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Supplementary Table 1 | Crystallographic Data and Refinement Statistics

PDB ID

Source

Wavelength (A)
Resolution Limits (A)
Space Group

Unit Cell (A) a, b, ¢

Unit Cell (°) o, B, v
Number of crystals

Number of observations
Number of reflections
Completeness (%)
Mean l/ol

CCin

Rmerge a
Rpim

Refinement Statistics
Resolution Limits (A)

# of reflections (work/free)

Completeness (%)
Protein/ligand atoms
Reryst °

Rree (2014 reflections)
Bonds (A)/ Angles (°)

B-factors: protein/ligand (A?)

Ramachandran plot statistics (%)

favored
allowed
outliers

MolProbity score

Uba1-Cdc34A™1K-Ub(t) complex

7K5J
APS 24 IDC
0.979
187.8-3.43 (3.62-3.43)
P21
95.2,272.9, 258.3

90, 94.6, 90
2

2359637
175210 (25582)
99.8 (100)
9.0 (1.6)
0.993 (0.705)
0.287 (2.13)
0.084 (0.612)

136.5 -3.43 (3.51-3.43)
172677/2014
99.0 (89.0)
76482/161
0.203 (0.328)
0.246 (0.378)
0.002/0.489
144.2/128 5

98.0
2.2
0

1.24- 99" percentile
(N=27675,0 A -99 A)

Parentheses indicate statistics for the high-resolution data bin for x-ray data.

a. Rmerge = Y hkl Sill(hkl)i - <I(hkl)>|/S hKIY i <I(hkl)i>.

b. Reryst = Y hkl |Fo(hkl)-Fc(hkl)|/3 hkl |Fo(hkl)|, where Fo and Fc are observed and calculated structure factors,

respectively.




Supplementary Table 2 | Ordered amino acids in the Uba1-Cdc34*'*'K-Ub(t) structure by chain

Protein Chain Ordered Amino Acids

Uba1 12-592, 599-646, 653-745, 752-773 and 798-1024
12-591, 599-645, 650-745, 752-773 and 797-1024
12-590, 600-646, 650-745, 752-773 and 797-1024
12-591, 600-646, 650-745, 752-773 and 797-1024
12-589, 598-646, 650-773 and 797-1024
12-590, 599-646, 650-773 and 797-1024
12-589, 599-646, 650-773 and 797-1024
12-590, 599-646, 650-745, 752-773 and 797-1024

Cdc34 6-95 and 117-179
7-94 and 117-179
7-95 and 117-179
7-96 and 118-179
6-98 and 118-179
6-98 and 118-180
6-97 and 118-178

7-89 and 118-180

Ub 1-76
1-76
1-73
1-76
1-76
1-73
1-70
1-70

x|s|m|o|vlo|z|z|<|H|«|m|x|n|m|w|c|o|—|x|o|o|o|>




Supplementary Table 3 | All PCR primers used in these studies

ScUba1 C600A Mutated from ScUba1_WT

C600A_F gaaaagtctatcccattggctaccctacgttctttccca
C600A_R tgggaaagaacgtagggtagccaatgggatagacttttc
ScUba1 D188A Mutated from ScUba1_WT

D188A_F cactggtatggtttcagccatcgagcccgatgga
D188A R tccatcgggctcgatggctgaaaccataccagtg
ScUba1 E190A Mutated from ScUba1_WT

E190A_F gtatggtttcagacatcgcgcccgatggaacagtg
E190A R cactgttccatcgggcgcgatgtctgaaaccatac
ScUba1 T196A Mutated from ScUba1_WT

T196A_F catcgagcccgatggagcagtgaccatgctagatg
T196A R catctagcatggtcactgctccatcgggctcgatg
ScUba1 F236A Mutated from ScUba1_WT

F236A_F gaggttttggggcccgcetgcattcagaattggttc
F236A R gaaccaattctgaatgcagcgggccccaaaacctc
ScUba1 E705A Mutated from ScUba1_WT

E705A_F caagacttccaacggtgcaccattttggtccggt
E705A R accggaccaaaatggtgcaccgttggaagtcttg
ScUba1 N703A Mutated from ScUba1_WT

