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Abstract 

 

Ubb+1, a ubiquitin (Ub) mutant protein originating from misreading of the Ub B gene, is found 

accumulated in brain tissues of Alzheimer’s disease patients. The mutant attracts strong interest due to 

its possible participation in the molecular events leading to neurodegeneration. Ubb+1 is composed of 

the globular domain of Ub, linked to a 19-residue C-terminal peptide. Based on NMR relaxation and 

solvent accessibility measurements we obtained new insight into the molecular properties of Ubb+1. We 

further determined the thermal stability of Ubb+1 in the monomeric form, and in Lys48- and Lys63-

linked dimers. Finally, we explored the influence of the C-terminal fragment on the interactions of 

Ubb+1 with an isolated UBA2 domain and with membrane mimics. 

Our data indicate that the C-terminal fragment of Ubb+1 is overall highly flexible, except for a short 

stretch which appears less solvent-exposed. While influencing the hydrodynamic properties of the 

globular domain, the fragment does not establish long-lived interactions with the globular domain. It 

results that the structure and stability of Ub are minimally perturbed by the peptide extension. 

However, binding to UBA2 and to membrane mimics are both affected, exemplifying possible changes 

in biomolecular recognition experienced by the disease-associated Ubb+1 compared to the wild-type 

protein.    
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Abbreviations 

AD, Alzheimer’s disease 

CSP, chemical shift perturbation 

DUB, deubiquitinating enzyme 

hetNOE, heteronuclear nuclear Overhauser effects  

HSQC, heteronuclear single quantum coherence 

POPC, palmitoyl oleoyl phosphatidylcholine 

POPG, palmitoyl oleoyl phosphatidylglycerol 

PRE, paramagnetic relaxation enhancement 

Ub, ubiquitin 

UBA, ubiquitin associated  
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1. Introduction 

 

Ubiquitin (Ub) is a small and highly conserved protein that is covalently linked to protein targets to 

regulate numerous fundamental processes in eukaryotic cells, such as progression of cell cycle and 

division, DNA damage response, organelle biogenesis, protein trafficking, and protein turnover [1–3]. 

Ubiquitin conjugation, which consists in the formation of an isopeptide bond between the C-terminus 

of Ub and the -amino group of a specific lysine of the substrate protein, is accomplished by the 

sequential action of Ub-activating (E1), Ub-conjugating (E2), and Ub-ligating (E3) enzymes. Ub itself 

has seven lysine residues (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, Lys63) that can act as acceptor 

sites, leading to the formation of polyubiquitin (polyUb) chains endowed with a variety of linkage 

types and signaling functions. As an example, Lys48-chains mark substrates for rapid proteasomal 

degradation, while Lys63-chains play a role in endocytosis, DNA-damage response, cell signaling [1–3], 

and autophagic clearance of protein aggregates [4]. Ubiquitination is a reversible modification: a variety 
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of deubiquitinating enzymes (DUBs) hydrolyze Ub from the target protein, thereby remodeling or 

reversing the polyUb signal [5].  

Dysfunction of Ub-related enzymes and pathways has been linked to the pathogenesis of severe 

human diseases, including Alzheimer's (AD), Parkinson's (PD), Huntington's (HD) diseases, 

Amyotrophic Lateral Sclerosis (ALS), cancer, metabolic syndromes, and genetic disorder [6–8]. In 

particular, a mutated version of Ub, named Ubb+1, was found specifically accumulated in neurofibrillary 

tangles, neuropil threads and dystrophic neurites in brain tissues of AD patients [9]. Ubb+1 originates 

from misreading of the Ub B gene: the deletion of a dinucleotide adjacent to the GAGAG motif in the 

first repeat of the Ub transcript leads to the loss of Ub stop codon and the generation of a new one.  This 

produces Ubb+1, a Ub mutant protein where the carboxy(C)-terminal Gly76 is replaced by a tyrosine and 

linked to a 19-residue peptide [9].  Molecular misreading is a rare event that originates from mistakes of 

RNA polymerase II transcription activity, leading to generation of frameshift mRNA and protein 

mutants in the absence of genetic mutation. In physiological conditions, the Ub-proteasome system 

(UPS) well compensates for transcription errors by removing aberrant proteins through degradation. 

However, proteasomal degradation becomes progressively less efficient with aging, and accumulation of 

frameshift mutant proteins eventually occurs, such as in the case of AD [10]. 

