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Abstract 

NOD1 and NOD2, founding members of the NOD-like receptor (NLR) family, 

play a crucial role in host defense against bacterial infections. Recognition of 

peptidoglycan-derived ligands triggers ATP-dependent oligomerization of the 

NACHT domain, exposing the CARD domains that recruit the adaptor protein RIP2 

via CARD-CARD interactions to activate the NF-κB signaling cascade. Although 

NOD1/2-RIP2 interactions and RIP2CARD filament assembly are established, the 

precise interfaces that stabilize hetero-CARD filaments remain poorly defined. Here, 

we integrate in silico structural modeling with molecular dynamics (MD) simulations 

to elucidate structurally compatible arrangements of NOD1–RIP2 and NOD2–RIP2 

hetero-CARD filaments. Our results reveal that NOD1CARD subunits form a structurally 

compatible homomeric scaffold via canonical (type-I–III) interfaces, accommodating 

multiple tiers of RIP2CARD rings at both filament termini. Meanwhile, the NOD2 tan-

dem CARDs adopt multiple discrete conformations, reflecting a more intricate struc-

tural mechanism. In stable filament conformations, tandem CARDs converge at the 

type-II interface, with RIP2CARD rings stacking onto CARDa (top-down) and CARDb 

(bottom-up) interfaces, highlighting the structural role of NOD2CARDb in RIP2-mediated 

CARD-CARD interaction. In silico mutagenesis, involving charge-reversal and alanine 

scanning at key interfacial residues, disrupts NOD1–RIP2 and NOD2–RIP2 interac-

tions at both top-down and bottom-up interfaces, leading to rapid interface destabili-

zation within 0.1–0.4 μs of simulation. Together, these results reveal conserved and 

receptor-specific structural mechanisms governing NOD1/2–RIP2 CARD–CARD 
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interactions and provide deeper structural and dynamic insights into the complex 

structural mechanisms for NLR-mediated inflammatory signaling.

Author summary

NOD1 and NOD2 are cytosolic immune receptors that sense bacterial pepti-
doglycans and start inflammation by recruiting the adaptor protein RIP2. This 
recruitment relies on small signaling domains called CARDs, which nucleate 
and assemble into filament-like polymers that activate the NF-κB pathway. 
Although NOD1/2 and RIP2 hetero-CARD filaments are thought to be critical 
for immune signaling, their structures have been challenging to resolve exper-
imentally. As most CARD domains share a very similar structural fold, and the 
hetero-filaments look much like homomeric ones, cryo-EM averaging can mask 
subtle differences between subunits. To address this issue, we used structural 
modeling and molecular dynamics simulations to map the likely architectures 
of NOD1-RIP2 and NOD2-RIP2 hetero-CARD filaments. Our results show that 
NOD1 CARDs can form a stable homomeric scaffold that can accommodate 
RIP2CARD rings at both ends of the filament. In contrast, NOD2 contains two 
CARDs that adopt multiple conformations and form a structurally compatible 
arrangement involving a type-II interface, with the second CARD (CARDb) pro-
viding the additional binding surface for RIP2CARD. Together, these computational 
results reveal both shared and receptor-specific mechanisms by which NOD1 
and NOD2 drive RIP2 filament formation during immune signaling.

1.  Introduction

Innate immunity, as an evolutionarily conserved system, serves as the primary 
defense against infections and relies on several sets of germline-encoded recep-
tors known as pattern recognition receptors (PRRs). These receptors recognize 
pathogen-associated molecular patterns (PAMPs) or host-derived danger-associated 
molecular patterns (DAMPs) [1] and initiate receptor-specific signaling that drives 
the production and release of pro-inflammatory cytokines and chemokines. Based 
on their cellular location, structural fold, and pathogen specificity, PRRs are classi-
fied into five major families: Toll-like receptors (TLRs), NOD-like receptors (NLRs), 
RIG-I-like receptors (RLRs), C-type lectin receptors (CLRs), and AIM2-like receptors 
(ALRs) [2,3]. Among these, NLRs are cytoplasmic and act as intercellular surveil-
lance molecules. There are 22 known NLRs in humans, while mice possess 34 
receptors [4–8].

As founding members of the NLR family, NOD1 and NOD2 share striking struc-
tural and functional similarities [9,10]. Both receptors show tripartite domain orga-
nization – with a single N-terminal caspase recruitment domain (CARD) in NOD1 
and tandem CARDs in NOD2, followed by an NACHT domain (also known as the 

Funding: The author(s) received no specific 
funding for this work.

Competing interests: The authors have 
declared that no competing interests exist.



    

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1014311  May 29, 2026 3 / 24

nucleotide-binding oligomerization domain; NOD) and a C-terminal ligand-binding domain with a differing number of 
leucine-rich repeat (LRR) motifs [11]. The NODs sense bacterial peptidoglycans (PGNs); NOD1 recognizes  
γ-D-glutamyl-meso-diaminopimelic acid (iE-DAP) [12,13], while NOD2 identifies muramyl dipeptide (MDP) [14–17]. Rec-
ognition of these ligands by NOD1/2LRRs induces a conformational change following ATP-dependent self-oligomerization of 
the NACHT [8,17–20]. This self-oligomerization may regulate the exposure of the CARD(s), thereby facilitating the trans-
mission of danger signals through the downstream adaptor protein, receptor-interacting protein 2 (RIP2), via CARD-CARD 
interactions, which, in turn, activate the NF-κB signaling cascades. [21–33].

Recent cryo-EM studies report that the formation of RIP2CARD filaments involves both NOD1CARD and NOD2 tandem 
CARDs contributing to their nucleation [30,31], in a configuration similar to that of other CARD filaments [34–36]. How-
ever, the structure of NOD1/2CARDs in complex with RIP2CARD remains unresolved. As a result, the interaction interfaces 
and critical residues involved in the assembly of the hetero-CARD scaffold remain unclear. Structural heterogeneity within 
NOD1/2-RIP2 CARD-CARD filaments has further hampered the efforts to obtain a high-resolution cryo-EM structure of 
these complexes [30,31]. Previous experimental findings [22–26] and our earlier theoretical investigation [29,33] iden-
tified several key interfaces and residues involved in the interactions between NOD1/2 and RIP2. However, two critical 
gaps remain: how of NOD1/2 CARDs organize the initial scaffold, and how RIP2CARD subsequently interacts and forms the 
hetero-CARD filament scaffold. To address this significant knowledge gap, we generated multiple conformational states 
of the NOD1/2-RIP2 CARD-CARD filaments and performed molecular dynamics (MD) simulations. These simulations 
allowed us to identify key CARD-CARD interfaces and evaluate their compatibility and persistence over time. Together, 
these models offer valuable structural and dynamic insights into the filament architecture, providing a comprehensive 
framework for understanding NOD1/2-RIP2 signaling.

2.  Results and discussion

2.1.  NOD1CARD and NOD2CARDa each distinctly associate with RIP2CARD

Death domain (DD)–fold proteins, such as CARD and PYD, often form filaments, and this higher-order assembly is 
essential for downstream signaling, including induction of pro-inflammatory cytokines and chemokines [30,31,34,37–39]. 
Interfacial interactions within these filaments are mediated by three conserved homotypic interfaces (type-I, II, and 
III), allowing each domain to interact with up to six partners. In canonical DD-fold filaments, type I interactions involve 
helices α1 and α4 of one subunit (type Ia) contacting helices α2 and α3 of an adjacent subunit (type Ib). Type II inter-
faces are formed by the α4–α5 region (type IIa) interacting with the α5–α6 loop and α6 helix (type IIb), whereas type 
III interactions involve the α3 helix (type IIIa) engaging the α1–α2 and α4–α5 loops (type IIIb) [40–44]. For NOD1 and 
NOD2, oligomerization is necessary for the recruitment of RIP2 via CARD-CARD interactions [20], thereby initiating the 
formation of functional filaments and facilitating the downstream transmission of danger signals. Recent cryo-EM struc-
tures of RIP2CARD filament have revealed the homotypic interaction modes among CARD domains [30,31]. Based on 
the RIG-ICARDs-MAVSCARD hetero-CARD filament structure [35], Pellegrini et al. proposed that activated NOD2CARDab could 
form short helical extensions with dimensions closely matching those of RIP2CARD filament [31]. Although several studies 
have identified key residues in the CARD domains of NOD1/2 and RIP2 [22–26,29–31,33], the exact type of interfacial 
interactions remains debated [27], and the detailed arrangements that stabilize filament assembly are still only partially 
understood.

To investigate the interfaces and key residues that stabilize NOD1/2-RIP2 hetero-CARD filaments, we began by con-
structing four filament models (Fig 1A) using RIP2CARD cryo-EM filament (EMD-6842) as the template, incorporating avail-
able NOD1/2-RIP2 interaction data [22–26,28–31,33]. In filament 1 (F1), one ring of NOD1CARD/NOD2CARDa (comprising 
four subunits) was docked at the proximal end of the RIP2CARD filament. In filament 2 (F2), the same ring was placed at the 
distal end (Fig 1A). Thus, N1R2/N2aR2–F1 and N1R2/N2aR2–F2 represent the top-down and bottom-up fusion models, 
respectively [30].
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Each filament model was then simulated for up to 200 ns in triplicate to assess their structural dynamics (Table A in S1 
File). Backbone root-mean-square deviation (RMSD) and radius of gyration (Rg) showed that N1R2–F1, N2aR2–F1, and 
N1R2–F2 models stabilized quickly, shortly after 50 ns of the production run, indicating dynamically stable filaments. In 
contrast, N2aR2–F2 exhibited a continuous increase in both RMSD and Rg, indicating progressive destabilization (Fig 1B 
and 1C). These dynamic properties were further corroborated through PCA (Fig 1D) and RMSD-based clustering (Fig AA 
in S2 File), which revealed significant conformational transitions in the N2aR2–F2 model. solvent-accessible surface area 
(SASA) analysis further highlighted the instability of the N2aR2–F2 model, showing a SASA value (>550 nm2) that was 
higher than those of other filament models (Fig AB in S2 File).

To further assess the hetero-CARD ring-ring stability, we evaluated hydrogen bonding, MM/PBSA binding energies, 
and structural complementarity across all filament complexes. H-bond analysis showed consistently stable patterns and 
high counts in N1R2–F1 (43.34 ± 0.99), N2aR2–F1 (35.68 ± 1.46), and N1R2–F2 (26.22 ± 5.45). However, the number 

Fig 1.  MD simulations of NOD1/2-RIP2 hetero-CARD filament models. (A) Structural models (left) and schematic representations (right) of four 
hetero-CARD filament assemblies: NOD1CARD-RIP2CARD filaments (N1R2–F1 and N1R2–F2) and NOD2CARDa-RIP2CARD (N2aR2–F1 and N2aR2–F2). Indi-
vidual CARD subunits are arranged into helical layers through type-I, type-II, and type-III interfaces, as indicated in the schematics. (B) Backbone RMSD 
profiles over 200 ns of MD simulations for each filament model (left), with violin plots summarizing replicate-specific distributions for the three trajectories 
T1-T3 (right). (C) Radius of gyration (Rg) traces over 200 ns for each model (left) with corresponding replicate-wise violin plots (right), reporting overall 
filament compactness. (D) Principal component analysis (PC1 vs. PC2) of mainchain coordinates, illustrating the conformational space sampled by each 
filament model and highlighting differences in dynamic behavior among assemblies.

https://doi.org/10.1371/journal.pcbi.1014311.g001
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of H-bonds in N2aR2–F2 gradually decreased (ranging from ~30 to ~12) over time (Fig AC in S2 File). Conformational 
ensemble of the filaments sampled every 50 ns further supported these observations, demonstrating that N1R2–F1, 
N2aR2–F1, and N1R2–F2 maintained compact, well-aligned geometries, while N2aR2–F2 adopted a distorted, extended 
conformation with reduced interfacial integrity (Fig AD in S2 File). MM/PBSA comparative binding scores further distin-
guished the stability of these interfaces based on energetic decomposition across the trajectories (T1–T3) (Table B in S1 
and Fig AE in S2 Files). The top-down models N1R2–F1 and N2aR2–F1 showed favorable ΔG

bind
 (–310.63 to -338.13 

kcal/mol, and –257.82 to -288.61 kcal/mol, respectively), and the bottom-up N1R2–F2 complex also remained relatively 
stable (ΔG

bind
 = –191.63 to –246.22 kcal/mol). By contrast, the N2aR2–F2 interface showed weak binding (ΔG

bind
 = –64.18 

to –106.29 kcal/mol) due to positive Δ
Eele

 and modest ΔE
vdW

. Across the three stable models, favorable gas-phase inter-
actions (ΔE

gas
) were partially offset by polar solvation penalties (ΔG

solvp
), particularly in N1R2–F1 and N2aR2–F1. In short, 

among the four filament models, only N2aR2–F2 fails to form a stable hetero-CARD assembly.

