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Supplementary Table 1. TRIM?72 constructs used in this study.

Name Construct Description
Human TRIMT72
WT 1-477 Selectively bound to microvesicles
Q57R 1-477, Q57R Constitutively active mutation in ubiquitination
Q57R/L74R 1-477, Q57R/L74R Mutation inactivating constitutive ubiquitination
AH3; 1-477, Deletion of 272-281 Defective mutation recognizing phosphatidylserine
K’D 1-477, K460D/K462D Defective mutation recognizing phosphatidylserine
R’E 1-477, R368E/R369E/R371E Defective mutation recognizing phosphatidylserine
PISS;;II{{; 270-471 phosphatidylserine binding in a dimeric form
MBP-H3- 270-471 Defects iq phosphatidylserine binding in a
PRYSPRY monomeric form
RBCC 7-268 Defective mutation recognizing phosphatidylserine
Mouse TRIM72
WT 2-477 Crystal structure (7.1 A)
FL 7-470, C55S/C144S/K279H/K283H Crystal structures (3.5 & 4.6 A)
FL/C242S 7-470, Crystal structures (5.2 A)
C55S/C144S/C242S/K279H/K283H
ARING 79-470, C55S/C144S/K279H/K283H Crystal structures (2.75 & 3.28 A)
RING 1-81 No effect on ubiquitination activity
2xRING Linear fusion of 1-81 to 1-81 No effect on ubiquitination activity
RING+WT Linear fusion of 1-81 to 1-477 No effect on ubiquitination activity
AHj3; 2-477, Deletion of 272-281 Defective mutation recognizing phosphatidylserine
K°D 2-477, K460D/K462D Defective mutation recognizing phosphatidylserine




Supplementary Table 1. TRIM72 constructs used in this study (continued).

2xRING_Q57R

G106R

S110R

M138A

M138R

F274A/W2T77A

Rhesus TRIMS5a.,

RINGTRIMSu

2xRINGT™MS

2xRING, Q57R

2-477, G106R

2-477, S110R

2-477, M138A

2-477, M138R

2-477, F27T4AA/W27TA

2-92

2-82-GS-2-92

Name Construct Description

Mouse TRIM72
R3E 2-477, R368E/R369E/R371E Defective mutation recognizing phosphatidylserine
Q57R 2-477, Q57R Constitutively active mutation
Q57R/E207R 2-477, Q5STR/E207R No effect on constitutive ubiquitination activity
Q57R/L74R 2-477, Q57R/L74R Mutation inactivating constitutive ubiquitination
RING_Q57R 1-81, Q57R Constitutively active mutation in ubiquitination

Constitutively active mutation in ubiquitination

Defective mutation in higher-order assemblies

Defective mutation in higher-order assemblies

Defective mutation in higher-order assemblies

Hyperactive mutation in higher-order assemblies

Defective mutation recognizing phosphatidylserine

Refs. '

Refs. >




Supplementary Table 2. SAXS-derived data collection and structural parameters.

Mouse TRIM72 WT Mouse TRIM72 ARING

Sample details

Organism

UniProt sequence ID (residues in construct)

Extinction coefficient [Aaso, 0.1% (W/V)]
Mass from chemical composition (Da)
SEC-SAXS column

Loading concentration (mg mL™)
Injection volume (uL)

Flow rate (mL min")

Solvent (solvent blanks taken from SEC

flowthrough prior to elution)

SAXS data collection parameters
Instrument/data processing
Wavelength (A)

Beam size (mm, FWHM, Vertical x
Horizontal)

Camera length (m)

g measurement range (A™)

Exposure time

Sample configuration
Column temperature (°C)

Sample temperature (°C)

SAXS data reduction, analysis, and
interpretation

Data reduction and solvent subtraction
Extinction coefficient estimate

Basic analyses: Guinier, P(r), Vp

Shape/bead modeling

Atomic structure modeling

3D graphic model representations

Mus musculus
QIXH17 (79-

470C144S/C242S/K279H/K283H)

