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In mammals, ubiquitylationis orchestrated by the canonical ubiquitin-
activating E1enzyme UBA1 and the orthogonal E1 UBA6. Growing evidence

underscores the essentiality of both E1s, which differentiate between

29 active ubiquitin-conjugating enzymes (E2s). The mechanisms governing
this distinction have remained unclear. Here we establish aframework for
ubiquitin E1-E2 specificity. Focusing on UBA6-controlled ubiquitylation
cascades, we reveal that BIRC6, a UBA6-exclusive E2, gains priority over

all other UBA6-competent E2s, underpinning the functionalimportance

of defined UBA6-BIRC6 ubiquitylation events in regulating cell death,
embryogenesis and autophagy. By capturing BIRC6 receiving ubiquitin
from UBAG6 in different states, we observe BIRC6 engaging with the UBA6
ubiquitin fold domain, driving an exceptionally high-affinity interaction that
ismodulated by the UBA6 Cys-Cap loop. Using this interaction as atemplate,
we demonstrate how to confer activity between E2s and their noncognate
E1, providing atool to delineate E1-E2-dependent pathways. Lastly, we
explain how BIRC6 priority does not lead to inhibition of UBA6, through a
bespoke thioester switch mechanism that disengages BIRC6 upon receiving
ubiquitin. Our findings propose a concept of hierarchy of E2 activity with
cognate Els, which may explain how ubiquitin Els can each function with
over adozen E2s and orchestrate E2-specific cellular functions.

Most eukaryotic cellular processes are regulated by the post-
translational attachment of ubiquitin and ubiquitin-like (UBL) proteins
onto substrates™?. Ubiquitinis highly conserved from yeast to humans
and is covalently linked onto substrates through the cyclical activity
of E1 ubiquitin-activating, E2 ubiquitin-conjugating and E3 ubiquitin
ligases, ultimately forming defined monoubiquitin and polyubiquitin
attachments with diverse consequences in substrate fate**,
Metazoans contain two E1 ubiquitin-activating enzymes, UBA1
(refs.5-7) and UBAG6 (refs. 8-10). UBAl facilitates the majority of ubiq-
uitylation events in the cell and is expressed at tenfold higher levels
than UBAG (ref. 8). However, UBA6 is expressed in all tissues®and both
Els are essential for development’, suggesting that UBA6 regulates

distinct, fundamental cellular pathways. These distinct functions of
thetwo Elenzymes are further underscored by different abnormalities
arising upon perturbation of enzymatic activity. Somatic mutationsin
UBAT1 lead to VEXAS syndrome™? while UBA6 has been implicated in
neuronal functions, with brain specific UBA6-knockout mice displaying
neurological disorders™* and elevated UBA6 levels detected in Alzhei-
mer’s Disease patients®. Additionally, UBA6-mediated ubiquitylation
events are exploited for survival of certain cancer cell lines across a
broad range of tissues™.

Despite different cellular pathways being governed by UBAS6,
the E1 enzymes are homologous, share a conserved multidomain
architecture (Fig.1a, Extended DataFig.1aand Supplementary Fig. 1a)
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Fig.1| Overview of E1 specificity and E2-interacting domain compatibility
across the ubiquitin E2 family. a, Left, sequence identity between domains of
the ubiquitin-activating E1enzymes UBAl and UBA6. Right, schematic of the
ubiquitin cascade. E1enzymes sequentially activate two ubiquitin molecules
(i-iii) before transthiolation to an E2 enzyme (iv), which then conjugates
ubiquitin onto asubstrate protein through an E3 enzyme (v). Numbers of
ubiquitin E2 and E3 enzymes present in humans are indicated in brackets.

b, Phylogenetic tree (ClustalOmega) of the 29 active ubiquitin E2 enzymes
presentin humans. ¢, Top, quantification of the percentage of E2-Ub thioester
formed (mean * s.d.) for every human E2 enzyme after 5 min in the presence of
UBA1/UBA6 in three independent experiments. Because of lower transthiolation
activity, reactions with UBE2K were stopped after 30 min rather than 5 min.

Pearson correlation coefficient

Asterisk denotes use of truncated E2. Bottom, the Spearman rank correlation
coefficientis shown for the expression of each enzyme across tissues in the GTex
database to either UBA1or UBA6. Correlations that were not significant (P> 0.01)
after multiple-test correctionare shown as 0. d, Left, summary of E1 specificity
among the panel of human E2s, determined from c. Right, classification of E1
domain specificity across all ubiquitin E2 enzymes, determined by observing
E2-Ub thioester formation with chimeric UBA1/UBA6 constructs (Extended Data
Fig.1c,d). e, Codependency analysis correlating UBA6 CRISPR Chronos score
with CRISPR Chronos score of ~18,000 genes across 1,186 cell lines in the cancer
dependency map (DepMap). Pearson correlation coefficients for each gene pair
are ranked by significance. Genes with Pearson correlation coefficients between
-0.1and 0.1are omitted for clarity.

and transfer ubiquitin to E2 conjugating enzymes through the same
reaction cycle (Fig. 1a). Given these similarities, how can independ-
ent E1 pathways be achieved? Within this cycle, recruitment of E2s
to the Elis the key step in dividing the ubiquitin signal into distinct
UBA1/UBA6-mediated pathways and offers an early opportunity for
regulating downstream signaling. For example, UBA6 functions in

epithelial cell morphogenesis”, the integrated stress response’® and
autophagy'®"’, the latter two through the giant E2/E3 BIRC6 recently
identified as only the second UBA6-specific E2 (refs. 18,20-22).
While most other UBL systems are limited to two E2 enzymes,
the ubiquitin system uses 29 (Fig. 1a)>. Consequently, the specificity-
determining features on UBA1 and UBA6 are uniquely constrained,
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as they must be subtle enough to accommodate dual active E2s while
remaining sufficiently different to allow specificity. E1sin UBL cascades
have been shown to exploit distinct features in both the ubiquitin
fold domain (UFD)**® and the second catalytic cysteine half (SCCH)
domain® to impart specificity to the recruitment step. However, the
molecular mechanisms governing parallel ubiquitin E1I-E2 pathways
within the ubiquitin cascade itself is not well understood®".

Through determining E1 specificity drivers for the human ubiq-
uitin E2 family, we uncover a hierarchy of E2s for UBA6 activity, plac-
ing BIRC6 with overall priority. By capturing both ubiquitin-free and
ubiquitin-transfer UBA6-BIRC6 states, we identify the mechanism
underpinning ubiquitin transfer to BIRC6, thus explaining how BIRC6
specificity and priority for UBA6 are achieved without inhibiting UBA6.

Results

Differential E1-E2 recruitment is governed by UFD and

SCCH domains

We established areactivity profile of all active 29 ubiquitin-conjugating
E2s against UBA1 or UBA6 by quantifying E2-Ub thioester formation
for recombinantly purified E2 enzymes (Fig. 1b-d and Extended Data
Fig.1b). Atotal of 14 E2s were specific to UBAL, two were specific to UBA6
and 13 were dual-reactive toward UBA1 and UBAG6 (Fig. 1d). Strikingly,
Elspecificity did not track with E2homology; even E2s within the same
family (UBE2J1/)2,32.8% sequence identity; UBE2G1/G2,49.7% sequence
identity) displayed different E1 specificities (Fig. 1c), demonstrating
that subtle differences have evolved within E2s that dramatically affect
Elspecificity.

To determine which domains within UBA1/UBAG6 drive E2 speci-
ficity, we extended our reactivity profile to include chimeric Els with
either the UFD or the SCCH domain swapped (Fig. 1d and Extended Data
Fig.1c,d). Previous analysis focused on specific E1-E2 pairs in the ubig-
uitin system® and parallel UBL systems*****°, By including the entire
ubiquitin E2 family, we show that, of the 14 UBA1-specific E2 enzymes,
eight were driven by UFD alone while the remaining six required both
the UBA1 UFD and the UBA1 SCCH domains. Interestingly, the two
UBAG6-specific E2s use distinct mechanisms to achieve selectivity for
UBA6. UBE2Z was driven by the SCCH alone, while combined interac-
tions with UFD and SCCH were required for BIRC6 activity (full-length
BIRC6 and the BIRC6 UBC domain, amino acids 4498-4820 (BIRC6"5);
Extended Data Fig. 1d).

E2 specificities in vitro were mirrored in correlations between
E2s and UBA1 and UBAG6 in healthy tissue, derived from the analysis
of RNAseq data from the GTex portal (https://www.gtexportal.org/
home/)(Fig. 1c, bottom). Notably, UBE2Z and BIRC6, which showed
the highest specificity for UBA6, clustered together with UBA6 and
away from UBAL in a correlation matrix (Extended Data Fig. 1e,f). In
addition to agene expression link between UBA6 and its specific E2s,
a functional correlation was also evident; codependency analysis in
cancer cell lines from the DepMap database (https://depmap.org/
portal)* revealed that BIRC6 is the strongest codependent gene for
UBAG6 (Pearson correlation 0.7) and is significantly more dependent
than the next highest codependent E2 UBE2Z with a Pearson correla-
tionof 0.2 (Fig. 1e), suggesting astrong cellular requirement for UBA6
function with BIRC6.

BIRC6 gains priority to UBA6 over other E2s

The strong functional link between UBA6 and BIRC6 led us to investi-
gate their biochemical relationship. We previously detected UBA6 as a
top cellularinteraction partner of BIRC6 by mass spectrometry analy-
sis?®. Here, we used analytical size-exclusion chromatography (SEC) to
determine whether thisis the result of adirectinteraction between the
two enzymes. Indeed, in contrast to previously studied E1I-E2 interac-
tions in the ubiquitin cascade™?, BIRC6"®“ forms a stable complex with
UBA6 without the addition of ubiquitin or ATP (Fig. 2a). BIRC6"“ does
not coelute with UBA1 (Supplementary Fig. 2a), highlighting that the

E1-BIRC6 stable interaction only occurs with its cognate E1. Neither
UBE2Z nor the cross-reactive E2 UBE2D2 formed stable complexes
with UBA6 (Supplementary Fig. 2b,c) revealing that stable complex
formationinthe absence of ubiquitinand ATP is not arequirement for
UBAG6 reactivity; instead, it is specific to BIRC6.

To uncover the molecular features governing the strong associa-
tion between BIRC6Y®¢ and UBA6, we determined the cryo-electron
microscopy (cryo-EM) structure of UBA6 in complex with the BIRC6
UBCdomain (Fig.2b-d, Extended Data Figs.2a-d and 3a-cand Table1).
UBAG6 particles could be classified into three states, from which maps
of 3.3-3.6-A resolution were reconstructed: UBA6**° (Extended Data
Fig. 2a), with no BIRC6"®¢ bound, and two distinct BIRC6-bound con-
formations. In one conformation (UBA6-BIRC6VE¢°UT), BIRC6Y5¢
associates with the UBA6 UFD and rests over a loop obscuring the E1
catalytic Cys, previously described as the Cys-Cap loop (Fig. 2b; buried
surface areawith UFD: 900 A2, buried surface areawith Cys-Cap loop:
210 AY). In the second conformation (UBA6-BIRC6YB¢'™N), BIRC6YEC is
fully engaged with both the UFD and the SCCH domain (Fig. 2¢c; buried
surface areawith UFD: 770 A2, buried surface areawith SCCH: 600 A?)
andboth UBA6 and BIRC6"®“ are positioned similarly to all previously
solved F1-E2 structures® 2>, Notably, BIRC6"5¢ maintains a similar
interface with the UBA6 UFD in both UBA6-BIRC6"“°"T and UBA6-
BIRC6"® N states (Fig. 2d and Extended Data Fig. 3d), requiring a 16°
rotation of the UFD.

Three-dimensional variability analysis (3DVA) of the UBA6*7° and
UBA6-BIRC6“°'T particle stacks revealed notable conformational
heterogeneity (Extended Data Fig. 3b), which could be attributed to
distinct domain movements. In UBA6**°, simultaneous rotations of
the UFD (14°) and SCCH (6°) domains modulate the width of the central
E2-binding cavity, highlighting the inherent structural plasticity of
UBA6 toaccommodate arange of E2 enzymes (Extended Data Fig. 3e).
In the UBA6-BIRC6Y5“°"7 state, concerted motion of both the UBA6
UFD and bound BIRC6"® was visible, in which a 9° lateral rotation of
the UBA6 UFD accompanies a16-A shift of BIRC6Y*° while maintaining
anidentical interface with UBA6""® (Extended Data Fig. 3f,g).

