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Abstract

RING-type E3 ubiquitin ligases are functional multidomain proteins involved in diverse eukaryotic cellular
processes. A major subfamily of RING-type ligases is the tripartite motif (TRIM)-containing protein
family, whose members contain RING, B-box, coiled-coil, and variable C-terminal domains. Although the
roles of individual TRIM domains are well understood, the function of the coiled-coil domain remains
unclear owing to its structural complexity. In this study, we investigated the structural details of the
coiled-coil domain of TRIM72 to elucidate its role in facilitating interactions with both concave and
convex membranes. Cooperative interactions of the coiled-coil/coiled-coil and B-box/B-box domains
were found to drive oligomerization, aiding in the recognition of phospholipid layers by the PRYSPRY
domains. These insights provide a fundamental basis for understanding TRIM family E3 ligases and
highlight their conserved molecular architecture and pattern recognition capabilities through higher-order
assembly.

INTRODUCTION

E3 ubiquitin (Ub) ligases play critical roles in target selection for degradation and can trigger signal
transduction, membrane trafficking, DNA damage repair, and membrane repair'2. They are classified into
three different types depending on the mechanism of Ub transfer: the Really Interesting New Gene

(RING), Homolgous to E6-AP Carboxyl Terminus (HECT), and RING-Between-RING (RBR) Ub ligases®*.
Among these classes, RING is dominant, and one of the most abundant families of RING-type Ub ligases
comprise the TRIpartite Motif (TRIM)-containing proteins, which contains more than 80 members among

the 600 Ub ligases found in humans®>®.

Members of the TRIM superfamily contain multimodular domains’, including relatively conserved N-
terminal RBCC (RING, B-box, and coiled-coil) and variable C-terminal domains (Fig. 1a). Although they
have a similar architecture, their functions are diverse and involve many cellular processes, such as
retroviral restriction (TRIMS5, TRIM22, and TRIM25)8%101T DNA damage response (TRIM24)'?, gene
silencing (TRIM28 and TRIM71)'3'4, autophagy (TRIM32)'°, and membrane repair (TRIM72)2. As diverse
as their roles, mutations in TRIM genes cause various genetic disorders, including Mulibrey Nanism
(TRIM37)'6, Sjdgren’s syndrome (TRIM21/R052)'7181920 Opitz G/BBB syndrome (TRIM18/MID1)%"22,
familial Mediterranean fever (TRIM20/pyrin)?3, acute promyelocytic leukemia (TRIM19/PML)?* and

muscular dystrophy (TRIM32)?°. Despite the increasing number of genetic and cellular studies,
biochemical and structural evidence are still limited, and only domain structures are

26,27,28,29,30,

available 3132 We recently presented dimeric and oligomeric structures of TRIM72, in which

oligomerization was found to be coupled to ubiquitylation and phospholipid membrane recognition®?.

TRIM72, also known as mitsugumin 53 (MG53), is expressed mainly in muscles343>3° and is a key

initiator of the plasma membrane repair machinery following acute membrane damage, such as that
induced by ischemia/reperfusion injury?3’:38. Furthermore, recombinant TRIM72 has shown therapeutic
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potential for a variety of muscle and non-muscle tissue injuries®®. In previous studies, the
oligomerization of TRIM72 was shown to be a key process for membrane repair and activation®'-33,
TRIM72 facilitates negatively charged small repair vesicles to injury sites on the plasma membrane. The
TRIM72-bound repair vesicles are assumed to accumulate at the injury site where they form a membrane
patch to seal holes in the plasma membrane®32. |n addition to membrane repair, TRIM72 participates in
diverse cellular processes that occur in the membrane environment, such as filopodia-like structures,
exocytosis, caveolar structures, and lipid rafts3#4%41_ It is unknown whether the TRIM72 oligomer can
sense or induce specific features of membrane formation, such as convex or concave surfaces.
Therefore, this study aimed to comprehensively analyze the coiled-coil structure of TRIM72 and to
visualize TRIM72-bound liposomes using cryo-transmission electron microscopy (cryo-TEM). The results
indicated that TRIM72 can sense any type of membrane curvature to induce membrane patch formation
via self-oligomerization.

