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ABSTRACT: As a critical sensor protein, NLRP3 detects cellular @ oy o s gp .

) . S [ g+ 9 ) is A%,
perturbation caused by diverse exogenous and endogenous stimuli. \ i %
NLRP3 activation requires domain rotation within the NEK7- %

bound NLRP3 monomer and assembly. However, a detailed
molecular mechanism for NLRP3 assembly and activation remains
elusive, particularly in terms of dynamics and energetics. In this
work, all-atom molecular dynamics (MD) simulations are executed
to describe large-amplitude closed-to-open conformational tran-
sitions along the rotational pathway. From the MD trajectories, the
computed potential of mean force (PMF) shows that NLRP3 activation through monomeric domain rotation is an uphill process,
during which the active conformation of the NLRP3-NEK7 monomer cannot be stabilized. Further binding free-energy calculations
for two neighboring NLRP3-NEK7 subunits in a disc assembly with the C10 symmetry reveal that the protein self-assembly starts
approximately at the 86.5° position on the rotary pathway, along which the NLRP3 activation becomes a downbhill process to the
active state at 90.5°. The active NLRP3-NEK7 monomeric conformation in the disc assembly is stabilized because of the interactions
between the neighboring subunits, involving mainly FISNA loop 1 in one subunit and a “crocodile-clip” structure formed by the
NBD helix-loop-strand motif (residues 351—373) and the WHD f-hairpin loop (residues 501—521) in the other. Our simulations
also demonstrate that NEK7 plays an important role in the NLRP3 cage dissociation in the centrosome, which is consistent with
biological experiments. The computational results provide kinetic, energetic, and structural insights into the molecular mechanisms
of the activation of NLRP3 and the NEK?7-driven dissociation of inactive NLRP3 cages. The activation mechanism of NLRP3
proposed in this work is significantly different from those of previous structural studies.
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1. INTRODUCTION tory immune responses and pyroptosis. Aberrant activation of
the NLRP3 inflammasome is implicated in a number of
diseases, including familial cold autoinflammatory syndrome
(FCAS), Muckle-Wells syndrome, neonatal-onset multisystem
inflammatory disorder (NOMID), Alzheimer’s disease, athero-
sclerosis, type 2 diabetes, and cancer.””® Therefore, NLRP3
represents a promising drug target that has elicited
considerable drug discovery and development efforts. A
molecular understanding of the NLRP3 assembly and
activation mechanism is thus of great importance for the
development of potential therapeutic treatments of related
diseases.

As a critical perturbation detector of cellular stress and
membrane damage, NLRP3 is the most studied inflammasome
sensor.” Prior to activation, NLRP3 binds to membrane
phospholipids of various intracellular organelles, including the
mitochondria, endoplasmic reticulum, and trans-Golgi network
(TGN). NLRP3 can be activated by many stimuli with

Nucleotide-binding oligomerization domain (NOD)-like,
leucine-rich repeat (LRR)-, and pyrin domain (PYD)-
containing-3 (NLRP3) is an inflammasome sensor protein
that can sense a variety of pathogen-associated molecular
patterns (PAMPs) and damage-associated molecular patterns
(DAMPs) to regulate the innate immune response.l_3 As a
member of the NLR family, NLRP3 bears a tripartite domain
architecture composed of a central NACHT domain, an N-
terminal PYD that recruits apoptosis-associated speck-like
protein containing a CARD (ASC), and a C-terminal LRR
domain that can maintain the protein in its autoinhibitory
state. The NACHT domain contains several subdomains,
including a FISNA (fish-specific NACHT-associated domain),
a nucleotide-binding domain (NBD) that binds and hydrolyzes
ATP, helical domain 1 (HD1), a winged helix domain (WHD),
and helical domain 2 (HD2)* (Figure 1). In contrast to other
NLR family members, such as NLR family apoptosis inhibitory
proteins (NAIPs) that are activated by well-defined PAMPs,
the activation of NLRP3 can be triggered by a wide range of Received: July 1, 2024
exogenous pathogens and endogenous danger agents.”” Upon Revised:  August 9, 2024
stimulation, NLRP3 assembles and recruits the adaptor protein Accepted: August 14, 2024
ASC for enlistment of procaspase-1 to form the inflammasome Published: August 27, 2024
that activates caspase-1. Activated caspases then proteolytically

process IL-15, IL-18, and gasdermin D, leading to inflamma-
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Figure 1. (a) Domain organization of the human NLRP3-NEK?7
monomer with labeled domain boundary and colored light orange,
blue, red, green, light blue, cyan, and orange for FISNA, NBD, HD1,
WHD, HD2, LRR, and NEK7, respectively, in (b) the inactive
conformation at 5° and (c) the active conformation of NLRP3 at
90.5°.

extensive chemical and structural diversity. These stimuli
include bacterial toxins, such as nigericin, extracellular ATP,
and particulates, such as uric acid crystals, cholesterol crystals,
and amyloids. The mechanisms of action of these stimuli often
converge on potassium efflux or other ionic changes.””"" In
addition, several research groups have identified a centrosomal
serine/threonine kinase NEK7 (Never In Mitosis A-related
kinase 7) as an essential component that licenses NLRP3
activation.”””"* It was suggested that upon stimulation,
NLRP3 is further transported into the centrosome, also
known as the microtubule-organizing center (MTOC), where
NEK? is located."””"” In the MTOC, NLRP3 interacts with
NEK?7 and assembles into an active inflammasome.

