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ARTICLE INFO ABSTRACT

Keywords: The ubiquitin E2 variant domain of TSG101 (TSG101-UEV) plays a pivotal role in protein sorting and virus
Virus budding o budding by recognizing PTAP motifs within ubiquitinated proteins. Disrupting TSG101-UEV/PTAP interactions
Broad-spectrum antivirals has emerged as a promising strategy for the development of novel host-oriented antivirals with a broad spectrum
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of action. Nonetheless, finding inhibitors with good properties as therapeutic agents remains a challenge since
the key determinants of binding affinity and specificity are still poorly understood. Here we present a detailed
thermodynamic, structural, and dynamic characterization viral PTAP Late domain recognition by TSG101-UEV,
combining isothermal titration calorimetry, X-ray diffraction structural studies, molecular dynamics simulations,
and computational analysis of intramolecular communication pathways. Our analysis highlights key contribu-
tions from conserved hydrophobic contacts and water-mediated hydrogen bonds at the PTAP binding interface.
We have identified additional electrostatic hotspots adjacent to the core motif that modulate affinity. Using
competitive phage display screening we have improved affinity by 1-2 orders of magnitude, producing novel
peptides with low micromolar affinities that combine critical elements found in the best natural binders. Mo-
lecular dynamics simulations revealed that optimized peptides engage new pockets on the UEV domain surface.
This study provides a comprehensive view of the molecular forces directing TSG101-UEV recognition of PTAP
motifs, revealing that binding is governed by conserved structural elements yet tuneable through targeted
optimization. These insights open new venues to design inhibitors targeting TSG101-dependent pathways with
potential application as novel broad-spectrum antivirals.

Abbreviations: TSG101, Human Tumour-susceptibility Gene 101; ESCRT, Endosomal Sorting Complex Required for Transport; HRS, Hepatocyte Growth Factor-
Regulated Tyrosine Kinase Substrate; ER, endoplasmic reticulum; UEV, Ubiquitin-conjugating enzyme E2 Variant; PRM, polyproline recognition modules; ITC,
isothermal titration calorimetry; MD, molecular dynamics; RMSD, root-mean-square deviation.
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1. Introduction

Human Tumour-susceptibility Gene 101 (TSG101) is a member of
the class E family of vacuole protein-sorting proteins and an essential
component of the Endosomal Sorting Complex Required for Transport
(ESCRT) pathway, a conserved complex of about 30 proteins organized
in four main complexes (ESCRT-0, -1, -II, and -III), which are sequentially
recruited to drive membrane remodelling and fission in multiple cellular
processes, including cytokinesis, autophagy, multivesicular body gen-
eration, extracellular vesicle biogenesis, as well as plasma, nuclear and
endo-lysosomal membrane repair [1-3]. TSG101 controls ESCRT-I for-
mation and orchestrates early events of membrane trafficking and
scission through the interaction with a PTAP motif in HRS (Hepatocyte
Growth Factor-Regulated Tyrosine Kinase Substrate) within the ESCRT-
0 complex [4] and the recognition of ubiquitinated cargo, playing a key
scaffolding role for the subsequent engagement of ESCRT-II and ESCRT-
III.

Due to its functional versatility, the ESCRT machinery is sequestered
by many intracellular pathogens for replication, assembly or egress
[3,5,6] ESCRT pathogenic recruitment is typically mediated by small
peptide sequences called viral Late (L-) domains found in the gag pol-
yproteins of retrovirus and in the structural proteins of many families of
enveloped RNA viruses in different numbers and combinations [7-9].
Three types of viral L-domains have been identified containing PT/SAP,
YPX,L/LxxLF, or PPxY conserved motifs that act as cellular adaptors
engaging ESCRT functions through specific interactions with TSG101,
ALIX, and NEDD4, respectively [10-12]. These interactions are essential
to complete the last steps in the replication cycle of viruses that bud at
the plasma membrane (filoviruses, arenaviruses, rhabdoviruses alpha-
viruses, and paramyxoviruses) as well as viruses budding at intracellular
membranes, such as the endoplasmic reticulum (ER), the Golgi appa-
ratus, or the ER-Golgi compartment (coronaviruses, flaviviruses, and
bunyaviruses) [6,12]. Molecules disrupting ESCRT/L-domain in-
teractions have been shown to block the egress of different viruses
[13-17] and could be of interest as novel host-oriented antivirals with a
wide spectrum of action and low susceptibility to the development of
resistance.