MATERIALS AND METHODS
Small-angle X-ray scattering

Details of sample preparation, data collection, and parameters for the SAXS experiments used have been
described in a previous report®3. Ab initio structure determination was performed using DAMMIN
software in ATSAS online (https://www.embl-hamburg.de/biosaxs/atsas-online/). The DAMMIN models
evaluated using DAMSEL were superimposed using DAMSUP and averaged through DAMAVER?*2. The
averaged SAXS envelope models were superimposed with the crystallographic model of mTRIM72
ARING by using SUPCOMB in the ATSAS software package*3. Detailed parameters and results are
described in Supplementary Table 1.

Cryo-TEM

Details of sample preparation and cryo-TEM data collection methods used have been described in a

previous report33. For cryo-experiments, protein-80 mol% PS-SUV complexes were loaded onto glow-
discharged Quantifoil grids and frozen in a plunge freezer with a Vitrobot (Thermo Fisher Scientific,
Waltham, MA, USA). Cryo-TEM images were collected at the Korea Basic Science Institute (Daejeon,
South Korea) using a Titan Krios transmission electron microscope (Thermo Fisher Scientific) operated
at 300 kV and recorded with a Falcon 3EC direct electron detector (Thermo Fisher Scientific).

Multiple sequence and structure analyses

Coi

led-coil sequences from human TRIM family proteins were aligned via Clustal ** and further analyzed

using BioEdit software®®. A logo graph was generated using WebLogo
(https://weblogo.berkeley.edu/logo.cgi). Structural analyses were performed using the PISA server in the
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CCP4 suite*®. Structure-based sequence alignment was conducted using PROMALS3D*’, with minor
modifications.

Structure display and presentation

All structural figures were prepared with PyMOL (Schrodinger, LLC, New York, NY, USA). The membrane
model in Fig. 1b was generated from a POPS/POPC bilayer*®.

RESULTS

Overall structure of TRIM72 with an unusual coiled-coil
domain

TRIM72 adopts the domain organization standard of TRIM proteins: an RBCC domain followed by a
unique PRYSPRY domain (class IV), which is the largest among the 11 TRIM protein subgroups (Fig. 1a).
Previously, we prepared wild-type mouse TRIM72 using a bacterial expression system and determined its
structure using X-ray crystallography3. Tight dimeric TRIM72 is shaped like a bird with wide wings

(Fig. 1b). The coiled-coil, like outstretched wings, forms an antiparallel dimer with a length of
approximately 170 A. The core structure consists of H1:H1' helices, heptad H3:H3' helices (prime
indicates the second protomer of the dimer), and a pair of PRYSPRY domains that are structurally rigid in
our dimer models, a feature unique to the TRIM superfamily*®°%152 Dozens of polar and nonpolar
bonds are present at the dimeric interface, which has a total buried surface of ~ 5,000 AZ. Our previous
biochemical results confirmed that the PRYSPRY domain launches on the membrane surface and is
mediated by interactions between the positively charged residues of PRYSPRY and phosphatidylserine

(PS) lipids of the membrane®3.

Flexible nature of the RBCC domain

In our crystal structure, the zinc-bound RING domains at each N-terminus of TRIM72 exist in a closed
conformation and interact with the coiled-coil of the other protomer (Fig. 1b), which may block access to
E2-Ub conjugates for Ub transfer. To determine whether the RING domain also adopts a closed
conformation in solution, we performed small-angle X-ray scattering (SAXS) analysis with full-length
TRIM72 and a deletion construct of the RING domain (ARING) (Fig. 2a). The crystal structures were fitted
to SAXS molecular envelopes, showing the flexible nature of the peripheral region of TRIM72, particularly
the RING domain (Fig. 2b). Therefore, we concluded that the closed conformation of the RING domain
was visible owing to molecular contact with the coiled-coil in the crystal structure. As shown in the SAXS
model, the RING appeared to be highly mobile and was not visible in the electron density map of most
full-length crystal forms®3. Furthermore, the B-box domain located at the end of the coiled-coil was
mobile. In our structures, as well as in the cryo-TEM and crystal structures from other research
groups®13233 the RING, B-box domain, and part of the coiled-coil showed no or very weak densities for
chain tracing, suggesting that these peripheral parts of TRIM72 are highly dynamic. When we
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superimposed our TRIM72 crystal structures, it was evident that the core region comprising two
PRYSPRY and nearby H1:H1' coiled-coil domains was highly rigid (Fig. 2c). Interestingly, large structural
changes were found at each end of the coiled-coil, which moved only “up and down” and not from “side
to side” (Fig. 2c). From the well-matched hendecad repeats to the flexible ends of the coiled-coil, the
change in conformation gradually increases and moves the protein up to ~ 20 A (Fig. 2d).

