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Structural studies of the coiled-coil domain of TRIM75 reveal a tetramer
architecture facilitating its E3 ligase complex
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Protein ubiquitination plays a vital role in controlling the degradation of intracellular proteins and in reg-
ulating cell signaling pathways. Functionally, E3 ubiquitin ligases control the transfer of ubiquitin to the
target substrates. As a major family of ubiquitin E3 ligases, the structural assembly of RING E3 ligases
required to exert their ubiquitin E3 ligase activity remains poorly defined. Here, we solved the crystal
structure of the coiled-coil domain of TRIM75, a member of the RING E3 ligase family, which showed that
two disulfide bonds stabilize two antiparallel dimers at a small crossing angle. This tetrameric conforma-
tion confers two close RING domains on the same side to form a dimer. Furthermore, this architecture
allows the RING dimer to present ubiquitin to a substrate on the same side. Overall, this structure reveals
a disulfide bond-mediated unique tetramer architecture and provides a tetrameric structural model
through which E3 ligases exert their function.
� 2022 The Author(s). 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 that controls a variety of cellular process [1]. Ubiquitinated
proteins are degraded through the proteasome pathway, which
controls the degradation of most intracellular proteins [2]. They
are also involved in cell signaling during inflammation, DNA repair,
translation, and endocytic trafficking processes [3]. Three types of
enzymes act sequentially during protein ubiquitination: E1
ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzyme,
and E3 ubiquitin ligases. E3 ubiquitin ligases transfer the ubiquitin
group from E2 to the target protein substrates. Based on their char-
acteristic domains and ubiquitin transfer mechanisms, E3 ligases
are classified into three major types: homologous to the E6-AP car-
boxyl terminus (HECT) type E3 ligases (approximately 30 members
in humans), RING-in-between-RING (RBR) E3 ligases (approxi-
mately 12), and RING E3 ligases (approximately 600) [4]. As the
majority of ubiquitin E3 ligases, RING E3 ligases need to form RING
dimers to recruit the E2-Ub complex [5,6]. Therefore, the assembly
of these RING-domain monomer proteins in a manner that satisfies
this prerequisite is crucial for their E3 ligase activities.

The tripartite motif proteins (TRIM) constitute the largest fam-
ily of RING E3 ligases with over 80 members in humans [7]. They
play crucial roles in various physiological and pathological pro-
cesses including DNA repair, apoptosis, autophagy, innate immu-
nity, cell proliferation and development, and carcinogenesis [7–
9]. Their dysregulation causes various diseases including cancer,
infectious inflammatory, cardiovascular diseases, and neuropsychi-
atric disorders [10–12]. TRIM proteins usually consist of a con-
served N-terminal tripartite motif: RING domain, B box (B box1
and/or B box 2), and coiled-coil domain, and a diverse C-terminal
domain that determines substrate specificity. As a general feature
of RING-type E3 ligases, dimerization of the RING domain is
required for TRIM proteins to recruit the E2-Ub complex [13–15].
Structural studies have indicated that protein fragments contain-
ing the coiled-coil domain and some part of the C-terminal domain
may form antiparallel dimers in TRIM5 [16], TRIM20 [17], TRIM25
[18,19], and TRIM69 [20]. Because of this antiparallel arrangement,
the location of the two RING domains at opposite ends of the dimer
is not conducive to dimer formation. Therefore, the assembly of
TRIM proteins for exerting their E3 ligase activity remains unclear.

In this study, we solved the crystal structure of mouse TRIM75,
which belongs to the largest subfamily of TRIM proteins [7], and
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Table 1
Data collection and refinement statistics.

Data collection
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revealed the structural requirements for its RING E3 ligase activi-
ties involving the formation of tetramers to direct ubiquitin trans-
fers to substrates.
X-ray source 24-ID-E
Wavelength(Å) 0.97918
Space group I4122
Cell dimensions
a, b, c (Å) 43.07, 43.07, 134.32
Resolutiona (Å) 8.00–2.05 (2.16–2.05)
No. of unique reflections 4039
Completeness (%) 96.3(99.6)
Redundancy 3.2(3.3)
Rmerge (%)b 4.2(24.8)
I/rI 14.1(4.2)
CC (1/2) 0.998(0.913)
Rpim (%)c 2.6(15.4)
2. Materials and methods