Mus musculus
QIXHI17 (2-477)

0.691 0.826

52,742 44,139
UPLC coupled with 5 x 150 mm Superdex™ 200 Increase
10/300 GL

8.2 13.0
240 240
0.05 0.05

25 mM Tris-HCI pH 8.0, 300 mM NaCl, 1 mM TCEP,
and 1l mM DTT

Photon Factory BL-10C with PILATUS3 2M
1.0
0.180 x 0.630

3.012
0.0050-0.2692
Continuous 5-s data frame measurements with an interval
period of 0.1 s
Path length of 1 mm and a pair of 20-pum quartz windows
20
20

SAngler, CHROMIX from ATSAS 3.0.1
ProtParam
PRIMUSqt from ATSAS 3.0.1
DAMMIN via ATSAS online (https://www.embl-
hamburg.de/biosaxs/atsas-online/), DAMSEL, DAMSUP,
DAMAVER, SASRES, SUPCOMB from ATSAS 3.0.1
SREFLEX via ATSAS online, CRYSOL via ATSAS online
PyMOL




Supplementary Table 2. SAXS-derived data collection and structural parameters (continued).

Mouse TRIM72 WT Mouse TRIM72 ARING
Structural parameters
SASBDB ID SASDKS86 SASDK96
Guinier analysis
1(0) (cm™) 0.0015 + 0.000007 0.0021 £+ 0.000005
R (A) 68.56 +0.52 50.65+0.20
Gmin (A) 0.0079 0.0127
gR, max (qmin = 0.0050 A" 1.21 1.23
Fidelity 0.57 0.64
P(r) analysis
1(0) (cm™) 0.0015 + 0.000005 0.0021 + 0.000005
R (A) 68.69 +£0.33 52.36 £0.17
dmax (A) 240 187
g range (A™) 0.0079-0.1166 0.0126-0.1578
Total quality estimate (from GNOM) 0.48 0.53
Porod volume (A7) (ratio Vp/calc. M, dimer) 234,209 (2.2) 142,315 (1.6)
Molecular mass analysis from (Da)
Qp 173,145 101,738
MoW 144,715 102,921
Ve 121,306 92,290
Bayesian inference 146,800 97,500
Atomic modeling
SREFLEX (with default parameters)
Starting crystal structure PDB ID: 7XYZ
No. of rigid body domains 3
2% range 2.52-3.50
No. of representative structures 25




H, helix B-sheets in PRYSPRY
1

H, helix

Hairpin motif

H, helix

Supplementary Fig. 1| Electron density map of TRIM72 ARING.

a, Overall electron density map of the TRIM72 ARING monomer containing four
representative boxed regions (b), (¢), (d), and (e). b-e, Electron density maps of the B-box (b),
Hi helix (¢), Hi helix-hairpin motif-H> helix (d), and f-sheets in the PRYSPRY domain (e).
The models and electron density maps were derived from the crystal structure of TRIM72
ARING (2.75 A). £, Electron density map of the RING domain in the bent conformation of
TRIM72 FL (4.6 A). The 2Fo-Fc maps are contoured at 1.0 6. The models are shown in stick
representation with carbon (green), nitrogen (blue), oxygen (red), and sulfur (yellow) in Panels

a-e and as a ribbon diagram in Panel f. Zinc atoms are represented as gray spheres.
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Supplementary Fig. 2| Structural analysis of the interface between CCDs.

