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Abstract

Pattern recognition receptors (PRRs) are essential sentinels for pathogens or tissue damage and
integral components of the innate immune system. Recent structural studies have provided
unprecedented insights into the molecular mechanisms of ligand recognition and signal
transduction by several PRR families at distinct subcellular compartments. Here we highlight
some of the recent discoveries and summarize the common themes that are emerging from these
exciting studies. Better mechanistic understanding of the structure and function of the PRRs will
improve future prospects of therapeutic targeting of these important innate immune receptors.

Introduction

The innate immune system senses foreign or dangerous substances through families of
germline-encoded pattern recognition receptors (PRRs) in the extracellular environment and
various subcellular compartments [1]. Activation of PRRs such as the Toll-like receptors
(TLRs), RIG-I-like receptors (RLRs), NOD-like receptors (NLRs) and PYD and HIN
domain-containing protein (PYHIN) family of receptors triggers immune responses that
contain or eliminate invading pathogens, but may also elicit serious damage to the host.
Recent developments in the structural studies of these PRRs families have provided exciting
new insights into how these receptors recognize their respective ligands and initiate
distinctive signal transduction events. A number of common regulatory mechanisms have
emerged from studies of different PRR families, including receptor autoinhibition, receptor
oligomeric signaling platform, and post-translational modifications. It is likely that these
common themes are applicable to other less well-characterized PRRs, particularly those that
may elicit tissue damage through highly proinflammatory responses. Here we focus on
insights gained from recent structural studies of the above four PRR families and their
implications on ligand recognition, signaling and regulatory mechanisms.

Toll-like receptors

TLRs are glycosylated type | membrane proteins with an N-terminal extracellular domain
(ECD), a single transmembrane helix, and a cytosolic Toll/IL-1 receptor (TIR) domain
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responsible for downstream signaling to other TIR domain-containing proteins. The ECD is
composed of leucine-rich repeats (LRRs) that contain binding sites for pathogen-associated
molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPS).
Recognition of PAMPs or DAMPs by TLRs is critical for the activation of transcription
factor NF-xB or IRFs (interferon response factors), leading to the production of pro-
inflammatory cytokines or type I interferons (IFNs). Structural studies have revealed the
general architecture of the TLR ECDs. The TLR ECDs are composed of ~25 LRRs of ~25
residues each. The N- and C-terminal cysteine-rich capping modules (LRRNT and LRRCT)
shield the hydrophobic core of the LRRs from solvent. The LRRs are characterized by a
consensus sequence motif LxxXLXLxXN [2]. The conserved leucines or asparagines play
important roles in forming the hydrophobic core and maintaining the overall horseshoe
shape of the LRRs, whereas residues from variable regions confer distinct convex surface
features relevant to ligand binding and receptor association.

Recent structural studies of the TLR5 and TLR8 ECDs provided insights into their unique
structural features and specific modes of ligand engagement. The structure of the TLR5
ECD:flagellin complex is a 2:2 hetero-tetramer with each TLR5 molecule engaging both
flagellin molecules using its lateral and convex surface [3*]. A loop at its highly conserved
LRR9 makes extensive contact with the N- and C-terminal helices of the flagellin D1
domain. Importantly, these TLR5-contacting flagellin residues are highly conserved and
mediate flagellar protofilament assembly. In comparison, the TLR8 ECD adopts a more
compact structure than previously reported “m”-shaped TLR dimers [4°*] (Figure 1A).
Engagement of small chemical agonists triggers rearrangement of the dimeric configuration,
resulting in more extensive TLR8:TLR8 interface and closer proximity of their C-termini.
The TLR8 ligand-binding pocket is largely conserved in TLR7, in agreement with their
similar specificity for ligands. Purified TLR8 was cleaved at a long “Z-loop” insertion
between its LRR14 and LRR15. This coincides with previously identified cleavage sites at
TLR7 and TLR9 [5-7]. Cleavage at this Z-loop did not result in dissociation of the N- and
C-terminal fragments because of the § sheet formation at the concave surface and other
interactions among the LRRs. It is not clear if this cleavage is important for small ligand
engagement by TLRS, as the Z-loop is not in the immediate vicinity of the bound agonists.
However, it remains possible that binding of larger sSRNA ligand may involve the Z-loop
residues.