2.2.  NOD1CARD, but not NOD2CARDa, assemble into short filament

Recent studies have suggested that NOD1 and NOD2 CARDs can oligomerize into short filaments that help recruit 
RIP2CARD and promote subsequent filamentation [30,31]. To explore whether NOD1CARD and NOD2CARDa can form short 
filaments, we generated two additional filament models: NOD1CARD-RIP2CARD (N1R2–F3) and NOD2CARDa-RIP2CARD 
(N2aR2–F3). In these models, two tiers of NOD1CARD and NOD2CARDa (comprising eight subunits) were docked over a layer 
of RIP2CARD in a top-down configuration (Fig 2A). Each model was then simulated for 200 ns in triplicate to assess the 
filament stability.

Backbone RMSD and Rg showed that N1R2–F3 reached equilibrium within 3–5 ns and maintained a compact structure 
throughout the simulation (Fig 2B and 2C). In contrast, N2aR2–F3 exhibited a rapid rise in RMSD and Rg over the course 
of the simulation, indicating a progressive destabilization of the filament. PCA analysis further confirmed this difference: 
N1R2–F3 remained confined to a narrow conformational space with lower eigenvalues, whereas N2aR2–F3 explored a 
broader, more heterogeneous landscape (Fig 2D). The interfacial stability at homo-CARD ring interfaces was further eval-
uated by computing interfacial H-bonds over time. N1R2–F3 (NOD1-NOD1) consistently maintained a high, stable H-bond 
count (38.98 ± 1.74), whereas N2aR2–F3 (NOD2CARDa-NOD1CARDa) showed a lower (23.26 ± 0.58) and less consistent 
H-bonding pattern (Fig 2E). RMSD-based clustering reinforced these observations: N1R2–F3 trajectories were dominated 
by a single, stable conformational cluster, while those of N2aR2–F3 sampled multiple divergent conformations (Fig 2F). 
Conformational ensemble analysis further confirmed that N1R2–F3 maintained a compact ring-ring arrangement, while 
N2aR2–F3 progressively deviated from its initial geometry (Fig 2G). MM/PBSA calculations showed that N1R2–F3 dis-
played consistently favorable binding (ΔG

bind
 = −187.84 to −207.35 kcal/mol), whereas N2aR2–F3 was weaker and more 

variable (ΔG
bind

 = −104.50 to −169.25 kcal/mol), with a 2-fold higher electrostatic penalty (Fig 2H, and Table C in S1 File). 
These results support a model in which NOD1CARD forms a more stable ring–ring assembly, whereas NOD2CARDa alone is 
less stable, with NOD2CARDb providing an additional interface that stabilizes the filament architecture.

2.3.  NOD1CARD filament structure shows bidirectional interaction with RIP2CARD

To characterize the integrity of the NOD1CARD short filament and the association of RIP2CARD rings at both ends, we con-
structed the N1R2–F4 model (Fig 3A) and performed cumulative 3 μs MD simulations (three independent replicates). 
Analysis of RMSD and Rg over time, along with snapshots from the conformational ensemble of the trajectories, showed 
that the N1R2–F4 maintained structural stability throughout the simulations (Fig 3B and 3D). RMSD-based clustering 
further indicated that a predominant, thermodynamically stable conformation emerged after ~500 ns (Fig 3E). We quanti-
fied the inter-ring H-bonds across the trajectories and calculated the corresponding MM/PBSA comparative binding scores 
to evaluate the stability of NOD1CARD homomeric rings compared to NOD1CARD–RIP2CARD interfaces at both the top-down 
and bottom-up termini (Table D in S1 and Fig B in S2 Files). All three interfaces exhibited stable interactions throughout 
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the simulations. The NOD1-NOD1 CARD-CARD interface formed an average of 38.44 ± 1.03 H-bonds (Fig BA in S2 File), 
while the NOD1-RIP2 interfaces had an average of 48.40 ± 2.97 H-bonds at the top-down interface and 30.99 ± 3.33 at the 
bottom-up interface (Fig BB and BC in S2 File). MM/PBSA analysis of the N1R2–F4 model showed that all ring-ring inter-
faces displayed favorable binding free energies (ΔG

bind
) (Table D in S1 and Fig BD–BF in S2 Files). For the NOD1-NOD1 

ring interface (Fig BD in S2 File), all replicates showed consistently negative ΔG
bind

 (−242.27 to −260.53 kcal/mol), indi-
cating robust self-association driven by tightly packed complementary contacts. The NOD1-RIP2 top-down heteromeric 
CARD interface (Fig BE in S2 File) exhibited the most favorable ΔG

bind
 (−331.44 to −359.75 kcal/mol), driven by strong 

ΔE
vdW

 and cohesive ΔE
ele

, aligning with higher H-bond counts (Fig BB in S2 File). In contrast, the bottom-up NOD1-RIP2 
interface (Table D in S1 and Fig BF in S2 Files) demonstrated a moderately favorable ΔG

bind
 (−203.64 to −278.81 kcal/

mol), with reduced yet favorable ΔE
vdW,

 and ΔG
solvp

 contributions, consistent with fewer stabilizing H-bonds (Fig BC in S2 

Fig 2.  NOD1CARD, but not NOD2CARDa, forms a stable short filament. (A) Structural models (left) and schematic representations (right) of the  
NOD1CARD-RIP2CARD (N1R2–F3) and NOD2CARDa-RIP2CARD (N2aR2–F3) filament models. (B) Backbone RMSD and (C) Rg traces over 200 ns of simulation 
time for three independent simulations (T1-T3), with violin plots showing replicate-wise distributions. (D) Principal component analysis plots (PC1 vs. 
PC2) depicting conformational sampling of N1R2–F3 (top) and N2aR2–F3 (bottom). (E) Time evolution of CARD ring interfaces formed within NOD1CARD 
and NOD2CARDa homo-rings across replicates. (F) RMSD-based clustering analysis reveals distinct conformational states for each filament model; colors 
denote individual clusters, with red indicating the dominant state. (G) Conformational ensembles of N1R2–F3 and N2aR2–F3 derived from trajectory 
snapshots at 50 ns intervals; green check marks indicate compatible interfaces, whereas red crosses indicate incompatible ones. (H) MM/PBSA-derived 
binding free energies at homo-CARD ring interfaces.

https://doi.org/10.1371/journal.pcbi.1014311.g002
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Fig 3.  NOD1CARD short filament enables bidirectional association with RIP2CARD. (A) Structural model (left) and schematic diagram (right) of the 
N1R2–F4 filament, consisting of three helical tiers of NOD1CARD subunits (light gray) capped by RIP2CARD at both top-down and bottom-up termini 
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File). Collectively, these results indicate that all ring-ring interfaces are structurally compatible but differ in relative stability, 
with the top-down NOD1-RIP2 interface being the most stable.

2.4.  Homodimeric multi-interface interactions stabilize the NOD1CARD short filament

Previous studies have demonstrated the self-dimerization of NOD1CARD [29,45], and our simulations show that NOD1CARD 
self-assembles through three canonical type-I–III interfaces. H-bond analysis across the trajectories revealed stable 
and reproducible contacts: type-I interfaces formed 5.74 ± 0.94 H-bonds, type-II formed 3.53 ± 0.34, and type-III formed 
3.38 ± 0.54 (Fig CA–CC in S2 File), indicating persistent interactions at each interface. Consistent with these H-bonding 
patterns, MM/PBSA calculations showed that each interface type exhibits a distinct energetic signature (Table E in S1 
and Fig CD–CF in S2 Files). Type-I was the most stable interface (ΔG

bind
 = −23.42 to −37.94 kcal/mol), type-II displayed 

a strong ΔE
vdW

 stabilization, resulting in a stable ΔG
bind

 (−26.80 to −38.44 kcal/mol). On the other hand, type-III, despite 
being comparatively weaker, remained stable (ΔGbind = −16.99 to −18.25 kcal/mol) due to moderate contributions from 
ΔE

vdW
 and ΔG

solv
, which were sufficient to offset the unfavorable ΔE

ele
 (Table E in S1 and Fig CF in S2 Files).

To analyze the key residues contributing to each interface, we extracted 250 snapshots from the final 500 ns of the 
N1R2–F4 T2 (selected based on clustering analysis; Fig 3E) and performed dynamic interaction mapping and per-residue 
MM/PBSA energy decomposition. The interaction analysis revealed that H-bonds, supported by numerous vdW contacts, 
predominantly stabilize these interfaces (Fig 3F). At the type-I interface, we identified six H-bonds (Q21-D48, K24-D48/
F50, E28-N43, and R69-Q38/D42), two electrostatic interactions (E28-K46 and R27-D42), and multiple vdW contacts 
between the type-Ia and type-Ib surfaces (Fig 3Fi, Fig CG in S2 File). Type-II and type-III interfaces displayed fewer 
H-bonds, with three at type-II (D48-R101, E53-Q38, D54-N36, D73-R35, K78-D95) and two at type-III (E53-R69 and 
E56-R35), each accompanied by several vdW contacts and a single hydrophobic interaction (Fig 3Fii and 3Fiii, Fig CH 
and CI in S2 File). Per-residue MM/PBSA decomposition highlighted that the type-I interface was dominated by residues 
K24, R27, R69, and K70 (type-Ia) and D42, N43, L45, K46, D48, and F50 (type-Ib) (Fig CJ in S2 File). For type-II, the 
key residues were Q76, S77, K78, and G79 (type-IIa) and R35, N36, Q38, V98, and R101 (type-IIb) (Fig CK in S2 File). 
Lastly, type-III was characterized by residues E53 (type-IIIa) and R35, T63, Q64, P65, K67, and R69 (type-IIIb) (Fig CL 
in S2 File). Together, these results demonstrate that NOD1CARD homodimer adopts three energetically distinct yet consis-
tently stable CARD-CARD interfaces, each contributing a unique structural and energetic configuration within the modeled 
filament architecture.

2.5.  RIP2CARD binds NOD1CARD filament at both ends

To characterize how RIP2CARD interacts with NOD1CARD filament at each end, we examined the interfacial H-bonds and 
performed MM/PBSA energetics assessments across all three interfaces. At the top-down terminus, all interfaces demon-
strated stability with consistent patterns and higher H-bond counts: type-I formed 8.14 ± 0.35 H-bonds, type-II 5.90 ± 0.65, 
and type-III 5.39 ± 0.05 (Fig DA–DC in S2 File). MM/PBSA calculations further confirmed this strong interfacial stability 
(Table E in S1 and Fig DD–DF in S2 Files). Type-I exhibited consistently favorable ΔG

bind
 (−44.95 to −46.26 kcal/mol), 

largely driven by ΔE
vdW

. Type-II exhibited the strongest interaction (ΔG
bind

 = −40.54 to −54.42 kcal/mol), with contributions 
from both favorable ΔE

vdW
 and ΔE

ele
. Type-III interaction was weaker but remained favorable (ΔG

bind
 = −19.79 to −20.31 

(orange/orange-red). (B) Backbone RMSD and (C) Rg plots of the N1R2–F4 over time for three independent simulations (T1-T3), with violin plots 
summarizing replicate-specific distributions. (D) Conformational ensemble of N1R2–F4 obtained from trajectory snapshots, illustrating overall filament 
stability. (E) RMSD-based clustering analysis over time, highlighting distinct conformational states; red denotes dominant clusters. (F-H) Representative 
CARD-CARD interfaces within the filament: (F) NOD1-NOD1, (G) NOD1-RIP2 at the top-down terminus, and (H) NOD1-RIP2 at the bottom-up terminus. 
Insets highlight key residue–residue contacts at (i) type I (red), (ii) type II (blue), and (iii) type III (green) interfaces. NOD1CARD (light gray) and RIP2CARD 
(orange/orange red) in color cartoons, key interacting residues as ball-and-stick models with labels, and hydrogen bonds as black dashed lines.

https://doi.org/10.1371/journal.pcbi.1014311.g003
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kcal/mol). Meanwhile, the bottom-up terminus interfaces showed comparatively weaker and more dynamic interactions. 
H-bond counts were consistently lower but remained reproducible across replicates: type-I formed 3.95 ± 1.34 H-bonds, 
type-II 3.24 ± 1.34, and type-III 3.78 ± 0.50 (Fig EA–EC in S2 File). MM/PBSA results mirrored the trends observed in 
H-bonding, indicating reduced stability and greater energetic fluctuations (Fig ED–EF in S2 File). All three interfaces 
showed favorable ΔG

bind
 values; however, type-II was most favorable (−26.46 to −40.88 kcal/mol) (Table E in S2 File). 