PTAP Late domains recruit TSG101 through its UEV (Ubiquitin-
conjugating enzyme E2 Variant) domain, mimicking TSG101/HRS in-
teractions. TSG101-UEV shares the E2 ligase typical fold, although it
contains an additional N-terminal a-helix, presents an extended
B-hairpin (tongue) projecting from the main body of the domain [18],
and lacks the two C-terminal helices, exposing a hydrophobic groove
containing the PTAP binding site [18-20]. TSG101 binds ubiquitin with
low affinity (Kq = 500-800 pM) but is catalytically inactive due to the
absence of the active-site cysteine, which is replaced by a tyrosine res-
idue (Y110) in the TSG101 sequence [21-23]. The ubiquitin binding site
lies at a concave region at the lower half of the p-sheet, flanked by the
B4-a3 loop at the vestigial active site (lip), and the p-hairpin tongue
[18,23]. The different location of the two interaction sites allows the
simultaneous or even cooperative binding of ubiquitin and PTAP-
containing proteins [23,24]. Additional sites for di-ubiquitin recogni-
tion have been recently described [24].

UEV domains belong to the family of polyproline recognition mod-
ules (PRM), which includes other families of protein-protein interaction
domains (SH3, WW, GYF, and EVH1 domains), all characterized by the
presence of one or more proline recognition pockets lined by highly
conserved aromatic residues (xP pockets) [25]. Polyproline recognition
by SH3 and WW domains has been widely studied and it is well estab-
lished that these domains present structural and energetic features that
complicate rational design and ligand optimization [26] including a) a
shallow, relatively featureless and plastic binding sites; b) weak and
promiscuous interactions with their natural ligands; c¢) binding ener-
getics dominated by strong enthalpy/entropy compensation effects that
hinder affinity optimization; d) complex thermodynamic profiles,
inconsistent with the hydrophobic character of the binding interface,
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that reveal significant contributions from water-mediated interactions
and conformational effects [15,25,27-29]. The extent to which these
features are shared by other PRM families, including UEV domains, re-
mains to be established.

The search for therapeutic agents targeting TSG101-UEV/PTAP in-
teractions requires developing high-affinity and specificity inhibitors
with good pharmacological properties and, thus, a deep understanding
of the molecular determinants of binding affinity and specificity. With
this aim, we present here a comprehensive thermodynamic, structural,
and dynamic study of the recognition of natural PTAP viral Late domains
by TSG101-UEV combining isothermal titration calorimetry (ITC), X-ray
crystallography, molecular dynamics (MD) simulations, and computa-
tional analysis of intramolecular communication pathways. Our results
reveal that, as SH3 and WW domains, UEV interactions are governed by
a complex interplay of different factors, raising questions about the
feasibility of obtaining small drug-like ligands that could be of value as
novel therapeutic agents: Is high binding affinity attainable for the
binding of small monovalent ligands to TSG101-UEV? Can the molecular
determinants of binding affinity be identified and ascribed to specific
features within the ligand that could be integrated into small-molecule
inhibitors? We have addressed these questions using a competitive
phage display setup that has produced peptide sequences with low
micromolar dissociation constants, improving binding affinity by 1-2
orders of magnitude compared to natural Late domain peptides thanks
to optimized interactions at the C-terminal region of the ligand. This
approach allowed us to overcome the complexity of PRM domains and
identify highly localized elements crucial for high binding affinity, of
great value to direct virtual screening and targeted optimization cam-
paigns aimed at the development novel therapeutic agents targeting
TSG101-UEV interactions.

2. Results and discussion

2.1. Thermodynamic analysis of the binding of Late domain peptides to
TSG101-UEV

The binding energetics of a set of peptide ligands corresponding to
the PTAP Late domains of different viruses were measured by ITC (Fig. 1
and Table 1). In all cases, Late domain peptides bind to a single site in
TSG101-UEV with low to moderate dissociation constants, confirming
that these sequences can recognize their host cellular target in the
absence of other elements from the full-length protein. A dissociation
constant of 71 uM was measured for the HIV-9 peptide, in good agree-
ment with previous results [30], being very similar to the binding af-
finity reported for the full-length HIV-1 p6-gag protein [18]. Placing the
PTAP motif at the C-terminus of the peptide (HTLV-ter) leads to a dra-
matic decrease in binding affinity, indicating that the residues imme-
diately adjacent to the PTAP core motif are key for the interaction. This
agrees with the relevant role previously proposed for the residue at
position +1 in HIV-1 sequences [30]. Moreover, extending the peptide
sequence by two additional residues at the C-terminus elicits very small
effects (AAGv-11/mv-0 = —1 kJ-mol ™" and AAGgpola-11/Ebola-9 = —1.5
kJ-mol™!), suggesting that the determinants of binding affinity are
highly localized around the PTAP motif. The presence of a PPxY Late
domain motif in tandem with the PTAP core sequence (HTLV-ter or
Ebola peptides) does not lead to improved binding affinities, in agree-
ment with in vivo studies indicating the independent behaviour of
different types of Late domains [31-33].