Given the consistency of BIRC6Y*C interactions with UBA6"in all
observed states, we reasoned that the BIRC6Y®“~UFD interaction was
thedriver for the stable complex formation observedin analytical SEC.
Inagreement with this, isothermal titration calorimetry (ITC) measure-
ments usingisolated UBA6"™ and BIRC6"5 confirmed low-micromolar
binding (K;: 1.8 + 0.5 uM) (Fig. 2f). Using a fluorescence polarization
binding assay, we detected increased affinity between BIRC6"® and
full-length UBA6 (K;: 200 + 58 nM) mediated by additional contacts to
the SCCH domain (Fig. 2g). Consistent with our analytical SEC analysis
(Supplementary Fig. 2c), no binding was detected between full-length
UBA6 and UBE2Z (Fig. 2g).

We nextinvestigated functional consequences of the high-affinity
UBA6-BIRC6"C interaction and asked whether this manifests in BIR-
C6Y®priority over other UBA6-active E2s. To investigate this, we exam-
ined E2loadingin transthiolation reactions limited to asingle turnover
of UBA6 activity. Strikingly, we observed preferential ubiquitin transfer
to full-length BIRC6 and BIRC6"5“ over UBE2D2, whereas ubiquitin was
transferred equally between UBE2Z and UBE2D2 (Fig.2h and Extended
DataFig.4a,b). Expanding this further, we found that catalytically inac-
tive BIRC6E€ (BIRC62¢-C4666A) outcompeted all other UBA6-active
E2s (Extended DataFig. 4c), demonstrating BIRC6 as the priority E2 for
UBAG. To verify that the strong binding ability of BIRC6"% is required
for priority, we generated a structure-guided BIRC6"® mutant that
partially disrupts the interaction with UBA6""° whilst remaining tran-
sthiolation competent (Fig. 2e). To this effect, the BIRC6Y®¢-A4575D
mutant prevented binding to UBA6™ by ITC (Fig. 2f) and full-length
UBAG6 according to fluorescence polarization (Fig. 2g), with only a
modest reduction in thioester formation (Extended Data Fig. 4d),
confirming the suitability of this mutant to delineate the contribution
of E1binding for BIRC6 priority. Crucially, BIRC6"2-A4575D was unable

Nature Structural & Molecular Biology | Volume 33 | March 2026 | 464-478

466


http://www.nature.com/nsmb
https://www.gtexportal.org/home/
https://www.gtexportal.org/home/
https://depmap.org/portal
https://depmap.org/portal

Article

https://doi.org/10.1038/s41594-025-01717-z

a b

UBAG-BIRCGVEC-0UT

UBAG + BIRC6YC

1,000 10 uM BIRCEU*
— 10 uM UBA6
750 - __ 10 uM BIRCEY*C +
=) 10 uM UBA6
=<
£ 500
o
<ﬁ
250 |
o4

1.00 125 150 175 2.00
Retention volume (ml)

C  UBAG-BIRCEUSC d

UBAB-BIRCEUECWOUT

MW (kDa)
os| o } uBae
200
38 | - |. BIRCBUEC —— BIRC6UC K, 200 nM £ 58 nM
_ UBE2Z N.B.
22 “u““h‘ - - UBA6 190 - — BIRCEYECA4750 N B,
49
38 - - BIRC6Y®C
180 |
Coomassie
T T T T 1
1 10 100  10° 10 10°
[UBAB] (nM)
e f Time (min) h
0 10 20
L L
UBE2D2 BIRC6BYEC UBE2Z BIRC6Y8¢-A4575D
MW + UBE2D2 + UBE2D2 + UBE2D2
(kDa) O 15 30 60 0 15 30 60 O 15 30 60 O 15 30 60 Time (s)
98 [ - -— — | UBA6~Ub
— BIRC6Y*°-UBAG'™® 62
98 - — BlRC6UBCA4575D_UBA6UFD
N 49 L UBE2Z-Ub
o 38 - - ' BIRC6Ys¢~Ub
3 149 A A
£ PR SO 28
8 0 1 A
i , BIRCEU%C-UBAGY™ v ¥ [ UBE2D2-Ub
3 ® K,18 1M 0.5 uM
4 BIRC6Y"C-A4575D-UBAGUF® Fluorescence 488 nm
-2 T T
0 1 2

Molar ratio

Fig.2| A stronginteraction between BIRC6"*“ and UBA6"™ resultsin
transthiolation priority for BIRC6 over other E2 enzymes. a, Analytical SEC
of BIRC6Y¢ with UBA6 without the addition of ubiquitin or ATP. MW, molecular
weight. b,¢, Cryo-EM maps of two noncovalent BIRC6Y5¢ binding modes with
UBAG6. The sample was obtained from aninitial trial to form the trapped ternary
complex between BIRC6, UBA6 and ubiquitin, outlined in Fig. 4c. b, BIRC6*¢
bound at UBA6Y™, with the Cys-Cap loop ordered (UBA6-BIRC6Y°°VT),

¢, BIRC6"®“ engaged with UFD and SCCH domains, with the Cys-Cap loop
displaced (UBA6-BIRC6“™). d, Comparison of the UBA6-BIRC6E¢™VOUT
atomic models. A16° rotation of the UBA6Y™ is required to accommodate the
UBAG6 Cys-Cap loop. e, Close-up view of the BIRC6"*~-UBA6"™ interaction of

the UBA6-BIRC6“%“™ model. f, ITC of UBA6" (residues 940-1052) binding to
BIRC6"E (K4: 1.8 uM = 0.5 uM) and BIRC6"®“-A4575D (no binding). g, Fluorescence
polarization measurements of full-length UBA6 binding to Cy5-labeled BIRC6"%,
UBE2Z and BIRC6"%¢-A4575D. Binding was detected for BIRC6Y5C. FP, fluorescence
polarization. Data shown are the mean + s.d. from experiments performed
intechnical triplicate. Binding affinities determined from two independent
experiments. h, BDP-labeled ubiquitin single-turnover transthiolation reactions
from UBA6 to UBE2D2, either alone or competing with a second E2 (BIRC6®¢,
UBE2Z or BIRC65¢-A4575D). Controls for E2-Ub thioester formation of BIRC6Y5C,
UBE2Z and BIRC6%¢-A4575D without UBE2D2 are included in Extended Data
Fig.4a. The gelis representative of three independent experiments.

tooutcompete UBE2D2 from receiving ubiquitin from UBA6 (Fig.2h),
demonstrating that strong UFD binding bestows BIRC6 with priority
for UBA6 activity ahead of other UBA6-competent E2s.

BIRC6"®°-UBA6"™ interaction explains specificity for
UBALl-specific E2s

Our UBA6-BIRC6"Y®C structures capture UBA6 bound to an E2 for the
first time, enabling structural comparisons to UBA1-specific E2s to
uncover their mechanisms of specificity. The interaction of E2 enzymes
with their cognate E1UFD is mostly mediated through an a-helix (typi-
cally helix 1) of the E2 (refs. 27,37-39), with additional contributions
fromanearby loop (typically loop 2) (Fig. 3a and Extended Data Fig. 4€).

InBIRC6YEC, this interface comprises aseries of hydrophobic residues
directed toward UBA6"™ (Fig. 2e). To complement this interaction, the
E2-binding surface presented by the UBA6 UFD is more hydrophobic
than that of UBAI (ref. 8).

Superimposition of crystal structures of UBAl-specific E2s selected
from our E2 panel (Fig. 1d) onto our BIRC6"®*“™model revealed several
unfavorableinteractions from helix1ofthese E2s that would disruptan
interface with UBA6"™ (Fig. 3a,b). Focusing on the UBA1-specific E2s
UBE2E1, UBE2H and UBE2W, we derived mutations within helix 1 cen-
tered on positions 3, 7 and 11 to remove steric clashes or charged side
chains that may prevent favorable recruitment to UBA6 without impair-
ingactivity toward UBA1 (Fig.3b). Indeed, substitutions of two or three
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Table 1| Summary of data collection and model refinement parameters for structures generated from the

UBAG6-BIRC6"5€ dataset

UBAG"™ UBAG*"° UBAG*"° UBA6-BIRC6"%¢™N  UBAG6-BIRC6"°“°'" UBAG6-BIRC6"*°°'" UBA6-BIRCE"%°'"
Consensus Cluster 2 Cluster 3 Consensus Cluster 0 Cluster 4
EMD-53184 EMD-53187 EMD-53188 EMD-53195 EMD-53190 EMD-53192 EMD-53193
PDB 9QIC PDB 9QIG PDB 9QlI PDB 9QIV PDB 9QIM PDB 9QIO PDB 9QIP
Data collection and processing
Microscope Krios (eBIC) Krios (eBIC) Krios (eBIC) Krios (eBIC) Krios (eBIC) Krios (eBIC) Krios (eBIC)
Magnification x105,000 x105,000 x105,000 x105,000 x105,000 x105,000 x105,000
Voltage (kV) 300 300 300 300 300 300 300
Detector K3BioQuantum K3 BioQuantum K3 BioQuantum K3 BioQuantum K3 BioQuantum K3 BioQuantum K3 BioQuantum
Slid width (eV) 20 20 20 20 20 20 20
Electron exposure (e” per /°-\2) 3745 3745 3745 3745 37.45 37.45 37.45
Defocus range (um) -05,-2.5 -0.5,-25 -05,-25 -0.5,-2.5 -05,-2.5 -05,-2.5 -05,-2.5
Pixel size (A) 0.825 0.825 0.825 0.825 0.825 0.825 0.825
Symmetry imposed C, C; C, C, C, C, C,
Micrographs (no.) 13,51 13,51 13,51 13,51 13,51 13,51 13,51
Picking software crYOLO crYOLO crYOLO crYOLO crYOLO crYOLO crYOLO
Initial particle images (no.) 2,210,743 2,210,743 2,210,743 2,210,743 2,210,743 2,210,743 2,210,743
Final particle images (no.) 253,166 191M 17,392 136,457 139,520 10,415 9,889
Map resolution (A) 3.29 3.94 3.99 3.44 3.57 4.22 415
FSC threshold 0143 0143 0143 0143 0143 0143 0143
Map resolution range: 25th, 3.32,6.91 5.9, 8.12 5.33,813 3.42,742 3.91,7.66 5.94,9.40 5.66,9.28
75th percentile (A)
Refinement
Initial model used (PDB code)  AlphaFold AlphaFold AlphaFold AlphaFold AlphaFold AlphaFold AlphaFold
prediction prediction prediction prediction prediction prediction prediction
Model resolution (A) 3.4 41 4.2 3.6 37 4.6 45
FSC' threshold 05 05 0.5 05 0.5 0.5 0.5
Model resolutionorange: 25th, 3.32,6.91 5.9, 8.12 5.33,813 3.42,7.42 3.91,7.66 5.94,9.40 5.66,9.28
75th percentile (A)
Map sharpening B factor (A% 165.5 125.3 122.9 1476 155.3 1227 19.9
Model composition
Nonhydrogen atoms 8,077 8,077 8,077 10,258 10,433 10,433 10,433
Protein residues 1,01 1,01 1,01 1,282 1,305 1,035 1,035
Ligands 2 2 2 2 2 2 2
B factors (A%
Protein 168.79 223.60 208.95 14114 191.60 265.36 26175
Ligand 169.33 218.25 222.04 156.04 177.03 254.87 25775
R.m.s.d.
Bond lengths (A) 0.003 0.004 0.005 0.002 0.002 0.002 0.002
Bond angles (°) 0.455 0.685 0.702 0.443 0.438 0.586 0.595
Validation
MolProbity score 114 1.62 1.82 1.25 115 1.36 1.36
Clashscore 3.54 9.31 1379 4.85 3.56 6.55 6.46
Poor rotamers (%) 0.45 0.45 078 0.79 0.26 0.00 0.00
Ramachandran plot
Favored (%) 98.61 97.32 97.03 98.51 99.00 9816 98.62
Allowed (%) 1.39 2.68 2.97 1.49 1.00 1.84 1.38
Disallowed (%) 0.00 0.00 0.00 0.00 0.00 0.00 0.00

'FSC, Fourier shell correlation.
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Fig.3 | Modulating E2 specificity through site-directed mutagenesis and
domain truncations. a, Comparison of E1"™-interacting helix (helix 1) sequences
from UBA1-specific E2s and the UBA6-specific E2 BIRC6. Annotated residues

(3,7 and 11) face toward E1Y™” during E1-E2 binding. Residues are colored on the
basis of their properties defined by the Clustal coloring scheme. b, Unfavorable
interactions of the UBA1-specific E2s UBE2H (PDB 8PJN (ref. 65), green) and
UBE2W (PDB 8AS58 (ref. 66), blue) when modeled into UBA6™. ¢, Quantification
of E2-Ub thioester formation (mean *s.d.) for WT and mutant UBA1-specific

