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Abstract 

 

The Endosomal Sorting Complex Required for Transport (ESCRT) pathway, through inverse topology membrane 

remodeling, is involved in many biological functions, such as ubiquitinated membrane receptor trafficking and 

degradation, multivesicular bodies (MVB) formation and cytokinesis. Dysfunctions in ESCRT pathway have been 

associated to several human pathologies, such as cancers and neurodegenerative diseases. The ESCRT machinery is 

also hijacked by many enveloped viruses to bud away from the plasma membrane of infected cells. Human tumor 

susceptibility gene 101 (Tsg101) protein is an important ESCRT-I complex component. The structure of the N-

terminal ubiquitin E2 variant (UEV) domain of Tsg101 (Tsg101-UEV) comprises an ubiquitin binding pocket next 

to a late domain [P(S/T)AP] binding groove. These two binding sites have been shown to be involved both in the 

physiological roles of ESCRT-I and in the release of the viral particles, and thus are attractive targets for antivirals. 

The structure of the Tsg101-UEV domain has been characterized, using X-ray crystallography or NMR 

spectroscopy, either in its apo-state or bound to ubiquitin or late domains. In this study, we report the backbone 

NMR resonance assignments, including the proline signals, of the apo human Tsg101-UEV domain, that so far was 

not publicly available. These data, that are in good agreement with the crystallographic structure of Tsg101-UEV 

domain, can therefore be used for further NMR studies, including protein-protein interaction studies and drug 

discovery. 

 

Keywords: Tsg101 protein  UEV domain  Backbone Assignments  Proline Assignments  NMR Spectroscopy  

Molecular interactions 

 

Biological context 
 

Human tumor susceptibility gene 101 protein (Tsg101 protein) is one of the components of the Endosomal Sorting 

Complex Required for Transport (ESCRT) machinery that is highly conserved in eukaryotes. The ESCRT pathway 

is involved in the sorting, trafficking and lysosomal degradation of ubiquitinated proteins through the multivesicular 

bodies (MVB), but it is also involved in many others biological processes, such as membrane recycling, cytokinesis, 

autophagy or exosome secretion (Williams and Urbé 2007; Henne et al. 2011). In these physiological processes, 

ESCRTs mediate inverse membrane remodeling with the formation of vesicles which contain cytosol and bud away 

from it, either at cell surface or inside cellular organelles (Flower et al. 2020).  

The ESCRT machinery comprises five different multi-subunit complexes (ESCRT-0, -I, -II, -III and the Vps4 

complex) that assemble on the cytosolic side of the membrane (Schmidt and Teis 2012; Vietri et al. 2020). ESCRT-

0 initiates the recognition of the ubiquitinated proteins and establishes interactions with both lipids 

(phosphatidylinositol3-phosphate, PI3P) and proteins. The hepatocyte growth factor (HGF)-regulated Tyrosine 

kinase substrate (HRS) from ESCRT-0 establishes a direct protein-protein interaction with Tsg101 that belongs to 

ESCRT-I. The assembly of Tsg101 with Vps28, Vps37 (A, B, C, D) and Mvb12 (A, B) or ubiquitin-associated 

protein 1 (UBAP1) constitutes the hetero-tetrameric ESCRT-I. The latter one recruits ESCRT-II that is a hetero-

tetrameric complex with a GLUE domain that can simultaneously bind to Vps28 from ESCRT-I, ubiquitin and PI3P. 

Then, ESCRT-II recruits ESCRT-III, a multimeric complex made of charged multivesicular body proteins (CHMP) 

and accessory proteins. This complex, in contrast to the other ones, will transiently assemble and constitute the main 

driving force with the AAA-ATPase Vps4 for membrane constriction and scission (Vietri et al. 2020).  

The ESCRT machinery, by controlling the membrane proteins recycling, allows the tight regulation of cell receptors 

signaling. As a consequence of this central regulation mechanism, altered ESCRT functions have been associated 

with many human diseases, such as cancers and neurodegenerative diseases (Ferraiuolo et al. 2020). Moreover, it 

has been shown that the ESCRT machinery is a host factor that is required for the replication cycle of some viruses. 

