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Supplementary Figures
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Figure S1: Comparison of E3 ligase datasets. (a) Complete UpSet plot showing overlap of 8 different E3
ligase datasets along with the curated E3 ligome. (b) Fraction of proteins (%) containing catalytic domains
across various E3 datasets. (¢) Distribution of unclassified and unannotated proteins across source datasets.
(d) Sequence coverage (%) of structural fragments (pLDDT> 50; black) and intrinsically disordered
regions (pLDDT< 50; gray) within the E3 ligome. Unrooted dendrograms showing hierarchical clusters
of non-catalytic E3 components, (e) adaptor (n = 151), (f) receptor (n = 106) and (g) scaffold proteins
(n = 8). Individual leaves show domain architectures (scaled by protein size) with annotated domains.
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Figure S2: Multiple sequence alignment of the E3 ligome. (a) Full-length MSA of all catalytic compo-
nents of the E3 ligome (n = 462 E3s) using T-Coffee. Indels or gaps (white-blank spaces) are prevalent
and interspersed with sparsely aligned regions (colored). (b) The residue conservation (green, top), indel
or gap frequency (red, middle), and amino-acid diversity (blue, bottom) at each alignment position i are
far from the threshold values (dashed black lines), indicating poor, unreliable alignment features.
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Figure S3: Alternate cluster-comparison metrics. (a) Normalized mutual information (NMI, orange)
and Fowlkes-Mallows index (FMI, blue), which compare clusters from various distances and the ground
truth, are sensitive to cluster count and fail to penalize unified clusters (2 =~ 1) or singleton clusters (2 ~ 0),
respectively. Pair-wise comparison of hierarchical trees from Dpg (left) and single distance measures
(right) using (b) d’., (c) dljfg, (d) dsg, and (e) d{;’g . Distinct clusters at 2 = 0.25 are colored. NMI, FMI,

PQ’

and entanglement (Ent.) scores (top-left) provide quantification for the comparisons.
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Figure S4: E3 ligome classes and families. (a) Circular representation of the emergent hierarchical tree
displaying individual classes and families (colored) along with domain architecture information mapped
onto individual leaves. (b) Corresponding dendrogram (scaled) showing bootstrap support for all the nodes
after resampling (n = 500) the optimized distance matrix, Dpq. (¢) Schematics of Ub-transfer mechanisms
for RING, HECT, and RBR classes; Atypical mechanisms not shown.
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RING1 family (5 sub-families)
Q9H8U3 ZFAN3 RING
4'2 Q6FIF0 ZFANG RING
076080 ZFANS5 RING
Q92785 REQU RING
Q92782 DPF1 RING
Q92784 DPF3 RING
Q9UNL4 ING4 RING
Q15326 ZMY11 RING
Q96BD5 PF21A RING
Q9BUL5 PHF23 RING
Q6Q0C0 TRAF7 RING
Q12933 TRAF2 RING
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Q9Y4K3 TRAF6 RING
Q13114 TRAF3 RING
000463 TRAF5 RING
,—QQHOOO MKRN2 RING
Q13064 MKRN3 RING

I_|_|:Q9UHC7 MKRN1 RING

DPF-like

TRAF

Makorin 013434 MKRN4 RING
38I1U8L 12BP1 RING
Q9H1B7 12BPL RING
§725L9 12BP2 RING
Q9UH90 FBX40 RING
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14134 TRI29 RING
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Q8N806 UBR7 RING
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71622 G2E3 HECT
Q8NEG5 ZSWM2 RING
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5 95628 CNOT4 RING
?BP-like Q9UJ41 RABX5 RING
Q7L5Y9 MAEA RING
Q9H871 RMD5A RING
§96G75 RMD5B RING
500623 PEX12 RING
060683 PEX10 RING
P28328 PEX2 RING
Q9Y314 NOSIP RING
Q9UNE7 CHIP RING
QBN9V3 WSDU1 RING
Q9UMS4 PRP19 RING -«
13356 PPIL2 RING

043734 CIKS RING
QINRM6 I17RB RING

QI9NW38 FANCL RING —

Q13888 TF2H2 RING
Q8NB15 ZN511 RING
Q9P0J7 KCMF1 RING =

Peroxins-like 13501 SQSTM RING  #

Zinc finger, RING-type
Zinc finger, PHD-type
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Figure S5: RING1 family. (a) Dendrogram showing the organization of 53 E3s corresponding to the
RINGT1 cluster subdivided into 5 subfamilies (labeled). Leaves display individual E3s with schematics of
mapped domain architectures. (b) Bar plot showing the top 10 enriched domains (catalytic, red; others,
black) observed across the cluster. (¢) A representation of the full-length MSA using T-Coffee with gaps
(white) and aligned regions (colored).
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a RING2 family (1 subfamily)

A6NNE9 MARHB RING -
4|E Q86YJ5 MARH9 RING -
Q9P2E8 MARH4 RING -

QINX47 MARHS RING -
Q9PON8 MARH2 RING —
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Figure S6: RING2 family. (a) Dendrogram showing the organization of 8 MARCH E3s corresponding to
the RING?2 cluster (single subfamily, labeled). Leaves display individual E3s with schematics of mapped
domain architectures. (b) Bar plot showing the enriched domains (catalytic, red; others, black) observed
across the cluster. (¢) A representation of the full-length MSA using T-Coffee with gaps (white) and aligned

regions (colored).
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a RING3 family (5 sub-families)

Q8WWHF5 ZNRF4 RING & —<—  PAdomain
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Q00987 MDM2 RING = —= : : SWIB/MDM2 domain
015151 MDM4 RING ~ — P
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Q969K3 RNF34 RING < RANBP2-type
Q969V5 MULL RING - < .
Q8WY64 MYLIP RING  ——m « FERM domain
Q9BY78 RNF26 RING >
Q99675 CGRF1 RING «

———Zinc finger, RING-type

b Zinc finger, RING-type
PA domain 9
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Figure S7: RING3 family. (a) Dendrogram showing the organization of 28 E3s corresponding to the
RING3 cluster subdivided into 5 subfamilies (labeled). Leaves display individual E3s with schematics of
mapped domain architectures. (b) Bar plot showing the top 10 enriched domains (catalytic, red; others,

black) observed across the cluster. (¢) A representation of the full-length MSA using T-Coffee with gaps
(white) and aligned regions (colored).
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RING4 family (3 subfamilies)

QINYG5 APC11 RING
P62877 RBX1 RING
Q9UBF6 RBX2 RING
Q9Y3C5 RNF11 RING
Q9HI9V4 RN122 RING
Q9Y225 RNF24 RING
Q99496 RING2 RING
Q06587 RING1 RING
QI9BYE7 PCGF6 RING
P35226 BMI1 RING
P35227 PCGF2 RING
Q9BSM1 PCGF1 RING
QB86SE9 PCGF5 RING
Q3KNV8 PCGF3 RING
Q8WVD3 RN138 RING

RBX-like

i

il

PCGF-like

Q96K19 RN170 RING
Q99942 RNF5 RING
Q96GF1 RN185 RING
Q6VVB1 NHLC1 RING
Q8NBNO RN152 RING
Q8N6D2 RN182 RING
QINXI6 RN186 RING
E7ERAG6 RN223 RING
M0QZC1 RN225 RING
PODH78 RN224 RING
Q96D59 RN183 RING
ABNCQ9 RN222 RING
Q8N4F7 RN175 RING
Q9H920 RN121 RING
Q5M7Z0 RNFT1 RING
Q96EX2 RNFT2 RING
Q6ZSG1 RN165 RING
Q9Y6U7 RN215 RING
Q9HOF5 RNF38 RING
Q7LOR7 RNF44 RING
015541 R113A RING
Q81ZP6 R113B RING
QINTX7 RN146 RING
P51948 MAT1 RING =
Q495C1 RN212 RING -«
QINPC3 CIP1RING -«
Q8WV22 NSE1 RING
Q9HOAG6 RNF32 RING
Q5TA31 RN187 RING
Q9HOX6 RN208 RING
Q96CA5 BIRC7 RING
Q8WVD5 RN141 RING
Q8ND25 ZNRF1 RING
Q8NHG8 ZNRF2 RING
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Q9BV68 RN126 RING -
P78317 RNF4 RING
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Figure S8: RING4 family. (a) Dendrogram showing the organization of 61 E3s corresponding to the
RINGH4 cluster subdivided into 3 subfamilies (labeled). Leaves display individual E3s with schematics of
mapped domain architectures. (b) Bar plot showing the top 10 enriched domains (catalytic, red; others,
black) observed across the cluster. (¢) A representation of the full-length MSA using T-Coffee with gaps
(white) and aligned regions (colored).
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RINGS5 family (3 sub-families)

ABNLIS TR64C RING —
— EAGNGJG TRI64 RING -« —

A6NI03 TR64B RING -« —

ITYAP6 TRI77 RING - —

Q96BQ3 TRI43 RING -« —

ABNCK2 TR43B RING -« —

Q9BSJ1 TRI51 RING -« —

POCI25 TRI49 RING -« —

POCI26 TR49C RING -« -

ABNDIO TR49B RING -« —

C9J1S8 TR49D RING -« —

Q9BYV6 TRI55 RING - .

Q969 Q1 TRIG3RING —e - COS domain

Q9BYV2 TRI54 RING — -

060858 TRII3RING -«

Q8IWR1 TRI59 RING -«

Q9BZY9 TRI31 RING -«

Q6PIF5 TRI40 RING e —

Q96A61 TRI52 RING -~

Q86UV6 TRI74 RING
Q86UV7 TRI73 RING

I

~———Zinc finger, RING-type

8IWZ4 TRI48 RING
TRIME) EZ&E&‘S&%&%“& :
<4 <= . . . .
F8VTS6 RFALL RING -« «p== RDM domain, Ret finger protein-like
875279 RFPL3 RINg pape=—
75677 RFPL1 RIN Dt X
Q14258 TRI25 RING = B30.2/SPRY domain
. Q8IUD6 RN135 RING -
RFPL-like Sgstgs RNF39 RING —e ——»— s )
ZWI9 RFPLB RING @ —= a
Q8N9V2 TRIML RING -« PRY-associated
Q86WT6 TRIE9 RING —e -
Q96LD4 TRI47 RING -« - I
[ L— 36PJ69 TRIE5 RING «— -
095361 TRI16 RING - -
I—Eosmcs TRIMM RING — o
39050 TRIME RING e
'— @ — -
Q8IYM9 TRI22 RING -« — .
|—|_|:Q90035 TRIM5 RING — DAPIN domain
Q9BYJ4 TRI34 RING -«
015553 MEFV RING - -
Q9C019 TRIISRING -« -
Q12899 TRI26 RING e —
Q9UDY6 TRIL0 RING - -
———— QOUPQ4 TRI35 RING -
898V83 TRI62 RING - -
|—|_|:Qse><T4 TRI50 RING -
Q6ZMU5 TRI72 RING -« -
Q8WV44 TRI4L RING B
QIHCM9 TRI39 RING —e o
Q495X7 TRI60 RING e -
A6NKO02 TRI75 RING - -
Q9C037 TRIM4 RING - — X
P19474 RO52 RING  — a— U-box domain
P14373 TRI27 RING e r—
Q9C029 TRIM7 RING —e -
Qggsw TRIL7 RINGG « -
F44 TRII1RING -« - . .
Q6AZZ1 TRI68 RING - === B-box-type zinc finger
TRIM(b) 000635 TRI38 RING -« >
Q8NG06 TRI58 RING - -
b Zinc finger, RING-type 58
B-box-type zinc finger 53
B30.2/SPRY domain 51
SPRY-associated 34
RDM domain, Ret finger protein-like 4
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Figure S9: RINGS family. (a) Dendrogram showing the organization of 63 E3s corresponding to the
RINGS cluster subdivided into 3 subfamilies (labeled). Leaves display individual E3s with schematics of
mapped domain architectures. (b) Bar plot showing the top 10 enriched domains (catalytic, red; others,
black) observed across the cluster. (¢) A representation of the full-length MSA using T-Coffee with gaps
(white) and aligned regions (colored).
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RING6 family (2 sub-families)

— Q6DJT9 PLAG1 RING
L—— Q9UM63 PLAL1 RING
P59817 Z280A RING

b

MSA

P11161 EGR2 RING
043474 KLF4 RING
Q96JP5 ZFP91 RING
Q9BYN7 ZN341 RING
Q66K89 E4F1 RING
Q2QGD7 ZXDC RING
——— Q9ULJ3 ZBT21 RING
L ——Q8NAP3 ZBT38 RING
Q9P1Z0 ZBTB4 RING
—— QINUAB ZBT40 RING
L 095625 ZBT11 RING
P52739 ZN131 RING
Q5SVQ8 ZBT41 RING
Q9UFB7 ZBT47 RING
043167 ZBT24 RING
Q6ZSB9 ZBT49 RING
Q9H116 GZF1 RING
QINPC7 MYNN RING
(13105 ZBT17 RING
P10074 TZAP RING
015060 ZBT39 RING
QOHBE1 PATZ1 RING
Q05516 ZBT16 RING
Q9Y2Y4 ZBT32 RING

———
P41182 BCL6 RING
Q8N143 BCL6B RING
Q96JB3 HIC2 RING
Q14526 HIC1 RING
Q96K62 ZBT45 RING
Q9HC78 ZBT20 RING
ALYPRO ZBT7C RING
095365 ZBT7A RING
015156 ZBT7B RING
Q86T24 KAISO RING
Q8NCP5 ZBT44 RING
043829 ZBT14 RING