Comparison of coiled-coil domains among TRIM-family
proteins

To investigate whether this “up and down” flapping motion of the coiled-coil is preserved in the TRIM
superfamily, we compared the structures in all available TRIM coiled-coil domains (mouse TRIM72,
monkey TRIM5a, human TRIM20, human TRIM25, human TRIM28, and human TRIM§9)#%:50:51:52.53

(Fig. 3). The TRIM coiled-coil domains showed a unique pattern comprising a mixture of heptad and
hendecad repeats: trimeric heptad, dimeric heptad, and dimeric hendecad interfaces (Fig. 3). All
structure-determined coiled-coil domains showed similar heptad (a-g) and hendecad (a-k) repeats,
although there were some deviations observed in the heptad repeats in H2 and H3 helices (Fig. 3a). The
buried positions of the heptad and hendecad repeats are well aligned in the H1 helix (Fig. 3b). The
superimposition showed a similar “up and down” motion of coiled-coil domains as that found in TRIM72
(Fig. 3c).

We explored other TRIM superfamily proteins using multiple sequence alignments. The 64 human TRIM
coiled-coil domains showed conserved repeats at hydrophobic positions (Supplementary Fig. 1). The
most extended H1 helix comprises heptad and hendecad repeats. The dimeric coiled-coil heptads are
formed by the interaction between H1 and H1' helices, and the trimeric heptads by the interactions
among H1, H1', and H2' helices (Fig. 4a). The interfaces were divided into four regions: trimeric heptad,
dimeric heptad, dimeric hendecad, and tetrameric hendecad/heptad interfaces (Fig. 4a). The overall
conservation of hydrophobic residues was well aligned in the coiled-coil of TRIM proteins. For example,
hydrophobic positions are ordered in the trimeric heptads and dimeric hendecads of the H1 helix to form
dimeric and trimeric interactions (Supplementary Fig. 2). Interestingly, we found that the a and d
positions of the first dimeric heptads in the H1 helix showed relatively hydrophilic properties, although all
were buried in the crystal structures (Fig. 3b). As shown in Fig. 2d, the root-mean-square deviation
(r.m.s.d.) among the TRIM72 structures also increased gradually at residue number 150 toward the N-
terminal peripheral region of the coiled-coil. This supports that the hydrophilic buried positions at the
dimeric heptad interface might induce flapping of the coiled-coil in the TRIM superfamily.

Helix packing of the four helical bundle

The dimeric hendecad repeats in the H1 helix were the most rigid part shown in the r.m.s.d. analysis
among all determined TRIM72 structures (Fig. 2c,d), as well as in comparison with the structurally
characterized TRIM coiled-coil domains (Fig. 3c). This region was the most conserved among the 64
human TRIM family proteins (Supplementary Fig. 2). However, the core hendecad region of TRIM72
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forms a unique tetrameric hendecad/heptad helix packing structure compared to that of other TRIM
proteins (Fig. 4b-g). The H3 helix forms an antiparallel dimer with the H3" helix of the other protomer and
further packs against four-helical bundles at the middle of the antiparallel H1:H1' dimer (Fig. 5a). A
tetrahelical bundle consisting of the H3:H3' heptad and H1:H1' hendecad dimers at an angle of 50°,
which is commonly observed for a-helix packing®?, is present, although the corresponding bundles in
other TRIM coiled-coils showed different angles (Fig. 4c-g). The stable four-helical bundle structure of
TRIM72 is critical for its function, as confirmed by the deletion of the H3 helix, which lacks a membrane-

binding affinity33. The angles between hendecad H1:H1' and heptad H3:H3' are variable from 0 to 90°
among the TRIM-family proteins (Fig. 4b-g). As shown in the domain architecture of TRIM-family
proteins, additional functional domains exist after the H3 helix. Therefore, orientation of the H3:H3'
heptad might be important for the physiological role of TRIM-family proteins.

