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a b s t r a c t

Protein ubiquitination is a post-translation modification mediated by E3 ubiquitin ligases. The RING domain 
E3 ligases are the largest family of E3 ubiquitin ligases, they act as a scaffold, bringing the E2-ubiquitin 
complex and its substrate together to facilitate direct ubiquitin transfer. However, the quaternary structures 
of RING E3 ligases that perform ubiquitin transfer remain poorly understood. In this study, we solved the 
crystal structure of TRIM56, a member of the RING E3 ligase. The structure of the coiled-coil domain in-
dicated that the two anti-parallel dimers bound together to form a tetramer at a small crossing angle. This 
tetramer structure allows two RING domains to exist on each side to form an active homodimer in sup-
porting ubiquitin transfer from E2 to its nearby substrate recruited by the C-terminal domains on the same 
side. These findings suggest that the coiled-coil domain-mediated tetramer is a feasible scaffold for facil-
itating the recruitment and transfer of ubiquitin to accomplish E3 ligase activity.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and 
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Protein ubiquitination is a post-translational modification pro-
cess involved in diverse conditions, in which the ubiquitin group is 
covalently attached to substrates through an enzymatic cascade in-
volving E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating 
enzyme, and E3 ubiquitin ligases [1,2]. E3 ligases mediate the 
transfer of ubiquitin from an E2 ubiquitin-conjugating enzyme to its 
target protein substrates. Through ligation interactions, various 
ubiquitin linkages have been found, including mono-ubiquitination 
and polyubiquitination. Usually, proteins with mono-ubiquitination 
are involved in cellular signaling, endocytosis and DNA regulation; 
target proteins with Lys48-linked polyubiquitination are degraded 
through the proteasome pathway, whereas those with Lys63-linked 
ubiquitination serve as nonproteolytic cell signaling [3,4]. Based on 
the differences in characteristic domains and transfer mechanisms, 
E3 ligases can be divided into three types: homologous to E6AP 
carboxyl terminus (HECT) domain-containing E3 ligases (29 

members in humans), RING-in-between-RING (RBR) family E3 li-
gases (13 members in humans), and the really interesting new gene 
(RING) E3 ligases (over 600 members in humans) [5–7].

The largest subfamily of RING E3 ligases is the tripartite motif 
protein (TRIM) family, with over 80 known protein genes in humans 
[8], which usually comprise a characteristic N-terminal tripartite 
domain motif (RBCC motif), a RING domain, one or two B-box do-
mains, and a coiled-coil domain (CC domain). The C-terminal do-
mains of these proteins are diverse and determine protein substrate 
specificity. Functional studies have indicated that TRIM family pro-
teins play crucial roles in cellular processes, including signal trans-
duction, innate immunity, adaptive immunity, DNA repair, 
differentiation, proliferation, development, apoptosis, protein 
quality control, autophagy, and carcinogenesis [8–12]. To exert their 
ubiquitin E3 ligase activity, TRIM proteins as a scaffold need to as-
semble a feasible quaternary structure, where RING may form a 
dimer and the recruited E2-Ub by the RING dimer should be in close 
proximity to the substrate, to accomplish the recruitment of the E2- 
Ub complex and direct transfer of Ub from E2-Ub to the sub-
strate [13–18].

TRIM56, a member of the TRIM family, plays an important role in 
various cellular processes through its E3 ligase activity. TRIM56 may 
exert antiviral activity through various mechanisms. STING and cGAS 
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are key proteins in the innate immune response to viral and bacterial 
infections, they sense the presence of foreign DNA and trigger pro-
duction of inflammatory cytokines that help fight off infections. 
TRIM56 interacts with STING through its C-terminal regions and 
promotes K63 polyubiquitination of STING, which induces STING 
dimerization, activates interaction with TBK1, and induces the pro-
duction of IFN-β during dsDNA virus infection [19]. TRIM56 is es-
sential for the cGAS-mediated anti-DNA virus response through 
direct interaction with cGAS and monoubiquitinating cGAS at K335, 
which enhances cGAS dimerization, DNA-binding activity, and 
cGAMP production [20]. Furthermore, TRIM56 restricts the infection 
of bovine viral diarrhea virus (BVDV), dengue virus serotype 2 
(DENV2), yellow fever virus (YFV), and porcine epidemic diarrhea 
virus (PEDV), depending on E3 ligase activity and integrity of the C- 
terminal portion [21,22]. TRIM56 may also regulate tumor develop-
ment through different pathways. TRIM56 may inhibit the devel-
opment of ovarian cancer through Lys48-linked ubiquitination to 
promote the degradation of vimentin [23]. Additionally, TRIM56 may 
promote the proliferation of breast cancer cells through Lys63-linked 
ubiquitination to positively regulate the stability of the estrogen 
receptor α protein [24].

