105 

and LRR domains in mouse Nalp3 and studied their biological functions which could be useful 106 

for therapeutic applications on Nalp3 related disorders. 107 

2. Computational methods 108 

2.1 Initial model preparation of NACHT and LRR domains 109 
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 The amino acid sequence of mouse Nalp3 was retrieved from UniProtKB 110 

(http://www.uniprot.org/) database (UniProt ID: Q8R4B8). The NACHT and LRR domains of 111 

mouse Nalp3 were aligned with those of other homologous organisms using ClustalW 112 

program,
17

 and the alignments were exported to ESPript 3.0 server
18

 for graphical presentation. 113 

The domain alignments identified the biologically important regions with reference to the 114 

reported evidences. The primary sequence of NACHT and LRR domains were scanned against 115 

various web servers such as Genesilico,
19

 3D-Jury,
20

 I-Tasser
21

 and LOMETS
22

 to identify the 116 

best templates for model building. Multi-template modeling followed by loop refinement was 117 

executed using Modeller 9.12
23

 program based on the highly homologous templates. Predicted 118 

secondary structures were utilized for determining accuracy of the modeled proteins. For each 119 

individual domains of mouse Nalp3 protein, 100 models were constructed. The models having 120 

lowest discrete optimized potential energy (DOPE) score were considered for further studies, and 121 

were checked for stereo chemical accuracy using SAVES 122 

(http://nihserver.mbi.ucla.edu/SAVES/), MolProbity,
24

 and WHAT IF
25

 web servers. The models 123 

were further optimized by conducting energy minimization in Swiss PDB Viewer
26

 followed by 124 

structural refinement at 3Drefine.
27

 The refined models were cross checked in the above servers 125 

and were prepared for molecular dynamics (MD) simulation. 126 

2.2 Molecular dynamics (MD) simulation 127 

The simulation systems were prepared by embedding the refined protein models in a 128 

cubic water box with 23279 (for NACHT model) and 9148 (for LRR model) water molecules 129 

and 0.15 M NaCl concentration. A minimum distance of 12 Å was kept between surface of the 130 

protein and the simulation box. The simulations were carried out in GROMACS 4.5.5 
28, 29

 with 131 

OPLS-AA/L all-atom force field 
30, 31

 for proteins and TIP4P for water. A steepest descent 132 
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algorithm using a tolerance of 1000 kJ mol
-1

 nm
-1 

and step size of 0.01 nm was used to minimize 133 

the systems. The minimized systems were equilibrated for 1 nanosecond (ns) under the NPT 134 

ensemble (temperature: 300 K and pressure: 1 atm) conditions, where the backbone atoms of the 135 

proteins were harmonically retrained throughout the equilibration. A production run of 50 ns was 136 

carried out for both NACHT and LRR systems. Built-in modules of Gromacs and VMD 1.9.1
32

 137 

programs were utilized to analyze the MD trajectories and the quality of the simulations. All 138 

graphs were generated using Grace-5.1.23 (http://plasma-gate.weizmann.ac.il/Grace/). The final 139 

snapshot obtained at the end of simulation was considered to represent the structures of NACHT 140 

and LRR proteins. The stereo chemical quality/parameters of final optimized models were 141 

verified using SAVES, ProSA,
33

 ProQ,
34

 and MolProbity
24

 web resources. Vadar
35

 and 142 

GeNMR
36

 web servers were used to investigate the standard deviations, packing effects, bumps 143 

in the proposed models. VMD was used for time-dependent secondary structure analyses of the 144 

models. Structure visualizations were done using PyMOL (academic license) 145 

(http://www.pymol.org/), Discovery Studio Visualizer v3.5 (Accelrys) and VMD. All 146 

computations were done in a corei5 processor of 3.10 GHz (ASUS- ET2701) well equipped with 147 

CentOS 6.3 (http://www.centos.org/).  148 

2.3 Principal component analysis (PCA) 149 

 To identify the most prominent structural motions during the MD simulation in NACHT 150 

and LRR models, PCA was performed using g_covar and g_anaeig programs. The backbone 151 

atoms (N-C-C) were considered for this analysis. Among the generated eigenvectors (ev), ev1 152 

showed the dominant model of motion and was considered as the principal component in our 153 

simulations. The ev with 100 frames obtained from the g_anaeig program was visualized in 154 

PyMOL by the help of porcupine plots depicting a graphical view of the motion along the 155 
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trajectories. Each Cα atom in a porcupine plot has a cone pointing in the direction of the 156 

smoothened motion of individual subdomains along the trajectories. Each Cα atom in a 157 

porcupine plot has an arrow pointing in the direction of the motion of the atom, the length of the 158 

stem of the arrow reflects the maximum displacement of the motion. The obtained porcupine 159 

plots of NACHT and LRR domains were graphically presented in PyMOL.  160 

2.4 Molecular docking analysis 161 

The 2D structures of ATP (CID: 5957), MDP (CID: 451714) and imidazoquinoline (CID: 162 

5351568) were obtained from the PubChem database (http://pubchem.ncbi.nlm.nih.gov/), and 163 

their 3D structures were built using PRODRG2 server 
37

 subjecting to full chirality and charges 164 

followed by energy minimization. Molecular docking was carried out using AutoDock 4.2
38 165 

following previously described methods 
39-41

. To investigate the possible binding sites of ATP in 166 

NACHT we adopted two strategies. First we generated a complete grid embedding the whole 167 