2.1. Phylogenetic analysis

Phylogenetic analyses were performed using MEGA 11 software
[21]. The amino acid sequences of mouse TRIM proteins obtained
from the UniProt database were first aligned using the MUSCLE
algorithm. The resulting alignment file was used to construct a
neighbor-joining (NJ) tree with the default parameters.
Refinement
Resolution (Å) 7.99–2.05
Rwork/ Rfree (%)d 21.14/25.62
R.m.s deviations
Bond lengths (Å) 0.010
Bond angles (�) 1.806
Ramachandran
Favored (%) 100
Allowed (%) 0
No. of non-H atoms
Protein 457
Ligand 10
H2O 30
Average B factors (Å2)
Protein 53.3
Ligand 56.0
H2O 55.9

a Values for the outer shell are given in parentheses.
b Rmerge = RhklRi |Ii (hkl) � < I(hkl) > |/Rhkl Ri Ii(hkl),

where I i(hkl) is the intensity of reflection i and < I(hkl) > is
the average intensity of all reflections with indices hkl.

c Rpim = Rhkl [1/(N-1)]1/2R i |I i(hkl) � < I(hkl) > |/ Rhkl Ri

I i(hkl).
d Rwork = Rhkl | |Fobs (hkl)|-|Fcalc (hkl)| |/R hkl |Fobs(hkl)|;

Rfree was calculated using 8% of data.
2.2. Cloning, expression, and purification of recombinant proteins

DNA encoding the mouse TRIM75 (UniProt code: Q3UWZ0) pro-
tein fragment 168–222 was amplified using PCR. The gene frag-
ment was cloned into a pET28-based vector containing N-
terminal His6-MBP tandem tags, followed by an HRV-3C protease
cleavage site. The construct was then transformed into Escherichia
coli BL21(DE3) cells. The construct-containing cells were selected
using kanamycin and grown in an LB medium at 37 �C until the
OD600 reached 0.4; the protein was then induced overnight at
18 �C using 0.5 mM isopropyl-b-D-1-thiogalactopyranoside. The
cells were harvested by centrifugation and lysed by sonication in
500 mM NaCl, 20 mM imidazole, and 20 mM Tris pH 8.0. The cell
lysate supernatant obtained by ultracentrifugation was loaded
onto a 5-ml Histrap HP column (GE Healthcare); the elute from
the Histrap HP column was continually purified using a 5-ml
MBPtrap column (GE Healthcare) according to the manufacturer’s
instructions. The protein eluted from the MBPtrap column was
digested overnight with HRV-3C protease in a cold room. Then,
the digested sample was passed over a 5 ml Histrap column to
remove the His6-MBP tandem tags. After tag removal, the sample
was further purified by size-exclusion chromatography using a
Superdex 200 column (GE Healthcare).
2.3. Crystallization and structure determination

Crystallization was screened by vapor diffusion using a 1:1 vol
ratio of 8 mg/ml protein to crystallization reagent. Crystals were
obtained under the following condition: 0.1 M Acetate pH 4.6,
20% isopropanol, and 0.2 M calcium chloride. Single crystals were
frozen in mother liquor containing 20% (v/v) glycerol. Diffraction
data were collected on beamline 24-ID-E at the Advanced Photon
Source (Chicago, IL, USA) at 0.97918 Å wavelength. The collected
data were processed using Imosflm and AIMLESS [22,23]. The
structure was solved by molecular replacement with a search
model of 40-alanine alpha helix using Phaser [24]. The initial
model was subjected to rounds of refinement using REFMAC5
[25] and Coot software [26] was used to monitor and correct the
model after refinement. The structural figures were generated with
PyMol (Schrödinger, LLC). The crystal structure results are pre-
sented in Table 1.
2.4. TRIM75 mutagenesis

Mutants of full-length TRIM75, TRIM75 protein fragment con-
taining coiled-coil domain and C-terminal domain, and TRIM75
coiled-coil domain were produced using site-directed mutagene-
sis. The results were confirmed by sequencing.
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2.5. SEC-MALS assay

The molar mass of the coiled-coil domain of TRIM75 protein in
solution was measured using SEC-MALS in the Core for Biomolec-
ular Structure and Function (CBSF) at the University of Texas MD
Anderson Cancer Center, Houston, Texas. The MALS system was
equipped with a WTC-010S5 column (Wyatt Technology Co. ltd),
a differential refractive index detector, and an 18-angle static scat-
tering detector. The system was calibrated using BSA. The purified
protein (40 ll) at a concentration of 5 mg/ml was loaded for the
run at room temperature. Phosphate-buffered saline (PBS) was
used as the running buffer. Data were recorded and analyzed using
ASTRA software (Wyatt Technology).

