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Abstract: B30.2 domains, sometimes referred to as PRY/SPRY domains, were originally
identified by sequence profiling methods at the gene level. The B30.2 domain comprises a
concanavalin A-like fold consisting of two twisted seven-stranded anti-parallel 3-sheets.
B30.2 domains are present in about 150 human and 700 eukaryotic proteins, usually fused to
other domains. The B30.2 domain represents a scaffold, which, through six variable loops,
binds different unrelated peptides or endogenous low-molecular-weight compounds. At
the cellular level, B30.2 proteins engage in supramolecular assemblies with important sig-
naling functions. In humans, B30.2 domains are often found in E3-ligases, such as tripartite
motif (Trim) proteins, SPRY domain-containing SOCS box proteins, Ran binding protein 9
and —10, Ret-finger protein-like, and Ring-finger proteins. The B30.2 protein recognizes the
target and recruits the E2-conjugase by means of the fused domains, often involving specific
adaptor proteins. Further well-studied B30.2 proteins are the methyltransferase adaptor
protein Ash2L, some butyrophilins, and Ryanodine Receptors. Although the affinity of an
isolated B30.2 domain to its ligand might be weak, it can increase strongly due to avidity
effects upon recognition of oligomeric targets or in the context of macromolecular machines.

Keywords: protein structure; molecular machines; E3-ligase; Trim protein; molecular glue

1. Introduction

The selective interaction of macromolecules is a governing principle in biochemistry
and crucial for the development of living organisms. Because this process is of such central
importance, specialized structural entities have emerged to take on this task. Some of
these structures are very specific, whereas others are extremely versatile. The concanavalin
A-like superfamily (SCOP ID: 3000120) is an example from the second category, because it
involves over 30 protein families with similar three-dimensional structures that seem to be
unrelated on the sequence and functional level.

The B30.2 domain, which is also called the PRY/SPRY domain, belongs to the con-
canavalin A-like superfamily. Both names are often used synonymously in the literature.
The name B30.2 was derived from the observation that some genes from the human MHC
class 1 region have sequences that are similar to the B30-2 exon [1]. These regions encode
B30.2 domains, which are approximately 170 amino acids in size. The B30.2 domain is only
found in eukaryotes (Prosite ID: PS50188). Almost simultaneously, a similar domain with
unknown function was identified in the dual-specificity kinase SPIA and in Ryanodine Re-
ceptors using sequence profiling methods. This domain, with a poorly defined N-terminus,
was called the SPRY domain [2]. In comparison to B30.2 domains, SPRY domains are
truncated at the N-terminus because they are missing the PRY motif [3].
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In the following text, we are not distinguishing between SPRY domains with or without
the PRY motif. Instead, we are using the name B30.2 domain because this name is the most
ancient. Starting as a molecular entity that was initially characterized on the sequence level,
B30.2 domains have gained significant recognition over the past 30 years because they seem
to play important roles in many central regulatory processes in eukaryotes, but despite
detailed functional and structural reports, the molecular functions of B30.2 domains often
remain enigmatic. The purpose of this review is to summarize the current knowledge of
B30.2 proteins, focusing on the structure and function of this domain.

2. The B30.2 Domain

The B30.2 domain was initially characterized on the sequence level comprising three
blocks of conserved residues (sequence motifs LDPD, WEVE, and LDYE), which were
predicted to fold into a (3-sheet rich domain [2—4]. Crystal structures of the B30.2 domains
from Ret-finger protein-like 4A (RFPL4) and GUSTAVUS, as well as the NMR structure of
the SPRY domain-containing SOCS box proteins (SPSB) 2 (PDB: 2FBE, 2FN], 2IHS, 2AF]),
basically confirmed this prediction [5-8]. The B30.2 domain was described as a twisted f3-
sandwich structure with 13 to 15 antiparallel 3-strands that fold into two sheets. The exact
number of strands depends on the individual protein. Figure 1a shows the ribbon diagram
of the Trim20 B30.2 domain (PDB: 2WL1) [9] with 14 strands (designated A to N). In each of
the B-sheets A and -B, seven strands are connected in the order ADMFGHI and BCNEJKL,
respectively (Figure 1b). The connectivity of strands is preserved in more distantly related
proteins from the concanavalin A-like superfamily. The N- and C-termini of strands A and
N are spatially adjacent and often extend into additional secondary structural elements [10].

The three conserved sequence blocks correspond to 3-strands A, E, and J, and several
conserved hydrophobic side chains participate in the formation of the hydrophobic core
between the sheets. The tryptophan side chain from the WEVE block in strand E forms
an H-bond with an integral water molecule that is buried in the hydrophobic core (W76
in Figure 1c, residue numbering according to the sequence logo in Figure 1d). This water
molecule forms additional H-bonds with carbonyl oxygens from residues at positions 90
and 177 in strands F and M, respectively. Residue G90 is conserved because strands G, F,
and M are kinked, and any larger side chain at position 90 in strand F would clash with
strand G. Residues F153 and P176 are also well conserved. The side chain of F153 is at van
der Waals distance to G90. Residue P176 is located at the kink of strand M and interrupts
the H-bond pattern of 3-sheet A.

The pattern of conserved residues is not strict. In the B30.2 domain from human
SPRY domain-containing protein 7, residues G90, F153, and P176 are conserved, but W76
is mutated to phenylalanine so that the buried water molecule is displaced (PDB: 7CCB;
Co rmsd with 2WL1: 2.31 A) [11]. Due to the weak conservation of the profile, some B30.2
domains remain undetected on the sequence level. For example, in the more distantly
related B30.2 domain from cytokine receptor-like factor 3 (CRLF3) (PDB: 6RPX, Cx rmsd
with 2WL1: 2.80 A), only G90 is conserved, but the strands still show the pronounced
kink [12]. The kinks of strands G, F, and M are not seen in other proteins from the
concanavalin-A superfamily, e.g., isolectin 1 from L. ochrus (PDB: 1LOE, Cox rmsd with
2WL1: 343 A).

The p-strands are connected by loops that are crucial for the recognition of the target.
The loop length varies considerably among B30.2 domains. The smallest variation is seen
for loop 4, which is six residues long in many B30.2 domains (Figure 1a,b). In contrast to
that, loops 2, 3, 5, and 6 are extremely variable. For example, more than 50 residues, most of
which are negatively charged, are inserted in Trim26 loop 5, whereas loop 3 is exceptionally
short in SPRY7 [11].
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Figure 1. B30.2 domain architecture. (a) Trim20 B30.2 domain (PDB: 2WL1 [9]) shown as a ribbon
diagram. 3-sheets A and B are shown in dark and light grey, respectively. Loops are shown as a
color ramp from dark blue (N-terminus) to dark red (C terminus). 3-strands and loops are labeled
in italics. (b) Connectivity diagram colored as before. (c) Conserved residues are shown as sticks
with magenta carbons and the Ca-atom of G90 as a sphere. H-bonds and van der Waals distances are
shown as dotted lines in orange and grey, respectively, and the conserved water molecule as a small
red sphere. The kinked parts of strands G, F, and M are colored in light grey. (d) Sequence logo for
B30.2 domains (Prosite Release 2023_05 entry PS50188). 3-Strands are boxed and labelled as above.
Strand A corresponds to the PRY- and strands E and ] to the SPRY motif [3].

