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A B S T R A C T   

TRIM (Tripartite motif) and TRIM-like proteins have emerged as an important class of E3 ligases in innate im
munity. Their functions range from activation or regulation of innate immune signaling pathway to direct 
detection and restriction of pathogens. Despite the importance, molecular mechanisms for many TRIM/TRIM- 
like proteins remain poorly characterized, in part due to challenges of identifying their substrates. In this re
view, we discuss several TRIM/TRIM-like proteins in RNA sensing pathways and viral restriction functions. We 
focus on those containing PRY-SPRY, the domain most frequently used for substrate recognition, and discuss 
emerging mechanisms that are commonly utilized by several TRIM/TRIM-like proteins to tightly control their 
interaction with the substrates.   

1. Introduction 

The innate immune system is the first line of defense against a broad 
range of microbial pathogens. Innate immune receptors, so called 
pattern recognition receptors (PRRs), recognize conserved pathogen- 
associated molecular patterns (PAMPs) and activate a variety of innate 
immune responses that mediate immune cell recruitment and pathogen 
restriction. Over the last three decades or so, several families of germ- 
line encoded PRRs have been identified and extensively characterized. 
These include membrane-bound Toll Like Receptors (TLRs) that survey 
extracellular or endosomal space for the presence of infection, and sol
uble receptors, such as RIG-I like receptors (RLRs), cGAS and NOD-like 
receptors (NLRs), that monitor the cytosolic compartment [1]. Upon 
recognition of cognate PAMPs, these receptors engage with their 
downstream adaptor proteins, such as MAVS (also known as VISA, IPS-1, 
and Cardif [2–5]), STING (also known as MITA, MPYS, ERIS and 
TMEM173 [6–9]) and ASC, to initiate signaling cascades that culminate 
in transcriptional or post-translational activation of antiviral and pro- 
inflammatory cytokines [10]. While their functions are critical for 
proper defense against pathogens, accumulating evidence suggests that 
inappropriate activation of these receptors or inefficient suppression of 
their signaling pathways can lead to a spectrum of autoimmune and 
inflammatory disorders. As such, multiple regulatory mechanisms are in 
place to tightly regulate the activities of these innate immune pathways, 
while ensuring rapid amplification of the immune signaling cascades 
upon pathogen detection. 

One primary mechanism of immune regulation is through post- 
translational modifications, which allows rapid and often reversible 
modulation of the activities of immune signaling molecules. Among 
those, ubiquitin (Ub) and Ub-like (Ubl) protein modifications play 
central roles in regulating nearly all innate immune signaling pathways 
[11,12]. Ub/Ubl modification is mediated by sequential actions of an E1 
activating enzyme, E2 conjugating enzyme and E3 ligase. The E3 ligase 
is the one that carries out the final step of Ub transfer from E2 to the 
substrate, and thus dictates the substrate specificity. There are over 600 
E3 ligases in primates, as opposed to 2 E1s and ~40 E2s [13]. Accord
ingly, much effort has been made to identify E3 ligases that modulate 
any given immune pathway. 

Tripartite motif proteins (TRIMs) are a family of E3 ligases that are 
emerging as key players in innate immunity. One of the first clues for 
their innate immune functions came from the fact that many TRIMs are 
induced by interferons or pro-inflammatory cytokines [14]. While E3 
ligases are often thought to negatively regulate the stability of the target 
molecule by Ub-mediated proteasomal targeting, many TRIMs have 
been shown to enhance innate immune signaling pathways [15], 
through both proteasome-dependent and -independent mechanisms. 
Furthermore, some TRIMs were shown to play more active immune 
functions as pathogen sensors or restriction factors [16,17], instead of 
simply up- or down- regulating the activities of immune signaling 
molecules. 

Despite their importance in a broad range of innate immune func
tions, precise modes of action of many TRIM proteins remain elusive. 
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This limitation largely reflects the challenge of identifying substrate 
proteins, which is the key to understanding their functions and mecha
nisms. We here review several TRIM and related E3 ligases (broadly 
defined as TRIM-like proteins) in innate immunity, with a particular 
focus on their substrate recognition mechanisms. We first begin by 
introducing the general properties of TRIM and TRIM-like proteins. We 
here apologize in advance to those whose studies were not included in 
the review due to the space limitation. 

2. TRIM and TRIM-like proteins: shared domain architectures 

TRIMs are characterized by three distinct domains at the N-terminus: 
a RING domain that binds E2 conjugating enzymes, followed by one or 
two B-box domains and a coiled-coil (CC) domain (Fig. 1A). They are 
also known as RBCC (RING-B-box-Coiled-Coil) proteins because the 
order at which these domains appear is conserved [18]. The TRIM family 
is one of the largest subclasses of RING-E3 ligases, consisting of more 
than 70 members in human [19]. It is also an ancient family of E3 ligases 
as members of the family can be found in almost all metazoans [19]. Not 
all TRIM proteins, however, have all three domains; some TRIMs have 
linkers replacing one of the three domains, while preserving the order of 
the rest of the domains [18,20]. There are also many ligases (to be called 
TRIM-like proteins) not formally categorized into the TRIM family, but 
harboring two out of three domains with the same conserved order. The 
strict conservation of the domain orders implicates that functions of 
these domains are intimately coordinated with one another and their 
spatial arrangement in three dimensions is also likely conserved. 