With the rigid core tetrahelical bundle structure, the C-terminal PRYSPRY domains, acting like the “bird’s
body,” are located on the opposite side of the middle of the coiled-coil across the dimer comprising
H3:H3' helices (Fig. 1b). A pair of PRYSPRY domains are completely separated at a distance of
approximately 10 A, but interestingly, each domain possesses positively charged surfaces on the same
side opposite the coiled-coil (Fig. 1b). In the PRYSPRY domains, many arginine (R356, R368, R369, R371,
and R386) and lysine residues (K317, K330, K389, K398, K460, and K462) protrude toward the bottom of
the “bird’s body,” much like “claws” (Fig. 1b). Orientation of the two RPYSPRY domains is tightly

maintained by H3:H3' helix interactions. Considering the two aligned PRYSPRY domains, a unique

structural feature of TRIM72 is that it binds to PS to recognize vesicular and plasma membranes?33.

Optimized architecture for recognizing both positive and
negative curvatures of the membrane

We previously examined microvesicles using electron microscopy (EM)33. As shown by the negative EM,
the TRIM72 fractions coexisted with microsomes that were approximately 100 pm in size, and the
TRIM72 oligomer laid on the membrane in tandem. This striped pattern was also observed for the
reconstituted TRIM72-liposomes in vitro. To obtain a model of the oligomer in its native state at a higher
resolution, we visualized the higher-order TRIM72 assembly on the membrane using cryo-TEM (Fig. 6a).
TRIM72 molecules bound to PS-liposomes were clearly visible. Moreover, TRIM72/TRIM72 contacts
across separate liposomes were observed. The two-sided membrane-bound oligomer model also
accounted for the higher-order assembly found in the space between the two membrane surfaces, as
shown in the cryo-TEM images (Fig. 6a). When facing opposite sides, the aligned PRYPSRY domains can
recognize both separated membranes. Furthermore, the distance between each opposite PRYSPRY
domain was approximately 11 nm, which was almost the same as the gap observed between membrane
surfaces with a higher-order assembly. Therefore, we concluded that TRIM72 likely accumulates in lipid
membranes during patch formation via self-oligomerization.

In addition to this higher-order assembly observed in the spaces between liposomes, we found a TRIM72
assembly on both the convex and concave surfaces of liposomes (Fig. 6b,c). The unique architecture of
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TRIM72 allows its promiscuous interaction with any membrane shape if the membrane is enriched with
PS. Indeed, TRIM72 molecules have been reported to exist in structures with positively curved
membranes, such as caveolae3*°° and negatively curved membranes, such as filopodia-like structures'.
Using cryo-electron tomography (ET), we previously reconstructed the three-dimensional structure of
higher-order-assembled TRIM72 on large, almost flat liposomes33. The elongated architecture of the
TRIM72 oligomer and connections between TRIM72 molecules were visible, and the TRIM72 oligomer

clearly separated from the phospholipid layer in the raw tomograms (Fig. 3b, c).

DISCUSSION

The bird-like shape of the dimeric TRIM72 is optimal for its function. The wing-shaped coiled-coil domain
exhibited flexible movement only in the up-and-down direction, and the dynamic nature of this movement
gradually increased toward the end of the wings and was linked to the RING domain (Fig. 2).
Intermolecular interactions between the B-boxes located at the ends of the wings are critical for the high-
order assembly of TRIM72. The RING domain is extremely flexible in regulating the inactive-active
transition via intermolecular dimerization on PS-enriched membranes®3. Membrane binding is a
prerequisite for oligomerization, which activates TRIM72 ubiquitylation. Three separate modules for the
interaction between PRYSPRY domains and the membrane work in harmony: the flexible bending motion
of the coiled-coil, the higher-order assembly by B-box/B-box domain interactions, and the highly dynamic
nature of the RING domain. These structural features of TRIM72 are likely critical for its membrane repair
function (Fig. 7).

