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A B S T R A C T

Nucleotide-binding oligomerization domain, leucine rich repeat containing X1 (NLRX1) is a negative regulator of 
the nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) pathway, with a significant role in the 
context of inflammation. Altered expression of NLRX1 is prevalent in inflammatory diseases leading to interest in 
NLRX1 as a drug target. There is a lack of structural information available for NLRX1 as only the leucine-rich 
repeat domain of NLRX1 has been crystallised. This lack of structural data limits progress in understanding 
function and potential druggability of NLRX1. We have modelled full-length NLRX1 by combining experimental, 
homology modelled and AlphaFold2 structures. The full-length model of NLRX1 was used to explore protein 
dynamics, mutational tolerance and potential functions. We identified a new RNA binding site in the previously 
uncharacterized N-terminus, which served as a basis to model protein-RNA complexes. The structure of the 
adenosine triphosphate (ATP) binding domain revealed a potential catalytic functionality for the protein as a 
member of the ATPase Associated with Diverse Cellular Activity family of proteins. Finally, we investigated the 
interactions of NLRX1 with small molecule activators in development, revealing a binding site that has not 
previously been discussed in literature. The model generated here will help to catalyse efforts towards creating 
new drug molecules to target NLRX1 and may be used to inform further studies on functionality of NLRX1.

1. Introduction

Modulating activity of the NOD-like receptor (NLR) class of proteins 
is an area of intense interest in the drug discovery community due to 
unprecedented therapeutic potential, across a plethora of inflammatory 
diseases, many of which have significant unmet medical need. This has 
been highlighted through the plentiful publications, patents, new com
panies, lucrative acquisitions, and clinical trials surrounding small 
molecule modulators of the well-studied, inflammasome forming, NLR 
protein NLRP3 [1]. Other NLR proteins are less well understood but no 
less significant in their potential therapeutic role. Herein we focus on 
Nucleotide-binding oligomerization domain, leucine rich repeat con
taining X1 (NLRX1), a non-inflammasome forming NLR protein, unique 
amongst the NLR family as it localises to the mitochondria [2]. We have 
investigated, in detail, the structure of NLRX1 in the hope that these 
structural insights will facilitate further drug discovery efforts, to 

complement the increasing number of, extensively reviewed, biological 
studies which demonstrate the significant role of NLRX1 in disease 
[3–7].

Inflammation is a natural and essential component of innate immu
nity, as a protective response to infection and tissue damage [8]. Im
mune cells detect pathogen associated molecular patterns (PAMPs) and 
damage associated molecular patterns (DAMPs) through pattern recog
nition receptors (PRRs) [9]. There are several types of PRRs including 
toll-like receptors, retinoic acid-inducible gene I (RIG-1)-like receptors, 
NOD-like receptors (NLR), C-type Lectin like receptors and cytosolic 
DNA sensors, all of which have different downstream effects upon 
activation [10]. One of the pathways to activation of PRR, is via the 
NFκB pathway. NFκB is an inducible transcription factor that regulates 
various pro-inflammatory genes and is central to inflammatory pro
cesses [10]. NLRX1 is a negative regulator of NFκB pathway [11]. In the 
resting state NFκB is inhibited by IκB, but when activated IκB kinase 
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(IKK) phosphorylates IκB causing release of NFκB and the inflammatory 
cascade ensues. Polyubiquitination of NLRX1 causes binding of its 
leucine rich repeat (LRR) domain to IKK kinase domain preventing 
phosphorylation of IkB, which remains complexed to NFκB, thereby 
inhibiting the inflammatory cascade [11]. NLRX1 is also involved in 
viral infection where interaction between NLRX1 and mitochondrial 
antiviral signalling protein (MAVS) prevents downstream activation of 
RIG-1 and ultimately NFκB [12]. In the clinic, altered expression of 
NLRX1 has been linked to increased inflammatory markers and poor 
prognosis in various inflammatory diseases including irritable bowel 
disease (IBD), cancer, arthritis, metabolic disease, diseases of the central 
nervous system and brain injury [3].