NACHT model and set both ATP and protein as flexible to identify the best binding pose and 168 

lowest interaction energy. Second, we generated grid around the predicted ATP binding sites as 169 

suggested by UniProt (222-229 aa), and previously reported evidences 
42, 43

. In LRR model, 170 

multiple grids were generated for both MDP and imidazoquinoline spanning different number of 171 

LRR repeats including a grid with all 9 LRRs. The best docking poses with high binding affinity 172 

(lowest binding energy) and more numbers of H-bonds were considered for MD simulation 173 

studies to observe molecular interaction at flexible and dynamic conditions. 174 

2.5 MD simulation of complex 175 

 A set of 7 ligand bound complexes of NACHT and LRR domains of mouse Nalp3 protein 176 

were selected from the molecular docking results based on binding energy score and number of 177 

H-bond interactions. These complex structures were subjected to MD simulations using Gromacs. 178 
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The topologies of the ligand structures were prepared and protonated with PRODRG2 server. 179 

The procedure and parameters of MD simulations were same as described for free proteins in 180 

section 2.2. Position restraints were applied to protein and ligands in the complexes during 181 

equilibration phases of 0.2 and 0.5 ns under constant volume (NVT) and constant pressure (NPT) 182 

condition, respectively. The temperature was maintained at 300 K via Berendsen weak coupling 183 

method in both NVT and NPT condition. Additionally, the pressure was maintained at 1 bar by 184 

Parrinello-Rahman barostat method in NPT condition. Upon completion of temperature and 185 

pressure equilibration phases, final production MD simulations were conducted for 10 ns for 186 

each of 7 complexes. 187 

2.6 Binding free energy calculations from the MD complexes 188 

 In recent years the binding free energy following the MM/PBSA approach has been 189 

widely used that combines internal energy, solvation energy based on electrostatic and nonpolar 190 

contributions, and the entropy.
44

 In this study we calculated the binding free energy for the 7 191 

different complexes considering their snapshots collected from MD simulations. The 192 

GMXABPS tool
45

 was used to calculate the binding free energy employing MM/PBSA approach 193 

using Gromacs and APBS. For each complex, 1000 snapshots were extracted from MD 194 

trajectory using trajectory, topology and index files generated from each of the 7 MD simulations 195 

of NACHT and LRR domains of mouse Nalp3. Binding free energy calculation was carried out 196 

as described below. 197 

         ΔGbind = < GProtein-ligand complex - Gprotein - Gligand >           (1) 198 

Where the Gcomplex, Gprotein and Gligand are the free energies of the complex, protein and ligand 199 

respectively. The brackets indicate that the binding free energy is calculated according to the 200 
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single trajectory method (STM).
46

 The free energy terms used in equation-1 was described in 201 

details by Spiliotopoulos et al. 
45 

in the GMXAPBS tool.  202 

2.7 In-silico site directed mutagenesis 203 

 To fortify the accuracy of our binding site predictions for ATP in NACHT, MDP and 204 

imidazoquinoline in LRR domain, we mutated the important interacting amino acid residues to 205 

alanine, proline and cysteine followed by re-docking using AutoDock 4.2.
38

 Same grid and 206 

docking parameters were used for the docking analysis, and the effect of mutagenesis on binding 207 

affinity was analyzed. 208 

3. Results and Discussion 209 

3.1 Sequence analysis and structure modeling of NACHT and LRR domains in mouse Nalp3 210 

 The mouse Nalp3 protein is comprised of 3 domains among which the NACHT (216-532) 211 

and LRR (739-988) domains plays an important role by interacting with ATP and 212 

PAMPs/DAMPs, respectively. Sequence alignment of NACHT and LRR domains with Nalp3, 213 

NOD2 and NOD1 sequences of mouse and human was presented in Fig. 1. The potential ATP 214 

binding residues were well conserved in NACHT domain with conserved walker-A (common 215 

ATP binding p-loop in ATP/GTP binding proteins) “G A/E/D AG I/S/V GK T/S” and walker-B 216 

motifs (Fig. 1a).
47-49

 The distance matrix analysis showed that mouse Nalp3-NACHT shared 92 217 

and ~ 43 % similarities with human Nalp3-NACHT and NOD-NACHT respectively. The 218 

sequence alignment of LRR domain in mouse Nalp3 indicated remarkable homology of LRR 219 

regions across the Nalp3 and NOD groups in mouse and human (Fig. 1b). Mouse Nalp3-LRR 220 

shared 93 % and ~ 45 % similarity with human Nalp3-LRR and NOD-LRR respectively. 221 

However, the sequence identities was very low (~28%) between Nalp3 and NOD-NACHT/LRR 222 

domains. The leucine residues were observed to be well conserved in Nalp3 and NOD sequences. 223 
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The 3D models of NACHT domain were constructed using the crystal structures of 224 

NLRC4 (PDB ID: 4KXF); apoptotic protease-activating factor 1 bound to ADP (PDB ID: 1Z6T), 225 

and CED-4/CED-9 complex (PDB ID: 2A5Y), as these templates possessed top scores in 226 

different threading web servers. The models of LRR domain were built based on the crystal 227 

structure of mouse ribonuclease inhibitor (PDB ID: 3TSR) and porcine ribonuclease inhibitor 228 