Q9Y2K1 ZBTB1 RING

O8N680 ZBTB2 RING

24278 ZBT25 RING
————Q96DT7 ZBT10 RING
086UZ6 ZBT46 RING
|—|_|: Q96BR9 ZBT8A RING
O8NAP8 ZBT8B RING

09Y330 ZBT12 RING
O9HCKO ZBT26 RING

015916 ZBTB6 RING

015062 ZBTB5 RING

QOH5J0 ZBTB3 RING

099592 ZBT18 RING

B2RXF5 ZBT42 RING
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Figure S10: RING6 family. (a) Dendrogram showing the organization of 58 E3s corresponding to the
RING®6 cluster subdivided into 2 subfamilies (labeled). Leaves display individual E3s with schematics of
mapped domain architectures. (b) Bar plot showing the top 5 enriched domains (catalytic, red; others,
black) observed across the cluster. (¢) A representation of the full-length MSA using T-Coffee with gaps
(white) and aligned regions (colored).
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a RING7 family (7 sub-families) ) ) )
TRC8-like, N-terminal domain

QBWUL7 RN139 RING  —e :
9EMT1 RN145 RING e inc fi -CH-
4|__E§ O5K1992 MARLIT RING < Zinc finger, RING-CH-type
Q8NAB2 MARHA RING - OTU domai
" 060337 MARHG RING < omain
MARCH-Ii 094822 LTN1 RING //

Zinc finger, A20-type

Q6GQQ9 OTU7B RING :

Gritol - _ImiC domain

O8NHM5 KDM2B RING e Zinc finger, CXXC type
Q9Y2K7 KDM2A RING ~ < F-box domain
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. - L
UNK-Iik 890080 UNK RING e——ae —_— Zinc finger, PHD-type
-like Q9HIP5 UNKL RING e . o
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Figure S11: RING7 family. (a) Dendrogram showing the organization of 28 E3s corresponding to the
RINGT7 cluster subdivided into 7 subfamilies (labeled). Leaves display individual E3s with schematics of
mapped domain architectures. (b) Bar plot showing the top 10 enriched domains (catalytic, red; others,
black) observed across the cluster. (¢) A representation of the full-length MSA using T-Coffee with gaps
(white) and aligned regions (colored).
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Figure S12: RINGS family. (a) Dendrogram showing the organization of 18 E3s corresponding to the
RINGS cluster subdivided into 2 subfamilies (labeled). Leaves display individual E3s with schematics of
mapped domain architectures. (b) Bar plot showing the top 10 enriched domains (catalytic, red; others,
black) observed across the cluster. (¢) A representation of the full-length MSA using T-Coffee with gaps
(white) and aligned regions (colored).
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Figure S13: RINGY family. (a) Dendrogram showing the organization of 69 E3s corresponding to the
RINGO cluster subdivided into 4 subfamilies (labeled). Leaves display individual E3s with schematics of
mapped domain architectures. (b) Bar plot showing the top 10 enriched domains (catalytic, red; others,
black) observed across the cluster. (¢) A representation of the full-length MSA using T-Coffee with gaps
(white) and aligned regions (colored).
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Figure S14: RING10 family. (a) Dendrogram showing the organization of 31 E3s corresponding to the
RING10 cluster subdivided into 2 subfamilies (labeled). Leaves display individual E3s with schematics of
mapped domain architectures. (b) Bar plot showing the top 10 enriched domains (catalytic, red; others,
black) observed across the cluster. (¢) A representation of the full-length MSA using T-Coffee with gaps

(white) and aligned regions (colored).
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Figure S15: HECT1 family. (a) Dendrogram showing the organization of 20 E3s corresponding to the
HECT]1 cluster subdivided into 3 subfamilies (labeled). Leaves display individual E3s with schematics
of mapped domain architectures. (b) Bar plot showing the top 7 enriched domains (catalytic, red; others,
black) observed across the cluster. (¢) A representation of the full-length MSA using T-Coffee with gaps

(white) and aligned regions (colored).
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Figure S16: HECT2 family. (a) Dendrogram showing the organization of 13 E3s corresponding to the
HECT?2 cluster into 2 subfamilies (labeled). Leaves display individual E3s with schematics of mapped
domain architectures. (b) Bar plot showing the top 10 enriched domains (catalytic, red; others, black)
observed across the cluster. (¢) A representation of the full-length MSA using T-Coffee with gaps (white)

and aligned regions (colored).
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Figure S17: RBR family. (a) Dendrogram showing the organization of 12 E3s corresponding to the RBR
cluster into a single subfamily (labeled). Leaves display individual E3s with schematics of mapped domain
architectures. (b) Bar plot showing the top 10 enriched domains (catalytic, red; others, black) observed
across the cluster. (¢) A representation of the full-length MSA using T-Coffee with gaps (white) and aligned
regions (colored).
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Figure S18: Molecular function and sub-cellular localization of the E3 ligome. The functional landscape
of the E3 ligome at (a) Scatter plots showing the extent of positive correlation (Pearson r > 0.5; n = 822)
between in-house CRISPR screening data (log-fold change for individual replicates and average) with
DepMap data (Gene Effect scores). GO enrichment network filtered based on evidence code for top 20
(b) molecular function and (c¢) cellular components. The accompanying heatmaps (d) and (e) display
the statistical significance of all enriched clusters using a discrete color scale (Significance threshold p-
value cutoff 0.01, in two-sided hypergeometric tests). (f) Relative distribution of the GO evidence codes

- promoter-specific chromatin binding

RING1
RING2 -
RING3

RING4 -

0 o x » o o [«
fog Q 1] [} fes b =
212 ¢ 2 2 G .
EEE &8 & z|&N¢

represented as a percentage of all GO terms annotated for each E3 family.

S19



a ‘ L positive regulation of catabolic process #PMID (Max)
L [ - S #PMID <1
~ regulation of response to biotic stimulus

71 - DNA metabolic process

DM.

[ regulation of protein modification by small protein

EP300

150 4

TRAF6
M
RBX1

~ regulation of cellular response to stress

+ regulation of pattern recognition receptor signaling pathwa

| regulation of nucleotide-binding domain, leucine rich repeal
containing receptor signaling Pathway

~ protein localization to organelle

~ regulation of signal transduction by p53 class mediator

~ regulation of response to cytokine stimulus

~ regulation of apoptotic signaling pathway

.:77 viral life cycle BP
. [+ protein localization to peroxisome

ol - regulation ofHNK cascade . .

1 | positive regulation of response to endoplasmic reticulum
[ stress

—. - B cell homeostasis 100 4
~ negative regulation of immune system process
- regulation of cell fate commitment

- negative regulation of catabolic process

~ methylation

~ peptidyl-lysine modification

- positive regulation of DNA metabolic process

~ regulation of microtubule-based process

- anterior/posterior pattern specification

- protein targeting 04
~ morphogenesis of an epithelium

- negative regulation of protein modification process

- regulation of Wnt signaling pathway

- modification-dependent protein binding

|| - histone modifying activity ME
- ub-like protein binding

|1 - helicase activity

100 4

= conjugation or removal . .
- negative regulation of intracellular signal transduction

HDAC6
PML
CBL

Unique PMID Count
— PRKN

UBR5

o
o
:
UB1
R7_MARCHF5

X §VIM2

RNF224TRIM27
ZBTB16
PDZRN4
RING10lp\F17 NEDDA

HECT1
HECT2.

RNF222

[
5

RBFHERC1
|

RING
RiNG2|
RING:Z
RING4
RINGS
RING6
RING7
RING9

80

UBE2I
SKP1

D18grgc | RINGS

T2L=cuL1

L33

60 4

17

404

Unique PMID Count

20 4

?O%A 18
W12

- UBAS

UBE2DNL
KBTBD4

B esakCT

ABTB3

FBXO:

F
F

Kl
A

E1
E2

Adaptor’

Receptor‘
Scaffol

[ | - SWI/SNF superfamily-type complex

|- Iytic vacuole

[ 1 - nuclear envelope CcC
[ ] [ ] - postsynapse

B “ogolP)
--------- -

RS

Figure S19: Predicted functions of the human E3 ligome. (a) Family-specific GO-enrichment predictions
at the biological process, molecular function, and cellular component (GO ontologies) using low-confidence
annotations (evidence codes: author statement, curator statement, and electronic annotations) serve as
initial hypotheses for future testing. (b) Distribution of the unique studies (PMID counts) for each E3 ligase
member within the E3 ligome, showing the most extensively studied E3 (red labels), and the least studied
E3s (black labels).
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Figure S20: Mapping ESI networks for the E3 ligome. (a) Venn diagram showing the overlap of
four different datasets used for integrating the complete ESI network of the E3 ligome. (b) Histograms
displaying the distribution of IntAct MI confidence scores for known ESIs (top) and all PPIs (bottom,
IntAct MI confidence scores > 0.5). For known ESIs, the IntAct MI confidence scores are available
only for overlapping direct PPIs (n = 239; Median value 0.55) and therefore were used to obtain threshold
values to filter larger PPI datasets from IntAct. (¢) Distribution of relative abundance of diverse experimental
high-throughput and low-throughput interaction-detection methods used in IntAct MI score estimations, for
known ESIs (top) and filtered PPIs (bottom). The total number of detection instances (npy) corresponding
to the total number of interactions (ngsys) for each group is annotated. (d) Histogram showing the distribution

of the number of known ESIs per E3 ligase.
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Figure S21: Chemical space of small molecules targeting E3s. (a) Venn diagram showing the overlap
between PROTACSs from PROTAC-DB 3.0, PROTACpedia, and ChREMBL databases. (b) Number of unique
available E3 handles for each E3 protein target. (¢) Comparison of dimensionality reduction methods PCA,
t-SNE, and UMAP, used to map the chemical space from high-dimensional Morgan (circular) fingerprints
of E3 handles and E3 binders (n = 13620; p-ChEMBL > 6.0). Individual clusters (distinct colors) were
obtained by finding local density peaks (cluster centers) within corresponding low-dimensional subspaces
using (d) decision graphs. Local density peaks and corresponding cluster centers are detected with high
local density (p; > 20) and minimal distance to nearest density peak (6; > 0.1). Note that using PCA
and t-SNE subspaces, several molecules remain unassigned (n,,) to density peaks. Only UMAP achieves
optimal projection and complete assignment of density peaks, capturing chemical similarities (20 clusters).
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Figure S22: Cluster characteristics of E3-targeting compounds. Individual plots show the magnified
views along the UMAP sub-space for all 20 clusters. Each cluster is indexed from #1 to #20, by decreasing
population and represented by chemical structures (insets, unique chemical scaffolds) corresponding to
cluster centers (QO). Individual E3 binders (o) and handles (®) within each cluster are colored based on
their corresponding E3 targets and scaled by their p-ChEMBL values. Red * represents clusters with only
E3 binders (no E3 handles), useful for developing potential lead compounds for new handle design. Other
clusters often contain dense protein-specific sub-clusters proximal to known E3 handles, aiding in drug
re-purposing.
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Figure S23: Projection of E3 distances on systems-level attributes aids effective global drugging
strategy. (a) Distribution of the E3 ligome across various subcellular compartments based on primary
annotations with approved or supported evidence (n = 298 mapped from Human Protein Atlas). (b) Log-
transformed pTPM values of 462 E3 ligases across 1055 human cell lines (labeled a few for clarity). (c)
Log-transformed pTPM values of 462 E3 ligases across 57 human tissues (labeled a few for clarity). (d)
Correlation between mRNA levels and protein abundance (pTPM values from Human Protein Atlas and
PaxDb, respectively) in HeLa cells for E3 ligases (Pearson r = 0.56).(e) Expression levels (pTPM) of E3
ligases in HeLa cells indicate the most expressed and least expressed E3s for developing cell-based assays.
(f) Top 10 most ubiquitously expressed (left) and tissue-specific (right) E3 ligases in humans.
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Supplementary Tables

Table S1: Compilation of the E3 datasets. The table shows the list of 8 source datasets, their
corresponding sizes (the unique number of polypeptides with distinct UniProt IDs, as retrieved in Feb.
2023), the number of E3s with catalytic domains (see Supplementary Table 2), and a summary for
inclusion criteria.

E3 dataset Size Catalytic Summary

Li et al. (29) 601 382 Catalytic and substrate-recognition components of E3 ligase
complexes compiled from public databases, including RefSeq,
Ensembl, and UniProt.

Deshaies et al. (9) 303 299 RING and U-box E3 ligases with demonstrated E3 activity.

Han et al. (22) 186 130 E3 ligases with known specificity, extracted by text mining the
literature and public databases.

Medvar et al. (39) 373 361 RING, HECT, and U-box E3 ligases were compiled based on
the presence of catalytic domains.

Liu et al. (31) 620 335 Catalytic and non-catalytic components of E3 ligase complexes
from Lee et al. (28), Li et al. (29), and public databases. (Data
shared by Prof. Matthieu Schapira.)

Li et al. (30) 365 205 E3 ligases compiled from public databases, including E3Net,
UbiNet, ESINetwork, and UbiBrowser, while focusing on
E3-Substrate interactions.

UniProt (7) 1014 294 Extracted with text search “E3 Ubiquitin-protein Ligase” in
Feb. 2023.
BioGRID (45) 900 421 Themed Curation Project on Ubiquitin—Proteasome system.

(Data retrieved in Jan 2022)
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Table S2: Catalytic domains of E3 ligases. A comprehensive list of catalytic domains featuring in RING,
HECT, and RBR classes of E3 ligases was mapped to unique InterPro accessions and used in filtering the
catalytic components of E3s from various datasets (also see Supplementary Note 1 for completeness of
the human E3 ligome).