In contrast to extensive functional studies, structural information 
on TRIM56 protein is limited. The only structural study available 
pertains to its interaction with the bacterial effector protein, SopA. 
The complex structure of the SopA β-helix with TRIM56 RING do-
main indicates that SopA protein may hinder the interaction be-
tween the RING domain and E2 [25]. Therefore, it is unknown how 
the single-RING-finger TRIM56 protein structurally assembles to 
exert its E3 ligase activity.

In this study, we solved the crystal structure of the TRIM56 
coiled-coil domain, which reveals a tetramer assembly through two 
dimers interacting with each other at small crossing angles. This 
conformation confers two N-terminal domains and two C-terminal 
portions at each site, which meet the two prerequisites of TRIM E3 
ligase activity, including RING dimerization and the close proximity 
between E2-ubiqutin and its substrate. Therefore, the tetramer of 
the coiled-coil domain provides a structural basis for TRIM56 to 
facilitate the formation of its E3 ligase complex.

2. Materials and methods

2.1. Cloning, expression, and purification of the TRIM56 proteins

The DNA sequences, encoding the mouse TRIM56 (Uniprot code: 
Q80VI1) protein fragment 215–303 for the coiled-coil domain and 
2–88 for the RING domain, were amplified by PCR. The amplified 
DNA fragments were cloned into a pET28-based vector, which con-
tains a tandem tag of six consecutive histidine residues (His6) fol-
lowed by a maltose-binding protein (MBP) and an HRV-3 C protease 
cleavage site between the tandem tag and the target protein. The 
constructs expressing target proteins were transformed into the 
BL21(DE3) strain. A single colony from an LB-agar plate containing 
50 µg/mL kanamycin was inoculated into LB medium supplemented 
with 50 µg/mL kanamycin and then grown at 37 °C until OD600 

reached to 0.4. The protein was then induced with 0.5 mM isopropyl- 
β-D-1-thiogalactopyranoside (IPTG) overnight at 18 °C. Overnight 
cultured cells were collected by centrifugation and washed twice 
with PBS. The washed cell pellets were resuspended in 500 mM 
NaCl, 20 mM imidazole, and 20 mM Tris pH 8.0 and lysed by soni-
cation on ice. The insoluble portion of the cell lysate was removed by 
ultracentrifugation (66,200 g, 15 min) and the supernatant was 
loaded onto a Histrap HP column (GE Healthcare). The column was 
washed and eluted according to the manufacturer’s instructions. The 
elate from the Histrap HP column was loaded onto a MBPtrap 
column (GE Healthcare). The column was then processed according 
to the manufacturer’s instructions. The elate from the MBPtrap 

column was digested overnight with HRV-3 C protease in a 4 ℃ cold 
room. After SDS-PAGE confirmed that cleavage was complete, the 
cleaved His6-MBP tags were removed by passing the digested 
sample over a Histrap HP column. The pass-through solution con-
taining the target protein was loaded onto a Superdex 200 column 
(GE Healthcare) for the final purification.

