
Intrinsic flexibility of NLRP pyrin domains
is a key factor in their conformational
dynamics, fold stability, and dimerization

Roland G. Huber,1,2 Clarissa Eibl,3,4 and Julian E. Fuchs1,5*

1Institute for General, Inorganic and Theoretical Chemistry, Center for Molecular Biosciences Innsbruck (CMBI), University of

Innsbruck, Innrain 80/82, Innsbruck, Austria
2Bioinformatics Institute, Agency for Science, Technology and Research (A*STAR), 30 Biopolis Street #07-01 Matrix, Singapore

138671
3Department of Molecular Biology, University of Salzburg, Billrothstrasse 11, 5020 Salzburg, Austria
4Molecular Neuroscience and Biophysics, Leibniz-Institute for Molecular Pharmacology, Robert-Roessle Strasse 10, 13125 Berlin,
Germany
5Centre for Molecular Informatics, Department of Chemistry, University of Cambridge, Cambridge CB2 1EW, United Kingdom

Received 5 September 2014; Accepted 9 November 2014

DOI: 10.1002/pro.2601
Published online 17 November 2014 proteinscience.org

Abstract: Nucleotide-binding domain leucine-rich repeat-containing receptors (NLRs) are key

proteins in the innate immune system. The 14 members of the NLRP family of NLRs contain an
N-terminal pyrin domain which is central for complex formation and signal transduction. Recently,

X-ray structures of NLRP14 revealed an unexpected rearrangement of the a5/6 stem-helix of the pyrin

domain allowing a novel symmetric dimerization mode. We characterize the conformational transi-
tions underlying NLRP oligomerization using molecular dynamics simulations. We describe confor-

mational stability of native NLRP14 and mutants in their monomeric and dimeric states and compare

them to NLRP4, a representative of a native pyrin domain fold. Thereby, we characterize the interplay
of conformational dynamics, fold stability, and dimerization in NLRP pyrin domains. We show that

intrinsic flexibility of NLRP pyrin domains is a key factor influencing their behavior in physiological

conditions. Additionally, we provide further evidence for the crucial importance of a charge relay
system within NLRPs that critically influences their conformational ensemble in solution.
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Introduction

Both, innate immune response and recognition of

bacteria relies on cellular signaling mediated by

members of the Nucleotide-inding domain Leucine-

rich repeat-containing Receptor (NLR) family.1,2

NLRs contain multiple domains, each fulfilling spe-

cific roles in pattern recognition.3 Fourteen of the

twenty-two human NLRs contain a pyrin domain

and form the NLRP family (NLRP1-NLRP14).4,5

NLRP1 and NLRP3 are key components in the

formation of inflammasomes, a multiprotein oligomer

component of the innate immune system.6,7 Thus,

NLRPs might be interesting drug targets to tackle

inflammatory responses.8 Conditions ranging from

Crohn’s disease, rheumatoid arthritis to particular

forms of malignancies have been linked to NLRP

function and malfunction.9–11 Cancer implications are

evident, as NLRPs are also involved in the cellular

apoptotic machinery.12 Additionally, mutations in

some NLRPs are associated with reproduction-related

dysfunctions.13,14 In particular, mutations in NLRP14

were shown to impair spermatogenesis.15
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NLRPs consist of three separate domains: an

N-terminal pyrin domain, a NACHT (with reference to

its initial identification in NAIP, CIITA, Het-E and

TP1) domain, and a C-terminal leucine-rich repeat

domain with the exception of NLRP1 that additionally

presents a caspase activation and recruitment (CARD)