E2s with UBA1/UBA6 from three independent experiments (additional BDP-
labeled gel image in Extended Data Fig. 4f).d, Favorable interaction of UBE2D2

(PDB 2ESK (ref. 67), slate) when modeled into UBA6"™. e, Quantification of
E2~-Ub thioester formation (mean +s.d.) for WT and mutant UBE2D2 with UBA1/
UBAG6 from three independent experiments (additional BDP-labeled gel image

in Extended Data Fig. 4g). NS, not significant. f, Top, domain architecture of

the UBE2Q family proteins; regions labeled N/C were truncated in the AN/AC
constructs, respectively. Bottom, quantification of E2-Ub thioester formation
(mean ts.d.) for WT and truncated UBE2Q constructs from three independent
experiments (additional BDP-labeled gel image in Extended Data Fig. 4h).
Significance levels from unpaired t-tests of all quantification comparisons (c,e,f):
*P<0.05,*P<0.01and **P<0.001.

amino acids from helix 1 were sufficient to confer activity with UBA6
without severely compromising UBA1 activity (Fig. 3¢ and Extended
DataFig. 4f). Conversely, addition of negatively charged residues at the
UBA6"™interface of the cross-reactive E2 UBE2D2 (Fig. 3d) specifically
hindered UBAG6 transthiolation activity while retaining UBA1 activity
(Fig.3e and Extended Data Fig. 4g). Together, this mutational analysis
shows that our BIRC6-UBAG6 structural analyses offer a template for
modulating the activity of other E2s for noncognate E1s. Importantly,
these derived mutations do not overlap with knowninterfaces with E3
ligases, confirmed by comparison to E2-E3 structures (Extended Data
Fig.4i-p), demonstrating the applicability of this approach to specifi-
cally alter the E1-E2 step of E2-regulated cellular processes.
Inaddition to the canonical helix1/loop 2 El-interactinginterface,
many E2 UBC domains possess N-terminal or C-terminal extensions
(Supplementary Fig. 3) that regulate their activity****and, in the case
of the Nedd8 E2 (Ubcl12), interact with its cognate E1 UBA3 (ref. 45).
We explored the contribution of UBC extensions for driving UBA1/
UBAG6 ubiquitin E2 specificity by focusing on the UBA1-specific UBE2Q
family (Fig. 1d), which contain both an additional N-terminal domain
and an extended C-terminal helix (Fig. 3f). UBA1'"® was required for
transthiolation activity with full-length UBE2Q constructs (Extended
Data Fig. 1d); however, successive truncation of the N-terminal and
C-terminal extensions of both UBE2Q1 and UBE2Q2 revealed robust
activity with UBA6 (Fig. 3f and Extended Data Fig. 4h), suggesting that
steric occlusion by the UBC extensions masked favorable interactions

with UBA6. This demonstrates for the first time that extensions to the
UBC of ubiquitin E2s can determine E1 specificity.

Drosophila melanogaster harbors an E1-bispecific
BIRC6 ortholog
Although BIRC6Y¢ binds tightly to UBA6"™ (Fig. 2f,g), thisinteraction
does not fully explain the specificity of BIRC6 for UBA6, as BIRC6 was
dependent onboth UFD and SCCH domains for full activity (Extended
Data Fig. 1d). To better understand the origins of UBA6-specificity in
BIRC6, we took an evolution-guided approach and observed that, while
BIRC6is conserved in all metazoans, UBA6 has been lostin Nematoda
and Arthropodaincluding Drosophila (Fig. 4a). Despite this, BIRC6 has
established rolesin Drosophila cell death and development pathways,
which require catalytic activity*®*.

Recent cryo-EM structures of full-length human BIRC6 revealed
a highly interwoven architecture of multiple domains N-terminal to
the catalytic UBC domain®°***8, D. melanogaster BIRC6 (dBIRC6) is
53% identical to human BIRC6, with all domains conserved across
the -5,000-amino acid protein®’. The dBIRC6 catalytic domain (dBIR-
C65C) displays even higher conservation, with 69% sequence identity
to human BIRC6"%¢, The D. melanogaster genome contains a single
El dedicated to the activation of ubiquitin (dUBA1), which has 60%
sequence identity to human UBA1 and is only 42% identical to UBA6.
Given the functional importance of dBIRC6 but absence of UBA6 in
Drosophila, we reasoned that dBIRC6 must have functionally coevolved
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Fig. 4| Structures of trapped UBA6-UbDha-BIRC6"*“ and dUBA1-UbDha-
dBIRC6"C ternary complexes reveal E1specificity determinants of BIRC6.

a, Phylogenetic analysis of BIRC6 and UBA6 conservation. Ticks and crosses
indicate the presence or absence of BIRC6 and UBA6 in the indicated taxa.

b, E2-Ub transthiolation assay for human and Drosophila BIRC6"®C with the

two human Elenzymes (UBAland UBA6) and the Drosophila E1 (AUBAL). Left,
SDS-PAGE gel used for quantification. Right, quantification of the percentage of
E2-Ub formation (mean + s.d.) from three independent replicates. ¢, Chemical
structures of the transient E1I-Ub-E2 tetrahedral intermediate (left) and the
trapped ternary complex formed by the UbDha probe (right). d,e, Consensus
cryo-EM densities for UBA6-UbDha-BIRC6"* (d) and dUBA1-UbDha-dBIRC6Y%¢

(e) trapped ternary complexes. Density for Ub™™is lost because of heterogeneity
in Ub™" conformations within the consensus particle stacks. f, Close-up view of
the E1-UbDha-E2 bridge between catalytic residues within the UBA6-UbDha-
BIRC6YC structure. g, 3DVA and clustering of the UBA6-UbDha-BIRC65¢
particle stack recover density for transferred ubiquitin. h, Top, schematic of
WT (human/Drosophila, h/d) and chimeric (1-10) BIRC6Y5 constructs. Bottom,
SDS-PAGE gel showing E2-Ub thioester formation of chimeric BIRC6 constructs
inthe presence of either UBA1 or UBA6 using BDP-labeled ubiquitin. The gel
isrepresentative of three independent experiments. i, Close-up view of the
UFD-BIRC6"®C interface. Helices extended in dUBA1Y"® compared to UBA6
areoutlined.

toreceive ubiquitin from dUBAL. We confirmed this functional partner-
ship in transthiolation assays (Fig. 4b). Remarkably, unlike BIRC6"5,
dBIRC6"5C displayed species cross-reactivity with both human UBA1
and UBAG (Fig. 4b), suggesting that, despite the high sequence identity
between the human and Drosophila orthologs, features within dBIR-
C6“"Callow E1bispecificity. Armed with the understanding of dBIRC6’s
cross-species E1reactivity, we aimed to leverage it as an effective tool
for exploring E1 specificity.

Capturing BIRC6"®¢ orthologs receiving ubiquitin from
species-specificEls

To understand the species-specific differences within BIRC6 UBC
domains enabling E1 specificity, we sought to capture human and

Drosophila BIRC6“¢ orthologs bound to their respective E1 enzymes.
Unlike human BIRC6, dBIRC6Y € is unable to form a stable complex
with either Drosophila or human Elenzymes (Extended Data Fig. 5a-c);
therefore, a strategy to stabilize the dBIRC6 complex was required.
Previous methodsto obtain stable E1I-E2 complexes for structural stud-
ies haveinvolved oxidative crosslinking between the catalytic cysteine
residues of E1 and E2 (refs. 25-27,34,35). To stabilize our E1I-BIRC6Y5¢
complex, we capitalized on the observation that a ubiquitin dehydro-
alanine probe (UbDha) can be reacted with an E1 and transferred to
an E2, forming a trapped ternary complex that closely resembles the
native transthiolation tetrahedral intermediate*’ (Fig. 4c and Extended
Data Fig. 5d-f). Recently, a transthiolation-mimic state was also cap-
tured through use of a ubiquitin-PSAN probe®. Using probes to trap
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transthiolation-mimic states allows for the stabilization of transient
E1-E2interactions while preserving the native conformations of the
enzymesinvolved.

Usingthe UbDhastrategy, we determined cryo-EM maps of dUBA1-
UbDha-dBIRC6"®¢ and UBA6-UbDha-BIRC6" at overall resolutions
of 2.6 and 3.1 A, respectively (Fig. 4d,e, Extended Data Figs. 6-8 and
Table 2). Unambiguous maps enabled building of the E1I-E2 complexes
in both single and double ubiquitin-loaded states, as also observed in
recent cryo-EMstructures of yeast UBA1-Cdc34 (ref. 36). The C-terminal
tail of UbDha midtransfer from E1 to BIRC6 could be resolved in both
maps, enabling confident modeling of the covalent bonds between
UbDha and the active sites of the respective F1 and BIRC6Y® (Fig. 4f
and Extended Data Fig. 9a). Although the final residues of the UbDha
tail were clearly resolved, the remainder of the transferred ubiquitin
(Ub™") was only visible at lower map thresholds, indicative of confor-
mational heterogeneity. Analysis of our structures revealed that Ub™"
adoptsacontinuum of conformations, which was correlated with pro-
gression through the transthiolation reaction in previous studies®°.
By clustering our particles into subsets using 3DVA, we were able to
improve resolution for the Ub™" (Fig. 4g and Extended Data Figs. 8b
and 9b). We then validated the functional importance of the observed
interfaces of BIRC65¢ to UBA6"™®, UBA65“" and Ub™" (Extended
Data Fig. 9c,d) and, consistent with our structural observations,
single-point mutations in BIRC6"®¢ disrupt transthiolation. Conversely,
the M992E substitution within UBA6"™ severely reduced loading of
UBE2Z and UBE2D2 without significantly affecting BIRC6"*C loading
(Extended DataFig. 9e), suggesting that BIRC6 may tolerate mutations
in UBA6 that would disrupt recruitment of weaker-binding E2s.

Subtle differences within BIRC6"5¢ drive specificity for UBA6
Comparative analysis of the human and Drosophila E1-UbDha-BIRC6
complexes revealed that both UBC domains adopt similar conforma-
tionswhenboundto their cognate E1, with an overall root-mean-square
deviation (r.m.s.d.) of 1.2 A (Extended Data Fig. 10a); the largest differ-
encesoccurredinpoorly resolved loops. However, when aligned onthe
El core residues, subtle differences in the location of BIRC6"® could
be observed between the two structures. dBIRC6"5 pivots around
its E1'"™-interacting helix, shifting the center of mass of BIRC6 2.1 A
away from E15°“, with local shifts of up to -5 A in residues closer to
the SCCH interface (Extended Data Fig. 10b,c). Next, we developed
a series of BIRC6"E¢ species-swap chimeras that exchange human
and Drosophila BIRC6 sequences to evaluate a hierarchy of interac-
tions required for dBIRC6"*C bispecificity (Fig. 4h and Extended Data
Fig.10d,e). Adding C-terminal SCCH-interacting regions from BIRC6
into dBIRC6Y® retained partial activity with UBA1 (Fig. 4h, chimera9).
However, incorporating the N-terminal UFD-interacting region from
BIRC6into dBIRC6®¢ eliminated ubiquitin loading from UBAL, regard-
less of other sequence alterations (Fig. 4h, chimeras 3,7,8 and 10, and
Extended Data Fig. 10e). This underscores critical differences in how
the two BIRC6Y®¢ orthologs engage their respective cognate UFDs.
Focusing on the BIRC6"B¢~UFD interface resolved in our struc-
tures, we observed clashes between BIRC6Y®¢ and two helices in
dUBA1"" that are extended by one turn relative to UBA6 (Fig. 4i). These
extra turns are also present in human UBAI (Extended Data Fig. 10f).
Upon close inspection of the BIRC6“® domains, these clashes could be
localized to two glutamic acid residues (E4603 and E4604). The cor-
responding residues in dBIRC6"® are both shorter and, thus, compat-
ible with the extended helices in both UBAl orthologs. Incorporating
the dBIRC6 N-terminal sequence up to and including helix 1 (residues
4577-4648 of dBIRC6) alone into BIRC6"2 did not elicit activity with
UBAI (Fig. 4h, chimera1). However, further introduction of E4603T
and E4604D substitutions into the sequence of this chimerabegan to
enable UBA1 activity (Fig. 4h, chimera 2). This effect was also seen in
chimeras containing the dBIRC65¢ C-terminal sequence (Fig. 4h, chi-
meras 4 andS5). Taken together, the N-terminal UFD-interacting region

of BIRC6"*C is key for driving E1 specificity for UBA6, with additional
minor contributions from the SCCH interface.