Despite the growing interest, there is limited understanding of 
NLRX1, and structural data is lacking. To date, only the C-terminal end 
of NLRX1 (cNLRX1) has been determined through X-ray crystallography 
(PDBcode: 3un9) [13]. The N-terminal end remains elusive; the lack of 
characterization of the N-terminus of NLRX1 (nNLRX1 - residues 
77–628) is the reason that this protein acquired the X in its name [14]. 
Herein we have harnessed advances in structural modelling to charac
terise the full molecular structure of NLRX1, established likely oligo
merisation states, predicted binding sites, and modelled various protein 
interactions. NLRX1 has a predicted ATP binding site which we have 
investigated in detail and conclude that NLRX1 is an ATPase Associated 

with Diverse Cellular Activity (AAA+) where ATP binding facilitates 
significant structural change to an active state. Consistent with this, we 
show full-length NLRX1 forms a stable centrosymmetric 
homo-hexameric structure, classically adopted by AAA+ ATPases. 
NLRX1 is known to bind RNA; we found that RNA-protein interaction 
occurs only with the NLRX1 hexamer, and that the trimer interface is 
critical for RNA recognition. Furthermore, we identified a positively 
charged RNA binding pocket formed by the helices of the previously 
unexplored N-terminus, surrounding the centre of the hexamer. Finally, 
we highlight two likely binding sites, one of which has not been sug
gested previously, for small molecule NLRX1 agonists NX-13, NX-64–3 
and LABP-72–38 currently in clinical and pre-clinical development 
[15–17]. This paper lays the groundwork required to expedite design of 
further novel modulators of NLRX1 for therapeutic resolution of in
flammatory disease.

2. Results

2.1. Homology model of NLRX1

cNLRX1 (residues 629–975), comprising the LRR domain, exists 
primarily as a monomer and homo-hexamer by size exclusion chroma
tography and analytical ultracentrifugation [13]. In the hexameric state, 

Fig. 1. Structure of NLRX1. (A) Monomer of NLRX1, where cyan is cNLRX1, based on the crystal structure 3un9 and orange is nNLRX1, based on the AlphaFold 
model of NLRX1. (B) Top and side view of the hexamer model of NLRX1, where chains are coloured: A green, B aqua, C purple, D pink, E blue and F orange. (C) 
Dynamut1 output for NMA analysis of the monomer, dimer, and hexamer of NLRX1. (D) MTR output for NLRX1 were residues that were scored higher than 1 are 
coloured pink. (E) nNLRX1 (green) overlay with the NACHT domain of NLRP3 7vtq (blue). (F) nNLRX1 (green) overlay with the NACHT domain of NLRC4 4kxf 
(light blue).
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NLRX1 exists as a dimer of trimers. The first 76 amino acid residues of 
NLRX1 are responsible for mitochondrial localization, making NLRX1 
unique amongst the NLR family [2,18,19]. This flexible region is cleaved 
upon arrival at the mitochondria and lacks secondary structure [2]
therefore the first 76 amino acid residues were excluded from our model 
of NLRX1. We successfully modelled the remaining 899 amino acid 
residues of NLRX1 as a monomer (Fig. 1A), dimer (Fig. 1B, chain A and 
F), and hexamer (Fig. 1B, chains A-F).

Although NLRX1 has low overall sequence identity (less than 30 %) 
to other NLR proteins, there is a high degree of structural homology 
within specific regions, particularly for murine NLRP3 (PDBcode: 7vtq 
[20]), human NLRP3 (PDBcode: 7pzc [21]), murine NLRC4 (PDBcode: 
4kxf [22] and 3jbl [23]) and baculovirus IAP repeat containing protein 
1E (PDBcode: 5yud [24]). A high degree of structural homology is 
specifically present in the LRR domain, which was expected based on 
their familial tie (Table 1). The Cα RMSD values of the LRR domain 
between NLRX1 and aforementioned NLR proteins range from 1.9 to 
4.6 Å where NLRP3 is the most similar.

nNLRX1 and the NACHT domain of murine NLRP3, human NLRP3, 
Baculoviral IAP repeat-containing protein 1e (PDBcode: 5yud [24]), and 
mouse NLRC4 have high structural homology (Fig. 1E, F) [20,22] Cα 