domain at the C-terminus.16 The leucine-rich repeat

domain is crucial for ligand binding and is considered

to interact with the NACHT domain to keep the recep-

tor in an auto-inhibited state.17 Upon ligand sensing,

the leucine-rich repeat domain is thought to undergo

conformational rearrangements allowing for NACHT-

mediated NLRP oligomerization.18 This final complex

then recruits down-stream signaling partners via the

pyrin domain.19

High resolution X-ray structures of several

pyrin domains of NLRPs revealed distinctly charged

surface regions possibly reflecting the interaction

sites. However, to date structural information on a

pyrin–pyrin domain complex that would allow

understanding of NLRP signalling at atomistic level

is missing. Pyrin domains adopt the typical death

domain fold formed by six a-helices wrapped around

a conserved hydrophobic core.20 Recently, X-ray

structures of the native and mutant NLRP14 pyrin

domain showed an unexpected conformational tran-

sition.21 The compact fold of the six helix bundle is

opened, thereby exposing parts of the hydrophobic

core and forming an elongated a5/6 stem-helix. The

exposed contact area allows for dimerization of

NLRP pyrin domains, a novel type of homotypic

interactions. A Glu-Arg-Asp charge relay system

was proposed as a conformational regulation ele-

ment in NLRPs. An intact charge bridge is thought

to shift the conformational equilibrium of open,

semi-open and closed state by favoring the closed

conformation energetically. This hypothesis was

strengthened by mutational experiments showing

drastic changes in protein stability upon mutations

involving residues in the charge relay system. The

Glu-Arg-Asp charge relay system is broken in native

NLRP14, but can be formed via L84R mutation. The

resulting protein shows increased thermal stability

and shifts the preferred conformation to the closed

state. On the other hand, the physiologically rele-

vant mutation D86V causing spermatogenic failure15

and affecting the third residue of the charge-relay

system was shown to decrease protein stability with-

out pronounced effects on the static three-

dimensional structure.

Herein, we characterize conformational dynamics

of the NLRP14 pyrin domain to investigate the underly-

ing dynamic phenomena of NLRP signaling and oligo-

merization. We use molecular dynamics simulations22

to characterize the conformational ensemble of native

and mutant NLRP14 (D86V and L84R) in monomeric

and dimeric states and compare them to NLRP4, an

NLRP with intact charge relay system (see Figure 1).

Results

Molecular dynamics simulations yielded stable tra-

jectories for all six systems over 100 ns. Still, we

observed major differences in flexibility between the

simulated systems. Simulations of native NLRP14

and NLRP14-D86V, both started in open state, show

preservation of the hydrophobic core but pronounced

flexibility in their solvent-exposed a6 helix. Thereby,

both systems sample not only the complete open

starting conformation but also a semi-open interme-

diate state (see Fig. 2). Transition from the open to

the semi-open state is seen to be completely reversi-

ble for the D86V mutant on a 100 ns time scale. The

kink point of the elongated a5/6 helix identified in

molecular dynamics simulations is in agreement

with experimental results from X-ray crystallogra-

phy. We observe a highly dynamic structural ensem-

ble resembling aspects of both closed and open

conformation. The a5/6 helix appears kinked, but

the hydrophobic core of the NLRP closed conforma-

tion is not yet fully formed.

We observe no major conformational transitions

for all systems starting in a closed conformation or

as dimeric systems. This behavior is underlined

when analysing distances in the charge relay system

Figure 1. Overview of simulated systems: (A) monomeric

native NLRP14 (light green cartoon) (B) monomeric physiolog-

ical mutant NLRP14-D86V (light grey) (C) stabilized mutant

NLRP14-L84R (red) (D) NLRP4 (blue) (E) dimeric native

NLRP14 (light and dark green) (F) dimeric mutant NLRP14-

D86V (light and dark grey).
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of the pyrin domain (see Fig. 3). Systems in closed

conformation (NLRP14-L84R, NLRP4) retain their

stabilizing electrostatic interactions over the simula-

tion time except for a conformational transition

observed in the simulation of NLRP4 around 90 ns.

Here, the side-chain of R81 reorients, thereby break-

ing parts of the salt bridges within the charge relay

system. On the other hand, systems starting in open

conformation do not form salt bridges and thus

maintain higher distances in the charge relay sys-

tem over the whole trajectory.

As a direct consequence of the stability of

sampled conformational states, SASAs of the a6 hel-

ices differ significantly [Fig. 4(A)]. Whereas the elon-

gated stem helix is readily accessible for the solvent

in open conformation, SASA is reduced by 21–31%

in closed conformation (NLRP14-L84R and NLRP4).

Likewise, homo-dimerization in open conformation

reduces accessibility of the a6 helix by 8–20%.

Thereby, dimeric NLRP14-D86V retains higher sol-

vent exposure and samples a broader conformational

ensemble than the native system.