Growing structural and biochemical evidence suggests that the TLRs may be divided into
two distinct subtypes based on their ligand specificity, ECD horseshoe architecture, and
oligomerization states in the apo-forms. Type I includes TLR1, TLR2, TLR4 and TLR6 that
recognize ligands containing hydrophobic moieties. These TLR ECDs show a twist of their
horseshoe structure, which partially results from the atypical central LRR motifs that lack
the conserved asparagines [8-11]. Interestingly, these sites of distortion are also near the
binding pockets for the hydrophobic epitopes of the ligands. By contrast, such structural
irregularities are generally absent for type Il TLRs such as TLR3 [12,13], TLR5 [14"°] and
TLR8 [4°°] and may also include TLR7 and TLR9. These TLRs recognize nucleic acid or
protein ligands with largely hydrophilic surface. These two types of TLRs also demonstrate
distinct oligomerization states in the absence of ligand binding: recombinantly expressed
type | TLRs are monomers that require ligand engagement to assemble stable dimeric
structures [8-11], while most of the type Il TLRs such as TLR5, TLR8 and TLR9 adopt pre-
formed dimers that are rearranged upon ligand engagement to facilitate signaling [3,4",15].
The only exception in type Il TLRs is TLR3 that requires dsRNA binding to form stable
homodimers [16,17]. There is a caveat to this distinction of preformed TLR dimers: many
studies focused on the ECDs of TLRs that contain LRRCT from hagfish VLRs, therefore
whether and how the native LRRCT and the transmembrane domains might modulate the
TLR oligomerization states remain to be explored. Despite the differences in architecture,
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modes of ligand recognition and oligomerization states, ligand engagement by all TLR
ECDs results in dimeric horseshoe formation that bring their cytoplasmic TIR domains into
close proximity to recruit TIR domain-containing adapter molecules. Future studies will
need to focus on mechanisms of adapter recruitment and TIR domain signaling complex
assembly to fully understand TLR function in the context of the full-length receptors.

NOD-like receptors

The NLRs have tripartite domain structures containing N-terminal signaling domains such
as CARDs or PYDs, central nucleotide-binding domains (NBDs) that bind ATP and mediate
oligomerization along with associated domains, and C-terminal leucine-rich repeats (LRRs)
that may participate in ligand binding and/or autoinhibition of the receptors. Several NLR
family members such as NLRP1, NLRP3, NLRC4, NLRP6, NLRP7 and NLRP12 are
known to assemble oligomeric signaling complexes named inflammasomes [18,19].
Inflammasomes are composed of the activated receptor, the adapter ASC, and effector
procaspase-1. Formation of the inflammasomes leads to activation of caspase-1 and
maturation and secretion of proinflammatory cytokines such as IL-1p and IL-18.

An exciting recent development is the determination of the structure for the NLRC4 core
region. NLRCA4 is a cytosolic receptor that recognizes bacterial flagellin or components of
the type 11 secretion system in complex with NAIP proteins [20°*,21°,22-23]. The structure
of NLRC4 is composed of the nucleotide binding domain (NBD), winged helix domain
(WHD), helical domain 1 (HD1), HD2, and a C-terminal leucine-rich repeat (LRR) [24"]
(Figure 1B). The interaction between NBD and WHD is mediated by ADP and a critical
His433 residue in WHD, and is important to maintain the receptor in a monomeric resting
state. Mutation of His433 resulted in constitutively active and oligomeric NLRC4. Similarly,
the interaction between NBD and HD2/LRR also suppresses NLRC4 activation, as
evidenced by activated NLRC4 upon disruption of NBD and HD2/LRR interactions. This
autoinhibition mechanism is reminiscent of that adopted by Apaf-1, in which the WD40
domain functions as both the ligand binding site and a repressor domain. While details of the
NLRC4 activation mechanism remain to be explored, it is hypothesized that upon
association of the NLRC4 LRR with bacterial flagellin or NAIP:flagellin complex, a large
conformational change ensues, which releases the autoinhibition state imposed by the WHD,
HD2 and LRR domains to facilitate oligomerization and signaling by its NBD and CARD
domains, respectively.