All viral Late domain sequences bind TSG101-UEV with the ther-
modynamic signature previously described for other proline-rich
recognition modules (large and negative binding enthalpies partially
compensated by unfavourable entropic contributions (Fig. 1C). None-
theless, large differences in binding enthalpies and heat capacities (up to
12 kJ-mol~! and 1.4 kJ-(K-mol)~! respectively) are observed between
the different Late domains. The binding of the HIV-11 and Ebola-11
peptides is coupled to the uptake of 0.5 protons by protein/ligand
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Fig. 1. Binding energetics of viral Late domains to TSG101-UEV. A) Calorimetric titration of the TSG101-UEV domain with the Ebola-11 peptide (ILPTAPPEYME) at
25 °C in 20 mM sodium phosphate, 5 mM p-mercaptoethanol pH 7.2. Upper panel: 1) Dilution experiment of Ebola-11 into the corresponding buffer under the same
conditions and identical injection profile than the experiment. 2) Heat effects associated with the injection of Ebola-11 into the calorimetric cell containing the
TSG101-UEV domain. The dilution curve has been displaced in the y-axis for representation purposes. Lower panel: Ligand concentration dependence of the heat
released upon binding after normalization and correction for the heats of dilution. Symbols represent experimental data, and the continuous line corresponds to the
best fitting to a model considering one set of binding sites. B) pH dependency of the Ebola-11 binding constant. The black points represent the experimental values
and the red line correspond to the best fit to the equation described elsewhere [34]; C) Thermodynamic profile for the binding of Late-domain peptide to TSG101-
UEV. Red bars represent the binding Gibbs energies at pH 7.2 and green and blue bars correspond, respectively, to the enthalpic and entropic contributions. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

residues upon formation of the complex (Fig. 1B), associated to the
ionization of Asp/Glu and His side chains (see Suppl. Information for a
detailed analysis). Considering that the three His residues in TSG101-
UEV (Hisjo2 at the p5-a3 loop plus Hisys and Hisgqg at the a3 helix)
are >20 A away from the binding site, these results suggest that binding
of the PTAP peptide induces long-range changes in the environment of
these residues leading to modulation of their pKa values.

After considering the ionization contributions, the binding of Late
domain peptides to TSG101-UEV remains strongly exothermic, as typi-
cally found for other polyproline-recognition modules, characterized by
markedly negative binding enthalpies that cannot be fully explained by
direct contacts ligand/binding site contacts. The origin of this thermo-
dynamic behaviour has been widely studied for SH3 and WW domains
and attributed to the interplay of several factors complementing the
direct interfacial interactions, i.e., the establishment of extensive and
conserved networks of water-mediated interactions at the binding
interface [27,28,35] in combination with contributions arising from the
modulation of the dynamic properties and conformational distribution
of peptide and domain upon binding [29,36-38]. In the case of TSG101-
UEV, the measured binding enthalpies differ strongly from the intrinsic
values calculated from structure-based analysis of the interacting sur-
faces: AHjn(25 °C) = —35.8 kJ-mol~! and ACp = 0.96 kJ~(K-rnol)*1 for
HIV-9 and AH;n(25 °C) = —12.1 kJ-mol !, and ACp = 1.11 kJ-(K-mol) !
for Ebola-9 [39,40]. These calculations, which typically predict binding
enthalpies with an average error of 1.3 kJ-mol~! render theoretical
values for TSG101-UEV that are 36-49 kJ-mol ! smaller than those
determined experimentally. Such large discrepancies highlight the fact
that direct PTAP-ligand/UEV interactions cannot solely account for the

absolute enthalpy and heat capacity values nor the large enthalpic dif-
ferences observed between the ligands, suggesting that factors such as
water-mediated interactions and energetic contributions arising from
conformational effects are also determinant for PTAP ligand recognition
by TSG101-UEV.