In recent years, significant progress has been made in the
determination of full-length cryo-EM NLRP3 structures.'®™**
The first full-length NLRP3 structure, which was engineered to
be monomeric, was determined in complex with NEK7 (PDB:
6NPY)."® On the basis of the 6npy inactive structure, a
dynamic model was proposed to describe the transition from
the inactive (PDB: 6npy) to active conformation of the
NLRP3-NEK7 monomer using NLRC4 as a homology
reference.'® In this hypothetical model, a ~90° rotation of
the NBD-HD1 module relative to the immobile WHD-HD2-
LRR module complexed with NEK7 was generated to achieve
the active conformation along an axis at the junction between
HDI1 and WHD, starting from the 6npy structure. However,
the hypothetical active structure thus obtained for the NLRP3-
NEK7 monomer has not been observed in experiments so far
but instead was determined in the decameric disk assembly
from a recent cryo-EM experiment.”

In its native form, NLPR3 often forms an oligomeric double-
ring cage structure,’” in which each NLRP3 monomeric
subunit adopts a conformation slightly different from the 6npy
structure. As shown in a dodecamer mouse NLRP3 structure
(PDB: 7LFH), six of 12 NATCH domains are arranged in the
top and down surfaces without close interactions with each
other, whereas 12 LRR domains form the lateral side of the
cage via back-to-back and face-to-face interactions between
neighborin% LRR domains, contributing the most to the cage
formation.”” A decameric human NLRP3 cage has also been
determined recently in a cryo-EM study (PDB code: 7pzc).”’
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Although the exact oligomeric state varies with bound ligands,
all of those NLRP3 oligomers determined thus far bear the
double-ring architecture formed by the LRR—LRR interactions
similar to that in the 7LFH or 7PZC structure.”

An inactive double-ring cage structure seems to be required
for the conversion of an NLRP3-activating signal to the trans-
Golgi network (TGN) dispersion, as this type of structure can
avoid premature activation before NLRP3 is transported to
MTOC." Intriguingly, the concave side of the LRR domain
provides a binding site not only for the neighboring LRRs to
form the cage but also for NEK7 binding. It has been proposed
from biological experiments that when NLRP3 is transported
to the centrosome where NEK7 is located, NEK7 binds to the
LRR and disrupts the LRR—LRR interface, leading to the cage
dissociation.

A recent cryo-EM study demonstrates that active NLRP3
forms a 10-subunit (PDB: 8ej4) or 1l-subunit disk
conformation complexed with NEK7.”* Overlay of an inactive
NLRP3-NEK monomer (PDB: 6npy) and the active one taken
from the 8ej4 decameric disk shows that the inactive NLRP3
monomer assumes a closed conformation, in which the
FISNA-NBD-HD1 module is in close contact with the
WHD-HD2-LRR region in complex with NEK7, whereas the
active protein adopts an open conformation where the FISNA-
NBD-HD1 head already departs from the WHD-HD2-LRR-
NEK?7 body (Figure 1). The structural alignment demonstrates
that the active FISNA-NBD-HD1 module is found to rotate by
85.5° along the axis at the junction between HD1 and WHD,
allowing the protein to transition from the inactive to the
active conformation.

Based on previous structural studies, a possible NLRP3
activation process was proposed to include the steps as
follows.””* After priming and upregulation of NLRP3
expression, the NLRP3 oligomeric cage is formed in the
trans-Golgi network (TGN). Upon stimulation, TGN
dispersion into vesicles occurs, and NLRP3 is further
transported into MTOC. In the MTOC, the inactive NLRP3
cage is dissociated into two half-rings via interacting with
NEK?7. After the cage dissociation, the fully active NLRP3 disk
would possibly be formed by these two half-rings.”> However,
as the conformation of an inactive NLRP3 half-ring is
significantly different from that of the active disc assembly,
how NLRP3 can undergo a large-amplitude conformational
transition in such a large protein complex is questionable. In
particular, as the transition from an inactive to an active state is
highly dynamic, a molecular understanding of how the NLRP3
protein is activated in terms of dynamics and energetics
remains elusive. For this purpose, all-atom molecular dynamics
(MD) simulations are executed to compute the free-energy
profile along the activation pathway in this work. Our
simulation results provide a rationale for NLRP3 assembly
and activation.