3. B30.2 Multidomain Proteins

B30.2 domains are often fused to other domains (Figure 2). Single-domain B30.2
proteins, such as SPRY3 and —7, are the exception (No. 1 in Figure 2) [11]. The largest
family of B30.2 multidomain proteins contains the tripartite (Trim) motif. The Trim motif
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comprises a Really Interesting New Gene (RING) domain at the N-terminus, a B-box,
and a Coiled Coil (CC) domain. The Trim motif is often fused to a B30.2 domain at the
C-terminus [13,14]. Many Trim proteins function as E3 ubiquitin (Ub) ligases, where the
40-54 residue RING domain is responsible for recognizing the E2 Ub-conjugating enzyme.
The B-box (3242 residues) and CC domains (30-110 residues) act as oligomerization
modules. RING and B-box domains are connected by a well-conserved 25-37 residue
RING-B-box linker. The CC domain causes dimerization of Trim proteins and the B-box
domain generates higher order oligomers of Trim dimers. RING and B-box domains
typically bind two zinc ions each [15].

No Domain composition Protein Size* Uniprot*
1 @ SPRY3, 4,7, TRIML16 442 Q8NCJ5
TRIM4, 5, 6, 7, 10,11, 15,
17,21, 22, 26,27, 30, 31,
> ¢ " oo @ 34,35, 38,39, 41,43,47, 500 Q9CO37
49,50, 51, 58, 60, 62, 64,
65,68, 72, 75, 77
s (0 <« @ TRIML1, 25, 69, RIPLET 468 Q8NOV2
s " cc @ TRIM20 781 015553
@
5 g & @ TRIM14, 16 442 Q14142
A Q MID2, TRIM, 18, 36, 46,
6 RING g § C© el - B30.2 67 735 Q9UJV3
7 cc O )EBE FSDIL 530  QUBXM9

9 M CRLF3 442 QslUI8

RFPL1, 2, 3, 4a, 4b,
RNF39 317 075677

Fbox B30.2 Fbx45 286 POC2W1

RNF123, RSPRY1 1314 Q5XPl4

SPSB1,2,3, 4,
13 GUSTAVUS 273 Q96BDG

14 Phd-WH B G302

ASH2L 628 Q9UBL3

HNRNPUL2 747 Q1KMD3

16 — —w —————— DDX1 740 Q92499
17 w RanBP9, 10 729 QUES59

BTN3A1, 3A3, 1A1, 2A1,

00

18 Y% IgC transmembrane @B B30.2 2A2, 2A3, L1, L3, L8, L9 526 Q13410
RyR1, 2,3 5038 P21817
20 MACPF/CDC FAT THX B30.2 SNTX* 703 Q98989
21 B30.2 B30.2 B30.2 g Prot. kinase SplA* 2410 P18160
22 FISNA + NACHT LRR B30.2 NLR-B30.2* 1247 13J6L8
2 P P P A P A
23 -EPHEHEPEHEHEDE B30.2 HERC1 4861 Q15751

Figure 2. Domain compositions of B30.2 proteins. # The number of amino acids and the Uniprot
entry numbers refer to the first specified human gene from the list. * Genes that have no equivalent
in humans are marked with an asterisk.
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There is substantial variation within the family of Trim proteins, and according to
the domain composition, the Trim family was subdivided into nine subfamilies [16]. In
some Trim proteins, either the RING or the B-box domain is missing. In Trim20, the RING
domain is replaced by the 90 residue PYD domain (No. 4 in Figure 2) [17]. Some Trim
proteins (No. 6 to 8 in Figure 2) contain additional C-terminal subgroup One Signature
(COS) and fibronectin type-III domains (130 residue). The 60 residue COS domain confers
binding to microtubules [16]. CRLF3 comprises one fibronectin type-III domain, but no
COS, B-box or CC domain (No. 9 in Figure 2). Deficiency in CRLF3 leads to increased
microtubule stability [12].

Several B30.2 proteins without B-box or CC oligomerization domains are involved
in ubiquitination reactions. The Ret-finger protein-like (RFPL) and F-box/SPRY domain-
containing protein families are characterized by C-terminal B30.2 domains that are fused
directly either to RING- or F-box domains (50 residues), respectively (No. 10 and 11
in Figure 2) [18,19]. F-box domain proteins serve as substrate receptors in Cullin-RING
E3-ligases [20]. In contrast to that, the sequential order of domains is inverted in the
families of Ring-finger (e.g., Rnf123, also known as Kip1 ubiquitination-promoting complex
subunit 1) and SPSB proteins (No. 12 and 13 in Figure 2). SPSB and Rnf proteins contain
N-terminal B30.2 domains and C-terminal Suppressor of Cytokine Signaling (SOCS) and
RING domains, respectively [21,22].

Ash?2l comprises an N-terminal plant homeodomain finger and winged helix (Phd-
WH) DNA binding domain (110 residues), intrinsically disordered regions (IDR), a B30.2
domain, and a C-terminal Sdc1-DPY-30 interacting (SDI) motif (No. 14 in Figure 2). These
IDRs are necessary for stimulating the MLL histone methyltransferase activity [23]. The
Heterogeneous Nuclear Ribonucleoprotein U-like protein 2 (HNRNPUL2) is involved in
the DNA damage response and carries a 35 residue SAP domain (SAF-A/B, Acinus and
PIAS motif) at the N-terminus of the B30.2 domain (No. 15 in Figure 2) [24]. Several
RNA helicases that are responsible for RNA unwinding share the DEAD tetrapeptide.
These DEAD box helicases (DDX) contain several additional sequence motifs that are
responsible for ATP- and RNA binding [25]. In some DDX proteins (e.g., DDX1), a B30.2
domain is inserted into the helicase domain [26], whereas DDX4 requires binding of a B30.2
containing adaptor protein, such as Ran-binding protein (RanBP) 9, for activity [27]. The
LISH (Lis1-homology, 33 residues) and CTLH (C-terminal to LISH) domains of RanBPs
regulate interactions with the microtubule (No. 16 and 17 in Figure 2) [28]. The yeast Gid1
protein also contains B30.2-, LISH- and CTLH domains and serves as a scaffold subunit in
the chelator-GID®* E3-ligase [29].

B30.2 domains also play important roles in membrane proteins. Proteins from the
butyrophilin family are single-pass membrane proteins, where the N-terminus of the B30.2
domain is fused to a CC domain, a transmembrane helix, and two extracellular Ig-like
domains from the B7 protein superfamily (No. 18 in Figure 2) [30]. Ryanodine Receptors
(RyR) are large tetrameric receptors in the sarcoplasmic reticulum membrane. The N-
terminal cytoplasmic shell of RyRs contains several solenoid domains and three B30.2
domains and extends into the C-terminal transmembrane pore domain (No. 19 in Figure 2).
The Stonustoxin subunit alpha (SNTX) and the dual specificity protein kinase SplA from
Dictyostelium discoideum are two examples of B30.2 proteins that have no homologues in
humans (No. 20 and 21 in Figure 2). The SplA and RyR genes were among the first genes to
be discovered, where B30.2 domains were also discovered. NACHT-domain and Leucine-
Rich-Repeat-containing proteins (NLR, also known as NOD-like receptors) are pathogen
recognition receptors in innate immunity. In vertebrates that lack an adaptive immune
system, such as fish, NLRs are particularly abundant. Members from the NLR family C
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possess B30.2 domains at the C-terminus of the Leucine-Rich-Repeat (LRR) domain (No. 22
in Figure 2) [31,32].

