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Supplemental Information

ADDITIONAL EXPERIMENTAL PROCEDURES

Molecular modeling of the Ube2s~Ub conjugate

A molecular model of the the Ube2s~Ub conjugate was generated using HADDOCK (/)
derived restraints published by Wickliffe e al. 2011 (2). Starting coordinates for Ube2s
residues 6-156 and Ub residues 1-76 were downloaded from the PDB (Ube2s: 1zdn,
chain A; Ub: 1ubq). HADDOCK restraints and putative salt bridges (Ube2s-Glu142:Ub-
Lys48, Ube2s-Flu51:Ub-Lys6, Ube2s-Glul126:Ub-Arg42 and Ube2s-Asp102:Ub-Arg74)
were incorporated as input into a combined rigid body/torsion angle dynamics simulated
annealing protocol in Xplor-NIH (3). HADDOCK distances were incorporated as
ambiguous NOE distances as previously defined (2). Salt bridges were included as
ambiguous NOE distances between the Ube2s carboxylate oxygen atoms to the Ub amino
or guanidine nitrogen atoms with a distance range of 2.0 to 5.0 A a typical N-O salt
bridge distance range (4, 5). For all calculations, the thioester bond between Ub-Gly76-C
and Ube2s-Cys95-SG was explicitly defined.

The combined rigid body/torsion angle dynamics smulated annealing protocol began with
rigid body minimization where Ube2s was held fixed, Ub was allowed free rotation and
translation, and only ambiguous distance restraints (k,.) and van der Waals repulsion
(kyaw) terms were included. Next, a round of rigid body dynamics was conducted
lowering the bath temperature from 1500K to 500K in 25K increments and exponentially
increasing k. and k,4,. Finally, a round of combined rigid body/torsion angle dynamics
lowered the bath temperature from 1500K to 25K in 25K increments while allowing
Ube2s and Ub each to freely translate and rotate. The flexible Ub C-terminal tail
(residues 70-76) and side chains defined as interfacial residues by Wickliffe ef al. 2011
(2) were allowed to freely sample torsional space during the combined rigid body/torsion
angle dynamics cooling phase. The energy terms utilized by the docking protocol
consisted of an ambiguous distance restraint term (E,,.), a van der Waals repulsion term
(Evaw) to avoid steric clashes, a radius of gyration term (E,,,) to minimize expansion of
the complex and a torsion angle database energy term (E,,,) to favor preferred rotamer
conformations for interfacial side chains (6). An ensemble of 100 structures was
generated and the best structure was selected as the solution with the lowest total energy
and no ambiguous distance restraint violations greater than 0.5A.



Ube2s~Ub molecular contact plots

Ca-Ca Contact distance plots for Ube2s~Ub inter-molecular interactions were calculated
using the best Ube2s~Ub model as described in Experimental Procedures. Contact
distance plots were calculated using the Bio.PDB module within BioPython (7). The Ca-
Ca distance matrices between Ube2s and Ub were plotted as a heat map using matplotlib
with a distance cutoff of 15 A.

Structure Validation of the UbcH5c~Ub conjugate

A stereochemical and geometric analysis of the UbcHS5c~Ub structure was performed
using MolProbity (8, 9). 98.2% of all residues lie within the favored regions of the
Ramachandran plot and 100% of residues lie within allowed regions. MolProbity analysis
of all-atom contacts calculated a clash score of 16.55, ranking the UbcHS5c~Ub structure
in the 76™ percentile of 335 structures at similar resolution. The MolProbity score (a
weighted measure of stereochemical and geometric statistics) for the UbcHS5c~Ub
structure was 1.72, which ranks the structure in the ggth percentile of 9,377 structures of
similar resolution.

Docking UbcH5~Ub oligomers to full length CHIP

The full length CHIP structure was obtained from PDB ID 2¢2I (/0). An initiating
UbcHS5~Ub was docked by aligning the UbcHSc from PDB 3ugb and UbcHS5b from PDB
3a33 to the UbcH5a molecule of PDB ID 20xq (/7). Docking to full length CHIP was
completed by aligning the full-length CHIP structure to the CHIP-Ubox domains of PDB
ID 20xqg. UbcH5~Ub oligomers were extended by aligning oligomeric UbcHS5¢c~Ub
chains (PDB 3ugb) or UbcH5b~Ub chains (PDB 3a33) onto the docked initiating UbcHS.