a, Overall structure of the TRIM72 CCD shown as a ribbon diagram. CCD interactions are
categorized as belonging to four regions: b (red), ¢ (green), d (blue) and e (orange). The other
protomer is labeled with prime (*) symbols. b-e, CCD interfaces in the trimeric heptad interface
(b), dimeric heptad interface (b), dimeric hendecad interface, (d) and four helical bundles of
the heptad/hendecad interface (e). Each region is represented by ribbon (left) and helical wheel
(right) diagrams (b-e). The black circled positions in the wheels are hydrophobic repeats buried



in the interface. The amino acid residues of mouse TRIM72 WT are labeled in both the ribbon
and helical wheel diagrams. The mutated residues for crystallization are indicated in S144 (C),
S242 (C), H279 (K) and H283 (A). The WT residues are described in parentheses. f,
Superposition of eight determined crystal structures. The dotted line boxes indicate the
structurally rigid part formed by the hendecad repeated region of Hi:Hi’, the heptad repeated
region of H3:Hs’, and the PRYSPRY pair. Note that the CCDs move in only one direction,
while the peripheral CCD and B-box are very flexible. g, Orientation of two PRYSPRY
domains maintained by interactions of the H3 helices. h, Interface between the H3 helices and
PRYSPRY domain. Panel h shows a close-up view of the black box in g. All models were
derived from the crystal structure of TRIM72 ARING (2.75 A).



Supplementary Fig. 3| Cross-up view of the peripheral region of TRIM?72.

a, Bent conformation of the RING domain. TRIM72 RING (orange), B-box (green), and CCD
(Hi; pink, Hz; cyan) are shown in a ribbon diagram, and bound-zinc ions are shown as gray
spheres. The suboptimal glutamine linchpin (Q57) and a nearby residue (R207”) from the other
CCD protomer are shown as stick models. The model is derived from the crystal structure of
TRIM72 FL (4.6 A). b, Hydrophobic interaction between the CCD and the B-box. The residues
supplying hydrophobic interfaces or coordinating zinc ions (gray spheres) are represented in
stick models. The model comes from the crystal structure of TRIM72 ARING (2.75 A). All

atoms are shown in the following colors: sulfur, yellow; nitrogen, blue; oxygen, red.
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Supplementary Fig. 4| Membrane fractionation assay in C2C12 myoblast cells.

Subcellular fractionation of human TRIM72 in C2C12 myoblasts. The membrane (Mem) and
cytosol (Cyto) fractions are indicated at the top. Strep-tagged TRIM72 was detected with an
HRP-conjugated strep monoclonal antibody. A subcellular localization marker and loading
control were detected with specific antibodies. Independent experiments were performed in

triplicate. The quantified results are shown in Fig. 2e.

10



TRIM72 WT + H,0,
PC-liposomes  PS-liposomes

+H,0,(min) - 0 5 103060 0 5 10 30 60
bt e = _ Unmigrated oligomer

(kDa) ¢ Disulfide-bridged
oligomer

240-
140- _—_--..-!—-l-n—q-
100- &

_ Disulfide-bridged
dimer

— Dimer

Sulfhydryl-reactive Amine-reactive

OV _ GV
3 PRI
Crosslinker ¢ e\\‘\o g\\“e e\“\\ %‘N g":';L gﬁfb
TRIM72/PS + - 4 - + - 4+ - + - + - + -
TRIM72 - + = + = + = + - + - + - +
Yt Wt Jhu“‘u-h‘a” 3
(kDa) = J )
| = - Oligomer
240 — pe- e -
140 — — = — Di
M LALT T il i
100 —
70 —
g - TR — Monomer

50 —

Supplementary Fig. 5| Crosslinking between TRIM72 in the presence of liposomes.

a, Time-dependent protein oxidation analysis of TRIM72. Hydrogen peroxide (H>02) was used

as an oxidizing reagent to detect the formation of disulfide bonds in the presence of PC- or PS-

liposomes. b, Crosslinking between TRIM72 in the presence of PS-liposomes. The crosslinkers

are indicated at the top. Ctrl: Control; TRIM72/PS: TRIM72-proteoliposomes. Note that the

oligomerized bands are increased progressively only in lanes with PS-liposomes. Boiled

samples were loaded onto 4-12% SDS—PAGE gels under nonreducing conditions.
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TRIM72 ARING, C2, monomer/asu TRIM72 ARING, C2, one dimer/asu TRIM72 FL, P3,, two dimer/asu
(3,1,2) (2,3,2) 2.2, 1)