(PDB ID: 2BNH). To ensure the accuracy of the template selection procedure, we compared the 229 

secondary structures of templates with the predicted secondary structures of NACHT and LRR 230 

domains using PSI-PRED
50

 (Fig. S1, ESI). The results revealed good secondary structure 231 

conservation across the sequence length. The structural artifacts generated during modeling 232 

procedures were corrected using energy minimization and subsequent refinement with 3Drefine 233 

program. The validation of the refined models for accuracy of stereo chemical parameters using 234 

various structure validation web servers revealed good scores. 235 

3.2 Stability of simulation systems of NACHT and LRR domains 236 

 MD simulations were performed for NACHT and LRR models to ensure stability of each 237 

model over a simulation time period of 50 ns. Soon after first 10 ns, both the NACHT and LRR 238 

models achieved a stable conformation throughout the simulation with an average backbone root 239 

mean square deviation (RMSD) of ~6.9 and ~3.35 Å, respectively (Fig. 2a). The radius of 240 

gyration analysis showed the models maintain a compact shape and size with gyration radii (Rg) 241 

of ~20 nm (Å) and ~21 nm (Å) for NACHT and LRR models, respectively (Fig. 2b). To 242 

investigate the fluctuations of individual residues in both the domains, root mean square 243 

fluctuations (RMSF) of C atoms were calculated during the 50 ns MD simulations. In NACHT 244 

system, the N-terminal region (~250-290 aa) and C-terminal regions (~455-500 aa) showed 245 

maximum fluctuations (up to 4 Å). In LRR, RMSF analysis showed that the N-terminal LRR1-2, 246 
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LRR6 and C-terminal LRR8-9 regions exhibited higher order of flexibility (up to 4 Å) (Fig. 2c 247 

and d). The flexible region between walker A/B motifs in NACHT indicated its involvement in 248 

nucleotide binding.
48

 The most flexible loops at N and C-terminal of LRR domain suggested its 249 

contribution in facilitating the rearrangement of the domains during the Nalp3 activation or 250 

PAMPs/DAMPs interaction 
39, 41, 51

. The secondary structure analysis from the MD trajectory 251 

showed that the first two -helices of NACHT attained a Pi (symbol)-helix conformation close 252 

to N-termini. The β-sheets and other α-helical regions were largely intact throughout the 253 

simulations (Fig. S2a, ESI). All the 9 β-sheets of the LRR model retained their secondary 254 

structure during the MD simulations. The 5
th

 and 6
th

 α-helices showed structural changes from α-255 

helix to 310helix conformation that remained in a well equilibrated state over the simulation time 256 

(Fig. S2b, ESI). Altogether, no significant changes were noticed in the secondary structural 257 

elements of the build models during the 50 ns MD simulations. 258 

3.3 3D model evaluation 259 

 The final snapshots of the simulated models were validated with several structure 260 

validation programs. Primarily, analysis of backbone dihedral angles using Ramachandran plot 261 

showed ~ > 99.5 % of residues were in allowed regions for both NACHT and LRR models 262 

(Table 1) (Fig. S3, ESI). Both models exhibited good agreement to their primary sequences as 263 

revealed by the Verify-3D scores. ERRAT program indicated that all the non-bonded atoms in 264 

the constructed models were accurately predicted (Table 1). Analysis of NACHT and LRR 265 

models in ProSA and ProQ revealed that the Z-scores of the models were within the accepted 266 

range (Table 1) (Fig. S3, ESI). Analysis of MolProbity server suggested that the backbone bond 267 

angles and bond lengths of our proposed models were highly accurate. Further validation reports 268 

of NACHT and LRR models by Vadar and GeNMR are presented in Table 1. All these 269 
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validation scores ascertained that the constructed models using standard homology protocol is 270 

reasonably good to carry out further interaction study though MD simulations. The overall 271 

structure of NACHT domain can be broken down into two halves, N-terminal and C-terminal, 272 

connected by a 13 residues loop (Fig. 3a). The N-terminal half starts with a -sheet structure 273 

comprised of 6 aa residues followed by six consecutive -helices (1-6), several loops and 3 274 

more -sheets. However, the C-terminal half comprised of two -sheets and comparatively nine 275 

longer-helices connected by intermediate loops (Fig. 3a). The LRR domain consists of 9 LRR 276 

repeats with each repeat having one -helix (in convex surface) and one -sheet (in concave 277 

surface) connected by a loop (Fig. 3b). The semicircular horseshoe shape of Nalp3-LRR highly 278 

resembles the previously reported LRR structures of NOD2 and NOD1.
39, 41

 The comparison of 279 

secondary structures derived from primary sequences (Fig. S1, ESI) and proposed 3D models of 280 

NACHT and LRR (Fig. S4, ESI) showed good conservations and fortified the reliability of the 281 

proposed 3D models.  282 

3.4 Principal component analysis 283 

 The global motions of the predicted mouse Nalp3-NACHT and LRR models during the 284 

MD simulations were observed by analytical methods of PCA.
52 

The porcupine plot analysis 285 

showed that a region comprising of residues ~456-486 aa of NACHT domain that is close to C-286 

terminus with two -sheets, one -helix, and two loops () (showed a firm upward 287 

and outward motion yielding a more flattened NACHT structure (Fig. 4a). The regions (~244-288 

276 aa) close to N-terminal comprised of two -helices, one -sheet, and two loops () in a 289 

fashion showed an outward motion along with a small upward motion (Fig. 4a). The 290 

overall motions of these two regions close to the terminals generated a little more gap between 291 
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the N-terminal and C-terminal halves. The outward and opposite motions of the walker A and B 292 

motif regions increased the gap between them. The expanded conformations at the top end of 293 

walker A and B indicated a wide surface area is required for nucleotide binding in NACHT 294 

domain. The movements of walker A and B was shown in the Electronic supplementary video 295 

(Video, ESI). The walker A and B domains are shown in dotted secondary structures drawing by 296 