RMSD ranging from 2.4 to 5.4 Å.
Normal mode analysis was used to examine the relative stability of 

the monomer, dimer and hexamer models of NLRX1. The resulting 
porcupine plots indicated much greater movement in the monomer and 
dimer compared to the hexamer (Fig. 1C). This is not surprising, given 
that the hexamer inherently restricts itself from excessive fluctuation, 
restricting the freedom of movement of individual monomeric units. 
These findings, coupled with the oligomerization state experimentally 
observed for cNLRX1 indicate that NLRX1 likely functions as a hexamer 
[13].

2.2. Mutational tolerance analysis

Missense tolerance ratio (MTR) scores indicate how well a missense 
mutation is tolerated. Neutral mutations are given a score of 1, while a 
score greater than 1 indicates positive selection and less than 1 indicates 
that there is purifying selection against the mutation [25]. Analysis of 
the MTR scores indicated that NLRX1 does not have any disease muta
tions associated with it, with little evidence of purifying selection 
(Fig. 1D) [26]. Consurf results showed consistency with the MTR pre
diction where conserved regions have more cases with low MTR scores 
(less than 0.8). There were 50 residues in the variable region (Consurf 
colour scale 1 and 2), among which only one had MTR less than 0.8. 
There were 512 residues in the average region (Consurf colour scale 
from 3 to 7), among which 11 residues had MTR less than 0.8. There 
were 337 residues in the conserved region (Consurf colour scale from 8 
to 9), where 19 residues had MTR less than 0.8. Notably, sections of the 
LRR domain involved in small molecule recognition were highly 
conserved as well as sites within the proposed ATP binding domain.

2.3. Interactions of NLRX1 with ATP

NLRX1 was proposed to contain an ATP binding site in the N-ter
minal region (GLY166-SER173) [19], however, due to the lack of higher 
order structural data, the ATP binding site of NLRX1 has not previously 
been investigated. On examining the structure of nNLRX1 the 
phosphate-binding loop (p-loop, or Walker A motif, residues 166 to 
173), commonly observed in ATP binding proteins, was identified [18]. 
Furthermore, this was conserved across each of the homologous proteins 
described herein.

We sought to determine if the ATP binding site in NLRX1 was 
functional and if it resembled any other known ATP binding sites. The 
structurally homologous analysis from DALI indicated that there were 
twelve ATP interacting proteins with conserved p-loop, where NLRX1 
had similar structure to murine NLRC4, murine NLRP3, baculovirus IAP 
repeat containing protein 1E and Scytonema hofmannii TnsC, cell divi
sion control protein 6 (PDBcode: 2qby [27]), human mitochondrial 
small subunit assembly intermediate (PDBcode: 8csp [28]), 26S pro
teasome WT-Ubp6-UcVS complex (PDBcode: 7qo4 [29]), Mycobacte
rium smegmatis 0858 (PDBcode: 5e7p [30]), wheat coiled-coil domain 
containing NLR (CNL) Sr35 (PDBcode: 7xc2 [31]) and Drosophila origin 
recognition complex bound (PDBcode: 7jgr [32]). Superimposing the 
solved structures of the ATP binding proteins with our model of NLRX1 
showed a great deal of structural similarity with the Cα RMSD of the 
p-loop between nNLRX1 and other available structures ranging from 0.3 
to 0.9 Å, suggesting that the site could act as a functional ATP binding 
site. Further, of those ATP binding proteins, nNLRX1 was found to have 
structural similarity to members of the AAA+ ATPase family (PDBcode: 
5kzf, 7qo4, 5e7p, 7jgr and 7vtq) (Fig. 2B-G).

Having established the structural homology of nNLRX1 with ATP 
binding proteins, specifically the AAA+ ATPase family, we proposed 
that interaction is possible between ATP and NLRX1. Docking was per
formed to identify the location of ATP in the ATP binding site (Fig. 2I). 
The output indicated that the site could accommodate ATP; ATP was 
orientated in the binding pocket in a similar manner to ADP in the 
structure of murine NLRP3.