A bespoke thioester switch mechanism ensures BIRC6 priority
occurs without UBA6 inhibition

The tight association of BIRC6"*“ with UBA6 enables BIRC6 to take
priority over other E2s for ubiquitin loading (Fig. 2h and Extended
DataFig. 4c) but risks BIRC6 acting as acompetitiveinhibitor of UBA6.
Aswe observed robust ubiquitin transfer between UBA6 and BIRC6Y5¢
indicating multiple turnovers of transthiolation, we reasoned that a
mechanism must exist that ensures release of BIRC6-Ub.

First, weinvestigated what effect the presence of BIRC6Y® has on
UBE2D2 loading under multiple-turnover conditions. BIRC6"2¢ sup-
presses UBE2D2 loading in a concentration-dependent manner and
this competition markedly increases when catalytically inactive BIR-
C6Y5¢-C4666A is used (Fig. 5a,b). This suggests that ubiquitin transfer
promotes BIRC6 release. Enhanced competition by BIRC6Y5¢-C4666A
still requires a tight initial affinity to UBA6, as shown by the inability
of UBE2Z-C4666A or UBE2Z-A4575D;C4666A to outcompete UBE2D2
(Fig. 5a,b and Supplementary Fig. 4a).

E2-Ub release mechanisms have been described as a thioester
switch through reduced affinity of the E1-E2 complex after transthi-
olation has occurred®-°, Thus, we sought to directly measure the
reduction in affinity of loaded BIRC6~Ub to UBA6. To assess this, we
generated a stable Cy5-BIRC6-Ub conjugate using our UbDha strat-
egy (Supplementary Fig. 5a). In fluorescence polarization measure-
ments, BIRC6-Ub bound to UBA6 approximately 1.5-fold weaker (Kj:
273 nM + 139 nM) than BIRC6 alone (K,: 200 nM + 58 nM) (Fig. 5¢),
indicating that, once BIRC6 has received ubiquitin, the product is of
lower affinity and, thus, is released, consistent with a thioester switch.

The thioester switch mechanism may be driven by conforma-
tional changes that occur during ubiquitin transfer. Comparison of
ourunloaded and trapped transthiolation-mimic BIRC6"® structures
revealed a conformational change in the BIRC6 ‘loop 6’ extension
(Fig. 5d; hereafter referred to as the blocking loop), which opens to
accommodate the C-terminal tail of Ub™" upon ubiquitin loading.
Within this loop, a highly conserved tryptophan (W4673) occludes
the active-site cysteine and must reposition for transthiolation to
occur (Fig. 5e).

We generated three mutant BIRC6"*“ blocking loop constructs and
assessed their ability to outcompete UBE2D2 loading in amore sensitive
time-course assay. Two focused on the conserved tryptophanresidue,
replacingitwith either alanine, negating the need for a conformational
change to unmask the E2 catalytic cysteine (W4673A), or arginine,
whichwould alter the conformation of the blocking loop or surround-
ing regions (W4673R). The final mutant replaced the entire blocking
loop (residues 4671-4680; Fig. 5f) with a short GG linker, effectively
removing the loop entirely (BIRC6 Ablocking loop).

Removal of the blocking loop marginally enhanced BIRC6’s ability
tooutcompete UBE2D2loading relative to wild-type (WT) BIRC6**“and,
furthermore, this was enhanced relative to thioester switch-impaired
BIRC6Y5¢ (C4666A) (Fig. 5g). The W4673A substitution showed slightly
improved competition compared to WT BIRC6"®¢, whereas W4673R
showed areduced ability to compete (Fig. 5g) but greater competition
than BIRC6Y“-A4575D and UBE2Z (Fig. 5h). As the multiple-turnover
competition assays are influenced by the E1-E2 affinity, we meas-
ured the affinities of the blocking loop variants to UBA6 to determine
whether the observed competition effects correlate with an altered
affinity. The W4673A mutant showed aslightincrease in binding whilst
W4673R was unable to bind, consistent with the competition assay
results (Fig. 5i). Surprisingly, removal of the blocking loop weakened
affinity to UBA6 compared to BIRC6" WT approximately twofold
(Fig. 5i), despite the increased potency in competition assays. There-
fore, this suggests a role of the blocking loop in the thioester switch
releasing BIRC6-Ub (Fig. 5j).

Nature Structural & Molecular Biology | Volume 33 | March 2026 | 464-478

an


http://www.nature.com/nsmb

Article

https://doi.org/10.1038/s41594-025-01717-z

Table 2 | Summary of data collection and model refinement parameters for structures generated from the UBA6-UbDha-
BIRC6"5€ and dUBA1-UbDha-dBIRC6"%C datasets

UBA6-UbDha- UBA6-UbDha- UBA6-UbDha- UBA6-UbDha- dUBA1-UbDha- dUBA1-UbDha- dUBA1-UbDha-
BIRC6""¢ BIRC6"%¢ BIRC6""¢ BIRC6"%¢ dBIRC6"%¢ dBIRC6"%¢ dBIRC6"*°
(doubly loaded) (doubly loaded) (doublyloaded) (singly loaded) (doubly loaded) (doubly loaded) (doubly loaded)
Consensus Cluster O Cluster 2 Consensus Consensus Cluster 2 Cluster 4
EMD-53155 EMD-53170 EMD-53183 EMD-53149 EMD-53130 EMD-53131 EMD-53147
PDB 9QH5 PDB 9QHI PDB 9QIA PDB9QGW PDB 9QGG PDB 9QGI PDB9QGR

Data collection and processing

Microscope Krios (COSMIC) Krios (COSMIC) Krios (COSMIC) Krios (COSMIC) Krios (COSMIC) Krios (COSMIC) Krios (COSMIC)
Magnification x105,000 x105,000 x105,000 x105,000 x105,000 x105,000 x105,000
Voltage (kV) 300 300 300 300 300 300 300

Detector K3 BioQuantum K3 BioQuantum K3 BioQuantum K3 BioQuantum K3 BioQuantum K3 BioQuantum K3 BioQuantum
Slid width (eV) 20 20 20 20 20 20 20

Electron exposure (e” per A?) 37.84 37.84 37.84 37.84 36.1 361 361

Defocus range (um) =05, =215 -0.5,-2.5 -0.5,-2.5 -0.5,-2.5 =0\, =215 -0.5,-2.5 -0.5,-2.5

Pixel size (A)' 0.85 0.85 0.85 0.85 0.83 0.83 0.83

Symmetry imposed @ ©; € ©; C o (o

Micrographs (no.) 13,888 13,888 13,888 13,888 15,362 15,362 15,362

Picking software SIMPLE SIMPLE SIMPLE SIMPLE SIMPLE SIMPLE SIMPLE

Initial particle images (no.) 4,653,678 4,653,678 4,653,678 4,653,678 7,193,985 7,193,985 7,193,985

Final particle images (no.) 188,172 9,014 6,504 170,986 333,479 23,467 20,475

Map resolution (A) 3.09 4.27 4.38 3.62 2.58 316 310

FSC threshold 0143 0143 0.143 0143 0143 0143 0.143

Map resolution range: 25th, 3.22,6.73 6.06,10.04 7.05,11.04 3.67,7.59 262,579 3.57,8.26 3.47,8.28

75th percentile (A)

Refinement

Initial model used (PDB code)

9B5C, AlphaFold

9B5C, AlphaFold

9B5C, AlphaFold

9B5C, AlphaFold

9B5C, AlphaFold

9B5C, AlphaFold

9B5C, AlphaFold

prediction prediction prediction prediction prediction prediction prediction
Model resolution (A) 34 4.8 71 37 2.8 3.3 3.3
FSC threshold 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Model resolutionorange: 25th, 322,673 6.06,10.04 7.05,11.04 3.67,7.59 262,579 3.57,8.26 3.47,8.28
75th percentile (A)
Map sharpening B factor (A2 1249 86.6 79.8 1511 100.5 76.8 73.8
Model composition
Nonhydrogen atoms 10,848 1,421 11,430 10,254 10,730 1,312 1,312
Protein residues 1,358 1,430 1,431 1,282 1349 1,422 1,422
Ligands 2 2 2 2 1 1 1
B factors (A%
Protein 189.08 24773 249.07 166.92 119.51 125.99 146.47
Ligand 203.46 271.87 245.23 187.82 108.51 98.47 129.74
R.m.s.d.
Bond lengths (A) 0.005 0.004 0.004 0.004 0.006 0.005 0.006
Bond angles (°) 0.943 0.946 0.962 0.490 0.993 0.964 1.033
Validation
MolProbity score 1.02 1.87 1.56 1.09 1.04 1.20 124
Clashscore 2.36 11.53 9.03 3.04 2.57 421 470
Poor rotamers (%) 1.00 2.45 o 0.80 0.85 0.80 0.64
Ramachandran plot
Favored (%) 98.22 98.03 9761 98.12 98.95 98.37 98.58
Allowed (%) 178 1.97 2.39 1.88 1.05 1.63 1.42
Disallowed (%) 0.00 0.00 0.00 0.00 0.00 0.00 0.00

'Pixel size was recalibrated between sessions.
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The UBA6 Cys-Cap loop modulates E2 binding

Having determined changes in BIRC6 that are involved in release of
BIRC6-Ub, we analyzed our BIRC6°VTand BIRC6~-Ub loaded structures
for complementary features in UBA6.

In our UBA6-BIRC6Y®“°“T structure, we observed the BIRC6"5¢
catalyticsitein proximity to the UBA6 Cys-Cap loop (Fig. 6a). This Cys-
Cap loop is disordered in both UBA6-BIRC6Y2“™ and UBA6-UbDha-
BIRC6"® structures. To investigate any contribution of the Cys-Caploop
inthe UBA6-BIRC6 interaction, we generated a UBA6 ACys-Cap loop
construct where the Cys-Cap loop (residues 797-819) were replaced
by an 8-amino acid glycine/serine-rich linker. Shortening the Cys-Cap
loop did not affect loading of weaker-binding E2s (UBE2D2, UBE2Z and
the BIRC6Y2¢-A4575D mutant) in transthiolation reactions (Fig. 6b,c
and Supplementary Fig. 4b). However, the observed rate of BIRC6"5¢
loading was significantly impaired (50% completion after 30 min)
compared to WT UBAG6 (75% completion under 10 min) (Fig. 6b,c). We
tested whether thisimpairment was because of decreased recruitment
to UBA6 ACys-Cap loop or poor release of the BIRC6~Ub thioester
product. Binding measurements revealed that BIRC6Y%“ binds to UBA6
ACys-Cap loop with tenfold greater affinity than to UBA6 (Fig. 6d),
suggesting that BIRC6 recruitment is not impaired in the absence of
the Cys-Cap loop; rather, it is significantly enhanced. Furthermore,
the stable BIRC6"®-Ub conjugate binds to UBA6 ACys-Cap loop
severalfold tighter than to WT UBA6 (Fig. 6d). Loss of the Cys-Cap
loop, therefore, effectively overpowers the thioester switch, thus
inhibiting release of the BIRC6~Ub product. Consistent with this com-
bined affinity effect, BIRC6Y® now outcompetes UBE2D2 for receiving
ubiquitinfrom UBA6 ACys-Cap loop to asimilar extent to catalytically
inactive BIRC6"®¢-C4666A (Fig. 6¢,f and Supplementary Fig. 4c).

For E2s with no detectable affinity to UBA6 WT, such as UBE2Z
and BIRC6-A4575D (Fig. 2g), we began to detect binding upon loss of
the Cys-Cap loop and, in some cases, determined a low-micromolar
affinity (BIRC6-A4575D) (Supplementary Fig. 5b); thus, removal of
the Cys-Cap loop results in a pan-E2 increased affinity. However, this
increase inbinding s still not sufficient to enable priority of UBE2Z or
BIRC6-A4575D over UBE2D2 (Fig. 6¢,f) compared to BIRC6 WT.

We next aimed to assess this tight BIRC6-UBA6 interaction in
cellulo through transfecting Strepll-GFP-tagged variants of cata-
lytically active and inactive UBA6 into HEK293T cells. Isolation of
full-length, active UBA6 detected a low level of endogenous BIRC6;
this level increased with UBA6-C625A, consistent with the require-
ment of the thioester switch for BIRC6 release. We observed a notable
enrichment of endogenous BIRC6 with UBA6 ACys-Cap loop, either
catalytically active or inactive (Fig. 6g), consistent with our findings
that BIRC6 affinity dramatically increases and it cannot be released
even once ubiquitin is transferred (Fig. 6d). Lastly, a UBA6 chimera
with the UBA1UFD (UBA6-1UFD) (Extended DataFig.1c) did notenrich
endogenous BIRC6, consistent with BIRC6 recruitment to UBA6 being
driven through the UFD (Extended Data Fig. 1d).