VMD in the animation (Video.mpg). In LRR domain, specifically the region LRR7-9 showed a 297 

maximum upward and inward motion in comparison to other LRR domains (Fig. 4b). These 298 

motions generated more compact structure with curved concave surfaces and -sheets (Fig. 4b). 299 

The upward motion and bent concave surface of LRR7-9 suggest its critical biological function 300 

in PAMPs/DAMPs interaction. The importance of C-terminal region has also been previously 301 

reported in recognition of MDP and iE-DAP in NOD2 and NOD1.
41, 53

  302 

3.5 Docking analysis 303 

 Docking analysis can be employed to investigate the best orientation and binding affinity 304 

of a ligand to its receptor. To address the possible ATP, MDP and imidazoquinoline binding sites 305 

in mouse Nalp3, docking experiments was performed by comparing the ligand conformations, 306 

position, and orientation in the complex. The interacting residues in NACHT domain with ATP 307 

predicted by docking analysis were presented in Table 2a (Fig. 5a). AutoDock results signified 308 

that both the grids (as described in materials and methodology) presented nearly equal binding 309 

affinities for ATP (Table 2a). The AutoDock results showed MDP depicted good binding energy 310 

(BE) at LRR 1-4, 3-6 and 6-9 with better ligand efficiency that measures the BE per atom of 311 

MDP to LRR model (Table 2b, Fig. 5b, c and d). Among these the C-terminal LRR6-9 regions 312 

showed highest BE, ligand efficiency and existence of hydrogen bonds (H-bonds), and shared 313 

well agreement with the previous studies that showed the C-terminal LRRs of NOD2 are critical 314 
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for bacterial recognition.
51, 53

 Interaction of imidazoquinoline with LRR model in AutoDock 315 

predicted LRR 1-4 and 6-9 as the critical binding regions. The BE, ligand efficiency and H-316 

bonds varied at both regions, and were comparatively low at the central region (Table 2c). The 317 

involvement of different amino acid residues in imidazoquinoline interaction were presented in 318 

Fig 5e, f and g. To further investigate the docking predictions and to understand the best binding 319 

regions in LRR domains for MDP and imidazoquinoline, we carried out MD simulation for each 320 

six ensembles followed by H-bond analysis, PCA, binding free energy calculations and site-321 

directed mutagenesis analysis. 322 

3.6 MD simulation analysis of complexes 323 

 The interaction of ATP at N-terminal sites of NACHT showed a good conformational 324 

stability and was in agreement with the previous reports.
42, 48

 In human Nalp3, the walker A and 325 

walker B mutants significantly affect the ATP-binding activity. These mutants are associated 326 

with diseases by involving in IL-1 productions.
48

 The binding mode of ATP with NACHT in 327 

mouse also presented the active sites at walker A and extended walker B regions that have been 328 

investigated in NOD1 and NOD2 by mutation analysis.
42

 The binding of ATP close to walker A 329 

and extended walker B in mouse also suggested its involvement in disease associated cryopyrin. 330 

In LRR domain, the docking analysis showed the MDP and imidazoquinoline shared a strong 331 

binding activity close to the N and C-terminal regions. The RMSD analysis of backbone atoms in 332 

complexes during 10 ns showed a stable plateau during the 10 ns MD simulations in all 333 

complexes (Fig. 6a). In addition, the stability of MDP and imidazoquinoline at C-terminal were 334 

little unfavorable with a rising RMSD value of around 3.20 Å (Fig. 6a). RMSD of NACHT-ATP 335 

complex was < 1.5 Å, and that of MDP and imidazoquinoline at other regions (LRR1-4 and 336 

LRR3-6) in the complexes were < 2.5 Å (Fig. 6a). In LRR complex the MD trajectories showed 337 
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low RMSD values at the N-terminal regions. The radius of gyration analysis of all MD 338 

complexes also presented well compacted conformations with respect to their center of mass (Fig. 339 

6b). The hydrogen, hydrophobic, electrostatic and van der Walls interaction residues (Table 3) in 340 

mouse Nalp3-NACHT with ATP molecule after MD simulation showed that, the ATP retained 341 

its position at the active site with a little conformational changes (Fig. 7a). The H-bond analysis 342 

of ATP-NACHT complex (Fig. 7b) also exhibited a good conservation with respect to simulation 343 

time period. The MDP-mNalp3LRR complex at N-terminal regions showed at the beginning the 344 

Asp (744,747 and 801) and Arg (771 and 776) residues contributed all H-bonds (Table 3), 345 

however, after 10 ns MD simulation no H-bond was retained between protein and MDP (Fig. 5b 346 

and 8a). At central region also after MD simulation most of the non-bonded contributions 347 

disappeared (Fig. 5c and 8b). This suggests the inappropriate binding mode or unselective MDP 348 

catalytic activity in Nalp3. The C-terminal (LRR6-9) analysis of MDP showed comparative little 349 

good bonded and non-bonded interaction (Fig. 5d and 8c) stability after 10 ns MD simulation 350 

(Table 3). However, significant conformational changes in the complex were noticed. The H-351 

bond analysis also exhibited fluctuations in the H-bond numbers during the MD simulation for 352 

MDP at all defined sites (Fig. 8d, e and f). The low affinity of MDP may be due to less 353 

conserved residues at either N- and C-terminal regions or different LRR motif spatial 354 

arrangements. The MDP binding crucial residues in NOD2 as reported
53

 are very poorly 355 

conserved in Nalp3-LRR, and this may influence the less binding stability of MDP in Nalp3-356 

LRR domain. The steady fluctuations of MDP binding in Nalp3 also suggested a different 357 

mechanism of MDP interaction and signaling. The interaction of MDP may be influenced in 358 

heterogenic environment. Nalp3 possibly form complex with NOD2 or other NLRs to recognize 359 