The phylogenetic tree of B30.2 domain sequences can be broadly subdivided into two
families [3]. The family of extended B30.2 domains comprises the Trim and butyrophilin
sequences. The closely related butyrophilins form one branch of this family, suggesting that
some Trim proteins are more closely related to the butyrophilins than to other Trim proteins.
All other B30.2 domains belong to the second family [13]. Interestingly, the intermolecu-
lar sequence identity between different RyR isoforms is higher than the intramolecular
sequence identity between the three B30.2 domains within the same RyR [33].

4. Ligand Recognition

B30.2 domains serve as scaffold domains and for the recognition of ligands. A canon-
ical ligand binding site is located at the concave side of sheet A, just above the kinked
-strands G, F, and M. Initially, this site was predicted because it forms a peculiar crystal
contact with the extended C-terminal peptide in the crystal structure of the RFPL4A B30.2
domain (Figure 3a) [5]. However, the first experimental proof that this site is functionally
relevant came from the crystal structure of the Trim21 B30.2 domain in complex with
an IgG Fc fragment (Figure 3b) [34]. The shape of this binding site is reminiscent of the
complementarity-determining region seen in antibodies and, consequently, the Trim21
loops that surround the IgG Fc binding site were defined as variable loops similar to
antibodies. The variable loops 1, 2, 3, 4, 5a, 5b, and 6 defined by James and coworkers
(2007) correspond to loops 3, 5, 6, 7, 8, 9, and 13 in Figure 1a [34]. Since different loop
nomenclatures are used in the literature [5,7,9,34-37], we are using the nomenclature from
Figure 1a in the following text. The Trim21/IgG Fc interface was probed by alanine scan-
ning, isothermal titration calorimetry (ITC), and stopped-flow kinetics, revealing a specific
and preformed interface with Kd values of 37 nM and 437 nM for the human and mouse
proteins, respectively (Figure 3b) [34,38]. The low molecular weight compound (S)-ACE-
OH (2-(S1-hydroxyethyl) promazine) binds to the lower pocket of the IgG Fc binding
site of the Trim21 D355A mutant (Figure 3c). Although ITC revealed just a modest Kd
value of 17.9 uM for the binary interaction, binding of (5)-ACE-OH was mandatory for
the recognition of NUP98 [39]. The Trim21/IgG Fc binding site coincides with the binding
site for the glycogenin-1 C-terminal peptide on Trim7 (Figure 3d). Kd values between
2.3 uM and 21.1 uM have been determined depending on the length of the glycogenin-1
peptide [40]. The Trim7 B30.2 domain specifically recognizes the C-terminal glutamine and
the preceding leucine side chains. Almost identical binding modes were observed between
Trim?7 and other viral proteins with C-terminal glutamine residues [41,42].

Trim65 and the Trim-like protein RIPLET (also known as RNF135) are E3-ligases that
recognize the RNA helicases MDAS and RIG-], respectively. The cryo-EM structures of
the Trim65/MDAS5/dsRNA and RIPLET/RIG-I/dsRNA ternary complexes show that the
B30.2 domains of Trim65 and RIPLET recognize the C-terminus of helix 1 in the RNA
helicase, albeit at slightly different orientations (Figure 3e,f). The affinity of Trim65 for
MDADS in the absence of dsRNA is low. The Kd value of the Trim65 CC-B30.2 fragment
for the MDAS filament in the presence of dsRNA is 170.6 nM, suggesting that binding
depends crucially on avidity effects [43]. SPSB proteins, including the Drosophila protein
GUSTAVUES, serve as adaptor proteins between E3-ligases and their cognate target proteins,
e.g., human prostate apoptosis response protein-4 (Par-4) or the DEAD-box RNA helicase
VASA. The SOCS box and the B30.2 domains recognize the E3-ligase and an asparagine-rich
loop region from the target, respectively. Human SPSB1 binds the VASA peptide with
a Kd value of 40 nM. Particularly loops 5 and 13 from the B30.2 domain form H-bonds
with the conserved asparagine side chains (Figure 3g) [44]. Similar interactions are seen in
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other SPSB/peptide complexes [7,45-48]. RanBP9 is a scaffolding protein that binds the
DEAD-box RNA helicase DDX4 (also known as mouse VASA homolog) [27,49]. Human
RanBP9 binds DDX4 residues 228 to 247 with a Kd value of 12.7 uM, but not the VASA
peptide from Drosophila. The human DDX4 peptide lacks the asparagine residues and binds
in a different region on the RanBP9 B30.2 domain compared to SPSB1. Human RanBP9
involves loops 3, 6, 7, and 8 for binding the DDX4 peptide (Figure 3h) [35].

Figure 3. Ligands bound to the canonical binding site of B30.2 domains (shown in surface repre-
sentation, coloring, and domain orientation like in Figure 1a (left)). Binding partners are color-
coded with carbons shown in wheat. Large complexes are truncated to focus on the epitope.
(a) RFPL4A crystal contact (PDB: 2FBE), (b) Trim21/IgG Fc (PDB: 2IWG), (c) Trim21 D355A
mutant/(S)-ACE-OH (PDB: 8Y59), (d) Trim7/glycogenin-1 peptide (PDB: 70VX), (e) Trim65/
Interferon-induced helicase C domain-containing protein 1 (MDADJ5) (PDB: 7JLO0), (f) E3 ubiquitin-
protein ligase RNF135 (RIPLET)/Antiviral innate immune response receptor RIG-I (PDB: 7JL1),
(g) SPSB1/VASA peptide (PDB: 3F20), (h) Ran-binding protein 9/RNA helicase DDX4 peptide
(PDB: 5]IU), (i) Ash2L/Retinoblastoma-binding protein 5 peptide (PDB: 4X8N), (j) Ash2L/Histone-
lysine N-methyltransferase 2A (PDB: 6W5I), (k) BTIN3A1/[(E)-4-methyl-5-oxidanyl-pent-3-enyl]-
phosphonooxy-phosphinic acid (PDB: 4N7U), and (1) Trim58 crystal contact (PDB: 8PD4).

Together with the WDR5, RbBP5, and DPY-30 subunits, the mammalian B30.2 protein
Ash2L forms the WRAD complex. The WRAD complex binds to the SET domain of a lysine
(K) methyltransferase from the mixed-lineage leukemia (MLL) family and modulates lysine
4 methylation of histone 3 [50]. The Ash2L B30.2 domain binds RbBP5 with a Kd value of
3.3 uM, which is reduced to 0.24 uM upon phosphorylation of S350. The phosphorylation
generates an intramolecular salt bridge that stabilizes the favorable binding conformation
of E349. The binding mode is independent of S350 phosphorylation and similar to the
binding mode of the unphosphorylated peptide (Figure 3i) [51]. Structures in complex with
MLL, the nucleosome core particle (NCP), or other components from the WRAD complex
revealed similar peptide conformations [52-62]. In the 6.9 A resolution cryo-EM structure of
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the class1 MLL1-WRAD-NCP complex without DPY-30, the Ash2L. B30.2 domain contacts
MLL1 directly and not via RbBP5 (Figure 3j) [23].