2. MATERIALS AND METHODS

2.1. Enforced-Rotation MD Simulations and PMF
Calculations. The monomeric NLRP3 structure taken from
the cryo-EM cage of inactive human NLRP3 (PDB: 7pzc)”’
was used to form an NLRP3-NEK7 complexed monomer (see
the text in the Supporting Information, SI) as the starting point
for MD simulations in this work. The missing residues were
modeled using the loop module in the SYBYL-X2.1.1 package.
This monomeric complex, in which the nucleotide ligand
(MgADP) remains in the nucleotide-binding site, was inserted
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into an 11 X 11 X 14 nm® box with a minimum distance of 1.5
nm between the protein and the box boundary and solvated
with TIP3P water molecules at the physiological ionic
concentration of 0.15 M NaCl. Periodic boundary conditions
were applied in all directions. The amber99sb-ildn force field*’
was used for the protein and ions. Ligand topology, atom
typing, and assignment of bonded parameters for the
nucleotide ligand (MgADP or MgATP) were performed with
the general amber force field (gaﬁ).26 Long-range electrostatic
interactions were treated with the particle mesh Ewald (PME)
method with a real-space cutoff of 1 nm and a Fourier grid
spacing of 0.1 nm.”” Short-range Lennard—Jones interactions
were cut off at 1.2 nm, and the LINCS*® constraints were used
for bond lengths of proteins and ligands and SETTLE™ for
water molecules.

All molecular dynamics (MD) simulations in this work were
performed with a 2 fs time step using the GROMACS 2018.4
package with GPU acceleration.”® Energy minimization was
performed using the steepest descent method of 50,000 steps
to release conflicting contacts. Following the steepest descent
minimizations and applying the position restraints on peptide
heavy atoms, the system was equilibrated by 100 ps MD
simulations with NVT using the V-rescale coupling thermo-
stat,”’ followed by 1 ns MD simulations with NPT using the
Nose—Hoover thermostat’® and the Parrinello—Rahman
barostat®® to maintain temperature at 298 K and pressure at
1.0 bar. Then, the system was equilibrated for 50 ns at 298 K
and 1 bar prior to the enforced rotation of the protein.

Starting from the above equilibrated NLRP3-NEK?7 system,
an enforced-rotation MD method®® was applied in the
following simulations. In this method, all 305 C, atoms of
FISNA, NBD, and HD1 were chosen as the rotation group.
The axis at the junction between HD1 and WHD was used as
the rotation vector. The pivot vector of the axis was placed at
the C, atom of Ala441.”>** To simulate the rotation of the
FISNA-NBD-HD1 module (rotor) relative to the WHD-HD2-
LRR-NEK7 module, the backbone atoms were harmonically
restrained to their initial positions. The rotor was then driven
in active direction,'® at an angular rate of 0.1°/ns during 0.9 us
of simulation time with the spring constant of 1000 kJ/(mol-
nm?). This yielded a 90° rotation, which covers a complete
conformational activation process.

To compute the potential of mean force (PMF) along the
rotational pathway, a weighted histogram analysis method
(WHAM)?® with umbrella sampling®® was applied. Structural
snapshots were taken from the above enforced-rotation MD
trajectory to generate 251 configurations for the umbrella
sampling simulations. In each window, 50 ns MD umbrella
sampling simulations were performed, resulting in a total
simulation time of 12.5 us. The PMF along the rotational
pathway was then obtained using the WHAM analysis for
evaluating the data from a series of umbrella sampling.

2.2. Binding Free-Energy Calculations Using the
Screening MM/PBSA Method. To calculate the free energy
of protein—ligand (including NLRP3-NLRP3 and NLRP3-
NEK7) binding, an improved version for the standard
molecular mechanics (MM)/Poisson—Boltzmann (PB) surface
area (MM/PBSA) method (named the screening MM/
PBSA)*” was applied in this work. The protein—ligand binding
free energy (AGy;,q) is written as>®

AG,,,; = AH — TAS = AE,,, + AGgo, — TAS (1)
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where AH and AS are the changes in enthalpy and entropy,
respectively, and T is the absolute temperature. The protein
binding free energy AG,,y can be decomposed into the
changes of gas-phase molecular mechanics (MM) energy
AEyy, solvation free energy AG,,, and the contribution TAS
from the conformational entropy AS, which is calculated using
the interaction entropy method efficiently.*”*’
In eq 1 AEyy and AG,, are given, respectively, by

AEMM = AEint + AEele + AEvch (2)
AGy, = AGpg + AGgy (3)
AGg, = ySASA + b (4)

