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Supplemental Experimental Procedures 

Cloning of Rub1 into pTXB1 vector 

Rub1 gene (encoding 1-76 amino acids) was amplified by PCR using two primers: primer DF13 
(5’-ATATACATATGATTGTTAAAGTGAAGACAC-3’) and primer DF14 (5’-
GAATATATGCTCTTCCGCAACCACCTCTTAGTGTTAATACC-3’) and pET15b-Rub1 construct 
as a template. The amplified products along with pTXB1 vector (NEB) were digested with 
restriction endonucleases- NdeI and SapI employing the supplied methods from NEB. The ends 
of the digested pTXB1 and Rub1 were ligated using the T4 DNA ligase (NEB) and the ligated 
products were transformed into an E. coli strain DH5α. The potential positive colonies were 
grown into LB-media and the plasmid DNA was extracted using reagents and protocol from 
Qiagen. Purified plasmids were sequenced using T7 primer. 

Modeling the structure of Rub1 by NMR 

A model structure of Rub1 was computed using CS-Rosetta approach. For this, we obtained 
NMR signal assignments (backbone 15N, backbone and side chain 1H and 13C) of nearly all the 
residues in Rub1 (1-76), except for the N-terminal methionine and the two prolines at positions 
37 and 38. This was performed based on a set of standard triple-resonance experiments 
combined with 1H-15N HSQC, 1H-15N SOFAST-HMQC, homonuclear 2D TOCSY and NOESY, 
and 3D 15N-separated TOCSY and NOESY. The backbone dihedral angles were calculated 
using TALOS+. Combining the NMR signal assignments with the dihedral angles, CS-Rosetta 
generated an ensemble of 9 lowest energy structures of Rub1. To independently validate the 
generated structural models and the assignments of backbone amides, we measured residual 
1H-15N dipolar couplings (RDCs) of Rub1, as detailed elsewhere1, and the data were fit to all 9 
structures generated by CS-Rosetta. The resulting Pearson’s correlation coefficients and the 
quality R-factors2 are listed in Table S3. 

NMR titration experiments 

All NMR titration experiments were performed with 0.1-0.2 mM of 15N labeled proteins. The 
concentrations of titrants in stock solutions were ca. 10-20 times higher than the protein 
concentrations used. Shifts in NMR signals, referred as chemical shift perturbations (CSPs), 
were monitored and quantified using the following equation: ∆δ =[( ∆δH)2+( ∆δN/5)2]1/2, where ∆δH 
and ∆δN are the chemical shifts perturbations observed for 1H and 15N, respectively. The 
dissociation constants (Kd) were derived by fitting the observed CSPs as a function of protein 
and titrant concentrations to various stoichiometry models as described3, using in-house Matlab 
program Kdfit. 15N longitudinal (T1) relaxation experiments were performed at the endpoint of 
titrations to determine the molecular mass of the complexes by fitting the average T1 value with 
a calibration curve as detailed elsewhere4. 

SILAC- cell culture and sample preparation 

RGS-His6-Rub1 vector and RGS-His6-epmty vector were each separately transformed into 
∆rub1 yeast strain auxotrophic for lysine and arginine (∆lys2 ∆arg4). The cells were grown, as 
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described in the methods section, for at least 10 generations to ensure complete incorporation 
of heavy amino acids isotopes before final sub-culture. Next, 20 mL cultures of these cells were 
harvested at OD600 of 1.0. Cells were lysed and proteins were extracted, and subjected to 
rubylated proteins enrichment using mini Ni-NTA column (Qiagene)5. Eluted proteins were 
concentrated using TCA and acetone precipitation and separated by SDS-PAGE and following 
Coomassie Blue staining, each lane of the gel was cut into 12 slices (left lane). As biological 
repeat and to improve protein identification, this procedure was repeated for without SILAC only 
for cells expressing RGS-His6-Rub1.  

