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Figure S1. Spectral comparison of the cyclic Ub chains. (a) Superposition of the 1H-15N HSQC 

spectra of c-diUb (black), c-triUb (red), and c-tetraUb (cyan). Chemical shift differences (b) 

between c-tetraUb and c-diUb, and (c) between c-triUb and c-diUb. Data are shown according to 

the equation (0.04δN
2 + δH

2)1/2, where δN and δH represent the difference in nitrogen and proton 

chemical shifts, respectively. The proline residues and the residues whose 1H-15N HSQC peak 

could not be used as a probe because of broadening are shown by asterisks. 

 

  



 

 

Figure S2. Structural similarity among (a) the closed conformation of n-diUb observed in 

crystals [PDB: 1AAR] [1], (b) the NMR structure of c-diUb [2], and (c) an n-diUb part derived 

from the c-tetraUb crystal structure [PDB: 3ALB] [3]. The 3D structure models were shown 

with the same orientations, highlighting the positions of Val70 in red. Lys48 and Gly76 

forming the isopeptide bond are shown as stick models. 

 

  



 

Figure S3. Crystal structure of c-triUb (solved in this study; PDB: 7CAP) highlighting Leu8, 

Ile44, and Val70 on the hydrophobic surface. 

 

 

Table S1. Data collection and refinements statistics for the crystal structure of c-triUb. 

 



 

 

 

Figure S4. 1H-15N HSQC spectra of n-triUb chains, which were unit-selectively 15N-labeled at 

(a) the distal Ub1 (green), (b) the middle Ub2 (magenta), and (c) the proximal Ub3 (blue). 1H-15N 

HSQC spectra of n-tetraUb chains, which were unit-selectively 15N-labeled at (d) the distal Ub1 

(green), (e) the second Ub2 (magenta), (f) the third Ub3 (blue), and (g) the proximal Ub4 (orange). 

 

  



 

Figure S5. 1H-15N HSQC peaks originating from Val70 of monomeric Ub (cyan), c-diUb (black), 

c-triUb (red), and unit-selectively 15N-labeled n-triUb chains at the distal Ub1 (green), the middle 

Ub2 (magenta) and the proximal Ub3 (blue).  

 

 

 

 

Figure S6. Conformer populations n-triUb estimated from the NMR spectral data. A cartoon 

model of the possible conformers in each state is shown. A pair of Ub units whose hydrophobic 

surfaces are shielded from each other are shown in black. 

  



 

 

Figure S7. Conformer populations of n-tetraUb estimated from the NMR spectral data. A cartoon 

model of the possible conformers in each state is shown. A pair of Ub units whose hydrophobic 

surfaces are shielded from each other are shown in black. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S8. 1H-15N HSQC spectra of monomeric Ub (blue) with (a) monomeric K48S-Ub (red) 

and (b) monomeric Ub-His6 (red). Chemical shift differences (c) between monomeric Ub and 

monomeric K48S-Ub, and (c) between monomeric Ub and monomeric Ub- His6. Data are shown 

according to the equation (0.04δN
2 + δH

2)1/2, where δN and δH represent the difference in nitrogen 

and proton chemical shifts, respectively. The proline residues and the residues whose 1H-15N 

HSQC peak could not be used as a probe because of broadening are shown by asterisks. 

 

  



 

 

Figure S9. 1H-15N HSQC peaks originating from Val70 of (a) uniformly 15N-labeled K48S-triUb, 

(b) unit-selectively 15N-labeled K48S-triUb chains at Ub2 and Ub3, and (c) unit-selectively 15N-

labeled K48S-triUb at Ub1 and Ub2. 
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