N703A_F ggatgccaagacttccgccggtgaaccattttggt
N703A_R accaaaatggttcaccggcggaagtcttggcatcc
ScUba1 T601V Mutated from ScUba1_WT

T601V_F gtctatcccattgtgtgtcctacgttctttcccaaaca
T601V_R tgtttgggaaagaacgtaggacacacaatgggatagac
ScUba1 D188L/E190L Mutated from ScUba1_WT
D188L/E190L_F gaacctcgcactggtatggtttcactgatcctgcccgatggaacagtgaccatgct

D188L/E190L_R agcatggtcactgttccatcgggcaggatcagtgaaaccataccagtgcgaggtic




ScUba1 D188L/T196V
D188L_F
D188L_R

T196V_F
T196V_R

Mutated from ScUba1_WT
cactggtatggtttcactgatcgagcccgatgga
tccatcgggctcgatcagtgaaaccataccagtg

cccgatggaacagtggtgatgctagatgataacaga
tctgttatcatctagcatcaccactgttccatcggg

ScUba1 E190L/T196V
E190L_F
E190L_R

T196V_F
T196V_R

Mutated from ScUba1_ WT
ggtatggtttcagacatcctgcccgatggaacagt
actgttccatcgggcaggatgtctgaaaccatacc

cccgatggaacagtggtgatgctagatgataacaga
tctgttatcatctagcatcaccactgttccatcggg

ScUba1 D188L/E190L/T196V
D188L/E190L/T196V_F
D188L/E190L/T196V_R

Mutated from ScUba1_D188L/E190L
ctgatcctgcccgatggaacagtggtgatgctagatgataacagacacgggttgga
tccaacccgtgtctgttatcatctagcatcaccactgttccatcgggcaggatcag

ScUba1 D188L/E190L/T196V/L198R
D188L/E190L/T196V/L198V_F
D188L/E190L/T196V/L198V_R

Mutated from ScUba1_D188L/E190L/T196V
gatggaacagtggtgatgcgtgatgataacagacacgggt
gatggaacagtggtgatgcgtgatgataacagacacgggt

ScUba1 N703D/E705K
N703D/E705K_F
N703D/E705K_R

Mutated from ScUba1_ WT
cttccccaaggatgccaagacttccgacggtaaaccattttggtccggtgctaagegt
acgcttagcaccggaccaaaatggtttaccgtcggaagtcttggcatcctiggggaag

ScUba1 T601V/N703D/E705K
N703D/E705K_F
N703D/E705K_R

Mutated from ScUba1_T601V
cttccccaaggatgccaagacttccgacggtaaaccattttggtccggtgctaagegt
acgcttagcaccggaccaaaatggtttaccgtcggaagtcttggcatccttggggaag

ScUba1D544A Mutated from ScUbc3_WT

D544A F ggattttgtcaccaacgctctagccaatgtcgacgcaagaaca
D544A R tgttcttgcgtcgacattggctagagegttggtgacaaaatcc
ScUbc3 A141K Mutated from ScUbc3_WT

A141K_F caatatcaactcgccaaaaaatgtcgatgccgctgt
A141K_R acagcggcatcgacattttttggcgagttgatattg

ScUbc3 N50A
N50A_F
N50A_R

Mutated from ScUbc3 WT
ggtgttatggtgctagctgaggattccatttatca
tgataaatggaatcctcagctagcaccataacacc




ScUbc3 E122A
E122A F
E122A R

Mutated from ScUbc3_WT
cccgtgcagaccgtggcaagtgtgttgatctct
agagatcaacacacttgccacggtctgcacggg

ScUbc3 S123A

Mutated from ScUbc3_WT

S123A_F ccgtgcagaccgtggaagctgtgttgatctctatagt
S123A R actatagagatcaacacagcttccacggtctgcacgg
ScUbc3 V118A Mutated from ScUbc3_WT

V118A_F gaaacgtggtcccccgecgcagaccgtggaaagt
V118A R actttccacggtctgcgcgggggaccacgtttc

ScUbc3 1126A
[126A F
1126A R

Mutated from ScUbc3_WT
ccegtgcagaccgtggcaagtgtgttgatctct
agagatcaacacacttgccacggtctgcacggg

