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SUPPORTING FIGURE LEGENDS 

Figure S1. Comparison of the primary sequences and the in silico 3-D structures of wild type 

ubiquitin and Ubi+. (A) Schematics of the lenti-viral plasmids used for generating stable, tetracycline-

inducible, StUbEx PLUS cell lines. Insert below provides the cDNA and corresponding protein 

sequences of wild-type (WT) ubiquitin and the RNAi-resistant Ubi+. (B) Comparison of the structures 

of WT ubiquitin and Ubi+. Top panel: surface representation of the known crystal structure of 

ubiquitin (PDB ID: 1UBQ) after the performed MD simulations. Color indicates the standard types of 

the residues, while magenta highlights the six incorporated histidine residues. Bottom panel: direct 

overlay comparison of the secondary and tertiary structures of WT (blue) and Ubi+ (red). The 

positions of the lysine residues are indicated with blue (WT) and red (Ubi+) spheres; bottom right 

inset: arrangement of the inserted six histidine residues in Ubi+. (C) Stability of the WT ubiquitin and 

its Ubi+ variant. Time evolution of the root mean square deviation (RMSD) of the WT (green) and of 

the Ubi+ (orange) as calculated from the performed MD simulation. RMSD is computed for the 

backbone atoms of both proteins, following Eq. (1) (see Additional Information below), relatively to 

the equilibrated structures. (D) Energy distribution for WT ubiquitin and Ubi+. Distribution of the 

internal energy, computed for both WT (green) and Ubi+ (orange) from the performed 100 ns long 

MD simulation. The red lines indicate Gaussian fitting of the distribution with Eq. (2) (see Additional 

Information below), being indicative for a stable configuration. 

Figure S2. Distribution of identified ubiquitination sites in terms of protein abundance, cellular 

compartment, biological process and molecular function. (A) Distribution of the identified 

ubiquitinated proteins over the U2OS proteome in respect to cellular abundances. Proteins were 

separated in bins according to their copy number in the cell (as reported in Back et al., 2011) and the 

bar plot show the percentage of the proteins within each bin with identified ubiquitination sites in the 

StUbEx PLUS dataset. (B) GO term enrichment analyses for the entire U2OS proteome (dark green 

bars) and for the ubiquitinated proteins from the StUbEx PLUS dataset (light green), shown as 

percentage of the proteins from the total following each of the most significant terms. The analysis 



was performed using GOCC (cell compartment), GOBP (biological process) and GOMF (molecular 

function). 

Figure S3. PRM comparative analyses of ubiquitin chains in wild type and StUbEx PLUS U2OS 

cells. Relative quantification of the tryptic peptides originating from ubiquitin chains from whole cell 

lysates StUbEx PLUS U2OS and Wild type U2OS cells by PRM LC-MS/MS. Quantitation is based 

on the top five fragments of each peptide normalized to a unique peptide of cytoplasmic actin. 

Interpretation of the molecular dynamics (MD) simulations of Ubi+ and WT ubiquitin 

structures 

The root mean square deviation (RMSD) of a protein is a useful characteristic that permits 

judging about its overall stability. Mathematically, it is virtually defined as: 

𝑅𝑀𝑆𝐷 = √
∑ |𝑟𝑖⃗⃗⃗  (𝑡)−𝑟𝑖⃗⃗⃗  (𝑡𝑟𝑒𝑓)|2𝑁

𝑖=1

𝑁
(1) 

Here the summation runs over all atoms for which the RMSD should be computed, with i 

being an index the i-th atom, N is the total number of atoms, 𝑟𝑖⃗⃗ (𝑡) describes the position of an

atom at the time instance t, while 𝑟𝑖⃗⃗ (𝑡𝑟𝑒𝑓) describes it at the reference time instance 𝑡𝑟𝑒𝑓. 

Figure S1C shows RMSD time evolution calculated for the WT ubiquitin and for the Ubi+. 

RMSD for both proteins flattens out at a value of about 1.5 Å, which indicates that both 

proteins are stable in the simulation. The horizontal dashed lines indicate the average RMSD 

values obtained for the last 70 ns of the simulation. In both cases, the reference time instance 

𝑡𝑟𝑒𝑓, is taken as the last snapshot after the equilibration simulation (see methods for details). 

The saturation of RMSD at a value below 2 Å is strongly supporting the stability of the two 

computational models [1,2]. The fact that WT ubiquitin is stable is not surprising, but the 



comparison of RMSD for the WT and Ubi+ shows that the Ubi+ should be as stable as the 

WT and have a very similar secondary structure. 

RMSD flattening means that on average the atoms in both structures are not moving more 

than ~1.5 Å from the reference configuration, which is an indication that both structures, 

which were highly similar after equilibration, preserve this property. This can also be seen in 

Figure S1B, where 3D rendering of the proteins is presented and illustrates that all main 

folding motifs of the WT ubiquitin are preserved in Ubi+. Note, that the deviations of the six 

histidines themselves are not taken into the RMSD calculation of the Ubi+, therefore 

allowing to directly compare the WT ubiquitin with the identical part of the Ubi+ sequence. 

To further illustrate the stability of Ubi+, we have computed and analyzed the probability 

distribution of the internal energy of Ubi+ and WT ubiquitin, as featured in Figure S1D. Both 

distributions show a clear Gaussian profile, that can be fitted by 

(2) 

where E is the internal (potential) energy of the protein, 𝐸0 is its average value, and 〈𝐸〉 is the

energy standard deviation. According to the foundations of statistical physics, at thermal 

equilibrium, the potential energy of a stable protein configuration will feature a single 

Gaussian distribution, as also evidenced in Figure S1D for both proteins. 
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K6 K11 K27 K48 K63

Peptide Peptide Sequence m/z Fragment Peak Rank
460.6  (3+) precursor 1

519.31 y5 2
K6 Chain MQIFVK(gg)TLTGK 305.18 y3 3

204.13 y2 4
373.19 b3 5
761.45 y6 6

801.43 (3+) precursor 1
1002.51 y9 2

K11 Chain TLTGK(gg)TITLEVEPSDTIENVK 1131.55 y10 3
1172.65 b10 4
905.46 y8 5

1230.62 y11 6
701.04 (3+) precursor 1

1315.69 y11 2
K27 Chain TITLEVEPSDTIENVK(gg)AK 802.44 y6 3

460.29 y3 4
673.40 y5 5
915.53 y7 6

487.6 (3+) precursor 1
717.35 y6 2

K48 Chain LIFAGK(gg)QLEDGR 589.29 y5 3
476.21 y4 4

1016.51 y8 5
347.17 y3 6

561.81 (4+) precursor 1
637.41 y5 2

K63 Chain TLSDYNIQK(gg)ESTLHLVLR 500.36 y4 3
387.27 y3 4
938.58 y8 5

1067.62 y9 6
566.77 (2+) precursor 1

678.34 y6 2
Actin, GYSFTTTAER 912.44 y8 3

Cytoplasmic 577.29 y5 4
(for normalization) 825.41 y7 5

476.25 y4 6
*K(gg) represents a lysine residue carrying the diGly remnant from ubiquitin modification

PRM Transition List



K6  chain - MQIFVK(gg)TLTGK

K11 chain - TLTGK(gg)TITLEVEPSDTIENVK

Primary Skyline PRM data



K27 chain - TITLEVEPSDTIENVK(gg)AK

K48 chain - LIFAGK(gg)QLEDGR



K63 chain - TLSDYNIQK(gg)ESTLHLVLR

Actin - GYSFTTTAER