2.6. Chemical cross-linking assay

For the coiled-coil domain, the purified protein in PBS with or
without DTT was used for the cross-linking assay. Glutaraldehyde
(GA) (Sigma-Aldrich) was added from freshly prepared 0, 10, 20,
40, and 80 mM stocks in PBS to five samples with final concentra-
tions of 0, 1, 2, 4, and 8 mM, respectively. The samples were then
incubated at room temperature for five minutes and then termi-
nated by adding an equal volume of saturated glycine solution at
room temperature [27,28]. The cross-linked samples were resolved
on 4–15% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad), and
the gel was stained with Coomassie Brilliant Blue R-250.

For full-length or truncated proteins, a gene (Uniprot code:
Q3UWZ0) with an N-terminal FLAG tag was cloned into the
pBudCE4.1 (Invitrogen) vector multiple cloning site (MCS) region
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using the CMV promoter. For plasmid transfection, 15 lg of DNA
was transfected into 4 � 106 HEK293T cells in a 100 mm dish using
Lipofectamine 3000 (Invitrogen) according to the manufacturer’s
protocol. After two days of incubation, the cells were washed with
PBS and lysed in RIPA buffer with EDTA-free protease inhibitor
cocktail (Roche) on ice. The target protein was extracted with
anti-FLAG Magnetic Agarose (Pierce) from the clear cell lysate.
Then, the agarose was washed three times with a washing buffer
containing 20 mM tris pH7.5, 500 mM NaCl, 0.5% TWEEN 20, and
EDTA-free protease inhibitor cocktail. 1X FLAG peptide (0.2 mg/
ml) in PBS with EDTA-free protease inhibitor cocktail was used to
elute FLAG-tagged proteins. The FLAG peptide was removed from
the eluate via centrifuge with an Amicon 10 K MWCO centrifugal
filter. All procedures were done in a cold room. The final sample
in PBS with EDTA-free protease inhibitor cocktail was aliquoted
into five tubes for the cross-linking experiments. After cross-
linking, freshly quenched samples were immediately resolved on
4–15%Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad) and visu-
alized by western blotting with an anti-FLAG antibody (Sigma).
Fig. 1. Phylogenetic analysis of mouse TRIM proteins. The branch containing RING dom
The TRIM75 is highlighted in pink. The phylogenetic tree was constructed using MEGA 11
no B box 2 domain. (For interpretation of the references to colour in this figure legend,
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3. Results

3.1. Overall crystal structure of the TRIM75 coiled-coil domain

TRIM75 is a member of the subfamily containing RING domain,
B box 2 domain, coiled-coil domain and B30.2/SPRY domain
(Fig. 1). The coiled-coil domain of TRIM75, consisting of residues
168–222, was crystallized (Fig. 2A). The crystal structure was
solved at 2.05 Å by molecular replacement, with one molecule in
the asymmetric unit of space group I4122. The statistics of data
collection and refinement are shown in Table 1. The monomer
structure indicates that this protein forms an alpha helix with a
slight bend (Fig. 2B). The symmetric analysis clearly shows that
four symmetrically associated chains are closely packed together
to form a tetramer (Fig. 2C). Among these, two chains (green and
cyan) form one antiparallel dimer, and the other two chains (ma-
genta and brown) form the other antiparallel dimer. The two
dimers crossed each other at a crossing angle of approximately
26� to form a tetramer.
ain, B box 2 domain, coiled coil domain and B30.2/SPRY domain is shaded in yellow.
software. *Note that TRIM15 has no B30.2/SPRY domain; TRIM61 and TRIM69 have
the reader is referred to the web version of this article.)