As RING-E3 ligases, TRIM/TRIM-like proteins function as an adaptor 
that bridges E2 and substrate. The RING domain carries out the E2 
binding activity, while the C-terminal variable domain is often respon
sible for substrate binding (see Section 3). While most TRIM/TRIM-like 
proteins have been shown to function as Ub E3 ligases, some can con
jugate Ubl proteins, such as SUMO and ISG15 [21,22]. Many RING do
mains in TRIM/TRIM-like proteins require homo-dimerization to induce 
the “closed” E2~Ub conformation that stimulates Ub transfer from E2 to 
the substrate [23,24] (Fig. 1B). While some RINGs form a constitutive 
dimer, others may form the dimer transiently when bound with the 
E2~Ub complex. 

B-box is a zinc-finger domain, and is further categorized into B-box1 

and B-box2 depending on the residues coordinating the Zn ions [20] 
(Fig. 1B). While many TRIMs have both B-boxes, with B-box1 preceding 
B-box2, some harbor only a single B-box, in which case it is always B- 
box2 [18] (Fig. 1A). While this suggests an essential function of B-box2 
that cannot be replaced by B-box1, the precise function of B-box2 re
mains unclear. In TRIM5α, B-box2 was found to form a trimer (Fig. 1B), 
which leads to higher-order multimerization of TRIM5α [25]. It remains 
to be examined whether this is a generalizable property of B-box2 and 
what role B-box1 plays for those TRIM/TRIM-like proteins with both B- 
boxes. 

Previous studies have shown that CCs in many TRIM proteins form a 
homodimer in vitro [26] (Fig. 1B), but its function appears to be more 
complex than simple dimerization. Structures of several TRIM CC’s 
showed an antiparallel dimeric architecture, which would place the two 
RING domains near the opposite ends of the CC [26,27]. Since RING 
dimerization is required for many TRIMs, this geometric restraint raises 
the question of whether a RING:RING contact occurs within a TRIM 
dimer or through an inter-dimeric interaction. For certain TRIMs, the 
two RINGs may be too far apart to allow an intra-dimeric RING:RING 
contact, in which case higher-order oligomerization is likely required for 
their E3 ligase activities. Additionally, TRIM CC also appears to play 
roles in positioning the C-terminal variable domain. Many TRIMs harbor 
a characteristic linker following CC, which folds back onto the CC 
[23,26–30] (Fig. 1B) and tethers the C-terminal domain near the center 
of CC [23,26–30]. Such tethering appears important at least in some 
cases (e.g. TRIM5α [30] and TRIM25 [29]), as further evidenced by viral 
antagonists that target this function of CC [29]. Finally, CC was also 
proposed to promote higher-order oligomerization [23,31,32] or to 
form hetero-oligomeric complex with other related TRIMs [18,33]. 
Thus, TRIM CC plays diverse functions in regulating the overall archi
tecture and functions of TRIM proteins. 

3. PRY-SPRY domain: structure and function 

The C-terminal variable domain of TRIM/TRIM-like proteins often 
play important roles in substrate recognition. The PRY-SPRY domain is 
the most common C-terminal domain, accounting for that of about half 
of all known TRIMs [34,35] (Fig. 2A). TRIMs with PRY-SPRY are 
vertebrate-specific, emerged recently, evolves more rapidly, and are 
more intimately involved in host-pathogen interactions than other 
TRIMs [19,27,36]. 

The PRY-SPRY (a.k.a B30.2) domain is a ~200 amino acids-long, 
single globular domain (Fig. 2B). It is formed by appendage of the N- 
terminal PRY (~60 amino acids) to the C-terminal SPRY (~140 amino 
acids). The SPRY domain is widely conserved from yeast to human. By 
contrast, the PRY-SPRY domain is only found in vertebrates [37]. Pre
vious structural analyses showed that PRY-SPRY domains display a 
highly conserved beta sandwich structure where two beta sheets are 
packed against each other [38] (Fig. 2B). While the sequences in the core 
β-strands are well-conserved, those of loops between β-strands are 
highly variable [39] (Fig. 2C). It is the cluster of these variable loops that 
bind substrates [39–42] (Fig. 2B). The high sequence variability in these 
loops allows recognition of a diverse set of substrates, ranging from a 
linear peptide to three dimensional protein structure [39,41–43] and to 
even an RNA molecule [44]. The utilization of variable loops for sub
strate recognition is akin to that of immunoglobulins, which utilize the 
complementary determine regions (CDRs) for substrate specificity. 

Below, we focus on PRY-SPRY-containing TRIM/TRIM-like proteins 
and their substrate recognition mechanisms. We begin with TRIM/ 
TRIM-like proteins involved in innate immune signaling pathways and 
expand our discussion to include those involved in antiviral effector 
immunity. 

Fig. 1. TRIM proteins display a common domain architecture. A. Common 
domain architectures of TRIMs, which consist of RING, B-boxes 1 and 2 (B1 and 
B2) and coiled-coil (CC). C-terminal domains are often involved in substrate 
recognition and are variable. B. Structures and functions of RING (PDB:5FEY, 
[23]), B-box (PDB: 5IEA, [25]) and coiled-coil domains (PDB: 6FLN, [29]). 
Yellow regions in CC (orange) indicate the linker C-terminal to TRIM CC that 
often folds back onto CC. 
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4. TRIMs as modulators of innate immune signaling pathways 