Docking UbcH5~Ub oligomers to the Cull-Rbx1-Skpl-Skp2 SCF ligase complex

The structure of the Cull-Rbx 1-Skp1-Fbox**"* SCF ligase complex was obtained from
PDB ID 11dk (/2). The structure of Skp2 was obtained from PDB ID 2ass (/3). The
structure of the c-CBL/UbcH7 complex was obtained from PDB ID 1fbv (/4). Docking
of the initiating UbcH5~Ub was carried out by aligning UbcHS5c from PDB 3ugb and
UbcHS5b from PDB 3a33 onto the UbcH7 of the c-CBL/UbcH7 complex (PDB 1fbv). The
Cul1-Rbx 1-Skp1-Fbox**"* SCF ligase complex (PDB 11dk) was then modeled into the
UbcHS5~Ub/RING complex by aligning the Rbx1 domain of the Cull-Rbx1-Skp1-
Fbox**"* SCF ligase complex to the c-CBL domain. The structure of Skp2 was introduced
by aligning the Fbox of Skp2 to the Fbox>*** within the Cull-Rbx 1-Skp1-Fbox**"* SCF
ligase complex UbcH5~Ub oligomers were extended by aligning oligomeric UbcHS5c~Ub
chains (PDB 3ugb) or UbcH5b~Ub chains (PDB 3a33) to the docked initiating UbcHS.
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Supplemental Figure S1. Sequence view of intra-conjugate E2/Ub interactions. Ub
residues within each E2~Ub structure with Ca-Ca. E2/Ub distances less than 10A are
highlighted. The number of occurrences of interactions for each residue across all six
structures was summed to yield the hot spot score. A heatmap produced from the hot spot
scores, with scaling based on the number of interactions for a given residue, was used to
color the Ub structure in Figure 4.

Supplemental Figure S2. A closeup view of the oxyester bond between UbcH5c-Ser85
and Ub-Gly76. A 2F,-F, electron density map (dark blue) from the final refinement is

contoured at 1.2c.
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Supplemental Figure S3. Ca-Ca contact distance plot and Ub orientation for the
Ube2s~Ub conjugate model. (A) Co-Ca contact distance plot of Ube2s~Ub residue pairs
separated by a distance of 15 A or less. (B) Alignment of the five best molecular models
for the Ube2s~Ub conjugate. Ube2s (yellow) and Ub (blue) are shown as a ribbon
representation with all structures aligned using Ube2s residues 6-156. (C) Alignment of
the best Ube2s~Ub model (Ube2s: yellow, Ub: blue) with the E2~Ub conjugates PDB
3ugb (UbcHS5c:gray, Ub:cyan), PDB 3a33 (UbcHSb:gray, Ub:orange) (/5), PDB 3jw0
(UbcH5b:gray, Ub:wheat) (16) and PDB 1fxt (Ubc1:gray, Ub:brown) (17). (D) Structural
alignment in (C) with a 90° rotation about the x-axis followed by a 90° rotation about the
y-axis.
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Supplemental Figure S4. The canonical UbcH5/Ub backside interaction is observed in
multiple structures deposited in the PDB. (A) Ca-Ca contact distance plots for PDB 2fuh
(UbcH5¢/Ub noncovalent complex NMR structure) (/8), PDB 3ptf (UbcH5a/Ub
noncovalaent complex crystal structure) (/9), PDB 3a33 (UbcH5b/Ub noncovalent
interaction within the UbcHSb~Ub infinite spiral conjugate oligomer) (/5) and PDB 3ugb
(UbcHS5c¢/Ub noncovalent interaction within the UbcHS5c~UD linear staggered oligomer)
indicate a nearly identical pattern of contact residues which mediate the UbcH5/Ub
backside interaction. (B) The positioning of ubiquitin chains participating in backside
contact with UbcHS5 are nearly identical for PDB 2fuh (UbcH5c¢: white and Ub: blue),
PDB 3ptf (UbcHS5a: white and Ub: green), PDB 3a33 (UbcH5b: white and Ub: orange)
and PDB 3ugb (UbcH5c: white and Ub: cyan).
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Supplemental Figure S5. Models of UbcH5~UD staggered linear and infinite spiral
oligomers with Ubox and HECT domains. (A) Docked model of the CHIP-Ubox in
complex with the staggered linear array UbcHS5c~Ub conjugate oligomer. (B) Docked
model of the CHIP-Ubox in complex with the infinite spiral UbcH5b~Ub conjugate
oligomer. (C) Docked model of the NEDD4L-HECT in complex with the staggered
linear array UbcHS5c~Ub conjugate oligomer. (D) Docked model of the NEDD4L-HECT
in complex with the infinite spiral UbcH5b~Ub conjugate oligomer. Docking of the
initiating E2~Ub to the CHIP-Ubox was carried out by aligning UbcHS5c from PDB 3ugb
and UbcHSb from PDB 3a33 onto the UbcHS5a molecule of PDB ID 2o0xq (/7). Docking
of the initiating E2~Ub to the NEDD4L-HECT was carried out by aligning UbcH5¢ from
PDB 3ugb and UbcHS5b from PDB 3a33 onto the UbcH5b molecule of PDB ID 3jw0