Here, AE,,, AE,,, and AE 4y are the changes of the internal
energy, the electrostatic energy, and the van der Waals
interaction energy, respectively. In eq 3, AG,, includes the
electrostatic solvation energy AGpg, which comes from the
polar contribution, and AGg, from the nonpolar contribution
(between the solute and the continuum solvent). While the
polar contribution AGpg can be computed with the PB
method, the nonpolar term AGg, is often evaluated using the
solvent-accessible surface area (SASA) given in eq 4, where ¥ is
the surface tension coefficient of 2.27 kJ/(mol-nm?), and b is a
constant with the value of 3.85 kJ/mol.*”*'

In the screening MM/PBSA method, AE,, in eq 2 is written
36
$

AEele = Z
i (5)

where g; and g; are the charges of atom i and j, respectively, in
the two proteins, r;; is the distance between atom i and j, &, and
€y, in eq 4 are the permittivity in vacuum and the relative
permittivity of the solute (i.e., protein), respectively, and Ay, is

the electrostatic screening length, which can be expressed as

Ip = \/ EoEoutksT/ e Z cl-zi2

a

3 19 o~/

i 47EE T

(6)

Here, €, is the permittivity of the solvent (i.e., water, £, ~
80), kg is the Boltzmann constant, e is the electron charge, c;
and z; are the concentration and charge of the i-th ion,
respectively. The default values, &, = 1, &, = 2, and Ap, = 8 A,
were used.”” This modified MM/PBSA method has shown
much better performance, particularly for highly charged
protein systems, than the standard MM/PBSA.”"*!

The above screening MM/PBSA method was applied to
calculate the NLRP3-ligand binding free energies using all-
atom molecular dynamics (MD) simulations of the protein—
ligand complex with an explicit solvent model in this work. The
single trajectory protocol was applied for the protein complex,
by which a single MD trajectory was obtained to extract the
structural snapshots of all components of the protein complex.
The last 5 ns of each 50 ns equilibrated MD trajectory
described above was used with an interval of 100 ps, resulting
in 51 frames for each run using the screening MM/PBSA
method. The gmx_mmpbsa script (https:// gerkwin.github.io/
gmxtool), together with the APBS program,*” was employed to
compute the binding free energy and its energy decomposition
terms such as the electrostatic energy, the van der Waals
energy, and the solvation energy including the polar and
nonpolar parts.

https://doi.org/10.1021/acs.jcim.4c01112
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3. RESULTS AND DISCUSSION

3.1. Free-Energy Profile along the Rotational Path-
way for the NLRP3 Monomer. To investigate the free-
energy profile for the inactive to active conformational
transition of an NLRP3-NEK7 monomer, we calculated the
free ener%ies along the rotational pathway proposed
previously' from S to 95°. The initial inactive structure was
extracted from the crlyo-EM cage structure of inactive human
NLRP3 (PDB: 7pzc)'® to form the NLRP3-NEK7 monomeric
complex at 6 = 5° (see SI text, Figures S1—S4). To this end,
we executed a 0.9-us rotation simulation (see Movie in the SI),
from which 251 configurations were obtained. In the
simulations, all 305 C, atoms of the FISNA-NBD-HDI1
module were chosen as a rotation group, whereas the
remaining parts of the complex remained immobile. The
weighted histogram analysis method (WHAM) was then used
with umbrella sampling®>*® to obtain the free energy changes
AG (also termed potential of mean force, PMF) along the
rotational pathway.

The resulting PMF versus rotational angle @ is displayed in
Figure 2. As shown in this figure, initially, the free energy goes
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Figure 2. Free energy changes AG along the rotational pathway of the
NLRP3 monomer (blue solid line). The conformations from
simulations are shown at (a) 20°, (b) 50°, and (c) 80°, respectively.
To show the rotary motion of the FISNA-NBD-HD1 module (blue)
relative to the immobile WHD-HD2-LRR-NEK7 module (green), an
NBD helix-loop-strand motif (residues 351—373) in the mobile NBD
head is highlighted red.

up steeply to ~10.0 kcal/mol as @ changes from 5 to 18°, after
which the PMF rises up relatively slowly to ~17.2 kcal/mol at
95°. From the above MD trajectories, several snapshots at S,

20, 50, 80, and 90.5° were extracted, among which the 5 and
90.5° conformations of the NLRP3-NEK7 monomer are
shown in Figure 1b,c, respectively. These structural snapshots
demonstrate that the NLRP3 monomer executes a transition
from the closed conformation at 5°, which is similar to that
reported in the 6npy PDB file (Figure S4), to the open
conformation at 90.5°, which corresponds to the one in the
active assembled disk (PDB: 8ej4).22 In the initial 5° structure,
the mobile domains are in the closest contact with the
immobile WHD-HD2-LRR-NEK7 module. Subsequently,
these two parts depart gradually from each other along the
rotational pathway.