Ubb+1 maintains the well-structured globular domain of Ub (Fig. 1) [11] and its lysine side chains 

can act as acceptors for polyUb chain linkage [11–14]. However, as a result of the lack of the C-

terminal Gly76, Ubb+1 does not modify substrate proteins and instead terminates the elongation of 

polyUb chains. The resulting Ubb+1-capped polyUb chains (polyUbb+1) were shown to inhibit the 

proteasome [14,15], and were recalcitrant to disassembly mediated by DUBs [14]. Interestingly, it was 

shown that at low expression levels, Ubb+1 can be degraded by the 26S-proteasome, however after 

exceeding a threshold level of expression, Ubb+1 accumulates and inhibits the proteasome in a dose-

dependent manner [16]. In neuroblastoma cells, overexpression of Ubb+1 leads to neuronal cell death 

[13]. Due to the essential function of the proteasome in protein turnover and clearance of misfolded 

proteins, the inhibition of proteasome by Ubb+1 species was proposed to be one of the key mechanisms 

of neuronal toxicity in AD. In particular, interaction of Ubb+1 with the enzyme E2-25K was suggested 

to modulate Aβ neurotoxicity via proteasomal inhibition [17]. Additionally, it was recently suggested 

that accumulation of extended Ub variants was due to their potent ability to inhibit specific DUBs [18]. 

Due to a possible participation of Ubb+1 in the molecular events leading to neurotoxicity and 

neurodegeneration in AD, there is large interest in elucidating the structural details of this frameshift 
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mutant Ub protein and the consequent functional differences with respect to the wild-type protein. In 

our work, we investigated structural and dynamic features of Ubb+1 using NMR spectroscopy methods 

that are particularly suited to explore protein molecules containing flexible domains such as the C-

terminal extension of Ubb+1. Calorimetry measurements were carried out to evaluate the contribution of 

the tail to the protein’s thermal stability in both its monomeric and dimeric forms. Finally, the ability of 

Ubb+1 to interact with different biomolecules, in particular the UBA2 domain of the human homologue 

of the yeast DNA repair protein RAD23 (HHR23A) and membrane mimics, was here explored and 

characterized. 

 

2. Materials and Methods 

 

2.1 Materials 

 

Deuterium oxide (99.9%), 13C-glucose and 15NH4Cl were purchased from Spectra2000 s.r.l. (Roma, 

IT). Gadodiamide (gadolinium(III) 5,8-bis(carboxylatomethyl)-2-[2-(methylamino)-2-oxoethyl]-10-

oxo-2,5,8,11-tetraazadodecane-1-carboxylate hydrate) was purchased from Selleck Chemicals. Powder 

cholesterol, phosphatidylglycerol and phosphatidylcholine were purchased from Sigma.  4,4-dimethyl-

4-silapentane-1-sulfonic acid-d6 was purchased from Sigma. 

 

2.2 Protein expression and purification 

 

Recombinant human Ub and the UBA2 domain of HHR23A were expressed and purified as described 

previously [19]. Ub mutants K48R, K63R, and D77 were produced with the same protocol used for 

wild-type Ub. Human Ubb+1, cloned in pET3 vector, was obtained from PCR extension of the human 

Ub sequence. The purification of Ubb+1 was performed with the same procedure as for Ub, with an 

additional size exclusion chromatography step.  

Homogeneous di-ubiquitin chains (Ub2) were obtained from Ub mutants, following the strategy 

described in [20], in overnight enzymatic reactions at 37 °C complemented with ATP, TCEP, and an 

ATP reconstituting cocktail. Recombinant human His-tagged E1 and GST-tagged E2-25K enzymes 

were used to obtain Lys48-linked Ub2 products: Ub(K48R)-48Ub(D77) and Ub(K48R)-48Ubb+1. 

Recombinant human His-tagged E1, yeast His-tagged Mms2 and yeast GST-tagged Ubc13 enzymes 
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were used for to produce Lys63-linked Ub2 molecules: Ub(K63R)-63Ub(D77) and Ub(K63R)-63Ubb+1. 

E2-25K, Mms2, and Ubc13 enzymes were produced in Escherichia coli BL21(DE3), while E1 was 

expressed in Rosetta cells. Purification of enzymes by affinity chromatography followed standard 

procedures. Ub2 molecules were separated from unreacted Ub monomers by SP cation-exchange 

chromatography and further purified by size exclusion chromatography for calorimetry measurements. 

Protein samples were concentrated using centrifugal filter units (Millipore).  