Discussion

Molecular framework for E1-E2 specificity in the

ubiquitin cascade

Amongst protein post-translational attachments, ubiquitylation is
unique in the number and diversity of enzymes involved with two E1ls
and 29 E2s compared to other UBL cascades. Since the discovery of
UBA6-activated ubiquitylation pathways nearly 20 years ago, the speci-
ficity underpinning UBA6-specific pathways has remained unclear. Our
UBA1/UBA6-E2 reactivity profile of all 29 ubiquitin-conjugating E2s
revealed that determinants driving E2 specificity for UBAl1and UBA6 can
be grouped into distinct categories, forming a molecular framework
defining ubiquitin E1-E2 specificity and addressing a longstanding
question. Building from this, we provide the molecular basis for gener-
ating specificity-changing mutants of E2 enzymes that could be used to
separate their functions within UBA1and UBA6 independent pathways.

We show that ubiquitin E2s take advantage of a variety of mecha-
nisms to achieve specificity, involving recognition of the UFD, SCCH
domainorboth E2-interacting domains of their cognate Els. For some
dual-specificE2s, such as UBE2L3, the UFD and SCCH requirements for
activity differ depending on UBA1 versus UBA6, suggesting that the E2
uses different recognition strategies for the Elitencounters (Extended
DataFig.1d). Atthe UFD, we show that UBA6 uses a hydrophobic surface
to exclude charged side chains found in UBA1-specific E2s. Conversely,
the topological arrangement of the SCCH domain differs between UBA1
and UBA6 (Extended Data Fig. 10c), providing differences for E2s to
exploit for selectivity. We showed that direct interactions between
helix 1 and the UFD determine specificity for UBE2E1, UBE2H and
UBE2W, consistent with known E1-E2 specificity determinantsin other
cascades* . Inaddition, we found that even E2s harboring bispecific E1
interactionmotifs within their UBC core canachieve specificity through
N-terminal or C-terminal extensions. This provides anew role for UBC
extensions within the ubiquitin cascade, alongside previously studied
functionsin ubiquitin chainformation***?, substrate promiscuity**and
recruitment to E3 complexes*‘. Given that extensions are foundin the
majority (62%) of E2 enzymes®' (Supplementary Fig. 3a), this may be a
specificity determinant for other E2s.

Interestingly, the two UBA6-specific E2s use completely different
mechanismsto achieve specificity. UBE2Z is the only E2 whose specific-
ity is solely driven by the SCCH domain. On the other hand, multiple
interactions across BIRC6 prevent it from charging with UBAL. Given
that Drosophila lack UBA6, the altered specificity of dBIRC6 is neces-
sarytocarry out ubiquitin-dependent BIRC6 functions***”. Through our
evolution-guided approach, we observed that both BIRC6 orthologs
contact their cognate E1 enzymes through multiple interfaces in our
cryo-EM structures. Experiments using both chimeric E1 and BIRC6
constructs (Extended DataFig.1d and Fig. 4h) demonstrated that, while
all E1-E2 contacts contribute to maximum transthiolation activity for
BIRC6, the UFD interface is still most important for driving E1 specific-
ity. Unlike the UBAl-specific E2s tested in Fig. 3¢, whose specificity
could be changed by mutations within helix 1, we localized specificity
determinants in BIRC6 to a key pair of residues (E4603 and E4604)
in loop 2. Together, these results demonstrate how nature achieves
differential E1 specificity between near-identical protein orthologs.

BIRC6 priority and thioester switch

Our work uncovered a hierarchy amongst UBA6-active ubiquitin E2s
with BIRC6 having overall precedent. Our structural and functional
analyses outlined the full progression of ubiquitin transfer from UBA6
to BIRC6, explaining how BIRC6 priority is achieved without inhibition
of UBA6. High-affinity interactions with UBA6"® enable BIRC6 to be
preferentially recruited. Conformational changes in UBA6 (Cys-Cap
loop displacement) and BIRC6 (blocking loop opening) allow recruit-
ment of BIRC6 and ubiquitin transfer to occur, respectively. BIRC6~-Ub
is then released through a thioester switch mechanism involving the
BIRC6 blocking loop, preventing UBA6 inhibition by BIRC6 (Figs. 5j
and 6h).

Why might a UBA6-BIRC6 priority mechanism have arisen? BIRC6
is an essential regulator of cell death, autophagy and development
that requires its ubiquitylation activity'®'>**~, In line with this, BIRC6
ubiquitylation activity is exploited by certain cancer cells for their
survival, evidenced by its strong codependency with UBAG6 (ref. 16)
(Fig. 1e). However, UBA6 may be limiting in cells as UBA6 expression
is approximately tenfold less than UBAL1 (refs. 8,57) and it has been
shown that only half of the UBA6 cellular pool is loaded with ubiqui-
tin®, Furthermore, BIRC6 expression levels are lower than many other
UBAG6-active E2enzymes®. Therefore, to maintain the required BIRC6
ubiquitylation competency, amechanismenabling preferential access
of BIRC6 to UBA6 would be necessary. We did not observe an equivalent
priority mechanism for the only other UBA6-specific E2UBE2Z. UBE2Z
isknown to function with the UBA6-specific UBL FAT10, whereas other
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Fig. 5| A thioester switch mechanism protects UBA6 frominhibition

by ubiquitin-loaded BIRC6. a, SDS-PAGE analysis of multiple-turnover

E2-Ub thioester formation at a 5-min end point in the presence of increasing
concentrations of either active or inactive competitor E2s (BIRC6Y5¢-C4666A,
UBE2Z-C188A and BIRC6"%C-A4575D;C4666A). Gels are representative of three
independent technical replicates. b, Quantification of UBE2D2-Ub thioester
formation froma (mean * s.d.). Statistically significant differences (unpaired
t-test) between competition of active and catalytically inactive competitors ata
given competitor concentration are indicated: *P < 0.05. Statistical analysis of each
end point relative to UBE2D2 without competition is presented in Supplementary
Fig.4a.c, Fluorescence polarization measurements of full-length UBA6 binding
to unloaded and stable ubiquitin-loaded Cy5-labeled BIRC6"*“(BIRC6*¢-Ub).
Binding was detected for BIRC6Y2°-Ub, with an affinity of 273 + 139 nM. Data
shown are the mean + s.d. from two independent experiments, each performedin
technicaltriplicate. d, Structural alignment of the UBA6 UFD bound to BIRC6"®¢
inthe UBA6-BIRC6“%“™ and UBA6-UbDha-BIRC6"%“ models. The UBA6-UbDha-
BIRC6"® model s colored by the Cair.m.s.d. between the two models. The
conformational change of the BIRC6 blocking loop is highlighted by adashed
box. e, Close-up view of the open (blue) and closed (white) conformations of the

BIRC6 blocking loop in the UBA6-UbDha-BIRC6"® and UBA6-BIRC6"5“™ models,
highlighting the movement of W4673 enabling ubiquitin transfer to occur.
f,Sequences of the blocking loop in BIRC6 WT and the engineered BIRC6 Ablocking
loop construct colored on the basis of conservation amongst BIRC6 orthologs
using the ConSurfweb server®®, g,h, Assessing multiple-turnover UBE2D2-Ub
thioester formation over a 2.5-min time course using BDP-labeled ubiquitinin the
presence of competitor E2s. In each reaction, UBE2D2 was mixed with an equimolar
ratio of competitor (BIRC6 variants, g; UBE2Z variants, h) before the addition of
ATP. Gels are representative of three independent experiments. i, Fluorescence
polarization measurements of full-length UBA6 binding to Cy5-labeled BIRC6 ¢
WT and blocking loop mutants. Deletion of the blocking loop or substitution

of W4673 altered the affinity to UBA6. Data shown are the mean + s.d. from
experiments performed in technical triplicate. Binding affinities were determined
from two independent experiments. j, Schematic summarizing how UBA6 is not
inhibited by ubiquitin-loaded BIRC6. Unloaded BIRCé6 is preferentially recruited

to UBA6 because of its high-affinity interaction (i). Ubiquitin is transferred onto
BIRC6, opening the BIRC6 blocking loop and activating the thioester switch-
mediated release (ii). Thus, the affinity of BIRC6 (now ubiquitin-loaded) is reduced,
thereby reducing its capacity to compete against other E2s for access to UBAG6 (iii).
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Fig. 6| The UBA6 Cys-Cap loop modulates E2 affinity. a, Close-up view of the
UBAG6 Cys-Cap loop in the UBA6-BIRC6"5¢ ' state. b, SDS-PAGE analysis of
E2-Ub thioester formation over a 30-min time course for E2s (BIRC6"%, BIRC6%-
A4575D, UBE2Z and UBE2D2) with UBA6 WT (left) and UBA6 ACys-cap loop
(right). Gels are representative of three independent technical replicates.

¢, Quantification of E2-Ub thioester formation by UBA6 WT (top) and UBA6
ACys-Cap loop (bottom) from b (mean + s.d.). Statistical analysis of E2 loading
by UBA6 WT and UBA6 ACys-Cap loop at each time point is presented in
Supplementary Fig. 4b.d, Fluorescence polarization measurements of full-
length UBA6 WT and UBA6 ACys-Cap loop binding to unloaded and stable
ubiquitin-loaded Cy5-labeled BIRC6 €. Increased binding to UBA6 ACys-Cap
loop was detected for both loading states of BIRC6"®¢ (unloaded, K4: 10 + 2 nM;
loaded, K;: 22 +10 nM). Datashown are the mean + s.d. from two independent
experiments, each performed in technical triplicate. e, SDS-PAGE analysis

of multiple-turnover UBE2D2-Ub thioester formation by UBA6 ACys-Cap

loop ata5-minend pointin the presence of increasing concentrations of
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either active or inactive competitor E2s (BIRC6"*-C4666A, UBE2Z-C188A

and BIRC6Y5¢-A4575D;C4666A). Gels are representative of three independent
technical replicates. f, Quantification of UBE2D2~Ub thioester formation from
e (mean +s.d.). Statistical analysis of each end point relative to UBE2D2 without
competitionis presented in Supplementary Fig. 4c. g, Western blot analysis
ofisolated Strepll-GFP UBA6 variants exogenously expressed in HEK293T

cells showing that endogenous BIRC6 forms a stable complex with UBA6

thatis markedly enhanced upon loss of the UBA6 Cys-Cap loop. Results are
representative of three independent experiments. h, Schematic summarizing
the effect of the UBA6 Cys-Cap loop on E2 recruitment. Positioning of the
Cys-Cap loop over the catalytic Cys lowers affinity toward incoming BIRC6

and E2s in general. Ubiquitin loading at the E1 catalytic cysteine may induce
partial dissociation of the Cys-Cap loop, promoting E2 recruitment to the
ubiquitin-loaded E1 complex, whichis mirrored by deletion of the Cys-Cap loop
strengthening the E1-E2 interaction.

UBA6-active E2s, including BIRC6, are much less capable of receiving
FATI10 (ref. 20). We, therefore, suggest that a UBL-dictated priority route
for UBE2Z may negate the need for the high-affinity-mediated priority
mechanism identified for BIRC6.

We propose that the unique high affinity of the UBA6-BIRC6
interaction requires specific structural elements in both enzymes
to avoid UBA6 inhibition. First, the blocking loop of BIRC6 contrib-
utes to its release after ubiquitin transfer, reducing E2 competition
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(Fig. 5g). Release of loaded E2s from UBAL is facilitated by transition
of the transferred ubiquitin from the UBA1 FCCH domain to the E2,
reducing the number of contacts to the E1(ref. 35). Alternate thioester
switching mechanisms have been described for the NEDD8 and SUMO
systems, inwhichalarge rotation of the E1UFD destabilizes binding to
the thioester product®. Ubiquitin E2s generally have weaker affinities
totheir cognate Els than those of the NEDD8 and SUMO systems, which
would explainwhy they require aless sophisticated release mechanism.
Beyond BIRC6, extended blocking loops are also found in the UBE2R,
UBE2G, UBE2) subfamilies and UBE20, UBE2T and UBE2Z. In UBE2R1
(Cdc34) and UBE2G2, thisloop is required for ubiquitin chain elonga-
tion but not monoubiquitylation®*°; however, the function of the
blockingloop in other E2sis not known. We cannot rule out that these
structural elements may also contribute to release of these E2s and
we envisage that further structural studies of trapped transthiolation
states using the UbDha technique would aid the exploration of these
mechanisms. Recent structural data correlated E1-E2 ubiquitin trans-
fer to progression through the E1 adenylation reaction®, supporting
earlier biochemical experiments suggesting that the reactions are
coupled®®2, Asthese results were shown for Ubc4 (the yeast ortholog
of UBE2D2), which does not contain an extended blocking loop, we
believe that this couplingisindependent of the blocking loop mecha-
nismdescribed here for BIRC6.