ScUbc3 E133A

Mutated from ScUbc3_WT

E133A_F ctatagtatctctattagcggaccccaatatcaact
E133A R agttgatattggggtccgctaatagagatactatag
ScUbc3 T120A Mutated from ScUbc3_WT

T120A_F gtggtccccegtgcaggecgtggaaagtgtgttgatct
T120A_R agatcaacacactttccacggcctgcacgggggaccac

ScUbc3 N136A
N136A F
N136A R

Mutated from ScUbc3 WT
ctattagaggaccccgctatcaactcgccagca
tgctggcgagttgatagcggggtcctctaatag

ScUbc3 S139A
S139A_F
S139A R

Mutated from ScUbc3_WT
gaccccaatatcaacgcgccagcaaatgtcgat
atcgacatttgctggcgcgttgatattggggtc

ScUbc3 Q119A
Q119A F
Q119A R

Mutated from ScUbc3_WT

cgtggtcccecgtggcgaccgtggaaagtgtgt
acacactttccacggtcgccacgggggaccacg

ScUbc3 D134A
D134A F
D134A R

Mutated from ScUbc3 WT
gtatctctattagaggcccccaatatcaactcgcca
tggcgagttgatattgggggcctctaatagagatac




ScUbc3 L131A
L131A_F
L131A R

gatctctatagtatctgcattagaggaccccaatatca
tgatattggggtcctctaatgcagatactatagagatc

ScUbc3 N87A
N87A F
N87A R

Mutated from ScUbc3_WT
gctatctaccatccagccgtttacagggatggca
tgccatccctgtaaacggctggatggtagatage
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Supplementary Figure 1 | Free Ub is adenylated in the Uba1/Cdc34-Ub(t) complex in solution with ATP-Mg**

a strategy for producing E1/E2-Ub(t) mimetic. b Left, Free Ub is adenylated in the Uba1"T/Cdc34-Ub(t) crosslinking complex in the presence of ATP

and Mg?*. Middle, Free Ub can not be adenylated in the Uba1"T/Cdc34-Ub(t) crosslinking complex without ATP. Right, Free Ub can not be adenylated

in the adenylation deficient mutant Uba1P%444/Cdc34-Ub(t) crosslinking complex even in the presence of ATP and Mg?. ¢ Left, The Uba1/Cdc34A'4X-Ub(t)
structure contains eight copies in the crystallographic asymmetric unit where four Ub(t) s adopt open state and the other four adopt closed state
arrangements. Right, SDS-PAGE gel of Uba1/Cdc34-Ub(t)/Ub(a)/ATP+Mg?* crystallization sample from different days under reducing loading buffer.

All gel images are representative of independent technical replicates (n = 2). Source data are provided as a Source Data file.
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Supplementary Figure 2 | Density maps of Cdc34-Ub(t) complex with Uba1