2.4. Interaction of NLRX1 with RNA

As a regulator of natural immunity, NLRX1′s interactions with RNA 
are thought to be pivotal to its function. There are no published models 
or available structures of NLRX1-RNA interactions and no proteins 
which are homologous to NLRX1 with a crystal structure containing 
RNA, we therefore progressed with docking RNA into NLRX1 [33,34]. 

Table 1 
Cα RMSD (Å) between NLRX1 (our model) and available NLR proteins.

Protein name (PDBcode) LRR 
domain 
(695-899)

NACTH 
domain 
(160-483)

Sequence 
identity 
(%)

NLR proteins
murine NLRP3 (7vtq) 1.9 2.4 25.4
human NLRP3 (7pzc) 2.7 3.1 24.4
mouse NLRC4 (4kxf) 4.6 4.8 21.6
mouse NLRC4 (3jbl) 3.1 5.4 21.6
Baculoviral IAP repeat-containing 

protein 1e (5yud)
3.9 4.5 21.9

Table 2 
ATP binding site analysis of the Cα RMSD (Å) of p-loop between nNLRX1 and 
other available structures.

Protein name (PDBcode) p-loop (166- 
173)

Sequence 
identity (%)

murine NLRP3 (7vtq) 0.4 25.4
human NLRP3 (7pzc) 0.5 24.4
mouse NLRC4 (4kxf) 0.4 21.6
Baculoviral IAP repeat-containing protein 1e 

(5yud)
0.7 21.9

Scytonema hofmannii TnsC (7plh) 0.6 24.5
cell division control protein 6 (2qby) 0.5 19.5
Mycobacterium tuberculosis proteasomal 

ATPase Mpa (5kzf)
1.1 22.0

human mitochondrial small subunit assembly 
intermediate (8csp)

0.4 22.8

26S proteasome WT-Ubp6-UcVS complex 
(7qo4)

0.9 23.5

Mycobacterium smegmatis 0858 (5e7p) 0.3 24.5
wheat coiled-coil domain containing NLR 

(CNL) Sr35 (7xc2)
0.3 21.8

Drosophila origin recognition complex subunit 
2(7jgr)

0.6 23.4
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Literature suggests that NLRX1 has superior affinity for dsRNA (Kd 0.1 – 
0.2 μM) compared to ssRNA [13]. The initial studies showed that dsRNA 
docking scores were significantly higher compared to that of the ssRNA, 
correlating well with the suggestion from the literature. All subsequent 
experiments were conducted with dsRNA.

Hong et al. showed that residue ARG699 was key in protein-RNA 
interactions [13]; we therefore used this as a starting point for model
ling the protein-RNA interactions. Our model was built to facilitate an 
interaction between dsRNA and ARG699, ensuring that the N-terminus 
could not block this region and fill the space that dsRNA would occupy. 
We conducted our studies with NLRX1 in the monomer, dimer, and 
hexamer states to determine if oligomerization had any implications on 
RNA interaction. The monomer did not exhibit a particular affinity for 
the dsRNA at position ARG699. In fact, we saw greater affinity for po
sition ARG771 which has previously been shown to be shielded from 
RNA interactions [13]. The monomer does not shield itself from this 
interaction. When docking to the dimer (chains A and F), we faced 
similar issues, where the RNA sequence was found to preferentially bind 
at ARG771. It was not until we modelled the interaction with a dimer of 
chains D and F, which make up two parts of the trimer interface, that we 
saw the formation of favourable interactions between the experimen
tally validated position ARG699 and dsRNA. When modelling the 

interaction of dsRNA with the hexamer we observed dsRNA preferen
tially harbouring an interaction with ARG699, attaining docking scores 
of − 302.50 (Fig. 3A). In addition to ARG699, we suspected that there 
may be additional binding sites in the previously unexplored N-termi
nus. When modelling RNA interaction with the hexamer, we identified a 
second possible RNA binding site that formed around the central helices 
located between ARG84-GLN99. This interaction was also observed in 
the monomer and dimer, though it was observed to be favoured in the 
hexamer, attaining a docking score of − 253.84 (Fig. 3B). Several posi
tively charged residues ARG81, HIS82, ARG83, ARG84, ARG92, ARG95, 
ARG98, ARG177, LYS178, ARG219, ARG403, and HIS634 facilitate the 
interaction via a positively charged binding pocket.