The total contact areas between the mobile and immobile
modules were also calculated as a function of rotational angles
and are displayed in Figure 3a. As shown in this figure, the
contact area decreases gradually as 6 is increased, qualitatively
consistent with the calculated PMF (Figure 2). The contact
area is then decomposed into the contributions of the FISNA-
NBD-HD1 module with WHD, HD2, LRR, and NEK7,
respectively, displayed in Figure 3b. The results show that
during the 5 — 18° process, while the contact between the
mobile module and WHD remains almost constant, the
contact area of the mobile FISNA-NBD-HD1 module with
NEK?7 as well as HD2 and LRR decreases significantly, making
a major contribution to the increase in the free energy. In the
range of 18—55°, the contact area between FISNA-NBD-HD1
and WHD is increased. Interestingly, this increased area is
offset approximately by the decreased area between the mobile
module with HD2 and LRR at each rotational angle; thereby,
the total contact area remains almost unchanged from 18 to
55° (Figure 3a), after which the mobile-immobile contact area
is decreased. As shown in Figure 3b, NEK7 contributes almost
nothing to the free-energy profile along the rotational pathway
when 0 > 20°, as the contact area of NEK7 with FISNA-NBD-
HD1 already decreases almost to zero. In addition, MgADP
binds tightly into the NBD pocket in the mobile module of the
5° NLRP3 monomer but only with a S-phosphate oxygen H-
bonded to HS522 in the WHD of the immobile module,
stabilizing the initial S° inactive conformation (Figure S5).
However, this H-bond is readily broken as € is increased to
10°, after which MgADP has no significant contribution to the
free-energy profile along the rotational pathway.

The overlay of the 90.5° monomeric NLRP3-NEK3
structure extracted from our simulations with the one from
the cryo-EM active disk”” shows structures similar to each
other. However, this active monomeric conformation (~90.5°)

3000+
q

2500

N

[=3

[=3

(=]
1

1500

1000

Contact area [A%]

(@)

500

50 65 80

o]

5 20 35

95

1400 "
— 12004 ‘/‘/ﬂ/’
&
— 1000 y—u—
3 —=—FISNA-NBD-HD1_WHD
= 800 —e—FISNA-NBD-HD1_HD2 ~m—m.
. \ —a— FISNA-NBD-HD1_LRR ~u
D 6003 0\ \—v— FISNA-NBD-HD1_NEK7
©
T 400 R\,
3 aRgeg
200+ “*‘—o—‘-n:g:tuo-._.—.
v Ao p—A—-A—A
0{(b)"V-v-v-v-v-v-v-v-v-v-v-v-v-v-v-v

5 20 35 65 8 95

50
o[°]

Figure 3. Contact areas of the mobile FISNA-NBD1-HD1 module with (a) the immobile WHD-HD2-LRR-NEK7 module and (b) WHD (solid
square, black), HD2 (solid circle, red), LRR (solid triangle, blue), and NEK7 (inverted triangle, green), respectively, versus rotational angles.
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from our simulations is energetically unfavorable (16.8 kcal/
mol) compared to the inactive one at 5° (see Figure 2), while
the contact areas between the mobile and immobile modules
are also shown to be 890 and 2850 A? respectively, in the 90.5
and 5° cases (Figure 3a). Our computational results are
consistent with the fact that no active monomeric structure has
been observed in structural experiments. This raises the
question of how to stabilize the active monomeric
conformation during NLPR3 activation.

3.2. Binding Free-Energy Profile along the Rotational
Pathway for NLRP3 Assembly and Activation. As
discussed earlier, NLRP3 forms an inactive cage assembly in
the resting state, and upon stimulation, the NLRP3 cage is
transported into the centrosome, where NEK7 resides. From
our calculations, the total free energy (—142.9 kcal/mol) of
NEK?7 binding to NLRP3* at 5° (see eq S6 in the SI) is 26.0
kcal/mol lower than the total free energy (—116.9 kcal/mol) of
the NLRP3 cage (see eq S4 in the SI) relative to the 10-
NLRP3* state (see eq SS in the SI). The result supports the
proposal that NEK7 binding drives the dissociation of the cage
assembly and leads to the formation of the NLRP3-NEK7
complexed monomers.”'”** On the basis of our calculations
and the cage structure, a kinetic model was proposed for the
NEK7-driven dissociation of the inactive NLRP3 cage (see the
SI text, eqs (S11—S15) and Figure S6). In this kinetic model,
the NLRP3 monomers of the cage assembly are dissociated
one by one through the breaking of the face-to-face contacts
and the NLRP3(0°) — NLRP3(5°) conformational transition
upon binding of NEK?7, which drives a population shift toward
the product state of the NLRP3(5°) — NEK7 complexed
monomers.