a 2Fo-Fc electron density maps contoured at 1.00 for Uba1/Cdc34-Ub(t)°FEN overall structure with Ca-trace shown. b 2Fo-Fc electron density maps
contoured at 1.00 for Uba1/Cdc34-Ub(t)°-SED overall structure with Ca-trace shown. ¢ Top, Symmetry mates within 10 A of the Uba1/Cdc34-Ub(t)°PEN
structure. Uba1 domains are colored as in Fig. 2: IAD is in slate, AAD is in pink, FCCH is in hotpink, SCCH is in light magenta, UFD is in orange.
Cdc34A4K js colored cyan, and Ub(t)°"®Nis colored limon. Ub(a)s from ScUba1/Ub(t)/Ub(a) (PDB: 4NNJ) and Uba1/Cdc34/Ub(a) (PDB: 6NYA) are
docked into Uba1/Cdc34-Ub(t)°"EN structure by superposition of Uba1 AD domains. Ub(a) (PDB: 4NNJ), ScUba1 FCCH (PDB: 4NNJ), Ub(a) (PDB:
B6NYA), ScUba1 FCCH (PDB: 6NYA) are colored and labeled. Ub(a) (PDB: 4NNJ) and Ub(a) (PDB: 6NYA) are shown as surface representation.
Arg202 of FCCH (OPEN) would clash with the docked Ub(a)s, but crystal packing from adjacent Arg262 (chain K) perturbed FCCH(OPEN) orientation
to accommodate Ub(a)s and consequently occludes Ub(a) from occupying the AAD binding site. Bottom, Symmetry mates within 10 A of the Uba1/
Cdc34-Ub(t)°-0SEP structure. Uba1 domains are colored as in Fig. 2: IAD is in slate, AAD is in pink, FCCH is in hotpink, SCCH is in light magenta,
UFD is in orange. Cdc34A'*'K js colored cyan, and Ub(t)°-°StPjs colored forest. Ub(a)s from ScUba1/Ub(t)/Ub(a) (PDB: 4NNJ) and Uba1/Cdc34/Ub(a)
(PDB: 6NYA) are docked into Uba1/Cdc34-Ub(t)-°SEP structure by superposition of Uba1 AD domains. Ub(a) (PDB: 4NNJ), ScUba1 FCCH (PDB: 4NNJ),
Ub(a) (PDB: 6NYA), ScUba1 FCCH (PDB: 6NYA) are colored and labeled. Ub(a) (PDB: 4NNJ) and Ub(a) (PDB: 6NYA) are shown as surface
representation. Pro235 and Phe236 of FCCH (CLOSED) would clash with the docked Ub(a)s, but crystal packing from adjacent Arg262 (chain A)
perturbed FCCH(CLOSED) orientation to accommodate Ub(a)s and consequently occludes Ub(a) from occupying the AAD binding site. d Left,
2Fo-Fc electron density maps contoured at 1.0c for E1, E2, Ub(t) active sites in Uba1/Cdc34-Ub(t)°PEN structure. Right, Chemical drawing as shown

in d Left. e Left, 2Fo-Fc electron density maps contoured at 1.00 for E1, E2, Ub(t) active sites Uba1/Cdc34-Ub(t)-SEP structure. Right, Chemical
drawing as shown in e Left.
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Supplementary Figure 3 | Structure analysis for Uba1/Cdc34-Ub(t)°"EN
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Supplementary Figure 4 | Structure function analysis for Uba1/Cdc34-Ub(t)°FEN
a Top, E1~Ub thioester assay and quantification for the indicated ScUba1 residues involved in Uba1/Ub(t) interface. Data are represented by mean +
SD with three independent technical replicates labeled above and individual replicates shown as black circles. Gel images are representative of
independent technical replicates (n = 3). Bottom, E1~Ub thioester assay and E2~Ub thioester assay for the indicated ScUba1 residues involved in
Uba1/Ub(t) interface in presence of DTT. Gel images are representative of independent technical replicates (n = 2). b Left and Middle, Full gels for
E1-E2 thioester transfer assay in Fig. 3. Gel images are representative of independent technical replicates (n = 3). Right, E1~Ub thioester assay and
quantification for the indicated ScUba1 residues involved in Uba1/Ub(t) interface. Data are represented by mean + SD with three independent technical
replicates labeled above and individual replicates shown as black circles. Gel image is representative of independent technical replicates (n = 3).
Source data for all panels in this figure are provided as a Source Data file.
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Supplementary Figure 5 |Structure function analysis for Uba1/Cdc34-Ub(t)°-°SEP

a Comparison of E2-Ub closed structures by E2 superposition. b Sequence alignment of Ub, Nedd8 and SUMO_1 with Ub’s secondary structure
cartoon shown above sequence. Shaded boxes in Ub(t)°"EN indicate residues that interact with Uba1, and others indicate residues of Ub, Nedd8 or
SUMO_1 that interact with E2s. ¢ Left, Full gels for E1-E2 thioester transfer assay in Fig. 4. Gel images are representative of independent technical
replicates (n = 3). Middle, Full gel for E1-E2 thioester transfer assay in presence of DTT. Gel image is representative of independent technical
replicates (n = 2). Right, Cdc34 Asn87 involves in intramolecular interaction. d Thermal shift assay of Cdc34 WT and mutants for E1-E2 thoester
transfer in Fig. 3 and Fig. 4. Data are represented by mean + SD with three independent technical replicates labeled above and individual replicates
shown as black circles. Source data for all panels in this figure are provided as a Source Data file.
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Supplementary Figure 6 | Sequence alignment of Cdc34 across different species
Secondary structure of ScCdc34 in our study is represented above the aligned sequence. Shaded boxed residues of E2s indicate contacts on UBLs. HPN motif is boxed. A region of disorder in the
ScCdc34 structure is indicated as a dashed line.
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Supplementary Figure 7 | Comparison of docking model, Uba1/Cdc34°FEN and Uba1/Cdc34C°-°SEP structures