2.5. Predicting binding pockets in NLRX1 and docking of small molecule 
agonists

Given the therapeutic potential of NLRX1, we determined all, 
potentially druggable, small molecule binding sites. GHECOM output 
predicted six binding sites in nNLRX1 and three binding sites in cNLRX1. 
We investigated and prioritized these sites based on their affinity for 
patented small molecule NLRX1 agonists. There are only three published 
patents to date covering small molecule NLRX1 agonists and these are all 

Fig. 2. Investigation of the NLRX1 ATP binding site. (A) NLRX1 (A chain) is green, and the ATP binding site is highlighted in red. (B) Overlay of NLRX1 with 5kzf 
chain A in light blue. (C) Overlay of NLRX1 with 5e7p chain A in aqua. (D) Overlay of NLRX1 with 7jgr chain A in peach. (E) Overlay of NLRX1 with 7qo4 chain I in 
lilac. (F) Overlay of NLRX1 with 7vtq chain A in blue (G) Overlay of NLRX1 with 2qby chain A in pink. (H) ATP domain of NLRX1 (SER147-PHE406) where the 
Walker A motif is coloured red, the Walker B motif is coloured blue, Sensor 1 is coloured orange and SER372 is coloured purple. (I) AutoDock Vina output for NLRX1 
interaction with ATP.
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from Landos Biopharma, recently acquired by AbbVie. The three patents 
claim three distinct molecular series where NX-13, NX-64–3, and LABP- 
72–38 are representative and are the compounds with the most sup
porting biological data in the patents. NX-13 is the most advanced 
compound in development having successfully completed two clinical 
trials (NCT04458805, NCT04862741). The first clinical trial investi
gated safety, tolerability and pharmacokinetics of NX-13 using oral 
dosing, while the second trial investigated treatment of active ulcerative 
colitis [15,35,36], [37]. A phase 2 clinical trial (NCT05785715) is now 
recruiting patients to assess NX-13 for efficacy in treatment of moderate 
to severe ulcerative colitis. NX-64–3 [17] and LABP-72–38 [16] are 
pre-clinical but have been proposed as potential therapeutics for in
flammatory conditions ranging from asthma to neurodegenerative dis
eases such as Parkinson’s disease and Alzheimer’s disease [38–40].

The GHECOM output showed a binding site at the NLRX1 trimer 
interface. This is consistent with a previously published modelling study 
using cNLRX1 (PDBcode: 3un9) where this NLRX1 site associates with 
lipids docosahexaenoic acid (DHA), eleostearic acid (ESA) and punicic 
acid (PUA) [41]. Lu et al. determined the residues ASP677, PHE680, 
PHE681 and GLU684 were important for ligand recognition (Fig. 4B) 
[41]. The C3 symmetry of NX-13 suggests that it may interact with 
NLRX1 at the trimer interface, forming π-π interactions with the PHE 
residues. We docked NX-13 to the trimer interface of our NLRX1 model 
in its hexamer state; we report an affinity of − 11.54 kcal/mol at this site 
(Fig. 4C). NX-64–3 lacks the C3 symmetry of NX-13, however docking 
score indicates a similar binding affinity of − 11.05 kcal/mol, as its ar
omatic rings form favourable interactions with the PHE residues 
(Fig. 4D). Finally, LABP-72–38 had the lowest affinity for the trimer 
binding site, at − 7.09 kcal/mol (Fig. 4E). Despite the presence of 

aromatic rings that could engage in π-π stacking with the PHE residues, 
as we observed with the other small molecules, the relative planar 
structure of the molecule prevents it from filling the space of the trimer 
binding site, resulting in a relatively low binding affinity at this site.