TRIM72 WT, C2, one dimer/asu TRIM72 FL/C2428S, i4 22, two dimer/asu TRIM72 FL, P2, two dimerfasu
(2,2, 1) 2,2,1) 2,2,1)

Dimer-of-dimer model
All crystal packing (seven dimer-of-dimer models) Interface between B-boxes
17~19 nm " " 3110’
G108°
5110
C
ARING
—B-box— ——H, H, PRYSPRY
5 i Uni tID
pecies nipro 106 110 138 271 285 317 330 356 368/369/371 386/389 398 4607462
Mammals v v —_— v v v vy v v v vy
Human QEZMUS LVCGVCASLG TQLPQQKLOLOEAC SDDFRFQVWRKMEFRALMP EQKAP FDEAV PRWALGVL LREGKIL DEGEN
Mouse QLXHL7 LVCGVCASLG TQLPQOKMOLOEAC SDDFKFQUWKEMERALMP DQKAP  FDKAV ~ PRWAL LRDGKIL DRGEN
Chimpanzee H2QB00 LVCGVCASLG TQLPQQKLOLOEAC SDDFKFQVWREMFRALMP EQEAP FDKAV FRWALGVIAAEAPRRGRL LREGKILEAHVEAKE DEGEN
Bovine E1BE77 LVCGVCASLG TOLPQOKMQLOEAC SDDFKFQVWREMERALMP EQKAP  FDKAV  PRWALGVIGA LRDGKIL DRGEN
cat M3W5UB LVCGVCASLG TQLPQOKMOLOEAC SDDFKFQUWREMERALMP DQKAP  FDKAV ~ PRWALGVIL LREGKIL DKGEN
Pig AOA4BOQWOS LVCGVCASLG TOLPQOKLOLOEAC SDDFKFQVWRKMFRALMP EQKAP FDKAV PRWALGVT) LREGKTL. DRGEN
Dog AADABCOSBNS LVCGVCASLG TQLPQQKLOLQOEAC SDDFKFQVWRKMFRALMP DQEAP FDKAV FRWALGVIAA LRDGKIL DEGEN
Reptiles
Lizard AOAG70J785 VICGVCASLG KQLPQOOVQLOEAQ SDEFKFQVWRKMFRATMP DHEQA FDKSN PRWALGLT CKEGKTY DKGEN
Snake VBN9E2 VICGVCASLG KOLPOOOVOLOEAQ SDEFKFQVWREMERATMP EHKQR ~ FDKSN  PRWALGVISAETGRKGRL  CKEGKSYEAYVEHKE DKGEN
Turtle AOAG74ITOS VICGVCASLG KQLPQOOIQLOEAD TDDFRFQVWREMFRALMP EHEQP FDKSN PRWALGVISAEAGRKGRL CEKEGKNYEAHVEHKE DKGEN
Amphibians
African frog Q6PGRY LICGVCASLG RQLPQOOVILOEAR SDEFKFQVWREMFRALMP DQEQS FDKSN PRWALGIISETANRKGKL CEKEGKVYERAHTEQKE DEGEN
Western frog Q64056 LICGVCASLG RQLPQOOVILOEAR SDEFKFQVWREMFRALMP EQKQS FDKSN PRWALGVISETANRKGKL CKEGKVYEAHTEQKE DEGEN
Consensus S . [P ik e Nkk kkrr L kikik Likk o kkp ok kr AkkRk

Supplementary Fig. 6| Structural analysis of the TRIM72 assembly in crystal packing.