The observed gain of contact area is also

reflected in an increase of total hydrogen bonding in

closed and dimeric systems [Fig. 4(B)]. Whereas

NLRP14 and NLRP14-D86V form on average 37

hydrogen bonds per snapshot, this value is increased

to between 39 and 42 for dimeric systems and sys-

tems in closed conformation. The stabilized mutant

NLRP14-L84R shows the highest amount of hydro-

gen bonds per snapshot amongst all six systems

simulated.

Residues involved in pyrin domain dimerization

partially compensate for the loss of interaction part-

ners in absence of the second domain by various

mechanisms. Whilst exposed hydrophobic residues

in NLRP14 mostly take part in the larger hydropho-

bic core of the closed conformation, hydrophilic

amino acids fall in two distinct categories. E21

remains solvent-exposed and forms hydrogen bonds

to the solvent. By contrast, R90 partially

Figure 2. Conformational ensembles of monomeric NLRP14: Ten snapshots were extracted from simulations trajectories in 10

ns intervals and superposed. Both simulations of native NLRP14 (A, green shadings) and mutant NLRP14-D86V (B, grey shad-

ings) sample semi-closed conformations within molecular dynamics trajectories.

Figure 3. Geometry of the charge relay system: Distances of salt bridges within the simulations of NLRP pyrin domains are

monitored over simulation time. (A) Distance of R84 and D86, (B) Distance of E26 and R84 for six simulations. NLRP14-L84R

and NLRP4 both stay in the closed starting conformation with two fully formed salt bridges. Four other systems stay in their

extended conformation and do not form contacts within these three residues.
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compensates for the loss of interactions in the dimer

by intra-monomer interactions with D86. A similar

trend is observed for E26 that is involved in the

charge relay system. Here, hydrogen bonds with T29

and K85 are observed in monomeric state of

NLRP14. Charge relay residue L86 of the NLRP

wild type remains mostly solvent-exposed within the

simulation time of 100 ns after removal of the sec-

ond dimer sub-unit.

To assess global conformational stability we cal-

culated average dihedral entropies for the backbone

of all systems [Fig. 5(A)]. Lower entropies correspond

to more ordered states. We observe the highest confor-

mational entropy and thus most disorder for

NLRP14-D86V followed by native NLRP14, both

monomeric systems starting in open conformation.

Dimerization rigidifies both systems to lower entropy

values, although the NLRP14-D86V dimer still shows

flexibility comparable to the NLRP14 monomer. Low-

est entropies are observed for pyrin domains in closed

conformation (NLRP14-L84R and NLRP4). Overall,

entropies for systems in closed conformation are com-

parable to dimerized pyrin domains.

Residue-wise dihedral entropies were mapped to

the starting structures to identify regions of differ-

ent mobility [Fig. 5(B–G)]. The engineered mutant

NLRP14-L84R was chosen as reference point with

highest stability amongst NLRP14 monomers. Dis-

tinct behavior of the a5/6 region is observed for the

individual systems. Monomeric native NLRP and

mutant NLRP14-D86V show a highly mobile kink

region at a slightly different region of the a5/6 helix.

In contrast, NLRP4 in closed conformation shows an

even more stabilized fold by reduced backbone

dynamics. Dimerization of native NLRP14 and

mutant NLRP14-D86V rigidifies the dimer interface

region at the a5/6 helix, thus increasing stability.

Mutant NLRP14-D86V still preserves some flexibil-

ity in the a6 helix in dimeric state indicating lower

stability.

Discussion
Pyrin domains are central mediators of cellular sig-

naling. In addition to static factors as shape or elec-

trostatics, dynamic factors are increasingly

recognized as important contributors to molecular

recognition processes. Along with interpretation of

thermal factors of NLRP X-ray structures,23 several

studies used nuclear magnetic resonance (NMR)

spectroscopy to investigate pyrin domain structure

and dynamics. Conformational dynamics were ana-

lyzed for non-NLRP pyrin domains ASC24 and

ASC2,25 revealing some disorder in the a6 helix of

ASC2 through increased amide proton exchange.