The output from GHECOM also suggests a binding site in cNLRX1 
located at the dimer interface of chains A and F, composed of the two 
sets of α-helix bundles located at the C-terminus of NLRX1. These α-helix 
bundles do not have a known functionality but were proposed to play a 
sensory role [13]. In our docking study, residues ILE913, GLU916, 
ASN920, TRP924 and HIS932 are important for the protein-ligand 
interaction (Fig. 4F); interestingly, these residues fall within a 
sequence that is highly conserved (LYS870–ARG926), as determined by 
MTR. When we docked NX-13 at this dimer site, we found that affinity 
was similar to that of the trimer site but this time reporting 
− 11.07 kcal/mol (Fig. 4G). NX-64–3 had a slightly higher affinity for 
the dimer site compared to the trimer site, at − 11.85 kcal/mol (Fig. 4H). 
LABP-72–38 had much improved binding for the dimer site, compared 
to the trimer, as we report − 11.06 kcal/mol as the binding affinity 
(Fig. 4I).

We also performed a blind docking with the known NLRX1 agonists, 
encompassing the entirety of the nNLRX1 to identify if there was any 
hierarchy to the sites that had been identified by GHECOM. Results 
showed that NX-13, NX-64–3 and LABP-72–38 docked exclusively 
within the ATP binding site. We then focused on each of the sites that 
had been proposed by GHECOM; low binding affinities were reported for 
each of the binding sites for all ligands. As such, it is our interpretation 
that there are no ligand binding domains located in the N-terminal end 
capable of interacting with the small molecules investigated in this 
work.

Fig. 3. Modelling the interactions of dsRNA with NLRX1. Positively charged residues (LYS, ARG, and HIS) are coloured blue, while negatively charged residues (ASP, 
and GLU) are coloured red. (A) The interaction of dsRNA sequence with the previously identified binding site of NLRX1, where ARG699 is significant in protein-RNA 
interaction. (B) A novel RNA binding site located in the N terminal of NLRX1, where a positively charged pocket facilitates the protein-RNA interaction.
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3. Discussion

For the first time, we present a model of the full-length structure of 
NLRX1, excluding only the first 76 amino acid residues, known to be 
associated with mitochondrial localization [2]. The homology model of 
NLRX1 is the product of the crystal structure of cNLRX1 and the 
AlphaFold output of nNLRX1 [13]. NMA analysis indicates that the 
protein has the highest level of stability in the hexamer state, which is 
supported by previous literature where 3un9 was proposed as a dimer of 
trimers [13]. MTR analysis showed NLRX1 did not have any disease 
mutations associated with the protein, though it did indicate regions of 
NLRX1 that are highly conserved and likely have significance, including 
the dimer binding site and the ATP binding domain.

NLR proteins are part of the AAA+ ATPase protein super family and 
typically oligomerise [42,43]. In agreement with this, our results show 
that NLRX1 forms a, relatively stable, centrosymmetric hexamer. 
Through careful examination of NLRX1 including oligomerisation, ATP 
binding site, and comparison to closely homologous proteins, we 
conclude that NLRX1 is a AAA+ ATPase, consistent with other NLRs 
[43]. The ATP domain of AAA+ ATPase is usually 200–250 amino acids 
in length and commonly comprises two sub domains, where the C-ter
minal sub domain has numerous α-helixes, forming a lid over the 
N-terminal end. The N-terminus has a characteristic β-sheet arrange
ment of β5-β1-β4-β3-β2, with an α-helixes connecting to each β-sheet 
[44]. NLRX1 ATP domain (residues SER147-PHE406) retains these 
characteristic features of AAA+ ATPases in each domain. In the C-ter
minal sub domain, there are five α-helixes while the N-terminal sub 
domain has a narrow triangular shape, and the β-sheet pattern is exactly 
consistent with AAA+ ATPase (Fig. 2H).