Overall, these data suggest that RIP2CARD forms a structurally compatible interaction network at the top-down terminus, 
with type-II as the dominant contributor, whereas all three interfaces at the bottom-up terminus remain energetically viable 
but relatively weaker overall.

2.6.  Bidirectional, multi-interface interactions drive NOD1–RIP2 hetero-CARD filament

The interaction between the CARDs NOD1 and RIP2 has been extensively studied over the past two decades. Manon 
et al. were the first to identify NOD1CARD residues E53, D54, E56, and R69, and RIP2CARD residues R444, R483, and 
R488, as critical for this interaction [22]. Later, Fridh and Rittinger showed that additional RIP2CARD residues (D461, 
E472, E475, and D492) are pivotal for the NOD1-RIP2 interaction [24]. Boyle et al. further highlighted the key contribu-
tions of NOD1 residues E53 and D54 [25]. Mayle et al. proposed a multi-interface interaction model that includes type-I 
and type-III interfaces, implicating the roles of NOD1CARD residues E53 and E56 (type-IIIa) and RIP2CARD residues R443, 
R444, Y474, R483, and R488 (type-Ia) [26]. Our previous study indicated that type-II interface residues also play a critical 
role in hetero-CARD association [29], in line with findings by Gong and co-authors [30]. Despite these advancements, 
residue-level contributions across all three interfaces remain only partially understood. Because NOD1 and RIP2 interact 
through multiple interfaces as the filament nucleates and elongates, defining the residues that mediate each interface 
is essential to understanding how the hetero-CARD filament is stabilized. To this end, we performed detailed interaction 
mapping coupled with per-residue MM/PBSA decomposition at each interface.

Interaction analyses showed that all six NOD1CARD interfaces interact with RIP2CARD through distinct H-bonds, electro-
static interactions, and vdW contacts (Fig 3G and 3H; DG–DI and EG–EI in S2 File). At the top-down terminus, NOD1CARD 
engages with RIP2CARD through its type-Ia, IIb, and IIIa interfaces, which pair with the complementary type-Ib, IIa, and IIIb 
interfaces of RIP2CARD (Fig 3G, and DG–DI in S2 File). The type-I interface is stabilized by eight H-bonds (Q21-D467, K24-
D467, R27-S465/Y474, E28-S465/R466/K508, R69-D461), two electrostatic contacts (R27-D461 and D73-K471), and 
multiple vdW contacts (Fig 3Gi, and Fig DG in S2 File). The type-II interface exhibits five H-bonds (E53-Q458, D73-R483, 
S77-Q450/M515, K78-G516), two electrostatic interactions (D48-K513 and K70-E453), one hydrophobic contact (I20-
M515), and additional vdW contacts (Fig 3Gii, and Fig DH in S2 File). The Type-III interface features three H-bonds (E53-
R488, E56-R483/T484) and two vdW contacts (Fig 3Giii, and Fig DI in S2 File). Per-residue MM/PBSA decomposition 
identified key energetic hotspots at each interface (Fig DJ–DL in S2 File). For the type-I, significant stabilizing energies 
stem from NOD1CARD residues K24, R27, E28, R69, and K70 (type-Ia), as well as RIP2CARD residues D461, R466, D467, 
K471, Y474, and K508 (type-Ib) (Fig DJ in S2 File). In the type-II interface, the stabilizing energies are primarily contrib-
uted by NOD1CARD residues D48, D73, and S77 (type-IIb), and RIP2CARD N457, Q458, R483, and K513 (type-IIa) (Fig DK in 
S2 File). For the type-III interface, the core energetic hotspots are formed by NOD1CARD residues E53 and E56 (type-IIIa) 
and RIP2CARD residues T482, R483, T484, and R488 (type-IIIb) (Fig DL in S2 File) at the top-down terminus.

In contrast, at the bottom-up terminus (Fig 3H, and Fig EG–EI in S2 File), the interfaces are inverted in orientation. 
Specifically, the NOD1CARD type-Ib, IIa, and IIIb interfaces interact with the complementary RIP2CARD type-Ia, IIb, and IIIa 
interfaces, respectively. At the type-I interface, stability comes through two H-bonds (D42-R488 and N37-E445), several 
electrostatic interactions (D42-R444, L46-E445/M446), and numerous vdW contacts (Fig 3Hi, Fig EG in S2 File). The 
Type-II interface exhibits a more fragmented interaction pattern, characterized by transient H-bonds (R35-D473/D492/
D495, N36-E472) supported by multiple vdW contacts (Fig 3Hii, and Fig EH in S2 File). The Type-III interface consists 
of two H-bonds (Q64-E475 and R69-E472), one electrostatic interaction (R35-E475), a hydrophobic contact (P62-L476), 
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and additional vdW contacts (Fig 3Hiii, and Fig EI in S2 File). Per-residue MM/PBSA decomposition identified the key 
energetic contributors to each bottom-up interface (Fig EJ–EL in S2 File). For the type-I interface, the significant from the 
NOD1CARD are D42, N43, and K46 (type-Ib), while key residues from the RIP2CARD include Q441, S442, K443, R444, and 
R488 (type-Ia) (Fig EJ in S2 File). In the type-II interface, the dominant contributors from the NOD1CARD are R35, N36, and 
R101 (type-IIa), with RIP2CARD residue I496 and additional contributions from the surrounding basic patch (Fig EK in S2 
File). For the type-III interface, stabilizing energies primarily arise from the NOD1CARD residues R35, T63, Q64, P65, L67, 
and R69 (type-IIIb) and RIP2CARD residues K471, E472, and E475 (type-IIIa) (Fig EL in S2 File).

The residues identified across the NOD1CARD-RIP2CARD heterodimeric interfaces closely align with previous experimental 
findings. At the top-down terminus, NOD1CARD residues R69 (type-Ia), E53 (types IIb/IIIa), and E56 (type IIIa), together with 
RIP2CARD residues D461 and Y474 (type Ib) and R483 and R488 (type-IIIb), have been experimentally shown to be essen-
tial for NOD1-RIP2 association [22,24]. At the bottom-up terminus, NOD1CARD residues D42 (type-Ib) and R69 (type-IIIb), 
along with RIP2CARD residues R444, R488, and D492 (type-Ia) and E472, E475 (type-IIIa), have already been identified 
as critical for NOD1-RIP2 interaction and NF-κB signaling [22,24–26]. Taken together, the close agreement between prior 
experimental findings and our simulation data supports a model in which NOD1CARD forms a short filament that is structur-
ally compatible with RIP2CARD filament at both termini. The additional residues identified here as potential contributors to 
homo- and heterodimeric interactions provide new mechanistic insights but will require further experimental validation to 
determine their functional significance.

2.7.  Dynamic association of NOD2 tandem CARDs

Over the past several years, multiple studies have investigated the structural and functional roles of the tandem CARDs 
of NOD2 in RIP2-mediated CARD-CARD interactions [21,24,33,46]. In our previous study, we integrated findings from the 
Rittinger group [46] along with predictions from AlphaFold2 [47] and RosettaFold [48] to identify three dynamically stable 
NOD2CARDab models. However, when these models were docked onto the RIP2CARD filament, it resulted in steric clashes 
between adjacent tandem CARD subunits [33], leaving unresolved questions about how the tandem CARD associates 
and, in particular, the critical role of CARDb in mediating NOD2-RIP2 interactions. To investigate this further, we generated 
three tandem CARD models (Fig 4A) and simulated each for 400 ns (a cumulative of 2 μs per model; Table A in S1 File). 
Backbone RMSD and Rg values converged within the first 50–150 ns (RMSD: ~ 6–16 Å; Rg: ~ 16–21 Å), indicating stable 
association of the tandem CARDs (Fig 4B and 4C). Interdomain interaction stability was further evaluated by computing 
H-bonds over time (Fig F in S2 File). Most trajectories exhibited consistent H-bonding patterns, with T4, T5, T7, and T14 
showing ~7–9 H-bonds. Conversely, T9, T13, and T15 maintained weaker but persistent contacts, with 1–2 H-bonds.

To define the key interfaces governing tandem CARD association, we performed RMSD-based clustering for each 
trajectory and selected dominant cluster representatives for detailed interaction analysis (Fig 4D). The interaction analysis 
revealed a wide diversity of binding modes across the 15 trajectories (Fig 4E). Trajectories T1-T5 and T14 converged on 
variations of a shared arrangement in which the negatively charged CARDa surface (helices α2 and α5) engages with the 
CARDb type-Ia interface, consistent with earlier observations [33,46]. Trajectories T6 and T7 displayed the most com-
mon configuration, characterized by interactions between CARDa type-Ib and CARDb type-Ia interfaces, stabilized by 
an extensive H-bond network and in agreement with AlphaFold2 and RosettaFold predictions [33]. Additionally, distinct 
interaction modes emerged in trajectories T8-T12, in which CARDa uses its conserved type-IIa interface to interact with 
CARDb. Collectively, these results demonstrate that tandem CARD association is supported by interfacial plasticity, with 
multiple energetically viable binding associations across trajectories.

Given earlier findings that the NOD2CARDb type-Ib interface can interact with RIP2CARD type-Ia interface [24,33], we next 
tested whether any of the simulated tandem CARD conformations are structurally compatible with RIP2CARD filament. To 
test this, we docked the representative coordinates from each dominant NOD2CARDab cluster individually onto the RIP2CARD 
filament. Except for F1 and F15 models, all conformations produced substantial steric clashes either between adjacent 
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Fig 4.  Dynamic association of NOD2 tandem CARDs. (A) Structural representation of NOD2 tandem CARDs showing CARDa, CARDb, and the 
inter-domain linker in gray, blue, and red cartoon, respectively. (B) Backbone RMSD and (C) Rg graphs of the three NOD2 tandem CARD models 
over 400 ns of MD simulations across 15 trajectories; traces for model-1, model-2, and model-3 are shown in red, green, and blue shades, with violin 
plots summarizing replicate-specific distributions. (D) RMSD-based clustering analysis over time, illustrating conformational state distributions along 
the trajectories; each color corresponds to a distinct structural cluster, with red denoting the dominant state. (E) Representative inter-CARD interaction 
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tandem-CARD subunits or with RIP2 CARDs, and none could be incorporated into the filament architecture (Fig G in S2 
File). These clashes typically displaced CARDb from the filament axis, preventing the canonical helical alignment. In sum, 
these findings suggest that additional, as-yet-uncharacterized, tandem CARD conformations are likely required to stabilize 
the NOD2-RIP2 hetero-CARD filament.

2.8.  NOD2 requires both CARDs for self-assembly and RIP2CARD filament elongation

NOD2 contains tandem CARDs similar to those of RLR proteins RIG-I and MDA5, whose tandem CARDs form fila-
ments upon interaction with MAVSCARD [35,36]. While NOD2CARDa preferentially is known to interact with RIP2CARD in a 
top-down orientation [30,31], RIG-I and MDA5 CARDb (CARD2) bind MAVSCARD in a bottom-up configuration [35,36]. 
Despite these directional differences in their heterotypic interaction, tandem CARD association in both RIG-I and MDA5 
is mediated predominantly through type-II interfaces. Motivated by these observations, we constructed a type-II NOD-
2CARDab model (Fig H in S2 File) and subsequently built a NOD2CARDab-RIP2CARD filament model (N2R2–F4), guided by 
known NOD2CARDb-RIP2CARD interaction constraints [24,33]. The resulting filament model comprises two tiers of NOD-
2CARDab rings flanked by two tiers of RIP2CARD rings at termini (Fig 5A). The structural integrity of the N2R2–F4 model was 
assessed by performing three independent 1-μs MD simulations. As shown (in Fig 5B and 5C), the filament stabilized 
rapidly, with backbone RMSD (4.8–6.1 Å) and Rg (~54.2 Å) converging within the first ~100 ns, consistent with a compact, 
well-equilibrated complex. Conformational snapshots extracted every 200 ns (Fig 5D) showed strong structural conver-
gence across trajectories, further supporting a stable and well-defined filament.