B30.2 domains bind not only peptides but also low molecular weight metabolites. The
human butyrophilins BTN3A1 and BTN3AS3, but not BTN3A2, contain intracellular B30.2
domains. These intracellular B30.2 domains bind isoprenoid diphosphates, known as phos-
phoantigens (pAgs). The synthetic pAgs molecule hydroxy-methyl-butyl-pyrophosphonate
(cHDMAPP) binds into a positively charged pocket of butyrophilin 3A1 (BTN3A1) with
a Kd value of 0.51 uM [63]. Several other pAgs and chemically related compounds bind
to butyrophilins in a similar way, as shown in Figure 3k [64-66]. Trim58 forms a domain-
swapped dimer in the crystal lattice, but in contrast to RFPL4A, it recognizes its own
N-terminus (Figure 31) [67].

5. Tripartite Motif Proteins with B30.2 Domains

Since the first discovery of a Trim protein in 1991 (Xenopus laevis nuclear factor 7 [68]),
approximately 80 members of this protein family have been identified in the human
genome [69]. The B30.2 domain is not present in all Trim proteins. It can be replaced
by other peptide binding domains, such as Bromo- (e.g., Trim24, O15164), Math- (e.g.,
Trim37, Q6PCX9), NHL-repeat (e.g., Trim2, Q9C040) or cyclophilin domains (e.g., TrimCyp,
F7HKEF6) [14,16]. Many Trim proteins confer substrate specificity to the ubiquitination
cascade, which involves the Ub-activating enzyme (E1), the Ub-conjugating enzyme (E2),
and the Ub-ligase (E3). There are more than 600 E3-ligases in the human genome that
have been grouped into three families: (i) RING E3-ligases, (ii) HECT E3-ligases, and (iii)
RING-between-RING E3-ligases [70].

Many Trim proteins, e.g., Trim5« or Trim72, act as homodimeric RING E3-ligases [70,71].
Trims bind the E2 enzyme by means of their RING domain and form an isopeptide bond
between the Ub C-terminus and a lysine side chain from the target protein. The Ub
itself comprises several lysine residues, allowing E3-ligases to synthesize mono- and
poly-ubiquitinated substrates as well as unanchored poly-Ub chains. Poly-K48 chains
of Ub proteins lead to substrate degradation via the proteasome and poly-K63 chains
to the activation of protein kinases, DNA repair, and lysosomal import [72,73]. Trim
proteins are also involved in the transfer of other peptides to the target, such as the small
ubiquitin modifier SUMO and interferon-induced 15-KDa protein [74,75]. All three kinds
of ubiquitination activities have been observed in the C-IV family of Trim proteins, which is
characterized by C-terminal B30.2 domains. It is generally believed that the B30.2 domain
recognizes the target for ubiquitination. The CC domain is responsible for dimerization,
and the B-box domain forms higher order oligomers and/or supports the function of
the RING domain [15,76]. The functional analysis of Trim proteins is complicated by the
avidity-driven recognition of substrates, that assemble under well-defined cellular states,
by the ability to form homo- and hetero-oligomers [72], and the loss of terminal domains
by either alternative splicing events or proteolytic digestion [77-79].

High-resolution structures of isolated B30.2 domains from Trim1, —5«, —7, —10, —14,
—15, —16, —20, —21, —25, —58, —65, —70 and —72 have been determined by X-ray crystal-
lography (PDB: 2IWG, 2WL1, 3KB5, 3UV9, 4B3N, 6FLM, 6]BM, 7]L4, 65JH, 6UMA, 7QRZ,
7QS0, 7QQS2, 8A8X, 8PD4) [34,36,40,43,67,80-84]. In Trim proteins, the B30.2 domain is
fused to the C-terminus of a central CC domain (No. 2 to 9 in Figure 2). Crystal structures
of CC-B30.2 fragments from Trim20, —25, and —72 revealed dimers that are reminiscent
of a coat hanger (Figure 4a) [83,85,86]. The B30.2 domains are located on the convex side
of the curved CC dimer. Different crossing angles between the CC domain and the B30.2
domain linker position the B30.2 domain on opposite sides of the CC dimer (Figure 4b).
Small-angle X-ray scattering data from Trim20, —21 and —25 indicate substantial flexibil-
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ity in solution and a weak CC/B30.2 domain interface [71,83,87,88]. Defined open and
closed conformations of the CC-B30.2 assembly have been proposed [85,86]. Structures of
supramolecular assemblies involving Trim proteins have been determined by cryo-electron
microscopy (cryo-EM) for Trim5«, —21, —65, —72 and RIPLET [37,43,89,90].

Figure 4. Structures of Trim proteins. (a) Trim72 Bbox-CC-B30.2 domain structure (PDB: 7XT2). Bbox-,
CC-, and B30.2 domains are colored magenta, blue, and orange, respectively. The second subunit of
the dimer is shown in grey. (b) The crossing angle defines the spatial orientation of the B30.2 domain
in the dimer. Top: Trim20 (PDB: 4CG4), middle: Trim25 (PDB: 6FLN), bottom: Trim72 (PDB: 7XT2).
The swapped B30.2 domain orientation in Trim72 was observed independently in different crystal
lattices and cryo-EM [37,71,86]. (c) Cryo-electron tomography map of Trim5c/HIV1 capsid complex
at 32 A resolution (EMD-20565). Density belonging to the capsid and Trim5a are shown in light and
dark grey, respectively [89]. (d) Cryo-electron tomography map of Trim72 on a lipid bilayer at 25 A
resolution [37]. (e) Cryo-EM structure of RIPLET/RIG-I/dsRNA complex (PDB: 8G7T). The dsRNA
and RIPLET B30.2 domains are shown as surfaces, and RIG-I as a cartoon. The dsRNA is colored
green and the RIPLET,:RIG-I; heterotetramer in blue and grey. The cognate RIG-I helix, which is also
shown in Figure 3f, is highlighted in wheat.

Trim proteins are involved in innate immune responses by restricting viruses from
various families, modulating the release of IL-13 and pathways involving Toll-like re-
ceptors, retinoic acid-induced gene-I-like receptors (RLR), and stimulators of IFN genes
(STING) [14,17,73,91-93]. In an almost comprehensive screen, 20 out of 55 Trim proteins
affected the early and late stages of the retroviral life cycle [94]. The relationship between
viruses and Trim proteins is complex. In addition to viral restriction, some Trims, e.g.,
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Trim7, —11 and —26, can enhance viral replication [95,96]. Trim5« restricts certain retro-
viruses, such as HIV1, in a species-specific manner by recognizing the capsid lattice, which
causes premature capsid disassembly and the activation of innate immune response path-
ways [91]. The monomeric Trim5« B30.2 domain binds very weakly to the retroviral capsid
and fails to disrupt the tubular assembly, whereas full-length Trim5« binds the retrovi-
ral capsid by avidity-driven lattice matching [82,97]. The Trim5« B30.2 domain dimer
recognizes the capsid protein and guides the formation of a hexagonal semi-crystalline
lattice (Figure 4c) [89,98]. The HIV1 capsid serves as a scaffold to force the assembly of an
asymmetric RING domain trimer, where two RING domains activate the E2-conjugase to
poly-ubiquitinate the disordered N-terminus of the third RING domain [99].