4.1. TRIMs and innate immune receptors 

4.1.1. RIPLET and RIG-I 
RIG-I is the founding member of the RLR family that recognizes viral 

RNAs and activates the signaling pathways to upregulate type I/III in
terferons and pro-inflammatory cytokines [45]. RIG-I consists of two 
tandem caspase activation recruitment domains (2CARD) at the N-ter
minus, a DEXD/H helicase domain in the middle, and a characteristic C- 
terminal domain (CTD) (Fig. 3A). 2CARD is responsible for downstream 
signal activation, while the helicase domain and CTD cooperate to 
recognize viral RNAs. RIG-I relies on the presence of 5’-triphosphate 
(5’ppp) or 5’-diphosphate and dsRNA structure for distinguishing viral 
RNAs from cellular RNAs [46,47]. For cellular RNAs, 5’ppp is typically 
removed from nascent transcripts during 5’-processing before they are 
exported to the cytoplasm, but this does not occur for many viral RNAs 
that are synthesized in the cytoplasm. In addition to 5’ppp, dsRNA 
length also plays an important role in self vs. non-self-discrimination by 
RIG-I. dsRNA duplex of > 20 bp is required and ~40–150 bp are ideal 
for activating RIG-I [31] (to be discussed more later). Although a short 
hairpin RNA with a ~10 bp stem was found to activate RIG-I [48], 
< ~20 bp dsRNA without a hairpin loop do not [48]. Given our current 
understanding that RIG-I does not bind the loop, the precise reason for 
the distinct RIG-I-stimulatory activities of hairpin vs. standard dsRNA 
remains unclear. It is possible that concatemerization of a hairpin RNA 
extends the duplex region, allowing it to mimic longer dsRNAs, as was 
shown before [49]. In addition to 5’ppp and 5’pp dsRNA, there are 
several other features of RNA that have been reported to stimulate RIG-I, 

such as features of 3’ end or sequence composition [50–52]. In many 
cases, however, the mechanisms remain unclear and require further 
investigations. 

Previous biochemical and structural studies provided detailed pic
tures of how RIG-I selectively recognizes viral RNAs and how it activates 
the downstream antiviral immune response. Upon viral RNA binding, 
RIG-I undergoes at least two distinct conformational changes (Fig. 3B). 
Before RNA engagement, RIG-I is in the auto-repressed state, in which 
2CARD is bound by the helicase domain [53]. The auto-repression is 
released by viral dsRNA binding as RNA competes with 2CARD for the 
helicase domain [53]. Release of 2CARD, however, is insufficient to 
activate RIG-I signaling. The second necessary conformational change is 
homo-tetramerization of 2CARD [54,55] (Fig. 3B). Only tetramerized 
2CARD can stably interact with the downstream adaptor MAVS [56]. 
The 2CARD tetramer then acts as a nucleus to induce filament formation 
of MAVS, which serves as the signaling scaffold for activating the further 
downstream signaling pathway [56,57]. 

Studies showed that the tetramerization of RIG-I 2CARD is greatly 
stimulated by K63-linked Ub chains (K63-Ubn), which wraps around the 
2CARDs tetramer to stabilize the core 2CARD tetramer [54] (Fig. 3C). 
Recent genetic and biochemical studies showed that the E3 ligase RIP
LET (a.k.a. RNF135) is responsible for RIG-I ubiquitination and activa
tion [31,58,59]. While it has long been thought that another E3 ligase, 
TRIM25, was responsible for RIG-I activation, this notion was estab
lished largely based on the effect of TRIM25 on isolated 2CARDs, an 
artificial construct that also activates MAVS upon overexpression [60]. 
In fact, few studies have demonstrated the positive impact of TRIM25 on 
the signaling activity of full-length RIG-I. Furthermore, TRIM25 does not 
directly bind or ubiquitinate full-length RIG-I in a manner dependent on 

Fig. 2. The PRY-SPRY domain is a common domain for substrate recognition among TRIM/TRIM-like proteins. A. Domain architectures of TRIM/TRIM-like proteins 
with a PRY-SPRY domain. COS and FN3 indicate cos box and fibronectin type III repeat domains, respectively. *TRIM20 has a PYRIN domain in the N-terminus 
besides the domains illustrated. B. Structures of PRY-SPRY recognizing the cognate substrate using the cluster of variable loops. Structures show that PRY-SPRY can 
detect a three-dimensional structure of a substrate (left) or a linear peptide sequence (right). Left: TRIM21 PRY-SPRY in complex with Fc (PDB: 2IWG, [39]), Right: 
GUSTAVUS PRY-SPRY in complex with the VASA peptide (PDB: 2IHS, [43]). C. Sequence alignment of PRY-SPRY among several TRIM/TRIM-like proteins, showing 
the high sequence conservation in β-strands and variable loops between the β-strands. 
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RNA ligand, the condition that must be satisfied in order to be func
tionally relevant [31]. This is because any E3 ligase would have a non- 
specific ubiquitination activity at high protein concentrations. Thus, 
specificity control, such as RIG-I in the absence of stimulatory RNA, is 
essential to validate the assay condition. Consistent with the notion that 
RIPLET is the bona fide E3 ligase for RIG-I, RIPLET binds and ubiq
uitinates RIG-I only in the presence of RIG-I-stimulatory RNA, recapit
ulating the cellular activation condition [31]. Interestingly, multiple 
studies have shown that TRIM25 can inhibit a broad range of viruses in a 
manner independent of RIG-I; TRIM25 binds influenza A nucleocapsid 
and blocks its replication [61], and cooperates with the antiviral protein 
ZAP to inhibit viral gene expression [62,63]. TRIM25 was also shown to 
directly interact with the linear ubiquitin chain assembly complex 
(LUBAC), which often plays a negative regulatory role in innate immune 
signaling [64]. Altogether, the antiviral functions of TRIM25 appears 
complex, but is not directly involved in the RIG-I signaling pathway. 
Instead, RIPLET mediates ubiquitination and activation of RIG-I. 