 

2.3 Liposome preparation  

 

Liposomes were obtained by dissolving cholesterol (Chl) and phosphatidylglycerol (POPG) or 

phosphatidylglycerol/phosphatidylcholine (POPG/POPC) phospholipids in chloroform/methanol (2:1, 

v/v) to form a homogeneous solution. A molar ratio of POPG/Chl 80:20 or POPG/POPC/Chl 40:40:20 

was used to produce liposomes with different surface charge. The lipid mixture was then dried under 

nitrogen flux and the resulting lipid film dispersed in 10 mM potassium phosphate buffer at pH 6.8, to a 

final lipid concentration of ~120 mM. Vesicles were obtained by pressure extrusion with a hand-held 

miniextruder (Avanti, Alabaster, AL), by repeated passage through polycarbonate filters of 100 nm pore 

size, after pre-filtering through membranes of 1 m and 400 nm pore sizes. The obtained liposomes had 

hydrodynamic diameter of 120 nm and polydispersity index < 0.1 as determined by dynamic light 

scattering  (DLS) measurements performed with a Zetasizer Nano ZS instrument (Malvern Instruments, 

USA) at 25 °C.  

 

2.4 NMR Spectroscopy 

 

NMR experiments were acquired at 25 °C on a Bruker Avance III spectrometer, operating at 1H Larmor 

frequency of 600.13 MHz, equipped with a triple resonance TCI cryogenic probe. NMR data were 

processed with Topspin 3.2 (Bruker) or NMRpipe [21] and analyzed with the software Sparky (T. D. 

Goddard and D. G. Kneller, University of California, San Francisco).  

All samples for NMR measurements were prepared in 10 mM potassium phosphate aqueous buffer 

at pH 6.8, also containing protease inhibitors (Sigma) and 8% D2O. 

Sequence-specific backbone resonance assignment of Ubb+1 was obtained by analysis of 

CBCA(CO)NH, HNCACB, HNCO and HN(CA)CO spectra.  
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Secondary chemical shifts were calculated based on the random coil chemical shifts predicted by the 

Neighbor Corrected Structural Propensity Calculator [22] or the Camcoil software [23]. 4,4-dimethyl-

4-silapentane-1-sulfonic acid-d6 (DSS-d6) was used for chemical shift referencing (0.0 ppm). Chemical 

shift perturbations were calculated as: CSP = [(ΔδH)2 + (ΔδN/5)2]0.5, where ΔδH and ΔδN were the 

chemical shift changes measured in the 1H and 15N frequency dimensions, respectively.  

15N relaxation experiments were performed on 1 mM [15N]Ubb+1 protein samples. 15N longitudinal 

relaxation rates (R1) were measured using relaxation delays in the range 0.01-1.26 s and 15N transverse 

relaxation rates (R2) were measured with relaxation delays in the range 8-224 ms. Steady-state {1H}15N 

heteronuclear nuclear Overhauser effects (hetNOE) were measured with a 6 s recycle delay. hetNOE 

values were calculated taking the ratio of peak intensities in saturated and reference spectra.  

Transverse 1HN paramagnetic relaxation rate enhancements (PRE), 1HN-R2p, were obtained from the 

difference in 1HN-R2 measured on samples containing or not containing 2 mM gadodiamide. The 

measurements were performed as described previously [19]. Seven relaxation delays between 11.7 and 

79 (60) ms were used in experiments acquired on samples without (with) 2 mM gadodiamide and the 

signal intensity decays were fitted to a single exponential function to obtain the corresponding rates.  

The solvent accessibility of Ubb+1 backbone was also evaluated through measurement of exchange  

rates between water and NH protons by performing CLEANEX-PM-FHSQC experiments [24] using 

mixing times of 10, 25, 50, 75, 100, and 150 ms. The peak intensity (V), measured as a function of 

mixing time (x), was fitted according to the following equation V/V0 = k/(R1A,app+k-R1B,app){exp(-

R1B,appx)-exp[-(R1A,app+k)x]} to obtain k, the normalized rate constant related to the exchange rate 

constant between NH protons and water [24]. V0 is the intensity of the protein signals in a reference 

FHSQC experiment, R1A,app and R1B,app are apparent relaxation rates for protein and water, respectively. 

For R1B,app we used the value of 0.6 s-1, in analogy with previous work [24]. 

