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Supplementary Information
Supplementary Table 1. Data collection and refinement statistics for the 1C7 Fab

GGM peptide co-crystal structure. Values in parentheses are for highest-

resolution shell.

1C7 Fab-GGM peptide complex

Data collection

Space group

P43212

Cell dimensions

a, b, c(A)

163.80, 163.80, 127.47

a, B,y

90, 90, 90

Resolution (A)

48.08-2.85 (2.92-2.85)

Rpim 0.039 (0.477)
/o () 22.40 (1.46)
Completeness (%) 99.5 (98.7)
Redundancy 6.6 (6.2)
CCue 0.999 (0.806)
cc* 0.998 (0.945)
Refinement

Resolution (A)

2.85

No. of reflections

40874 (2701)

Rwork / Riree 0.211/0.260
No. of atoms 6568

Protein 6479
Ligand/ion 50

Water 39




Average B-factors 78.0
Protein 78.20
Ligand/ion 106.3
Water 73.1
R.m.s deviations

Bond lengths (A) 0.0091
Bond angles (°) 1.114




Supplementary Table 2. Unique and shared internal GGX sequences from anti-

GGX mAbs
mAb Unique sequences Shared sequences
1C7 26 16
2E9 41 14
2H2 47 20
2B12 8 8




Supplementary Table 3. List of primers used to amplify the heavy and light chain

repertoire from rabbits

BssHII.Rab.VH1

ATTGCTACAAATGCCTATGCAGCGCGC CAG GAG CAG CTG AAG GAG TCC

BssHIl.Rab.VH2/14

ATTGCTACAAATGCCTATGCAGCGCGC CAG GAG CAG CTG GAG GAG TCC

BssHII.Rab.VH3

ATTGCTACAAATGCCTATGCAGCGCGC CAG GAG CAG CTG GTG GAG TCC

BssHII.Rab.VH4

ATTGCTACAAATGCCTATGCAGCGCGC CAG TCG GTG AAG GAG TCC GAG

BssHIl.Rab.VH5

ATTGCTACAAATGCCTATGCAGCGCGC CAG TCG STG GAG GAG TCC AGG

BssHII.Rab.VH6

ATTGCTACAAATGCCTATGCAGCGCGC CAG TCG STG GAG GAG TCC GGG

BssHII.Rab.VH7

ATTGCTACAAATGCCTATGCAGCGCGC CAG SAG CAG CTG GAG GAG TCC

BssHII.Rab.VH8

ATTGCTACAAATGCCTATGCAGCGCGC CAG TCG YTG GRG GAR TYC RGG

BssHIl.Rab.VH9

ATTGCTACAAATGCCTATGCAGCGCGC CAG RAG CAG CTG RTG GAG TCC

BssHII.Rab.VH10

ATTGCTACAAATGCCTATGCAGCGCGC CAG CAG CTG AAG GAG TCC GGA

BssHIl.Rab.VH11

ATTGCTACAAATGCCTATGCAGCGCGC CAG GAG CAG CAG AAG GAG TCC

BssHIl.Rab.VH12

ATTGCTACAAATGCCTATGCAGCGCGC CAG ACA GTG AAG GAG TCC GAG

BssHII.Rab.VH13

ATTGCTACAAATGCCTATGCAGCGCGC GAG GAT CAG CTA GTG GAG TCC

GS.Rab.JH1/5/6

ACCACCGCTGCCGCCGCCGCCTGATCCTCCTCCTCC TGA GGA GAC GGT GAC
CAG GGT

GS.Rab.JH2/3/4

ACCACCGCTGCCGCCGCCGCCTGATCCTCCTCCTCC TGA AGA GAC GGT GAC
CAG GGT

GGATCAGGCGGCGGCGGCAGCGGTGGTGGTGGTTCG GAC CCT ATG CTG ACC

GS.Rab.VK1 CAG ACT

GGATCAGGCGGCGGCGGCAGCGGTGGTGGTGGTTCG GAC CCT GTG CTG ACC
GS.Rab.VK2 CAG ACT

GGATCAGGCGGCGGCGGCAGCGGTGGTGGTGGTTCG GAC CCT RTG CTG ACC
GS.Rab.VK3 CAG ACW CC

GGATCAGGCGGCGGCGGCAGCGGTGGTGGTGGTTCG GAT GTY GTG ATG ACC
GS.Rab.VK4 CAG ACT

GGATCAGGCGGCGGCGGCAGCGGTGGTGGTGGTTCG GAT GKC GTG ATG ACC