Type InterPro accession InterPro description

RING IPROO1878 Zinc finger, CCHC-type
IPROO1841 Zinc finger, RING-type
IPRO08913 Zinc finger, CHY-type
IPRO39515 NOT4, modified RING finger, HC subclass (C4C4-type)
I[PR003613 U-box domain
IPRO11016 Zinc finger, RING-CH-type
IPR043898 FANCL, UBC-like domain 2
IPR0O01607 Zinc finger, UBP-type
IPR0O31790 Nitric oxide synthase-interacting protein, zinc-finger
IPR0O03126 Zinc finger, UBR-type
IPR033103 E3 ubiquitin-protein ligase DZIP3, C3H2C3-type RING finger
IPR0O06845 Pex, N-terminal
IPR042981 RING finger protein 11, RING-H2 finger
IPR0O0O7810 Pep3/Vps18/deep orange
IPR038037 Polycomb group RING finger protein 6, C3HC4-type RING finger
IPR022750 Interferon regulatory factor 2-binding protein 1 & 2, Zinc finger
IPRO13087 Zinc finger C2H2-type
IPRO00571 Zinc finger, CCCH-type
IPR0O01293 Zinc finger, TRAF-type
IPR002653 Zinc finger, A20-type
IPRO13568 SEFIR domain
IPR044063 Gid-type RING finger domain
IPRO18957 Zinc finger, C3HC4 RING-type
IPR000433 Zinc finger, ZZ-type
IPR0O00315 B-box-type zinc finger
IPR0O01965 Zinc finger, PHD-type
HECT IPR0O00569 HECT domain
RBR IPR044066 TRIAD supradomain
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Table S3: Classification of the human E3 ligome. Table summarizing the classification of all 462 human
E3 ligases. The table lists all 13 E3 families (class-level assignments), unique subfamilies, representative
examples, outliers (class-level), enriched biological processes, cellular components, molecular functions,
and previous research (PMIDs).

Table S3:
Family Subfamily E.g. Outliers  Enriched Enriched Enriched Research
#) #) BP CC MF PMID
RING1 DPF-like DPF1 G2E3 Regulation of CDA40 receptor transcription 15001576,
(53) TRAF TRAF6  (HECT) NF-«B signaling, complex, coregulator 10843807,
Makorin MKRN1 K-63 linked GID complex, activity, 19536131,
I12BP-like 12BP1 ubiquitination, nBAF complex ubiquitin-ubiquitin 39418515,
Peroxins-like ~ PEX2 autophagy ligase activity, 33217981,
®)) protein 35463379,
transmembrane 30214450,
transporter activity 35768507,
22113614,
23478441
RING2 MARCH MARCH2 - Protein early endosome Ubiquitin protein 27988304,
®) (D ubiquitination, ligase activity 31063934,
polyubiquitination 27577745,
18305173,
37779139,
33653359,
38139010,
17174123,
31404274,
39037545,
31063934
RING3 RNF RN148 - regulation of Late endosome Cys-type 11246007,
(28) MEX MEX3A canonical endopeptidase 17437720,
BIRC BIRC2 NF-kappaB signal inhibitor activity in 30095198,
NEURL NEULI1 transduction apoptotic, 19590513,
MDM-like MDM2 negative regulation P53 binding, 35721509,
o) of cell cycle, ubiquitin protein 26232549,
response to ligase activity 32300648,
hypoxia, 38139010,
36647737,
9519875,
18752944,
30525597,
11106166
RING4 RBX-like RBX - ERAD pathway, PRCI complex, Cullin family 31029542,
(61) PCGF-like PCGF protein K11-linked ubiquitin ligase protein binding, 21103004,
RNF RNF183 ubiquitination, complex histone ubiquitin 18588675,
3) epigenetic ligase activity, 11742346,
regulation of gene promoter-specific 21610068,
expression chromatin binding 21115485,
32486221,
37760968,
19791798,
32486221
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Table S3: (Continued)

Family Subfamily E.g. Outliers  Enriched Enriched Enriched Research
# # BP CC MF PMID
RING5 TRIM(a) TRIM77, - Innate immune Cytoplasmic stress  Transcription 38172174,
(63) TRIM(b) TRIM75, response, granule coregulator 16498413,
RFPL-like RFPLI suppression of activity, 31120853,
3) viral release by the ubiquitin-protein 28202672,
host, ligase activity 36266348,
regulation of 18656177,
canonical NF-«B 25107902,
signal transduction 37770719,
19290053,
21979307,
29949725
RING6 BTB ZBT21, - Hemopoiesis, - DNA binding 29152378,
(RING) /POZ(+) PLALI1 negative regulation transcription 16207353,
(58) BTB of cell population repressor activity, 7958847,
/POZ(-) proliferation, methyl CpG 7938017,
2) fat cell binding, 27250345,
differentiation DNA binding 23086144,
transcription 34349770
activator activity
RING7 MARCH- RN139 RNF31 ERAD pathway, Centrosome, Actin binding, 31404274,
(28) like OTU7A  (RBR) protein ubiquitin ligase unmethylated CpG 9689122,
OTU KDM2A deubiquitination, complex binding, 16373356,
KDM UNK regulation of cell transcription 38195637,
UNKL-like MIB1 growth coregulator 20383180,
UHFR-like UHRF1 activity 38084712,
MIB 34016513,
UBE-like 31363749,
) 34007332,
26170170,
14973063,
18772891,
31481468,
18772889,
38789534,
31462741,
31015428,
39413192,
34016513,
20383180,
38084712,
23334419,
38580649,
29499138,
38172174
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Table S3: (Continued)

Family Subfamily E.g. Outliers  Enriched Enriched Enriched Research
#) # BP CC MF PMID
RING8 TRIM TRIM9 - Suppression of - Transcription 8548820,
(18) +SPRY TRIM45 viral release by the coregulator 24333484,
TRIM host, activity, 31120853,
—-SPRY innate immune ubiquitin-protein 36266348,
2) response, ligase activity, 28202672,
positive regulation protein 16498413,
of autophagy homodimerization = 27367845,
activity 25281747
RING9 Deltex DTX1 - Protein K6-linked PML body, Histone ubiquitin 30295974,
(69) LNX-like LNX1 ubiquitination, site of DNA ligase activity, 33333989,
LON LONF1 response to damage, chromatin binding, 11782429,
peptidase RNF37 ionizing radiation,  ER quality control =~ SH3 domain 22889411,
Other RING endosomal vesicle ~ compartment binding 30540932,
@ fusion 24130170,
28129444,
16905136,
9590294,
36197986,
32937373,
39048679,
9204764
RING10NSD-like NSD1 - epigenetic nuclear speck, transcription 12372294,
3D UBR-like UBRI1 regulation of gene  histone coregulator 12826405,
2) expression, acetyltransferase activity, 12372303,
protein complex, histone binding, 35532818,
polyubiquitination, PML body chromatin binding 37578463,
protein acetylation 39394462,
34722520,
30397230,
29932909,
34789879,
27328812,
39112459,
16311597
HECT1 NEDD4-like = HERC6 - Regulation of Ubiquitin ligase Ubiquitin protein 23545411,
(20) HERC NEDD4 dendrite complex ligase activity 19436320,
Other HECT UBE3A morphogenesis, 7846762,
3) regulation of cell 35409239,
growth, 29858610,
protein K-63 linked 21947926,
ubiquitination 33483704,
35409239,
36918822,
31001145

S29

Continued on next page



Table S3: (Continued)

Family Subfamily E.g. Outliers  Enriched Enriched Enriched Research
#) # BP CC MF PMID

HECT2 HECT HERC1 CUL9 Epigenetic - Ubiquitin protein 24722987,
13) KMT2-like RN231 (RBR),  regulation gene ligase activity, 20631078,
2) KMT2D, expression, guanyl-nucleotide 33869064,
KMT2C, protein exchange factor 28193319,
MYC2B, polyubiquitination, activity 32336296,
RN213, protein branched 38318939,
UBR4 polyubiquitination 38453563,
(5 RING) 16055722,
39908143,
38182926,
16498413,
30069656,

24793696
RBR RBR HHARI - Protein K6 linked Ubiquitin ligase Ubiquitin 24576094,
(12) Q) PRKN ubiquitination, complex conjugating 35716664,
protein enzyme binding, 36631489,
polyubiquitination, ubiquitin-like 22420831,
protein protein binding, 29735995,
ubiquitination transcription 32442483,

coregulator 38605244

activity
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Table S4: Literature evidence validating functional segregation of E3 families. Table summarizing the
literature evidence (explicit PMIDs) connecting enriched functional terms (GO predictions) with individual
E3 ligases from Fig. 4f-h.

Table S4:
Function Enriched E3 ligases PMID
K6-linked RBR: RNF144A, RNF14, PRKN 23626584, 25621951, 27863242,
ubiquitination RINGY9: BARDI1, RNF6, RNF8, RNF25 37951215, 37951216, 37955227
Innate immune RINGS: TRIM7, TRIM6, TRIM65, TRIM?25, 14703513, 17392790, 18984593,
response (antiviral) TRIM31, RNF135 28031478, 27992402, 28469175,
31006531, 35263596, 35893676,
9891032
Starvation response  RING1: PHF23, TRAF6, SQSTM1, PEX2 10362357, 11739384, 11877430,
(EBSS) RING4: RNF41, RNF185, RNF166, NHLRCI 15258597, 17229889, 17580304,
RINGS5: TRIM13, TRIM21, TRIM27, TRIM22, 19363159, 19424180, 19816510,
TRIM65, MEFV 20168092, 20392859, 20452972,
RINGS: MID2, TRIM32, TRIM23 20534812, 20622874, 21097510,
RINGY: DTX3L, CBL, CBLB, CBLC, CBLLI, 21148287, 22622177, 23167963,
RNF220, MGRNI1, DCST1, LRSAMI1, RUFY1, 23486064, 23827681, 24554770,
VPS11, VPS41 24790097, 25178484, 25783203,
RING10: BRCA1, EP300, UBR1, UBR2, UBR3 27498865, 28489822, 31092635,
35670107
DNA damage RING1: ZFANDG6, DPF1, DPF2, DPF3, ING4, 8702718, 9346484, 9427755, 11053425,
response (CPT) TRAF2, TRAF3, TRAF4, TRAF5, TRAF6, TRAF7, 11460167, 11751921, 12296995,
ZMYNDI1, ZSWIM2, TRAF3IP2, PRPF19, STUBI, 12748188, 12761501, 12857745,
SQSTM1 15001576, 15121867, 16314844,
RING3: RNF167, ZNRF4, BIRC2, BIRC3, XIAP, 16378096, 17016439, 17135271,
MDM2, MUL1 18001824, 18001825, 18079694,
RING4: BMI1, RNF2, PCGF3, PCGF5 18223652, 18287044, 19160485,
RINGS5: TRIMS, TRIM34, TRIM15, TRIM62, 19203578, 19203579, 19500350,
TRIM39, TRIM22, TRIM 14, TRIM38, TRIM?26, 19667203, 19805145, 19818714,
TRIM21, TRIM25, TRIM27, TRIM13, TRIM59, 20173098, 20550933, 20651737,
TRIM31, TRIM52, TRIM40 21512573, 21810480, 22607974,
RING®6: KLF4, BCL6, ZBTB16, ZBTB17, ZBTB49, 22705371, 22980979, 23077300,
ZBTB7B, ZBTB7C 23760478, 23806334, 24413532,

RING7: RNF139, MARCHF7, TNFAIP3, OTUD7B, 24623306, 25245946, 26474068,
KDM?2B, RC3H1, UHRF1, UHRF2, MIB2, HDACG, 26711499, 27462463, 27667714,

RNF31 27746020, 27777308, 28073078,
RINGY: BARD1, RLIM, RNF168, TRAIP, TRIMS, 28575657, 28575658, 32094113,
RFWD3, COPI1, DTX3L, MSL2, RAD18, CHFR, 33321094, 33864376

RNF8, RNF25, RNF220, CBL, TRIM37, RAG1
RING10: BRCA1, EP300, UBR2, CREBBP
HECT2: TRIP12, UBRS5, KMT2D
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Table S5: Plausible modes of action for the E3 families. List of E3 ligases predicted to operate as part
of a complex (based on mapped interactions, Fig. 5d-e), in standalone mode (37), or unclassified (not

mapped).
Table S5:
Family Complex E3s Standalone E3s (*) Unclassified E3s
TRAFS5, TRAF2, NOSIP, ZSWM2, MKRN2, PEX2, I2BPL, PEX12, RABXS, 12BP2, DPFI1,
RING1 MKRN3, MKRNI1, CNOT4, TRAF7, PEX10, G2E3, FANCL, KCMF1, ZFAN3, ZFANG,

SQSTM, FBX11,
TRI42, FBX30,
TRI44, RMD5B,
TRAF4, RMDS5A,

WSDUI, UBR7, TRI29, TRAF3, PHF7

PF21A, ZFANS, I17RB, CIKS,
MAEA, ZMY11, ING4, ZN511,
MKRN4, DPF3, TF2H2, REQU,
PHF23, I2BP1

CHIP, TRAF®6,
PPIL2, PRP19,
FBX40
RING2 - MARHI, MARHS, MARH8, MARHB, MARH?2, -
MARHY9, MARH4, MARH3
RING3 MDM2, MYLIP RN150, ZNRF4, RNF13, BIRC8, RN148, RN128, NEUIB
MULI1, RNF26, NEUL1, CGRF1, MEX3C, RFFL,
RN167, BIRC3, BIRC2, RN149, NEUL3, MEX3B,
XIAP, GOLI, MDM4, RN133, MEX3D, RNF34,
MEX3A
RING4 RBXI, RNF4, RN125, RNF38, RN208, RN151, RN181, RN183, RNFT?2, RN224, RN222,

RING1, ZN363,
RING2, PCGF1,
RNF32, RNF41,
CIP1, APCl11,
RBX2, RNF11,
R113A

PCGF3, RN212, RN138, RN141, RN121, RN187,
RNF24, RN122, RNFT1, BIRC7, NSE1, PCGF2,
RN182, R113B, RN152, RN215, RNF5, RN170,
MAT1, SIAH1, RN126, ZNRF1, RN185, PCGF6,
RN175,RN114, RN115, NHLC1, BMI1, RN166,
ZNRF2, PCGF5, SIAH2, RN186, RN146, RN165,
RNF44