Starting from the configuration at @ = 5°, NLRP3 activation
requires large rotational movements of the FISNA-NBD-HD1
module by ~85.5° relative to the WHD-HD2-LRR region, as
discussed above. This is an uphill and energetically unfavorable
process for the monomeric protein (Figure 2). In principle, an
NLRP3-NEK7 monomeric conformation at any rotary angle
(6) could exist in the centrosome but with a probability p
obeying the Boltzmann equilibrium distribution, i.e.,

p(AG) ~ e AG/BT) Here AG, kg, and T are the free energy
change, the Boltzmann constant, and temperature, respectively.
As shown in Figure 2, the concentration of the NLRP3-NEK7
monomer at a rotational angle (6 >> 0), for instance, 6 = 90.5°
would be extremely low compared to that at the initial state 8
= 5° owing to the intrinsic low affinity of the domain
interactions, as the ratio of p[ AG(6 = 90.5°)]: p[AG(0 = 5°)]
~ 1072 at T = 298 K. Nevertheless, this scenario can be
changed as the NLRP3-NEK7 monomers approach each other
for self-assembly during the activation process. This proximity-
driven mechanism for assembly and activation was proposed
for intracellular higher-order signaling machines more than a
decade ago from a structural biology viewpoint.43 However,
studies in terms of dynamics and energetics are still lacking,
To understand how the NLRP3-NEK7 monomeric con-
formation (Figure 2) is stabilized during the activation of the
protein in this work, a cooperative self-assembly mechanism
was proposed based on recent structural observations
discussed above.”** In this work, the active decameric
structure (PDB: 8ej4) with the C10 symmetry”” was used as
the reference. Generated from the MD simulations described
above, the NLRP3-NEK7 monomers with different rotary
angles (Figure 2) were obtained. A disk structure was
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assembled, each containing 10 NLRP3-NEK7 subunits with
the same rotary angle 6 to maintain the C10 symmetry of the
disk. Intriguingly, the results have shown that only 8 > 80°
along the activation pathway could the disk be assembled
structurally, while the rotational angle is smaller than 80°, the
NLRP3-NEK7 monomer would have a steric clash with its
neighbors in the assembly. We then calculated the binding free
energy of each monomer binding to its two neighbors in a
possible assembled disk along the activation pathway (SI text).
The average binding free energy, AGy(0), for an NLRP3-
NEK7 monomer was thus obtained (Figure 4). As shown in
Figure 4, AGg(0) decreases as the rotary angle 8 is increased to
6 = 90.5°, after which it goes up with the increase of € up to
95°.

AGg [kcal/mol]

or°]

Figure 4. Averaged binding free energy AGy(6) for an NLRP3-NEK7
monomer as a function of rotary angle 6.

To better understand the binding free-energy profile, we
examined three representative structures of the NLRP3
assembly at (a) 85° (b) 90.5°, and (c) 95° respectively
(Figure 4). Overlay of the assembled structure at 90.5° from
our simulations to the 8ej4 active disk leads to a root-mean-
square deviation (RMSD) of 1.6 A (Figure S7). As shown in
the calculated 90.5° disk structure (Figure Sa), two

Figure S. (a) Active NLRP3 disk structure (90.5°) from simulations.
(b) Both the NBD helix-loop-strand motif (residues 351—373) and
the WHD f-hairpin loop (residues 501—521) in monomer A (limon)
are colored red, and the FISNA loop 1 (residues 148—166) of the B
monomer (cyan) is colored blue shown in a dashed square. (c) A
“crocodile-clip” structure (red) formed by the above NBD helix-loop-
strand motif and WHD f-hairpin loop in the A subunit and FISNA
loop 1 (blue).
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Figure 6. (a) Dimer formed by subunits A (limon) and B (cyan) taken from the 90.5° NLRP3 disk assembly. H-bonds at the A—B interface shown
in the dashed-line box are also described in detail in (b). These H-bonds are formed by residues from A (labeled black) and B (red), respectively.

neighboring subunits (labeled A and B) bind to each other
tightly, with a contact area of ~1864 A% In this active
conformation, an opened “crocodile-clip” (Figure S) is formed
by an NBD helix-loop-strand motif (residues 351—373) and a
WHD f-hairpin loop (residues 501—521) in the A subunit.
While this WHD f-hairpin loop extends into a pocket formed
by HD1, WHD, and HD?2 in the B subunit, FISNA loop 1 in
the B subunit binds tightly into the crocodile-clip pocket of the
A subunit. Importantly, a number of hydrogen bonds (H-
bonds) are formed at the NLRP3- NLRP3 interface in the
active (90.5°) disk assembly (Figure 6). Despite the fact that
their overwhelming majority are solvent-exposed, these H-
bonds make a significant contribution to the binding free
energy displayed in Figure 4.