GS.Rab.VK5 CAG ACT

GGATCAGGCGGCGGCGGCAGCGGTGGTGGTGGTTCG GCA GCC GTG CTG ACC
GS.Rab.VK6 CAG ACA

GGATCAGGCGGCGGCGGCAGCGGTGGTGGTGGTTCG TAT GTC ATG ATG ACC
GS.Rab.VK7 CAG ACT

GGATCAGGCGGCGGCGGCAGCGGTGGTGGTGGTTCG GCC CTT GTG ATG ACC
GS.Rab.VK8 CAG ACT

GGATCAGGCGGCGGCGGCAGCGGTGGTGGTGGTTCG GCC ATC RAW ATG ACC
GS.Rab.VK9 CAG ACT

GGATCAGGCGGCGGCGGCAGCGGTGGTGGTGGTTCG GCC CAA GTG CTG ACC
GS.Rab.VK10 CAG ACT

GGATCAGGCGGCGGCGGCAGCGGTGGTGGTGGTTCG GAC MYT GTG MTG ACC
GS.Rab.VK11 CAG ACT

GS.Rab.VK12

GGATCAGGCGGCGGCGGCAGCGGTGGTGGTGGTTCG GCM GYC GTG MTG ACC
CAG ACT




GTGATGGTGGTGAGCCTTGGCCCCGGTGGCCGC TTTGATTTCYACMTTGGTGCC

Sfil.Rab.JK1

Sfil. Rab.JK2 GTGATGGTGGTGAGCCTTGGCCCCGGTGGCCGC TTYGACSACCACCTYGGTCCC
Sfil. Rab.JK3 GTGATGGTGGTGAGCCTTGGCCCCGGTGGCCGC TAGGATCTCCAGCTCGGTCCC
Sfil Rab.JK4 GTGATGGTGGTGAGCCTTGGCCCCGGTGGCCGC TTTGATTTCCAGTTTGGTCCC
Sfil. Rab.JK5 GTGATGGTGGTGAGCCTTGGCCCCGGTGGCCGC TYKRATCTCCACCATGGTCCC
Sfil. Rab.JK6 GTGATGGTGGTGAGCCTTGGCCCCGGTGGCCGC TTTGATCTCCASCTTGGTCYC

Sfil.Rab.JK7

GTGATGGTGGTGAGCCTTGGCCCCGGTGGCCGC TTTGATCTCCAGCTTGGTTCC
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Supplementary Figure 1. pAb characterization and sequence alignment of anti-
GGX antibodies. (a) ELISA characterization of pAb response from each of the eight
rabbits against the GGM (blue) and K-¢-GG (red) peptides, with streptavidin as control.



Source data are provided as a Source Data file. (b) Sequence alignment of the LC and

HC sequences of the four anti-GGX mADbs.



Supplémentary Figuré 2. Global structural analysis of GGM peptide bound to anti-
GGX Fab. (a) Surface representation of 1C7 Fab bound to GGM peptide. (c) Cartoon
representation of the 1C7 Fab bound to GGM peptide enveloped within the electron
density mesh (2Fo-Fc), contoured at 10, showing that the peptide is well-defined within
the structure. (c) GGP peptide (yellow) modelled into the structure of 1C7 Fab shows

multiple clashes with HC Asp95 and LC Tyr35.
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Supplementary Figure 3. MS validation that anti-GGX mAbs selectively IP GGX
peptides. (a) Extracted ion chromatograms (+/- 10 ppm) for K48 and K63 K-¢-GG
polyubiquitin chain linkage peptides LIFAGK®CQLEDGR and

TLSDYNIQKCCESTLHLVLR in anti-K-e-GG, anti-GGX 2E9, and anti-GGX 2H2



immunoaffinity enrichment MS experiments. (b) Extracted ion chromatograms (+/- 10
ppm) for internal GGX peptides GGLATFHGPGQLLCHPVLDLR and GGMTSTYGR in
anti-K-e-GG, anti-GGX 2E9, and anti-GGX 2H2 immunoaffinity enrichment MS
experiments. (c) WebLogos representing the sequence diversity of internal GGX