MDP with a different conformation and better binding stability like NOD2-Nalp1 complex.
16, 54

 360 
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Structural analysis of LRR-imidazoquinoline complex at three different LRR regions revealed a 361 

good conservation of interacting residues at LRR7-9 (C-terminus). However, the interaction at 362 

N-terminal and central regions presented only non-bonded interactions (Fig 9a, b and c) at the 363 

end of simulation (Table 3). The H-bond analysis presented a steady H-bond number 364 

conservation at C-terminal sites in comparison to N-terminal and central region (Fig. 9d, e and f). 365 

This suggests imidazoquinoline may interact at the C-terminal region of LRR-domain. To ensure 366 

the predictions binding free energy analysis was conducted. 367 

3.7 Binding free energy analysis and site-directed mutagenesis 368 

The binding affinities of ATP with NACHT domain, and MDP/imidazoquinoline with the 369 

LRR model at different regions were calculated using the MM/PBSA method (Table 4). The 370 

binding free energy (BFE) calculations were performed for each complex by extracting 1000 371 

snapshots from 2-10 ns. The BFE for each snapshot was computed as described in the material 372 

and methods. It should be noted here that experimental binding energy for ligand receptor 373 

interactions are not available for comparison. BFE of complex between ATP and NACHT was 374 

calculated to be -92.1415 kJ mol
-1

 indicating ATP’s favorable conformation at the predicted 375 

active site (Table 4). In absence of experimental BE calculations for ATP interaction in previous 376 

studies of human Nalp3-, NOD1- and NOD2-NACHT domain
42, 48

 this analysis showed a 377 

substantial BE is generated to stabilize the complex. The large non-polar and van der Walls 378 

interaction plays a vital role in stabilizing the Nalp3-NACHT and ATP complex. BFE analysis 379 

for MDP at three different binding sites showed that MDP yielded poor binding energy value (-380 

11.5325kJ/mol) with a standard error of ±35.17 at LRR1-4 regions. Other binding sites of MDP 381 

resulted in positive binding energy (ΔGbind), and thus suggesting energetic instability of the 382 

complex. But, the large standard error value of ΔGbind at LRR1-4 than the mean ΔGbind value for 383 
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MDP also directed the inappropriate/nonentity monomeric interaction of Nalp3-LRR domain 384 

(Table 4). The binding conformations and free energy may be elevated in presence of some other 385 

molecules that induces some conformational changes in Nalp3. Binding energy analysis of 386 

imidazoquinoline at different sites presented higher catalytic activity at N and C-terminal regions 387 

in terms of ΔGbind value (Table 4), and suggested energetically favorable conformations of 388 

imidazoquinoline in mouse LRR domain. The calculated binding free energies of 389 

imidazoquinoline by MM-PBSA showed a good correlation with the molecular docking and the 390 

MD simulation results in terms of ligand orientations, bonded and non-bonded interactions. 391 

Comparing the H-bonds, non-bonded interactions, ΔGbind value and standard error ΔGbind values 392 

suggested LRR7-9 region as more appropriate binding sites for imidazoquinoline. In the other 393 

hand the very low binding free energy of MDP suggested that, it may not be a putative ligand for 394 

Nalp3 activation and signal transduction, or it may recognize MDP in a different fashion by 395 

forming complex with NOD2 or other NLR proteins.  396 

The in silico mutagenesis approach was adopted in order to characterize important 397 

residues of Nalp3 that bind the ligands. The results showed that the residues Gly225, Gly227, 398 

Leu231, Lys234, Lys373, Ile366 and Leu409 were highly essential for ATP binding, since 399 

mutating these residues significantly altered the conformation and orientation of the ATP in 400 

Nalp3-NACHT domain. We have replaced the important ATP binding residues in Nalp3-401 

NACHT with either Alanine, Cysteine or Proline and performed docking calculations. These 402 

mutagenesis yielded low binding energies of -6.1, -6.23 and -6.5 kcal mol
-1

, respectively. The 403 

alanine scanning of walker A and B motifs significantly affect the ATP binding by lowering the 404 

BE to -3.69 and -4.89 kcal mol
-1 

respectively. However, no mutations resulted a complete loss of 405 

ATP recognitions. The low binding energies estimated after substitution mutations indicated a 406 
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reduced Nalp3-NACHT association with ATP. Alanine, Cysteine and Proline scanning of 407 

imidazoquinoline interacting residues in modeled Nalp3-LRR at LRR1-4 and 7-9 that yielded 408 

good BFE showed little binding energy variations. At LRR1-4 the Alanine, Cysteine and Proline 409 

scanning has binding energy of -5.4, -5.95 and -6.1 kcal mol
-1

, respectively, and at LRR7-9 the 410 

BE calculated are -5.42, -4.25 and -6.87 kcal mol
-1

, respectively. The comparison of docking 411 

scores between mutant Nalp3-LRR-imidazoquinoline and wild type Nalp3-LRR-412 

imidazoquinoline complex together with the observed conformational changes suggest that the 413 

mutations have minimal effect on the interaction between Nalp3-LRR and imidazoquinoline. 414 

However, the cysteine scanning showed a comparatively lower docking score (-4.25 kcal mol
-1

) 415 

by compensating the contribution of second and third Nitrogen-atoms in imidazoquinoline. The 416 

nucleophilic thiol side chain in the mutant Nalp3-LRR model also minimizes the electrostatic 417 

contributions, which indicated the probability of LRR7-9 as a site for imidazoquinoline 418 

recognition instead of LRR1-4 regions. Virtual alanine scanning followed by BE calculation 419 

using GMXAPBS tool was carried out for ATP and imidazoquinoline binding site residues.  420 