SILAC- in-gel digestion and mass spectrometry analysis  

The proteins in each gel slice were reduced (10 mM DTT), modified with 40 mM iodoacetamide 
(at 25°C) and trypsinized (modified trypsin) (Promega) at a 1:100 enzyme-to-substrate ratio for 
18 h at 37°C. A similar amount of fresh trypsin was then added and samples were incubated for 
additional 8 h at 37°C.  The resulting tryptic peptides from each gel slice were resolved by 
reverse-phase chromatography on 0.075 X 200 mm fused silica capillaries (J&W) packed with 
Reprosil reversed phase material (Dr Maisch GmbH, Germany). The peptides were eluted with 
linear 65 minutes gradients of 5 to 45% and 15 minutes at 95% acetonitrile with 0.1% formic 
acid in water at flow rates of 0.25 μl/min. Mass spectrometry was performed by an Orbitrap ion-
trap mass spectrometer (Thermo) in a positive mode using repetitively full MS scan followed by 
collision induces dissociation (CID) of the 7 most dominant ions selected from the first MS scan. 

SILAC- database search and APEX calculations 

The mass spectrometry data was analyzed using the Trans Proteomic Pipeline (TPP) Version 
4.5.26. TPP-processed centroid fragment peak lists in mzXML format were searched against 
Saccharomyces cerevisiae translations of all systematically named ORFs (release date Jan 5th, 
2010; Downloaded form SGD). The 5904 proteins were supplemented with their 5904 
corresponding decoy sequences (as described in 
http://www.matrixscience.com/help/decoy_help.html). The database searches were performed 
using X! Tandem with k-score plugin through the TPP. Search parameters include: trypsin 
cleavage specificity with two missed cleavage, cysteine carbamidomethyl as fixed modification, 
methionine oxidation, protein N-terminal acetylation and lysine ubiquitination (only for non 
SILAC searches) as variable modifications, peptide tolerance and MS/MS. SILAC analysis and 
Absolute Protein Expression (APEX) abundances of the Rub1 and Ub in 25-35 kDa region were 
calculated using the protXML file generated from the PeptideProphet™ and ProteinProphet™ 
validation of the X!Tandem search results.  SILAC protein abundance ratios were determined 
when applicable using XPRESS through the TPP. A <1% false positive rate (FPR) was chosen 
Employing the APEX tool7. The stoichiometry of Rub1 to Ub was calculated by dividing the 
APEX score of these proteins. 

 

  

http://downloads.yeastgenome.org/sequence/genomic_sequence/orf_protein/orf_trans.fasta.gz�
http://www.matrixscience.com/help/decoy_help.html�
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Supplemental Table S1. Constructs used in this study. (aa, amino acids) 

Construct  Source  Sequence/mutation  Used for  

pTXB1-Rub1  Yeast  1-76 aa  Structure, NMR binding 
study  

pET3a-Ub  Human  Full length  In vitro dimer synthesis  

pET3a-Ub 74  Human  1-74 aa  In vitro dimer synthesis  

pGEX-4T2-UBA2-
hHR23a  

Human  GSAAA-315-363 aa  NMR Binding study  

pGEX-4T2-UBA-UQ1  Human  GSPEY-541-586-S aa  NMR Binding study  

pGEX-UBA-Ddi1  Yeast  GSY-389-428-S aa  NMR Binding study  

pET28-His-UIM-Rpn10  Yeast  6His-Thrombin 
cleavage-204-268 aa 
(Q261Y)  

NMR Binding study  

pcDNA3.1-His-myc-Ub  Human  Full length  H1299 cell study  

pcDNA3.0-HA-Nedd8  Human  Full length  H1299 cell study  

pcDNA3.0-HA-Nedd8 74  Human  1-74 aa  H1299 cell study  

pSG5.0-spl-His-Ub 74  Human  1-74 aa  H1299 cell study  

Proteasome  Yeast  Wild type  In vitro cleavage  

CBP-Signalosome  Yeast  Wild type  In vitro cleavage  

RGS-6His-Rub1  Yeast  Full length  SILAC  

pET3a-Ub (G75C)  Human  1-75 aa (G75C)  In vitro dimer synthesis  

pET3a-Ub Human  1-75 aa (K48R+G75C)  In vitro dimer synthesis  
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(K48R+G75C)  

pET3a-Ub 
(K63R+G75C)  