The experimental rotational correlation time constant, τc, was obtained from 15N relaxation data R1, 

R2, and hetNOE with the program ROTDIF [25]. Prediction of the c of Ubb+1 was done with the 

HYCUD software [26,27]. First, we generated an ensemble of 1000 random structures with the EOM 

program [28], using the crystal structure of human Ub [29] and the human Ubb+1 sequence as input 

files. Next, we calculated the effective c of the globular part of the full-length Ubb+1 with the HYCUD 

program [27]. By using AER of 2.9 Å and initial c,0 of 4.02 ns (our experimental value for Ub [19]), 

the algorithm predicted that the presence of a completely unrestricted C-terminal tail of Ubb+1 would 
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raise the c value to 5.7  1.0 ns. 

The dissociation constant value for the Ubb+1/UBA2 interaction was obtained by fitting 

experimental binding isotherms obtained from 1H-15N HSQC-based titration experiments, assuming a 

one-site binding model and by use of the Matlab program Kdfit [30]. The initial concentration of 15N-

Ubb+1 was 0.367 mM and that of the titrant UBA2 solution was 10 mM. The reported Kd value is the 

average of values determined from binding isotherms of seven residues using dilution-corrected protein 

concentrations. 

 

2.5 Differential scanning calorimetry (DSC) 

 

Thermal denaturation data were acquired with a Nano DSC instrument (TA Instruments Inc.). Samples 

were heated from 20 to 100 or 110 °C at a scan rate of 1 K min-1. Selected experiments were also 

performed at 0.5 K min-1 to evaluate the scan rate dependence of the thermograms. Reheating runs 

were carried out to establish the operational reversibility of the thermal unfolding processes. Samples 

contained 0.05-0.1 mM protein dissolved in 100 mM sodium phosphate, pH 7.4, 100 mM NaCl. Before 

measurements, sample and reference solutions were properly degassed in an evacuated chamber for 10 

minutes at room temperature and carefully loaded into the cells to avoid bubble formation. Calorimetric 

cells (operating volume 300 L) were kept under a pressure of 3 atmospheres. Exhaustive cleaning of 

the cells was undertaken before each experiment. A background scan collected with buffer in both cells 

was subtracted from each scan. Analysis was performed using NanoAnalyze (TA Instruments Inc.). The 

calorimetric enthalpy was determined from the total peak integral after baseline correction. The thermal 

transition midpoint was determined as the temperature corresponding to the peak top.  

 

3. Results and discussion 

 

3.1 The C-terminal amino acids of Ubb+1 do not exhibit canonical secondary structure propensities 

 

In a recent work, the NMR structure of Ubb+1 (incorporating eight exogenous residues at the N-

terminus) was determined [11]. The structure shows a compact globular domain in the region 1-75, 

corresponding to the Ub moiety, while the remainder of the polypeptide chain is undefined due to the 
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lack of structural information (Fig. 1). However, a residual structure for residues 75-88 was proposed 

based on the larger values of heteronuclear NOE and smaller values of backbone RMSD in this region, 

compared to the rest of the terminal peptide [11].  

To obtain further insight into the structural properties of the Ubb+1 19-residue extension, we 

measured secondary chemical shifts, a very sensitive parameter used to probe local conformation 

[31,32] and structural propensities in unfolded proteins [33]. We thus assigned the backbone resonances 

of Ubb+1, produced in the absence of affinity tags, by using a series of standard 3D heteronuclear NMR 

experiments. Then, we calculated secondary chemical shifts as the difference between Ubb+1 13C or 

13C’ chemical shifts and the corresponding random coil values [22,23]. Data shown in Fig. 2 indicate 

that both 13C’ and 13C secondary chemical shifts closely match the  and  structures of the globular 

region of Ubb+1. By contrast, secondary chemical shift values are very close to zero for the 19-residue 

extension, indicating the absence of  and  secondary structure propensities. This finding was 

validated by the use of two independent datasets of random coil values [22,23]. 

 

3.2 The middle region of the C-terminal domain displays reduced solvent accessibility and mobility  

 

15N-spin relaxation rate constants, R1 and R2, and steady state heteronuclear NOE were measured to 

investigate the backbone dynamics of the 19-residue extension. Data reported in Fig. 3 reflect the 

modular architecture of the protein: the first region (residues 1-72) reports on the relatively rigid nature 

of the globular Ub domain, while the C-terminal tail is characterized by increased backbone mobility. 

From 15N relaxation data of Ubb+1, we estimated a rotational correlation time constant (c) for the 

globular domain of 5.77 ± 0.04 ns, much higher than the value of 4.02 ns estimated for Ub [19]. 