Secondly, we showed that the Cys-Cap loop reduces the affinities
of E2enzymes to UBA6 (Fig. 2g and Supplementary Fig. 5b) and this is
critical for preventing stalling of BIRC6 on UBA6 (Fig. 6b,e,g). Among
canonical E1 enzymes, Cys-Cap loops of varying lengths are present
in UBA1, UBA2 and UBA7; UBA3 lacks an analogous loop. Although
Cys-Cap loop remodeling takes place during both thioester bond
formation and transthiolation reactions of UBA1 (refs. 63,64) (Fig. 1a,
ii, iv), its only attributed function to date is protection of the catalytic
cysteine from oxidation®. Recently, extending the Cys-Cap loop of
UBA7 (whichisshorter than those found in UBAl1and UBA6) was shown
to reduce the affinity of UBA7 to its cognate E2 UBE2L6, thereby pre-
venting the formation of disulfide-linked E1-E2 adducts®. Consistent
with this, our data suggest a general function of the UBA6 Cys-Cap
loop in dampening E1-E2 interactions. Therefore, we propose that
the Cys-Cap loop may provide temporal modulation of the E2 interac-
tion; the Cys-Cap loop becomes displaced upon loading of ubiquitin
onto the E1 catalytic site, which results in an increased E1-E2 affinity
that may then promote and assist E2 recruitment (Fig. 6h). This could
explain previous observations that E2s bind more effectively to doubly
loaded E1 enzymes’ (Fig. 1a).

Together, our results show how UBA6 and BIRC6 both coopt
structural elements present in other enzymes to accommodate their
high-affinity interaction, underscoring the importance of UBA6-
BIRC6-dependent pathways for cell function. Lastly, our findings pro-
pose a concept of E2 hierarchy for activity, which explains how less
abundantubiquitin E2s, such as BIRC6, gainaccess to Elsto orchestrate
E2-specific cellular functions.
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Methods

Protein expression and purification from Sf9 (E1 enzymes,
UBE20, full-length BIRC6)

Sequences were cloned into the vectors indicated in Supplementary
Tablel. Vectors were transformed into DH10Bac cells (Invitrogen). Bac-
midswereisolated and transfected into Spodoptera frugiperda Sf9 cells
to produce initial baculovirus and subsequently amplified in a larger
volume of Sf9 cells. Amplified virus was used to infect 1-L cultures of Sf9
cells, whichwere harvested 72 hafter infection. Cell pellets were resus-
pendedinabuffer containing20 mM Tris pH8.5,200 mM NaCl,4 mM
DTT and 10% (v/v) glycerol, supplemented with cOmplete protease
inhibitor tablets (Roche), 1 uM pepstatin, 2 uM leupeptin,1 mM PMSF
and 0.5% (v/v) Tween-20, and lysed through manual homogenization
followed by sonication. The lysate was clarified by centrifugation at
4,000g for 20 min and applied to Strep-Tactin XT 4-Flow resin (IBA).
Proteins were eluted by incubation with 3C protease, diluted into
anion-exchange buffer (20 mM Tris pH 8.5 and 4 mM DTT) for purifi-
cation by anion-exchange chromatography (Resource Q, Cytiva) and
eluted withalinear gradient of 1 M NaCl. Finally, proteins were purified
by SEC (Superdex 200, Cytiva for E1 enzymes and UBE20; Superose 6,
Cytiva for full-length BIRC6) in 20 mM HEPES pH 7.5, 200 mM NaCl
and4 mMDTT. Proteins were concentrated, flash-frozen in single-use
aliquots and stored at -75 °C before use.

Protein expression and purification from Escherichia coli
(ubiquitin, E2 enzymes, UBA6 UFD)

Sequences were cloned into the vectors indicated in Supplementary
Table1and transformedinto Rosetta (DE3) E. colifor expression. E. coli
cultures were grown in 2xTY medium supplemented with 34 pg ml™*
chloramphenicoland 30 pg ml™ kanamycin and induced with 400 uM
IPTG at 18 °C overnight. Cells were harvested by centrifugation at
4,000 rpm. Ubiquitin (WT, MC-, G76C) was purified as previously
described®. For WT, mutant and chimeric E2 enzymes, cell pellets
were resuspended in a buffer containing 20 mM Tris pH 8.5, 300 mM
NaCl,2 mM B-mercaptoethanol (3-ME), 20 mM imidazole and protease
inhibitors (1 uM pepstatin, 2 uM leupeptin and 1 mM PMSF). Cells
were lysed by sonication and the lysate was clarified by centrifuga-
tion at 18,000 rpm for 45 min. Recombinant proteins were purified
using immobilized metal affinity chromatography and eluted in buffer
containing 20 mM Tris pH 8.5,300 mM NaCl, 2 mM 3-ME and 500 mM
imidazole. Eluted proteins were dialyzed overnight with SENP1 or 3C
protease to cleave affinity tags and remove excess imidazole. Subse-
quently, proteins were either directly purified by SEC (Superdex 75,
Cytiva) in 20 mM HEPES pH 7.5,200 mM NaCl and 4 mM DTT or first
subjected toion-exchange chromatography (Resource Qor S, Cytiva)
by dialyzing overnight into either low-salt anion-exchange buffer
(20 mM Tris pH8.5and 4 mM DTT) or low-salt cation-exchange buffer
(20 MMMES pH 6.5and 4 mM DTT) and eluted from the ion-exchange
column by asaltgradientup to1 M NaCl. Proteins were concentrated,
flash-frozenin single-use aliquots and stored at -75 °C before use.

Fluorescent labeling of proteins

Ubiquitin containing a cysteine introduced at the N terminus was
reacted in 20 mM HEPES pH 7.4 and 200 mM NaCl with 20-fold molar
excess of BDP FL maleimide (Lumiprobe) dissolved in DMSO. The
labeling reaction was incubated overnight at 4 °C protected from
light, followed by purification of fluorescently labeled ubiquitin from
unreacted dye by SEC (Superdex 75, Cytiva) in 20 mM HEPES pH 7.4
and 200 mM NacCl.

UbDha probe generation

Purified ubiquitin-G76C in 50 mM sodium phosphate (pH 8.0) was
mixed with 2,5-dibromohexanediamide (DBHDA) (Bio-Techne) sol-
ubilized in DMSO with final concentrations of 2 mg ml™ ubiquitin
and 5.5 mg mI™ DBHDA (atenfold molar excess of DBHDA to ubiquitin).

Thereactionwasincubated overnightat 37 °C, followed by separation
of UbDha from unreacted starting materials by SEC (Superdex 75,
Cytiva) in50 mM NaPO, (pH 8.0).

E1-UbDha-E2 trapped ternary complex formation

Purified UBA6 C625S (4 pM) was loaded with UbDha (40 pM) overnight
in areaction buffer containing 20 mM HEPES pH 7.5,200 mM NaCl,
0.5mMDTT, 5 mM MgCl, and 10 mM ATP at room temperature. After
loading, E2 was added to a final concentration of 10 pM and reacted
for 2 h at room temperature. The dUBA1-UbDha-dBIRC6 reaction
was performed with WT dUBA1 and reagent concentrations identical
to those described above; however, both UbDha and E2 were added
together during the overnight reaction.

Tissue gene expression analysis

Datawere downloaded from the GTex Portal and normalized using the
median of ratios method as described previously’. The Spearmanrank
correlation coefficient was computed across all samples fromall tissues
and corrected for multiple testing using Bonferonni. This information
was used to plot a heat map where the color was proportional to the
value of the correlation coefficient. Only correlations with significant
Pvalues < 0.01 after multiple-test correction were shown in color.
Code to reproduce the analysis and figures is available on GitHub
(https://github.com/SarkiesLab/UBESpec).

BIRC6 and UBA6 metazoan taxa analysis

AllUniProt sequences correspondingto full-length Elisoforms (UBA1,
UBA6 and UBA7) were identified by generalized profile searches cover-
ing the SCCH domain and other catalyticallyimportant regions”. The
full-length sequences were clustered using clans’?, resultinginaclear
separation of UBA1-like, UBA6-like and UBA7-like clusters. Sequences
within the UBAG6 cluster were assigned to their source species. For
assessing the occurrence of BIRC6-like proteins in different taxa, the
presence of an E2-like domain including the C-terminal extension
and an extensive N-terminal region with BIR repeats was scored by
generalized profiles”.

Cryo-EM sample preparation

UBAG6-BIRC6"® sample. The noncovalent UBA6-BIRC6"5¢ complex
was generated during optimization of the UbDha-trapped samples
using a probe batch with reduced activity. Proteins were mixed at the
concentrations described above and the complex was purified by SEC
(Superdex 200, Cytiva). Fractions containing both UBA6 and BIRC6"5¢
were pooled and concentrated to approximately 50 pM (8 mg ml™).

UBAG6-UbDha-BIRC6"2¢ and dUBA1-UbDha-dBIRC6"5¢ samples.
E1-E2trappedternary complex formation was performed as described
above and purified by SEC (Superdex 200, Cytiva). Fractions containing
E1-UbDha-E2 complexes were pooled and concentrated to approxi-
mately 50 pM (8 mg ml™).

To resolve preferred orientation observed in initial screening
trials, all cryo-EM samples were supplemented with 0.01% (w/v) fluori-
nated octyl maltoside immediately before vitrification. Vitrification
in liquid ethane was performed using an automated plunge-freezing
device (Vitrobot IV, Thermo Fisher Scientific) operated at 6 °C and
100% humidity with ablot time of 7 s.

Cryo-EM data collection

Preliminary grid screening was performed on a Talos Arctica micro-
scope (Thermo Fisher Scientific, Central Oxford Structural Mole-
cular Imaging Center (COSMIC) facility) to assess sample quality.
High-resolution datasets were collected on Titan Krios G3 instru-
ments (Thermo Fisher Scientific; Electron Bio-Imaging Center (eBIC):
UBA6-BIRC6Y®¢ and COSMIC: UBA6-UbDha-BIRC6Y5¢ and dUBA1-
UbDha-dBIRC6"E¢ samples) with Gatan BioQuantum image filters

Nature Structural & Molecular Biology


http://www.nature.com/nsmb
https://github.com/SarkiesLab/UBESpec

Article

https://doi.org/10.1038/s41594-025-01717-z

(20-eV slit width) and Gatan K3 direct electron detectors. Additional
datacollection parameters are described in Tables1and 2.

Cryo-EM data processing

Preprocessing (MotionCor2 (ref. 73), CTFFind4 (ref. 74) and crYOLO”
particle picking) for the UBA6-BIRC6"*C dataset was performed using
the PATo on-the-fly processing interface available at eBIC’. Down-
stream processing was conducted in cryoSPARC (version 4.4)”". The
particles were cleaned by two rounds of two-dimensional (2D) classi-
fication, yielding a stack of 1,009,462 particles. Ab initio model genera-
tionand heterogeneous refinement followed by 3D classification were
then used to identify three states within the dataset (UBA6*7°, UBA6-
BIRC6Y®“™Nand UBA6-BIRC6Y5“°VT) and classify particlesamong them
while further removing junk particles (253,166, 136,457 and 139,520
particlesrespectively). These classes were then refined independently
using nonuniform refinement’® to produce consensus maps. Hetero-
geneity within the UBA6*"° and UBA6-BIRC6Y8“°'T classes was then
analyzed with 3DVA” and particles clustered at either end of the first
principal component for each class were refined to produce the final
3DVA cluster maps.

Preprocessing (motion correction, contrast transfer function
(CTF) estimation and template picking) for the UBA6-UbDha-BIRC6"E¢
and dUBA1-UbDha-dBIRC6"“®¢ datasets was performed in SIMPLE (ver-
sion 3.3.0)%. Templates for picking were derived from low-resolution
maps frominitial grid screening. Particles for both datasets were then
cleanedin cryoSPARC (version4.4)”” using 2D classification and hetero-
geneous refinement. The UBA6-UbDha-BIRC6"5¢ complex was found
both singly and doubly loaded with ubiquitin (170,986 and 206,823
particles respectively). The singly loaded state was refined directly in
cryoSPARC (version 4.4) to produce a consensus map without further
processing. The doubly loaded state was exported to RELION (version
5.0), further cleaned by 3D classification and subjected to Bayesian
polishing and CTF refinement® before a final nonuniform refinement™
in cryoSPARC (version 4.4). The dUBA1-UbDha-dBIRC6Y®¢ complex
was only found in the doubly loaded state. Particles for this class were
exported to RELION (version 5.0) for polishing and CTF refinement®
and finally refined in cryoSPARC (version 4.4). Flexibility of the trans-
ferred ubiquitin within particles of both doubly loaded complexes was
thenanalyzed with 3DVA” and clustering along principal components
was used toisolate subsets of particles withimproved ubiquitin density.