RN223, RN225

RINGS

RFPLA, TRI27,
RO52, TRI6O,
TRIS0, TRI63,
TRI54, TRIM7

TRI41, RNF39, TRI60, TRI61, TRI13, TRI17, TRI3S,
TRIML, TRI49, TR49B, MEFV, TRI22, TRI64,
RFPLB, TRI25, TRI14, TRI34, TRIS5S5, TR49D, TRI77,
TRI31, TRIS8, TRI1S, TRIM6, TRIMS, TRIM4, TRI51,
TRI11, TRI10, RN135, TRI48, TRI47, TRI38, TRI62,
TRI16, TRI43, TRI40, TRIS9, TRI6S, TRI73, TRI74,
TRI26, TRI68, RFPL1, TRI39, TRI72, TRI52, RFPL3

TRI75, TR64B, TR49C, TR64C,
RFALI, TR43B, TRIMM

RING6

ZBT42, ZBT24,
7ZBT25, BCL6,

ZN131, ZBTB6,
ZBT49, KAISO,
ZBT34, ZBT44,
ZBTB9Y, ZN341,
ZBTB4, ZBT17

ZBT10, ZFP91, GZF1, ZBT39,
ZXDC, PLAG1, ZBT40,
7ZBT22,ZBTTA, KLF4,
ZBT7B, ZBT14,ZBT21,
ZBT43,7ZBTB1, ZBT16,
ZBT45, ZBT47, PLALI,
ZBTBS, ZBT7C, ZBTB2, HIC2,
ZBT26, ZBT8A, Z280A,
BCL6B, EGR2, MYNN,
7ZBT12, E4F1, ZBT37, ZBTB3,
HIC1, ZBT32, ZBT8B, ZBT46,
7ZBT38,7ZBT20, ZBT11, TZAP,
7ZBT41,7ZBT18, PATZ1
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Table S5: (Continued)

Family

Complex E3s

Standalone E3s (*)

Unclassified E3s

RING7

FXL19, KDM2B,
OTUT7A, RN139,

MARHS6, UNK, RC3H1, UBE4A, RC3H2, MIB1,
LTN1, MIB2, MARH7, RNF31, RN145, MARHA,

HDAC6, UBP33, OTU7B,
JADEI1, TNAP3, JADE2

UHRF2, UNKL, UHRF1, UBE4B, VPS18
KDM2A

RING8 TRI1S8, TRIM3, RN207, TRI46, TRI67, TIF1B, TRI45, TIF1A, TRI33,  LIN41
PML, TRI23, TRI56

TRI32, TRIMO,
TRIM2, TRI36,
TRIM1

RING9

TRI37, LONF1,
COPI, LNX1,
RNF25

VPS41, RNF12, DTX3, RAPSN, RNF10, CBLL2,

BRAP, CBLB, RN157, BARDI, PJA2, RN169, SH3R1,

CHFR, RN214, BRE1A, CBL, RN180, RNF43,
LONF3, DTX3L, AMFR, SYVNI, RAG1, RN123,
DCST1, DTX2, OBI1, RN168, BRE1B, ZNRF3,
PZRN3, MSL2, RAD18, TOPRS, RNF6, CBLC,
RN220, PJIA1, SH3R2, VPS11, TRAIP, PZRN4,
ZN598, RNFS, DTX4, TRIMS, DTX1, LRSM1,
MGRNI1, LNX2, LONF2, RNF37, RN112, RSPRY,
RFWD3, RN111, RN103, BFAR, HAKAI

RUFY1, NFX1, NFXL1, SH3R3

RING10 EP300, M3K1,

RBBP6, UBR2, SHPRH, RNF17, PHRF1, TTC3,

CHDS5, SCAFB, CHD3,

DZIP3 VPSS, UBR3, HLTF, UBR1, BRCAI KAT6A, NSD2, MECOM,
BAZI1A, ZN451, ZFHX3,
NSD1, BAZ1B, NSD3, ZN521,
CHD4, ZEP3, RLF, CBP

HECT1 WWP2, NEDD4, HERC3, HECD2, UBE3C, HERC4, HERC6, UBE3B, -

UBE3A, HECW1, HECD3, HACE1, HERCS, ARELI

ITCH, NED4L,

WWP1, SMUF2,

SMUF1, HECW2

HECT2 - HECD4, UBRS, HECD1, HERC1, MYCB?2, TRIPC, KMT2D, CUL9, KMT2C
RN213, HUWEI1, UBR4, HERC2
RBR PRKN, ARI2, R144B, RN216, RNF14, R144A, HOIL1, AKIBI, -
ARI1 RNI19A, RN217, RN19B
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Table S6: Substrate specificity of E3 families. Summary of the mapped ESI network for each E3 ligase
family and their decomposition into aggregated E3-specific, family-specific, and promiscuous ESIs. The
number of unique E3 ligases and substrate proteins for each category is also mentioned.

E3 Total # E3-specific ESIs Family-specific ESIs Promiscuous ESIs
family  of ESI # ESI (# E3—# Sub.)  #ESI (# E3—#Sub.)  # ESI (# E3—# Sub.)
RING1 6696 191 (30—191) 50 (13—19) 6455 (53—3055)
RING2 12894 73 (6—73) 2548 (8—554) 10273 (8—2018)
RING3 5913 312 (12—312) 51 (5—25) 5550 (26—3273)
RING4 8373 215 (32—215) 73 (24—34) 8085 (55—3485)
RINGS 4170 115 (25—115) 55 (15—=21) 4000 (54—1366)
RING6 2940 23 (7—23) 26 (8—7) 2891 (49—1252)
RING7 5905 109 (17—109) 18 (6—9) 5778 (26—2920)
RINGS 5158 86 (11—86) 45 (10—20) 5027 (18—2746)
RINGY9 15324 296 (29—296) 160 (25—66) 14868 (64—4721)
RING10 2515 31 (9—31) 8 (6—4) 2476 (28—1476)
HECT1 18409 270 (9—270) 1949 (11—433) 16190 (20—3273)
HECT2 2107 18 (8—18) 2 (2—1) 2087 (13—1301)
RBR 7162 101 (7—101) 208 (7—65) 6853 (12—3482)
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Table S7: Druggability of the E3 ligome. Mapping of E3 handles (extracted from PROTACs) and E3
binders (ChEMBL) for each ligase family, adaptors, receptors, or scaffold proteins. E3-specific, family-
specific, and promiscuous compounds are annotated with the target names and the respective number of

compounds.
Table S7:
E3 Total E3-spec. Family- Promis. Total E3-spec. Family- Promis.
Family handles handles spec. handles binders binders spec. binders
handles binders
RINGI - - - - 7 - - 7
[SQSTM
(Nl
RING2 - - - - - - - -
RING3 29 19 8 [BIRC2 2 [BIRC2 4019 3475 519 25
[BIRC2 @, 2), [BIRC2 [BIRC2 [BIRC2
), BIRC3 BIRC3 (119), (375), (11),
MDM?2 (2), (2), XIAP BIRC3 BIRC3 BIRC3
(6), XIAP  MDM2 ) (10), 95), a7,
6)] ), MDM2 BIRCS MDM2
MDM4 (2697), 6), (7), XIAP
(1), XIAP MDM4 MDM?2 (8)]
(0)] (18), (128),
XIAP MDM4
(631)] (128),
XIAP
(380)]
RING4 5 3 [RN114 - 2 [BIRC7 320 299 - 21
(2), RNF4 2)] [BMI1 [BIRC7
(D] (25), (1),
MAT1 MAT1
(271), (10)]
RN114
©)
RINGS - - - - - - - -
RING6 - - - - 161 161 - -
[BCL6
(161)]
RING7 - - - - 4857 4838 2 17
[HDAC6 [KDM2A [HDAC6
4727), 2), (16),
KDM2A KDM2B RNF31
2D, )] (D]
KDM2B
90)]
RINGS - - - - 48 31 [TIF1IA 14 [TIF1A 3 [TIFIA
(29), (14), ©)]
TRI33 TRI33
)] (14)]
RING9 - - - - 325 325 - -
[CBLB
(325)]
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Table S7: (Continued)

E3 Total E3-spec. Family- Promis. Total E3-spec. Family- Promis.
Family handles handles spec. handles binders binders spec. binders
handles binders
RING10 2 2 [UBR1 - - 717 567 140 [CBP 10 [CBP
@) [BAZIA (140), (2), CHD4
(1), EP300 (1),
BRCA1 (140)] EP300
(10), CBP (2), M3K1
(209), (0)]
EP300
(108),
KAT6A
(182),
M3K1 (6),
NSD2
(48),
NSD3 (3)]
HECT1 - - - - 80 75 5 [SMUF1 -
[NEDD4 (5),
2), SMUF2
SMUF1 5)]
(73)]
HECT2 - - - - - - - -
RBR - - - - 1 - - 1 [HOIL1
(D]
Adaptor 62 55[CRBN 6 [CRBN 1 [KEAPI 3006 2583 159 264
(24), (3), DDB1 (D] [CRBN [CRBN [CRBN
DCAL15 (3), ELOC (59), (31), (3),
(1), (3), VHL IRAK4 DDBI1 IRAK4
KEAPI1 3)] (1690), 3D, (73),
(2), KCD11 ELOC KEAP1
KLH20 D), (20), (185),
(1), VHL KCDI12 IRAK4 VHL (3)]
(271 (23), (1),
KCNA1 KCNA1
(1), (57,
KCNA3 KCNA2
(196), (1,
KCNAS KCNA3
(410), (107),
KCNBI1 KCNA4
), ),
KCNB2 KCNAS
(1, (53),
KEAP1 KCNAG6
(158), (1,
VHL (42)] KCNA7
(1), VHL
(2D]
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Table S7: (Continued)

E3 Total E3-spec. Family- Promis. Total E3-spec. Family- Promis.
Family handles handles spec. handles binders binders spec. binders
handles binders
Receptor - - - - 8 8 [SKP2 - -
(%),
SPSB2
©)
Scaffold - - - - 9 9 [CUL4A - -
91

S37



Supplementary Notes

Note 1: Completeness of the human E3 ligome

To tackle the challenges of data curation, our criterion for inclusion of proteins into the catalytic E3 ligome dataset (n = 462) is
objective and considers InterPro domain annotations (Supplementary Table 2) in addition to providing confidence scores based
on their presence or absence in various previously cataloged datasets. This exercise showed us that the overlap with previous
datasets is poor, and the majority of the proteins from the unified dataset (n = 986) were initially excluded from the catalytic
complement of the E3 ligome. Several of these proteins were re-annotated and are categorized into non-catalytic components of
the E3 ligome. They constitute E2 proteins (n = 33), scaffolds (n = 8), adaptors (n = 151) and receptors (n = 106) which form
multi-subunit E3 ligase complexes. Despite this segregation based auxiliary functions, several proteins remain either unclassified
(n = 514) or with no domain annotations (n = 174). Predominantly, these proteins have low-confidence scores and arise from
error-prone text-based searches from UniProt and BioGRID entries (Supplementary Table 1). Despite having explicit catalytic
domains, several E3s have now been identified as pseudoligases lacking crucial catalytic residues. Few E3s remain untested for
explicit catalytic activity or have no information on catalytic functions, while others display minimal activity (currently part of
the E3 ligome). The identification and characterization of new E3s and testing their catalytic activity remains an active area of
research. A careful analysis of our E3 ligome has enabled us to identify both errors of omission (5 genuine E3s missed) and
commission (6 false positives included), discussed below.

Errors of omission

True negatives: Genuine E3s, which could have been missed in the catalytic complement of our E3 ligome, are few. The
protein RNF212B, displaying apparent similarity to the RNF sub-family (RING4), is excluded, as there is neither an InterPro
domain annotation nor functional characterization to date. Similarly, UBE3D, containing a HECT-like domain sequence, might
be mediating both ubiquitination and de-ubiquitination (40). Further, PELI1, PELI2, and PELI3 proteins constitute possible
omissions in our E3 dataset due to their uncommon C-terminal pellino RING domain (missed in our catalytic domain list).

Errors of commission

False positives: Transcription factors and nucleic acid-binding proteins often get misclassified as E3 ligases owing to their
Zn finger domains. For example, CHD3, CHD4, CHDS, and BAZ1A, BAZI1B are chromodomain helicase-DNA-binding and
bromodomain-containing transcription factors, respectively, that contain PHD-type zinc finger domains misclassified as E3s
(low-confidence). ZNF451 is a SUMO E3 ligase with a zinc finger RING-type domain (misclassified, low confidence score).

Pseudo-E3 ligases

SQSTM1 (RING1) has a zinc finger ZZ-type domain, which is commonly found in authentic E3s, but lacks the conserved residues
essential for catalytic function (3). It interacts with E2 enzymes UBE2D2/3 and undergoes E2-mediated self-ubiquitination and
plays aregulatory role in autophagy pathways (47). More recently, a few TRIM proteins characterized by the absence of canonical
ubiquitin E3 ligase activity (/3). This functional deficiency results from structural alterations within the RING domain that affect
critical regions involved in either homodimerization or E2 ubiquitin-conjugating enzyme interactions. Current evidence suggests
that these pseudoligases may function as regulatory modulators by forming heteromeric complexes with catalytically active E3
ligases, thereby influencing the enzymatic activity of their functional counterparts. Representative members of this pseudoligase
group include TRIM6, TRIM15, TRIM22, and TRIMS51 (RINGS). Similarly, RNF11 (RING4 family), which contains the RING
finger H2 domain, modulates other E3 ligases, including SMURF2 and ITCH, and functions as a pseudo-E3 ligase (38).