Human  1-75 aa (K63R+G75C)  In vitro dimer synthesis  

pGEX-E2 25K  Human  Full length  In vitro dimer synthesis  

pGEX-Ubc13  Yeast  Full length  In vitro dimer synthesis  

pET16b-His-Mms2  Yeast  Full length  In vitro dimer synthesis  

pET28-His-E1-Ub  Human  Full length  In vitro dimer synthesis  

pGST-E1-Nedd8  Human Full length In vitro dimer synthesis  

pET15b-His-Rub1  Yeast  Full length  Cloning of Rub1  
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Supplemental Table S2. Protein purification procedures.  

Protein  Purification procedure  

Rub1  Chitin beads affinity purification, gel filtration (NEB)  

Ub and Ub 
mutants  

Perchloric acid treatment, cation affinity, gel filtration8  

UBA2-hHR23a  GST-affinity purification, thrombin cleavage, gel filtration3  

UBA-UQ1  GST-affinity purification, thrombin cleavage, gel filtration9  

UBA-Ddi1  GST-affinity purification, thrombin cleavage, gel filtration 

UIM-Rpn10  Ni-affinity purification, gel filtration10 

E1-Ub  Ni-affinity purification 

E1-Nedd8  GST-affinity purification11 

E2 25K  GST-affinity purification12  

Ubc13  GST-affinity purification13  

Mms2  Ni-affinity purification13 

Proteasome  DEAE-affinity, anion-exchange14  

Signalosome  Calmodulin-affinity purification15   
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Supplemental Table S3. Pearson’s correlation coefficient (Corr. Coeff.) and Quality R-factor 
obtained after fitting experimental RDCs for Rub1 with either Ub or Nedd8 or CS-Rosetta 
generated Rub1 structures (Rub1 (273) to Rub1 (941)).(aa, amino acids. sec str, secondary 
structure). 

Protein 
Structures  

Corr. Coeff.  
(aa: 2-70) 

Quality factor, R 
(aa: 2-70) 

Corr. Coeff.  
(sec str) 

Quality factor, R 
(sec str) 

Ub (1D3Z)  0.929 0.257 0.963 0.183 

Nedd8 (2KO3)  0.784 0.434 0.870 0.337 

Rub1 (273)  0.854 0.367 0.907 0.288 

Rub1 (410)  0.832 0.389 0.838 0.381 

Rub1 (563)  0.812 0.409 0.767 0.457 

Rub1 (669)  0.870 0.345 0.909 0.283 

Rub1 (739)  0.876 0.339 0.884 0.318 

Rub1 (798)  0.852 0.367 0.921 0.265 

Rub1 (861)  0.897 0.310 0.848 0.361 

Rub1 (911)  0.800 0.422 0.743 0.473 

Rub1 (941)  0.892 0.317 0.895 0.303 
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Supplemental Table S4. Residues used to calculate the mean and the standard deviation in 
order to determine the dissociation constants (Kd) for the indicated protein/ligand interactions.  

Protein + Ligand  Residues used to calculate Kd  

Rub1+UBA2-hHR23a  43,44,45,48,67,68  

Rub1+UBA-UQ1  7,13,46,71  

Rub1+UBA-Ddi1  10,32,44,47,48,70,71,74  

Proximal Ub+UBA2-hHR23a  9,13,14,32,34,40,41,43,68  

Distal Rub1+UBA2-hHR23a  7,9,45,46,47,68,72  

Proximal Ub+UBA-UQ1  13,43,49,62,69,70 

Distal Rub1+UBA-UQ1  7,46,67,70,74 

Proximal Ub+UBA-Ddi1  7,10,13,14,42,43,44,47,49,67,71,73  

Distal Rub1+UBA-Ddi1  8,43,44,45,47,48,49,70,72,74  

Proximal Ub+ UIM Rpn10  13,14,43,44,45,70,73 

Distal Rub1+ UIM Rpn10 9,47,48,49,69,72 
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Supplemental Figure S1. Comparison of Rub1 structure with ubiquitin (Ub) and Nedd8.  