Fig. 2. Overall crystal structure of the TRIM75 coiled-coil domain. (A) Schematic representation of TRIM75 domain organization. B2, B box 2; CC, the coiled-coil domain.
The residue boundaries of the domains are indicated. The coiled-coil domain is highlighted in green. (B, C) Cartoon representation of (B) a molecule in the asymmetric unit,
and (C) a tetramer in two vertical views. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Stereo view of the interactions between two antiparallel helices. The two
antiparallel helices colored magenta and brown in Fig. 2 are shown as a ribbon
diagram. The side chains of the residues involved in dimerization are presented as
sticks. Salt bridges and hydrogen bonds are indicated by black dashed lines. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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3.2. Protein-protein interactions involved in TRIM75 tetramerization

The interactions between the two antiparallel chains were then
analyzed. The results indicated the existence of hydrophobic resi-
dues, salt bridges, and hydrogen bonds at the dimerization inter-
face (Fig. 3). There are three hydrophobic regions: one is
contributed by the side chains of F200 in the middle of the two
chains; the other two symmetrically associated regions are con-
tributed by C185 and the side chain of M189 from one chain and
the side chain of M215 from the other chain. Further, four inter-
chain salt bridges, including two formed between E186 and K212
and the other two formed between R197 and D205, as well as
two symmetrically associated hydrogen bonds between the side
chain of D193 and that of E211, also exist at the interface. Overall,
these interactions contribute to the dimerization of the two
antiparallel chains.

The two antiparallel dimers continue to bind together at a small
crossing angle to form a tetramer. Structural analysis indicated the
existence of several types of interactions between the two dimers
for tetramerization. To better illustrate these interactions, five
independent interaction regions were marked with different
shapes (Fig. 4). In the cyan trapezoid-marked region, the side
chains of I218, L215, L214, and L210 on the cyan-colored molecule,
the side chain of M189 on the green-colored molecule, and the side
chains of L188, F191, and L192 on the magenta-colored molecule
form hydrophobic interactions (Fig. 4A). In the orange diamond-
marked region, one hydrogen bond exists between the side chain
of E211 on the cyan-colored molecule and that of E196 on the
magenta-colored molecule (Fig. 4B). In the black oval marked
region, two interchain salt bridges are formed between Q177 and
R178, and the side chains of L181 from both chains contribute to
the hydrophobic interaction (Fig. 4C). In the central region marked
by the black rectangle, the side chains of L203 and F200 from the
four chains form a central hydrophobic interaction (Fig. 4D). In
the cycle-marked position, two Cysteines (C185), one from the
magenta-colored chain and the other from the green-colored
chain, form a disulfide bond (Fig. 5A). The interchain disulfide bond
was further confirmed by the 2Fo-Fc omit electron density map
(Fig. 5A) and reducing/non-reducing SDS-PAGE (Fig. 5B). Owing
to the existence of symmetry, the interactions shown in the oval
4924
and the cycle-marked regions also exist in their symmetric regions
in the tetramer; the interactions shown in the trapezoid and the
diamond-marked regions also exist in the other three symmetri-



Fig. 4. Protein-protein interactions between two dimers for tetramerization. The interactions are divided into five independent regions, marked with different shapes.
The enlarged views of the regions marked the (A) trapezoid, (B) diamond, (C) oval, and (D) rectangle are shown in stereo as cross-eye pairs. The side chains of the interacting
residues are presented as sticks. Salt bridges and hydrogen bonds are indicated by black dashed lines.

Fig. 5. Identification of interchain disulfide bonds. (A) The 2Fo-Fc omit map of the disulfide bond contoured at 1.5r. (B) SDS-PAGE analysis of disulfide bond formation
between two dimers. The purified protein was electrophoresed in non-reducing (�DTT) and reducing (+DTT) SDS-PAGE. The gel was stained with Coomassie Brilliant Blue.
Molecular weight markers are indicated on the left. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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cally associated regions. The two dimers can bind together to form
a stable tetramer through these interactions.