E3s with untested E3 activity or no information

RFPL1 and RFPL4A/B (RINGS) lack direct evidence for E3 ligase activity, suggesting they may represent functionally inactive
variants. MNAT1 (RING4 family) contains a C3HC4-type zinc finger domain and serves as a subunit of the cyclin-dependent
kinase-activating kinase (CAK) complex. However, its inherent ligase activity function remains understudied. Similarly, ZBTB
proteins (RING6 family) contain BTB and zinc finger domains and function primarily as transcriptional regulators. Although
they are known to form CUL3-based E3 complexes, the direct enzymatic activity remains unclear, with the exceptions of E4F1
and ZFP91 (24, 27). Similarly, NSD1, NSD2, and NSD3 are known for histone methyltransferase activity involved in chromatin
epigenetic gene regulation, but possess SET domains and zinc finger PHD-type domains (low-confidence).
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E3s with minimal ligase activity

MDM4 has been suggested to form heteromeric complexes with MDM2, but itself lacks catalytic activity despite the presence of
a RING domain (42). E3 ligases VPS11 and VPS41 (RING9), along with VPS8 (RING10), which contain RING domains, likely
exhibit reduced ubiquitination activity compared to the E3 ligases VPS18 and VPS11 (57). Additionally, other functionally
distinct proteins, TNFAIP3, OTUD7A, and OTUD7B (RING?7), demonstrate dual roles in ubiquitination and deubiquitination.
Their catalytic competence for E3 ligase activity is ultimately determined by active site residues in the A20-type RING
domain (26). CREBBP and EP300 (RING10) are acetyltransferases with zinc finger ZZ-type domains, associated with E3 ligase
function in yeast (53), and remain understudied in humans.

Other E3 components

Proteins such as DCAF1, Kelch-type beta propeller domain-containing proteins: KLHDC1, KLHDC2, KLHDC3, KLHDC10
proteins, and FBOX proteins: FBX021, FBX043, and FBXO32, which likely function as substrate recognition modules in CRLs,
have been included in the non-catalytic E3 receptor family (/2, 50, 60) after careful analysis (Fig. 1b, Supplementary Figure
1f). Furthermore, many of the unclassified proteins are related to the ubiquitination system—such as members of the MAGE,
NEDDS, and SIAH3 families—which are known to associate with E3s, but they neither have an explicit catalytic domain, nor
have well-characterized auxiliary roles as adaptor, receptor, and scaffold proteins to data to be classified under the E3 ligome.
Until such validation is available, these proteins remain conservatively grouped outside the E3 ligome.

Note 2: Canonical and atypical ubiquitination mechanisms.

Our classification of the E3 ligome broadly reflects well-established catalytic mechanisms—RING, HECT, and RBR (Sup-
plementary Figure 4c). The canonical ubiquitination mechanism leads to the formation of an iso-peptide bond (Schiff’s base)
between the terminal glycine moiety of ubiquitin and the side-chain lysine of the substrate proteins. RING class of E3s function
primarily as scaffolds; they facilitate direct transfer of ubiquitin from the E2 without forming a covalent intermediate, in a
conformation that enables efficient ubiquitin transfer. In contrast, HECT E3s carry out a two-step reaction. Ubiquitin is first
transferred from the E2 to a catalytic cysteine on the E3, forming a transient thioester intermediate, and then it is transferred from
the E3 to the substrate. RBR E3 ligases use a hybrid mechanism. They have two RING domains. RING1 binds the E2 ubiquitin,
while RING2 contains a catalytic cysteine that accepts ubiquitin from the E2 via a thioester bond, similar to HECT ligases,
before transferring it to the substrate.

Further, our classification also includes non-canonical or atypical E3 ligases. Often, these E3s have classical E3-domains
(Supplementary Table S2), grouping them along with the three main classes. For instance, the U-box E3 ligases, such as CHIP
(STUBI), are structurally similar to RING-type ligases (see RING1 family; Supplementary Figure 5), but lack zinc-chelating
residues, and therefore, rely on hydrogen bonds and salt bridges for their structural integrity and function (43). MYCBP2/PHR1
(see heterogeneous HECT2* family; Supplementary Figure 16) employs the RING-Cys-Relay (RCR) mechanism and catalyzes
O-linked ubiquitination of serine or threonine residues of substrates (10, 35). Similarly, LUBAC (linear ubiquitin chain assembly
complex), which includes the catalytic HOIL-1 (RBR family, see Supplementary Figure 17), synthesizes M1-linked linear
ubiquitin chains via unique domain interactions (/7). Another exceptional case is RNF213 (HECT2* family, see Supplementary
Figure 16), which ubiquitinates lipid A, a component of bacterial membranes. This process is initiated by attaching a ubiquitin
molecule to a hydroxyl group, creating a platform for LUBAC-mediated extension with M 1-linked chains (/0). Further, ARIH1,
despite containing the TRIAD supradomain (RBR family, Supplementary Figure 17), uses a trans-thiolation mechanism via a
catalytic cysteine, a HECT-like mechanism, making it a hybrid E3 (4, 48).

Atypical E3s often (1) form ester bonds (O-linked, or S-linked ubiquitination), targeting non-lysine residues on substrates
(e.g., serine, threonine, or cysteine residues). (2) target non-proteinaceous substrates or (3) mediate unique chemical linkages such
as phosphoribosylation or (4) display hybrid characteristics. Although such enzymes are not yet widely studied in humans, they
exemplify the catalytic flexibility that may exist within the human E3 ligome but remain uncharacterized to date. Furthermore,
non-canonical mechanisms are common to host-pathogen systems (/, 10). E.g., bacterial (Legionella SidE family) or viral
(Herpesvirus MIR1/MIR2) effector proteins mimic human E3s to hijack the ubiquitin machinery, subverting host responses.
The presence of atypical E3s within our curated E3 ligome demonstrates the adaptability of our inclusion criteria. The fact that
most of these atypical E3s are in the HECT2* heterogeneous family indicates the robustness of our objective metric learning
function in capturing alterations in E3 mechanisms (7, 57).

Further, there are other well-characterized ubiquitin-like modifier systems in humans (e.g., SUMO, NEDDS, ISG15, FAT10,
UFM1, URMI1, ATG8/ATG12, etc), each with distinct biological functions (6). They mimic the ub-cascade, but often regulate
non-proteolytic functions, like sub-cellular localization, protein stability, activity, or interaction of target proteins and other
molecules. Although dedicated E3s exist for each of these, only a few, such as SUMO E3s, NEDDS8 cascade, and autophagy-
related ATG5-ATG12 systems, have been well characterized (6). The existence of these distinct E3s indicates shared origins
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and subsequent diversification/specialization in multiple lineages from bacteria to humans.

Note 3: RING1 family (DPF-like, TRAF, Makorin, I2BP-like, Peroxins-like)

The RING1 family (Supplementary Figure 5) encompasses 53 RING E3 ligases characterized by one or more catalytic Zinc-
finger (Zn-finger) domains, including RING-type (IPR001841), PHD-type (IPR001965), or TRAF-type (IPR001293) domains
(Supplementary Figure 5b). This family is organized into five distinct subfamilies (Supplementary Figure 5a). The first subfamily
comprises six TNF receptor-associated E3s (TRAFs) that share a unique domain architecture consisting of TRAF-type Zn-
finger domains followed by MATH domains. These TRAF ligases are functionally associated with MAPK and JNK signaling
pathways, innate immunity, and apoptosis. The second subfamily consists of four Makorin proteins (MKRN1-4), which are
putative ribonucleoproteins characterized by a conserved RING-type Zn-finger domain. The remaining three subfamilies,
containing diverse E3s with varied domain architectures, are named after their well-known members. The family-level multiple-
sequence alignment reveals significant heterogeneity within the DPF-like, I2BP-like, and Peroxin-like subfamilies, as evidenced
by numerous gaps (Supplementary Figure S5c). The DPF-like subfamily includes proteins characterized by the DPF domain
(double PHD finger proteins, DPF1, DPF3) and members containing tandem repeats of AN20-type and AN1-type Zn-finger
domains (ZFAN3, ZFANS, ZFANG). The I2BP-like subfamily encompasses proteins from the interferon regulatory factor 2
binding protein (I2BP) family, F-box proteins (FBX30, FBX40, FBX11), and tripartite motif (TRIM) proteins (TRI44 and
TRI29), along with UBR7, ZSWM2, RABXS, and the outlier G2E3. Despite its characteristic C-terminal HECT domain,
G2E3’s presence in this subfamily is explained by its preserved N-terminal domains: an ePHD domain (IPR042012), Ring-
type Zn-finger domain, and PHD-PHF7-G2-H3-like (IPR042012) domain, which are also found in the RING E3 ligase PHF7.
The Peroxins-like subfamily exhibits diverse domain architectures. Three E3s (PEX2, PEX10, PEX12) with well-preserved
Peroxin N-terminal domains are involved in peroxisomal protein import. RMDS5A, RMDS5B, and MAEA proteins form a distinct
subgroup characterized by GID-type Zn-finger and LIS1 homology motifs. The remaining members include the nitric oxide
synthase-interacting protein (NOSIP), Cys2His2 Zn-finger proteins (CHIP), and other E3s (CIKS, 117RB, FANCL) containing
various Zn-finger domain types (C3HC4-, C2H2-, and RING-type) (Supplementary Figure 5b). The RING1 family demonstrates
significant functional segregation (Fig. 4, Supplementary Figure 18), with enrichment in specific biological processes, including
regulation of canonical NF-«B signal transduction, K63-linked ubiquitination, and autophagy. At the cellular component level,
the family shows enrichment in various complexes, including the CD40 receptor complex, GID complex, and nBAF complex.
The family is also associated with molecular functions such as thioesterase binding, ubiquitin-ubiquitin ligase activity, kinase
binding, and protein transmembrane transporter activity. The PDB contains approximately 168 structures covering 27 of the 53
RINGI proteins. Within this family, sixteen E3s function as complex E3s, including FBX11, FBX30, and FBX40, which are
known to be part of E3 complexes that ubiquitinate BCL6, DTL, and other substrates. Seventeen ligases operate as standalone
E3 ligases, and the remaining E3s are currently unclassified (Supplementary Table 5). Analysis of the ESI network for this
family revealed 191 unique E3-specific substrates and 19 family-specific substrates (Supplementary Table 6). We identified
seven small-molecule binders for the ZZ-type Zn-finger-containing protein, SQSTM (p63) (Fig. 6a), with the potential for the
rational design of E3 handles and PROTACsSs. These molecules could also target other co-clustered E3 within the RING1 family,
such as KCMF1.

Note 4: RING2 family (MARCH)

The RING2 family comprises eight membrane-associated RING-CH-type Zn-finger E3 ligases (Supplementary Figure 6).
Members of this family are characterized by a catalytic Zn-finger RING-CH type domain (IPR011016) (Supplementary Figure
6a). The RING-CH domain exhibits a distinctive structure compared to the classical RING finger, featuring cysteine and
histidine residues at the fourth and fifth zinc-coordinating positions. This RING family is homogeneous and organized into a
single subfamily. All the members share a typical structural organization, featuring an N-terminal cytosolic catalytic RING-CH
type domain followed by a transmembrane (TM) region containing two TM helices (Supplementary Figure 6b), except for
MARCH 5 (contains 4 TM helices). The MSA for this family reveals conservation of both the N-terminal RING domain and TM
regions (Supplementary Figure 6¢). The longer MARCH E3 ligases (> 700 residues; MARH6, MARH7, MARCH 10) co-cluster
with the RING7 family and form a separate subgroup. As integral membrane proteins, these ligases are predominantly localized
to endosomes, lysosomes, and the plasma membrane (Fig. 4, Supplementary Figure 18), where they regulate membrane protein
ubiquitination and degradation. MARHI1 regulates insulin receptor signaling and mediates lysosome-dependent degradation of
MHC class II molecules. The PDB resource provides one structure covering 1 out of 8 RING2 proteins. RING2 family members
also predominantly function as standalone E3 ligases (Supplementary Table 5). Analysis of the ESI network for this family
revealed 73 unique E3-specific substrates and 554 family-specific substrates (Supplementary Table 6). No small molecules or
E3 binders are found to target the MARCH family.
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Note 5: RING3 family (RNF, MEX, BIRC, NEURL, MDM-like)

The RING3 family comprises 28 RING ligases organized into five distinct subfamilies (Supplementary Figure 7). This family
is characterized by a prominent C-terminal Zn-finger RING-type catalytic domain. The multiple sequence alignment (MSA)
of the RING3 family demonstrates the conservation of the RING domain across all E3 ligases in this family (Figs. S7b, S7c).
The first subfamily consists of nine Ring finger (RNF) ligases that contain the protease-associated (PA) domain (IPR003137),
forming a characteristic lid-like structure involved in protein-protein interactions. The four MEX ligases cluster into a separate
subfamily, distinguished by the presence of an N-terminal RNA-binding K-homology domain (IPR004087). The third subfamily
encompasses four BIRC ligases that contain the baculoviral IAP repeat (BIR) domain. A notable exception among the BIRC
proteins is BIRC7, which lacks the BIR1/2 domain and co-clusters with the RING4 family. XIAP (BIRC4) plays a crucial
regulatory role in programmed cell death within this subfamily. Another smaller subfamily contains Neuralized-like (NEURL)
ligases featuring the Neuralized homology repeat (NHR) domain (IPR006573), which facilitates development in the central
and peripheral nervous systems. The last subfamily includes the oncoprotein MDM?2 and its homologs (MDM4), along with
other proteins possessing a C-terminal RING-type domain (RFFL, RNF34, MUL1, MYLIP, RNF26, and CGRF). The RING3
family demonstrates significant functional segregation (Fig. 4, Supplementary Figure 18). It is strongly associated with signal
transduction, negative regulation of the cell cycle, response to hypoxia, and regulation of canonical NF-«B signal transduction.
RINGS3 proteins are primarily associated with the late endosome at the cellular component level. They are enriched in molecular
functions such as Cys-type endopeptidase inhibitor activity in the apoptotic process, p53 binding, and ubiquitin ligase activity.
The PDB contains approximately 291 structures covering 14 out of 28 RING3 proteins. Most proteins in the RING3 family are
likely to function as standalone E3 ligases, while only two proteins are presumed to operate as part of a complex (Supplementary
Table 5). Analysis of the ESI network for this family revealed 312 unique E3-specific substrates and 25 family-specific substrates
(Supplementary Table 6). MDM2, MDM4, XIAP, BIRC2, BIRC3, and BIRCS8 extensively targeted by PROTACS and existing
E3 binders (Supplementary Figure 21a). The MDM?2 binding compounds occupy a large chemical space. Several E3 handles
developed are cross-reactive and interact with other family members, indicating similarities in their binding sites.