The Trim7 B30.2 domain binds helical peptides with C-terminal FQ or LQ dipeptide
motifs that can be mimicked by small molecules, such as malonate [36,40-42]. The carboxy
terminus and the glutamine side chain form polar interactions with R385 and Q436 at
the bottom of the canonical Trim7 binding site, respectively, and the leucine side chain
interacts with loops 2, 3, and 6 (Figure 3d). Trim7 recognizes endogenous proteins, such as
glycogenin-1, RACO-1, and STING, and proteins originating from viral polyproteins. Since
peptides with C-terminal glutamine residues are generated by viral 3C proteases, it was
suggested that Trim?7 could serve as a broadly-acting restriction factor, but phylogenetic
data, tissue expression and gene regulation argue against this hypothesis [40,95]. Finally,
Trim?7 itself can be cleaved by 3C proteases at Q24, and the resulting fragment inhibits the
E3-ligase activity of Trim7 [79]. Trim14 reveals a B30.2 domain with a positively charged
canonical binding site, similar to Trim72 and butyrophilin BIN3A1. The Trim14 B30.2
domain interacts with negatively charged poly(Glu:Tyr) peptides [84].

Trim20 (also known as Pyrin or Marenostrin) is an atypical member of the Trim family
because the RING domain is replaced by a PYD domain (No. 4 in Figure 2). Hence, Trim20
does not transfer Ub chains; instead, it forms PYD-PYD homotypic interactions with the
apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC),
which finally leads to caspase-1 activation, IL-1f3 release, and fever. Trim20 is regulated
by phosphorylation in the disordered region on 5208 and 5242 [100,101]. The function of
the B30.2 domain, which is absent in murine Trim20, is uncertain. It could keep Trim20
in a repressed state (autoinhibitory function), or it could interact with a yet unknown
ligand (proinflammatory function) [17]. The proline-rich stretch in the CC domain can
interact with a secondary binding site on the B30.2 domain [85]. The inherited disease
Familial Mediterranean Fever (FMF) is characterized by excessive inflammasome activa-
tion [102,103]. FMF mutations cluster in the B30.2 domain and those with the most severe
disease outcome in loops 6 and 7 (Figure 1a) [9]. FMF mutations decrease the activation
threshold of Trim20 either by attenuating the autoinhibitory function or enhancing the
proinflammatory function [104]. Perhaps FMF mutations provided a selection advantage
against Y. pestis infection during historic plague pandemics [105].

Trim?21 serves as a cytosolic antibody receptor. Although antibodies normally do not
penetrate into the cytoplasm, some of them remain attached to the capsid of incoming
pathogens [106]. The Trim21 B30.2 domain effectively recognizes the Fc domain of attached
IgG molecules (Figure 3b) [34]. Trim21 is activated upon substrate-induced clustering, but in
contrast to Trim5«, it does not require a regular structural network [88]. Using cryo-EM and
other biophysical techniques, a mechanism for Trim21 activation was postulated [90]. To
achieve full activity, two RING dimers need to form a complex with the E2-conjugase [107].
Trim21 also recognizes other cellular substrates via its B30.2 domain besides IgG [108].
The molecular glue (S)-ACE-OH enables the recruitment of Trim?21 to the autoproteolytic
domain of the nuclear pore subunit NUP98 [39]. Trim21 allows the selective degradation
of endogenous target proteins either by administering target-specific IgG molecules in



Crystals 2025, 15, 281

11 of 26

the Trim-Away technology or the design of bifunctional proteolysis-targeting chimers
(PROTACS) [39,88].

The Trim22 B30.2 domain recognizes endogenous AKT phosphatase PHLPP2 and Zika
virus nonstructural proteins and labels them for degradation [109,110]. Trim?72 is a critical
component for the Ca?*-independent repair of plasma membranes by enabling vesicular
transport to the site of injury [111]. It binds negatively charged phospholipids, such as
phosphatidylserine (PS) and phosphatidylcholine, via its positively charged B30.2 domain
(Figure 4d) [37,86]. The proper orientation of the B30.2 domain is crucial for avidity-driven
binding because the monomeric Trim72 B30.2 domain, in contrast to the artificial bivalent
Trim72-B30.2 construct, showed impaired binding on liposomes (Kd for Trim72-B30.2-GST
dimer and Trim?72 is 76.7 nM and 9.9 nM, respectively) [37]. A working model for Trim72
activation was proposed on the basis of the cryo-EM structure, liposome sedimentation,
and cross-linking data. Soluble Trim72 dimers do not bind the E2-conjugase, whereas
PS-enriched phospholipids generate a Trim72 network, where the reduced mobility of the
RING domain enables the transfer of Ub chains [37].

Upon binding to viral double-stranded (ds) RNA, innate immune receptors from
the RLR family activate interferon pathways via an N-terminal Caspase Activation and
Recruitment Domain (CARD). The tetramerization of the CARD domain is driven by poly-
K63 Ub chains that are assembled by E3-ligases from the Trim family [112,113]. The Trim
proteins RIPLET and Trimé65 recognize dsRNA-bound forms of oligomeric RIG-I and MDAS5,
respectively. RIG-I1 (DDX58) and MDADS belong to the family of ATP-dependent DEAD box
RNA helicases. The ternary complex structures of dsRNA/ MDAB5ACARD /GST-Trim658302,
dsRNA /RIG-TACARD /GST-RIPLET®3%2, and dsRNA /RIG-I,/RIPLET, were determined
by cryo-EM (Figure 4e) [43,114]. To avoid the unwanted activation of IFN pathways in
the absence of dsRNA, monovalent B30.2 domains have poor affinities, whereas bivalent
RIPLET and Trim65 recognize the dsRNA-bound forms of RLRs. The B30.2 domains of
RIPLET and Trim65 interact with a conserved epitope involving helices 1 and —3 from the
Hel2 domains of the RLRs. Despite this, the spatial orientation of the helices differs by
approximately 60° (Figure 3e,f). Similar epitopes have been observed in the helicases Dicer
and DDX41 that were recognized in pull-down assays by bivalent B30.2 constructs of Trim25,
—26, and —41 [43]. Trim65 recognizes other cellular targets, such as the transcription factor
TOX4, by means of its B30.2 domain and transfers poly-K48 Ub chains [115].

Some DDX proteins, such as DDX4, DDX41 and DDX58, are recognized by B30.2
domain proteins via non-covalent interactions. In contrast to that, DDX1 carries a B30.2
insertion between the I- and Ia motifs in the N-terminal helicase domain (No. 16 in
Figure 2). DDX1 senses viral nucleic acids by forming a complex with DDX21 and DHX36
that recognizes poly(I:C) oligonucleotides [116]. The structure of the DDX1 B30.2 domain
was determined by X-ray crystallography, but the function of this domain is currently
unknown [117].

6. SPRY Domain-Containing SOCS Box Proteins

The crystal structures of the Drosophila protein GUSTAVUS and the NMR structure
of mouse SPSB2 were among the first experimental B30.2 domain structures [6-8]. SPSB
proteins recruit target proteins to the ECS complex, comprising Elongin-B, -C, Cullin-5,
SPSB, and the RING-finger containing protein Rbx2. This ECS complex, which is also
called Cullin-RING ubiquitin ligase 5 (CRL5), belongs to the Cullin-RING E3-ligase sub-
family [70]. The Elongin-B/C heterodimer recognizes the SOCS box of SPSB proteins [6].
The Rbx2 subunit interacts with the E2-conjugase. In some SOCS box proteins, the B30.2
domain is replaced by other peptide-binding domains, such as SH2, WD40, LRR, or GTPase
domains [118], very similar to what has been observed for Trim proteins.
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The four mammalian SPSB proteins bind various cellular targets by means of their
B30.2 domains. SPSB1, —2, and —4 bind inducible nitric oxide synthase (iNOS). SPSB2 is a
negative regulator of iNOS and thereby modulates the level of reactive nitrogen species. It
interacts with the N-terminal region of iNOS and marks it for proteasomal degradation by
polyubiquitination [21,46—48]. Other targets are c-MET and Par-4 [8,44,45]. Targets for SPSB3
are the zinc finger transcription factor SNAIL and cyclic GMP-AMP synthase (cGAS) [119,120].