2.9.  Heteromeric ring-ring interfaces stabilize NOD2-RIP2 filament

To further assess the stability of the hetero-CARD ring-ring interfaces, we quantified interfacial H-bonds across all trajectories 
and computed MM/PBSA binding free energies (Table F in S1 and Fig IA–IF in S2 Files). H-bond profiles revealed consistent 
yet dynamically fluctuating interactions at all three hetero-ring interfaces. The NOD2CARDa-NOD2CARDb hetero-ring interface 
maintained a robust H-bond network (36.71 ± 2.75 bonds; Fig IA in S2 File), while the top-down NOD2CARDa-RIP2CARD inter-
face showed even higher counts (39.07 ± 6.10) (Fig IB in S2 File). The bottom-up NOD2CARDb-RIP2CARD hetero-ring interface 
displayed somewhat fewer and more variable H-bonds (32.46 ± 6.12), consistent with a more dynamic yet still well-preserved 
interaction geometry (Fig IC in S2 File). MM/PBSA calculations revealed favorable binding free energies for all three ring–ring 
interfaces (Table F in S1 and Fig ID–IF in S2 Files). The NOD2CARDa-NOD2CARDb hetero-ring interface was consistently strong 
across trajectories (ΔG

bind
 = −338.32 to −292.16 kcal/mol), driven by favorably ΔE

vdW
 and highly favorable ΔG

solv
 that com-

pensate substantial electrostatic repulsion (Table I in S1 and Fig ID in S2 Files). The top-down NOD2CARDa-RIP2CARD interface 
displayed similarly strong ΔG

bind
 (−340.42 to −255.44 kcal/mol) and was driven by ΔE

vdW
 and favorable ΔE

ele
 (Table I in S1 

and Fig IE in S2 Files). In comparison, the bottom-up NOD2CARDb-RIP2CARD interface showed weaker binding overall (ΔG
bind

 = 
−302.90 to −232.93 kcal/mol), reflecting a larger electrostatic penalty balanced by favorable ΔE

vdW
 and ΔG

solv
 contributions 

(Table I in S1 and Fig IF in S2 Files). Together, these results support a hierarchy of ring–ring stability within the N2R2–F4 fil-
ament: the NOD2CARDa-NOD2CARDb and top-down NOD2CARDa-RIP2CARD interfaces provide the strongest stabilization, whereas 
the bottom-up NOD2CARDb-RIP2CARD interface, although stable, contributes weaker overall stabilization.

2.10.  Interaction dynamics within tandem CARD rings

We assessed the structural integrity of the NOD2 tandem CARD rings by quantifying interfacial H-bonds and MM/PBSA 
binding free energies across all dimeric interfaces within the filament model (Fig 5F–5H, Fig J in S2 File). Seven distinct 

profiles from selected trajectories (T1-T15). Key interacting residues between CARDa and CARDb are shown as ball-and-stick models and labeled, and 
inter-domain H-bonds are indicated in black dashed lines.

https://doi.org/10.1371/journal.pcbi.1014311.g004
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dimeric interfaces were identified: (1) the intramolecular tandem CARDa-CARDb interface (type II); (2) two heterodimeric 
interfaces between NOD2 CARDa and CARDb (type I/II); and (3) four homodimeric interfaces within the NOD2 rings, 
involving CARDa-CARDa and CARDb-CARDb contacts at type I and type III interfaces. For detailed interaction mapping 
and per-residue energy decomposition, 250 snapshots were extracted from the final 500 ns of N2R2–F4 (T2) trajectory 
(Fig 5E).

Fig 5.  NOD2CARDab-RIP2CARD interaction. (A) Structural and schematic overview of NOD2CARDab-RIP2CARD filament model N2R2–F4. (B) Backbone RMSD 
and (C) Rg of the N2R2–F4 complex as a function of simulation time, reporting overall stability and compactness. (D) Conformational ensembles of the 
filament coordinates, sampled every 50 ns from three independent trajectories; CARD ring interfaces that satisfy canonical pairing are marked with green 
ticks. (E) RMSD-based clustering analysis of N2R2–F4 trajectories, with colors indicating distinct conformational clusters and red denoting the dominant 
state. (F) Intermolecular interactions within tandem NOD2CARD rings: (i) detailed contacts between CARDa and CARDb at the tandem type-II interface, 
and at heterodimeric (ii) type-I and (iii) type-III interfaces. (G) Homodimeric interactions between CARDa subunits at (i) type-I and (ii) type-III interfaces. 
(H) Homodimeric interactions between CARDb subunits at (i) type-I and (ii) type-III interfaces, key residues are shown as ball-and-stick models and 
intermolecular H-bonds are indicated by black dotted lines.

https://doi.org/10.1371/journal.pcbi.1014311.g005
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Tandem CARD interaction is highly dynamic at the type-II interface: The tandem CARDa-CARDb interface displayed 
a fluctuating hydrogen-bond network, with 3.08 ± 1.28 interfacial H-bonds across trajectories, consistent yet dynamically 
rearranging association (Fig JA in S2 File). Despite this variability, MM/PBSA analysis indicated moderately favorable 
ΔG

bind
 (−32.28 to −51.72 kcal/mol) (Table I in S1 and Fig JD in S2 Files). At the residue level, the interface is stabilized by 

a shifting ensemble of H-bond and vdW contacts between CARDa type-IIb and CARDb type-IIa interfaces (Fig 5Fi, Fig JG 
in S2 File). Per-residue energy decomposition highlights CARDa residues S47, S49, E51, Q115, and K118, together with 
CARDb residues R159, E169, R171, K191, and N193, as major contributors to interface stabilization (Fig JJ in S2 File). 
Together, these results indicate that the tandem interface remains intact but relatively weak and flexible, consistent with a 
hinge-like coupling that permits tandem CARD mobility during filament assembly.

Heterodimeric type-I interface is the dominant stabilizing contact: Among heterodimeric interfaces, the type-I interface 
(CARDa type-Ib: CARDb type-Ia) exhibited the most persistent H-bonding network, maintaining 8.29 ± 1.09 H-bonds over 
time (Fig JB in S2 File), which was reflected by favorable ΔG

bind
 (−56.19 to −71.45 kcal/mol) (Table G in S1 File and Fig JE 

in S2 File). Interaction mapping revealed an extensive stabilizing network that combines multiple salt bridges and hydro-
gen bonds (E54-R182, D58-R138/R182, S62-Q135/H137/R138, Y71-R138/R182/D186) with three key hydrophobic con-
tacts (W59-P139, W68-A131/A192) and additional vdW contacts across the CARDa type-Ib and CARDb type-Ia surfaces 
(Fig 5Fii, and Fig JH in S2 File). In comparison, the heterodimeric type-III interface (CARDa type-IIIb: CARDb type-IIIa) 
was weak and transient, averaging fewer than one interfacial H-bond (Fig JC in S2 File) and exhibiting only modest ΔG

bind
 

(−5.27 to −18.81 kcal/mol) (Table G in S1 and Fig JF in S2 Files). This interface is supported by a single transient H-bond 
and limited vdW contacts (Fig 5Fiii, Fig JI and JL in S2 File), indicating that it contributes only weakly compared with the 
dominant type-I interface.

Homodimeric contacts within the NOD2 rings stabilize ring integrity: Within the CARDa ring, the type-I CARDa-CARDa 
interface maintained a stable H-bonding network (~5 H-bonds on average; Fig KA in S2 File) and a favorable ΔG

bind
 

(−33.48 to −53.16 kcal/mol) (Table G in S1 File and Fig KE). This interface is stabilized by multiple salt-bridge and H-bond 
contacts (E51-R86/R87, E54-R86/R87, S55-H83/R86, D58-R38/R86), together with hydrophobic packing (W68-W93) and 
several vdW interactions (Fig 5Gi, and Fig KI in S2 File). Per-residue decomposition highlights R38, R86, R87 (type-Ia) 
and E51, E54, D58 (type-Ib) as key contributors (Fig KL in S2 File). In contrast, the type-III interface was highly transient 
with very few H-bonds over time (Fig KB in S2 File) and no persistent contact network (Fig 5Gii), resulting in only weakly 
favorable ΔG

bind
 (−1.28 to −6.79 kcal/mol) (Fig KF in S2 File). Within the CARDb ring, the type-I CARDb-CARDb interface 

exhibited greater stability than its CARDa counterpart, maintaining higher H-bond counts (5.77 ± 0.64) (Fig KC in S2 File) 
and stronger ΔG

bind
 (−43.17 to −65.49 kcal/mol) (Table G in S1 and Fig KG in S2 Files). This interface is supported by a 

dense network of salt-bridge/H-bonds (E150-R182, D154-R138/R182, W157-D186, D168-R183) and hydrophobic con-
tacts (L155-P139, F175–F175), and numerous vdW contacts (Fig 5Hi, and Fig KJ in S2 File). Per-residue decomposition 
identifies E150, D154, W157, E158, Q164, D168 (type-Ib), together with R138, R182, R183 (type-Ia) as principal contribu-
tors. While the type-III interface remained weaker and more variable, with fewer H-bonds (Fig KD in S2 File), only modest 
ΔG

bind
 (−15.17 to −21.33 kcal/mol) (Table G in S1 and Fig KH in S2 Files), and only bare interfacial contacts (Fig 5Hii, 

and Fig KK and OK in S2 File). Overall, these data indicate that tandem CARD ring integrity is driven primarily by type-I 
interfaces, both heterodimeric and homodimeric, whereas the type-III contacts provide additional flexibility and contribute 
weakly to stabilization.

2.11.  Interactions between CARDa and CARDb at the heterodimeric ring-ring interface

To examine hetero-CARD stability across the three canonical interfaces, between the two NOD2CARDab rings and with 
RIP2CARD at both the top-down and bottom-up termini, we quantified interfacial H-bonds, computed MM/PBSA binding free 
energies, mapped interaction profiles, and carried out per-residue energy decomposition (Fig 6A–C, Table H in S1 File, 
and Fig L–O in S2 File). At the CARDa-CARDb type-I interface, H-bonds analysis showed a stable, moderately dense 
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network that persisted across the trajectories (4.40 ± 1.88; Fig LA in S2 File). This is supported by favorable ΔG
bind

 (−33.83 
to −57.42 kcal/mol) (Table H in S1 and Fig LD in S2 Files), indicating that the type-I interface stabilizes CARDa-CARDb 
association. The type-II interface showed a comparable, though slightly more variable, H-bonding pattern (3.56 ± 0.71; Fig 
LB in S2 File) and similarly favorable ΔG

bind
 (−39.65 to −61.26 kcal/mol) (H in S1 and Fig LE in S2 Files), suggesting that 

it also contributes strongly to heterodimer stability. In contrast, the type-III interface formed a similar number of H-bonds to 
type-II (3.00 ± 0.90; Fig LC in S2 File) but weaker ΔG

bind
 (−20.3 to −26.2 kcal/mol) (H in S1 and Fig LD in S2 Files), indicat-

ing a less energetically dominant CARDa–CARDb association.

Fig 6.  Hetero-CARD interaction modes at NOD2-NOD2 and NOD2-RIP2 ring-ring interfaces. (A) Representative contacts between NOD2CARDa and 
NOD2CARDb from vertically adjacent tandem-CARD rings. (B) Interactions between NOD2CARDa and RIP2CARD at the top-down terminus. (C) Interactions 
between NOD2CARDb and RIP2CARD at the bottom-up terminus. In each panel (A-C), the three canonical interface modes are boxed and color-coded: type-I 
(red, i), type-II (blue, ii), and type-III (green, iii). Interacting residues are labeled and depicted as sticks.

https://doi.org/10.1371/journal.pcbi.1014311.g006
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Type-I interface revealed a strong interaction comprising multiple H-bonds (R38-W157/V162, Q79-R171, S82-D154, 
R86-D154, R87-D168), hydrophobic contacts (V42/L89-W157), and several additional vdW interactions between the 
CARDa type-Ia and CARDb type-Ib interfaces (Fig 6Ai, and Fig LG in S2 File). Per-residue energy decomposition identi-
fied CARDa residues R38, Q79, S82, R86, R87, together with CARDb residues D154, W158, R171 as major contributors 
to the binding (Fig LJ in S2 File). At the type-II interface, interactions predominantly occur between the CARDa type-IIa 
and CARDb type-IIb surface patches and include three to four H-bonds (D70-S147, D90/T91-H146, N94-R143/H146) 
accompanied by multiple vdW contacts (Fig 6Aii, and Fig LH in S1 File). Per-residue decomposition at this interface high-
lighted D70, D90, W93, N94 (CARDa type-IIa), along with R143, R144, H146, S147 (CARDb type-IIb), as critical stabiliz-
ing residues (Fig LK in S2 File). The interaction at the type-III interface is dominated by electrostatic/H-bond pairs (E69/
E72-R143, E72-R182), complemented by a single hydrophobic contact (L76-I174) and several vdW contacts (Fig 6Aiii, 
and Fig LI in S2 File). Here, E69 and E72 (CARDa type-IIIa) and R143 and R182 (CARDb type-IIIb) emerge as principal 
contributors to the NOD2-NOD2 hetero-CARD interaction (Fig LL in S2 File). In sum, these data define a clear hierarchy 
of CARDa-CARDb heterodimeric contacts: type-I and type-II interfaces provide the dominant stabilizing interactions, 
whereas type-III interfaces contribute a weaker, secondary stabilizing component.