Note 6: RING4 family (RBX-like, PCGF-like, RNF)

The RING4 family consists of 61 proteins, with more than 50% classified as RING finger proteins (RNF) containing the Zn-finger,
RING-type catalytic domain. A notable feature of this family is the clustering of ligases based on the position of their catalytic
domains, with those containing C-terminal and N-terminal catalytic domains forming distinct subfamilies (Supplementary
Figure 8a). This clustering pattern reflects sequence-level similarity. In total, three subfamilies were identified within this
family. The first subfamily comprises small E3 ligases, including RBX proteins (CRLs) and RNF ligases. The second subfamily
consists of eight ligases, corresponding to the Polycomb group (PcG) protein family (PCGF). The “PCGF-like” subfamily is
characterized by the presence of a C-terminal RAWUL domain (IPR032443), which mediates interactions with Cbx members
of the PRC1 (Polycomb Repression Complex 1) and facilitates homodimer formation. The third subfamily contains 47 RNF
ligases with diverse domain architectures, including C2ZHC-type RNF Zn-finger domains, drought-induced 19 protein-type zinc-
binding domains, and Zn-finger SIAH-type profiles (IPRO13010), and it shows further internal subdivisions. The C-terminal
region of SIAH ligases is thought to function as a substrate-and-cofactor-interaction domain (substrate-binding domain, or
SBD), facilitating interactions with various proteins. Twelve RNF proteins containing HC/C3H2C3-type RING domains form a
distinct subgroup within this subfamily. Some proteins (RN182, RN183, RN186, RN152) also contain transmembrane domains.
The remaining RNF proteins are further categorized based on the location of their RING domains: the N-terminal RING
domain is observed in MAT1, RN146, and RN212, while the C-terminal RING domain is present in BIRC7, RN41, and
RN126. Additionally, proteins such as RN175, RN121, and RNFTs contain transmembrane domains, likely contributing to
their localization within the endoplasmic reticulum (ER). The RING4 family exhibits a well-conserved RING-type domain,
as demonstrated in the multiple sequence alignment (MSA) (Supplementary Figure 8c), often occurring in combination with
diverse non-catalytic domains. Functionally, this family demonstrates significant segregation. Enrichment analysis indicates
involvement in biological processes such as the epigenetic regulation of gene expression, protein K11-linked ubiquitination, and
the ER-associated degradation (ERAD) pathway. Members of this family are enriched in the PRC1 complex and the ubiquitin
ligase complex. Consistent with this, their enriched molecular functions include cullin family protein binding (CRLs), histone
ubiquitin ligase activity, and promoter-specific chromatin binding (Fig. 4, Supplementary Figure 18). The PDB contains 149
resolved structures covering 27 out of 61 RING4 proteins. Most RING4 family proteins are predicted to function as standalone
ligases. In contrast, only 13 proteins—primarily from the RBX-like and PCGF-like subfamilies—are expected to function as
multi-subunit complexes (Supplementary Table 5). Analysis of the ESI network for this family revealed 215 unique E3-specific
substrates and 34 family-specific substrates (Supplementary Table 6). Among the small molecules targeting this family of
proteins (Fig. 6a), we identified existing PROTACs and E3 handles for RNF4 and RN114, which could be repurposed to target
the co-clustered proteins RN181 and RN166, respectively. Similarly, the new E3 binders identified for proteins MAT1, BMI1,
and BIRC7 can be repurposed or developed into potential E3 handles for RN146, PCGF2, and RN141.
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Note 7: RINGS5 family (TRIM(a), TRIM(b), RFPL-like)

The RINGS family is a highly homogeneous family containing 63 E3s. Most RING5 members are TRIM E3 ligases (Sup-
plementary Figure 9a). Three subfamilies were observed in this family: two for TRIM ligases and one for RFLP ligases. In
this family, the catalytic Zn-finger RING-type or Zn-finger B-box-type (IPR0O00315) domains are typically found near the
N-terminus (Supplementary Figure 9b). More than 80% of the RINGS5 family features a B30.2/SPRY domain (IPR001870), a
known protein-protein interaction domain with three highly conserved motifs (-LDP—, -LDYE—, and ~-WEVE-). Flanking the
SPRY domain at the N-terminus is the SPRY-associated domain (IPR006574). This unique domain architecture is a basis for
categorizing TRIM ligases into two distinct subfamilies. The structural organization of the TRIM ligase in the RING5 family
reveals a clear dichotomy: one subfamily, designated TRIM(a), features TRIM ligases with a RING-type domain, B-box motif,
and B30.2/SPRY domain. These proteins are characterized by a COS domain but notably lack the C-terminal B30.2/SPRY
domain. Conversely, TRIM(b) ligases are distinguished by the presence of both SPRY-associated and B30.2/SPRY domains
at their C-terminus. The protein Pyrin (MEFV) from the TRIM(b) subfamily shows the presence of a distinct DAPIN domain
at the N-terminal. The DAPIN domain is hypothesized to function as an adaptor involved in the coupling between apoptosis
and other immune system disorder pathways. The other subfamily, “RFPL-like,* contains the RFPL protein and a few TRIM
ligases. They show the presence of both the SPRY-associated domain, B30.2/SPRY domain, and the RING domains at the
C-terminus. However, they contain an RDM domain in between. Some of these TRIM ligases have been identified as “’pseu-
doligases” (TRIM6, TRIM15, TRIM22, and TRIMS51). The RINGS family is highly homogenous for TRIM family proteins and
the SPRY domains. The sequence alignment shows the conserved catalytic RING domain, B-box domains, SPRY-associated,
and B30.2 SPRY domain (Supplementary Figure 9¢). TRIMs are defined by their multimodular structure, including a conserved
RING-B-box—coiled-coil (RBCC) domain and variable C-terminal regions. Despite sharing a similar domain architecture, they
perform various functions and are involved in antiviral defense and cancer. The RINGS family demonstrates significant func-
tional segregation. It shows enrichment in the biological process, such as innate immune response, suppression of viral release
by the host, and regulation of canonical NF-«B signal transduction. Their most enriched cellular component is the cytoplasmic
stress granule, and they are involved in molecular functions such as transcription coregulator activity and ubiquitin-protein ligase
activity (Fig. 4, Supplementary Figure 18). The PDB contains 61 structures covering 21 out of 63 RINGS proteins. Most RINGS5
family proteins are likely to function as standalone ligases; only eight are presumed to function as complexes, and seven E3s are
unclassified (Supplementary Table 5). Analysis of the ESI network for this family revealed 115 unique E3-specific substrates
and 21 family-specific substrates (Supplementary Table 6). No existing PROTACs or E3 binders are identified for RINGS family
proteins.

Note 8: RING6 family (BTB/POZ+, BTB/POZ-)

The RING6 family consists of 58 E3s, characterized by tandem repeats of Zn-finger C2H2-type catalytic (IPR013087) domains,
often near the C-terminus (Supplementary Figure 10a). This well-studied Zn-finger domain contains two segments with two
cysteines and two histidines (C2H2) coordinating the Zn in a tetrahedral geometry. This functional domain recognizes and binds
to nucleic acids and proteins. Additionally, more than 80% of them contain the BTB/POZ domain (Broad-Complex, Tramtrack,
and Bric 4 brac; and Poxvirus and Zn-finger; IPR000210; Supplementary Figure 10b). The N-terminal BTB/POZ domain is
essential for protein-protein interactions, facilitating the formation of homo- and heterodimers, interactions with transcription
factors, and recruitment of CUL3-based E3 complexes. Consequently, at the molecular function level, we observe enrichment
for mediation of DNA binding transcription repressor activity, methyl CpG binding, and DNA binding transcription activator
activity (Fig. 4, Supplementary Figure 18). The multiple-sequence alignment of the RING6 family shows the conservation of
the C-terminal Zn-finger C2H2 domain repeats and the N-terminal BTB/POZ domain (Supplementary Figure 10c). The RING6
family is segregated into two distinct subfamilies based on BTB/POZ domain presence. The subfamily without the BTB/POZ
domain (BTB/POZ-) encompasses nine E3s, including PLAG1 and PLALI1, which feature N-terminal C2H2-type Zn-finger
domain repeats. Additional members such as Z280A and EGR2 possess N-terminal DUF (Domain of unknown function) and
early growth response domains, facilitating homodimerization and nucleic acid binding. Overall, RING6 members are enriched
in specific biological processes such as hemopoiesis, negative regulation of cell population proliferation, and differentiation
of fat cells. They are involved in molecular functions such as methyl CpG binding, DNA binding, transcription repressor, and
activator activity. The PDB contains 172 resolved structures, covering 15/58 RING6 proteins. Fourteen RING6 family proteins
are likely to function as complex ligases; however, other proteins remain unclassified (Supplementary Table 5). Analysis of the
ESI network for this family revealed 23 unique E3-specific substrates and seven family-specific substrates (Supplementary Table
6). We detected 161 compounds binding to BCL6, clustered into three groups. These represent the potential for the rational
design of E3 handles and PROTAC:s (Fig. 6a).
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Note 9: RING7 family (MARCH-like, OTU, KDM, UNKL-like, UHFR-like, MIB,
UBE-like)

The RING7 family consists of 27 RING E3s (Supplementary Figure 11a). This family has members with diverse Zn-finger
domains (Supplementary Figure 11b), making it heterogeneous. This family is organized into seven distinct subfamilies. The
Lysine demethylase (KDM2) ligases subfamily is characterized by a distinctive multi-domain architecture featuring an N-
terminal Jumonji C domain, CXXC-type and PHD-type Zn-finger domains, and a C-terminal F-box domain. The ovarian tumor
protease (OTU) E3 ligases form a separate subfamily, displaying the OTU and Zn-finger A20-type domains. They function as
the deubiquitinase and ubiquitin modification enzymes in the NF-«B pathway. The subfamily of Mind Bomb (MIB) ligase shows
the presence of the N-terminal MIB-herc2 domain, a Zn-finger ZZ-type domain, followed by the MIB-herc2 domain, MIB SH3
repeat domains, and C-terminal Zn-finger RING domains. The remaining four subfamilies contain many E3s with varied domain
architectures and are named after well-known E3s within these sub-clusters. The “MARCH-like” subfamily contains 3 MARCH
E3s and the other RNF proteins. These proteins share a Zn-finger RING-CH type catalytic domain. The three longer MARCH
proteins (MARH6, MARH7, and MARHA/MARCH 10) co-cluster within this family of large E3 ligases (~ 600 residues
or longer). MARH7 and MARHA lack transmembrane domains, while MARH6 contains several transmembrane domains
orthologous to the yeast E3 ligase Doal0. This subfamily includes the Listerin (LTN1) ligase and two RNF proteins (RN139 and
RN145). RN139 and RN145 are characterized by a TRC8-like N-terminal domain, encompassing 12 transmembrane domains
and a putative sterol-sensing domain. The “UNK-like” proteins constitute a distinct subfamily along with RNA-binding RC3H
(ROQUIN) proteins. The characteristic feature of this subfamily is the presence of a Zn-finger CCCH-type domain. Within
this subfamily, members cluster primarily based on domain composition similarity. RC3H proteins display a distinctive domain
organization, featuring an N-terminal Zn-finger RING-type domain followed by a Roquin II domain and a C-terminal Zn-finger
CCCH-type domain. The UNK-like ligases exhibit a unique architectural arrangement comprising an N-terminal Unkempt
Zn-finger domain succeeded by multiple Zn-finger CCCH-type domain repeats. The UHRF and JADE ligases form a separate
subfamily (“UHRF-like”), distinguished by their Zn-finger PHD-type domains. UHRF family members possess a more intricate
domain architecture, consisting of an N-terminal Ub-like domain, UHRF tandem tudor domain, Zn-finger PHD-type domain, and
SRA-YDG domain - the latter mediating nucleic acid interactions - followed by a C-terminal Zn-finger RING-type domain. The
functional roles of both the Zn-finger PHD-type and SRA-YDG domains are evidenced by enrichment in molecular functions,
particularly histone-modifying activity and unmethylated CpG binding. The JADE ligases feature an N-terminal enhancer of a
polycomb-like domain followed by a PHD-type domain. The other heterogeneous subfamily, “UBE-like,” contains 5 E3s and
RNF31 (outlier, RBR-class). This subfamily shows the presence of different catalytic domains, such as the U-box domain, Zinc
finger, UBP-type, and Pep3/Vps18/deep orange. The E3 ligase UBE shows the presence of the Ubiquitin conjugation factor E4,
core, and the U-box domain. The UBE proteins are involved in functions related to DNA damage. Other family members, UBP33
and HDAC6, share a UBP-type Zn-finger domain, with UBP33 additionally containing ubiquitin-specific protease (USP) and
DUSP domains. HDACS is distinguished by a histone deacetylase Zn-finger domain, which facilitates its histone modification
function. VPS18 is characterized by a Pep3/Vps18/deep orange domain, which mediates trans-Golgi network trafficking. The
heterogeneity of these subfamilies is reflected in the family-level multiple sequence alignment, which exhibits numerous gaps
(Supplementary Figure 11c). Functional enrichment analysis showed enrichment of RING7 members in the ERAD pathway,
protein deubiquitination in ubiquitin-dependent protein catabolism, and regulation of cell growth. Centrosomes and ubiquitin
ligase complexes are enriched at the cellular component level with RING7 E3s. They mediate actin binding, unmethylated CpG
binding, and transcription co-regulator activity (Fig. 4, Supplementary Figure 18). The PDB contains 142 structures covering
17 out of 27 RINGT7 proteins resolved in the PDB. We observed that seven proteins function as complexes, among which are
FXL19, KDM2A, and KDM2B, all grouped in the KDM subfamily and probably serve as a substrate-recognition component of
the SCF (SKP1-CUL1-F-box protein)-type E3 ubiquitin ligase complex. Most of the other RING7 family proteins are likely to
function as standalone ligases, and the mode of action remains undetermined for six proteins (Supplementary Table 5). Analysis
of the ESI network for this family revealed 109 unique E3-specific substrates and nine family-specific substrates (Supplementary
Table 6). We identified ~ 5000 small molecule binders for HDAC6, within the same family, small molecules targeting KDM
proteins, and RNF31 could also be observed (Fig. 6a).