The major dynamic events in pyrin domain appear

to be located in the a2-a3 loop. This loop region was

described as highly flexible early on.20 Movements

were found to take place on the micro second time

scale and shown to be important for NLRP signal-

ing.26 Dynamics of several NLRP pyrin domains

were examined by NMR yielding different flexibility

profiles in this region.27,28

In addition to experimental approaches, two

molecular dynamics simulation studies on NLRPs

were reported in literature. Using 10 ns sampling

time Gattin and van Gunsteren aimed to explain

effects of pH changes on the closed conformations of

ASC and NLRP1 pyrin domains and identify

Figure 4. (A) Solvent exposure of the a6 helix: Ensemble-averaged solvent accessibilities were calculated for six simulated sys-

tems. NLRP14-L84R and NLRP4 show drastically reduced solvent exposure in closed conformation compared to monomers in

open conformation (NLRP14, NLRP14-D86V). Dimers of these systems reduce solvent accessibilities to values close to these

observed for monomers in the closed conformation. (B) Hydrogen bonding in NLRP pyrin domains: Total hydrogen bonds

occurring in the conformational ensemble of NLRPs were counted. Open conformations of NLRP monomers (NLRP14,

NLRP14-D86V) have a lower amount of hydrogen bonds compared to closed conformations (NLRP14-L84R, NLRP4). This loss

is compensated by dimer formation recovering the hydrogen bond count to similar values as for closed state monomers.
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alterations in salt bridges as key factors.29 Sahoo

et al. rationalized co-factor binding to NACHT and

LRR domains of NLRP3 using free energy calcula-

tions.30 To date, no study systematically comparing

conformational dynamics on the NLRP pyrin domain

in closed conformation with dynamics in the recently

discovered open conformation and the related NLRP

homo-dimers have been reported.

Herein, we describe how changes in molecular

interactions within the charge relay system of NLRP

pyrin domains propagate to major alterations in

their conformational dynamics. We find a tight inter-

play of hydrogen bonding [Figs. 3 and 4(B)], solvent

accessibility [Fig. 4(A)] and conformational flexibility

(Fig. 5). Reduction of solvent accessibility of pyrin

domains by an increase of hydrophobic interactions

in closed state has already been described by Eibl

et al. for single static structures.21 Herein, we show

their propagation to conformational ensembles in

solution and additionally capture effects related to

dimerization of NLRP pyrin domains.

NLRPs show distinct behavior in solution by

shifting between open, semi-open, and closed states

in solution.21 Additionally, the open state of NLRPs

facilitates homo-dimerization, again impacting con-

formational stability. As all these factors are crucial

for NLRP signaling, we expect investigation of the

pyrin domains’ conformational dynamics highly val-

uable in rationalizing their functions in vivo.

Using molecular dynamics simulations we could

show how the NLRP pyrin domain switches between

open and semi-open state. The kink point in our

simulation matches the region experimentally

observed via X-ray crystallography. Nevertheless, we

did not succeed in recording a complete transition

between open and closed state of the pyrin domain.

We expect sampling of this transition in NLRPs

beyond sampling times currently reached with state-

of-the-art molecular dynamics simulations. Still, we

assume such major rearrangements soon in range

given sampling times beyond the microsecond

regime using dedicated simulation architectures.31

Additionally, enhanced sampling techniques32,33 are

expected to further aid description of intermediate

conformational states of the NLRP pyrin domain.

Changes on the level of protein assembly state are

increasingly recognized as key factors in biological

systems and intrinsically require advanced sampling

times and techniques.34

Gel filtration of the NLRP14 pyrin domain sug-

gested that conformational transitions within the

a5/6 helix are the rate limiting step for dimer for-

mation.21 Thus, a full characterization of the free

energy hypersurface of pyrin domain opening and

closing would provide further insights into their

dimerization and thus signalling properties. NMR

experiments on pyrin domains reported in litera-

ture provide limited insights into the dynamic

events underlying pyrin domain dimerization as the

lower protein concentration is expected to shift the

population of states towards the closed monomeric

state.

We showed how the dominant conformations of

NLRPs affect their thermodynamic stability. Mono-

mers in open conformation tend to be unstable, thus

having a higher tendency to oligomerization.21 The

engineered, highly stable mutant NLRP14-L84R is

experimentally solely observed in the monomeric

state. This finding matches increased stability

observed in our molecular dynamics simulations.