RIG-I-like receptors

Three RLRs, RIG-1, MDAS5, and LGP2 [25-27], are cytoplasmic viral RNA sensors that
mount type | interferon response through MAVS/IPS-1/VISA/Cardif-dependent signaling
pathways [28-31]. The RLRs are DExD/H box proteins that belong to the superfamily 2
(SF2) helicases. They contain the RecA-like globular domains (Hell and Hel2), a unique
helicase insertion domain (Hel2i), and C-terminal regulatory domain (CTD) (Figure 1C).
RIG-I and MDA, but not LGP2, contain two N-terminal tandem CARDs believed to mediate
downstream signaling [25-27,32]. The Hell and Hel2 domains harbor conserved motifs for
ATP binding, ATP hydrolysis, and RNA binding [33°*,34°*,35]. The Hel2i domain contains
an overlapping binding surface for CARD?2 in the apo-conformation and for RNA in the
ligand-bound form, suggesting that the Hel2i:CARD?2 interaction play a role in retaining the
apo-receptor in an autoinhibited state [34°°]. Binding of dsRNA blunt ends by the RIG-I
CTD and ATP by the helicase domains lead to reorientation of the helicase domains to
associate with dsRNA, ATP hydrolysis by the helicase domains, and exposure of the two
CARDs. Ubiquitination of RIG-I by TRIM25 leads to receptor oligomerization and
interaction with MAVS at the mitochondria [36°]. The RIG-1:MAVS interaction induces
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conformational changes in the latter to form prion-like aggregates to amplify IRF-mediated
signaling for interferon induction [37°].

In contrast to the capping of dSRNA ends by the RIG-I CTD, the MDA5 CTD and helicase
domains associate with the stem of the dsSRNA duplex [38"]. This allows the CTD and
helicase domains to mediate the formation of head-to-tail MDADS filaments through
cooperative binding of the dsSRNA staircase, which leads to the formation of the MDA5S
CARD clusters at the peripheral of such filaments [38"]. The MDA5 CARD clusters along
the long dSRNA molecules in turn activate the adapter MAVS. Such filamentous
architecture on a dsRNA platform was also recently reported for RIG-1 [39°,40°], in which
the formation of the RIG-1 filament was dependent on translocation of RIG-1 from the
dsRNA blunt ends to the stem. Even though the RIG-1 filament formation was independent
of the K63-linked polyubiquitin chains, the filament-based and polyubiquitin-based
mechanisms could synergize to boost signaling to MAVS. Major differences between the
RIG-1 and MDAGS filaments are that the former is less cooperative, requires ATP hydrolysis,
and initiates from the end of dSRNA, whereas the latter is highly cooperative but
disassembles upon ATP hydrolysis [39]. Nonetheless, both filaments provide multivalent
ligand-based platforms that are capable of extremely high signaling output by virtue of their
large oligomeric assembly. It will be an important future direction to investigate the
mechanistic details of the RLR filaments in association with the MAVS prion-like
aggregates.

The RLR signaling pathways are regulated by multiple post-translational modifications [41],
including polyubiquitination as mentioned above. Recently, phosphorylation of the RIG-I
and MDA5 CARDs have also emerged as an important regulatory mechanism [42,43"].
Interestingly, the sites of phosphorylation, S8 in RIG-I and S88 in MDAJ5, are at or near the
al helix of the death domain fold from CARD. This region was reported to mediate the type
I death domain complex formation by members of the superfamily [44]. It is possible that
phosphorylation near the type | interface may influence the charge-based CARD:CARD
association, thus regulate downstream signaling. Alternatively, modification of the RIGI-I
surface charge may diminish its association with TRIM25 and the resulting ubiquitination
[45°].

As an example of cross-regulation among different PRR families, the NLRX1 at the
mitochondria was shown to interact with MAVS to suppress RLR signaling [46]. It was also
shown to associate with mitochondrial translation elongation factor TUFM to promote
autophagy [47°]. A C-terminal fragment containing the LRR of NLRX1 was crystallized as a
hexameric complex [48°]. This hexamer complex was shown to bind RNA and regulate ROS
production. Whether the NLRX1:RNA association is important for modulating RLR
function remains to be explored.