a UFD domain rotates ~23° after Cdc34 binding for E1 E2 catalytic sites coming into proximity. With regard to the docking model, the domain rotation is
marked black, while with regard to the open structure, the domain rotation of closed structure is marked gray. Docking model (Left),open structure
(Middle), and closed structure (Right) represented as in Fig. 5. b FCCH domain comparison among these three structures. With regard to the docking
model, the domain rotation is marked black, while with regard to the open structure, the domain rotation of closed structure is marked gray. Docking model
(Left), open structure (Middle), and closed structure (Right) represented as in Fig. 5. ¢ SCCH domain comparison among these three structures. With
regard to the docking model, the domain rotation is marked black, while with regard to the open structure, the domain rotation of closed structure is
marked gray. Docking model (Left), open structure (Middle), and closed structure (Right) represented as in Fig. 5. d Structure-based sequence alignment
for E2s’ helix a2 depicting regions contacting UbC-CSEP or UbIC-OSEP | @ Model of Ub(t)°FEN positions on Uba1 derived by superposition of E2s from available
E2~UDbOPEN thioester structures on to Cdc34 in the Uba1/Cdc34CLSEP structure. Uba1 and Cdc34 are in surface representation with domains colored as in
Figure 2.
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Supplementary Figure 8 | Ub E1-E2 thioester transfer catalytic mechanism
a Ub(t) (PDB : 4NNJ) is docked into E1-E2 crosslinking structures ScUba1/ScCdc34 (PDB : 6NYA), SpUba1/SpUbc15 (PDB : 5KNL), and
SpUba1/SpUbc4 (PDB : 4112) with superposition of SCCH domain. SCCH domain is surface represented and colored magenta. b Zoom in of
E1, E2 and Ub(t) catalytic sites, Left, ScUba1/ScCdc34/Ub(t) model, Middle, SpUba1/SpUbc15/Ub(t) model, Right, SpUba1/SpUbc4/Ub(t)
model as in a. ¢ Model for catalysis of Ub E1-E2 thioester transfer formation by using S. cerevisiae Uba1/Cdc34/Ub(t) as template.
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SpUbc4 (4112) 73 ++|++ «F I =NSN S I|:|]LD -+ R 9 112+ - - PD|D PEIRHV KT

ScUbc4 (1QCQ) 74 = + |- = «F I =NAN N I|-[LD - K 97 113 - A+ P D[D PEIl +HI *KTD==—=—==—— 131

Scubcs 74 I =NSS «NI[|JLD + - K 97 113+ A+ P D|D PEIl +Ql *KTD=====—— 131

UBE2J2 (2F4W) 83 RFKCNT:««||JL - +-TD 99 124 EKGP T|L —ETSDFTKRQLAV —=—— 144

UBE2J1 80 RFEVGKK I||L - -SG9 116 KGE G Al -+« YTPEE-+-RALAKKSQD 140

SpUbcé 76 RFQTNT:-+||JL-FSD 92 1177 SDE - T|T —VTSEST+RTYAKDTKR 141

ScUbc6 76 RFKPNT:«||]L-MSD 92 1177 SDEAT|T -~ TTSDHQK+ TLARNS | S 141

UBE2H (275D) 74 IDEAS - TV|[|]LDV IN 9 115Y + - P I|D - G- " AM- L 133

ScUbcs 72 IDIAS =S I[|]LDV IN 9 113 E+ - G s|D NE..TLQL 131

SpUbc8 72 IDELS «sSV|[|]LDV IN 9 113 Y + « A s[D GE-+-ALLL 131
SUMO E2 UBE2I (1Z5S) 81 «=YPS +TV|fL: - E98 122E- + + QD AE-YT I -C 140
SUMO E2 SpUbC9 (3RCZ) [ 81 -YPS -TV||L---NO98 122+ - - - Al- TE+YTMFK 140