2.2. Crystallization, data collection and structure determination

The purified protein in 20 mM Tris pH8.0, 50 mM NaCl was used 
for crystallization. Crystallization conditions were screened by 
hanging-drop vapor diffusion method by mixing 0.2 µL of protein 
solution (6 mg/mL) with 0.2 µL of reservoir solution. Crystals grown 
in 10 % Glycerol, 0.1 M HEPES pH 7.5, 5 % PEG3000, and 30 % PEG400 
were frozen in liquid nitrogen directly for data collection. Diffraction 
data were collected on the beamline 24-ID-E at the Advanced Photon 
Source (Chicago, IL, USA). A diffraction dataset from a single crystal 
was processed using Imosflm and AIMLESS software programs in the 
CCP4 suite [26,27]. The structure was determined using PHASER [28]
in the PHENIX software package with a TRIM75 coiled-coil dimer 
[29] as a search model. The molecular replacement solution was 
further rebuilt using the PHENIX.Autobuild [30]. The rebuilt model 
was then refined using REFMAC5 [31] and the structure was mon-
itored and corrected using Coot software [32] during refinement. All 
structural figures were prepared using PyMol software (Schrödinger, 
LLC). The data collection and refinement statistics are presented in 
Table 1.

2.3. AlphaFold2 analysis

DeepMind’s open-source code AlphaFold2 was downloaded and 
installed as described in Github (https://github.com/deepmind/al-
phafold) under Linux (Ubuntu 22.04, 128 GB RAM, Nvidia RTX 3050 
GPU with 8 GB RAM) [33,34]. The template parameter (–max_tem-
plate_date=2022–12–14) and multimer model (–mod-
el_preset=multimer) were used for the prediction. The predicted 

Table 1 
Data collection and refinement statistics. 

Data collection

Space group I41
Cell dimensions
a, b, c (Å) 136.68, 136.68, 65.27
Resolution (Å) 2.80 (2.95–2.80)*
Rmerge

♯ 0.058(0.733)
Rp im 

& 0.034(0.433)
I/σI 9.1(1.5)
CC(1/2) 0.999(0.678)
Completeness (%) 99.4(99.2)
Redundancy 3.7(3.7)

Refinement

Resolution (Å) 44.66–2.80
No. reflections 14151
Rwork/Rfree(%)Ψ 21.94/26.44
No. atoms
Protein 2456
Ligand/ion 15
Mean B value 103
R.m.s deviations
Bond lengths (Å) 0.007
Bond angles (°) 1.967

*Values in parentheses are for outer shell.
♯Rmerge =ΣhklΣi |Ii (hkl)- < I(hkl) > |/Σhkl Σi Ii(hkl), where I i (hkl) is the in-
tensity of reflection i and < I(hkl) > is the average intensity of all reflec-
tions with indices hkl.
&Rpim =Σhkl [1/(N-1)]1/2Σ i |I i (hkl)- < I(hkl) > |/ Σhkl Σi I i (hkl).
ΨRwork =Σhkl | |Fobs (hkl)|-|Fcalc (hkl)| |/Σ hkl |Fobs(hkl)|; Rfree was calculated 
using 5 % of data.
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structures were evaluated based on PAE and pLDDT. Ten top-ranked 
structures were inspected using PyMol software.

2.4. SEC-MALS assay

The molar mass of the purified proteins in solution was measured 
using multi-angle light scattering coupled with size exclusion 
chromatography (SEC-MALS) in the Core for Biomolecular Structure 
and Function (CBSF) at the University of Texas MD Anderson Cancer 
Center, Houston, Texas. The SEC-MALS system comprised HPLC, in-
cluding a differential refractive index detector and a WTC-010S5 
column (Wyatt Technology Co. Ltd.), and MALS with an 18-angle 
static scattering detector. BSA was used as a calibration standard and 
phosphate-buffered saline (PBS) was used as the running buffer. 
Purified coiled-coil protein (40 µL) at a concentration of 6 mg/mL 
was loaded onto the system for molar mass analysis at room tem-
perature. The data were processed using ASTRA software (Wyatt 
Technology).