peptides enriched by each of the anti-GGX mADbs.
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Supplementary Figure 4. UBE2W overexpression reveals substrates. (a) Western
blot of stable doxycycline-inducible UBE2W HEK293 cells at 24 hrs post doxycycline
treatment. Results are representative of independent replicates (n=3). (b) Western blot
of stable Dox -inducible UBE2W/RNF4 HEK293 cells at 24 hrs post Dox treatment.
Results are representative of independent replicates (n=3). (c) Volcano plots showing
differential N-terminal protein ubiquitination data for “UBE2Woe versus Control”,
“Combo versus RNF4oe”, and “Combo versus Control” conditions in label free GGX-MS
experiment. Each data point represents one protein. Cutoffs are displayed by dashed
lines at absolute log2 fold change >1.0 and —logio P value >1.3 (P <0.05). R package
MSstats was used for statistical analysis to perform differential abundance analysis.
MSstats estimated log2(fold change) and the standard error by linear mixed effect
model for each protein. To test two-sided null hypothesis of no changes in abundance,
the model-based test statistics were compared to the Student t-test distribution with the
degrees of freedom appropriate for each protein and each dataset. (d) Protein bar plots
displaying relative N-terminal ubiquitination abundances for individual TMT-11plex
channels corresponding to biological replicates (n=3). (e) Analysis of the second
position of immunoaffinity enriched UBE2W substrates indicates a preferential
enrichment for peptides that contain glycine, alanine, valine, or phenylalanine after the

initiator methionine. Source data are provided as a Source Data file.
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Supplementary Figure 5. UCHL1 and UCHLS5 are substrates of UBE2W, but N-
terminal ubiquitination is not a signal for proteasomal degradation. (a) Extracted
ion chromatograms (+/- 10 ppm) for N-terminal semi-tryptic GGX peptides **MQLKPME
and °° MTGNAGEWCLME of UCHL1 and UCHLS5, respectively, in Control and
UBE2Woe conditions from GGX- IAP-LC-MS/MS experiment. (b) MS/MS spectra
identifications of N-terminal semi-tryptic GGX modified peptides S MQLKPME (doubly
charged, 495.7406 m/z) and ®*MTGNAGEWCLME (doubly charged, 756.7994 m/z).
Detected b- and y- ions highlighted in blue and red, respectively. (c) ELISA
characterization of the xGGM mAbs against the N-terminal tryptic peptides that
correspond to the free N-terminus of ubiquitin (MQIFV), UCHL1 (MQLKPMEINPEMLN)
and UCHL5 (MTGNAGEWCLMESDPGVFTELI) and the GG-modified N-terminus of
these proteins. The GG-modified peptides are shown in blue, orange, or pink, whereas,
the free N-terminal peptides and R-GG control peptide are shown in shades of gray,
black, or white. Results are representative of biological replicates (n=3). Data are
presented as mean +/- SD. (d) Western blots of doxycycline -inducible UBE2W/RNF4
HEK293 cells at 24 hrs post doxycycline treatment. Cells were additionally treated with
proteasome inhibitor Bortezomib (Btz) (10 uM, 2 h) before cell harvest. Results are
representative of 3 independent experiments. (e) Western blots against UCHL1, p21
and tubulin of Dox-inducible UBE2W/RNF4 HEK293 cells at 24 hrs post Dox treatment.
Cells were additionally treated with cycloheximide (10 ug/ml) for the indicated times
before cell harvest. Results are representative of 3 independent experiments. Source

data are provided as a Source Data file.
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Supplementary Figure 6. N-terminal ubiquitination blocks Ub binding to UCHL1
and UCHLS5. (a) Representative sensorgrams showing the binding of Ub to wild-type
UCHL1, the N-terminally ubiquitinated mimetic (Ub®’¢V-UCHL1), or the N-terminally
ubiquitinated mimetic with reduced ubiquitin binding (Ub'4AG76V-UCHL1). (b)
Representative sensorgrams showing the binding of Ub to wild-type UCHLS5, the N-
terminally ubiquitinated mimetic (Ub®7¢V-UCHLS5), or the N-terminally ubiquitinated
mimetic with reduced ubiquitin binding (Ub"**AG76V_.UCHL5). (c) Activity assay with
whole-cell extracts. UCHL1 was allowed to react with the suicide probe Ubiquitin-Vinyl
Sulfone (Ub-VS) without UBE2W expression (-Dox), and with UBE2W overexpression
(+Dox) for the indicated time points. The red arrow indicates the band associated with
the indicated proteins. Results are from 2 independent replicates for +Dox. Source data

are provided as a Source Data file.
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Supplementary Figure 7. Western blot validation of proteasome inhibition by
Bortezomib. Western blots of doxycycline -inducible UBE2W/RNF4 HEK293 cells at
24 hrs post doxycycline treatment. Cells were additionally treated with proteasome
inhibitor (Btz) (10 uM, 2 h) before cell harvest. Results are representative of 3

independent experiments. Source data are provided as a Source Data file.