2.12.  NOD2CARDs interact with RIP2CARD at both termini

Like the NOD1-RIP2, the NOD2-RIP2 hetero-CARD interaction has also been extensively studied. Wagner et al. showed 
that charge-reversal mutations of NOD2CARDa residues E69, D70, and E71 disrupt RIP2CARD binding [23]. Subsequently, 
Fridh and Rittinger identified NOD2CARDa residues R38, E69, and R86 together with RIP2CARD residues D461, E472, D473, 
E475, and D492, as critical for NOD2-RIP2 association [24]. A potential type-II binding mode involving the NOD2CARDa 
type-IIb residue T452 and RIP2CARD has also been proposed [31]. Based on these findings, our previous work suggested 
that NOD2-RIP2 association may engage both type-I and type-II interaction modes, mediated by NOD2CARDa type-Ia/IIa 
interfaces and RIP2CARD type-Ib/IIb interfaces [33]. More recently, two cryo-EM studies have indicated that the top-down 
interface is crucial for NOD2-RIP2 CARD-CARD filament formation [30,31]. Despite these advances, residue-level contri-
butions across the three canonical interfaces (type-I, II, and III) remain only partially resolved. Moreover, because NOD2 
harbors tandem CARDs, the specific role of CARDb in RIP2 recruitment and filament growth remains unclear [30,31,33]. 
Several residues implicated in NOD2CARDa-RIP2CARD binding also map to alternative interface surfaces [23,24], raising the 
possibility of multiple interaction modes.

2.13.  Interaction between NOD2CARDa and RIP2CARD at top-down terminus

At the top-down type-I interface, a modest but persistent H-bonding network is maintained, with a trajectory-averaged 
H-bond count of 3.44 ± 0.72 (Fig MA in S2 File), yielding moderately favorable ΔG

bind
 (−26.28 to −32.87 kcal/mol) (Table H 

in S1 and Fig MD in S2 Files). The type-II interface exhibits slightly stronger H-bonding (4.46 ± 1.53 H-bonds; Fig MB in S2 
File) and the stronger ΔG

bind
 (−46.68 to −51.66 kcal/mol) among the three top-down modes (Table H in S1 and Fig ME in 

S2 Files). In comparison, the type-III interface shows the highest H-bond counts (5.26 ± 1.10 H-bonds; Fig MC in S2 File), 
but weaker and more variable ΔG

bind
 (−15.69 to −29.57 kcal/mol) (Table H in S1 and Fig MF in S2 Files), with stabilization 

driven primarily by attractive electrostatics. In summary, these results indicate that the type-II top-down interface is the 
dominant stabilizing mode, with type-I providing intermediate support and type-III remaining energetically weaker despite 
its higher H-bond occupancy.

To define the molecular determinants of these interfaces, we mapped interaction networks and performed per-residue 
energy decomposition (Fig 6B, and Fig MG–ML in S2 File). Across the canonical interfaces, the interaction stability is 
governed by H-bond/electrostatic contacts supported by vdW packing (Fig MG–MI in S2 File). The type-I interface showed 
five to six dynamic polar contacts (R83-N457/Y474, R86-D461/S465, R87-E475, D90-K471) and several vdW contacts 
between the NOD2CARDa type-Ia and RIP2CARD type-Ib surface patches (Fig 6Bi, and Fig MG in S2 File). Per-residue 
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energetic decomposition highlights NOD2CARDa residues R38, H83, R86, and R87 and RIP2CARD residues N457, Q485, 
D461, R466, Y474, and K486 as key contributors (Fig MJ in S2 File). The type-II interface features a broader interaction 
network of H-bonds/electrostatic contacts (E64-K513, E69-N457/Q458, D70-N512, N94-M515, K95-N512/Q514/Q518, 
T97-Q518, W98-K513/Q518), again supported by extensive vdW packing (Fig 6Bii, and Fig MH in S2 File). Here, the 
NOD2CARDa (type-IIa) residues E64, E69, D72, N94, L95, and W98 of and RIP2CARD (type-IIb) residues N457, Q458, R483, 
K510, N512, L513, Q514, M515, and Q518 contribute favorably to binding (Fig MK in S2 File). The type-III interface is sta-
bilized by three principal H-bonds linking E69/E72 (NOD2CARDa type-IIIa) with R444, T484, and R488 (RIP2CARD type-IIIb), 
and these residues also emerged as favorable energetic hotspots (Fig 6Biii, and Fig MI and ML in S2 File).

Importantly, the residues identified here align closely with prior mutational and biochemical data. NOD2CARDa residues 
R38 and R86 (type-Ia) and E69/E72 (type-IIIa), together with RIP2CARD residues D461 and Y474 (type-Ib), R483/R488 
(type-IIIb), and the previously proposed T452-linked type-II mode, correspond to sites shown experimentally to regulate 
NOD2-RIP2 association [23,24,31]. This convergence of simulations and experiments supports a multi-interface, top-down 
interaction between NOD2CARDa-RIP2CARD, while the additional hotspots identified here provide testable predictions for 
future experimental validation.

2.14.  Role of NOD2CARDb in NOD2-RIP2 Interaction (bottom-up interface interaction)

Previous studies have suggested that NOD2CARDb plays a key role in RIP2-mediated NF-κB signaling and hetero-CARD 
interaction [21,33]. We therefore quantified H-bonds and MM/PBSA energetics across the three canonical bottom-up 
interfaces, complemented by interaction mapping and per-residue energy decomposition (Table H in S1 File and Fig NA–
NL in S2 File). Among the bottom-up interfaces, the type-I displayed the most persistent H-bonding (8.01 ± 1.22 H-bonds; 
Fig NA in S2 File) and the most favorable ΔG

bind
 (−47.11 to −51.02 kcal/mol) (Table H in S1 File and Fig ND). In contrast, 

the type-II and type-III interfaces formed weaker and more variable contacts: type-II showed fewer H-bonds (1.97 ± 1.47 
H-bonds; Fig NB in S2 File) with moderately favorable ΔG

bind
 (−15.25 to −31.63 kcal/mol) (Table H in S1 File and Fig NE), 

whereas type-III showed slightly higher H-bond counts (2.87 ± 0.29) (Fig NC in S2 File), and modest ΔG
bind

 (−21.90 to 
−22.71 kcal/mol) (Table H in S1 File and Fig NF).

The dynamic interaction map indicated that the bottom-up NOD2CARDb-RIP2CARD interfaces are stabilized by coordinated 
H-bonds and vdW networks (Fig 6C, and Fig NG–NI in S2 File). At the type-I interface, NOD2CARDb (type-Ib) interacts 
RIP2CARD (type-Ia) through multiple H-bonds (D154-R444/R488, E158-R444/E445, R159-E445, Q164-D492), electrostatic 
pairs (E150-K480/R488, E158-K443, R171-D492), and several vdW contacts (Fig 6Ci, and Fig NG in S2 File). Per-residue 
energy contribution identifies NOD2CARDb residues E150, D154, R159, and Q164, and RIP2CARD residues R444, K480, 
and R488 as major contributors to the interaction (Fig NJ in S2 File). The type-II interface is supported by a smaller polar 
network comprising three H-bonds (R143-D495, R144-Q497, N151-E472) with limited vdW contacts (Fig 6Cii, and Fig NH 
in S2 File), with NOD2CARDb residues R143 and R144 (type-IIb) and RIP2CARD residues R446, K471, D492, and D495 (type-
IIa) contributing most strongly to binding (Fig NK in S2 File). The type-III interface forms a comparable H-bonding network 
(T176-E479, S178/R182-E472) supplemented by hydrophobic and vdW contacts (Fig 6Ciii, and Fig NI in S2 File); here, 
energetic hotspots include NOD2CARDb residues R143, T176, S178, and R182, and RIP2CARD residues E472, D473, and 
E475 (Fig NL in S2 File). Together, these data indicate that type-I stability arises from a dense, multi-contact network. In 
contrast, type-II and type-III interfaces are maintained by smaller, more localized interaction clusters that provide weaker 
but dynamic secondary support.

The key residues identified for NOD2CARDb and RIP2CARD are consistent with previous reports [22,24]. RIP2CARD res-
idues R444 and R488 (type-Ia), previously shown to interact with NOD1CARD [22], and residues D492 (type-Ia), E472, 
E475 (type-IIa/IIIa), implicated in NOD2-RIP2 binding and NF-κB signaling [24], are all recovered as energetic hotspots, 
and the type-I CARDb-RIP2CARD contacts agree well with our earlier predictions [33]. Overall, these results support a 
model in which the NOD2CARDb-RIP2CARD interaction at the bottom-up terminus is stabilized primarily through the dominant 
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type-I interface. At the same time, the type-II and type-III contacts act as weaker, auxiliary interactions. The resulting 
NOD2CARDb-RIP2CARD bottom-up configuration closely resembles that observed in the NOD1CARD-RIP2CARD filament (Fig 
3H) and in RIG-I/MDA5CARD–MAVSCARD filaments, suggesting a conserved architectural principle for CARD-driven filament 
elongation [35,36].

2.15.  In silico mutagenesis validates interface specificity

To rigorously assess the specificity of the proposed NOD1/2–RIP2 CARD interfaces and exclude the possibility that 
filament stability arises from nonspecific or force-field–driven interactions, we performed targeted in silico mutagenesis. 
Guided by literature-defined hotspot residue [22–26,29–31,33] and our interface mapping, we introduced charge-reversal 
and alanine-substitution mutations at both top-down and bottom-up hetero-CARD interfaces (Fig 7A–D, and Table I in 
S1 File). For the NOD1–RIP2 system, two mutant filament models were generated: N1R2–F4mTD (top-down; Fig 7A) and 
N1R2–F4mBU (bottom-up; Fig 7B). Analogous mutants were constructed for the NOD2–RIP2 system: N2R2–F4mTD (top-
down; Fig 7C) and N2R2–F4mBU (bottom-up; Fig 7D). All mutant systems were subjected to a 0.5 μs production run in 
duplicate under conditions identical to those used for the wild-type systems.

All mutant systems exhibited rapid and reproducible disruption of filament architecture. In NOD1–RIP2 mutant systems, 
both RMSD and Rg profiles showed significant divergence from the stable wild-type trajectories. N1R2–F4mTD showed 
a continuous rise in RMSD (~15–20 Å), while N1R2–F4mBU exhibited similarly pronounced destabilization (~30–45 Å), 
accompanied by a significant increase in Rg (Fig 7E–F). Similarly, in NOD2–RIP2 mutant systems, both N2R2–F4mTD and 
N2R2–F4mBU showed significant increases in RMSD and Rg (Fig 7G–H), consistent with a loss of filament compactness. 
Complementary analyses further supported these findings, with increased SASA, elevated interfacial RMSD, and reduced 
interfacial H-bonds collectively indicating progressive weakening of inter-subunit contacts (Fig O in S2 File). Structural 
snapshots at distinct time points showed that mutations at either interface (top-down or bottom-up) led to progressive 
dissociation of RIP2 CARD rings from the filament ends, with clear separation events observable early in the trajectories 
(0.1–0.4 μs) (Fig 7I–L). Collectively, these results provide strong prospective evidence that (1) the identified interfaces 
are specific rather than generic sticky contacts, (2) the key residues identified through interaction mapping and energy 
decomposition are indeed critical for interface integrity, and (3) our computational workflow can successfully discriminate 
between viable and disrupted filament architectures.

3.  Conclusion

Upon recognizing specific peptidoglycan motifs, NOD1 and NOD2 undergo ATP-dependent oligomerization, recruit RIP2 
via CARD-CARD interactions, and activate the NF-κB signaling cascade. Although multiple studies have examined the 
interfaces and residues that govern NOD1/2-RIP2 interactions, the molecular details remain unclear [27]. Recent cryo-EM 
studies of RIP2CARD filaments have highlighted that structural heterogeneity has hindered the determination of high-resolution 
hetero-CARD filament structures [30,31]. This challenge is likely amplified by the highly conserved CARD fold; even in 
genuine hetero-CARD assemblies, NOD1-, NOD2-, and RIP2-derived densities are expected to appear very similar. In such 
cases, near-isomorphous subunits are difficult to distinguish in cryo-EM reconstructions, and subtle compositional differences 
may be averaged out, masking receptor-specific interfaces and filament polarity. These limitations motivated us to investi-
gate, at atomic detail, the critical interfaces and residues that stabilize NOD1/2-RIP2 CARD-CARD filaments.