2.5. Chemical cross-linking assay

The mouse TRIM56 cDNA (Uniprot code: Q80VI1) fused with an 
N-terminal FLAG-tag was inserted into the multiple cloning site 
(MCS) region under the control of the CMV promoter in the 
pBudCE4.1 vector (Invitrogen). The expression construct was trans-
fected into HEK293T cells in a 100 mm cell culture dish using 
Lipofectamine 3000 (Invitrogen), according to the manufacturer’s 
instructions. After two days of incubation, the cells were rinsed with 
PBS and lysed with RIPA buffer containing EDTA-free protease in-
hibitor cocktail (Roche) on ice. FLAG-tagged proteins were extracted 
from clear lysate using anti-FLAG magnetic agarose (Pierce). Then, 
the magnetic agarose was washed with washing buffer (20 mM tris 
pH 7.5, 500 mM NaCl, 0.5 % TWEEN 20, and EDTA-free protease in-
hibitor cocktail). After washing thrice, the FLAG-tagged proteins 
were eluted with 1 × FLAG peptide (0.2 mg/mL) in PBS supplemented 
with EDTA-free protease inhibitor cocktail. The FLAG peptide left in 
the elute was then removed using a 0.5 mL Zeba spin desalting 
column (Pierce). The purification was performed in a cold room. The 
purified sample was aliquoted into five tubes for the glutaraldehyde 
cross-linking assay. Freshly diluted 0, 10, 20, 40, and 80 mM glu-
taraldehyde stocks in PBS were added to the five samples at final 
concentrations of 0, 1, 2, 4, and 8 mM, respectively. The protein- 
glutaraldehyde mixtures were reacted for five minutes at 22 ℃ room 
temperature and then the reaction was terminated immediately by 
adding a saturated glycine solution [35,36]. The freshly quenched 
cross-linked samples were immediately resolved by SDS-PAGE on 
4–15 % Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad) under 
reducing conditions, and FLAG-tagged TRIM56 proteins were 

visualized by western blotting with an anti-FLAG antibody (Sigma, 
Cat#F1804).

2.6. DNA mutagenesis

Mutants of full-length TRIM56, and TRIM56 coiled-coil domain 
were produced using site-directed mutagenesis. The constructs were 
confirmed by DNA sequencing.

2.7. In vitro ubiquitination assay

The expression plasmid of Flag-tagged wild-type or mutant full- 
length TRIM56 (2500 ng) was transfected into 1 × 106 HEK293T cells 
seeded on a well of 6-well plate. After two days, the full-length 
proteins were isolated using anti-Flag magnetic beads (Pierce) and 
then mixed with the reaction mixture containing 300 mM Ube1 
from the Ubiquitin Thioester/Conjugation Initiation kit (K-995, 
BostonBiochem), 3uM E2 (UbcH5a, UbcH5b, or UbcH7) from UbcH 
Enzyme set (K-980, BostonBiochem), 50uM Ub, and 2.5 mM ATP in 
the reaction buffer (50 mM NaCl, 5 mM MgCl2, 0.5 mM DTT, and 
50 mM Tris pH7.6). The reaction was stopped after 1.5 h of incuba-
tion at 37 ℃ by the addition of SDS-PAGE sample loading buffer. The 
samples were resolved by SDS-PAGE and analyzed by western 
blotting.

3. Results

3.1. Overall crystal structure of TRIM56 coiled-coil domain

TRIM56 is a member of the TRIM subfamily that contains the 
RING domain, B box 1, B box 2, coiled-coil domain, and a C-terminal 
region. The mouse TRIM56 coiled-coil domain ranging from amino 
acids 215–303 was crystallized (Fig. 1A). The structure was solved at 
2.80 Å, with four molecules in the asymmetric unit. The statistics for 
collection and refinement are presented in Table 1. Packing analysis 
indicated that the four molecules in the asymmetric unit form two 
antiparallel dimers (Fig. 1B); then, the two antiparallel dimers bind 
together with a small crossing angle to form a proximately anti-
parallel tetramer (Fig. 1C).

3.2. Detailed interactions involved in tetramerization of the TRIM56 
coiled-coil domain

First, the dimerization interface between the two antiparallel 
chains was analyzed. The results showed that ample hydrophobic 
residues, including L230, L241, L244, A248, V251, V255, I262 L263, 
L266, L267, V273, L274, L277, L280, V281, and I295, exist on the di-
merization interface, and they form five discontinuous hydrophobic 
regions by interacting with those from the partner chain (Fig. 2A). In 

Fig. 1. Overall crystal structure of the TRIM56 coiled-coil domain. (A) Schematic representation of domain organization of TRIM56 protein. B1, B box 1; B2, B box 2; CC, the coiled- 
coil domain. The residue boundaries of the domains are indicated. The coiled-coil domain is colored in magenta. (B, C) Cartoon representation of (B) an antiparallel dimer and (C) a 
tetramer in two vertical views.
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addition to the dominant hydrophobic interactions, four interchain 
salt bridges, two formed between E285 and R245 and the other two 
between R291 and E237, continually strengthened the dimerization 
(Fig. 2A).