However, the determined c value is in excellent agreement with the value of 5.7 ± 1.0 ns predicted 

using the HYCUD approach [27]. The prediction was made considering a completely unrestricted 

mobility of the C-terminal tail of Ubb+1 which exerts a dragging effect on the globular part via 

hydrodynamic coupling. The coincidence of experimental and predicted values strongly suggested that 

interactions between the two protein domains were absent.  

While displaying overall larger backbone flexibility, the C-terminal tail did not exhibit uniform 

dynamics, in agreement with previous conclusions [11]. Of particular interest were residues  Asp84 and 

Arg85, which showed {1H}15N-NOE (hetNOE) values that departed from the decreasing trend of the 
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rest of residues in the C-terminal tail (Fig. 3A), suggesting the presence of reduced local backbone 

mobility. Interestingly, this feature was in qualitative agreement with the degree of solvent accessibility 

determined by two alternative approaches. In a first approach, we measured amide 1H paramagnetic 

relaxation enhancements (PRE) in the presence of the soluble paramagnetic agent gadodiamide (Gd-

DTPA-BMA) [34]. Fig. 4A shows the transverse PRE, 1HN-R2p, as a function of the amino acid 

sequence. Data referred to the first part, 1-75, were in agreement with what found previously for Ub 

[19], with residues 8-14, 45-49, and 72-75 showing large 1HN-R2p values, indicative of high 

accessibility to the paramagnetic cosolute. Interestingly, the 19-residue extension experienced large 

PRE, although non-uniformly distributed along the chain and with a marked dip in the region 78-88 

(1HN-R2p < 30 s-1). Therefore, this region appeared less exposed to the solvent than the rest of the tail. 

The most protected residues of the tail were Asp82, Asp84 and Arg85, exhibiting PRE values of 13.9  

0.8 s-1, 14.3  0.3 s-1, and 14.3  0.5 s-1. 

To support these conclusions, we performed an independent measurement of amide proton exchange 

with bulk solvent based on the CLEANEX-PM-FHSQC experiment. In this NMR experiment, solvent 

accessibility was probed by monitoring water-protein proton exchange taking place during a mixing 

time which followed a selective water resonance excitation [24]. Fig. 4B shows the determined water-

amide proton exchange rates, k, against the Ubb+1 sequence. The majority of residues belonging to the 

globular part were protected from exchange with solvent and therefore did not show measurable signals 

after the given mixing times. However, resonances corresponding to residues 8-12, 39, 46, 47, 49, 63, 

and residues within the C-terminal tail were observable, indicative of a significant degree of solvent 

accessibility. For these residues, we determined the water-amide proton exchange rates. In the 19-

residues extension, amino acids 78-87 exhibited the smallest k value (k < 8 s-1), confirming that this 

part of the C-terminal tail was less exposed to the solvent. In particular, the experiment confirmed that 

residues Asp84 and Arg85, showing k values of 0.9  0.1 s-1 and 1.2  0.1 s-1, were the least solvent-

accessible residues of the C-terminal peptide. 

 

3.2 Ubb+1 displays similar thermal stability as Ub in both monomeric and dimeric species  

 

To determine if the 19-residue extension affected the thermal stability of Ub, differential scanning 

calorimetry (DSC) experiments were performed. Ub is a highly compact globular protein which 
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undergoes thermal unfolding at elevated temperature [35,36]. According to previous investigations, the 

denaturation mechanism corresponds to a fully reversible two-state transition when Ub is dissolved in 

acidic solution [35]. The thermal transition was also found to be reversible in PBS solution, pH 7.4 

[37], however some authors reported the onset of protein aggregation and significantly reduced 

reversibility in neutral pH solution [35,38]. The thermal unfolding of both Lys63- and Lys48-Ub2 was 

found to be irreversible [37]. In our work, we established the calorimetric irreversibility of Ub2 thermal 

unfolding and the partial reversibility (30%) of Ub denaturation (Supplementary Fig. S1). The 

temperature of the peak maximum for Ub displayed an increase of less than 0.5 K when changing the 

scan rate from 0.5 K min-1 to 1 K min-1, indicating little sensitivity of the endotherm to kinetic 

constraints. However, a slight concentration dependence of the thermograms was observed in the range 

50-100 M. Thus, comparative analyses between wild type and variant proteins were performed at 

equal scan rates on samples containing identical protein concentrations. To avoid the assumptions or 

simplifications inherent in model-based analyses, we limited our investigation to a phenomenological 

analysis of the experimental data (measured calorimetric parameters are reported in Supplementary 

Table S1). Indeed, the midpoint of thermal unfolding curves provides an adequate indication of the 

relative thermal stability of related proteins.[39] 