Indeed, many enveloped RNA viruses, such as HIV-1 (VerPlank et al. 2001; Garrus et al. 2001), Ebola (Martin-

Serrano et al. 2001), human T-lymphotropic virus (Bouamr et al. 2003) or HEV (Nagashima et al. 2011), hijack the 

ESCRT pathway to bud away from the plasma membrane of infected cells, a process that is similar to vesicles 

budding into intracellular organelles from the cytosol. Whereas ESCRT-0 and -II seem dispensable, ESCRT-I and -

III have been shown to be involved in viral particles maturation and release. A key player in this process is the 

Tsg101 protein from ESCRT-I.  

The Tsg101 protein (Vps23 in yeast) is a ~44 kDa protein that is composed of several domains. From the N-

terminus to the C-terminus, there are a ubiquitin E2 variant (UEV) domain, a proline-rich region (PRR), a Stalk 

domain and a Head domain (Flower et al. 2020). Both the Stalk and Head domains of Tsg101 are components of the 

ESCRT-I core that displays an elongated rod-like shape structure (Boura et al. 2011). The N-terminal UEV domain 

of Tsg101 (residues 2-145) protrudes from the ESCRT-I core to which it is connected via a disordered and flexible 
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PRR. The Tsg101 UEV domain (Tsg101-UEV) binds ubiquitin, but is devoid of enzymatic E2 ligase activity as the 

catalytic cysteine residue is absent (Pornillos et al. 2002b). This interaction allows ESCRT-I to bind ubiquitinated 

cargo that have to be processed through the MVB pathway. Next to this ubiquitin-binding pocket, there is a groove 

at the surface of Tsg101-UEV that interacts with P(S/T)AP peptide sequence. This is how ESCRT-I interacts with 

ESCRT-0, in which HRS displays a PSAP peptide sequence. Tsg101 biological functions are auto-regulated by an 

interaction between an internal PTAP motif and its Tsg101-UEV domain (Lu et al. 2003; McDonald and Martin-

Serrano 2008). Several viruses, such as HIV-1, Ebola, HEV and Marburg virus (MARV), have been shown to 

recruit ESCRT-I at their assembly/budding sites through interaction of Tsg101-UEV with viral late domains 

[P(T/S)AP] (Freed 2002; Pornillos et al. 2002a; Dolnik et al. 2014). These latter ones are located in the HIV-1 Gag, 

Ebola VP40, HEV ORF3 and MARV NP proteins. This protein-protein interaction thus constitutes an attractive drug 

target to develop antivirals. Peptidomimetics, including cyclic peptides (Tavassoli et al. 2008; Lennard et al. 2019) 

and small molecules (Siarot et al. 2018), have indeed been shown to abolish the interaction between HIV-1 Gag and 

human Tsg101-UEV and to interfere with viral particles release. In addition, prazole-based drugs abolishing the 

ubiquitin binding function of Tsg101-UEV proved to interfere with the early HIV-1 assembly, independently of its 

interaction with the HIV-1 Gag PTAP late domain (Strickland et al. 2017). More recently, tenatoprazole and 

ilaprazole have been shown to inhibit the release of HIV-1 and Herpes Simplex Virus (HSV) 1/2 infectious particles 

from infected cells (Leis et al. 2021). Two contiguous binding pockets in Tsg101-UEV could thus be targeted to 

develop broad-spectrum antivirals against enveloped viruses. 

Here, we report the backbone (
13

C, 
13

C, 
13

CO, 
15

N
H
, 

1
H

N
, 

1
H assignments, including the proline (

13
C, 

13
C, 

13
CO, 

15
N ,

1
H) assignments, of human Tsg101-UEV domain in its apo-state. These data could be further used to study the 

molecular details of Tsg101-UEV interactions with protein partners, as well as its structural/conformational 

consequences, or for drug screening purpose. In this case, the assignments give the possibility to distinguish the 

P(S/T)AP and ubiquitin binding pockets.   

 

Methods and experiments 
 

Protein expression and purification 

 

The DNA sequence coding for the human UEV domain of Tsg101 (residues 1-145) (Uniprot accession number 

Q99816) was synthesized, with codon optimization for E. coli, by GeneCust and inserted into pET28a(+) plasmid 

between the NcoI and BamHI restriction sites to give the pET28a-Tsg101-UEV plasmid. The coding sequence has 

been designed to produce the Tsg101-UEV domain with an His6-tag at its N-terminus followed by a Tobacco Etch 

Virus (TEV) cleavage site. Thus, the amino-acid sequence of the recombinant protein corresponds to 

GSSHHHHHHSSGENLYFQ/GA-(Tsg101-UEV residue 1-145). The pET28a-Tsg101-UEV plasmid was 

transformed into E. coli BL21(DE3) cells for overexpression. 