In this study, we presented structural details of the TRIM72 coiled-coil for liposome-binding properties
through oligomerization. Structural analysis revealed that the dimeric heptads in the H1 helix and four-
helical bundle at the center of the coiled-coil exhibited the highest flexibility and rigidity, respectively. In
the dimeric heptads, hydrophilic residues are buried at the interface, which is a unique feature of TRIM
coiled-coil domains, whereas hydrophobic residues are exposed on the surface, which is crucial for
TRIM72 oligomerization and subsequent membrane binding®3. The four-helical bundle also plays a vital
role in membrane binding and structural integrity, as it is packed at various angles among the TRIM
family. Interestingly, recent crystal structures of TRIM28 RBCC complexed with the CUET domain of
SMARCAD1 and the KRAB domain of ZNF93 revealed that both dimeric heptads and the four-helical
bundle are essential for each interaction mediated by the hydrophobic interface®®°’. This suggests that
these regions could serve as substrate-binding sites for Ub transfer. Indeed, the catalytic RING domain is
located close to the dimeric heptad region in our crystal structure, which is consistent with other TRIM28
RBCC structures reported previously®®>7.

However, the molecular mechanisms underlying membrane repair remain largely unknown. Although
calcium influx positively regulates the repair process, TRIM72 facilitates small vesicle formation in a
calcium-independent manner, directly recognizing PS-enriched membranes and resisting interference by

Ca?*-PS interactions through oligomerization®3. We found that patch formation in the membrane
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occurred through the self-oligomerization of TRIM72. Due to the absence of a molecular model, it is
unclear how TRIM72 mediates patch formation. Based on the average distance between patched
vesicles and subtomogram average of the higher-order TRIM72 assembly, we suggested that
intermolecular interactions between coiled-coil domains might play a pivotal role in the second round of
higher-order assembly for patch formation.

In general, proteins that bind to biological membranes exhibit curvature specificity. Peripheral membrane
proteins interact with biological membranes via different mechanisms. One common mechanism
involves the formation of amphipathic helices. These are helical segments, with one side being
hydrophobic for binding to the lipid core of the membrane and the other side being hydrophilic for
surrounding water. When these helices encounter curved membranes, they are inserted into the lipid
bilayer in a manner that matches their curvature. Another mechanism involves specific curvature-
sensing domains. These domains have the intrinsic ability to recognize and bind to curved membranes.
For example, BAR (Bin/Amphiphysin/Rvs; amphiphysin is a brain-enriched protein with an N-terminal lipid
interaction) domains are known for their curvature-sensing properties®®. The BAR domain is banana-
shaped and binds to membranes via its concave and convex faces, depending on its class (F-BAR or I-
BAR). Furthermore, BAR domains not only sense membranes, but also induce membrane remodeling in
vitro and in vivo. In the current study, we could not observe morphological changes in the liposomes
induced by TRIM72; however, this could be determined by investigating extensive physiological
conditions in future studies.

TRIM72 interacts with PS-enriched membranes via immunoglobulin-fold PRYSPRY domains, which show
robust binding to any type of membrane curvature (Fig. 6). The minimal unit of TRIM72 is a dimer, and
the two separated and relatively flat PRYSPRY domains augment lipid binding (Fig. 7). When TRIM72

molecules localize to the membrane, they form a high-order assembly with a regular pattern®3. More
importantly, as visualized via cryo-TEM and cryo-ET (Fig. 6), a higher-order assembly of TRIM72 was

formed at both the concave and convex surfaces of the membrane. As shown in our previous

subtomogram-averaged model of TRIM72 oligomers, TRIM72 also binds relatively flat membranes33.

TRIM72 participates in various cellular processes that require membrane dynamics; thus, it can bind to
any type of membrane and accumulate PS lipids promiscuously. All TRIM-family proteins share the RBCC
motif. In particular, the unusual coiled-coil containing several different repeats, including the hendecad
motif, plays a critical role in providing flexibility to the extended structure of TRIM proteins. Indeed,
oligomerization is a critical process for members of the TRIM class IV family to biochemically recognize
various shapes of curved and patterned platforms, such as phospholipid membranes, viral capsids, and
double-stranded nucleic acids, including dsDNA and dsRNAZ50.5%60 The functional relationship between
higher-order assembly and substrate diversity of other TRIM classes requires further examination in
future studies.
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Figure 1

Structure of TRIM72.