Next, the dimer surface that takes part in binding with another 
dimer to form a tetramer was analyzed. On this surface, hydrophobic 
residues including L244, V251, V255, I262, L266, V273, L277, and 
L280 in the central region from one dimer may interact with those 
from another dimer (Fig. 2B). The buried surface area and energy of 
solvation that contributed to the binding of the two dimers were 
analyzed using the EMBL-EBI PISA service [37]. The results indicated 
that the coiled-coil domain may form a stable tetramer in solution, 
where the buried surface area of the tetramerization interface is 
5350 Å2, the solvation free energy gain upon formation of the whole 
tetramer is −96.6 kcal/mol, and the solvation free energy gain upon 
tetramerization through two dimers is −27.9 kcal/mol (Table 2). In 
addition to the hydrophobic interactions located in the central re-
gion, salt bridges and hydrogen bonds are also found in the tetra-
merization interface. R291 and E237 form four interchain salt 
bridges (Fig. 2C). The side chains of Q269 may form interchain hy-
drogen bonds (Fig. 2D), and the side chains of S250 and Q276 may 
form four outer interchain hydrogen bonds between the two dimers 

(Fig. 2E). These salt bridges and hydrogen bonds continually 
strengthen tetramerization, which is dominated by hydrophobic 
interactions. All residues, except S250 and L280, involved in the 
formation of the coiled-coil tetramer, are highly conserved among 
different species (Fig. S1).

3.3. Comparison with AlphaFold2 predicting tetramer structure

The tetramer structure of the TRIM56 coiled-coil domain was 
predicted using the AlphaFold2-multimer. In the predicted structure, 

Fig. 2. Detailed interactions involved in the tetramer formation. (A) Stereo view of the interactions involved in the dimerization of two antiparallel helices. The two helices are 
shown as a ribbon diagram. The side chains of the residues on the dimerization interface are presented as sticks. Salt bridges are indicated by dashed lines. (B) Stereo view of 
hydrophobic residues located in the tetramerization interface. The side chains of the hydrophobic residues are shown in purple sticks. (C) Salt bridges between E237 and R291 link 
the two dimers among a tetramer. The two dimers are shown in brown and green, respectively. The positions of the salt bridges were indicated by two rectangles in the tetramer 
and the detailed interactions were shown in enlarged sections. (D) Hydrogen bonds formed between two Q269 link the two dimers. (E) Hydrogen bonds between S250 and Q276 
link the two dimers.

Table 2 
Assembly Analysis by PISA. 

Composition Surface Buried surface ΔGint* ΔGdiss♯

(Chains) area (Å2) area(Å2) (kcal/mol) (Kcal/mol)

ABCD 17880 11670 -96.6 24.1
AB 11600 3220 -34.8 27.2
CD 11630 3110 -32.9 23.0
AD 12470 2270 -11.1 4.8
BC 12640 2180 -11.6 3.3

*ΔGint indicates the solvation free energy gain upon formation of the assembly.
#ΔGdiss indicates the free energy of assembly dissociation.
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the central part of the tetramer was confident and the two distal 
structures were less confident (Fig. 3A). The predicted structure was 
then compared to the structure obtained from our crystallographic 
analysis in the present study. After superposing the central portions 
from A249 to A279 of the two tetramers (Fig. 3B), we observed that 
the central portions between the two structures fit well 
(RMSD:1.327), while the two distal portions showed clear differ-
ences. This result indicates that the central portion of the tetramer, 
which is dominated by hydrophobic interactions, may be predicted 
by AlphaFold2.