Mutation of key ATP binding residues presented at walker A and B regions (G227, K234, and 421 

P408) shows remarkable binding energy variation. Walker A residues shows comparatively 422 

higher effects on the binding affinity of ATP with NACHT domain (Table 4). The mutation of 423 

residue F369 shows no significant alteration in the BE. Mutational analysis of imidazoquinoline 424 

at LRR7-9 on residues L971, C987 and E988 presents very little BE changes. Among these, the 425 

L971 shows a comparatively higher effect on the imidazoquinoline binding affinity in mouse 426 

Nalp3-LRR domain (Table 4). The residues affecting the BE of ATP and imidazoquinoline are 427 

thought to be critical for Nalp3 signaling and transduction. 428 

Conclusion 429 
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 The innate immunity plays a key role to ward off invading pathogen and protect the host 430 

from many diseases. However, the information on newly identified classes of Nalp is sparse in 431 

public domain. This work revealed the 3D structures of mouse Nalp3 domains (NACHT and 432 

LRR) along with their dynamic features. In addition a consistency among the proposed models, 433 

molecular dynamic features and docking analysis show the reliability and robustness of the study. 434 

Overall, the change in the structure conformations, dynamics and interactions were unveiled in 435 

both NACHT and LRR domains of mouse Nalp3 receptor. This analysis explained the favorable 436 

conformations of NACHT with ATP, and LRR with ligand (MDP and imidazoquinoline) bound 437 

states based on docking, molecular dynamics and binding free energy analysis. This analysis also 438 

investigated the favorable and unfavorable mouse Nalp3-ligand complexes, and investigated the 439 

catalytic amino acid residues in NACHT and LRR domains. This work presented the complex 440 

mechanism in mouse Nalp3 and warrants an in vivo investigation for ATP and imidazoquinoline 441 

binding site analysis and Nalp3 signaling. Low-binding affinity of MDP also suggested a 442 

complex form of Nalp3 with NOD2 or other NLRs is required to stabilize the Nalp3-MDP 443 

complex in mouse.  444 
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Figure legends 550 

Fig. 1 Multiple sequence alignment of mouse Nalp3-NACHT and LRR domains with respective 551 

domain sequences of NOD1, NOD2 and Nalp3 of human and mouse. A) NACHT domain 552 

alignment. The potential ATP binding sites in NACHT domains of Nalp3, NOD1 and NOD2 are 553 

shown inside the rectangular box, B) LRR domain alignment. The 9 different LRR motifs are 554 

marked in the consensus sequence. The alignments were generated by ClustalW program and are 555 

presented in ESPript 2.2 server. Consensus residues are shown in box and are highlighted, and 556 

the leucine-rich repeat (LRR) regions are indicated in using “LxxLxLxxNxL” motif 557 

Fig. 2 Conformational analysis of mouse Nalp3-NACHT and LRR domains. A) C RMSD, B) 558 

radius of gyration (Rg), C) C RMSF of Nalp3-NACHT domain, D) C RMSF of Nalp3-LRR 559 

domain 560 

Fig. 3 Models for the Nalp3-NACHT and LRR domain. A) NACHT, B) LRR, The cartoon 561 

presentation of both models in PyMOL presents the -helices (red), -sheets (yellow) and loops 562 

(green) 563 
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Fig. 4 Prevalent motions in Nalp3-NACHT and LRR domain using principal component analysis. 564 

A) Porcupine plot of the first eigenvector in NACHT model, B) LRR model. The flexible N and 565 

C-terminals are presented in different colors. In NACHT, the light blue and purple blue 566 

represents the walker A and B, respectively with an outward motions. The 9 LRR regions in 567 

LRR model are presented in 9 different colors 568 

Fig. 5 Molecular interaction of ligands with mouse Nalp3 domains in AutoDock 4.2. A) ATP 569 

and mNalp3-NACHT domain, B) MDP and mNalp3-LRR domain at LRR1-4, C) MDP and 570 

mNalp3-LRR domain at LRR3-6, D) MDP and mNalp3-LRR domain at LRR6-9, E) 571 

imidazoquinoline and mNalp3-LRR domain at LRR1-4, F) imidazoquinoline and mNalp3-LRR 572 

domain at LRR6-8, G) imidazoquinoline and mNalp3-LRR domain at LRR7-9. The ligands 573 

(ATP, MDP and imidazoquinoline) are shown as sticks, protein (mNalp3-NACHT/LRR) models 574 

as cartoons, and hydrogen bonds as red dotted lines 575 

Fig. 6 Stability parameters for mNalp3-NACHT/LRR complexes over MD simulation time 576 

period. A) C RMSD, B) radius of gyration (Rg). Different colors are used to represent the 577 

seven complexes in the graph as shown in the legends 578 

Fig. 7 Structure analysis of mNalp3-NACHT and ATP complex after MD simulation. A) 579 

Binding site residues of ATP in mNalp3-NACHT domain. The ATP is shown as stick and 580 

mNalp3-NACHT model as cartoon, B) hydrogen bond (H-bond) variations between ATP and 581 

mNalp3-NACHT model 582 

Fig. 8 Binding site analysis of mNalp3-LRR and MDP complexes after 10 ns MD simulation. A) 583 

orientation of MDP at LRR1-4, B) orientation of MDP at LRR3-6, C) orientation of MDP at 584 