Another area of controversy has been on the importance of covalent 
Ub conjugation vs. non-covalent binding in RIG-I signaling. Previous 
biochemical and structural studies [54,55] have showed that unan
chored K63-Ubn alone can induce 2CARD tetramerization and activate 
RIG-I signaling in vitro. However, whether non-covalent interaction 
alone is indeed sufficient in cells has been controversial. In order to 
address this issue, multiple studies have examined the effect of muta
tions of potential conjugation sites of RIG-I, but such efforts frequently 
involved mutations of multiple lysines, which alone can significantly 
affect protein folding and other activities besides ubiquitination. Mul
tiple lines of evidence support the importance of covalent Ub conjuga
tion as well as non-covalent interaction. First, non-covalent interaction 
between K63-Ubn and RIG-I 2CARD is weak, while covalent conjugation 
greatly stimulates the stability of their complex and the resultant 2CARD 

tetramer [54]. Second, a recent biochemical analysis suggests that 
RIPLET can constitutively generate unanchored K63-Ubn without RIG-I, 
but the presence of RIG-I filaments converts its activity to the RIG-I 
conjugation mode, suggesting that the conjugated K63-Ubn is more 
likely to be relevant to RIG-I functions [31]. Third, in a reconstituted 
signaling system, RIPLET-dependent RIG-I signaling was maintained 
even after treatment with isoT, which selectively degrades unanchored 
Ub chains [31]. While another previous study reported an abrogation of 
RIG-I signaling upon isoT treatment [65], one important difference is 
that the latter study utilized TRIM25, which unlike RIPLET, only gen
erates unanchored K63-Ubn with or without RIG-I. TRIM25 in this in 
vitro system likely generates a sufficient level of unanchored K63-Ubn to 
activate RIG-I. Since TRIM25 does not bind RIG-I [31], its activity to 
constitutively synthesize unanchored K63-Ubn is unlikely to be relevant 
for RIG-I signaling. In summary, these observations collectively suggest 
the importance of both anchored and unanchored K63-Ubn for RIG-I 
signaling, and may serve as a model to study the importance of cova
lent Ub conjugation in other systems. 

RIPLET is a TRIM-like E3 ligase, harboring RING, CC and PRY-SPRY, 
but not B-boxes (Fig. 3B). As mentioned above, RIPLET binds and 
ubiquitinates RIG-I only in the presence of dsRNA [31], which parallels 
dsRNA-dependent RIG-I signaling in cells. A more detailed analysis 
showed that RIPLET:RIG-I binding requires dsRNA to be at least ~20 bp 
in length, again in agreement with the cellular requirement for RIG-I 
activation [31]. This is because individual PRY-SPRY has low affinity 
for monomeric RIG-I, and a high affinity interaction requires both PRY- 
SPRY domains of dimeric RIPLET to simultaneously bind multimeric 
RIG-I assembled on > 20 bp dsRNA [31]. This avidity-driven binding 
explains why RIG-I signaling is more efficient with longer dsRNA 
(~40–150 bp), on which RIG-I forms filaments [31,66]. RIG-I forms 
filaments through two steps (Fig. 3D): initial recruitment of RIG-I to a 

Fig. 3. RIPLET is an essential E3 ligase for RIG-I signaling pathway. A. Schematic of RIG-I signaling pathway and domain architecture of RIG-I. During viral infection, 
viral RNAs accumulate in the cytoplasm. RIG-I detects viral dsRNA with a 5’-triphosphate group (5’ppp), and activates the downstream adaptor molecule MAVS. 
Activated MAVS in turn induces type I interferon production by triggering TRAF2/3/5/6, TBK1 and IRF3. B. Three steps involved in RIG-I activation. RIG-I binding to 
dsRNA releases 2CARD auto-repression, but this is not sufficient for signal activation. 2CARD must be tetramerized in order to activate MAVS. RIPLET promotes 
2CARD tetramerization by conjugating K63-Ubn to RIG-I, which binds 2CARD and stabilizes its tetramer structure (see C). C. The crystal structure of RIG-I 2CARD 
(purple-shade colors) in complex with K63-Ubn (yellow) (PDB:4NQK, [54]). K63-Ubn wraps around the 2CARD tetramer, stabilizing its assembly architecture. D. In 
the absence of viral RNA, RIG-I is in the auto-repressed state. In the presence of viral dsRNA, RIG-I binds dsRNA end recognizing 5’ppp. dsRNA binding triggers ATP 
hydrolysis, which in turn stimulates translocation along dsRNA, and subsequent recruitment of additional RIG-I molecules. Iterations of the end recruitment and 
translocation of RIG-I molecules then results in RIG-I filament formation near dsRNA ends. RIPLET binds RIG-I only in the filamentous state, leading to K63-Ubn 
conjugation, 2CARD tetramerization and MAVS activation. E. RIPLET binding also leads to RIG-I filament bridging and clustering, which results in the amplification 
of RIG-I signaling. Negative stain electron micrographs are taken from [31]. 
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dsRNA end via 5’ppp moiety, and subsequent translocation of RIG-I 
from the dsRNA end to the interior through an ATP hydrolysis-driven 
motor activity. Iterations of this process with multiple RIG-I molecules 
result in accumulation of filamentous oligomers of RIG-I near the dsRNA 
end [31,66]. The reason RIG-I and RIPLET’s activity declines on 
> ~0.5 kb dsRNA is that RIG-I filament formation is dependent on 
5’ppp, which is diluted with the increasing length of dsRNA [31]. 