There is no exact orthologue of the Drosophila protein GUSTAVUS in vertebrates.
The closest homologues are SPSB1 and —4 with 75% and 70% sequence identity, respec-
tively [121]. GUSTAVUS interacts with the ATP-dependent DEAD box RNA helicase
VASA. This interaction is essential for the localization of VASA at the posterior pole of
the oocyte [122,123]. The VASA binding site on GUSTAVUS coincides with the binding
site for iNOS, Par-4, and cGAS on SPSB proteins (Figure 5a). This binding site differs
from the canonical binding site because it only involves residues from loops 3, 5, 6, and
13 (Figure 3g). Loop 13 is exceptionally short and loop 6 is significantly longer in SPSB
proteins compared to other B30.2 domains.

Figure 5. B30.2 domains in Cullin-RING- and heterodimeric RING E3-ligases. (a) Superposition of
D(I,L)NNN degrons in iNOS/SPSB2 (sticks with carbons in wheat, PDB: 6KEY), VASA /GUSTAVUS
(pink, PDB: 2IHS) and Par-4/SPSB1 (green, PDB: 2JK9). GUSTAVUS and SPSB1 have been omitted
for clarity. (b) NN degron in cGas/SPSB3 (cGas, blue carbons). SPSB2 and SPSB3 are shown as
transparent surfaces. H-bonds are indicated by dotted lines. (c) cryo-EM structure of the human NCP
(histone proteins, wheat surface, dsDNA, light and dark green surface), cGAS (blue cartoon), SPSB3
(B30.2 domain in grey, SOCS box in orange) and Elongin-B/-C (pink cartoon) complex (PDB: 80L1).
The area shown in (b) is boxed. (d) Superposition of the crystal structure of RanBP9/DDX4 peptide
complex (RanBP9, light grey cartoon; DDX4 peptide, spheres with grey carbons, PDB: 5]IU) on the
cryo-EM structure of the SRS module from the human CTLH E3-ligase (RanBP9, dark grey cartoon;
hGid4, cyan cartoon; ArmC8, pink surface; TWA1, yellow surface, PDB: 7NSC). The RanBP9 B30.2
domain loop 5 is highlighted in green.
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GUSTAVUS, SPSB1, —2, and —4 recognize proteins with D(I,L)NNN consensus se-
quences, which can be mimicked by cyclic peptides (Figure 5a) [47,124]. The asparagine
side chains are recognized by H-bonds involving main- and side-chain atoms from loops 3,
5, and 13. The aspartic acid side chain interacts with a conserved tyrosine side chain
from loop 6. The 3.5 A resolution cryo-EM structure of the CRL5 core (comprising
c¢GAS/SPSB3/Elongin-B/-C) in complex with an NCP revealed a minimal NN degron
sequence (Figure 5b,c). SPSB3 recognizes a degraded consensus sequence at the C-terminus
of cGAS. Modeling studies showed that the cGAS/SPSB3 interface positions the RING-
between-RING E3-ligase ARIH2 adjacent to lysine residues from cGAS for direct Ub
transfer [120].

7. Heterodimeric RING E3-Ligases

The germline cell-specific ATP-dependent DEAD box RNA helicase DDX4 is the VASA
homologue in mice. DDX4 binds to the atypical RanBP9. In contrast to classical RanBPs,
the Ran binding domain is replaced by a B30.2 domain in RanBP9 and —10 [27]. RanBP9
is a core component of the CTLH E3-ligase, which belongs to the family of heterodimeric
RING E3-ligases [125]. The name of this E3-ligase refers to the high frequency of CTLH
repeats in this complex. The binding mode of RanBP9 and DDX4 was revealed by the
crystal structures of human RanBP9, mouse RanBP10 and human RanBP9 in complex with
mouse DDX4 residues 201-220 (PDB: 5]17, 5]19, 5]JIA, 5]IU) [35]. The target binding mode
of RanBP9 differs from the binding mode seen in SPSB proteins (Figure 3g,h). Residues
208ESSDSQ»13 from DDX4 are recognized by H-bonds with residues from the RanBP9 B30.2
domain loops 6, 7, and 8.

The glucose-induced degradation (Gid) E3-ligase is the CTLH homologue in yeast.
The Gid E3-ligase is not a structurally unique complex. Depending on the task, Gid
exists in different subunit compositions because it primes the cell to respond properly to
environmental changes. Yeast can grow on various different carbon sources, and depending
on the source, glycolytic or gluconeogenic enzymes need to be expressed or degraded [126].
Gid degrades oligomeric enzymes, such as tetrameric fructose-1,6-bisphosphatase (Fbp1),
to shut down unnecessary metabolic pathways. The 3.4 A resolution cryo-EM structure of
the yeast chelator GIDS®* particle shows that this supramolecular assembly comprises three
modules: the substrate receptor scaffolding module (SRS), the supramolecular assembly
module (SA), and the catalytic module (Cat). Subunit Gidl, which contains the B30.2
domain, is part of the SRS and SA modules [29].

In the yeast Gid and human CTLH E3-ligase the SRS modules consist of subunits
Gid1/Gid5/Gid8/Gid4 (PDB: 6SWY) and subunits RanBP9/ArmC8/TWA1/hGid4 (PDB:
7NSC), respectively [29,127]. The SRS module binds the target receptor Gid4 (or Gid10)
that recognizes the N-degron of the target and presents it to the Cat module (subunits
Gid2/Gid9). The B30.2 domain of Gidl (RanBP9 in human CTLH) has a scaffolding
function (Figure 5d). It tightly interacts with Gid5 (ArmC8 in human CTLH). The Gid1
B30.2 domain is not directly involved in recognizing the targeted Fbp1 [29]. Instead, the
N-terminal Fbp1l degron is recruited into the complex via the target receptor Gid4, which
primarily interacts with Gid5 but also with loop 5 of the Gid1 B30.2 domain. However,
the interaction between Gid4 and the Gid1 B30.2 domain seems to be dispensable [127].
In yeast, the Gid1 B30.2 domain loop 6 folds into a short helix, that partially occludes the
canonical binding site (PDB: 7NS3, 7NSB), whereas in the human CTLH SRS module, the
canonical binding site of RanBP9 is empty and positioned in close proximity to ArmC8
(PDB: 7NSC) (Figure 5d) [29].

The SA module comprises Gid1, Gid7, and Gid8 (PDB: 7NSB). In the yeast chelator
GIDSR4 particle structure, intra- and intermodular interactions are dominated by LISH-,
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CTLH, and CRA-domains. In the SA module, the Gid1 B30.2 domain is located in proximity
to the C-terminal B-propeller domain of Gid7, but there are no direct contacts between
those domains [29].