(16).



Supplemental Figure S6. Models of UbcH5~Ub conjugate oligomers with the full
length CHIP and the Cul1-Rbx1-Skp1-Skp2 SCF ligase complex. (A) Docked models of
complexes between the infinite linear staggered UbcHS5c~Ub oligomer from PDB 3ugb



(UbcH5c: cyan and Ub: white) or the infinite spiral UbcHSb~Ub oligomer from PDB
3a33 (UbcHS5b: orange and Ub: white) and the E3 enzyme CHIP (grey). (B) Docked
models of complexes between the infinite linear staggered UbcHS5c~Ub oligomer from
PDB 3ugb (UbcH5c: cyan and Ub: white) or the infinite spiral UbcH5b~UDb oligomer
from PDB 3a33 (UbcHS5b: orange and Ub: white) and the E3 enzyme CHIP (grey).
Rotation axes are shown throughout to illustrate transformation between the center
complex and the rotated views.
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Supplemental Figure S7. Structural variability and diversity of E2~Ub oligomers. (A)
One example of a mixed architecture UbcH5~Ub oligomer comprised of four UbcH5~Ub
conjugates using E2~Ub coordinates from PDB 3a33 (UbcH5b~Ub) and PDB 3ugb
(UbcH5c¢~Ub). (B-F) Examples for 5 of the 125 possible isomers for an oligomer chain
of four UbcH5~Ub conjugates using UbcH5~Ub orientations similar to those observed in
PDB 2gmi (“PDB 2gmi”-like), PDB 2kjh (“PDB 2kjh”-like) in combination with those
observed in PDB 3a33 (UbcHS5b~Ub), PDB 3jw0 (UbcH5b~Ub) and PDB 3ugb
(UbcH5¢~Ub). Throughout the figure, all Ub molecules are colored white, the first
UbcHS is red, the second is orange, the third UbcHS is yellow and the fourth UbcHS is
green. Each UbcH5~Ub conjugate is labeled with a description of the intra-conjugate Ub
orientation.



SUPPLEMENTAL TABLES

Supplemental Table S1. Solvent accessibility of the E2~Ub conjugate bond and
surrounding active site residues.

Solvent Accessibility (A%)*

E2~Ub Structure E2~Ub conjugate bond®
PDB 1fxt 11.40
PDB 2gmi 11.07
PDB 2kjh 24.32 (14.36%)
PDB 3a33 13.15
PDB 3jw0 5.37
PDB 3ugb 6.26
Ube2s~Ub model* 6.13
Average (stabilized)® 12.50
Average (activalted)f 5.92

* Per residue solvent accessible surface area (SASA) calculated by the WHAT IF webserver (20).

® The E2~Ub conjugate bond is defined as the residues of the E2 active site Cys/Ser and Ub-Gly76.

¢ Solvent accessibility not including the side chain of Ub-Cys76.

4 The best Ube2s~Ub model was used for solvent accessible surface area calculations.

¢ Average SASA for structures PDB 1fxt (/7), PDB 2gmi (21), PDB 2kjh (22) and PDB 3a33 (15) (not
including the PDB 2kjh Ub-Cys76 side chain).

" Average SASA for structures PDB 3jw0 (16), PDB 3ugb and the best Ube2s~Ub model.
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