Note 10: RINGS8 family (TRIM+SPRY, TRIM-SPRY)

The RINGS family comprises 18 proteins predominantly classified as TRIM E3 ligases (Supplementary Figure 12a). These
proteins contain either RING-type or B-box-type Zn-fingers as their catalytic domains (Supplementary Figure 12b). Within
this family, two distinct subfamilies have been identified based on their domain architecture and sequence similarity. The first
subfamily (TRIM+SPRY) encompasses approximately half of the proteins and is characterized by three specific domains: the
SPRY domain, the COS domain, and the Fibronectin type III domain (IPR003961). The Fibronectin type III domain is a
structural module featuring Arg-Gly-Asp (-RGD-) repeats, providing functional and structural versatility. The B30.2/SPRY
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domain facilitates protein-protein interactions in these E3s, while the COS domain mediates microtubule association. The
second subfamily (TRIM—-SPRY) lacks these characteristic domains and demonstrates greater structural consistency among
its members. This classification aligns with previously established domain-based categorizations of TRIM E3s. Additionally,
RNF207, a RING-type RNF ligase with a Zn-finger B-box type and RING-type domain, is co-clustered with this family.
Multiple sequence alignment (MSA) of the RING8 family revealed the conservation of the RING domain, B-box type, and
B-box C-terminal domain (Supplementary Figure 12c¢). Functional analysis indicated that this family is enriched in specific
biological processes, including suppression of viral release by the host, innate immune response, and positive regulation of
autophagy. Additionally, key molecular functions such as transcription coregulator activity, ubiquitin-protein ligase activity,
and protein homodimerization activity are significantly enriched in this family (Fig. 4, Supplementary Figure 18). The PDB
contains 78 resolved structures, covering 16 of 18 RINGS8 E3 ligases. Among these, eight proteins are likely to function as
standalone ligases, nine as components of complex ligases, and one remains unclassified (Supplementary Table 5). Examination
of the E3-substrate interaction (ESI) network for this family identified 86 unique E3-specific substrates and 20 family-specific
substrates (Supplementary Table 6). Additionally, a few small-molecule binders for TIF1A and TRIM33 were detected, which
could potentially be developed into E3-targeting handles (Fig. 6a).

Note 11: RING9 family (Deltex, LNX-like, LON peptidase, Other RING)

The RING9 family comprises 69 E3 ligases with sparse and diverse InterPro domain annotations. The Zn-finger RING-type
domain is often the primary annotated feature within this family (Supplementary Figure 13b). Based on domain architecture
and sequence similarity, the family is further categorized into four distinct subfamilies (Supplementary Figure 13a). The first
subfamily consists of five Deltex family members, characterized by the presence of the Deltex C-terminal domain (IPR039396),
which contains an ADP-ribose-binding pocket and plays a key role in mediating cell-to-cell communication. Additionally,
these proteins possess a WWE domain that recognizes poly-ADP-ribosylated substrates and plays a crucial role in DNA repair.
These domain-associated functionalities align with the observed enrichment in biological processes such as the Notch signaling
pathway and the cellular components associated with sites of DNA damage. The remaining three subfamilies exhibit diverse
domain architectures. The subfamily termed “LNX-like” includes ligases such as CBL, Ligand of Numb protein-X (LNX),
SH3RF, and NFX. Within this group, CBL ligases are distinguished by an N-terminal Cbl adaptor protein with a PTB domain
(IPR024159). Members of the LNX family are characterized by PDZ domain repeats (IPR001478), which are typically found
in signaling proteins localized to highly specialized sub-membranous sites. SH3 domain-containing ligases are implicated in
apoptosis, whereas NFX ligases contain NF-X1-type repeats, highlighting diverse functional roles within this subfamily. The
“Other RING” subfamily includes ligases that contain GB 1/RHD3-type guanine nucleotide (G) binding domains (IPR030386),
found in RN112 ligases, as well as N-terminal FHA domains, observed in CHFR and RNF8 ligases. Additionally, this subfamily
includes ligases such as LRSM1 and BFAR, which feature a sterile alpha motif (SAM) domain. The “LON peptidase-like”
subfamily includes E3 ligases such as LON peptidase, BRE, and VPS. LON peptidase ligases are notable for containing two
RING-type Zn-finger domains and an N-terminal Lon protease domain, which is involved in the degradation of short-lived
regulatory and damaged proteins. Other ligases in this group contain only the Zn-finger RING domain. This heterogeneity in
sequence and domain composition is reflected in the multiple sequence alignment (MSA) of the family, which exhibits numerous
gaps (Supplementary Figure 13c). The RING9 family is enriched in biological processes such as protein K6-linked ubiquitination,
response to ionizing radiation, and endosomal vesicle fusion. Additionally, RINGY ligases are predominantly localized to the
PML body, the site of DNA damage, and the ER quality control compartments. These ligases are also associated with molecular
functions such as histone ubiquitin ligase activity and SH3 domain binding (Fig. 4, Supplementary Figure 18). The PDB contains
144 structures covering 32 out of 69 RING9 proteins. Most RING9 E3 ligases are likely to function as standalone ligases, with
only five operating as part of a complex, while the remaining E3s remain unclassified (Supplementary Table 5). Analysis of the
ESI network for this family revealed 296 unique E3-specific substrates and 66 family-specific substrates (Supplementary Table
6). Small molecule binders were identified specific to CBLB, which form 3 neat segregated clusters, indicating that a similar
scaffold interacting with presumably the same binding site can be optimized for handle design (Supplementary Figure 22).

Note 12: RING10 family (NSD-like, UBR-like)

The RING10 family comprises 31 E3 ligases, each exceeding 1000 residues in length (Supplementary Figure 14b). The catalytic
domains within this family include RING-, PHD-, UB-R, TAZ-, and C2H2-type Zn-finger domains. Based on domain architecture
and sequence similarity, this family is subdivided into two distinct subfamilies (Supplementary Figure 14a). The first subfamily,
“NSD-like,” includes NSD1-3 (nuclear receptor-binding SET domain proteins), which are characterized by multiple functional
domains such as the PWWP domain, Zn-finger PHD-type domain, SET domain, and NSD CYS-HIS domain. A defining feature
of this subfamily is the repetition of Zn-finger PHD-type domains, which are frequently implicated in chromatin interactions. No-
tably, the SET and PHD-type Zn-finger domains are strongly associated with histone modification and methyltransferase activity,
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highlighting their potential regulatory role in epigenetic processes. The second subfamily, “UBR-like,” includes CHD, UBR,
and BAZI1 ligases, along with other singletons. CHD ligases contain chromodomains, helicase superfamily 1/2 ATP-binding
domains, CHD subfamily II-specific features, and SANT-like domains, suggesting roles in chromatin remodeling and gene
regulation. The UBR ligases are distinguished by the UBR-like C-terminal domain (IPR044046), forming a prominent subgroup
within this family. Ligases such as BAZ1 exhibit a multidomain architecture, including WSTF/Acf1/Cbp146 domains, DDT
domains, WHIM1 and WHIM2 domains, PHD-type Zn-finger domains, bromodomains, Tudor domains, and BRCT domains,
indicating multifunctional roles in chromatin interactions, DNA repair, and transcriptional regulation. Several members of this
subfamily contain the Zn-finger PHD-finger domain, which is commonly found in nuclear proteins that interact with chromatin.
The enrichment of various domain types within this subfamily suggests a role in chromatin remodeling, as further supported
by the RING10 family’s association with nuclear chromosomes and histone acetyltransferase complex cellular components, as
well as chromatin-binding and histone-binding molecular functions. However, the heterogeneity of these subfamilies is evident
from the multiple sequence alignment (MSA), which exhibits numerous gaps (Supplementary Figure 14c). RING10 members
are enriched in biological processes such as epigenetic regulation of gene expression, protein polyubiquitination, and protein
acetylation. They are localized to the nuclear speck, histone acetyltransferase complexes, and the PML body, where they mediate
histone-binding activity, transcription coregulator activity, and chromatin binding (Fig. 4, Supplementary Figure 18). The PDB
contains 296 resolved structures covering 21 out of 31 RING10 proteins. Most RING10 family proteins are likely to function
as standalone ligases, with only three operating as part of a complex, while the remaining seventeen ligases remain unclassified
(Supplementary Table 4). Analysis of the ESI network for this family revealed 31 unique E3-specific substrates and four family-
specific substrates (Supplementary Table 5). Two E3 handles exist for UBR1. Our analysis uncovered new E3s binders targeting
NSD2, CHD4, M3K1, CBP, EP300, BAZ1A, KAT6A, NSD3, and BRCAL1. Several E3 binders target CBP and EP300, which
are co-clustered. Several of these E3 binders are unique and form distinct clusters (KAT6A targeting) and could be developed
into lead compounds (Fig. 6a,f).

Note 13: HECT1 family (NEDD4-like, HERC, Other HECT)

The HECT1 family contains 20 E3s (Supplementary Figure 15a) characterized by a C-terminal catalytic HECT domain
(IPR0O00569) and one or two N-terminal domains (Supplementary Figure 15b). The HECT domain spans approximately 350
amino acids at the C-terminus (Supplementary Figure 15c¢) and is structured into two lobes: the N-lobe and the C-lobe. The
N-lobe is responsible for binding to the E2 enzyme-ubiquitin complex, which facilitates the transfer of ubiquitin from E2 to
the C-lobe through a thioester intermediate involving a crucial catalytic cysteine. Once ubiquitin is appropriately positioned
on the C-lobe, it is transferred to the target protein. Based on their N-terminal domains, the HECT family is categorized
into three main subfamilies: NEDD4-like, HERC, and other HECT. The “NEDD4-like” subfamily comprises 9 HECT proteins
(NED4L, NEDD4, ITCH, WWP1-2, SMUF1-2, HECW1-2), mainly co-clustered according to sequence and domain architecture
similarity, which feature the C2 (IPRO00008) and WW (IPR001202) domains. The C2 domain aids in signal transduction and
membrane trafficking in a calcium-dependent manner. It can also bind to phospholipids in a calcium-dependent manner, enabling
membrane recruitment of the E3s. The WW domain contains two tryptophan residues, is involved in protein/protein interactions
by recognizing proline-rich motifs (-PY— or -PPxY-) on target proteins, and is often associated with signal transduction proteins.
The other 11 E3s forming the HERC and other HECT subfamilies possess either a different N-terminal domain or none. The
HERC subfamily contains four small HERC E3s with no N-terminal domain annotations, and they display high intra-subfamily
similarity on every metric layer. The two larger HERC1 and HERC?2 are co-clustered with the HECT?2 family. The HERC proteins
feature the (RLD) RCC1/BLIP II domain (IPR000408), known to act as a guanine-nucleotide dissociation stimulator, while
HERC1 and HERC2 have additional domains. The other HECT subfamily contains HECT proteins with one or two different
N-terminal domains. HECD3 contains the APC10/doc domain (IPR004939), which may facilitate ubiquitination reactions with
other RING domains. UBE3A features an N-terminal Zn-binding domain, or AZUL domain (IPR032353), likely playing a role
in substrate recognition. UBE3C and UBE3B feature an 1Q motif. AREL1 possesses a Filamine/ABP280 repeat (IPR017868).
The HACEI includes Ankyrin repeats (IPR002110) common to protein-protein interaction motifs. HECD2 does not have any
N-terminal domains. The enrichment analysis shows the association of the HECT1 family with biological processes such as
regulation of dendrite morphogenesis, cell growth, and protein K-63-linked ubiquitination (Fig. 4, Supplementary Figure 18).
The PDB contains 80 resolved structures that cover 13 of 20 HECT1 proteins. Almost all HECT1 E3s are likely to function as
standalone ligases; only four were found to operate as complex ligases (Supplementary Table 5). Analysis of the ESI network
for this family revealed 270 unique E3-specific substrates and 433 family-specific substrates (Supplementary Table 6). SMUF1,
SMUEF2, and NEDD4 have E3 binders, which could be developed into lead compounds for E3 handle design (Fig. 6a).
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Note 14: HECT?2 family (HECT, KMT2-like)