DSC data indicated that the apparent thermal transition midpoint of Ubb+1 was unchanged with 

respect to that of Ub (Tm = 369 K)(Fig. 5 and Table S1). The calorimetric enthalpy values of the two 

variants differed by 5% (Table S1), which is in the order of experimental uncertainty. Thus, the 

terminal polypeptide had essentially no influence on the thermal stability of the globular domain. We 

further inspected the thermal behaviour of Ub2 molecules. In agreement with previous work [35], our 

experiments indicated a decreased thermal transition midpoint of both dimeric Ub-63Ub (Tm = 353 K) 

and Ub-48Ub (Tm = 358 K)(Fig. 5 and Table S1). Because of the reported formation of amyloid-like 

fibril assemblies [35], the stability of polyUb chains is of utmost relevance in the context of 

neurodegenerative diseases. Here, we found that substitution of Ub with Ubb+1 did not perturb the 

thermal transition of dimeric species and the change in calorimetric enthalpy was less than 5%, again 

indicating that the C-terminal tail of Ubb+1 does not interact with the globular units. In this respect, it 

should be noted that Ub-Ubb+1 dimers are structurally similar to their wild-type counterparts [12], 

therefore no changes are introduced by the extension on the intersubunit interfaces. Apparently, the 

conjugation of the terminal peptide to the flexible C-terminus of Ub has no influence on the 
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intramolecular interactions that govern the folding/unfolding process.     

 

3.3 The affinity of Ubb+1 for (HHR23A)UBA2 is enhanced compared to that of Ub  

 

To investigate the influence of the C-terminal extension in Ubb+1 on biomolecular recognition, we 

carried out a binding experiment with a model Ub protein partner: the Ub-associated C-terminal 

domain (UBA2) of the human homologue of the yeast DNA repair protein Rad23 (HHR23A). Rad23, 

originally recognized as an important player in nucleotide excision repair, mediates targeting of 

ubiquitinated proteins to the proteasome for degradation [40]. Ubb+1/UBA2 titration experiments 

monitored by 1H-15N HSQC spectra were carried out to describe the UBA2 interaction surface on 

Ubb+1 and to estimate the dissociation constant, Kd. Fig. 6A shows the chemical shift perturbation 

(CSP) profile of Ubb+1 resonances upon binding to UBA2. The most affected regions are centered on 

residues Leu8, Ile44, and Val70, which form the well-known hydrophobic patch of the Ub surface, 

involved in several recognition events. The perturbation profile is highly similar to that determined for 

Ub upon binding to UBA2 [19] suggesting that the supramolecular arrangement was preserved, and for 

Ubb+1 binding to E2-25K enzyme which contains a UBA domain [11]. We found that the 19-residue 

extension did not experience perturbations, except for residues Glu81 and Asp82, for which a small 

effect was detected. The analysis of binding isotherms based on CSP data (Fig. 6B) revealed that the 

affinity of the Ubb+1/UBA2 complex (Kd = 305 ± 18 μM) was slightly larger than that previously 

determined for the Ub/UBA2 system (Kd = 412 ± 52 μM) [19]. This result is consistent with previous 

findings on the interaction between E2-25K and Ubb+1, which was found to be stronger than that of  

E2-25K and Ub. The observed increased affinity could be due to a slightly extended interaction surface 

area in the minimum-energy complex and/or to enhanced probability of formation of encounter 

complexes due to transient anchoring of the flexible tail. 

 

3.4 C-terminal amino acids hinder adsorption of Ubb+1 to anionic lipid vesicles 

 

Recently, it was shown that Ub binds transiently to liposomes through its hydrophobic patch and 

adjacent positively charged residues [41]. This finding is of interest considering that transient 

interactions between Ub and membranes might take place within cells due to the key role of Ub in 

regulating the sorting of membrane proteins [42] and autophagic processes [43]. Moreover, liposomes 
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have been widely used as membrane mimics to investigate the interaction between proteins and 

membranes [31,44–46] We thus explored whether the 19-residue extension of Ubb+1 could affect the 

Ub/liposome interaction using an NMR-based binding assay where a series of 1H-spectra of Ub or 

Ubb+1 were acquired in the presence of increasing amounts of negatively charged liposomes. Fig. 6C 

shows that the amide 1H signal envelope, integrated in the region between 9.0 and 9.8 ppm, 

progressively decreases as the protein molecules bind to the negatively charged liposomes made of 