(A) CS Rosetta-generated structure of Rub1 (grey) is superimposed with the reported structures 
of either Ub (PDB: 1D3Z, blue) or Nedd8 (PDB: 2KO3, green) using PyMOL; the corresponding 
backbone (Cα) RMSD values are 0.998 Å and 1.185 Å, respectively. 

(B) Comparison of the distribution of basic (colored blue) and acidic (colored red) residues in the 
3D structures of Rub1 (left column), Ub (middle column), and Nedd8 (right column). Also shown 
(in green) the hydrophobic-patch residues (L8, I44, V70) conserved in all three proteins. The top 
rows show ribbon representations of the proteins, while the middle and bottom rows show 
surface rendering. The protein orientation in the top row (ribbon cartoon) and the middle row is 
the same and such that the hydrophobic-patch surface faces the reader.  The bottom row 
corresponds to ~180o rotation about the vertical axis, in order to show the backside view. 
Sequence alignment of the three proteins is shown in Figure 1A (main text). As can be seen 
from this comparison, the distribution of charges on the hydrophobic-patch side (β-sheet side) of 
all three proteins is very similar. The nonconservative differences (e.g. K18/E18, L22/K22, 
Y24/E24, L29/K29) are mostly limited to the α-helix side of the proteins (backside), as is obvious 
from different charge distributions.     

 

 

 



S11 
 

 

Supplemental Figure S2. Proteomic analysis of rubylated proteins in yeast.  

To characterize rubylated proteins in yeast, we utilized 6His-tagged Rub1 to affinity purify and 
enrich rubylated proteins that were identified following MS/MS analysis. By using Stable Isotopic 
Labeling of Amino acids in Cell culture (SILAC), we were able to effectively distinguish between 
enriched rubylated proteins and background proteins, which non-specifically bind to the affinity 
column. RGS-His6-Rub1 expressing cells (Rub1) were labelled with heavy amino acids while 
RGS-His6-empty vector expressing cells (null) labeled with light amino acids. After Ni-NTA 
affinity enrichment of proteins from both strains and SILAC analysis, rubylated proteins show 
high relative abundance Rub1/null ratios (>3) while background proteins show Rub1/null ratios 
~1. Following protein separation by SDS-PAGE Ub was identified together with Rub1 in all of 
the gel regions (data not shown) with high Rub1/null abundance ratio.  However, only in slices 
S5 (25 to 35 kDa) and S3 (~17 kDa), Ub appeared only in RGS-His6-Rub1 expressing cells 
(labeled as Rub1, left and middle panels) indicating the specific presence of heterologous Rub1-
Ub chains in these two MW regions. Of note, in slice S5 we also identified two additional low 
MW proteins (~14 kDa): (1) Histone 2B (or 2A), and (2) small ribosomal protein S20, where both 
appeared uniquely in the His6-Rub1 expressing cells.  To validate these findings, we performed 
another biological repeat using only RGS-His6-Rub1 expressing cells (Rub1) and focused on 
the 25-35 kDa region.  The same proteins were identified as well as a Ub K48 linkage (right 
panel, top). Following comparative protein abundance estimates using APEX tool, we 
determined that the relative stoichiometry of Rub1 to Ub is ~5:1 (right panel, bottom).   
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Supplemental Figure S3. The Rub1-Ub heterodimer is synthesized using the Ub pathway 
enzymes.  

(A) Indicated bacterially expressed and purified proteins (100 µM each) were incubated with 300 
nM of Nedd8 E1 and 20 µM of E2-25K at 30°C overnight in a rubylation reaction buffer. The 
reaction was quenched by adding 1X SDS loading buffer. The mixture was separated on 15% 
SDS PAGE and stained with Coomassie blue. The leftmost lane is loaded with the protein 
marker. (B) The indicated recombinant proteins (0.5 mM) were incubated with 300 nM of Ub E1 
and 20 µM of E2-25K in an in vitro ubiquitination reaction. The reactions were quenched as 
mentioned above and separated by SDS PAGE. The running positions of proteins were made 
visible by Coomassie blue staining. The running position of the dimer is shown with arrow.   
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Supplemental Figure S4. LC-MS/MS analysis of the in vitro synthesized Rub1-Ub 
heterodimer identified K48 of Ub as the site of linkage to the C-terminal Gly-Gly motif of 
Rub1.  
 