The HECT?2 family comprises 13 proteins organized into two subfamilies (Supplementary Figure 16a). The seven HECT
domain-containing proteins are clustered into one subfamily, referred to as the “HECT” subfamily, while five RING ligases are
grouped in the “KMT2-like” subfamily. A shared feature of these multi-domain E3 ligases is their enormous size, exceeding
2000 residues. Within the HECT subfamily, further subdivisions are observed: HERC1 and HERC2 form one subset, whereas
the other HECT proteins, HECTD4 and HUWEI, comprise another subgroup. Both HERC1 and HERC2 possess HERC
subfamily-specific RCC1/RLD domains, and HERC2 additionally includes CYTS (IPR001199), MIB (IPR010606), and Znf
(IPR000433) domains. HECTD4 contains a SPRY domain (IPR001870), which likely coordinates protein-protein interactions.
HUWEI] features ARM repeats and UBA (IPR041918) and WWE (IPR041918) domains. The second subgroup includes
UBRS, TRIPC, HECTD1, and CUL9 (an outlier in the RBR class). These proteins are relatively smaller and display multiple
domains (Supplementary Figure 16b). HECTD1 contains Ankyrin repeats (IPR036770), SUN domain (IPR002110), and MIB
(IPR0O10606) domains, while TRIPC includes both ARM and WWE domains. UBRS is characterized by the E3 ubiquitin ligase
EDD domain (IPR024725), along with RCC1/RLD, UBR box Zn-finger (IPR047503), and Poly(A)-binding protein C-terminal
(PABC) domain (IPR002004). CUL9 (the outlier) contains a TRIAD domain at the C-terminal, and other domains such as
DOC/APCI10 and the Cullin Nedd8-2 domain (IPR001373) can act as scaffold proteins for other E3s by forming part of a multi-
subunit ubiquitin complex. The “KMT2-like” subfamily clusters together 5 RING E3 ligases, which display variable Zn-finger
RING- and PHD-type domains. Like the HECT proteins, MYCB2 also possesses an RCC1/RLD domain, while other proteins
contain PHR, Filamin/ABP280 repeats, DOC, and B-box type domains. KMT2C and KMT2D feature multiple PHD-type Zn-
finger domains, an HMG box, and an FYRN motif at their C-terminal. UBR4 has an N-terminal UBR box domain (IPR045841),
followed by Zn-finger and WD40 repeats, concluding with a C-terminal UBR domain. The protein RN213 contains an AAAS
domain (IPR003593) and Zn-finger RING-type and RZ-type (IPR046439) domains. This family’s enormous size and variable
domain architectures contribute to a poor MSA (Supplementary Figure 16c). Members of the HECT2 family are enriched in
biological processes related to the epigenetic regulation of gene expression and branched polyubiquitination. They also mediate
guanyl-nucleotide exchange and protein ubiquitination (Fig. 4, Supplementary Figure 18). The PDB contains 53 structures
covering 10 out of the 13 HECT2 E3s. HECT2 family members are likely to function as standalone proteins, supported by
their considerable sequence lengths and multi-domain compositions, which align with their functional mode as independent
proteins (Supplementary Table 5). Analysis of the ESI network for this family revealed 18 unique E3-specific substrates and one
family-specific substrate (Supplementary Table 6). Currently, no small molecules explicitly target the HECT2 family.

Note 15: RBR family

The RBR family is organized into a single subfamily composed of 12 RBR E3 ligases, typically exceeding 700 residues in
length. Members of this family are characterized by the catalytic TRIAD supra-domain (IPR044066), which comprises the
RING1, BRcat (IBR), and Rcat (RING2) domains (Supplementary Figure 17a,b). This conserved architecture of domains
is typical among eukaryotic RBR E3 ligases. The TRIAD domain is observed at the C-terminal region of RN216, RN217,
RNF14, PRKN, and HOIL1, which are multi-domain proteins that also contain Ariadne, Parkin, RING Ubox-like zinc-binding,
and Zn-finger RanBP2-type domains. Interestingly, the RBR cluster excludes CUL9 (UniProt Q8IWT3) and RNF31 (UniProt
Q96EPO0), which are clustered within the HECT2 and RING7 families. HHARI (ARI1) and TRIAD1 (ARI2) contain an Ariadne
domain (IPR045840) at the C-terminal. RNF14 has an RWD domain (IPR006575) at the N-terminal. PRKN and HOIL1 include
ubiquitin-like domains at the N-terminal, followed by Zn-finger domains—specifically, a RING/Ubox-like zinc-binding domain
in PRKN and a RanBP2-type domain (IPR0O01876) in HOIL1. The MSA confirms the conserved TRIAD supradomain as the
characteristic feature of this family (Supplementary Figure 17c). These ligases utilize a two-step catalytic mechanism where
RINGI1 recognizes the E2-Ub conjugate, transfers the ubiquitin to a conserved catalytic cysteine on RING2 to form a thioester
intermediate, and subsequently transfers the ubiquitin to the lysine residue of the substrate. Functionally, RBR ligases are
involved in oncogenesis and tumor-suppressive roles. Enrichment analysis reveals associations with biological processes such
as protein K6-linked ubiquitination, protein polyubiquitination, and general protein ubiquitination. They localize to ubiquitin
ligase complexes, and their molecular functions include ubiquitin-conjugating enzyme binding, ubiquitin-like protein binding,
and transcription coregulator activity (Fig. 4, Supplementary Figure 18). The PDB contains 38 structures covering 6 out of 12
RBR proteins. The plausible mode of action for RBR E3 ligases indicates that most function as standalone ligases, while PRKN,
ARI1, and ARI2 may act as complex E3 ligases (Supplementary Table 5). Analysis of the ESI network for this family revealed
101 unique E3-specific substrates and 65 family-specific substrates (Supplementary Table 6). We identified one small molecule
binder for HOIL1, which could be developed into an E3 handle for HOIL1 and repurposed for PRKN and other co-clustered
E3s (Fig. 6a).
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Note 16: Non-degradative functions of the human E3 ligome

The ubiquitin code signals and dictates different cellular outcomes. The functional diversity as a consequence of substrate
ubiquitination is defined by the type of ubiquitin linkage and the structure of Ub-chains (20, 52). While K48-linked chains
(Trash-tags) mark substrates for canonical proteasomal degradation are generic (all E3 families), a wide array of non-degradative
roles are family-specific and linked directly to distinct enriched chain linkages (GO BP terms). K63-linked chains (Scaffold-tag;
RING1, RING4, RINGS, RINGS, RINGY, and HECT1) mediate signaling pathways, intracellular trafficking, autophagy, and
immune responses (14, 15, 32, 36) by bringing proteins together to form functional complexes. K6-linked chains (Repair tag;
RINGY and RBR) mediate DNA damage response, RNA—protein cross-link repair, and mitophagy (8, 34, 61, 62). K11-linked
chains (Cycle-tag; RING4) mediate cell cycle control and the ERAD pathway in addition to proteasomal degradation (59).

Other family-specific biological processes enriched in our analysis are presumably mediated by alternative Ub-links. K29-
linked chains (Recycling tag; RING9 and RING4) mediate lysosomal degradation (autophagy), Wnt signaling, and regulation
of the apoptotic process (/6). K33- linked chains (Traffick tag; RNF2, CBLB, ITCH) regulate cell signaling, immune response,
and protein trafficking (23, 33, 63). M1-linkage (Alarm tag; RNF31, HOIL1) predominantly regulates NF-«B signaling, cell
death regulation, protein quality control, and immune signaling (/9, 55). Additionally, branched linkages also mediate NF-«B
signaling, ERAD, Cyclin B1 regulation, mitotic progression, and cell cycle response (I8, 27). Emerging evidence shows that
even K48-linked chains (RING4) regulate DNA damage and NF-kB signaling via branched ubiquitination (37, 44). Overall,
we find that the ubiquitin code is preserved in our analysis and reflected in our classification of E3 families. This functional
diversity positions the E3 ligome as a central hub for maintaining cellular homeostasis, expanding its role well beyond the
classical proteasomal degradation paradigm.

Note 17: Guidelines for harnessing the human E3 ligome

Here, we outline practical guidelines for utilizing the proposed human E3 ligome classification for ubiquitin data interpretation,
screening studies, and therapeutic design. Broadly, the following guidelines are derived from (i) mapping the E3 ligome structure
onto high-throughput datasets and analyzing overlap patterns (coverage; Fig. 3), (ii) integration of E3 classification with external
data to map the functional segregation pattern (Fig. 4), enzyme—substrate networks (Fig. 5), and small molecule interaction
landscape (Fig. 6), and (iii) design of new experiments using the classification model as a hypothesis generator for testing and
validation.

Informative annotations

In the analysis of high-throughput (HTP) screening data, the proposed E3 ligome structure will aid in annotating new candidates
and identifying family- and subfamily-specific enrichment patterns. Since the E3 families and subfamilies obtained here are
tightly associated with specific biological pathways (Fig. 4), family-level up- or down-regulation can aid in inferring pathway
activation or repression under defined screening/experimental conditions. Further, it can also aid in mapping differentially
expressed or modified substrates (new targets) to corresponding E3 ligases.

Analyzing proteomics screens

Mapping the current E3 ligome structure onto ubiquitination mass spectrometry (MS) data can lead to validation of candidate
E3s and the detection of previously uncharacterized enzymes. MS-based HTP ubiquitination studies typically rely on the
enrichment of diGly-remnant peptides (K-E—-GG). However, these signatures are not fully specific to ubiquitination, as they
can also arise from other ubiquitin-like modifiers such as ISG15 and NEDDS8. Moreover, diGly proteomics cannot capture
linear ubiquitin linkages, limiting its ability to comprehensively map ubiquitination events. The ligome structure provides a
valuable framework to integrate advanced substrate identification methods such as Ub—POD—a ubiquitin-specific, proximity-
and orientation-dependent labeling technique (4/). Combining both approaches will enable systematic and more precise mapping
of ESIs, revealing family- or subfamily-specific ubiquitination networks and functional dependencies. Further, discrepancies
between substrate ubiquitination patterns, E3 abundance, and curated E3-substrate interaction maps obtained in this study can
be used to prioritize candidate E3s for functional validation. When a well-known E3 is down-regulated or knocked out but
the substrate remains ubiquitinated, closely related upregulated E3s (inferred from the E3 ligome) could represent a candidate
set for follow-up testing to assess compensatory mechanisms. For instance, using the lung squamous-cell carcinoma molecular
subgroups identified by multi-omics clustering (49), active pathway differences across subgroups can be identified by mapping
redundant or unique E3s.
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Identification of E3—degron pairs

The E3 ligome framework can aid in integrating and interpreting degron mapping efforts. For example, a recent study (64)
identified 16 distinct E3—degron pairs using global protein stability (GPS) profiling and mutagenesis. As the repertoire of
E3-degron pairs expands, our classification can contextualize whether degrons are shared (degenerate or redundant) across
family/sub-family members or E3-specific (functionally specialized), helping define functional hierarchies within the ubiquiti-
nation system. Further, newly identified degrons can be used to screen the unmapped fraction of the ubiquitinated proteome and
expand our current ESI network.

Designing family- and subfamily-level E3 screens

The current classification allows rational design of mechanism-based HTP assays at the family or subfamily level. Approaches
such as activated ubiquitin surrogates, proximity labeling, or E2 Ub conjugate trapping can be implemented in parallel across
the proposed E3 family members (17, 41,46). Further, quantitative comparisons with inactive mutants or external controls (other
E3s, outside the family of interest) will allow direct estimation of background activity and family-specific enrichment. Parallel
assays using catalytic mutants, activity-based probes, or substrate-trapping variants can identify substrates determined by shared
catalytic mechanisms rather than by binding alone (5, 25, 58). Comparative enrichment analyses can reveal mechanistic divergence
among E3s. For instance, RING2 family (MARCH) ligases may preferentially modify exposed lysines on the cytosolic loops
of membrane proteins; membrane fractionation and crosslinking experiments can therefore be used to identify family-specific
substrates and adaptors (2).

Analyzing CRISPR-based genetic screens

E3 subfamily annotations can serve as analytical features to interpret dependency profiles across cell lines and experimental
conditions (54). Clustering genes by genetic interaction (GI) correlations, such as co-dependency or co-sensitization, can
reveal functional modules within subfamilies and identify non-redundant E3s. As proof-of-principle for family-level analysis of
genetic screens, we demonstrated concordance between CRISPR—Cas9 dropout data and DepMap dependencies (Fig. 4a—c and
Supplementary Figure 18a).

Identification of context-specific roles of E3s

Combining the ligome classification with single-cell or spatial transcriptomics can identify context-specific E3s, e.g., distin-
guishing tumor-compartment ligases from those active in the immune microenvironment. CRISPR-based studies (54) defining
E3-substrate relationships can be extended using this framework to design targeted screens testing complex versus standalone
E3 modalities (Fig. 5), and define the roles of adaptors, receptors, or scaffolds in substrate specificity.

Phenotypic profiling of E3s

E3 family annotations can enhance analysis of phenotypic data, such as cell-painting or live-cell imaging assays (56). By
correlating E3 perturbations with morphological features or trajectory signatures of cells, it may be possible to infer pathway
membership and identify candidate E3—substrate pairs associated with defined phenotypes.

Small-molecule screens and PROTAC design

Mapping E3 subfamilies with known small-molecule binders, UMAP clusters (inferred similarity on chemical landscape), or
pocket similarities (e.g., ELIOT overlap (Figs. 6e—g) can enable identification of tractable ligases and rational repurposing of
E3 handles across related E3 ligase families or nearest neighbors. HTP screens for one E3 can identify chemical matter that
also engages structurally related E3s within the same sub-family, due to shared structural and pocket features. When active
compounds are identified in small-molecule or phenotypic screens, integrating E3—substrate/adaptor—scaffold relationships can
help trace causal mechanisms and link chemical space with functional E3 modules. Often, targeting the natural in vivo substrates
(POI) of cognate E3s via PROTACs works as the best strategy with the least interference. Altogether, this will enable the design
of family-informed degradation strategies.
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