In this study, we dissected both conserved and receptor-specific interaction modalities between the CARDs of NOD1/
NOD2 and RIP2. In the NOD1-RIP2 hetero-CARD filament model, all six NOD1CARD interfaces participate in interactions at 
both the homodimeric (NOD1-NOD1) and heterodimeric (NOD1-RIP2) interface. These results are consistent with previ-
ous proposals that NOD1CARD is structurally compatible with a short-filament scaffold configuration that can accommodate 
both top-down association of the RIP2CARD filament [30]. Our simulations further indicate that the bottom-up configuration 
is structurally viable. Although the feasibility of bottom-up RIP2CARD filament conformation on NOD1CARD scaffold could 
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Fig 7.  In silico mutagenesis reveals interface-specific destabilization of NOD1–RIP2 and NOD2–RIP2 heterotypic CARD filaments. (A–D) 
Schematic representations of mutant filament models highlighting charge-reversal and alanine substitutions at inter-ring interfaces: (A) N1R2–F4mTD (top-
down), (B) N1R2–F4mBU (bottom-up), (C) N2R2–F4mTD (top-down), and (D) N2R2–F4mBU (bottom-up). Mutated residues are indicated and color-coded by 
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be questioned, the observed hetero-CARD interactions at type-I and type-III interfaces (Fig 3H) and earlier mutagenesis 
data [22,24], strongly support the viability of both configurations. In contrast, NOD2 exhibits a more asymmetric structural 
mechanism. For the NOD2-RIP2 hetero-CARD filament, our simulations indicate that NOD2 tandem CARDs can adopt a 
short filament scaffold configuration that is structurally compatible with RIP2CARD. In the top-down configuration, interac-
tions are mediated by the CARDa ring, whereas at the bottom-up terminus, CARDb ring interfaces provide the structural 
basis for RIP2 association, highlighting distinct functional roles for the two domains. The targeted in silico mutagenesis 
further demonstrates that these interfaces are highly specific and critically dependent on defined hotspot residues, as their 
disruption led to rapid filament destabilization. These findings distinguish physiologically relevant interactions from non-
specific contacts and validate the proposed hetero-CARD interfaces and filament models.

This work provides a unified structural framework for NOD1/2-RIP2 hetero-CARD interactions are in close agreement 
with previous experimental and computational studies [22–26,29–31,33]. For the NOD2–RIP2 system, the N2R2–F4 
filament model was constructed under the hypothesis that NOD2 tandem CARDs adopt a type-II intramolecular arrange-
ment analogous to RIG-I/MDA5–MAVS filament structures [35,36]. While our results show that this arrangement is geo-
metrically compatible with the RIP2CARD filament and remains stable over the simulation timescale, its biological relevance 
remains to be established. Alternative arrangements that satisfy the geometric constraints of the filament may also exist, 
and experimental validation will be required to distinguish among these possibilities.

Our findings support the model in which conserved CARD interfaces enable filament stability, while receptor-specific 
features, particularly the conformational plasticity of NOD2 tandem CARDs and the central role of CARDb, govern adap-
tor recruitment and filament configuration. We emphasize that these simulations evaluate the structural compatibility and 
persistence of pre-constructed interfaces rather than defining a kinetic assembly pathway; accordingly, the conclusions 
reflect the relative stability of the modeled filament complexes rather than a resolved temporal mechanism. Overall, this 
study provides mechanistic insight into NOD1/2–RIP2 CARD–CARD interactions, defining the structural basis of filament 
assembly and receptor-specific mechanisms that distinguish NOD1 and NOD2.

4.  Computational methods

4.1.  Modeling of NOD1/2-RIP2 CARD-CARD filaments

Experimental structures of NOD1CARD (PDBID: 2DBD; model 1 from the NMR ensemble) and RIP2CARD (2N7Z [49], 5YRN 
[30], 6GGS [31]) were obtained from the protein data bank (PDB) (https://www.rcsb.org). The 3D models of NOD2 tan-
dem CARDs were generated as described previously [33]. To generate NOD1/2-RIP2 CARD-CARD filament models, we 
docked CARD subunits into the cryo-EM map of RIP2CARD filament (EMD-6842) [30] using UCSF ChimeraX [50], guided 
by published NOD1/2-RIP2 interaction data [22–26,30,31]. The subunit composition of each model was determined by the 
helical symmetry of the cryo-EM structure, in which four CARD subunits constitute one helical turn. Eleven filament mod-
els were generated (S1 Table), and the details of the modeling are provided in the Results and Discussion section.

4.2.  MD simulation of NOD1/2-RIP2 filament models and NOD2 tandem CARDs

To gain insight into the structure and dynamic properties of the NOD1/2-RIP2 filament and NOD2 tandem CARD mod-
els, MD simulations were performed using the GROMACS simulation suite [51] and the Amber ff99SB*-ILDN-Q force 

interface type: type I (red), type II (blue), and type III (green). (E–H) Backbone RMSD (left) and radius of gyration (Rg; right) over 0.5 μs MD simulations 
for two independent trajectories (T1 and T2): (E) N1R2–F4mTD, (F) N1R2–F4mBU, (G) N2R2–F4mTD, and (H) N2R2–F4mBU. All mutant systems exhibit pro-
gressive structural divergence and loss of compactness relative to wild-type assemblies. (I–L) Representative snapshots from independent trajectories at 
indicated time points showing progressive dissociation of RIP2 CARD rings from NOD1/2 filament scaffolds: (I) N1R2–F4mTD, (J) N1R2–F4mBU, (K) N2R2–
F4mTD, and (L) N2R2–F4mBU. NOD1CARD is shown in light gray, NOD2CARDa in gray, NOD2CARDb in blue, the NOD2 linker in red, and RIP2CARD in orange. 
Mutated CARD subunits are displayed in cartoon-transparent surface representation.

https://doi.org/10.1371/journal.pcbi.1014311.g007

https://www.rcsb.org
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field [52,53], which has been validated for balanced treatment of secondary structure propensities and is suitable for 
simulating flexible linker regions. A buffer distance of 10–12 Å was maintained between the protein surfaces and the 
box edges to allow sufficient movement of macromolecule(s) and to prevent interactions with periodic images. Each 
simulation system was solvated with TIP3P water in individual cubic/triclinic boxes and neutralized with 0.15 M Na+ 
and Cl- ions. Periodic boundary conditions were applied to minimize the boundary-induced artifacts. Prior to production 
runs, each system was subjected to energy minimization using the steepest descent algorithm [54] until a convergence 
threshold of 1000 kJ/mol was reached, thereby resolving steric clashes and reducing high-energy interactions by opti-
mizing molecular geometries. The energy-minimized systems were then equilibrated in two sequential steps: an NVT 
ensemble (constant number of particles, volume, and temperature) for 1 ns, followed by an NPT ensemble (constant 
number of particles, pressure, and temperature) for 5 ns. During equilibration and production, the system temperature 
was maintained at 300 K using the velocity-rescale (V-rescale) thermostat [55], with a coupling constant (τ

T
) of 0.1 ps. 

The pressure was maintained at 1 bar with the Parrinello-Rahman barostat method [56]. Particle-Mesh Ewald (PME) 
summation method was employed to compute long-range electrostatic interactions [57]. The LINCS algorithm was used 
to constrain all covalent bonds [58], and a time step of 2 fs was employed for data collection. All subunits, including 
those at filament termini, were free to move without any position restraints during production runs. Final production runs 
for the NOD2 tandem CARD and hetero-CARD filament models were performed with multiple replicates, each spanning 
200 ns to 1 μs (Table A in S1 File).

4.3.  Analysis of MD trajectories

Following the generation of the MD trajectories, comprehensive analyses were performed using the built-in modules of 
GROMACS. Structural stability was evaluated by calculating the root-mean-square deviation (RMSD) and the radius of 
gyration (Rg) over time using the commands ‘gmx rms’ and ‘gmx gyrate’, respectively. To analyze the conformational 
states explored during the simulation, we performed RMSD-based clustering with ‘gmx cluster’. Principal component 
analysis (PCA) of the mainchain atoms was performed with ‘gmx covar’ and ‘gmx anaeig’. While the solvent-accessible 
surface area (SASA) was assessed using ‘gmx sasa’, interfacial hydrogen bonds (H-bonds) were determined using ‘gmx 
hbond’.

To map dynamic interactions at CARD-CARD interfaces, we developed a custom Python script and used MDAnalysis 
[59] to parse trajectories and detect interactions. For each homo- and heterodimeric interface, we extracted 250 evenly 
spaced snapshots from the final 500 ns of each selected trajectory and computed residue-residue contact frequencies 
to identify persistent interfacial contacts that likely stabilize CARD-CARD filament assembly. ChimeraX [50] was used for 
visualizing 3D models and residual interactions. Binding free energy and per-residue contributions were estimated using 
the Molecular Mechanics Poisson-Boltzmann Surface Area (MM/PBSA) method using the gmx_MMPBSA tool [60], again 
using 200/250 evenly spaced snapshots from the final half of each trajectory. MM/PBSA-derived binding energies were 
used as comparative metrics to qualitatively rank relative interface binding affinities across models and interfaces. These 
values do not represent absolute thermodynamic binding free energies, as the MM/PBSA method typically omits configu-
rational entropy contributions and is sensitive to parameter choices. 2D Plots and dynamic interaction maps were gener-
ated with Grace 5.1.21 (http://plasma-gate.weizmann.ac.il/Grace/) and Matplotlib [61].
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S2 File. Supporting Figures A–O. 
(PDF)

http://plasma-gate.weizmann.ac.il/Grace/
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1014311.s001
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1014311.s002


    
PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1014311  May 29, 2026 22 / 24

Acknowledgments

We are grateful to Dr. Meng-Chiao Ho (Institute of Biological Chemistry, Academia Sinica, Taipei, Taiwan) for providing 
computational resources and insightful discussions. We also thank Dr. Sachinandan De (Animal Biotechnology Centre, 
ICAR-NDRI, Karnal, Haryana, India) and Dr. Sukanta K. Pradhan (Department of Bioinformatics, OUAT, Bhubaneswar, 
Odisha, India) for their valuable suggestions and constructive feedback.

Author contributions

Conceptualization: Jitendra Maharana.

Data curation: Jitendra Maharana, Debasish Biswal, Debashis Panda.

Formal analysis: Jitendra Maharana, Aritra Bej, Debasish Biswal, Arjun Sharma.

Investigation: Jitendra Maharana, Arjun Sharma.

Methodology: Jitendra Maharana, Debashis Panda, Arjun Sharma.

Project administration: Jitendra Maharana.

Resources: Jitendra Maharana, Aritra Bej, Arjun Sharma.

Software: Jitendra Maharana, Aritra Bej, Arjun Sharma.

Supervision: Jitendra Maharana, Arjun Sharma.

Visualization: Jitendra Maharana.

Writing – original draft: Jitendra Maharana.

Writing – review & editing: Jitendra Maharana, Aritra Bej, Debasish Biswal, Arjun Sharma.

References
	 1.	 Janeway CA. Approaching the asymptote? Evolution and revolution in immunology. J Immunol. 2013;191(9):4475–87.