LRR6-9. The MDP is shown as stick and mNalp3-LRR model as cartoon, D) H-bond variations 585 
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in MDP- mNalp3-NACHT complex at LRR1-4, E) H-bond variations in MDP- mNalp3-NACHT 586 

complex at LRR3-6, F) H-bond variations in MDP- mNalp3-NACHT complex at LRR6-9 587 

Fig. 9 Conformational analysis of mNalp3-LRR and imidazoquinoline complexes after 10 ns 588 

MD simulation. A) Orientation of imidazoquinoline at LRR1-4, B) orientation of 589 

imidazoquinoline at LRR6-8, C) orientation of imidazoquinoline at LRR7-9. The 590 

imidazoquinoline is shown as stick and mNalp3-LRR model as cartoon, D) H-bond variations in 591 

imidazoquinoline-mNalp3-NACHT complex at LRR1-4, E) H-bond variations in 592 

imidazoquinoline-mNalp3-NACHT complex at LRR6-8, F) H-bond variations in 593 

imidazoquinoline-mNalp3-NACHT complex at LRR7-9 594 

Supplementary materials  595 

Fig. S1 Secondary structure prediction by PSI-PRED A) mNalp3-NACHT domain, B) mNalp3-596 

LRR domain. Representation of helix, b-sheets and loops are shown in the legend. Amino acid 597 

numbers depicted in the figure represents numbers 216-532 (mNalp3-NACHT) and 739-988 598 

(mNalp3-LRR) in mouse Nalp3 protein 599 

Fig. S2 Secondary structure assignment as a function of MD simulation time. A) mNalp3-600 

NACHT domain, B) mNalp3-LRR domain. Legends of different structural elements are 601 

presented. Amino acid numbers depicted in the figure represents numbers 216-532 (mNalp3-602 

NACHT) and 739-988 (mNalp3-LRR) in mouse Nalp3 protein 603 

Fig. S3 Validation reports of mNalp3-NACHT and LRR models by Ramachandran plot and 604 

ProSA analysis 605 

Fig. S4 Secondary structure assignments of A) mNalp3-NACHT and B) LRR domains from their 606 

3D-models by ProFunc program. Representation of secondary structural elements are given at 607 

the right hand bottom corner 608 
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Video  609 

The separation of walker A and B forming a wider space during the MD simulation was presented 610 

in the video. The walker A and B regions were highlighted with dotted representation in VMD 611 

program.612 
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Table 1 Model validation reports of modeled mouse Nalp3 domains 

Servers  Mouse 

Nalp3-NACHT 

Mouse 

Nalp3-LRR 

Procheck Most favored regions (%) 81.70 82.70 

Additionally allowed regions (%) 16.60 15.90 

Generously allowed regions (%) 1.40 0.90 

Disallowed regions (%) 0.30 0.40 

Overall G-factor -0.07 -0.04 

Verify3D Averaged 3D-1D score > 0.2 89.62 100.00 

ERRAT Overall quality  90.29 92.98 

ProSA Z-score -6.83 -4.89 

ProQ LG score 6.28 6.34 

MaxSub 0.56 0.53 

MolProbity Residues with bad bonds (%) 0.00 0.00 

Residues with bad angles (%) 0.06 0.00 

Vadar Standard deviation of χ1 pooled 2.27 1.69 

Mean H-bond energy 0.65 0.65 

Generously allowed Ω angles (%) -1.60 -1.60 

Packing defects (%) -0.36 0.36 

GeNMR Ramachandran outside of most favored 1.34 1.48 

Bump score 0.34 0.09 

Radius gyration score 1.34 1.96 
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Table 2 Molecular docking analysis of ATP, MDP and imidazoquinoline with mouse Nalp3 domain models 

Grid Area Binding Energy 

kcal mol
-1

 

Ligand Efficiency Hydrogen 

bonds 

 

A) NACHT-ATP 

Full grid -8.00 -0.19 4  

Walker A and B -8.59 -0.28 3  

B) LRR-MDP                                                                                                           LRR contributor  

Full Grid -4.11 -0.12 7 LRR4 - LRR8 

LRR 1-4 -3.71 -0.11 6 LRR1 - LRR4 

LRR 2-5 -3.78 -0.11 5 LRR3 - LRR7  

LRR 3-6 -4.19 -0.12 8 LRR2 - LRR7  

LRR 4-7 -3.09 -0.09 9 LRR4 – LRR9 

LRR 5-8 -3.94 -0.12 9 LRR4 – LRR9 

LRR 6-9 -4.26 -0.13 9 LRR4 – LRR9 

C) LRR- imidazoquinoline 

Full Grid -5.88 -0.39 3 LRR 1 – 2 

LRR 1-2 -5.69 -0.38 2 LRR 1 – 2 

LRR 1-4 -5.68 -0.38 3 LRR 1 – 2 

LRR 4-8 -5.06 -0.34 2 LRR 6 – 9 

LRR 6-8 -5.15 -0.34 2 LRR 6 – 9 

LRR 5-9 -5.42 -0.36 3 LRR 8 - 9  

LRR 7-9 -5.45 -0.36 3 LRR 8 - 9  
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Table 3 Interaction analysis of mouse Nalp3-ligand complexes before and after MD simulation 

Complex Interactions After docking After 10 ns MD simulation 

NACHT-ATP 

 H-bond Lys234, Lys373, Ile366, Leu409 Arg233, Lys234 

 Hydrophobic Leu231, Phe369,Leu307 Tyr277, Phe369, Leu409  

 Electrostatic Gly225, Gly227, Leu367, 

Tyr381, Pro408 

Gly227, Ile230, Tyr381,  

 van der walls Ile226, Ile230, Ile407  Ile226, Leu231, Leu237, 

Leu367, Ile407, Pro408 

LRR-MDP(1-4) 