8. Setl/COMPASS Methyltransferase Complexes

Methylation of lysine 4 of histone H3 (H3K4) from the NCP is a hallmark of ac-
tively transcribed genes. Mono-, di- and trimethylation of H3K4 is catalyzed by methyl-
transferases from the Setl /COMPASS family, which in many cases depend on mono-
ubiquitination of histone H2B K120 (H2B-K120Ub). The MLL1 catalytic domain is sufficient
for monomethylation, whereas di- and trimethylation require the incorporation of MLL1
into a complex with WDR5, RbBP5, Ash2L, and DPY-30 (MLL1-WRAD complex) [128].
The core of this complex is formed by the B30.2 domain protein Ash2L, WDR5, RbBP5,
and the C-terminal region of MLL1, whereas DPY-30 is bound transiently to modulate
trimethylation of H3K4 [129]. The B30.2 domain has a 40 amino acid insertion in loop 10.
In addition, Ash2L comprises a PHD-WH domain, an IDR region, and a SDI motif (No. 14
in Figure 2).

The Ash2L B30.2 domain was analyzed free (PDB: 3TOJ) and in complex with RbBP5-
derived peptides (PDB: 4X8N, 4X8P) (Figure 3i) [10,51]. The RbBP5 C-terminal peptide
(residues 347-354) binds to the canonical binding site of the B30.2 domain and allows the
recruitment of different MLL methyltransferase isoforms into the core complex. Crystal
structures of the quaternary core complexes involving the Ash2L. B30.2 domain, the RbBP5
C-terminus, the catalytic methyltransferase domain from either MLL1, —2 or —3, and the
S-adenosyl homocysteine reaction product have been determined by X-ray crystallography
(PDB: 5F6L, 5F6K, 7BRE). In the MLL2 core complex, an arginine side chain from the MLL2
N-terminus blocks the H3K4 binding site [52,58]. The rate constants for different H3K4
methylation states of the six mammalian methyltransferases from the Setl/COMPASS
family have been determined by mass-spectrometry. It was proposed that MLL1 residues
Y3858 and Y3942 form a F/Y switch that governs the methylation rate constants (PDB:
7W6L, 7W6A, 7W67, 7W6I, 7W6]) (Figure 6a) [60]. The methylation rate constants are also
affected by DPY-30, which binds to the SDI segment at the C-terminus of the Ash2L B30.2
domain (PDB: 6E2H) [130].

Structures of the mammalian MLL1- and MLL3-WRAD core complexes, together with
the H2B-K120Ub modified NCP from Xenopus laevis, have been determined by cryo-EM
at resolutions between 3.2 A and 4.5 A. They reveal different binding modes of the MLL1-
WRAD complex on the NCP depending on the ubiquitination state of H2B K120 (PDB:
6KIU, 6KIV, 6KIW, 6KIX, 6KIZ) [57]. The MLL1-WRAD-NCP complex was also analyzed
with and without DPY-30 in the absence of the H2B-K120Ub modification at 4.4 A and 6.2 A
resolution, respectively (PDB: 6PWW, 6PWV) [55]. The MLL1-WRAD-NCP complex is a
very dynamic supramolecular assembly. Particularly in the absence of the H2B-K120Ub
modification, it can adopt several different structural states. The DPY-30 subunit interacts
with the Ash2L IDR region and restricts the mobility of the MLL1-WRAD-NCP complex,
which has an impact on the formation of higher methylation states of H3K4. (PDB: 6W5I,
6W5M, 6W5N, 7MBM, 7MBN) [23,61]. The 4.25 A resolution cryo-EM structure of the H2B-
K120Ub-modified MLL1-WRAD-NCP with DPY-30 (PDB: 7UDS5) is similar to the structure
in the absence of DPY-30. The H2B-K120Ub modification positions the MLL1-WRAD
complex in an active conformation on the NCP (Figure 6b) [62].
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Figure 6. B30.2 domains in Setl/COMPASS methyl transferases. (a) Complex comprising Ash2L
B30.2 domain (grey), RbBP5 residues 336-354 (wheat), catalytic domain of MLL1 (blue), and H3
peptide (yellow) (PDB: 7W67). MLL1 residues Y3858 and Y3942 (cyan carbons), RbBP5 residues E349
and D353, Ash2L residues Y313 and R343, H3 residue K4, and S-adenosyl homocysteine are shown as
sticks. Polar interactions are shown as yellow dotted lines, and the insertion in loop 10 is indicated by
small grey spheres. (b) MLL1-WRAD-NCP complex (PDB: 7UD5). (c) Set1-COMPASS-NCP complex
(PDB: 6VEN). Subunits are shown as surfaces with Ash2L (Bre2) in grey, MLL1 (Set1) in blue, RbBP5
(Swdl) in wheat, DPY-30 (Sdc1) in light green, WDR5 (Swd3) in magenta, Spp1 in teal, and ubiquitin
in red. The insertion in Bre2 loop 10 is highlighted in dark grey, and the NCP as a transparent cartoon.

The Complex of Proteins Associated with Setl (COMPASS) is the yeast homologue of
the mammalian MLL1-WRAD complex. The yeast subunits Setl/Swd3/Swd1/Bre2/Sdcl
correspond to the human MLL1/WDR5/RbBP5/ Ash2L./DPY-30 subunits. The COMPASS
structure was determined by EM, either free or in complex with the H2B-K120Ub-modified
Xenopus laevis NCP at 4.3 A and 3.37 A resolution, respectively (PDB: 6BX3, 6VEN) [54,59].
The B30.2 domain proteins human Ash2L and yeast Bre2 have different domain composi-
tions. Bre2 lacks the N-terminal PHD-WH domain and IDR region but carries a 110-residue
insertion in loop 10, which is partially resolved in the COMPASS-NCP structure. The
positioning of the Ub chain is strikingly different in the MLL1-WRAD-NCP and COMPASS-
NCP complexes (Figure 6b,c).

9. Butyrophilins

Cytotoxic gamma delta T cells (y8T cells) do not require antigen processing and are
independent of peptide epitopes presented by MHC complexes. Instead, they interact
with stress-induced molecules, e.g., on the surface of tumor- or infected cells, and secrete
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cytotoxic molecules. Cells from the most prevalent Vy9Vs2 lineage are activated by an
inside-out signaling process that depends on pAgs, such as (E)-4-hydroxy-3-methyl-but-2-
enyl diphosphate (HMBPP), isopentenyl diphosphate (IPP), and dimethylallyl diphosphate
(DMAPP). IPP/DMAPP and HMBPP are produced by the mevalonate- and mevalonate-
independent (DOXP/MEP) pathways in humans and pathogens, respectively. HMBPP,
DMAPP, and IPP are recognized by BIN3A1, but HMBPP is much more potent than
IPP. In humans, there are three BIN3A isoforms. BIN3A1 and —3 have similar domain
compositions and share 87% sequence identity, whereas BTN3A2 has no B30.2 domain at
all [131,132].

The intracellular B30.2 domains of butyrophilins recognize pAgs and forward the
signal to the ectodomains (No. 18 in Figure 2) [64,66]. The B30.2 domain of BTN3A
isoform-1 was crystallized free (PDB: 4N7I, 4V1P, 5SHM?7, 6ISM), in complex with HMBPP
(PDB: 5ZXK) or HMBPP analogues (PDB: 4N7U, 6J06) (Figure 7a). The structures of the
apo BTNBA isoform-3 (PDB: 5Z2Z3) and its R351H mutant (PDB: 6J0L, 6J0K, 6J0G) are
very similar to the structures of isoform-1 [63,65,133,134]. In both isoforms, arginine,
lysine, and histidine side chains from loops 3, 6, and 8 and strands F, H, and M form
a positively charged groove at the canonical binding site (Figure 7a). BTN3A1 and the
BTNBA3 R351H mutant, but not wild-type BTN3A3 or BTN2A1, recognize negatively
charged pAgs molecules (Figure 3k). Organic anions, such as citrate and malonate, can
mimic the pAgs (PDB: 5LYG, 5LYK). It was suggested that pAgs-induced conformational
changes in the B30.2 domains are propagated to the extracellular Ig-like domains [64].