a, Crystal packing of TRIM72. The constructs, space groups, and the number of molecules per
asymmetric unit are shown at the top of each panel. The number of expanded unit cells is
indicated in parentheses. The dimer-of-dimer model is highlighted with color in the crystal

lattice. B-boxes are marked in yellow. Note that the B-boxes interacted with each other in all
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crystal packings. The dashed ellipses indicate contacted B-boxes in dimer-of-dimer models. b,
Superimposition of dimer-of-dimer models shows that PRYSPRY domains adopt the same
orientation. The top view (left) and side view (middle) rotated by 90° are shown. The interfaces
between B-boxes are also shown (right). The right panel is an enlarged dotted box. ¢, Symmetry
expansion of the crystal packing of TRIM72 ARING (2.75 A). The top view (left) and side
view (right) rotated by 90° are shown. d, Sequence alignment of TRIM72 proteins from various
species. Conserved residues for membrane binding and higher-order assembly in mammals,
reptiles, and amphibians are shown as inverted triangles (top) and shaded in red. The number
of residues corresponds to the sequence of mouse TRIM72. The TRIM72 sequences were

aligned using Clustal Q°.
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Supplementary Fig. 7| Crosslinking analysis of the higher-order TRIM72 assembly.

a, Coordinates of cysteine residues in the higher-order TRIM72 assembly. Each cysteine is
represented with a colored ball (Cys105, red; Cys108, blue; Cys144, green; Cys242, yellow;
Cys313, cyan; Cys456, magenta). b, Distances between crosslinked cysteines in each TRIM72
model. Compared to the dimer model or the dimer-of-dimer model, the higher-order assembly
model shows an optimal distance range between crosslinked cysteines within 50 A. The CLMS
data are summarized in Supplementary Data S2. The experimental procedure is detailed in

the Methods.
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Supplementary Fig. 8| In vitro ubiquitination assay with TRIM72 RING constructs.

a, In vitro E2 screening assay. The TRIM72 protein with only UBE2Ds generated
polyubiquitination chains. Ub-conjugated E2 is indicated by an asterisk (*). b, In vitro E2
screening with various TRIM72 constructs: WT and RING+WT (top), RING and 2xRING
(bottom). ¢, SDS—-PAGE analysis with phosphorylation-specific staining. Note that TRIM72
proteins purified from both bacterial and mammalian cells were not stained with

phosphorylation-specific dyes. The total quantities of proteins were revealed by staining with

15



SYPRO Orange Protein Gel Stain (left). The phosphorylated proteins were revealed by staining
with ProQ™ Diamond Phosphoprotein Gel Stain (right). B-Catenin (Lane 1) and
phosphorylated Ub at Ser65 (Lane 4) were the positive controls for the detection of phosphate
groups. d, SEC elution profiles (left panel) of the microvesicle-bound (green arrow) and free-
solution state (cyan arrow) of TRIM72 WT (blue line) and Q57R (red line) expressed in
HEK293T cells. In vitro ubiquitination assay (right panel) with each fraction of TRIM72 Q57R
expressed in HEK293T cells. The elution fractions are indicated with bars colored green, pink
and cyan. The volume of each fraction was 0.5 mL. The void volume (= 5 MDa) is marked
with a black dashed line. The details of the constructs are described in Supplementary Table
1.
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Supplementary Fig. 9| The RING domain is highly flexible.

a, Dynamic conformations of the RING domains. A total of 25 ensemble models were created
based on the SREFLEX analysis. b, Comparison of the experimental (blue) and calculated
(cyan) intensity plots for TRIM72 WT (left) and ARING (right). Theoretical SAXS profiles
were calculated from the crystal structures of TRIM72 FL and ARING by CRYSOL software®.
¢, SREFLEX-derived SAXS profiles of TRIM72 WT corresponding to the ensemble Models
(a). d, In vitro ubiquitination assay of TRIM72 Q57R and Q57R/E207R in the presence or
absence of PS-liposomes. Polyubiquitination is shown as poly-Ub. Ub was detected with an
anti-Ub antibody. TRIM72 was detected using an anti-TRIM72 antibody. Phospholipids were
stained with Sudan black B. Schematic diagrams are shown in each panel for better
communication of the results (Q57R, pink; Q57R/E207R, yellow).
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