	 2.	 Bryant CE, Orr S, Ferguson B, Symmons MF, Boyle JP, Monie TP. International Union of Basic and Clinical Pharmacology. XCVI. Pattern Recogni-
tion Receptors in Health and Disease. Pharmacol Rev. 2015;67(2):462–504. https://doi.org/10.1124/pr.114.009928

	 3.	 Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate immunity. Cell. 2006;124(4):783–801. https://doi.org/10.1016/j.cell.2006.02.015 
PMID: 16497588

	 4.	 Bentham A, Burdett H, Anderson PA, Williams SJ, Kobe B. Animal NLRs provide structural insights into plant NLR function. Ann Bot. 
2017;119(5):827–702. https://doi.org/10.1093/aob/mcw171 PMID: 27562749

	 5.	 Kanneganti T-D, Lamkanfi M, Núñez G. Intracellular NOD-like receptors in host defense and disease. Immunity. 2007;27(4):549–59. https://doi.
org/10.1016/j.immuni.2007.10.002 PMID: 17967410

	 6.	 Proell M, Riedl SJ, Fritz JH, Rojas AM, Schwarzenbacher R. The Nod-like receptor (NLR) family: a tale of similarities and differences. PLoS One. 
2008;3(4):e2119. https://doi.org/10.1371/journal.pone.0002119 PMID: 18446235

	 7.	 Ting JP-Y, Willingham SB, Bergstralh DT. NLRs at the intersection of cell death and immunity. Nat Rev Immunol. 2008;8(5):372–9. https://doi.
org/10.1038/nri2296 PMID: 18362948

	 8.	 Maharana J, Panda D, De S. Deciphering the ATP-binding mechanism(s) in NLRP-NACHT 3D models using structural bioinformatics approaches. 
PLoS One. 2018;13(12):e0209420. https://doi.org/10.1371/journal.pone.0209420 PMID: 30571723

	 9.	 Inohara N, Koseki T, del Peso L, Hu Y, Yee C, Chen S, et al. Nod1, an Apaf-1-like activator of caspase-9 and nuclear factor-kappaB. J Biol Chem. 
1999;274(21):14560–7. https://doi.org/10.1074/jbc.274.21.14560 PMID: 10329646

	10.	 Ogura Y, Inohara N, Benito A, Chen FF, Yamaoka S, Nunez G. Nod2, a Nod1/Apaf-1 family member that is restricted to monocytes and activates 
NF-kappaB. J Biol Chem. 2001;276(7):4812–8. https://doi.org/10.1074/jbc.M008072200 PMID: 11087742

	11.	 Inohara N, Nuñez G. The NOD: a signaling module that regulates apoptosis and host defense against pathogens. Oncogene. 2001;20(44):6473–
81. https://doi.org/10.1038/sj.onc.1204787 PMID: 11607846

	12.	 Girardin SE, Jéhanno M, Mengin-Lecreulx D, Sansonetti PJ, Alzari PM, Philpott DJ. Identification of the critical residues involved in peptidoglycan 
detection by Nod1. J Biol Chem. 2005;280(46):38648–56. https://doi.org/10.1074/jbc.M509537200 PMID: 16172124

	13.	 Maharana J, Sahoo BR, Bej A, Patra MC, Dehury B, Bhoi GK, et al. Structural and functional investigation of zebrafish (Danio rerio) NOD1 leucine 
rich repeat domain and its interaction with iE-DAP. Mol Biosyst. 2014;10(11):2942–53. https://doi.org/10.1039/c4mb00212a PMID: 25137227

https://doi.org/10.1124/pr.114.009928
https://doi.org/10.1016/j.cell.2006.02.015
http://www.ncbi.nlm.nih.gov/pubmed/16497588
https://doi.org/10.1093/aob/mcw171
http://www.ncbi.nlm.nih.gov/pubmed/27562749
https://doi.org/10.1016/j.immuni.2007.10.002
https://doi.org/10.1016/j.immuni.2007.10.002
http://www.ncbi.nlm.nih.gov/pubmed/17967410
https://doi.org/10.1371/journal.pone.0002119
http://www.ncbi.nlm.nih.gov/pubmed/18446235
https://doi.org/10.1038/nri2296
https://doi.org/10.1038/nri2296
http://www.ncbi.nlm.nih.gov/pubmed/18362948
https://doi.org/10.1371/journal.pone.0209420
http://www.ncbi.nlm.nih.gov/pubmed/30571723
https://doi.org/10.1074/jbc.274.21.14560
http://www.ncbi.nlm.nih.gov/pubmed/10329646
https://doi.org/10.1074/jbc.M008072200
http://www.ncbi.nlm.nih.gov/pubmed/11087742
https://doi.org/10.1038/sj.onc.1204787
http://www.ncbi.nlm.nih.gov/pubmed/11607846
https://doi.org/10.1074/jbc.M509537200
http://www.ncbi.nlm.nih.gov/pubmed/16172124
https://doi.org/10.1039/c4mb00212a
http://www.ncbi.nlm.nih.gov/pubmed/25137227


    

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1014311  May 29, 2026 23 / 24

	14.	 Tanabe T, Chamaillard M, Ogura Y, Zhu L, Qiu S, Masumoto J, et al. Regulatory regions and critical residues of NOD2 involved in muramyl dipep-
tide recognition. EMBO J. 2004;23(7):1587–97. https://doi.org/10.1038/sj.emboj.7600175 PMID: 15044951

	15.	 Maharana J, Patra MC, De BC, Sahoo BR, Behera BK, De S, et al. Structural insights into the MDP binding and CARD-CARD interaction in zebraf-
ish (Danio rerio) NOD2: a molecular dynamics approach. J Mol Recognit. 2014;27(5):260–75. https://doi.org/10.1002/jmr.2357 PMID: 24700593

	16.	 Grimes CL, Ariyananda LDZ, Melnyk JE, O’Shea EK. The innate immune protein Nod2 binds directly to MDP, a bacterial cell wall fragment. J Am 
Chem Soc. 2012;134(33):13535–7. https://doi.org/10.1021/ja303883c PMID: 22857257

	17.	 Mo J, Boyle JP, Howard CB, Monie TP, Davis BK, Duncan JA. Pathogen sensing by nucleotide-binding oligomerization domain-containing 
protein 2 (NOD2) is mediated by direct binding to muramyl dipeptide and ATP. J Biol Chem. 2012;287(27):23057–67. https://doi.org/10.1074/jbc.
M112.344283 PMID: 22549783

	18.	 Zurek B, Proell M, Wagner RN, Schwarzenbacher R, Kufer TA. Mutational analysis of human NOD1 and NOD2 NACHT domains reveals different 
modes of activation. Innate Immun. 2012;18(1):100–11. https://doi.org/10.1177/1753425910394002 PMID: 21310790

	19.	 Maharana J, Sahoo BR, Bej A, Jena I, Parida A, Sahoo JR, et al. Structural models of zebrafish (Danio rerio) NOD1 and NOD2 NACHT domains 
suggest differential ATP binding orientations: insights from computational modeling, docking and molecular dynamics simulations. PLoS One. 
2015;10(3):e0121415. https://doi.org/10.1371/journal.pone.0121415 PMID: 25811192

	20.	 Caruso R, Warner N, Inohara N, Núñez G. NOD1 and NOD2: signaling, host defense, and inflammatory disease. Immunity. 2014;41(6):898–908. 
https://doi.org/10.1016/j.immuni.2014.12.010 PMID: 25526305

	21.	 Rosenstiel P, Huse K, Till A, Hampe J, Hellmig S, Sina C, et al. A short isoform of NOD2/CARD15, NOD2-S, is an endogenous inhibitor of NOD2/
receptor-interacting protein kinase 2-induced signaling pathways. Proc Natl Acad Sci U S A. 2006;103(9):3280–5. https://doi.org/10.1073/
pnas.0505423103 PMID: 16492792

	22.	 Manon F, Favier A, Núñez G, Simorre J-P, Cusack S. Solution structure of NOD1 CARD and mutational analysis of its interaction with the CARD of 
downstream kinase RICK. J Mol Biol. 2007;365(1):160–74. https://doi.org/10.1016/j.jmb.2006.09.067 PMID: 17054981

	23.	 Wagner RN, Proell M, Kufer TA, Schwarzenbacher R. Evaluation of Nod-like receptor (NLR) effector domain interactions. PLoS One. 
2009;4(4):e4931. https://doi.org/10.1371/journal.pone.0004931 PMID: 19337385

	24.	 Fridh V, Rittinger K. The tandem CARDs of NOD2: intramolecular interactions and recognition of RIP2. PLoS One. 2012;7(3):e34375. https://doi.
org/10.1371/journal.pone.0034375 PMID: 22470564

	25.	 Boyle JP, Mayle S, Parkhouse R, Monie TP. Comparative Genomic and Sequence Analysis Provides Insight into the Molecular Functionality of 
NOD1 and NOD2. Front Immunol. 2013;4:317. https://doi.org/10.3389/fimmu.2013.00317 PMID: 24109482

	26.	 Mayle S, Boyle JP, Sekine E, Zurek B, Kufer TA, Monie TP. Engagement of nucleotide-binding oligomerization domain-containing protein 1 (NOD1) 
by receptor-interacting protein 2 (RIP2) is insufficient for signal transduction. J Biol Chem. 2014;289(33):22900–14. https://doi.org/10.1074/jbc.
M114.557900 PMID: 24958724

	27.	 Boyle JP, Parkhouse R, Monie TP. Insights into the molecular basis of the NOD2 signalling pathway. Open Biol. 2014;4(12):140178. https://doi.
org/10.1098/rsob.140178 PMID: 25520185

	28.	 Maharana J, Dehury B, Sahoo JR, Jena I, Bej A, Panda D, et al. Structural and functional insights into CARDs of zebrafish (Danio rerio) NOD1 and 
NOD2, and their interaction with adaptor protein RIP2. Mol Biosyst. 2015;11(8):2324–36. https://doi.org/10.1039/c5mb00212e PMID: 26079944

	29.	 Maharana J, Pradhan SK, De S. NOD1CARD Might Be Using Multiple Interfaces for RIP2-Mediated CARD-CARD Interaction: Insights from Molec-
ular Dynamics Simulation. PLoS One. 2017;12(1):e0170232. https://doi.org/10.1371/journal.pone.0170232 PMID: 28114344

	30.	 Gong Q, Long Z, Zhong FL, Teo DET, Jin Y, Yin Z, et al. Structural basis of RIP2 activation and signaling. Nat Commun. 2018;9(1):4993. https://doi.
org/10.1038/s41467-018-07447-9 PMID: 30478312

	31.	 Pellegrini E, Desfosses A, Wallmann A, Schulze WM, Rehbein K, Mas P, et al. RIP2 filament formation is required for NOD2 dependent NF-κB 
signalling. Nat Commun. 2018;9(1):4043. https://doi.org/10.1038/s41467-018-06451-3 PMID: 30279485

	32.	 Ellwanger K, Briese S, Arnold C, Kienes I, Heim V, Nachbur U, et al. XIAP controls RIPK2 signaling by preventing its deposition in speck-like struc-
tures. Life Sci Alliance. 2019;2(4):e201900346. https://doi.org/10.26508/lsa.201900346 PMID: 31350258

	33.	 Maharana J, Maharana D, Bej A, Sahoo BR, Panda D, Wadavrao SB, et al. Structural Elucidation of Inter-CARD Interfaces involved in NOD2 
Tandem CARD Association and RIP2 Recognition. J Phys Chem B. 2021;125(49):13349–65. https://doi.org/10.1021/acs.jpcb.1c06176 PMID: 
34860029

	34.	 Matyszewski M, Zheng W, Lueck J, Antiochos B, Egelman EH, Sohn J. Cryo-EM structure of the NLRC4CARD filament provides insights into how 
symmetric and asymmetric supramolecular structures drive inflammasome assembly. J Biol Chem. 2018;293(52):20240–8. https://doi.org/10.1074/
jbc.RA118.006050 PMID: 30385506

	35.	 Wu B, Peisley A, Tetrault D, Li Z, Egelman EH, Magor KE, et al. Molecular imprinting as a signal-activation mechanism of the viral RNA sensor 
RIG-I. Mol Cell. 2014;55(4):511–23. https://doi.org/10.1016/j.molcel.2014.06.010 PMID: 25018021

	36.	 Song B, Chen Y, Liu X, Yuan F, Tan EYJ, Lei Y, et al. Ordered assembly of the cytosolic RNA-sensing MDA5-MAVS signaling complex via binding 
to unanchored K63-linked poly-ubiquitin chains. Immunity. 2021;54(10):2218-2230.e5. https://doi.org/10.1016/j.immuni.2021.09.008 PMID: 
34644557

	37.	 Gong Q, Robinson K, Xu C, Huynh PT, Chong KHC, Tan EYJ, et al. Structural basis for distinct inflammasome complex assembly by human 
NLRP1 and CARD8. Nat Commun. 2021;12(1):188. https://doi.org/10.1038/s41467-020-20319-5 PMID: 33420028

https://doi.org/10.1038/sj.emboj.7600175
http://www.ncbi.nlm.nih.gov/pubmed/15044951
https://doi.org/10.1002/jmr.2357
http://www.ncbi.nlm.nih.gov/pubmed/24700593
https://doi.org/10.1021/ja303883c
http://www.ncbi.nlm.nih.gov/pubmed/22857257
https://doi.org/10.1074/jbc.M112.344283
https://doi.org/10.1074/jbc.M112.344283
http://www.ncbi.nlm.nih.gov/pubmed/22549783
https://doi.org/10.1177/1753425910394002
http://www.ncbi.nlm.nih.gov/pubmed/21310790
https://doi.org/10.1371/journal.pone.0121415
http://www.ncbi.nlm.nih.gov/pubmed/25811192
https://doi.org/10.1016/j.immuni.2014.12.010
http://www.ncbi.nlm.nih.gov/pubmed/25526305
https://doi.org/10.1073/pnas.0505423103
https://doi.org/10.1073/pnas.0505423103
http://www.ncbi.nlm.nih.gov/pubmed/16492792
https://doi.org/10.1016/j.jmb.2006.09.067
http://www.ncbi.nlm.nih.gov/pubmed/17054981
https://doi.org/10.1371/journal.pone.0004931
http://www.ncbi.nlm.nih.gov/pubmed/19337385
https://doi.org/10.1371/journal.pone.0034375
https://doi.org/10.1371/journal.pone.0034375
http://www.ncbi.nlm.nih.gov/pubmed/22470564
https://doi.org/10.3389/fimmu.2013.00317
http://www.ncbi.nlm.nih.gov/pubmed/24109482
https://doi.org/10.1074/jbc.M114.557900
https://doi.org/10.1074/jbc.M114.557900
http://www.ncbi.nlm.nih.gov/pubmed/24958724
https://doi.org/10.1098/rsob.140178
https://doi.org/10.1098/rsob.140178
http://www.ncbi.nlm.nih.gov/pubmed/25520185
https://doi.org/10.1039/c5mb00212e
http://www.ncbi.nlm.nih.gov/pubmed/26079944
https://doi.org/10.1371/journal.pone.0170232
http://www.ncbi.nlm.nih.gov/pubmed/28114344
https://doi.org/10.1038/s41467-018-07447-9
https://doi.org/10.1038/s41467-018-07447-9
http://www.ncbi.nlm.nih.gov/pubmed/30478312
https://doi.org/10.1038/s41467-018-06451-3
http://www.ncbi.nlm.nih.gov/pubmed/30279485
https://doi.org/10.26508/lsa.201900346
http://www.ncbi.nlm.nih.gov/pubmed/31350258
https://doi.org/10.1021/acs.jpcb.1c06176
http://www.ncbi.nlm.nih.gov/pubmed/34860029
https://doi.org/10.1074/jbc.RA118.006050
https://doi.org/10.1074/jbc.RA118.006050
http://www.ncbi.nlm.nih.gov/pubmed/30385506
https://doi.org/10.1016/j.molcel.2014.06.010
http://www.ncbi.nlm.nih.gov/pubmed/25018021
https://doi.org/10.1016/j.immuni.2021.09.008
http://www.ncbi.nlm.nih.gov/pubmed/34644557
https://doi.org/10.1038/s41467-020-20319-5
http://www.ncbi.nlm.nih.gov/pubmed/33420028