Model building and refinement

Initial models for all proteins were produced in AlphaFold2 (ref. 82),
except for ubiquitin adenylate, which was derived from PDB 9B5C
(ref. 36). Models were initially refined using ISOLDE®, followed by
multiple rounds of real-space refinement in PHENIX (version 1.21.2)%
and manual editing in Coot (version 0.9.8.92)%.

E1-E2 transthiolation assays

E1-E2 transthiolation assays were performed at concentrations of
0.5 uME1,3 pME2, 5 uM ubiquitinand 10 mM ATP in buffer containing
40 mMHEPES pH7.3,10 mM MgCl,and 0.6 mM DTT. All reactions were
stopped at indicated time points after addition of ATP by mixing 1:1
with nonreducing SDS sample buffer. Samples were then analyzed by
SDS-PAGE and Coomassie staining. Band quantification was performed
withineachlane to measure the proportion of E2-Ub thioester relative
tounloaded E2 using ImageJ®. Subsequent data analysis and plotting
were performedinR (version 4.4.0).

Single-turnover time-course transthiolation assays were per-
formed with reagents at the concentrations described above. E1 was
first loaded with ubiquitin for 15 min at room temperature, followed
by addition of EDTA to a final concentration of 50 mM and incubation
for 5 min at room temperature to prevent further ubiquitin adenyla-
tion. E2s were then added (3 pM UBE2D2 alone or 3 uM UBE2D2 + 3 pM
competitor) and samples were taken at the indicated time points.

Multiple-turnover time-course assays were performed at concentra-
tions as described above. ATP was first added to E1 and ubiquitin and
incubated at roomtemperature for 15 min to allow for initial E1 loading.
E2 was then added and samples taken at the indicated time points.

E2 competition assays were performed as described above with
the addition of acompetitor E2 at the following concentrations: 0.75,
1.5,3.0,4.5and 6.0 pM, which was mixed with the other reagents before
the addition of ATP. BIRC6-C4666A (3.0 1M) was used as acompetitor
against the panel of allUBA6-active E2s. When catalytically active com-
petitor E2s were used, the ubiquitin concentrationin the reaction was
increased to 10 pM to ensure molar excess of the substrate.

Analytical SEC

Forassessment of stable complex formation of UBA6-BIRC6"5¢, UBA1-
BIRC6"5¢, UBA6-UBE2D2, UBA6-UBE2Z, UBA1-dBIRC6Y2 and UBA6-
dBIRC6"®C proteins were combined in 20 mM HEPES pH 7.5,200 mM
NaCland4 mMDTT eachat10 pMin100 pland applied to aSuperdex
200 Increase 3.2/300 column (Cytiva). For analysis of the dUBA1-
dBIRC6"C interaction, proteins were diluted to 5 uM in the same buffer
and 500 pl of sample was applied to a Superdex 200 10/300 column.
Identical fractions from each run were mixed with SDS sample buffer
and analyzed by SDS-PAGE and Coomassie staining.

ITC

ITC measurements were performed in 20 mM HEPES pH 7.5,200 mM
NaCland2 mM TCEP using an Auto-iTC200 instrument (Malvern Pana-
lytical) at 25 °C.Then,1 mM UBA6"in the syringe was titrated against
BIRC6"®C variants at 70 uM in the calorimeter cell using 19 injections
of 2 pl preceded by a 0.4-plinjection. The changesin heatrelease were
integrated over the entire titration and fitted to a single-site binding
model using the PEAQ analysis software (Malvern Panalytical). Graphs
were plotted in GraphPad Prism 9.

Fluorescence polarization

Cy5-labeled BIRC6YE€ variants in 20 mM HEPES pH 7.8, 200 mM NacCl
and 2 mM DTT were incubated with an eightfold molar excess of Cy5
N-hydroxysuccinimide ester (Lumiprobe) at room temperature for
2 h. The reaction was quenched with 1 M Tris pH 8.5 and Cy5-labeled
proteins were separated from unreacted Cy5 by SEC (Superdex 75,
Cytiva). To generate stable ubiquitin-loaded BIRC6Y®¢, a modified
strategy for forming the trapped ternary complex was used. Briefly,
10 pM Cy5-labeled BIRC6"2¢ was mixed with 4 uM UBA6,40 uM UbDha
and 10 mM ATP in buffer containing 40 mM HEPES pH 7.3, 10 mM
MgCl, and 0.6 mM DTT and then incubated at room temperature for
2 h. To collapse the UbDha~UBA6 thioester bond, 50 mM DTT was
added. UbDha-reacted and nonreacted BIRC6YE¢ were separated by
anion-exchange chromatography (Mono Q, Cytiva) in 20 mM Tris
pH 8.5,20 mM NaCl and 2 mM DTT and eluted with a shallow gradi-
ent of anion-exchange buffer containing 1M NaCl. BIRC6"3“-Ub was
concentrated, flash-frozen in single-use aliquots and stored at =75 °C
before use.

Fluorescence polarizationassays were performed on a Clariostar
platereader (BMG Labtech) using 635 nm (20) and 680 nm (20) excita-
tion and emission channels, respectively. Serial dilutions of UBA6 vari-
antswere prepared in fluorescence polarization buffer 20 mM HEPES
pH7.5,150 mM NaCl, 5 mM DTT, 0.05% (w/v) CHAPS and 0.04 mg ml™
BSA) and pipetted into a 384-well black low-binding plate (Corning)
containing a final concentration of 15 nM Cy5-labeled BIRC6® vari-
ants. Datawere plotted and fitted in GraphPad Prism 9.

Detection of UBA6-BIRC6 complexin cellulo

Catalytically active and inactive UBA6 variants (full-length, ACys-Cap
loop and UBA6-1UFD) were cloned into a modified pcDNAS vector
containing an N-terminal Twin-Strep—-eGFP-3C tag. HEK293T cells
(American Type Culture Collection, CRL-3216) were cultured in DMEM
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(Sigma, D6429) +10% FBS at 37 °Cin 5% CO,. For each UBA6 construct
~700,000 cells were seeded in one 10 cm dish for transfection 24 h
later with 0.25-7.5 pg of pcDNA 5 Strepll-GFP-UBAG6 constructs to
obtain similar expression levels of each variant. PEl was used as the
transfection reagent at threefold excess to DNA. Cells were harvested
24 h after transfection and resuspended in 1 ml of lysis buffer (50 mM
TrispH7.5,150 mM NaCl, 0.2% IGEPAL CA-630 (Sigma) and1mM DTT,
supplemented with cOmplete protease inhibitors (Roche), 1 uM
pepstatin and 2 uM leupeptin) followed by gentle microsonication
of two 1s pulses. Lysates were clarified by two successive rounds of
centrifugation at 21,000g for 15 min at 4 °C. Lysate concentrations
were determined by Bradford (BioRad). Strepll-GFP-UBA®6 variant
complexes were enriched by applying 4 mg of each clarified lysate
to Strep-Tactin XT 4-Flow resin (IBA) for 1 h at 4 °C with end-over-end
rotation. Nonbound proteins were removed through six washes in
50 mM TrispH 7.5,150 mM NaCland1 mM DTT. Proteins were eluted in
Laemmli SDS sample buffer. For western blot analysis, 1% of each lysate
input was analyzed; for eluted complexes, amounts analyzed were
normalized on the basis of GFP quantification (iBright 1500, Thermo
Fisher) of resin after a final wash before elution. Samples were analyzed
on NuPAGE 3-8% Tris-acetate gel (Thermo Fisher) run in NuPAGE
Tris—acetate SDS running buffer (Thermo Fisher) and transferred to
PVDF membrane overnight, 4 °C in NuPAGE transfer buffer (Thermo
Fisher). The membrane was blocked in 5 % milk (w/v) in PBST (PBS and
0.1% Tween-20 (v/v)) followed by incubation overnight at 4 °C with the
following primary antibodies diluted in 2% (w/v) BSA in PBST: BIRC6
(BD Biosciences, 611193;1:500), GFP (Merck, 11814460001;1:2,500) and
B-actin (Cell Signaling Technology, 4970S;1:2,500). Primary antibod-
ies were detected by goat anti-mouse (Agilent) and goat anti-rabbit
(BioRad) horseradish peroxidase secondary antibodies at1:10,000 in
1% milk (w/v) in PBST. The membrane was developed using SuperSignal
West Femto substrate (Thermo Fisher) andimaged on aniBright 1500
(Thermo Fisher).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Cryo-EM maps were deposited to the EM Data Bank under accession
numbers EMD-53130, EMD-53131, EMD-53147, EMD-53149, EMD-53155,
EMD-53170, EMD-53183, EMD-53184, EMD-53187, EMD-53188, EMD-
53190, EMD-53192, EMD-53193 and EMD-53195. Atomic coordinates
were deposited tothe PDB underaccessionnumbers 9QH5, 9QHI, 9QIA,
9QGW, 9QGG, 9QGlI, 9QGR, 9QIC, 9QIG, 2Qll, 9QlV, 9QIM, 9QIO and
9QIP. Source data are provided with this paper.
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Extended Data Fig. 1| Catalogue of E1 domain specificity across the human
ubiquitin E2 proteins. a, Schematic of the conserved E1 enzyme domain
architecture. b, Representative gel displaying in vitro E2-Ub thioester formation
of acomplete panel of recombinantly purified ubiquitin E2 enzymes in the
presence of WT UBA1/UBAG. Full-length BIRC6 and UBE20 were used at a

lower concentration (1 M vs 3 uM) compared to other E2s in the panel. Due to
significantly lower transthiolation activity, reactions with UBE2K were stopped
after 30 min rather than 5 min (all other E2s). ¢, Cartoons and domain boundaries
of chimeric E1 constructs. d, Classification of E1 domain specificity requirements
across all ubiquitin E2 enzymes. E2s were classified through observation of

robust E2-Ub thioester formation in the presence of chimeric E1 constructs.

Due to difficulty separating loaded and unloaded full-length BIRC6 by SDS-PAGE,
BDP-labelled ubiquitin was used. Gels are representative of three independent
experiments. BIRC6"® was used for the quantification of BIRC6 activity

with UBA1/UBAG6 in Fig. 1c. e-f, Spearman’s Rank Correlation coefficients for
pairwise combinations of ubiquitin ligases across tissues in the GTEX database.
Correlations that were not significant (p > 0.01) after multiple test corrections
areshownas 0. e, All E2s with UBA1and UBA6 and f, shows arestricted set of
UBAG6-active E2s.
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Extended Data Fig. 3| Representative densities and 3D variability clustering
for UBA6-BIRC6"* cryo-EM dataset. a, Cryo-EM density and associated atomic
model for selected regions in the UBA6 core (residues 388-406), UBA6 SCCH
domain (residues 634-662), BIRC6 helix 1 (residues 4572-4588), UBA6 Cys-Cap
loop (residues 799-818) and ATP. b, 3D variability analysis and clustering of
particlesin UBA6*7° and UBA6-BIRC6Y2“°V" consensus maps. Clusters at either
end of the first principal component were refined to demonstrate the full range of
motion. ¢, Particle orientation plot, local resolution map, GSFSC and model-map
FSC curves for each cryo-EM map from 3D variability clustering. d, Structural
alignment of the UBA6 UFD bound to BIRC6YCin the UBA6-BIRC6"5¢™V°T states.