 

Few colonies from a Luria-Bertani (LB)-agar plate supplemented with kanamycin (25 µg/mL) were used to 

inoculate 25 mL of LB medium. Bacteria were grown overnight at 37°C with shaking. Then, 20 mL of this pre-

culture were added in 1 L of an optimized M9 minimal medium containing 1 g/L 
15

NH4Cl, 3 g/L 
13

C6-D-glucose and 

0.5 g/L ISOGRO-
15

N,
13

C (Sigma-Aldrich) supplemented with kanamycin (25 µg/mL). The cells were grown at 

37
o
C, at 160 rpm, until the OD600 reached ~1.0 and then the protein expression was induced by addition of 0.4 mM 

isopropyl-β-D-thiogalactopyranoside (IPTG). After 4-5 hours at 37
o
C, the cells were harvested by centrifugation at 

5,000 x g for 20 min at 4
o
C. The cell pellet was resuspended in 40 mL of Buffer R (50 mM Na2HPO4/NaH2PO4 

(NaPi) pH 7.8, 500 mM NaCl, 10 mM Imidazole) supplemented with EDTA-free protease inhibitor cocktail 

(cOmplete, Roche, 1 tablet), DNaseI (150 µL at 6 mg/mL) and RNaseA (15 µL at 40 mg/mL). The cell lysis was 

done using an homogenizer (EmulsiFlexC3, Avestin), with 5 passages at 20,000 psi at 4
o
C. The cell extract was 

centrifuged at 39,000 x g for 40 min at 4°C. After filtration (0.45 µm), the supernatant was loaded on a HisTrapHP 

column (1 mL, Cytiva) to purify the isotopically labeled UEV domain of Tsg101 protein, thanks to the N-terminal 

His6-tag. The protein bound to the affinity column was eluted using a linear gradient with increasing concentration 

of Imidazole (from 10 to 300 mM Imidazole in 15 column volume) while 0.8 mL elution fractions were collected. 

The elution fractions were analyzed by SDS-PAGE (4-20%) and Coomassie staining. The fractions containing 

Tsg101-UEV were pooled, supplemented with TEV protease (500 µL at 5 mg/mL) and dialyzed (6-8 kDa cut-off) 

overnight at 15°C against Buffer D (50 mM Tris-HCl pH 6.4, 250 mM NaCl, 5 mM β-mercaptoethanol). This 

allowed for simultaneous His6-tag cleavage and Imidazole removal. Then, the cleaved protein was loaded on the 

HisTrapHP column to remove both the cleaved His6-tag and the TEV protease. The Tsg101-UEV domain was then 

dialyzed (6-8 kDa cut-off) overnight at 4°C against NMR Buffer (50 mM NaPi pH 6.1, 50 mM NaCl, 0.1 mM 
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EDTA) and finally concentrated to 330 µM. The doubly labeled 
15

N,
13

C-Tsg101-UEV protein was flash frozen in 

liquid Nitrogen and stored at -80
o
C until used.  

 

 

NMR sample and NMR data acquisition and processing 

 

A doubly labeled 
15

N,
13

C Tsg101-UEV sample at 330 µM concentration was placed into a 5 mm Shigemi tube (300 

µL) to record all the NMR experiments, at 298 K, using a 600 MHz Bruker spectrometer (Avance III HD) equipped 

with a CPQCI cryoprobe. The sample was in NMR Buffer (50 mM NaPi pH 6.1, 50 mM NaCl, 0.1 mM EDTA) and 

was supplemented with 5% (v/v) D2O and Trimethyl Silyl Propionate (TMSP).  