Structural examinations show that both 85 and 95°
assemblies bear a similar “crocodile-clip” conformation (Figure
$10), into which FISNA loop 1 of subunit B binds in a way
similar to that in the active (90.5°) disk assembly. Further
structural analysis also demonstrates that the neighboring
NLRP3 monomers in these two disks bind to each other in a
mode similar to that in the active (90.5°) disk. As shown in
Figures 4 and §, in such a binding mode, NEK7 and LRR of an
NLRP3 monomer do not interact with its neighboring subunit
in the assembly. In spite of the similarity of binding, the H-
bond numbers at the NLRP3 interfaces in the 85° and 95°
disks are both obviously less than that in the active (90.5°)
assembly owing to slightly different orientations of the
corresponding NLRP3 interfaces (Figures S11-S13). Our
above analysis provides a rationale for the binding free-energy
profile shown in Figure 4.

The binding of B-subunit FISNA loop 1 into the crocodile-
clip of the A subunit (Figure Sc) is a characteristic of the
assembly process for NLRP3 activation, as shown in the 85,
90.5, and 95° assemblies. For example, in the 90.5° disk
assembly, the FISNA loop-1 residues R147, E152, N155, R157,
and G159 form H-bonds, respectively, with the crocodile-clip
residues D363, H364, Q509, E176, and Q359, contributing
significantly to the NLRP3-NLRP3 binding free energy for the
assembly. The crocodile-clip structure in an NLRP3-NEK7
monomer starts to form around @ = 55°, but the pocket space
in the crocodile-clip is relatively small compared to that in the
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active conformation when 6 < 80°(Figures S9 and S10). For
example, in a 75°disc structure constructed with the 8ej4 active
disk as a reference, FISNA loop 1 of the B subunit would clash
with the NBD helix-loop-strand motif of the A subunit, as the
pocket in the crocodile-clip is relatively small compared to that
in the active conformation. Such clashes would prevent two
NLRP3-NEK?7 subunits from forming a dimer for the disc
assembly, which leads to activation. Only when the NLRP3-
NEK?7 monomer rotates by a degree larger than 80° does the
crocodile-clip pocket become more open for the accommoda-
tion of FISNA loop 1 from its neighboring subunit, allowing
for the formation of the assembly.

Besides the structural constraint discussed above, however, a
free energy restraint for a meaningful assembly leading to
NLPR3 activation is also required. For example, the binding
free energy between two neighboring NLRP3-NEK?7 subunits
in the 80° assembly can be negligible (Figure 4), the averaged
free energy for an NLRP3-NEK7 subunit in the assembly
(relative to that at 5°) is 16.94 kcal/mol (Figure 7), which

20,
15
10

AG [kcal/mol]
o

80 85 90 95
or°]

Figure 7. Free energy AG for an NLRP3-NEK?7 subunit in the disk
assembly as a function of the rotary angle 6.

equals that of the NLRP3(80°)-NEK7 monomer shown in
Figure 2. Therefore, the total free energy for an 80° decameric
disk [(NLRP3(80°) — NEK?7),,] would be 169.4 kcal/mol.
This free energy is obviously too large, suggesting that the 80°
assembly may not be on the activation pathway. Interestingly,
the averaged binding free energy of an NLPR3-NEK?7 subunit
in the 86.5° decameric disk is —15.26 kcal/mol, as shown in
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Figure 8. Proposed model for NLRP3 assembly and activation. (a) Inactive NLRP3 decameric cage. (b) Inactive NLRP3-NEK7 monomer at 5°.
(c) Inactive NLRP3-NEK?7 disk at 86.5°. (d) Active NLRP3-NEK7 disk at 90.5°.

Figure 4. In this case, the averaged free energy of an NLRP3-
NEK?7 subunit is thus reduced from 16.96 kcal/mol (Figure 2)
to 1.70 kcal/mol. Therefore, the total free energy of the 86.5°
decameric assembly is 17.0 kcal/mol, which is almost equal to
the free energy (16.96 kcal/mol) of the corresponding
NLRP3-NEK7 monomer (Figure 2). From these computa-
tional results, we propose that the NLRP3 self-assembly starts
approximately at the 86.5° position on the assembly and
activation pathway.

3.3. Molecular Mechanism for NLRP3 Assembly and
Activation. Along the rotary pathway (6 > 80°), the overall
free energy for an NLRP3-NEK7 monomer in a disc assembly
is the summation of the free energy (PMF) and the binding
free energy displayed in Figures 2 and 4, respectively.
Therefore, the free energy for an NLRP3-NEK7 subunit in
the disk structure was obtained along the rotary pathway
displayed in Figure 7. As seen in Figure 7, the NLRP3
assembly and activation is a downhill process starting from 0 =
86.5° up to 90.5° on the rotational pathway, along which the
free energy of the NLRP3-NEK subunit is reduced compared
to that of the corresponding monomer (Figure 2) due to the
binding of two neighboring subunits.