Intriguingly, RIPLET binding to RIG-I filaments can also lead to 
filament cross-bridging, creating aggregate-like assemblies with a 
heightened signaling potential [31] (Fig. 3E). The CC domain of RIPLET 
plays an important role in filament bridging, presumably by forming 
higher-order oligomers [31]. In this clustered assembly structure, RIG-I 
signaling is further amplified, likely because there are more RIPLET 
RING domains to form an active RING:RING dimer, and/or there is 
higher concentration of RIG-I molecules to form the active 2CARD 
tetramer. The study of RIG-I and RIPLET interaction provides a detailed 
example of how TRIM-like proteins utilize bivalency and CC for regu
lating substrate selectivity, higher-order oligomerization and innate 
immune function. 

4.1.2. TRIM65 and MDA5 
MDA5 is another member of the RLR helicase family that functions as 

a cytosolic receptor for viral dsRNAs. MDA5 shares with RIG-I the same 
domain architecture and the downstream signaling pathway, including 
the adaptor molecule MAVS. However, MDA5 and RIG-I play non- 
redundant roles as they recognize largely distinct groups of viruses 
and viral RNAs [67]. While RIG-I detects a broad range of negative 
strand RNA viruses by recognizing 5’ppp-containing dsRNA with a 
preference for mid-long lengths (~40–150 bp), MDA5 detects several 
positive strand RNA viruses, such as picornaviruses and coronaviruses 
[68,69] through recognition of much longer (>~1 kb) dsRNAs inde
pendent of 5’ppp [70,71]. While MDA5 also forms filaments along the 
length of dsRNA, it utilizes different mechanisms for assembling fila
ments and regulating its stability; while RIG-I filament propagates from 
a dsRNA end to an interior in a 5’ppp- and ATP-dependent manner, 
MDA5 filament is nucleated directly from a dsRNA interior, and disas
sembles from its termini during ATP hydrolysis [66,72]. These differ
ences ensure MDA5 to form filaments more efficiently on much longer 
dsRNAs than those preferred by RIG-I, and its signaling activity to 
progressively increase with dsRNA length. 

Like RIG-I, MDA5 signaling also requires homo-tetramerization of its 
2CARD, and the efficiency of 2CARD tetramerization is enhanced by 
K63-Ubn [54,73]. MDA5 signaling and ubiquitination is independent of 
RIPLET [31], but instead relies on TRIM65 [74,75]. Knocking out 
TRIM65 impairs MDA5 signaling activity without affecting other anti
viral signaling pathways, such as that of RIG-I. Analogous to how RIP
LET binds RIG-I, TRIM65 utilizes the PRY-SPRY domain to bind the 
helicase domain of MDA5 [75]. Furthermore, TRIM65 also binds MDA5 
only in its filamentous form on long dsRNA, and this filament-specific 
recognition stems from the requirement for bivalent PRY-SPRY 
engagement, as was the case for RIPLET [76]. 

Thus, for both RIPLET and TRIM65, avidity-dependent substrate 
recognition allows more precise control of immune activation and en
sures immune signaling to occur only in the filamentous form, i.e. in the 
presence of the viral RNA ligand. Given that an increasing number of 
receptors and signaling molecules in the innate immune system are 
shown to multimerize upon activation [77], it is tempting to speculate 
that TRIM/TRIM-like proteins may utilize multimer-specific substrate 
recognition as a common mechanism for regulating their immune 
functions. 

4.1.3. TRIM/TRIM-like proteins for RLRs and other helicases 
Besides RIPLET and TRIM65, several other TRIM/TRIM-like proteins 

have been proposed to act on RLRs and modulate their stabilities and/or 
antiviral signaling activities. One such E3 ligase is TRIM38, which was 
reported to promote antiviral signaling of both RIG-I and MDA5 through 

SUMO conjugation [22]. TRIM38 uses its PRY-SPRY domain to interact 
with both 2CARDs and the helicase domains of RIG-I and MDA5, and 
these interactions were found to be dependent on viral infection. This 
study further reports that SUMO modification is dynamically regulated 
over the course of infection, and delays K48-linked ubiquitination of 
RIG-I and MDA5, thereby temporarily stabilizing these receptors and 
potentiating their signaling activities [22]. It is yet unclear how 
SUMOylation competes with K48-linked ubiquitination and how the 
SUMOylation of RLRs changes during the course of infection. Intrigu
ingly, TRIM38-mediated SUMOylation was later found to also regulate 
cGAS, a foreign DNA sensor that functions parallel to RLRs [78]. 
Considering that cGAS also forms filament-like structure during viral 
DNA sensing [79], it is possible that a multimer-specific substrate 
recognition mechanism, akin to those of RIPLET and TRIM65, is 
involved in virus-dependent SUMOylation of cGAS and RLRs by 
TRIM38. 

Besides RLRs, several other DExD/H-box helicases have been re
ported to play roles in sensing viral nucleic acids. One such helicase is 
DDX41, which is an RNA helicase previously known to be involved in 
splicing, translation and many other cellular RNA processes [80,81]. 
Recent studies found that DDX41 is also involved in innate immune 
response to foreign dsDNA [82–84]. A systematic siRNA screen of 
DEXD/H helicases showed that knock-down of DDX41 greatly reduces 
the level of IFN-β induction in response to poly(dA:dT) or HSV-1 [85]. 
The DEAD domain of DDX41 can directly bind both dsDNA and STING, 
the signaling adaptor molecule for cGAS [85]. The interaction between 
DDX41 and STING was proposed to result in the activation of TBK1 and 
the IKK complex for the induction of type I IFNs and pro-inflammatory 
cytokines. Interestingly, the stability of DDX41 was reported to be 
regulated by TRIM21 [85]. TRIM21 utilizes PRY-SPRY to bind the DEAD 
domain and conjugates DDX41 with K48-linked Ub chains (K48-Ubn) for 
proteasomal degradation [85]. Knocking down TRIM21 enhances the 
IFN expression upon dsDNA stimulation or DNA virus infection [85]. 
Much remains to be investigated as to whether TRIM21 also regulates 
the stability of DDX41 during its constitutive function in RNA processes, 
and whether their interaction is regulated differently during RNA pro
cessing vs. DNA sensing. More detailed analyses of how TRIM21 acts on 
DDX41 and whether this interaction depends on the conformational or 
oligomeric state of DDX41 upon DNA or RNA binding may bring new 
mechanistic insights. 