2.2. Structural characterization of TSG101-UEV/PTAP viral Late
domain complexes

To further explore the origin of energetic variability between the
different Late domain complexes, we determined the crystal structures
of the complexes formed by TSG101-UEV with the Ebola and the HTLV
Late domain peptides (Table 2). In all structures, the TSG101-UEV
domain adopts very similar conformations, showing the typical UEV
fold (Fig. S1A). The Late domain peptides in the complexes are well-
ordered and have been fully modelled (Fig. S1B). The conformation
and interaction pattern of the N-terminal region of the peptides and the
PTAP core motif (positions —5 to 0) are very similar for the Ebola and
HTLV Late domains, and highly conserved among the different TSG101-
UEV complex structures available to date (Fig. 2).

As detailed in Tables S1-S4, the PTAP core motif shows a charac-
teristic and highly conserved pattern of hydrophobic contacts and
hydrogen bonds, in some cases mediated by partially buried water
molecules found at conserved hydration sites (W1 to W6 in Figs. 2 and
S2). Specifically: a) the first proline in the motif (P_3) inserts in a shallow
hydrophobic pocket formed by P71, Tsg and Tog; b) T.2 does not establish
significant hydrophobic interactions with the domain but engages in
three hydrogen bonds, including two direct interactions with the
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Table 1
Binding energetics of viral Late domains to TSG101-UEV.
Ligand pH Buffer T AHgp Ky ACpap ny AHjp,"
[€9)] (kJ-mol ™) (uM) (kJ-(K-mol)™h) (kJ-mol ™)
HIV-9" 7.2 Phosphate 25 —69.5+7.1 71.4 £ 6.2
HIV-11" 7.2 Phosphate 15 —49.4+ 1.4 37.0 £ 28 —2.12+0.49 0.5 + 0.05 -72.0£1.1
20 —64.5 + 1.0 52.6 £ 1.7
25 —-70.3 +5.1 50.0 +£ 3.3
PIPES 25 —65.3+1.8 83.3+54
Imidazole 25 —53.6 + 1.0 37.0 £ 2.0
6.0 Cacodilate 25 —-73.1+21 12.3 + 0.6
5.0 Acetate 25 —63.3+1.6 6.5+1.2
4.0 Acetate 25 —58.9 + 2.8 20.8 +£ 2.0
3.0 Glycine 25 —48.6 + 1.0 20.0 £ 0.8
Ebola-9° 7.2 Phosphate 25 —61.1 + 2.0 41.7 £ 1.7
Ebola-11°¢ 7.2 Phosphate 20 —55.7 £ 0.5 19.6 £ 0.7 —0.93 +0.23 0.5 + 0.04 —61.6 £ 0.9
25 —58.6 + 0.5 23.3+0.6
30 —64.9 + 0.5 33.3+0.7
PIPES 25 —56.8 +1.2 22.2+0.7
Imidazole 25 —44.3 + 2.3 222+1.7
HTLV-9¢ 7.2 Phosphate 20 —64.5+ 1.9 196.1 + 9.6 —0.69 + 0.08
25 —69.1 £ 0.7 188.7 + 3.2
30 —-71.6 £ 1.9 303 £11.8
HTLV-ter 7.2 Phosphate 25 >1000

2 These values were obtained considering the reported values for the ionization enthalpies of the different buffers: sodium phosphate (AHjo = 3.6 kJ-mol 1), PIPES
(AHjon = 11.2 kJ-mol ™), imidazole (AHjo, = 36.64 kJ-mol™'), cacodilate (AHjon = —3.0 kJ-mol™1), Acetate (AHjon = —0.41 kJ-mol ') and glycine (AHjon = 4.0

kJ-mol ™).

b peptide sequences HIV-9 (PEP_sTAPGPEE) and HIV-11 (PEP.sTAPGPEESF) correspond to residues 453-460 and 453-462 respectively within the HIV-1-gag-p6

sequence (Uniprot: P04591).

¢ Peptide sequences Ebola-9 (ILP.sTAPGPEY) and Ebola-11 (ILP.3TAPoPEYME) correspond to residues 5-13 and 5-15 respectively within the Ebola VP40 sequence

(Uniprot: Q05128).