a, Domain organization of TRIM72. Each domain is shown as follows: RING (green), B-box (orange), H1
(magenta), H2 (cyan), L2 (teal), H3 (yellow), and PRYSPRY (white). Residues and small motifs are

annotated on the top and bottom, respectively. b, Overall structure of TRIM72 represented by a surface
and ribbon diagram. The color of each domain corresponds to the domain architecture in panel a. The
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second protomer is labeled with a prime (') and shown in less vibrant colors. PRYSPRY domains are
shown with an electrostatic potential surface (positive and negative charges shown in blue and red,
respectively). Positively charged residues are represented as a stick model. The proposed membrane-
binding mode of TRIM72 is also shown. The membrane model was generated from the POPS/POPC
bilayer®®.

a b

mTRIM72 WT (10 DAMMIN bead models) mTRIM72 WT (averaged)
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Figure 2

Flexibility of the RBCC domain of TRIM72.
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a, Ab initio DAMMIN bead models of full-length TRIM72 WT (upper) and TRIM72 ARING (lower). Ten
bead models of each protein are superimposed. b, Small-angle X-ray scattering molecular envelope
models of TRIM72 (upper) and TRIM72 ARING (lower). High-resolution crystal structures of the TRIM72
ARING dimer (magenta) and RING (green) are superimposed and shown as ribbon diagrams. Each
envelope model was generated from an average of 10 bead models in panel a. The additional volume at
both ends of the full-length TRIM72 is expected to represent the RING domain in its position when in an
open conformation in solution. ¢, Conformational movement of the coiled-coil. Superposition of all eight
determined structures shows that the core formed by the central H1:H1' and H3:H3' helices and a pair of
PRYSPRY domains is highly rigid,whereas the peripheral H1 and H2 helices and B-box domain are highly
flexible with a maximum movement of 20 A. Intriguingly, the coiled-coil moves in only one direction,
moving closer to and farther from the membrane. d, Plot of the root-mean-square deviation (r.m.s.d.) of
equivalent Ca atoms between full-length and various models as a function of residue number. Rigid parts
are transparent cyan-colored in the Ca-r.m.s.d. plot.
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Figure 3

“Up and down” motion of the TRIM coiled-coil.

a, Structure-based sequence alignment of TRIM coiled-coil domains. Subdomains are annotated by thick
brackets at the top (H1, H2, L2 and H3). The heptad (a-g) and hendecad (a-k) repeat positions are
indicated by thin brackets above the amino acids. TRIM proteins and their PDB codes are indicated in
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front of the sequences with their species (m, mouse; h, human; r, rhesus). b, Buried accessible surface
area (ASA)/total ASA plots. Red bars indicate residues for which more than half of the ASA is buried
within the interfaces. ¢, Superimposition of the TRIM coiled-coil. Four-hendecad helices of each dimer
were aligned with the CE algorithm®'. Each coiled-coil domain is shown in the ribbon diagram and
colored as follows: mTRIM72 ARING, red; rTRIM5q, green; ATRIM20, yellow; hTRIM25, magenta;
hTRIM28, cyan; hTRIM69, orange. The broad distribution of each flexible end of the TRIM coiled-coil is
viewable in only the “side” view (upper) and not the “top” view (lower) obtained by a 90° rotation.

a
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SL= e , . hendecad/eplad -hendecad =TMErE o plad_____qmereheplad

Figure 4

Structural comparison of the coiled-coil domain in other TRIM proteins.
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a, Overall structure of the mTRIM72 coiled-coil shown as a ribbon diagram. The interactions are
categorized as belonging to four regions: trimeric heptad (red dashed box), dimeric heptad (green
dashed box), dimeric hendecad (blue dashed box), and tetrameric hendecad/heptad (orange dashed
box). b,Structure of the coiled-coil region of TRIM72 (PDB ID: 7XV2). The view represents the
180°rotation along the horizontal axis of panel (a) for showing the H3 and H3' helices. ¢-g, Comparison
of similar regions in other TRIM proteins (¢, F/TRIM5q; d, "TRIM20; e, ATRIM25; f, ”TRIM27; g, "TRIM69)
with the tetrahelicalbundle of mTRIM72 (orange dash boxed region of panels a and b). The H3:H3
interactions might be eliminated due to C-terminal domain deletion in the constructs (FTRIM5K and
hTRIM28) or detergent binding (h"TRIM69). The other protomer is labeled with a prime (') symbol. The
angle between central H1:H1' and H3:H3' helices are indicated b-g. DDM; n-dodecyl B-d-maltoside.