4.2. TRIMs for innate immune signaling molecules 

4.2.1. TRIMs and MAVS 
MAVS is the signaling adaptor molecule for RIG-I and MDA5. Upon 

interaction with activated RIG-I and MDA5, MAVS forms filaments on 
the surface of the mitochondria, serving as a signaling platform to re
cruit and activate further downstream molecules, such as TRAFs and 
TBK1 [56,86]. At least six TRIM proteins have been reported to regulate 
MAVS. Among them, TRIM21, TRIM25, and TRIM14 utilize PRY-SPRY 
for interaction with MAVS [87–90]. TRIM21 was reported to conju
gate MAVS with K27-linked Ub chains to facilitate recruitment of TBK1 
[88], while TRIM25 was found to modify MAVS with K48-linked Ub 
chain to promote its degradation [87,91]. Unlike TRIM21 and TRIM25, 
TRIM14 lacks the RING domain and does not ubiquitinate MAVS. 
Instead, TRIM14 was proposed to function as an adaptor molecule to 
recruit NF-kB essential modulator (NEMO), WHIP and PPP6C to MAVS 
to potentiate its signaling activity [89,90]. Viral infection was shown to 
promote TRIM14’s interaction with MAVS [90], raising the possibility 
that their interaction may depend upon MAVS filament formation. 
Additionally, TRIM40, TRIM44 and TRIM31, which do not contain PRY- 
SPRY, were also reported to interact with MAVS and alter MAVS’s sta
bility and/or signaling activity in both Ub-dependent and –independent 
manners [92–94]. However, given that MAVS forms filaments, which 
could attract a large number of molecules through specific or non- 
specific binding, more detailed investigation is necessary to 
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understand precisely how each TRIM protein acts on MAVS, and how 
these TRIM proteins collectively work together for proper functioning of 
MAVS. 

4.2.2. TRIM38 and TRAF6 
TRAF6 is an E3 ligase involved in multiple immune signaling path

ways, including those of RLRs, TLRs, IL-1 receptor, TGFβ receptors and 
B-cell receptors. Upon activation of these upstream receptors, TRAF6 is 
recruited to the receptors or downstream signaling complexes [95,96], 
which triggers its E3 ligase activity to synthesize K63-Ubn. While the 
precise activation mechanism and ubiquitination target of TRAF6 has 
been unclear, the current model is that K63-Ubn conjugation within the 
signaling complex (either on TRAF6 or other targets) enables recruit
ment of various signaling molecules, leading to the activation of NF-kB, 
MAPK and/or IRF pathways [96,97]. 

Recent studies suggest that TRIM38 is an important negative regu
lator of TRAF6 [98]. TRIM38 utilizes its PRY-SPRY domain to recognize 
TRAF6 and conjugates TRAF6 with K48-Ubn for proteasomal degrada
tion [98]. How the activity of TRIM38 on TRAF6 is regulated remains to 
be further investigated. One potential mechanism is a temporal control 
of the level of TRIM38. TRIM38 is known to be up-regulated by a variety 
of immune signals, including RLR and TLR pathway activation, which 
may ensure TRIM38 to act on TRAF6 only upon immune signal activa
tion [98–100]. Alternatively, TRAF6 was proposed to form a higher- 
order assembly upon its activation [101,102], which may function as 
a signal for TRIM38 to engage and ubiquitinate TRAF6 only upon its 
activation. It also remains to be addressed how, during RLR signaling, 
TRIM38 functions as an Ub E3 ligase for TRAF6, while acting as a SUMO 
E3 ligase for RIG-I/MDA5, and how its positive effect on RIG-I/MDA5 
interplays with its negative effect on TRAF6. Mechanistic details of 
TRIM38 functions in the context of the RLR pathway require future 
studies. 

4.2.3. TRIM26 and IRF3 
IRF3 is an essential transcription factor for expressing type I IFNs and 

is broadly involved in many PRR signaling pathways in innate immu
nity, including RLRs, TLRs and cGAS pathways. Upon activation of these 
receptors, their respective downstream adaptor molecules (MAVS, TRIF, 
and STING, respectively) recruit TBK1, which then phosphorylates the 
C-terminal tail of IRF3 [103–105]. Phosphorylated IRF3 in turn forms a 
homodimer and translocates to the nucleus, which results in the tran
scriptional activation of type I IFNs [106]. 

IRF3 has long been known to undergo rapid turnover upon its acti
vation [106–108]. One mechanism by which the stability of IRF3 is 
regulated is through TRIM26. A study showed that, upon TLR activation, 
TRIM26 interacts with IRF3, and conjugates IRF3 with K48-Ubn for 
proteasomal degradation [105]. Intriguingly, TRIM26 is translocated to 
the nucleus upon infection or IFN-β treatment, which allows TRIM26 to 
specifically target only the activated IRF3, leaving inactive cytosolic 
IRF3 intact. Similarly, constitutively active IRF3 variants are targeted by 
TRIM26, while phosphorylation-defective IRF3 or that lacking the nu
clear localization signal is not [105]. By targeting only the activated 
IRF3, cells may be able to rapidly shut down the immune signal, while 
still maintaining the ability to elicit a subsequent immune response in 
the case of uncontrolled infection or re-infection. The spatial control of 
TRIM26 thus shows yet another mechanism by which TRIM/TRIM-like 
proteins are regulated. 