The PYHIN protein family

The PYHIN family is a group of interferon-inducible proteins. Among the four family
members in human, AIM2 and IFI16 have been shown to directly bind dsDNA through their
C-terminal HIN domains and induce innate immune responses. The N-terminal PYD is a
member of the death domain superfamily implicated in the assembly of immune and
apoptotic signaling pathways. DNA-stimulation of AIM2 and IFI16 results in formation of
the AIM2 inflammasome and induction of interferon expression, respectively. The murine
PYHIN family member p202 does not contain a PYD and functions as a suppressor of the
AIM2 activation. The crystal structures of the HIN domains from AIM2, IFI16 and p202
revealed the structural basis of sequence-independent dsDNA recognition through
electrostatic interactions [49°**,50°,51°°] (Figure 1D). The AIM2 HIN domain and IFI16
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HINDb domain bind the dSDNA sugar phosphate backbone through a highly positively
charged concave surface spanning its oligonucleotide/oligosaccharide-binding (OB) 1,
linker, and OB2 folds. Such nonspecific DNA association suggests that dSDNA may serve
as an oligomerization platform that recruits multiple receptor molecules, which in turn
assemble adapters and effector enzymes into large signaling complexes such as the
inflammasomes. This mode of DNA-mediated receptor complex assembly bears striking
similarity to those adopted by the MDADS and RIG-I receptors in their filament formation
along the dsRNA ligand [38°,39°,40°]. In addition to DNA binding, the AIM2 HIN domain
was shown to associate with its PYD in the absence of DNA [52°]. This intramolecular
interaction may retain the receptor in an autoinhibited resting state, which can be released by
dsDNA engagement that promotes the AIM2 PYD:ASC PYD interaction.

In contrast to the AIM2 and IFI116 HIN domains, the DNA-binding surface of the p202
HINa domain is located on the opposite side of the linker, with OB1 and OB2 contributing a
larger interface and higher binding affinity [50°,51*]. In addition, the HINb domain of p202
was shown to mediate tetramerization and directly bind the AIM2 HIN domain, which may
underlie the specific inhibition of AIM2 by p202 [51*]. This specific inhibition may be
further enhanced by the higher DNA-binding affinity by the p202 HINa domain. In
agreement, p202 was shown to prevent ASC cluster formation upon AIM2 activation, thus
preventing the AIM2 inflammasome formation and production of inflammatory cytokines
[51*].

Conclusions

Recent structural studies have yielded extraordinary insights into the molecular mechanisms
of ligand recognition and downstream signaling by several receptor families. New
paradigms are emerging from these structure-function studies. First, autoinhibition is a
mechanism that retains the receptors in the resting states to prevent spurious activation of
damaging proinflammatory responses. This has been demonstrated for RIG-I, AIM2, and
NLRC4 in which the ligand-binding domains serve the double duty of sequestering the
signaling domains. This important safeguarding mechanism is likely applicable to other
PRRs. Second, ligand- or protein domain-mediated oligomerization platforms such as the
TLR dimer/oligomer, MDAS5/RIG-I filaments, NLRC4 inflammasome and AIM2
inflammasome are highly efficient signaling mechanisms that can promote cooperative
responses to minimal presence of PAMPs. Because some of the activating ligands such as
DNA and RNA are universal genetic materials, the inflammatory responses endowed by
such oligomeric signaling platforms can also induce or perpetuate autoimmune and
autoinflammatory disorders. Lastly, post-translational modifications have been shown to
play important roles in regulating PRR functions. Examples are phosphorylation of TLR4
[53], TLR3 [54], RIG-1 [43*], MDAG5 [43"°], and NLRC4 [55°], ubiquitination of RIG-I [36°,
56], and proteolysis of TLR7 and 9 [5-7]. Many of these post-translational modifications
directly affect receptor:ligand interaction, receptor oligomerization or association with
signaling proteins. Future studies on the autoinhibition, oligomerization and post-
translational modification of the PRRs will undoubtedly further our understandings of their
roles in antimicrobial immune defense and autoimmune and autoinflammatory disorders.
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Figure 1.

Ligand-binding and oligomerization of pattern recognition receptors TLR8 (A), NLRC4 (B),
RIG-I (C), and AIM2 (D). The signaling, oligomerization, and ligand-binding domains are
colored green, cyan and magenta except for the TLR8 ECD, which is in rainbow color from
its N- to C-termini. Binding of small molecular agonist CL097 (in van der Waals spheres)
induces close proximity of the TLR8 ECD C-termini and the cytoplasmic TIR domains
(green) as shown in (A). Flagellin molecules are represented as orange ovals and the NAIP
CARDs as green spheres in (B). The ADP/ATP molecules are shown as van der Waals
spheres in (B-C). The NLRC4 inflammasome, RIG-I filament, and AIM2 inflammasome are
represented schematically on the right side panels of (B-D).
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