G173’ G173

G177
A184' R169’ R169 A184 a8
R180

V276

w277’
F272
H279(K)" i

F281" Q275
Q275

R282' D271

d H1:H1’ H3:H3' H1:H1'+ H3:H3'

H1:H1" + H3:H3'

turned+rotated

H1:H1"/ H3:H3'

H3/C'  H3/N’

H1/N" H1/C’ H3/N"  H3/C’

Figure 5

Helical bundle interaction of heptad-hendecad repeats in the TRIM72 coiled-coil.
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a, Four-helical bundles of heptad-hendecad repeats in the orange dashed box region of Fig. 4a shown as
ribbon diagrams. b, Each heptad and hendecad dimer interacts at an angle of 50°. ¢, Four-helical bundles
of heptad-hendecad repeats shown as helical wheel diagrams. Black circles represent hydrophobic
repeats buried in the interface. d, “Ridges and groove” model of the heptad-hendecad interaction. Cq
atoms are shown as spheres. The amino acid residues of TRIM72 are labeled. The other protomer is
labeled with a prime (') symbol. For H279(K) and H283(A), residues in parentheses are from TRIM72 (¢
and d).

mean=10.0 nm
N=58, SD=0.8 nm

Figure 6

Higher-order TRIM72 assembly on the lipid membrane.

a, Cryo-electron micrograph showing proteoliposomes with the TRIM72 oligomer on phosphatidylserine-
SUVs. TRIM72-TRIM72 contacts were observed in the peripheral region between separate liposomes
(left). Box plot of the distance between the TRIM72 oligomer-bound liposomes (right). Mean and median
values (small and long bar in the box, respectively) display the first and third quartiles (upper and lower
end of the box, respectively). Each individual value (dot) is represented with whiskers from minimum to
maximum. b-¢c, Tomograms showing TRIM72 oligomers on the outside convex (b) and inside concave (¢)
surfaces of liposomes (adapted from our previous work®?). Three-dimensional volume rendering (right)
of each tomogram (left) with the TRIM72 oligomer and liposome shown in cyan and white, respectively.
Black scale bars indicate 20 nm. Black arrowheads indicate higher-order-assembled dimeric TRIM72
molecules.
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Figure 7

Proposed working model of TRIM72.

The TRIM72 E3 ubiquitin (Ub) ligase is an inactive dimer in the cytosol due to dynamic changes in the
RING domains with a glutamine linchpin separated by a distance of approximately 200 A. TRIM72 is
activated via three sequential molecular transitions. Using a unique pair of PRYSPRY domains, TRIM72
binds to the phosphatidylserine (PS)-enriched membrane (step 1) and forms a higher-order assembly via
the B2-box and coiled-coil domains (step 2). The apparent binding affinity between the oligomer and
liposome is high (approximately 10 nM) owing to avidity. Ubiquitylation activity and results of the
crosslinking assays suggested that the RING domains in the oligomer rearrange to adopt an active
conformation on the membrane (step 3). In the presence of E1, E2, and Ub molecules, TRIM72 catalyzes
its self-ubiquitylation. Interestingly, the “up and down” motion of the wing-like coiled-coils allows
interaction with both negatively and positively curved membranes. Therefore, TRIM72 proteins are
present on the surface of microsomes and on both the convex and concave surface regions of the
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plasma membrane. When the plasma membrane is injured, TRIM72-decorated repair vesicles are
recruited to the site of damage. TRIM72 mediates the formation of membrane patches between repair
vesicles and might help to bridge the plasma and vesicle membranes at damaged sites. Self- or non-self-
ubiquitylation by TRIM72 might be involved in the repair machinery; however, this could not be confirmed
in this study. Most likely, TRIM72-mediated repair is much faster than calcium-dependent annexin activity
is®2. When the calcium concentration becomes extremely high in the outer region of the plasma
membrane, TRIM72 molecules bound to vesicles might dissociate and be directly secreted into the
extracellular milieu. In another pathway, TRIM72, which is localized on the concave surface of the
plasma membrane, might be involved in exocytosis via membrane budding.
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