The presence of both Walker A and B motifs are critical to the 
functionality of AAA+ ATPases. The Walker A motif, involved in 
γ-phosphate coordination, is commonly denoted by the sequence 
GXXXXGK(S/T), where X is any amino acid, and this presents in the ATP 

domain of NLRX1 (GTVGTGKS) [42,44]. Further, the orientation of the 
docked ATP molecule (Fig. 2I) supports a γ-phosphate coordination to 
the Walker A site. The Walker B motif, however, has a sequence of hhhh 
(D/E), where h are hydrophobic residues, and is responsible for the 
coordination of Mg2+ involved in ATP hydrolysis. In NLRX1 we find 
LHGLE as the sequence of this region, which does not conform to the 
conventional definition of the Walker B motif because of the hydrophilic 
residue HIS242. However, histidine was previously found to be critical 
in coordination of Mg2+ in ATP hydrolysis and could, in this instance, be 
performing a similar function [45].

In addition to the Walker motifs, AAA+ ATPases have two sensor 
regions: Sensor 1 is characterized by the sequence hhh(T/S)(T/S)R and 
is present in NLRX1 (ILVTTR). Additionally, this sequence is highly 
conserved, as determined in our MTR analysis. Sensor 2, involved in ATP 
coordination and hydrolysis, is commonly denoted by a single lysine or 
arginine residue but in NLRX1, the residue that maps to that position is 
SER372. This does not exclude NLRX1 from the AAA+ ATPase family, as 
several NLRP proteins, for example: NLRP4, 6, 8, 11, 13 and 14, also lack 
this residue [44]. Instead, another region of NLRX1 may function as an 
alternative Sensor 2 motif such as ASP472, GLU409 or GLU96, all of 
which fall outside of the ATP binding site domain.

The identification of an ATP binding site and the potential for 
ATPase activity as a member of the AAA+ ATPase family opens an array 
of potential functions for NLRX1. Though we are not able to present any 
further answers here, it is possible and has been previously speculated 
that ATP could facilitate the oligomerization processes in a similar 
manner to oligomerisation of NLRP3 where ATP binding correlates with 
large conformational changes triggering an active state of the sensory 
protein [43,46].

NLRX1 is known for its recognition of dsRNA, where interaction 
stimulates reactive oxygen species activation [13,47]. Hong et al. pre
viously proposed a positively charged patch in cNLRX1 for RNA recog
nition [13]. Our data supports the location of this RNA binding site and 

Fig. 4. Interaction of NLRX1 with targeted ligands developed by Landos Biopharma. (A) Small molecule activators of NLRX1: NX-13, NX-64–3, and LABP-72–38. (B) 
Trimer binding site were the amino acids involved in protein-ligand interaction are highlighted in red. (C) Interaction of NX-13 with the trimer interface of NLRX1. 
(D) Interaction of NX-64–3 with the trimer interface of NLRX1. (E) Interaction of LABP-72–38 with the trimer interface of NLRX1. (F) The dimer interface of NLRX1 
where the residues highlighted in red are those involved in protein-ligand interactions. (G) NX-13 interacting with the dimer interface of NLRX1. (H) NX-64–3 
interacting with the dimer interface of NLRX1. (I) LABP-72–38 interacting with the dimer interface of NLRX1.
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further suggests that NLRX1 binds RNA when in its hexameric form and 
that the trimer interface is critical for RNA recognition. The ability of 
NLRX1 to preferentially bind dsRNA supports the former conclusion that 
NLRX1 outcompetes protein kinase R for dsRNA interaction, resulting in 
early innate immune antiviral responses [48]. Moreover, we also iden
tified a positively charged binding pocket in the previously unexplored 
nNLRX1 capable of interacting with RNA. Our data suggests preferential 
binding of dsRNA at this site which is not dependent on oligomerization 
state of the protein.

In order to facilitate drug discovery efforts, it is important to un
derstand if there are any additional binding pockets, beyond the ATP 
and RNA binding sites. From the GHECOM output there were 9 small 
molecule binding sites predicted. One of these sites is at the centre of the 
trimer while a second new site was found at the dimer interface. We 
succeeded in validating these sites using the available ligands from 
Landos Biopharma. NX-13 is likely to bind to the trimer site but may also 
bind the dimer interface. NX-64–3 and LABP-72–38 are more likely to 
bind at the newly established dimer site. Landos Biopharma suggest in 
each of their patents that there is a second binding site in the C-terminus, 
however the location of this site was not reported.