To characterize the product of the Rub1-Ub synthesis reaction, the indicated band from the 
SDS PAGE gel was subjected to tryptic digestion followed by MS/MS analysis. The gel was 
crushed, destained with 50% acetonitrile (ACN) in water, dehydrated with ACN, then rehydrated 
with 20 ng/µL trypsin solution, and incubated overnight at 37 °C. Tryptic peptides were 
extracted with 50% ACN and 1% TFA 3 times. The extract was concentrated with speedvac 
prior to LCMSMS analysis. 

100 µL of tryptic peptide was injected into a Pepmap C18 trapping cartridge (0.3 × 5 mm, 
Dionex, Bannockburn, IL) with autosampler, and desalted with 100% solvent A at 10 µL/min for 
10 min. Peptides were separated using an Zorbax 300 B-C18 nano column (3.5 µm, 0.075 × 
150 mm, Agilent Technologies, Palo Alto, CA) with a binary gradient consisting of A: 0.1% 
formic acid with 5% acetonitrile and B: 0.1% formic acid and 95% acetonitrile at a flow rate of 
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300 nL/min. A gradient was run from 10% B to 45%B over 35 minutes, followed by a 5-minute 
wash step with 80% B and 5-minute equilibration at 0% B. Positive ion mass spectra of Nano 
LC eluents were acquired with a Thermo Finnigan LTQ Orbitrap XL mass spectrometer with 
data dependent analysis in which a full Scan FT analysis of 400-2000 Daltons with resolution at 
60,000  (m/z 400) in the orbitrap is followed by up to 5 MS/MS analysis in the linear ion trap at 
unit mass resolution. Peaks eluting from the LC column that have ions above 10,000 arbitrary 
intensity units and charges higher than 1 trigger the ion trap to isolate the ion and perform an 
MS/MS experiment scan after the MS full scan.  

The data were searched against Swissprot database using Mascot search engine with trypsin 
as digestion enzyme with up to 5 missed cleavages, and GlyGly on Lysine, deamidation on N 
and Q, and oxidation of M as variable modifications. Shown in the table above are data for the 
peptide that was observed consistently and identified (matches with ions score up to 88) as 
containing residues 43-54 (LIFAGKQLEDGR) from Ub sequence and a GG addition on the 
lysine.  
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Supplemental Figure S5. Shifts in NMR signals of Rub1 upon addition of the UBA 
domains of hHR23a and UQ1.  

The NMR signals of the indicated residues of either monoRub1 (first row and third rows) or the 
distal Rub1 in the heterodimer (second and fourth rows) were monitored in 1H-15N NMR spectra 
upon addition of the UBA2-hHR23a (A) or UBA-UQ1 (B). The NMR signals at first point (no 
ligand) and endpoint (saturating amount of the ligand) of titration are colored red and maroon, 
respectively. Signals marked in blue, green, and cyan indicate the intermediate points of 
titration. The directions of signal shifts are shown by red arrows.  
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Supplemental Figure S6. Usp2 cleaves Ub-Ub homodimer but does not cleave Rub1-Ub 
heterodimer. 

The efficiency of a deubiquitinase Usp2 against Ub-Ub homodimer and Rub1-Ub heterodimer 
was assayed by incubating each substrate with Usp2 (panel A) at a 1:10 enzyme to substrate 
molar ratio at 37oC in PBS for various time intervals, as indicated. Per reaction, 2.2 µg of the 
respective dimer (MW≈17 kDa) were incubated with 0.62 µg of Usp2 (45 kDa). The cleavage 
results were separated by 16% Tris-Tricine gel followed by Coomassie blue staining. Panel B 
shows a negative control without Usp2.  
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