ScUbc9 (2EKE 81 c=YPS T If|L - - N 98 1225+ - P+ EP+-WRSFS 140
NEDDS8 E2 UBE2M (4P50) | 99 DLE=—+NV|[|JLN++R 116 139P -+ P E[D KE-+-EVLQ 156
NEDD8 E2 UBE2F (3FN1) | 104 TET—+EIfJLL+-R 7721 150LL- FDD lE+-+« EHHL 168
NEDDS8 E2 ScUbc12 (302U)| 103 DLK=—=+NV|[|JLN++-R 720 143P - P-|D Ke+++KLLC 160
NEDDS8 E2 SpUbc12 93 DIE=-NV|[|JLN--R 7110 133P - AE[D:- KE+*+«A-+*LH 150

UBE2N (4ONM) 75 + + |-+ «F - =DKL =+ I|JLD - - K 92 114 A - - P D|D N*V+EQWK 132

UBEZ2T (5NGZ) 74« |+« 1DsSA=--- 1| lLDV: K9 117 E+ + P D|D A+ 1 SSEFK 135

ScUbc13 (1JAT) 75 = +|+« « I =DRL ++ I|slLDV - K 92 1145+« P+[D Ne-V:E-WI 132

SpUbci3 74 «+|e e b+ =DKL - 1]sfL T KO 113 A+ + P D|D N*V+KIWK 131

UBE2S (1ZDN) 83 - F|l=+ -+ GAN=--EI]-|[VNV - K 92 122H - - P E|- EE-GRLLL 140

SpUbc16 77 + V[ *F I SWTN -EV|[:IMD + - K 95 117 N Y D A |+ ce s KLL - 135

ScUbc10 (4BWF) 102 « Lf- C « |-+ KsAT -EIf-JLN -+ K 120 143E- vCD|: DIGNI IRC 161

UBEZ2C (4Y1I) 102C+|++ «}F+=DTQ -+ I|flLD*+ K119 141E- - -D| TH++ELWK 159

SpUbci1 102MW|s « | «+ —=DMS « =« I|+[LD K119 140E - - NA|- AQ+ - ELWS 158

ScUbe11 81 MW[+ + +fF +=DKS - If|]LD - K 98 120 E - - NR|- AV - ELWD 138

UBE2W (2MT6) 79 P V| « HEF -« SN —«H I||JL + + - T 96 120 K E K R R[P PKKTKWWY 148

UBE2Z (5A4P) 176 RF[N: «F F+ RN — - KV|:|JL - - - G193 220N- YH-|E- EQERH=--PGD 236

BIRC6 (3ZEG) 4654 RF[N+ «fF L—YN =+ «KV||L + + « N 4671 4703 E - Y F - |E TQSSRE-DG- |1 RQATVK 4737

UBE2L3 (4Q5E) 74 + |-+ - IDE—-K -QV||LPV IS 91 114+ - QP E[H A+-L:E
ISGylation E2 UBE2L6 (1WZV)| 74 - +|+ - < - DE—=N -Q I||LP - 1 S 91 114R - - - RIE M- LD

UBE2Q1 (2QGX) 338 VL[SGGf YVLGG A I|-[MEL- T 35 381 KARVQF KsQys

UBE2Q2 (1ZU0) 291V L[SGGf-YVLGG - A-|-[MEL- T 309 33 KARVQF NQYNL

UBE2QLA1 75RLIENGI-YVLDG A I|-|[MEL-T 93 118 QGR - C|R SKKSFSRKE

important for E1-E2 transthiolation
important for E1-E2 transthiolation
Y catalytic cystine
-_conserved

Supplementary Figure 9 | Structure based sequence alignment of E1s and E2s.

a Sequence alignment of Uba1 across species and Uba6, ISGylation E1 Uba7 and Sumo E1 Uba 2 and Nedd8 E1 Uba3. Secondary structure of
ScUba1 (6NYA) is represented above the aligned sequence. Shaded boxed residues indicate residues important for thioester transfer. Residues
related to E1-E2catalysis are boxed. b Sequence alignment of S. cerevisiae E2s, S.pombe E2s and activated human E2s. Secondary structure of
ScCdc34 (6NYA) is represented above the aligned sequence.Shaded boxed residues indicate residues important for thioester transfer. Residue
related to E1-E2 catalysis are boxed. HPN motif is boxed.
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