 

The classical backbone assignments were obtained from 3D experiments CBCANH, HNCO, CBCACONH, 

HN(CA)CO, HNHA and HN(CA)NNH, while the assignments of prolines resonances were based on the carbon-

detected 3D hCACON and HCAN and the 2D NCO and CACO experiments. All 3D spectra were recorded using 

non-uniform sampling (Table 1). The data were acquired and processed using Topspin 3.5 (Bruker Biospin). The 

TMSP signal was used as the 
1
H chemical shift reference, and the 

15
N and 

13
C chemical shifts were indirectly 

referenced based on 
1
H chemical shifts. The NMR data were analyzed using NMRFAM-Sparky (Lee et al. 2015) 

and checked by I-PINE web server (Lee et al. 2019). 

 

Table 1 List of NMR experiments acquired at 600 MHz spectrometer and corresponding parameters that have been 

used for Tsg101-UEV assignment. 

 

 
Time domain data size 

(points) 
 Spectral width/Carrier frequency (ppm) NS 

Delay 

time (s) 

NUS 

points 

NUS 

(%) 

 t1 t2 t3  F1 F2 F3     

1H,15N HSQC 2048 256   14/4.7 (1H) 28/117.5 (15N)  16 1 64 50 

CBCANH 2048 82 120  14/4.7 (1H) 28/117.5 (15N) 60/42 (13C) 48 1 688 28 

CBCACONH 2048 82 120  14/4.7 (1H) 28/117.5 (15N) 60/42 (13C) 48 1 590 24 

HNCO 1432 82 128  12/4.7 (1H) 30/118 (15N) 11/173 (13C) 16 0.25 419 16 

HNCACO 1426 82 128  12/4.7 (1H) 28/ 117.5 (15N) 14/173.5 (13C) 64 0.25 524 20 

HN(CA)NNH 2048 128 128  14/4.7 (1H) 28/117.5 (15N) 28/117.5 (15N) 48 1 491 12 

HACAN 2048 128 128  14/4.7 (1H) 40/52 (13C) 28/117.5 (15N) 32 1 737 18 

HNHA 2048 256 128  14/4.7 (1H) 12/4.7 (1H) 28/117.5 (15N) 32 1 491 6 

hCACON 1024 128 64  40/173.5 (13C) 43/123 (15N) 40/173.5 (13C) 32 1 409 20 

13C,15N NCO 1024 160   40/173.5 (13C) 47/123 (15N)  160 1 40 50 

13C,13C CACO 724 256   20/173.5 (13C) 50/173.5 (13C)  160 1 32 50 

 

 

Extent of assignments and data deposition 
 

After TEV cleavage, two extra residues from the purification tag were present at the N-terminus of the protein. 

These were not taken into account for both the assignment and the sequence numbering purpose. Therefore, the first 

residue (residue 1) is the methionine (Met) of human Tsg101-UEV domain. The advantage of the presence of these 

extra residues was that even the resonances corresponding to the first N-terminal residues of the Tsg101-UEV were 

observed in the 
1
H,

15
N HSQC spectrum.  

 

The 2D 
1
H,

15
N HSQC spectrum of the apo form of Tsg101-UEV domain (residues 1-145 of the full-length protein) 

displays well dispersed resonances with almost no overlap. All backbone 
1
H-

15
N resonances in the 

1
H,

15
N HSQC 

spectrum were successfully assigned except the one corresponding to residue Asn45 (N45) that was not visible (Fig. 

1, 99% completeness). We also successfully assigned all backbone 
15

N-
13

CO resonances in the 2D 
15

N,
13

C-NCO 

spectrum in which a correlation can be observed for each protein residue, including the 13 proline residues with their 

corresponding resonances located in the 
15

N 131-143 ppm region of the spectrum (Fig. 2, completeness 100%). 
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Overall, the analysis of our full NMR dataset resulted in the assignment of 131 out of 132 backbone 
1
H-

15
N 

correlations (99%), 138 out of 145 
1
Hα resonances (95%), 145 out of 145 backbone

 15
N

H
 and 

13
Cα resonances 

(100%), 133 out of 138 
13

Cβ resonances (96%), 144 out of 145 
13

CO resonances (99%) and 145 out of 145 
1
Hα 

resonances (100%) [2 of the 7 glycine residues have only one 
1
Hα resonance]. In addition, the 