With use of state-of-the-art modelling techniques, we have con
structed a detailed representation of the structure of NLRX1 in various 
oligomerization states and conclude that a hexameric active form is most 
likely. Not surprisingly, NLRX1 was found to have high structural ho
mology with several members of the larger NLR family, despite less than 
30 % sequence identity. Mutational tolerance analysis showed no strong 
evidence of disease mutations associated with NLRX1 but provided in
sights into regions of the protein that have high levels of conserved se
quences. Our model has allowed us to define NLRX1 as a AAA+ ATPase 
through confirming and examining the ATP binding site. We have pro
vided the first model of interactions with dsRNA showing the most likely 
points of interaction. Finally, we have added structural validation for the 
three series of currently disclosed NLRX1 targeted small molecules. 
There is a great deal of work that is still required to understand the 
function and intricacies that surround NLRX1. We hope that this paper 
may serve as a catalyst to encourage others to pursue and apply their 
own knowledge to advance the field for therapeutic benefit.

4. Materials and methods

4.1. Modelling the structure of NLRX1

The model of NLRX1 was built in MODELLER v10.2 [49] using 
cNLRX1 (PDBcode: 3un9 [13]), mouse NLRP3 (PDBcode: 7vtq [20] - 
25.4 % sequence identity) and the apo monomeric AlphaFold2 model 
[50] as templates.

Ten models were generated, extensively minimised and the model 
with lowest Discrete Optimized Protein Energy (DOPE) score [51]
chosen. The experimental structure of the C-terminus fragment of 
NLRX1 suggested that it forms a homo-hexamer [13]; the full-length 
hexamer model was generated using cNLRX1 (PDBcode: 3un9) as a 
guide for the core of full-length NLRX1 protein (excluding residue 1 to 
76).

4.2. Relative stability of NLRX1

To determine the relative stability of NLRX1, we performed normal 
mode analysis (NMA) using Dynamut [52]. Porcupine plots were 
generated to illustrate the movement in the protein.

4.3. Mutational tolerance analysis[13]

Missense Tolerance Ratio (MTR) score - a measure to quantify the 
amount of purifying selection on missense variation was calculated 
using MTR-Viewer [26].

4.4. Structural homology search

DALI [53] was used to determine structural homology to experi
mentally characterised proteins.

4.5. Conservation calculation

Consurf [54,55] was performed to calculate the conservation of 
NLRX1 protein. All the parameters were used as default values.

4.6. Binding site prediction

GHECOM [38] was used to predict potential binding pockets in 
NLRX1.

4.7. Docking

4.7.1. NLRX1 and RNA
HDOCK [33,56] was used to perform the docking between NLRX1 

and RNA. The web server version was used with default parameters and 
an intrinsic scoring function [34]. Initially, we conducted the docking 
with both double-stranded (ds) and single-stranded (ss) RNA to see 
which one has better binding affinity to NLRX1. All subsequent experi
ments were conducted with dsRNA (GGCGCGCGCC) which was ob
tained from its complex with dsRNA-binding domain (PDBcode: 1DI2 
[57].

4.7.2. NLRX1 and small molecules
AutoDock Vina [58] was used to determine the interaction between 

NLRX1 and small molecules, such as ATP and NLRX1 activators. In the 
AutoDock configuration file, the exhaustiveness parameter was set to 
24. Ten poses were generated in the output and the pose with lowest 
binding affinity was chosen. The box size was 20 Å * 20 Å * 20 Å. When 
investigating the ATP binding stie the centroid of the box was defined by 
the residues at the interaction site of the mouse NLRP3 (PDBcode: 7vqt). 
When investigating the trimer binding site, the centroid of the box was 
definied by the residues ASP677, PHE680, PHE681, and GLU684 [41]. 
When investigating the identified dimer binding site, the centroid of the 
box was defined by the residues at the interaction sites identified by 
GHECOM.

4.8. Figure generation

All protein structure figures were generated in Pymol [The PyMOL 
Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC.].
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