POPG and cholesterol at a molar ratio of 80:20. In comparison to Ub, the signal intensity loss displayed 

by Ubb+1 was much less pronounced, indicating a substantially reduced affinity. Similarly, Ub 

experienced weak binding affinity to liposomes bearing reduced negative charge (composed of POPG, 

POPC and cholesterol at 40:40:20 molar ratio), while almost no interaction was observed between 

these liposomes and Ubb+1. Clearly, electrostatic attraction plays a fundamental role in the formation of 

protein-liposome assemblies, therefore it seems likely that the reduced affinity of Ubb+1 was due to the 

acidic character of the C-terminal peptide (the calculated pI for residues Y76-Q95 is 4.7). Thus, 

translocation of Ubb+1 (and of polyUb chains terminated by Ubb+1) within the cellular milieu and in 

proximity to lipid membranes may be significantly different compared to the wild-type species, 

possibly resulting in perturbed intracellular communication. 

 

4. Conclusions 

 

Our findings support the notion that the 19-residue extension of Ubb+1 lacks a well ordered structure 

and persistent canonical secondary structure elements. However, we observed that the flexible fragment 

displayed non-uniform structural and dynamic properties along its amino acid sequence. In particular, 

the region Asp78-Asp87 was characterized by diminished solvent exposure, with Asp84 and Arg85 

being the most protected residues against proton exchange with bulk solvent and among the less 

accessible to a paramagnetic molecular probe. The relatively larger hetNOE values of Asp84 and 

Arg85, compared to adjacent residues, further indicated that the polypeptide backbone in those 

positions experienced reduced mobility on the ps-ns timescale. From analysis of global dynamics based 

on 15N-spin relaxation data, it emerged that the mobility of the C-terminal tail was independent from 

that of the globular domain, and persistent interdomain interactions were absent. Hence, it is possible 

that a reduction in local flexibility might originate from structural constraints imposed by the sequence 

of amino acids, and in particular by the proximity of two proline residues (Pro83 and Pro90). 
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Consistently with the above picture and with the absence of structural perturbations, inferred from 

chemical shift analysis, the peptide extension did not affect the protein thermal stability in either 

monomeric or dimeric species. However, biomolecular recognition was in part perturbed: the 

interaction of Ubb+1 with (HHR23A)UBA2 was characterized by enhanced affinity compared to that of 

Ub, and the weak association of Ub with anionic lipid surfaces was significantly reduced in the case of 

the variant.  

It can be concluded that the globular architecture of Ub is sufficiently robust not to be particularly 

influenced by the unintended covalent conjugation of a peptide to its flexible C-terminus. However, the 

presence of a fragment that extends by 25% beyond the regular polypeptide length is certainly not 

without consequences, and the selected interactions investigated in our work exemplify possible 

changes in biomolecular recognition and diffusive dynamics experienced by disease-associated mutant 

Ub species, compared to wild-type molecules, in physio(patho)logical conditions.  
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FIGURE CAPTIONS 

 

Fig. 1. Illustration of the structure of Ubb+1. Cartoon representation of the five lowest energy NMR 

structures of Ubb+1 (PDB 2KX0, [11]). The globular domain is colored in orange, the C-terminal 19-

residue fragment is shown in green. The eight exogenous N-terminal residues are not displayed as they 

are absent in our Ubb+1 construct. 

 

Fig. 2. Analysis of Ubb+1 chemical shifts. Secondary 13C’ (A) and 13C (B) chemical shifts (13C’ and 

13C) of Ubb+1, obtained with Camcoil random coil values, are plotted versus the protein sequence. 

Secondary 13C’ (C) and 13C (D) chemical shifts (13C’ and 13C) of Ubb+1, obtained with the 

Neighbor Corrected Structural Propensity Calculator random coil values, are plotted versus the protein 

sequence. 

 

Fig. 3. Analysis of Ubb+1 backbone dynamics. 15N–spin relaxation rates of [15N]Ubb+1 are shown as a 

function of residue number: A) steady-state {1H}15N heteronuclear NOE (hetNOE); B) R2 and C) R1. 

Residues affected by signal overlap or with insufficient signal-to-noise ratio were excluded from the 

analysis. 

 

Fig. 4. Solvent accessibility of Ubb+1. The solvent exposure of Ubb+1 has been probed by solvent PRE 

(A) or by measurement of water-amide proton exchange rates (B). In A) the 1HN-R2p rates of Ubb+1 

obtained with 2 mM gadodiamide are plotted as a function of protein sequence. In B) the water-amide 

proton exchange rates (k) measured through a CLEANEX-PM-FHSQC experiment are reported versus 

the protein sequence. Error bars are standard errors obtained from data fitting. Residues affected by 

signal overlap or with insufficient signal-to-noise ratio were excluded from the analysis. 