Our data allows to rationalize the measured differ-

ences in thermal stability on atomistic level.

Increased conformational restriction of NLRP-L84R

leads to a higher melting temperature TM of 82.6�

compared to the wild type protein (TM 5 65.6�). The

engineered intact charge relay system in NLRP14-

L84R enforces a shift towards the closed conforma-

tion of the pyrin domain, thereby increasing com-

pactness and stability. On the other hand, the

mutant NLRP14-D86V has a significantly lower

melting temperature (TM 5 57.7�) correlating with

increased local flexibility [Fig. 4(B)]. Dimerization of

NLRP14 increases stability, although the dimer of

D86V does not fully recover full compactness and

conformational restriction by dimerization [Figs.

4(A) and 5(A)].

NLRP signaling critically depends on the confor-

mational states of the pyrin domain, thereby high-

lighting the importance of protein flexibility in

biomolecular recognition.35 The ensemble of ther-

mally accessible conformational states is therefore

crucial in understanding biological functions of pro-

teins.36 Molecular dynamics simulations are an

attractive alternative to experimental techniques as

conformational transitions are accessible over sev-

eral time scales ranging from femto- to microsec-

onds.37 Thereby, simulations provide unique insights

into structural biology due to extreme resolution in

time and system size.38

We presented a molecular dynamics study of

NLRPs in monomeric open, monomeric closed and

dimeric state. We found that minor changes in the

charge relay systems lead to major differences in

conformational dynamics and stability of the sys-

tems. These differences particularly affect the a6

helix of open monomers that undergo major confor-

mational changes. Thereby, our simulations show

transitions between the experimentally observed

open and a postulated semi-open state. These transi-

tions do not occur in the closed state and in dimeric

systems showing a more compact structure. The lat-

ter systems are characterized by increased confor-

mational rigidity that compensates for the exposure

of the a6 helix in case of the dimeric systems. By

calculations of dihedral entropies our simulations

show perfect agreement with experimental measures
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of protein thermal stability. Because of the central

role of NLRPs in cellular signaling, a detailed charac-

terization of conformational dynamics in the NLRP

pyrin domain is crucial to understand their function.

Herein, we demonstrate how computational method-

ologies can be exploited for characterization of the

behavior of NLRPs in solution where these proteins

are characterized by complex transitions between dif-

ferent conformational and oligomeric states.

Materials and Methods

Molecular dynamics simulations

We performed six independent all-atom molecular

dynamics simulations using identical settings to

ensure comparability of observables. Four simula-

tions of pyrin domains were performed in monomeric

state: native open NLRP14 (based on chain A of

PDB: 4N1J21), open NLRP14-D86V (based on chain

A of PDB 4N1K21) closed NLRP14-L84R (based on

PDB 4N1L21), and closed NLRP4 (based on chain A

in conformation A of PDB 4EWI28). NLRP4 was cho-

sen as reference system with an all atom

RMSD<0.8 Å to NLRP14-L84R. Additionally, we

simulated dimers of the open NLRP14 (based on

chains A and B of PDB: 4N1J21) and open NLRP14-

D86V (based on chains A and B of PDB 4N1K21).

See Figure 1 for an overview of simulated systems.

All molecular graphics were created using Pymol.39

We removed surface-bound glycerol and ions from

all systems and replaced selenomethionine residues

introduced for crystallography with standard methio-

nine residues. Resolved water molecules were pre-

served for simulation. Systems were individually

protonated for 300 K and pH 5 7.0 using the tool proto-

nate3d.40 Additionally, a periodic truncated octahedral

water box with minimum wall distance of 10 Å was

added to the systems using tleap from AmberTools.41

Simulations were performed using explicit TIP3P

solvent42 and Particle Mesh Ewald43 for long-range

electrostatics as implemented in pmemd in

Amber10.41 The Amber force field 99SB-ILDN was

used to describe the protein residues.44 Systems were

energy minimized with harmonic restraints on heavy

protein atoms and gradually heated from 100 to

300 K over 200 ps using an extensive equilibration

protocol.45,46 After density equilibration over 1 ns in

NpT ensemble at 1.0 bar, unrestrained simulations

were performed at 300 K (maintained by Langevin

thermostat47) for 100 ns for each system. Applying

SHAKE algorithm48 on bonds involving hydrogen

atoms, we used a time step of 2.0 fs for our simula-

tions. About 5000 equal-spaced snapshots were saved

to trajectory for each simulation.