3.3. Oligomeric assembly in solution

To investigate the oligomeric state of the purified coiled-coil
protein, SEC-MALS was used to determine the absolute molar mass
of the sample, and a glutaraldehyde chemical crosslink was used to
analyze its oligomer, wherein glutaraldehyde was used as a small
cross-linker that may covalently link two close protein molecules.
The SEC-MALS result indicated that the purified coiled-coil domain
existed as a tetramer in PBS solution (Fig. 6A). Glutaraldehyde
chemical cross-linking confirmed the tetramer presence in the
purified coiled-coil protein (Fig. 6B). Furthermore, the assembly
state of intracellular expressed full-length proteins was analyzed
by a chemical cross-linking experiment. In this experiment, a clear
tetramer band was detected for the full-length protein expressed
in HEK293T cells (Fig. 6C). To investigate the role of disulfide bonds
in tetramer stability, the coiled-coil protein was further analyzed
while in PBS with 5 mM DTT. The results of the SEC-MALS experi-
ment showed that the protein failed to form stable tetramers in the
presence of 5 mM DTT (Fig. 6D), and only one weak tetramer band
was detected in the crosslinking experiment under reduced condi-
tions (Fig. 6E). Cross-linking experiments of the full-length protein
with a C185A mutation expressed in HEK293T cells showed that
the tetrameric state was compromised when compared to that of
wild type full length protein (Fig. 6F). Therefore, the disulfide
bonds play a critical role in tetramer stability. To further determine
the role of the proposed coiled-coil interface during tetrameriza-
tion of the full protein, nine critical residues (Q177, R178, L181,
C185, L188, F191, L192, E196, L203) involved the tetramerization
(Fig. 4) were mutated to alanine. This mutation is indicated by
CCm9A in the following sections. The SEC-MALS and crosslinking
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experiments revealed that the coiled-coil domain with the CCm9A
mutation only formed dimers in PBS solution (Fig. 6G and 6H).
When full-length protein with the CCm9A mutation was expressed
in HEK293T cells, no clear tetramer band was detected (Fig. 6I).
These results indicate that the proposed coiled-coil interface is
responsible for the tetramer assembly.

3.4. Structural comparisons with other known TRIM coiled-coil
structures

Structural studies indicated that TRIM fragments containing
coiled-coil domain and part of C-terminal domain may form
antiparallel dimers [16–20]. Among these structures, short helical
segments from the C-terminal portion may pack against the cen-
ter region of the coiled-coil domains. After superposing the
TRIM75 tetrameric structure onto TRIM5 (PDB code: 4TN3),
TRIM20 (PDB code: 4CG4), TRIM25 (PDB code: 4LTB), and TRIM69
(PDB code: 4NQJ) dimer structures, we observed that the short
helical segments from C-terminal region bind on the same face
as the tetramerization interface in the TRIM75 structure (Fig. 7-
A-7D). This binding is mostly mediated by hydrophobic interac-
tions. This face is termed ‘‘the hydrophobic face” in the
following sections. The sequence alignment indicated that: (1)
the center of the coiled coil domain consists of hydrophobic resi-
dues, and these residues locate on ‘‘the hydrophobic face”; and
(2) there are ample hydrophobic residues located at other posi-
tions on ‘‘the hydrophobic face” for all the five structures
(Fig. 7E). Although cystine doesn’t exist in the four known struc-
tures, cystines exist at the same position for TRIM61 and TRIM40,
and ‘‘the hydrophobic face” of several other TRIM members
(Fig. S1). Due to the existence of a twofold axis perpendicular
to ‘‘the hydrophobic face” at the center of the coiled-coil dimer
based on TRIM75 structure (Fig. 3) and the other four known



Fig. 6. Assembly analysis of TRIM75 in solution. (A) Oligomerization analysis of the purified TRIM75 coiled-coil domain using SEC-MALS. The measured molar mass of the
peak is shown in magenta. The dimer (13.62 kDa) and tetramer (27.24 kDa) masses calculated from the protein sequence are indicated with black dashed lines. (B) Cross-
linking analysis of the purified coiled-coil domain. Molecular weight markers are indicated on the left of the panel. The concentrations of glutaraldehyde (GA) are indicated at
the top of the panel. The predicted tetramer is indicated by a magenta arrow. (C) Cross-linking analysis of the full-length protein expressed in HEK293T cells. (D) SEC-MALS
analysis of TRIM75 coiled-coil domain under reducing conditions. The elution buffer is PBS with 5 mM DTT. (E) Cross-linking analysis of the purified coiled-coil domain under
reducing conditions. The protein was in PBS with 5 mM DTT. (F) Cross-linking analysis of the full-length protein of the C185A mutant expressed in HEK293T cells. (G) SEC-
MALS analysis of the TRIM75 coiled-coil domain with the CCm9Amutation. The dimer mass (12.66 kDa) is indicated with a black dashed line. (H) Cross-linking analysis of the
coiled-coil domain with the CCm9A mutation. (I) Cross-linking analysis of the full-length protein with the CCm9A mutation expressed in HEK293T cells. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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coiled-coil structures, any cystines or hydrophobic residues on
‘‘the hydrophobic face” would exist at symmetric positions on
the same face. Therefore, this structure allows these cystines to
form disulfide bonds, and hydrophobic residues to bind via
hydrophobic interactions in space if two dimers may form an
approximately antiparallel tetramer through the binding between
‘‘the hydrophobic face” of the two dimers. As for TRIM75, no
hydrophobic residues were located on the back of the tetramer
(Fig. S2). To investigate whether the C-terminal region in TRIM75
protein similarly binds on ‘‘the hydrophobic face” via hydropho-
bic interactions and affects the tetramerization, a truncated
TRIM75 protein (136–467) containing the coiled coil and C-
terminal domains was analyzed. Crosslinking experiment indi-
cated that this truncated protein still may form tetramers
(Fig. S3A), while no tetramer band was detected for the CCm9A
version of this truncated protein (Fig. S3B). Therefore, the
C-terminal region did not interfere with the tetramerization
4926
mediated by coiled-coil domain in the absent of N-terminal
domain for TRIM75 protein.