    
PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1014311  May 29, 2026 24 / 24

	38.	 Lu A, Li Y, Schmidt FI, Yin Q, Chen S, Fu T-M, et al. Molecular basis of caspase-1 polymerization and its inhibition by a new capping mechanism. 
Nat Struct Mol Biol. 2016;23(5):416–25. https://doi.org/10.1038/nsmb.3199 PMID: 27043298

	39.	 Matyszewski M, Zheng W, Lueck J, Mazanek Z, Mohideen N, Lau AY, et al. Distinct axial and lateral interactions within homologous filaments 
dictate the signaling specificity and order of the AIM2-ASC inflammasome. Nat Commun. 2021;12(1):2735. https://doi.org/10.1038/s41467-021-
23045-8 PMID: 33980849

	40.	 Park HH, Lo Y-C, Lin S-C, Wang L, Yang JK, Wu H. The death domain superfamily in intracellular signaling of apoptosis and inflammation. Annu 
Rev Immunol. 2007;25:561–86. https://doi.org/10.1146/annurev.immunol.25.022106.141656 PMID: 17201679

	41.	 Ferrao R, Wu H. Helical assembly in the death domain (DD) superfamily. Curr Opin Struct Biol. 2012;22(2):241–7. https://doi.org/10.1016/j.
sbi.2012.02.006 PMID: 22429337

	42.	 Chu LH, Gangopadhyay A, Dorfleutner A, Stehlik C. An updated view on the structure and function of PYRIN domains. Apoptosis. 2015;20(2):157–
73. https://doi.org/10.1007/s10495-014-1065-1 PMID: 25451010

	43.	 Maharana J, Vats A, Gautam S, Nayak BP, Kumar S, Sendha J, et al. POP1 might be recruiting its type-Ia interface for NLRP3-mediated PYD-PYD 
interaction: Insights from MD simulation. J Mol Recognit. 2017;30(9):10.1002/jmr.2632. https://doi.org/10.1002/jmr.2632 PMID: 28370480

	44.	 Maharana J. Elucidating the interfaces involved in CARD-CARD interactions mediated by NLRP1 and Caspase-1 using molecular dynamics simu-
lation. J Mol Graph Model. 2018;80:7–14. https://doi.org/10.1016/j.jmgm.2017.12.016 PMID: 29324327

	45.	 Srimathi T, Robbins SL, Dubas RL, Hasegawa M, Inohara N, Park YC. Monomer/dimer transition of the caspase-recruitment domain of human 
Nod1. Biochemistry. 2008;47(5):1319–25. https://doi.org/10.1021/bi7016602 PMID: 18186648

	46.	 Hess M. Biophysical and biochemical investigations of CARD-CARD interactions. 2016.

	47.	 Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, et al. Highly accurate protein structure prediction with AlphaFold. Nature. 
2021;596(7873):583–9. https://doi.org/10.1038/s41586-021-03819-2 PMID: 34265844

	48.	 Baek M, DiMaio F, Anishchenko I, Dauparas J, Ovchinnikov S, Lee GR, et al. Accurate prediction of protein structures and interactions using a 
three-track neural network. Science. 2021;373(6557):871–6. https://doi.org/10.1126/science.abj8754 PMID: 34282049

	49.	 Lin Z, Tann JY, Goh ETH, Kelly C, Lim KB, Gao JF, et al. Structural basis of death domain signaling in the p75 neurotrophin receptor. Elife. 
2015;4:e11692. https://doi.org/10.7554/eLife.11692 PMID: 26646181

	50.	 Meng EC, Goddard TD, Pettersen EF, Couch GS, Pearson ZJ, Morris JH, et al. UCSF ChimeraX: Tools for structure building and analysis. Protein 
Sci. 2023;32(11):e4792. https://doi.org/10.1002/pro.4792

	51.	 Pronk S, Páll S, Schulz R, Larsson P, Bjelkmar P, Apostolov R, et al. GROMACS 4.5: a high-throughput and highly parallel open source molecular 
simulation toolkit. Bioinformatics. 2013;29(7):845–54. https://doi.org/10.1093/bioinformatics/btt055 PMID: 23407358

	52.	 Lindorff-Larsen K, Piana S, Palmo K, Maragakis P, Klepeis JL, Dror RO, et al. Improved side-chain torsion potentials for the Amber ff99SB protein 
force field. Proteins. 2010;78(8):1950–8. https://doi.org/10.1002/prot.22711 PMID: 20408171

	53.	 Best RB, de Sancho D, Mittal J. Residue-Specific alpha-Helix Propensities from Molecular Simulation. Biophysical Journal. 2012;102(6):1462–7. 
https://doi.org/10.1016/j.bpj.2012.02.024

	54.	 Zimmermann K. Oral - all purpose molecular mechanics simulator and energy minimizer. J Comput Chem. 1991;12(3):310–9. https://doi.
org/10.1002/jcc.540120305

	55.	 Bussi G, Donadio D, Parrinello M. Canonical sampling through velocity rescaling. J Chem Phys. 2007;126(1):014101. https://doi.
org/10.1063/1.2408420 PMID: 17212484

	56.	 Parrinello M, Rahman A. Polymorphic transitions in single-crystals - a new molecular-dynamics method. J Appl Phys. 1981;52(12):7182–90. https://
doi.org/10.1063/1.328693

	57.	 Cheatham TE, Miller JL, Fox T, Darden TA, Kollman PA. Molecular-dynamics simulations on solvated biomolecular systems - the particle mesh 
Ewald method leads to stable trajectories of DNA, RNA, and proteins. J Am Chem Soc. 1995;117(14):4193–4. https://doi.org/10.1021/ja00119a045

	58.	 Hess B, Bekker H, Berendsen HJC, Fraaije JGEM. LINCS: A linear constraint solver for molecular simulations. J Comput Chem. 
1997;18(12):1463–72. https://doi.org/10.1002/(Sici)1096-987x(199709)18:12<1463::Aid-Jcc4>3.0.Co;2-H

	59.	 Gowers R, Linke M, Barnoud J, Reddy T, Melo M, Seyler S, et al. MDAnalysis: A Python Package for the Rapid Analysis of Molecular Dynamics 
Simulations. Proceedings of the 15th Python in Science Conference. 2016. p. 98–105.

	60.	 Valdés-Tresanco MS, Valdés-Tresanco ME, Valiente PA, Moreno E. gmx_MMPBSA: A New Tool to Perform End-State Free Energy Calculations 
with GROMACS. J Chem Theory Comput. 2021;17(10):6281–91. https://doi.org/10.1021/acs.jctc.1c00645 PMID: 34586825

	61.	 Hunter JD. Matplotlib: A 2D Graphics Environment. Computing in Science & Engineering. 2007;9(3):90–5. https://doi.org/10.1109/mcse.2007.55

https://doi.org/10.1038/nsmb.3199
http://www.ncbi.nlm.nih.gov/pubmed/27043298
https://doi.org/10.1038/s41467-021-23045-8
https://doi.org/10.1038/s41467-021-23045-8
http://www.ncbi.nlm.nih.gov/pubmed/33980849
https://doi.org/10.1146/annurev.immunol.25.022106.141656
http://www.ncbi.nlm.nih.gov/pubmed/17201679
https://doi.org/10.1016/j.sbi.2012.02.006
https://doi.org/10.1016/j.sbi.2012.02.006
http://www.ncbi.nlm.nih.gov/pubmed/22429337
https://doi.org/10.1007/s10495-014-1065-1
http://www.ncbi.nlm.nih.gov/pubmed/25451010
https://doi.org/10.1002/jmr.2632
http://www.ncbi.nlm.nih.gov/pubmed/28370480
https://doi.org/10.1016/j.jmgm.2017.12.016
http://www.ncbi.nlm.nih.gov/pubmed/29324327
https://doi.org/10.1021/bi7016602
http://www.ncbi.nlm.nih.gov/pubmed/18186648
https://doi.org/10.1038/s41586-021-03819-2
http://www.ncbi.nlm.nih.gov/pubmed/34265844
https://doi.org/10.1126/science.abj8754
http://www.ncbi.nlm.nih.gov/pubmed/34282049
https://doi.org/10.7554/eLife.11692
http://www.ncbi.nlm.nih.gov/pubmed/26646181
https://doi.org/10.1002/pro.4792
https://doi.org/10.1093/bioinformatics/btt055
http://www.ncbi.nlm.nih.gov/pubmed/23407358
https://doi.org/10.1002/prot.22711
http://www.ncbi.nlm.nih.gov/pubmed/20408171
https://doi.org/10.1016/j.bpj.2012.02.024
https://doi.org/10.1002/jcc.540120305
https://doi.org/10.1002/jcc.540120305
https://doi.org/10.1063/1.2408420
https://doi.org/10.1063/1.2408420
http://www.ncbi.nlm.nih.gov/pubmed/17212484
https://doi.org/10.1063/1.328693
https://doi.org/10.1063/1.328693
https://doi.org/10.1021/ja00119a045
https://doi.org/10.1002/(Sici)1096-987x(199709)18:12<1463::Aid-Jcc4>3.0.Co;2-H
https://doi.org/10.1021/acs.jctc.1c00645
http://www.ncbi.nlm.nih.gov/pubmed/34586825
https://doi.org/10.1109/mcse.2007.55

	Structural and dynamic basis of NOD2 tandem CARD association and NOD1/2–RIP2 signaling complexes
	1. Introduction
	2. Results and discussion
	2.1. NOD1CARD and NOD2CARDa each distinctly associate with RIP2CARD
	2.2. NOD1CARD, but not NOD2CARDa, assemble into short filament
	2.3. NOD1CARD filament structure shows bidirectional interaction with RIP2CARD
	2.4. Homodimeric multi-interface interactions stabilize the NOD1CARD short filament
	2.5. RIP2CARD binds NOD1CARD filament at both ends
	2.6. Bidirectional, multi-interface interactions drive NOD1–RIP2 hetero-CARD filament
	2.7. Dynamic association of NOD2 tandem CARDs
	2.8. NOD2 requires both CARDs for self-assembly and RIP2CARD filament elongation
	2.9. Heteromeric ring-ring interfaces stabilize NOD2-RIP2 filament
	2.10. Interaction dynamics within tandem CARD rings
	2.11. Interactions between CARDa and CARDb at the heterodimeric ring-ring interface
	2.12. NOD2CARDs interact with RIP2CARD at both termini
	2.13. Interaction between NOD2CARDa and RIP2CARD at top-down terminus
	2.14. Role of NOD2CARDb in NOD2-RIP2 Interaction (bottom-up interface interaction)
	2.15. In silico mutagenesis validates interface specificity

	3. Conclusion
	4. Computational methods
	4.1. Modeling of NOD1/2-RIP2 CARD-CARD filaments
	4.2. MD simulation of NOD1/2-RIP2 filament models and NOD2 tandem CARDs
	4.3. Analysis of MD trajectories

	Supporting information
	References