The UBA6-BIRC68¢°"T modelis coloured by the Ca RMSD. e, Measurement

of UFD and SCCH movements between clusters 2 and 3 within the UBA6**°
consensus particle stack. Cluster 3 represents amore closed state, with the UFD
and SCCH rotating in by 14° and 6° respectively, narrowing the central E2-binding
cavity by 8 A.f, Measurement of UFD-BIRC6*° movements between clusters O
and 4 within the UBA6-BIRC6Y5“°"" consensus particle stack. While bound to
UBA6"®, BIRC6*°VT can shift up to 16 A across UBA6°™", accompanied by a9°
rotation of UBA6Y™. g, Structural alignment of the UBA6 UFD bound to BIRC6Y5¢
inthe UBA6-BIRC6"™“°V" cluster 0 and cluster 4 models. The UBA6-BIRC62<°UT
cluster 4 modelis coloured by the Cat RMSD.
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Extended Data Fig. 4 | Structural understanding of BIRC6 priority for

UBAG6 provides a molecular framework for altering E2 specificity whilst
notdisrupting predicted E2-E3 interactions. a, Supplement to Fig. 2h.
BIRC6"¢ - Ub, UBE2Z~Ub and BIRC6"®“ A4575D-Ub thioester formation during
single turnover reactions with UBA6 using BDP-labelled ubiquitin, analysed

by SDS-PAGE. b, Fluorescence image of single turnover transthiolation of E2s
(UBE2D2, UBE2D2 and full-length BIRC6, full-length BIRC6) by UBA6. ¢, SDS-PAGE
analysis of multiple turnover transthiolation for every UBA6-reactive E2in

the presence of BIRC6®¢ C4666A using BDP-labelled ubiquitin. d, SDS-PAGE
analysis of multiple turnover transthiolation of BIRC6"®¢ and BIRC6"5° A4575D.
e, Model of UBE2D2 annotated to demonstrate the core UBC domain
architecture. f-h, SDS-PAGE analysis of E2-Ub thioester formation for WT and
mutant E2s (f, UBE2H, UBE2W, UBE2E1; g, UBE2D2; h, UBE2Q1, UBE2Q2) with
UBA1/UBAG, visualised using BDP-labelled ubiquitin. Specific amino acid
mutations or domain truncations are annotated beneath each gel panel. i, View
of BIRC6 ‘helix 1’ residues interacting with UBA6 UFD. j-0, Representation of

the interaction between UBE2D2 and UBE2L3 helix 1and selected E3 ligases.
Representative members of the different families of E3 ligases were chosen. For
each E2-E3 complex, residues from helix 1that engage with the E1 are shown, and
these arelocated on the opposite face from those that bind to the E3. j, UBE2D2
in complex with MDM2 RING domain. PDB id: SMNJ*’. k, UBE2D2 in complex with
Nedd4 HECT domain. PDBid: 3)W0®. 1, UBE2D2 in complex with RNF12 RING
domain. PDBid: 6W9D*’, m, UBE2D2 in complex with HOIP RBR domain. PDB id:
SDEV?°. n, UBE2L3 in complex with ARIH1RBR domain. PDB id: STTE”. 0, UBE2L3
in complex with WWP1HECT domain. PDB id: SHPT?. p, Helical wheel projection
ofhelix1from UBE2D2 depicting positions of residues that interact with either
Elor E3 structural elements. Residues outlined in the orange box are those that
were mutated in this study that prevent association with UBA6; these are at
equivalent positions to sites mutated in the UBA1-specific E2s (UBE2H, UBE2W,
UBE2E1) that enabled activity with UBA6. Gel images are representative of three
independent experiments.
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Extended Data Fig. 5| See next page for caption.
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Extended DataFig. 5| Analysis of dBIRC6"®C interactions with E1 enzymes

and purification of E1-UbDha-E2 complexes for cryo-EM. a-c, Analytical SEC

of dBIRC6¢ with the Drosophila (a, dUBA1) and human (b, UBAL; ¢, UBA6)
Elenzymes. SDS-PAGE gel analysis of fractions across the E1and E2 peaks are
shown. d, Generation of the UbDha probe and reaction mechanism with UBA6
C625S. After adenylation, the UBA6 nucleophile (O°) can react with either the Dha
sidechain to form a non-reactive E1-UbDha adduct (1), or the C-terminal carboxyl
group of UbDha (2). Following pathway (2), in the presence of E2 a second

reaction can occur, where the E2 nucleophile (5°) may again attack at either the
Dhasidechain (3), or the oxy-ester linkage (4). Reactions 2, 3 produce the trapped
E1-UbDha-E2 ternary complex. e, Preparation of the dUBA1-UbDha-dBIRC6"5¢
cryo-EM sample. Left - size exclusion chromatography trace for sample
purification. Right - SDS-PAGE analysis of sample following sample preparation
(=/+ ATP) and purification by size exclusion chromatography (P1-3). f, SDS-PAGE
gel showing the equivalent P1sample from size exclusion chromatography of the
UBA6-UbDha-BIRC6YEC complex.
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Extended DataFig. 9 | Analysis of the E1-UbDha-BIRC6"C structures. from three independent technical replicates of E2-Ub thioester formation

a, Close-up views of the E1-UbDha-E2 linked densities and atomic models for (mean +s.d.) of BIRC6"® mutants validating interactions at UBA6"" (top), Ub™™"
UBA6-UbDha-BIRC65¢ (left) and dUBA1-UbDha-dBIRC6Y®€ (right) consensus (middle) and UBA6°““" (bottom) interfaces. Because Ub™" and UBA6°““ mutant
maps. b, Cryo-EM maps of particle subsets generated through 3D variability panels were performed on the same gel, the same WT control measurements
analysis and clustering of the UBA6-UbDha-BIRC6"*“ and dUBA16-UbDha- are shared for both panels. e, Quantification from three independent technical
dBIRC6"®C particle stacks. The distance between Ub™" centre of mass between replicates of E2-Ub thioester formation (mean + s.d.) by UBA6 mutants with
each pair of maps is annotated. ¢, Close-up views of UBA6"*>-BIRC6*“ BIRC6"®¢, UBE2Z and UBE2D2. Significance levels from unpaired t-tests of all
(top, Consensus model), BIRC6VE¢-Ub™" (middle, 3DVA Cluster 0 model) and quantification comparisons (d, e): * p < 0.05, ** p < 0.01, ***p < 0.001.

UBA6°““"-BIRC6"%¢ (bottom, Consensus model) interfaces. d, Quantification

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

Article https://doi.org/10.1038/s41594-025-01717-z

BIRC6"¢ RMSD (A) 21A ~

dBIRCE S 0‘5 16 BIRC6YBC «—

BIRC6

dBIRC65C

UBAGSecH
dUBA1sccet

f UBA1" (PDB 6DC6)
dUBA1Y®

Overall RMSD: 1.2 A

h d 1 2 3 4 5 6 7 8 9 10_ 4820
- 4709

_,4603-4604
4590

4498

1 dBIRC6 4577-4646, hBIRC6 4590-4820

2 dBIRC6 4577-4648, hBIRC6 4590-4820 E4603T, E4604D

3 hBIRC6 4498-4708, dBIRC6 4768-4879

4 dBIRC6 4577-4648, hBIRC6 4590-4708, dBIRC6 4768-4879

5 dBIRC6 4577-4648, hBIRC6 4590-4708, dBIRC6 4768-4879 E4603T, E4604D

6 dBIRC6 4577-4648, hBIRC6 4590-4708, dBIRC6 4768-4879 E4603T, E4604D, Y4631F, Q4634P, S4638N, S4639Q, G4650R, 14669V
7 hBIRC6 4498-4820 E4603T, E4604D, Y4631F, Q4634P, S4638N, S4639Q, G4650R, 14669V

8 hBIRC6 4498-4589, dBIRC6 4649-4879

9 dBIRC6 4577-4767, hBIRC6 4709-4820

10 hBIRC6 4498-4589, dBIRC6 4649-4767, hBIRC6 4709-4820

Canonical H1 Canonical L2
—  —

_ 0 . :
= = = T ;
Cn R P A R P R e e e e
dBIRC6/4583-4879 45831 LI T P LPLSF) fi0 TGP 15 FPP L] CLi 4731
- iy
= . :
o SRR L D A P TR T B Y
dBIRC6/4583-4879 4732 I IQSLILV] P! P 1| C] /AM] IRSP: il FWL] ICAQT] 1| Pl II| I..P L 4879

T Boundaries used for N- Residue substitutions Residues within 5 Angstroms of dUBA1 Residues within 5 Angstroms of hUBA6

and C-terminal chimeras o in chimeras 6, 7 = in dUBA1-UbDha-dBIRC6"C structure | |~ in hUBA6-UbDha-hBIRCE" structure

Extended DataFig. 10 | Analysis of the Human and Drosophila E1-UbDha- helices in Human BIRC6 to accommodate the dUBAIS". d, Summary of chimeric
BIRC6"®Cstructures. a, Structural alignment of BIRC6Y% and dBIRC6"*C in Human and Drosophila BIRC6Y¢ constructs used in Fig. 4h. e, Alignment of

the trapped ternary complex models. The BIRC6"® model is coloured by the Human and Drosophila BIRC6"¢ sequences. Boundaries/point mutations used
Ca RMSD. b, Comparison of the UBA6-UbDha-BIRC6"%¢ and dUBA1-UbDha- for generating chimeric constructs are annotated according to the key below.
dBIRC6"%C consensus models, aligned on the E1 core. The shift in centre of mass BIRC6 residues within 5 A of their cognate Elin the trapped ternary complex
between Human and Drosophila BIRC6 bound to their respective E1is annotated. structures are annotated with blue (Human proteins) or pink (Drosophila

¢, Top view of h/dBIRC6"® bound to their cognate Els, aligned on the E1 core. proteins) marks. Residues are coloured based on their properties defined by the

The Drosophila BIRC6 C-terminal helices are shifted -5 Arelative to the equivalent  Clustal colouring scheme. f, Alignment of Human and Drosophila UBA1 UFDs.

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

nature portfolio

Corresponding author(s):  Paul R. Elliott

Last updated by author(s): Mar 18, 2025

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q
Q
(e
=
)
§o;
o)
=
o
=
_
D)
§o)
o)
=
S
Q
wv
(e
=
S}
QD
<L

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
~
Q

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XX 00 XX [0
XOO X X OOKX XK

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Gel imaging: iBright (Invitrogen); Cryo-EM: FEI (EPU), Malvern Panalytical.

Data analysis Malvern Panalytical, GraphPad Prism v10.3.1.; Cryo-EM: EPU_TO_AFIS, RELION 5.0, cryoSPARC v4.4, SIMPLE v3.3.0, CTFFind4, MotionCor?2 ;
Structure Visualization: ChimeraX 1.9, PyMol 2.5.2; Model Building: ISOLDE, COOT v0.9.8.92, PHENIX 1.21.1, ColabFold notebook

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

£zoz |udy

EMD-53184, EMD-53187, EMD-53188, EMD-53195, EMD-53190, EMD-53192, EMD-53193, EMD-53155, EMD-53170, EMD-53183, EMD-53149, EMD-53130,
EMD-53131, EMD-53147, 9QIC, 9QIG, 9QJI, 9QIV, 9QIM, 9QI0, 9QIP, 9QHS, SQHI, 9QIA, 9QGW, 90GG, 9QGI, 9QGR




Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender n.a.

Reporting on race, ethnicity, or n.a.
other socially relevant

groupings

Population characteristics n.a.
Recruitment n.a.
Ethics oversight n.a.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences D Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size All experiments were performed at least three times.

Data exclusions  No data was excluded.

Replication All experiments were performed at least three times. All replicates were successful.
Randomization  No grouped samples.

Blinding No grouped samples.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z| D ChlIP-seq
Eukaryotic cell lines |Z| D Flow cytometry
Palaeontology and archaeology |Z| D MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern

Plants
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Antibodies

Antibodies used BIRC6 (BRUCE) - BD Biosciences cat. no. 611193, clone no. 4/BRUCE.
GFP - Merck cat. no. 11814460001, clones 7.1 and 13.1.
b-actin - Cell Signaling Technology cat. no. 4970S, clone 13ES.
Goat anti-mouse (HRP) - Agilent Cat. no. P044701-2

>
Q
Q
(e
=
)
§o;
o)
=
o
=
D)
§o)
o)
=
S
Q
wv
(e
=
S}
QD
<L




Goat anti-rabbit (HRP) - BioRad Cat. no. 1706515

Validation Validation performed by manufacturer of respective antibodies:
BIRC6 - (www.bdbiosciences.com/en-us/products/reagents/microscopy-imaging-reagents/immunofluorescence-reagents/purified-
mouse-anti-bruce.611193?tab=product_details)
GFP - (www.sigmaaldrich.com/GB/en/product/roche/11814460001?
srsltid=AfmBOor53lyPhN8NDIC62zvKMtKjSeG3e55cxLkYlurkrjr2Lgns1plb)
b-actin - (www.cellsignal.com/products/primary-antibodies/b-actin-13e5-rabbit-mab/4970)
Goat anti-mouse (HRP)- (www.agilent.com/store/productDetail.jsp?catalogld=P044701-2&catld=SubCat3ECS_244794)
Goat anti-rabbit (HRP) - (www.bio-rad.com/en-uk/sku/1706515-goat-anti-rabbit-igg-h-I-hrp-conjugate?ID=1706515)

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

>
Q
Q
(e
=
)
§o;
o)
=
o
=
_
D)
§o)
o)
=
S
Q
wv
(e
=
S}
QD
<L

Cell line source(s) Sf9 insect cell line (Spodoptera frugiperda), HEK293T (ATCC no. CRL-3216)
Authentication no authentication was performed.
Mycoplasma contamination HEK293T cells were tested and confirmed to be mycoplasma negative.

Commonly misidentified lines  None.
(See ICLAC register)

Plants

Seed stocks n.a.

Novel plant genotypes  n.a.

Authentication n.a.
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