3.5. Stable tetrameric model mediated by the coiled-coil domain

The two disulfide bonds, as well as other interactions, evidently
link the two dimers covalently at a small crossing angle to form a
stable tetramer. In this tetramer, the domains on the left side are
twofold symmetric to those on the right side. Two N-terminals,
including the RING domain and B box 2, and two C-terminals,
including the B30.2/SPRY domain, are present on each side, as
shown in the model (Fig. 8). The two N-terminals on the same side
are close in space; therefore, it is favorable for the two B box 2
domains linked to the coiled-coil domain to form a homodimer.
Similarly, the two RING domains linked to B box 2 on the same side
can also form a homodimer. Once the RING dimer is formed, the
dimerized RING domain can recruit the E2-Ub complex and trans-



Fig. 7. Structural comparison between TRIM75 coiled-coil domain and other four known coiled-coil structures. One dimer of TRIM75 was separately superposed on the
coiled coil domain of (A) TRIM5, (B) TRIM20, (C) TRIM25 and (D) TRIM 69. The center regions of the coiled-coil structures are magnified. The TRIM75 tetramer (in green, cyan,
magenta, and brown), coiled-coiled domain and helices covering the center region of the coiled-coil domain from target structures (in purple) are highlighted. Other regions
of the structures are set to transparent for clarity. (E) Sequence alignment of the five structures. The center residues of their coiled coil structures are shown in red, and their
residue positions are shown in red to the right of their sequences. The relative positions to the center residues are shown at the top. Hydrophobic residues located on ‘‘the
hydrophobic face” are shaded in yellow. The cystine is shaded in cyan. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 8. Coiled-coil domain-mediated tetrameric model of TRIM E3 ligases. In this model, two antiparallel coiled-coil dimers in a cylinder representation are bound together
with a small crossing angle (�26�) and are covalently linked by two interchain disulfide bonds mediated by C185 residues. This stable tetrameric architecture allows
dimerization of two B2 boxes and two RING domains located on the same side. One active RING dimer binds to two E2-Ub. Two C-terminal domains (B30.2/SPRY) exist on the
same side and can present a substrate (Sub) to a close E2-Ub complex.
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fer ubiquitin from the E2 enzyme to the protein substrate recruited
by the C-terminal B30.2/SPRY domain on the same side. Therefore,
the tetrameric model derived from the stable coiled-coil domain
provides a reasonable mechanistic explanation of the mechanism
by which the TRIM protein assembles to exert its ubiquitin E3
ligase activity.
4. Discussion

4.1. TRIM75 coiled-coil domain forms a tetramer

RING-type E3 ligases can catalyze the direct transfer of ubiqui-
tin from the E2 enzyme to specific substrates [29,30]. To achieve
this function, the RING domain must form an active dimer; mean-
while, the recruited E2-Ub complex and substrate should be close
enough to fulfill the direct transfer. Therefore, a suitable assembly
and rational spatial arrangement of domains are crucial for the E3
ligase activities of these proteins.