1
H-

15
N correlations, in 

the 
1
H,

15
N HSQC spectrum, arising from side chains of Asn, Gln and Trp residues were also assigned (Fig. 1) Only 

for Asn54 we could not determine the 
13

Cγ, 
15

Nδ2 and 
1
Hδ2 resonances. Regarding the 13 prolines residues, all the 

15
N, 

13
C, 

1
H, 

13
C and 

13
CO (except the one from Pro145) signals were assigned and we also assigned 7 out of 13 

13
Cδ and 

1
Hδ2/3 resonances (54%) using the 3D HCAN spectrum. The analysis of the 

13
Cβ chemical shift of prolines 

showed that two proline residues, Pro81 and Pro120, are in cis conformation with their 
13

Cβ value being close to ~34 

ppm. This observation is in agreement with the crystal structure of the Tsg101-UEV domain (PDB entry 2F0R) in 

which these two prolines are referred as cis-peptides (Palencia et al. 2006). Two proline residues, Pro81 and Pro84, 

display unusual chemical shifts. Based on the crystallographic structure, we attributed this to the close packing with 

surrounding aromatic residues (Trp117, Tyr80, Tyr82 and His119). Moreover, Pro84 is part of a Pro-Pro motif in the 

sequence. All the assigned chemical shifts have been deposited in the Biological Magnetic Resonance Bank 

(https://bmrb.io/) under the accession number 50765.  

 

 
Fig. 1 Annotated 2D 

1
H,

15
N HSQC spectrum of apo human Tsg101-UEV domain. The resonance assignments are 

shown with black labels. Resonances corresponding to Asn, Gln and Trp side-chains are annotated with a “sc” label 
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Fig. 2 Annotated 2D carbon-detected 
15

N,
13

C-NCO spectrum of apo human Tsg101-UEV domain. The spectrum is 

centered on the proline region (132-143 ppm for the 
15

N dimension). The resonance assignments are shown with 

black labels 

 

 

Using the backbone NMR chemical shifts, we analyzed the secondary structure content in the apo Tsg101-UEV 

domain using both the CSI 3.0 (Hafsa et al. 2015) web server and the Secondary Structure Propensities (SSP) 

program (Marsh et al. 2006). Both the CSI and SSP methods gave similar results. The results were compared with 

the secondary structures from the crystal structure of the Tsg101-UEV domain (PDB entry 2F0R) (Palencia et al. 

2006) and proved to be well correlated (Fig. 3). A short -helix (residues 111-116) was not identified using CSI 3.0 

because of its lower propensity highlighted by the ~0.4 SSP score (Fig. 3b,c). Moreover, the flexibility of the apo 

Tsg101-UEV domain in solution was predicted from the experimental NMR chemical shifts using TALOS+ server 

(Shen et al. 2009). The Random Coil Index (RCI) derived S
2
 values for all residues are shown in Fig.3c (blue dots) 

and matched with the increase flexibility observed for the N- and C-termini and the loops connecting the secondary 

structures of Tsg101-UEV domain. 

 

The assignments of the apo Tsg101-UEV domain may be used for drug screening purposes or to perform in-depth 

study of any molecular interaction with others molecular partners, such as peptides or proteins. 

 

 

 
Fig. 3 Secondary structure analysis and flexibility of Tsg101-UEV domain. (a) Secondary structure analysis from 

the crystal structure of Tsg101-UEV domain (PDB ID 2F0R) (Palencia et al. 2006; Hafsa et al. 2015). (b) Secondary 

structure analysis based on the experimental backbone NMR chemical shifts (
1
H

N
, 

15
N

H
, 

13
Cα, 

1
Hα, 

13
Cβ and 

13
CO) of 

the protein using the CSI 3.0 web server (Hafsa et al. 2015). Red cartoon represents the α-helix and blue arrow the 

β-strand. (c) Secondary Structure Propensities (SSP) score values (grey bars) based on 
13

Cα, 
13

Cβ and 
1
Hα chemical 

shifts of human Tsg101-UEV domain (Marsh et al. 2006). Positive and negative values indicate -helix and 

extended structure propensities, respectively. The flexibility of the protein is highlighted by the predicted order 

parameter (Random Coil Index S
2
, RCI-S

2
, blue dots) based on the backbone chemical shifts (

1
H

N
, 

15
N

H
, 

13
Cα, 

1
Hα, 

13
Cβ and 

13
CO) using the TALOS+ server (Shen et al. 2009) 
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