On the basis of our simulation results shown in Figures 2
and 7, we propose a model for NLRP3 assembly and activation
as follows. Upon stimulation, the inactive NLRP3 cage is
transported into the MTOC to engage NEK7 in the
centrosome. After NEK7 binding, the NLRP3 cage is
dissociated, and the NLRP3-NEK?7 complexed monomers (6
= 5°) are formed (see detailed discussion for NEK7-driven
dissociation of the inactive NLRP3 cage in SI text and Figure
S6). These NLRP3-NEK7 monomers can be thermodynami-
cally activated along the rotational pathway from 6 = 5° to @ =
86.5° at which the monomers start to assemble into an
inactive decameric disk with the C10 symmetry. Subsequently,
the FISNA-NBD-HD1 modules of all subunits in the disc
assembly rotate synchronously relative to the immobile parts
(WHD-HD2-LRR-NEK?7) until the active disk assembly is
formed at 90.5°. As shown in Figure 7, the NLRP3 assembly
starting from 6 = 86.5° is a downhill process until 8 = 90.5°
where a free energy minimum is reached. The model proposed
here is significantly different from that suggested in biological
structural studies,'®** as shown in Figure 8 (see Figure S6 in
the SI for the first step).

In the above model from our simulations, NEK?7 is essential
in the dissociation of the inactive NLRP3 cage but apparently
has no significant effect on the assembly and activation process,
as NEK7 binds to neither the mobile module in the NLRP3
monomer (6 > 20°, Figure 2) nor neighboring NLRP3-NEK?7
subunits in the assembly (0 > 86.5°, Figure 4). Our
computational results related to the roles of NEK7 in the
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NLRP3 activation as well as in the dissociation of the inactive
o . . ) 4,18-22
cage are qualitatively consistent with the experiments.

4. CONCLUSIONS

NLRP3 inflammasome is an important perturbation detector
for cellular stress and damage. Activation of NLRP3 as the
inflammasomal sensor has a critical role in the formation of the
inflammasome complex for the release of cytokines IL-1f, IL-
18, and pyroptosis. As demonstrated in biological experiments,
NLRP3 activation is performed through the intramonomeric
rotation as well as the direct binding of NEK7.* However,
NLRP3 cannot be activated by the rotary motion of an
NLRP3-NEK7 monomer alone. Instead, NLRP3 activation
requires a high-order protein assembly,” as shown in structural
studies.””” Despite significant advances in biological research
over the past years, a mechanistic understanding of the NLRP3
assembly and activation remains incomplete.

In this work, all-atom molecular dynamics simulations were
executed to describe the closed-to-open transition process in
detail, starting from the 5° inactive conformation to the active
(90.5°) conformation of the NLRP3-NEK7 monomer. The
PMF calculations show that this monomeric transition is an
uphill process along the rotational pathway, on which the
active and open conformation (90.5°) of the NLRP3-NEK?7
monomer cannot be stabilized by the interdomain interactions
and binding of ligands such as NEK7 and nucleotide (MgADP,
see Figure S5 and SI text). Our further binding free-energy
simulations demonstrate that when 6 > 86.5° along the
activation pathway, NLRP3-NEK7 monomers start to
assemble a decameric disk-like structure, of which CI10
symmetry is conserved during the activation process. The
resultant free-energy profile shows that the NLRP3 assembly
and activation is a downhill process, along which from the
barrier at the 86.5° position to the active state (90.5°), the
averaged free energy of an NLRP3-NEK7 subunit can be
significantly reduced owing to its binding of two neighboring
subunits in the disk. The simulation results in this work also
unveil that the crocodile-clip structure suitable for FISNA
loop-1 binding is a critical structural determinant in the
assembly and activation process. Tight binding of FISNA loop-
1 into the crocodile-clip pocket is an important characteristic
of NLRP3 activation. The free-energy calculations for LRR
binding with NEK?7, as well as with LRR from another NLRP3
subunit, offer kinetic insight that NEK7 is essential in the
dissociation of the inactive cage structure (see the SI text).
However, NEK7 has no important role in the assembly and
activation as it interacts neither with the mobile domains in the
NLRP3-NEK7 monomer nor with the neighboring subunits
during the activation process, which is consistent with
biological experiments.
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The free-energy profiles shown in Figures 2 and 7 suggest a
molecular mechanism for the NLRP3 activation, according to
which after the NLRP3 inactive cage in the centrosome is
dissociated into the NLRP3(5°) monomers complexed with
NEK?7, these monomers can be thermodynamically activated
along the rotary pathway up to about 86.5° after which the
self-assembled disk is formed with the C10 symmetry.
Subsequently, all NLRP3-NEK7 subunits in the assembly
rotate cooperatively to maintain the C10 symmetry of the disk,
and the decameric disk proceeds downhill to the active
conformational state at the 90.5° position on the activation
pathway. Our free energy computations with all-atom MD
simulations provide kinetic, energetic, and structural insights
into NLRP3 assembly and activation.
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