As the largest family of RING E3 ligases, TRIM members have a
characteristic domain organization, containing the RING domain, B
box(s), coiled-coil domain, and variable C-terminal domain. The
coiled-coil domain may form an antiparallel dimer [16–20], where
the two RING domains located at opposite ends are inactive mono-
mers. This raises the question of how TRIM proteins assemble to
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satisfy the dimerization of the RING domain. Here, we exhibit that
in TRIM75, the coiled-coil domain alone may form a tetrameric
assembly. Two disulfide bonds are involved during the tetramer-
ization of the coiled-coil domain. Owing to the covalent links, the
CC tetramer should be stable enough to maintain the tetrameriza-
tion of the full-length protein.
4.2. Tetrameric structure facilitates direct ubiquitin transfer

The coiled-coil tetrameric structure brings two N-terminal
domains on the same side close enough for spatial contact and
facilitates RING dimerization. Although structural information is
not available for the RING domain and B box 2 of TRIM75, dimer-
ized crystal or NMR structures of N-terminal domains have been
reported in other TRIM members, including the RING domain of
TRIM69 [31], TRIM32 [32], and TRIM37 (PDB ID:3LRQ); B box 2
of TRIM63 [33], TRIM54 (PDB ID:3Q1D), and TRIM28 (PDB
ID:2YVR); B box 1 of TRIM19 [34] and TRIM28 [35]; and RING com-
bined with B box 2 of TRIM21 [36]. This suggests that the tetramer
is a suitable assembly to facilitate RING dimer formation. The tet-
rameric structure also provides proximity to the recruited E2-Ub
and substrate to accomplish the direct transfer of ubiquitin. As
the tetramer may well satisfy the two critical prerequisites for
TRIM members exerting their E3 ligase activities, a strategy that
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regulates the coiled-coil tetramer may facilitate the controlled for-
mation of the activated structure, thereby affecting the TRIM E3
ligase activity. Examples including influenza A virus nonstructural
protein 1 (NS1) inhibiting TRIM25 function in ubiquitinating RIG-1
pathway [19,37] and IE1 protein suppressing TRIM19 activities
seem to support this inference [38,39].
4.3. Cooperative interactions promote TRIM protein tetramerization

Once the coiled-coil domain forms a tetramer, as shown in the
model, two N-terminal domains are located on each side of the
coiled-coil tetramer. The tetrameric architecture facilitates the
dimerization of N-terminal domains on the same side. The dimer-
ization interaction of two RING domains on each side can generate
binding affinity, similar to the two B boxes. Therefore, five binding
interactions are present in the model: two from the dimerization of
the RING domain, two from the dimerization of the B box, and one
from the tetramerization of the coiled-coil domain. All five binding
interactions may cooperatively promote the tetramerization of the
full-length protein. For TRIM75, the tetramer of the coiled-coil
domain is stable because of the two disulfide bonds; thus, the
binding affinity contributed by the other four binding interactions
may not be required for maintaining the tetramer of the full-length
protein. In other members, the cooperative interactions con-
tributed by other domains may be required to maintain the
tetramerization of full-length proteins in the absence of strong
interactions. This may explain the oligomeric states of some
reported TRIM members. For example, B-box 2 promotes higher-
order oligomerization of TRIM5 protein to exert its ubiquitin E3
ligase activity; the combined fragment containing B box2 and the
coiled-coil domain form a higher-order assembly for TRIM63
[33]; the B box and coiled-coil domain together promote TRIM27
multimerization [40]; and the TRIM32 fragment containing the
RING domain, B box 2, and the coiled-coil domain presents an elon-
gated tetramer profile in a small-angle X-ray scattering (SAXS)
experiment [32]. In theory, two dimers could possibly bind
through the dimerization of only one N-terminal domain; another
N-terminal domain participates in dimerization with the N-
terminal domain from a third dimer. Through this interaction,
TRIM can be continually elongated by binding more dimers to form
multiple aggregates. Compared to tetramerization with the five
binding interactions shown in the present model, linear aggrega-
tion with only two binding interactions is relatively weaker.

In summary, this study illustrates that the coiled-coil domain of
TRIM75, a member of the largest family of RING E3 ligases, forms a
tetrameric structure wherein two interchain disulfide bonds are
involved in tetramerization. This unique interaction allows TRIM75
to form a stable tetramer. Such a structure permits the formation
of an active RING dimer and satisfies the spatial arrangement for
direct transfer of ubiquitin groups from the E2 enzyme to the sub-
strates. Clearly, this model is derived from the structure of the
coiled coil domain; therefore, full-length protein structure
obtained with new technology will provide more comprehensive
evidence. Overall, this structural model may represent the tetra-
meric architecture of TRIM functions and provide novel insights
into the mechanism of action of TRIM E3 ligases, including their
ubiquitination mechanism and potential therapeutic strategies in
RING E3 ligase-associated diseases.
5. Accession numbers

The atomic coordinates and structure factors have been depos-
ited in the Protein Data Bank (https://www.wwpdb.org) with the
access code 7UG2.
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