(@) (b)

Figure 7. Butyrophilin B30.2 domains. (a) Cluster of positively charged residues in the BTN3A1/
HMBPP complex (PDB: 5ZXK). Loops 3 (blue), 6 (green), and 8 (wheat) are colored as in Figure 1a.
(b) (BTN2A1/BTN3A1/HMBPP), complex (PDB: 8JYE). The BTN2A1 dimer is shown as a cartoon
with light- and dark green subunits and BTN3A1 as light- and dark grey surfaces. HMBPP is shown
as spheres.

For a long time, the activation of BIN3A1 was enigmatic because the cellular activities
of pAgs did not correlate with their binding affinities to the isolated BTN3A1 B30.2 domain
in vitro [135]. It was shown recently that BIN3A1 requires the accessory protein BTN2A1
to activate Vy9V82T cells upon pAgs stimulation. HMBPP serves as a molecular glue
that enables the association between B30.2 domains of BTN3A1 and BTN2A1 with a Kd
of 611nM [66]. BTN2A1 has no positively charged groove. Hence, it does not bind pAgs.
The B30.2 domains form a (BTN3A1/BTN2A1), heterotetramer that harbors two pAgs
molecules (PDB: 8] YC, 8]YE) (Figure 7b). In the tetramer, BTN2A1 B30.2 domains form a
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symmetric dimer that is almost identical to the BTN2A1 dimer in the absence of BTN3A1
(PDB: 8IGT). The mutagenesis and NMR data of the isolated BIN2A1 B30.2 domain confirm
that it forms a homodimer, even in the absence of the N-terminal domains [136]. The
extended C-terminal BTN2A1 tail forms a short antiparallel 3-sheet with strand L from the
second subunit. The extended C-terminal tail of BTN2A1 interacts with the pAgs molecule
bound to the canonical binding site and recruits BTN3A1 into the complex (Figure 7b).
Thus, pAgs molecules activate Vy9V2T cells by triggering the oligomerization of BTN3A1
and BTN2A1 proteins [66]. Progress on the understanding of butyrophilin activation by
pAgs has been reviewed recently [137].

10. Ryanodine Receptors

Ryanodine Receptors (RyR) are homotetramers with a molecular weight of over 2 MDa.
They are named after the natural diterpene ryanodine from plants that locks the receptor
in a closed conformation. RyRs release Ca®* ions from the sarcoplasmic reticulum upon
activation. Many small molecules and accessory proteins, such as FK506-binding proteins
(FKBP), S100A1, and calmodulin, allosterically affect the gating properties of RyRs. There
are three RyRs in the human proteome (RyR1, —2, and —3) and each of them comprises
three B30.2 domains that are named SPRY1, —2 and —3 in the literature. Isolated B30.2
domains of RyR1 and —2 have been analyzed by X-ray crystallography [138-141]. The full-
length RyR structures in different gating states and in complex with various ligands have
been intensively studied by EM, leading to more than 100 structures for RyR1 [142-158],
more than 50 structures for RyR2 [153,157,159-165], and 2 structures for RyR3 [166]. The
RyR tetramer has a mushroom-shaped structure with a large cytoplasmic shell and a narrow
pore embedded in the sarcoplasmic membrane (Figure 8a). The structural interplay of
domains in the cytoplasmic shell of RyR1 that leads to the different gating states of the pore
has been reviewed [167].

In all full-length RyR structures, the three B30.2 domains tightly interact with each
other (Figure 8a). In some SPRY domains, the B30.2 fold has been reshuffled by the circular
permutation of 3-strands and exceptionally large insertions in loop regions. The RyR1
SPRY1 domain starts at strand D. Strands A, B, and C have been moved from the N-terminus
to the C-terminus of the B30.2 fold, so that strand A follows strand N. Approximately
800 residues, including the SPRY2 and —3 domains, have been inserted between strands A
and B (Figure 8b). The B30.2 fold is maintained in the SPRY2 domain, but approximately
200 residues that are forming the ryanodine repeats 1 and 2 are inserted in loop 3. The
RyR1 SPRY3 domain is truncated. The 3-turn formed by strands H and I has been replaced
by a loop that directly connects strands G and J. Approximately 140 residues, most of them
are disordered in the cryo-EM structures, have been inserted in loop 4. Loop 6 folds into an
elongated f3-turn that extends the antiparallel 3-sheet at strand L from the SPRY1 domain
(Figure 8b).

The B30.2 domains of RyRs participate in binding accessory proteins. Domains SPRY1
and —3 recognize FKBP12, involving residues from the canonical binding site of SPRY1,
and loops 4 and 12 from SPRY3. FKBP12 has a lower affinity for RyR3, compared to RyR1,
which has been explained by point mutations of interacting residues in these domains [166].
Residues 1076-1112 from the RyR1 SPRY2 domain interact specifically with the peptide
between transmembrane repeats II and -III of the dihydropyridine receptor (II-III loop),
whereas the equivalent residues from RyR2 do not [168]. Using the isolated RyR1 SPRY2
domain alone, the binding of the flexible II-III loop peptide could not be confirmed by
ITC [138]. Several mutations of RyRs cause skeletal and cardiac muscle-related diseases,
and many of them cluster in the B30.2 domains [169,170].
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Figure 8. Cryo-EM structure of RyR1 at 2.45 A resolution (PDB: 7TZC). (a) The RyR1 tetramer is
shown as a grey transparent surface. FKBP1A and calmodulin-1 are shown as light green and blue
surfaces, respectively. The B30.2 domains SPRY1, —2, and —3 are indicated as cartoons in orange,
magenta, and deep teal, respectively. (b) Closeup view of B30.2 domains shown as cartoons. SPRY1
(residues 640-829, orange; residues 1615-1633, yellow), SPRY2 (residues 830-845, light pink; residues
1066-1243, magenta), and SPRY3 (residues 1246-1305, light blue; residues 1432-1572, deep teal).
The strands and loops discussed in the main text are labeled. The approximate number of inserted
residues is indicated by dashed lines.

11. Conclusions

B30.2 domains are often fused to other domains such as B-box, CC, COS, CTLH,
fibronectin, LRR, RING, or SOCS box domains. These multidomain proteins are involved
in the formation of large multi-chain molecular machines, with the B30.2 domain serving
as a scaffold domain or for ligand recognition. In humans, B30.2 domains are particularly
abundant in E3-ligases. The ligands range from low molecular weight compounds, such as
pAgs in the case of butyrophilins, to large macromolecular assemblies, such as NCP in the
case of SPSB3. B30.2 domains recognize their ligands either directly or via adaptor proteins.
In some of these multidomain proteins, the B30.2 domains can be replaced by other peptide-
binding domains. The affinities of binary B30.2/ligand interactions are often weak but can
be enhanced by avidity effects when multiple B30.2 domains simultaneously recognize a
ligand network. The ligands or adaptor proteins are often recognized at a canonical binding
pocket formed by several variable loop regions. This principle is reminiscent of antibodies.
In this respect, B30.2 domains can serve for the design of target-specific binders, e.g., in the
Trim-Away, PROTACS, and host lattice display technologies [39,88,171].
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