5. TRIMs as virus sensors and effectors 

5.1. TRIM5α and retroviral capsid 

Some TRIM proteins can function as a direct sensor of viruses and a 
restriction factor. One well-known example is TRIM5α, an isoform of 
TRIM5 that contains the PRY-SPRY domain [32]. Previous studies 
showed that TRIM5α from Rhesus monkey restricts HIV-1 replication by 

inducing premature capsid disassembly and inhibiting reverse tran
scription [109,110]. It was later found that the restriction activity of 
TRIM5α is highly dependent on the species and viral strains/types; 
human TRIM5α cannot restrict HIV-1, but it can restrict another retro
virus, N-tropic murine leukemia virus (N-MLV) [111,112]. The viral 
specificity of TRIM5α is determined by the viral capsid and the PRY- 
SPRY domain of TRIM5α [109,113]. A single amino acid change in the 
HIV-2 capsid rendered it more susceptible to human TRIM5α [114]. 
Similarly, three amino acid substitution in PRY-SPRY to mimic those of 
Rhesus TRIM5α allowed human TRIM5α to restrict HIV-1 [113,114]. 

More detailed study of TRIM5α revealed avidity-dependent binding 
of HIV-1 capsid, analogous to that of RIPLET and TRIM65. HIV-1 capsid 
protein forms a fullerene-shaped cone, through hexagonal assembly of 
the capsid hexamers and pentamers [32,115]. TRIM5α does not bind 
free capsid molecules, and instead, recognizes only the pre-assembled 
capsid lattice [110,116] (Fig. 4A). Viral capsid binding further induces 
higher-order oligomerization of TRIM5α into a hexagonal lattice with 
the symmetry that matches that of the viral capsid (Fig. 4A & Fig. 4B), 
further strengthening their avidity-driven interaction [117,118]. The 
lattice formation of TRIM5α appears to be driven by B-box2, which 
forms a trimer at the three-fold symmetric vertex of the hexagonal lattice 
[25,117] (Fig. 4A). Mutations in the B-box2 or CC of TRIM5α impair its 
lattice formation and its viral restriction function [119–121]. 

Precise mechanism by which TRIM5α’s capsid binding leads to viral 
restriction is yet unclear. Upon capsid binding and lattice formation, the 
E3 ligase activity of TRIM5α was proposed to be stimulated as the lattice 
formation would cluster the RING domain and promote its dimerization, 
the requirement for efficient Ub transfer from E2 to the substrate [122]. 
Although whether TRIM5α can ubiquitinate the capsid is unclear, 
TRIM5α binding and lattice formation on the viral capsid is important 
for proteasomal or autophagic degradation of the capsid proteins and 
capsid disassembly [123–126]. TRIM5α has been shown to conjugate 
K63-Ubn to itself or generate unanchored Ub chains [123,127], which 
was proposed to assemble signaling complexes to induce antiviral 
signaling cascades. While much of these proposed mechanisms remain 
to be further investigated, TRIM5α serves as an intriguing example of 
TRIMs that can function as both a PRR and a restriction factor. 

5.2. TRIM21 as an intracellular Fc receptor 

TRIM21 (a.k.a. Ro52 or SS-A) was first identified as an autoantigen 
in autoimmune diseases, such as Sjogren’s syndrome and systemic lupus 
erythematosus [128], but more recent studies showed various other 
immune functions of TRIM21 in the cytoplasm. When non-enveloped 
viruses or bacteria are opsonized by antibody, they can be neutralized 
and cleared by phagocytes. However, opsonized microbial pathogens, 
especially those partially coated with antibody, can evade extracellular 
neutralization and can still invade cells. TRIM21 appears to act on such 
microbes that enter the cytosolic compartment with antibody attached 
to their surface [129] (Fig. 4C). TRIM21 tightly binds Fc of IgG anti
bodies, although it also binds Fc’s of IgM and IgA with lower affinities 
[130]. This engagement leads to the auto-ubiquitination of TRIM21, first 
with K63-Ubn, but gradually involving K48-Ubn in the form of mixed or 
branched chains [131]. Auto-ubiquitinated TRIM21 then recruits the 
proteasome for degradation of pathogen-associated molecules, such as 
viral capsid, and neutralization of the pathogen infectivity [129,131] 
(Fig. 4C). In parallel, the proteasome-associated deubiquitinating 
enzyme Poh1 liberates K63-Ubn from TRIM21, allowing unanchored 
K63-Ubn to serve as a signal to activate antiviral signaling pathways 
[131] (Fig. 4C). Thus, as with TRIM5α, TRIM21 also displays a dual 
function as a PRR and an effector. They, however, differs in that TRIM5α 
directly recognizes PAMPs, while TRIM21 indirectly recognizes PAMPs 
through antibodies. 