 H-bond Asp744, Asp747, Arg771, 

Arg776, Asp801 

- 

 Hydrophobic Leu743, Leu745, Trp773 Leu745, Trp773 

 Electrostatic Ser746, Gly775, Ser803 Thr749, Arg776, Cys777 

 van der walls Glu799, Asp804 Asp744, Asn748,  

LRR-MDP (3-6) 

 H-bond Arg771, Glu799, Asp801, 

Lys828, Arg856, Lys885 

Arg856 

 Hydrophobic Trp830 - 

 Electrostatic Tyr858 - 

 van der walls - - 

LRR-MDP (6-9) 

 H-bond Arg856, Lys885, Glu944, 

Asp946, Asn972 

Lys885, Tyr915 

 Hydrophobic Tyr858, Tyr915 - 

 Electrostatic Arg917, Leu973, Gly974 Arg856 

 van der walls - Trp830, Arg917 

LRR-Imidazoquinoline (1-4) 

 H-bond Leu743, Leu745 - 

 Hydrophobic Trp773 Trp773 

 Electrostatic Gly775, Arg776 - 

 van der walls Cys777, Asp801, Ser803, 

Asp804 

Leu745, Ser746, Asp747, 

Met755, Leu774, Gly755, 

Arg776, Cys777, Ser803 

LRR-Imidazoquinoline (6-8) 

 H-bond Leu916, Glu944, Asp946 - 

 Hydrophobic Tyr915 Trp830, Tyr858, Tyr915 

 Electrostatic Leu945 Glu944, Asn972 

 van der walls Val889, Asn972, Leu973, 

Gly974 

Leu888, Val889, Leu916, 

Arg917, Leu945, Asp946, 

Gly974 

LRR-Imidazoquinoline (7-9) 

 H-bond Leu962, Ser959 Cys987, Glu988 

 Hydrophobic - Leu971 

 Electrostatic Thr960, Arg969 - 

 van der walls Thr963, Asn965, Leu968, 

Val984, Glu988 

Cys955, Leu958, Ser959, 

Leu962, Leu968, Arg969, 

Leu973, Val984, Thr985, 

Leu986 
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Table 4 Binding free energy (kJ mol
-1

) calculation by MM/PBSA method in mouse Nalp3-ligand complexes 

Conformations 
1
ΔGbind Polar Contribution                   

4
ΔGpolar Non-polar Contribution 

7
ΔGnonpolar 

2
ΔGcoul 

3
ΔGps  

5
ΔGvdw 

6
ΔGnps 

NACHT-ATP -92.14 (70.64) -17.31 (20.33) 101.65 (28.67) 84.33 -159.55 (70.46) -16.92 (0.93) -176.48 

LRR-MDP(1-4) -11.53 (35.17) 247.39 (69.03) -188.09 (90.48) 59.29 -60.82 (20.55) -10.00 (1.87) -70.82 

LRR-MDP(3-6) 32.03 (53.68) -122.17 (238.00) 199.71 (247.50) 77.54 -36.97 (48.22) -8.53 (3.96) -45.51 

LRR-MDP(6-9) 19.00 (57.15) -106.81 (170.50) 192.82 (52.84) 86.01 -54.89 (52.84) -12.11 (1.85) -67.00 

LRR-imidazoquinoline(1-4) -141.38 (94.49) -45.00 (32.33) 87.54 (34.06) 42.54 -173.45 (92.93) -10.46 (1.18) -183.92 

LRR-imidazoquinoline(6-8) 27.14 (114.46) -81.40 (71.77) 128.78 (51.99) 47.38 -9.90 (102.31) -10.33 (0.53) -20.23 

LRR-imidazoquinoline(7-9) -166.37 (89.52) -36.35 (27.48) 82.35 (28.76) 46.00 -200.99 (88.61) -11.37 (1.30) -212.37 

NACHT-ATP alanine scanning 

GLY227-ALA227 -85.06 (75.13) -13.43(16.02) 96.91 (24.78) 83.48 -147.32 (74.88) -21.21 (1.15) -168.54 

LYS234-ALA234 -86.41 (81.04) -19.57 (25.24) 108.62 (32.11) 89.05 -162.31 (80.93) -13.15 (0.89) -175.46 

PHE369-ALA369 -94.35(71.70) -18.22 (20.94) 103.06 (27.85) 84.84 -161.38 (71.12) -17.81 (1.06) -179.19 

PRO408-ALA408 -89.98 (73.07) -16.38 (18.96) 95.43 (27.11) 79.05 -149.21 (72.70) -19.82 (1.45) -169.03 

LRR-imidazoquinoline (7-9) alanine scanning 

LEU971-ALA971 -152.77 (93.23) -31.44 (29.51) 85.39 (27. 06) 53.94 -202.32 (91.72) -14.39 (1.13) -206. 71 

CYS987-ALA987 -166.65 (82.49) -27.76 (31.82) 83.39 (32.09) 55.63 -212.42 (80.88) -9.85 (1.61) -222.28 

GLU988-ALA988 -158.30 (83.26) -29.71 (33.75) 76.38 (31.19) 46.67 -192.42 (81.01) -12.54 (0.98) -204.97 

1
Binding free energy. 

2
Coulombic term. 

3
Polar solvation terms. 

4
Polar solvation energy. 

5
van der Waals energy. 

6
Nonpolar solvation energy. 

7
Nonpolar solvation terms. 

Standard errors are presented in parenthesis. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 
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