 

Fig. 5. Thermal stability measured by calorimetry. Differential scanning calorimetry thermograms 

recorded on samples of A) Ub, black, Ubb+1, orange, B) Ub-48Ub, black, Ub-48Ubb+1, orange, C) Ub-

63Ub, black, Ub-63Ubb+1, orange. DSC traces are baseline-corrected. 

 

Fig. 6. Biomolecular interactions of Ubb+1. A) Plot of the chemical shift perturbations (CSP) 
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determined from 1H,15N-HSQC spectra recorded on [15N]Ubb+1 in the presence of (HHR23A)UBA2 at 

1:7 molar ratio and in the absence of UBA2. B) Binding isotherms for selected Ubb+1 residues based on 

CSP data from a UBA2/ Ubb+1 NMR titration experiment. C) Binding of Ubb+1 or Ub to liposomes 

monitored through analysis of protein 1H signal intensity loss as a function of total lipids to protein 

molar ratio. Titration data for Ub/POPG-Chl 80:20 (blue), Ubb+1/POPG-Chl 80:20 (red), Ub/POPG-

POPC-Chl 40:40:20 (black) and  Ubb+1/POPG-POPC-Chl 40:40:20 (green) are shown. 
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Fig. 1. Illustration of the structure of Ubb+1. Cartoon representation of the five lowest energy NMR 

structures of Ubb+1 (PDB 2KX0, [11]). The globular domain is colored in orange, the C-terminal 19-

residue fragment is shown in green. The eight exogenous N-terminal residues are not displayed as they 

are absent in our Ubb+1 construct. 
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Fig. 2. Analysis of Ubb+1 chemical shifts. Secondary 13C’ (A) and 13C (B) chemical shifts (13C’ and 

13C) of Ubb+1, obtained with Camcoil random coil values, are plotted versus the protein sequence. 

Secondary 13C’ (C) and 13C (D) chemical shifts (13C’ and 13C) of Ubb+1, obtained with the 

Neighbor Corrected Structural Propensity Calculator random coil values, are plotted versus the protein 

sequence. 
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Fig. 3. Analysis of Ubb+1 backbone dynamics. 15N–spin relaxation rates of [15N]Ubb+1 are shown as a 

function of residue number: A) steady-state {1H}15N heteronuclear NOE (hetNOE); B) R2 and C) R1. 

Residues affected by signal overlap or with insufficient signal-to-noise ratio were excluded from the 

analysis. 
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Fig. 4. Solvent accessibility of Ubb+1. The solvent exposure of Ubb+1 has been probed by solvent PRE 

(A) or by measurement of water-amide proton exchange rates (B). In A) the 1HN-R2p rates of Ubb+1 

obtained with 2 mM gadodiamide are plotted as a function of protein sequence. In B) the water-amide 

proton exchange rates (k) measured through a CLEANEX-PM-FHSQC experiment are reported versus 

the protein sequence. Error bars are standard errors obtained from data fitting. Residues affected by 

signal overlap or with insufficient signal-to-noise ratio were excluded from the analysis. 
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Fig. 5. Thermal stability measured by calorimetry. Differential scanning calorimetry thermograms 

recorded on samples of A) Ub, black, Ubb+1, orange, B) Ub-48Ub, black, Ub-48Ubb+1, orange, C) Ub-

63Ub, black, Ub-63Ubb+1, orange. DSC traces are baseline-corrected. 

 

ACCEPTED M
ANUSCRIP

T



24 

 

 

Fig. 6. Biomolecular interactions of Ubb+1. A) Plot of the chemical shift perturbations (CSP) 

determined from 1H,15N-HSQC spectra recorded on [15N]Ubb+1 in the presence of (HHR23A)UBA2 at 

1:7 molar ratio and in the absence of UBA2. B) Binding isotherms for selected Ubb+1 residues based on 

CSP data from a UBA2/ Ubb+1 NMR titration experiment. C) Binding of Ubb+1 or Ub to liposomes 

monitored through analysis of protein 1H signal intensity loss as a function of total lipids to protein 

molar ratio. Titration data for Ub/POPG-Chl 80:20 (blue), Ubb+1/POPG-Chl 80:20 (red), Ub/POPG-

POPC-Chl 40:40:20 (black) and  Ubb+1/POPG-POPC-Chl 40:40:20 (green) are shown. 
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