As with other PRY-SPRY containing TRIM/TRIM-like proteins, 
TRIM21 utilizes PRY-SPRY to bind Fc. While individual PRY-SPRY has a 
low affinity for Fc, its bivalency within the dimeric TRIM21 dramatically 
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increases the affinity for dimeric Fc (Kd decreases from ~200 to 0.6 nM) 
[129]. Thus, as a dimer, TRIM21 is the tightest Fc receptor known to 
date. The crystal structure of PRY-SPRY in complex with Fc showed that 
PRY-SPRY binds the hinge interface between the CH2 and CH3 domains, 
recognizing the three-dimensional structure of Fc [39,130] (Fig. 4D). 
This is unlike other PRY-SPRY domains that recognize a linear peptide 
sequence [41]. More detailed study suggests that TRIM21 PRY-SPRY 
recognizes both the sequence and structure of Fc that are conserved 
across a broad range of vertebrate species [40]. It would be interesting to 
examine the evolutionary origin of the immune defense mechanism of 
TRIM21 that utilizes both innate and adaptive immune components. 
Another intriguing question is whether the Fc binding activity of 
TRIM21 is also involved in the pathogenesis of the autoimmune dis
eases, that are associated with anti-TRIM21 autoantibodies. Note that 
anti-TRIM21 autoantibodies target the RING and B-box domains of 
TRIM21, not the PRY-SPRY domain [132]. The multiple possible modes 
of interaction between TRIM21 and anti-TRIM21 antibodies would un
doubtedly endow their immune complex with the unique property to 
form large insoluble aggregates, which may contribute to the 
pathogenesis. 

6. Conclusions and perspectives 

We here summarized several TRIM/TRIM-like proteins that are 
involved in innate immunity, in particular in RNA sensing and viral 
restriction pathways. From the survey of TRIM/TRIM-like proteins with 
PRY-SPRY, the domain most widely used by TRIM/TRIM-like proteins 
for substrate recognition, a common mechanism for substrate recogni
tion emerges. That is, TRIM/TRIM-like proteins often utilize bivalency 

or multivalency to tightly control their substrate specificity and activity 
during immune response. Many targets of TRIM/TRIM-like proteins are 
the host immune signaling molecules that form oligomers or large as
semblies in their activated state [77,133]. TRIM/TRIM-like proteins also 
target viral molecules that form large assemblies (e.g. capsid) in their 
pathogenic state. The avidity-driven substrate recognition mechanism of 
TRIM/TRIM-like proteins would thus ensure more precise control of 
innate immune signaling and restriction functions. Furthermore, we also 
reviewed TRIM/TRIM-like proteins that utilize spatial and temporal 
control of their protein levels as an additional measure to control their 
activities. These observations thus highlight the complex layers of 
mechanisms that regulate “the regulators” of innate immunity. 

Despite the increasing appreciation of the importance of TRIM/ 
TRIM-like proteins in innate immunity, molecular mechanisms for 
many TRIM/TRIM-like proteins remain enigmatic. In particular, sub
strate identity, which is the key to understanding their functions, has 
been one of the most controversial topic for many TRIMs. While co- 
immunoprecipitation and in vitro or cellular ubiquitination assay have 
often been used for validating E3 ligase-substrate relationships, it is 
important to recognize caveats and limitations in each of these methods. 
In our own experience, pulling-down full-length E3 ligase to identify or 
validate a substrate is less ideal than pulling-down ubiquitination-defi
cient variant (e.g. RING-deletion TRIM). This is because once ubiquiti
nated, substrates often recruit many additional partners that would 
confound efforts to identify direct substrates of the TRIM/TRIM-like 
protein. For cellular ubiquitination assay, one often pulls down a 
target protein of interest under non-denaturing or mildly denaturing 
condition (e.g. RIPA) followed by anti-Ub blot to examine its ubiquiti
nation state. However, proteins purified under such conditions are often 

Fig. 4. TRIM5α and TRIM21 have dual functions as innate immune receptors and effectors. A. Schematic of TRIM5α function. TRIM5α binds incoming retroviral 
capsid in a sequence-specific and avidity-dependent manner. Capsid then serves as a template to further assemble hexagonal lattice of TRIM5α. This results in both 
the effector function of capsid disassembly and degradation as well as the receptor function of antiviral signal activation. Ubiquitination activity of TRIM5α is thought 
to mediate both of these functions, although some studies proposed a direct role of TRIM5α as an autophagy receptor [125,126]. B. Cryo-electron microscope 
reconstruction map of TRIM5α hexagonal lattice bound to HIV-1 capsid lattice (EMD-20565, [32]). C. Schematic of TRIM21 function. Microbial pathogen partially 
coated with antibody may evade neutralization, and enter the cytosolic compartment. TRIM21 recognizes the Fc portion of the antibody, which triggers the auto- 
ubiquitination activity and subsequently its antiviral functions similar to those of TRIM5α.(D.) Crystal structure of TRIM21 PRY-SPRY in complex with a dimeric Fc 
portion of IgG (PDB:2IWG, [39]). 
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not pure enough to allow confident assignment of anti-Ub signal to the 
target protein of interest. Thus, more stringent, fully-denaturing condi
tion is necessary to disrupt large and stable assemblies that are expected 
for TRIM’s substrates. For in vitro ubiquitination assays, proper speci
ficity control is crucial as the assays often require high protein con
centrations to achieve robust ubiquitination signal. While one may 
choose any arbitrary protein for the control, the best control, in our 
opinion, is the same target protein in a different conformational or ac
tivity state that allows direct comparison of substrate specificity in cells 
vs. in vitro. Such close controls allow more confident assessment of 
whether the in vitro ubiquitination indeed recapitulates cellular events. 

Besides substrate identity, many exciting questions remain to be 
addressed. For example, some TRIM/TRIM-like proteins have been re
ported to bind one another [111,134,135] or with other E3 ligases (e.g. 
TRIM25:LUBAC, and TRIM38:TRAF6), raising a question of how their 
interactions modify functions of individual E3 ligases. Additionally, the 
role of TRIM/TRIM-like proteins has so far been attributed predomi
nantly to Ub/Ubl modification. However, recent studies suggest that 
Ub/Ubl-independent activities also exist [31,123]. We anticipate many 
new discoveries on functions, mechanisms and regulations of TRIM/ 
TRIM-like proteins as the field continues to move forward. 
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