Analysis of simulation data
We used ptraj and cpptraj from AmberTools for the

analysis of trajectories.49 We performed standard

stability checks for overall structures, secondary

structures, and system energies. All further analyses

were restricted to overlapping regions in all simu-

lated systems corresponding to F9 to E93 in

NLRP14 and F5 to R90 in NLRP4 (see Eibl et al.21

for the underlying sequence alignment).

Figure 5. Conformational entropies of NLRPs: (A) Dihedral entropies were calculated over backbone torsions and averaged

over the whole protein. Monomeric NLRPs in open form (NLRP14, NLRP14-D86V) show highest entropy, thus showing the

broadest conformational ensemble. Conformational space is restricted for closed state monomers (NLRP14-L84R, NLRP4) and

dimeric NLRPs. (B–G) Differences in conformational entropies in NLRPs: Residue-wise dihedral entropies were mapped to the

starting structures in cartoon representation relative to the stabilized mutant NLRP14-L84R. Differences are shown on a color

gradient from red (more flexible, 115 J (mol K21)21) over white (no change) to blue (more rigid, 215 J (mol K21)21). B) Mono-

meric native NLRP14 and (C) monomeric mutant NLRP14-D86V show mobilized kink regions in the elongated a5/6 stem helix.

(D) Reference structure NLRP14-L84R (completely white). (E) NLRP4 is overall more rigid compared to NLRP14-L84R. Dimeric

systems of native NLRP14 (F) and mutant NLRP14-D86V (G) show local rigidification in the dimerization interface. Dimeric

NLRP14-D86V has still preserved residual flexibility in the a6 helix.
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We analyzed the total amount of hydrogen

bonds within the proteins using cpptraj’s default cri-

teria for hydrogen bonds: a maximum distance of 3.0

Å between involved heavy atoms and a maximum

angle of 45� between the three binding partners

(acceptor-donor-hydrogen). Our calculations include

hydrogen bonds of both backbone and side-chains.

We report half the total amount of hydrogen bonds

for dimeric systems, thus including half of inter-

chain interactions. Hydrogen bond occupancies are

reported as average and standard deviation over five

trajectory portions.

To obtain an alignment-independent localized

metric for flexibility, we calculated estimates for the

total dihedral entropy by analyzing the distributions

of backbone torsion angles u, w, and x. We extracted

torsion angles from the simulation trajectory and

derived a continuous probability density function

using non-parametric kernel density estimation.50

Data was periodically duplicated to avoid bias at

boundaries and integrated to yield a thermodynamic

entropy arising from conformational flexibility.51

Ordered states correspond to low entropies with a

single dihedral peak with a width of 1 degree corre-

sponding to an entropy of 0 J (mol K21)21. Individ-

ual torsional entropies were summed up and divided

by the number of residues to give an average dihe-

dral entropy. For dimers averaged values over both

chains are presented. In analogy to hydrogen bonds

we analyzed dihedral entropies in five trajectory

parts and report average and standard deviation.

Solvent-accessible surface area (SASA) was cal-

culated for the a6 helix region of all simulations

using the LCPO algorithm52 implemented in cpptraj.

Following a sequence alignment by Eibl et al.21 we

considered the last ten overlapping residues between

simulations for this calculation. This corresponds to

residues L84 to E93 in NLRP14 and R81 to R90 in

NLRP4. Values for dimeric systems were again aver-

aged over both subunits and are reported as average

and standard deviation over five trajectory parts.

Additionally, we monitored distances and interac-

tions within the charge relay system of the NLRP

pyrin domain over simulation time. We measured the

distance between atom Cg of D86 and atom Cg of R84

and the distance of latter point to atom Cd of E26. All

atoms were chosen to represent the atom farthest from

the protein backbone conserved in all mutated pro-

teins (D86V and L84R, respectively). All residues listed

here are given as residue identifiers for NLRP14.
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