3.4. Tetrameric assembly in solution

SEC-MALS was used to confirm the oligomeric state of the coiled- 
coil domain in solution. The results showed that the purified protein 
of the coiled-coil domain was ∼40 kDa in PBS, consistent with the 
theoretical molecular weight of a tetramer (40.07 kDa) (Fig. 4A). This 
finding suggests that the tetramer is the basic oligomeric state of 
this domain. Next, we mutated the residues involved in tetra-
merization (Fig. 2B-E), SEC-MALS analysis indicated that the mutant 
(L244A, V251A, V255A, I262A, L266A, Q269A, V273A, Q276A, L277A, 

Fig. 3. Comparison between the crystal structure and AlphaFold2 predicted model. (A) AlphaFold2 predicted coiled-coil tetramer model. (B) Superposition of the crystal structure 
and the AlphaFold2 predicted model. The central portions from A249 to A279 were superposed between the two tetramers. The back dimers of the two tetramers were made 
transparent for clarity.

Fig. 4. Assembly analysis of TRIM56 in solution. (A) SEC-MALS measurement of the purified TRIM56 coiled-coil domain protein. The measured molar mass of the elution peak is 
indicated in magenta. The dimer (20.04 kDa) and tetramer (40.07 kDa) masses calculated from the protein sequence are indicated with black dashed lines. (B) SEC-MALS 
measurement of the mutated coiled-coil protein. The mutant protein contains eleven alanine substitutions in the coiled-coil region that disrupt its ability to tetramerize. (C) Cross- 
linking analysis of full-length protein expressed in HEK293T cells. Protein markers are shown at the left lane. The concentrations of glutaraldehyde (GA) are indicated at the top of 
the panel. The theoretical monomer and tetramer masses are 80.71 kDa and 322.84 kDa, respectively. The predicted tetramer band is indicated by a magenta arrow. (D) Cross- 
linking analysis of full-length protein with eleven mutations in the coiled-coil region expressed in HEK293T cells. The theoretical monomer mass of the mutant is 80.22 kDa.
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L280A, R291A) only formed a dimer in solution (Fig. 4B). These re-
sults indicate that those residues indeed play a critical role in the 
tetramerization process.

3.5. Tetrameric assembly of full-length TRIM56 protein

To investigate the oligomeric state of full-length TRIM56 protein, 
a cross-linking method was used to detect oligomers of full-length 
proteins expressed in HEK293T cells. The protein extracted from the 
lysate of FLAG-tagged TRIM56-expressing HEK293T cells was cross- 
linked with different concentrations of glutaraldehyde. Western blot 
analysis of the cross-linked samples showed that a tetramer band 
was present for the wild-type protein in the extracted sample 
(Fig. 4C). However, no tetramer band was detected for full-length 
protein with the mutation of the eleven tetramerization-associated 
residues in coiled-coil region (Fig. 4D). These results suggest that the 
coiled-coil domain plays a critical role in promoting tetramer for-
mation of the full-length TRIM56 protein.

3.6. Proposed model of TRIM56 ubiquitin E3 ligase activity

We investigated the E3 ligase activities of both the wild-type and 
mutant full-length TRIM56 proteins. Our results showed that the 
wild-type protein could activate ubiquitination of ubiquitin in the 
presence of UbcH5a or UbcH5b, but not UbcH7 (Fig. 5A). However, 
no ubiquitination product was detected for the mutant protein 
(Fig. 5A). This finding suggested that tetramerization is necessary for 
TIRM56 to perform its E3 ligase activity. Additionally, SEC-MALS 

measurement suggested that the RING domain could form a dimer in 
solution (Fig. 5B).

Based on the structural and other auxiliary analysis of the 
TRIM56 protein, once two antiparallel coiled-coil dimers bind to-
gether to form a tetramer shown in the TRIM56 structure, two close 
C-terminal ends and two close N-terminal ends exist at each side of 
the tetramer (Fig. 1C). Therefore, there are two RING domains, two B 
box 1 and two B box 2, on the same side of the full-length protein, 
which may facilitate the formation of a RING dimer, B box 1 dimer, 
and B box 2 dimer in space (Fig. 5C). Similarly, two C-terminal do-
mains exist on each side of the tetramer, which may facilitate the 
recruitment of substrate dimers and then present them to the closed 
RING-E2-Ub complex to accomplish the direct transfer of Ub from 
the E2-Ub complex to the substrate (Fig. 5C).

4. Discussion

4.1. Hydrophobic interactions are a common feature of coiled-coil 
domain dimerization

In this TRIM56 structure, hydrophobic interactions dominated 
the dimerization of two chains of an antiparallel dimer (Fig. 2A). 
Similar hydrophobic interactions also exist in other reported TRIM 
coiled-coiled dimeric structures, such as TRIM5 [38,39], TRIM20 
[40], TRIM25 [41,42], TRIM28 [43–45], and TRIM69 [46]. There-
fore, hydrophobic interactions are a common feature of TRIM 
proteins, which bind two chains together to form an antiparallel 
dimer.

Fig. 5. Coiled-coil tetramer scaffold facilitates the complex formation of TRIM56 E3 ligase activity. (A) Ubiquitin E3 ligase activity analysis of two TRIM56 proteins. The wild-type 
full-length TRIM56 protein is labeled as WT, while the full-length TRIM56 protein with a mutation of the eleven residues in the coiled-coil region is labeled as mCC. (B) SEC-MALS 
analysis of the purified TRIM56 RING domain. This RING protein ranges from N2 to A88, which includes N- and C-terminal helices. The measured molar mass of the elution peak is 
indicated in magenta. The dimer (19.18 kDa) mass calculated from the protein sequence is indicated with black dashed lines. (C) Model of a tetrameric E3 ligase complex mediated 
by the coiled-coil domain. The quaternary conformation may promote the formation of homodimers of RING (R), B box 1 (B1), B box 2 (B2), and C-terminal domain (C) on the same 
side. The E2-Ub complex recruited by the RING dimer may be in close proximity to the substrate (Sub) recruited by the C-terminal domain, facilitating the direct transfer of Ub 
from the E2-Ub complex to the substrate.
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4.2. Coiled-coil domain may mediate tetramerization with different 
interaction patterns

We previously reported that the TRIM75 coiled-coil domain 
forms a tetramer through two disulfide bonds and other interactions 
[29]. In this TRIM56 structure, besides some salt bridges and hy-
drogen bonds, hydrophobic interactions mainly contribute to tetra-
merization. Sequence alignment suggested that hydrophobic 
residues exist extensively on the hydrophobic face in various TRIM 
members [29]. Therefore, hydrophobic interactions that dominate 
tetramerization of the coiled-coil domain could exist in other TRIM 
members. Although both structures form tetramers, their structures 
exhibit clear differences owing to their different interaction patterns. 
Therefore, this is another interaction pattern for the tetramerization 
of the coiled-coil domain.

4.3. The coiled-coil domain tetramerization facilitates the formation of 
stable complex through synergized interactions

Among the tetrameric model derived from the coiled-coil do-
main, besides the binding affinity generated from the coiled-coil 
domain, the binding affinity generated from RING dimer, B box 1 
dimer and B box 2 dimer at each side may also synergistically sta-
bilize the tetramer. Here, our SEC-MALS experiment indicated that 
the RING domain containing N- and C-terminal helices formed a 
dimer in solution (Fig. 5B). Furthermore, dimerization of analogous 
RING domains or B boxes has also been reported in other TRIM 
members [16,47–51]. This synergistic cooperation may help explain 
why fragments containing the B box and coiled-coil domain promote 
homomultimerization of TRIM63 and TRIM27 [47,52]. Furthermore, 
tetramer assemblies in solution have been identified in various 
multidomain TRIM proteins [15,16,43]. Therefore, the proposed tet-
ramer model may explain the formation of the TRIM56 E3 ligase 
complex through synergistic cooperation among the domains. 
However, further studies are required to verify and improve the 
proposed tetramer model based on full-length proteins and/or their 
complexes.

In summary, this study revealed that the coiled-coil domain of 
TRIM56 forms a tetramer via a unique interaction pattern. This tet-
ramer structure allows full-length TRIM56 to form a stable tetramer 
and facilitates the formation of the TRIM E3 ligase complex and the 
direct transfer of Ub from the Ub-E2 complex to protein substrates. 
Overall, this study provides structural insights into the mechanism 
underlying TRIM56 E3 ligase activity. Therefore, further functional 
studies may allow the development of therapeutic strategies tar-
geting TRIM56 for therapeutic purposes.
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