4 peptide sequences HTLV-9 (YVEP.3TAP,QVL) and HTLV_ter (PPPYVEP_sTAP,) correspond to residues 118-127 and 124-133 respectively within the HTLV-1 p19-

gag (Uniprot: P03345).

backbone atoms of Ngg and a water-mediated hydrogen bond with the
carbonyl oxygen of Ts7 (hydration site W1); ¢) the methyl group of A.; is
tightly packed against a small pocket formed by residues Ig, Mgs, S143
and Vj41. In some complex structures (HIV-3obu and HRS-30bq), the A ;
backbone atoms are hydrogen bonded to the S;43 side chain, partici-
pating in a complex network of water-mediated hydrogen bonds
implicating partially buried water molecules at hydration sites W2 and
W3, the carbonyl oxygen of P_3, and the Sg4 and Toy sidechains, which
are also part of the ubiquitin binding site; d) Py is the main anchor point
for PTAP recognition. Its carbonyl oxygen forms a strong hydrogen bond
with the backbone nitrogen of Sj43, conserved in all Late domain com-
plexes with an average distance of 2.8 A, and contributing strongly to
the binding energetics (up to 22 kJ-mol ! according to calculations with
the software YASARA [41]). In addition, the Py sidechain is buried in a
deep hydrophobic pocket formed by residues Ye3, Yes, I70, P139 and Fy42
and closely resembling the “xP pocket” of SH3 and WW domains [25],
establishing strong contacts with the Ygg side chain; e) Finally, Yeg, Ye3,
Nes, and Rgg4 strongly coordinate a buried water molecule at hydration
Site W5, which is highly conserved in most TSG101-UEV structures,
including both free domains and complexes. Water molecules at this site
do not interact directly with the peptide ligand but seem to stabilize Ygg
in an optimal conformation for binding. A similar situation is found for
waters at site W6 that mediate the interaction between Tsg and Ngg in
the protein, complementing the direct Ngo/P_4 hydrogen bond.

Outside the PTAP motif peptide/domain interactions are scarce. A
direct hydrogen bond between the carbonyl oxygen of residues at po-
sition -4 in the ligand and the Ngg side chain is consistently observed at
the N-terminal region, which adopts very similar conformations in the
different complexes. Conversely, residues C-terminal from the PTAP
motif show high conformational variability, although some hydrophobic
contacts between residues at position 2 in the ligand and Fy42 and P45
are observed.

In summary, the structural analysis suggests that the recognition of
PTAP-containing peptides by TSG101-UEV follows the paradigm pre-
viously described for other proline-recognition modules (i.e. SH3 and

WW domains) [27,28,35], in which extensive networks of water-
mediated hydrogen bonds complement direct ligand-domain in-
teractions. Late domain recognition is mainly driven by the P_.3sTAP, core
sequence. The second proline in the motif (Py) binds at the canonical xP
proline binding pocket and is the main anchor point, contributing
40-60 % of the total contact energy and 25-55 % of the energy associ-
ated to direct ligand/protein hydrogen bonds (Tables S1 and S4).

2.3. Molecular dynamics studies of TSG101-UEV/PTAP viral Late
domain complexes

The crystal structures do not reveal any remarkable sequence-
specific interactions that could account for the reduced binding affin-
ity found for the HTLV-1 Late domain compared to the Ebola and HIV-1
peptides. To gain further insight into the origin of these energetic dif-
ferences and confirm the relevance of water-mediated interactions, 100
ns molecular dynamics trajectories were calculated using the different
TSG101-UEV X-ray structures as starting points.

In all cases, the backbone root-mean-square (RMSD) deviation for
the TSG101-UEV domain rapidly reached a plateau without abrupt
transitions in the energy profile (Fig. S3), indicating that the UEV
domain is stable throughout the simulations. The RMSF profile of the
TSG101-UEV domain is similar for all complexes, showing two regions
of higher flexibility corresponding to the “lip” and “tongue” regions
conforming the ubiquitin binding site (Fig. S4). Interestingly, binding of
the PTAP peptides seems to enhance the mobility of these regions,
suggesting a long-range cooperative connection between the PTAP and
ubiquitin binding sites. All ligands show a similar RMSF pattern, with P,
A1, and T., being the main anchor points.

MD simulations reproduced the interaction pattern observed in the
X-ray crystal structures, showing highly homogenous peptide-ligand
interactions for all complexes within the PTAP core-motif region
(Fig. 3A), dominated by packing interactions at the A.; (Izg, Mogs, S143
and V141) and P() (5143, Y63, Y68; 17(), P139 y F142) pockets and com-
plemented by strong direct hydrogen bonds with Ygg and S;43. The
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Table 2
Data collection and refinement statistics.
TSG101UEV/ TSG101UEV/ TSG101UEV-
HTLV Ebola P321
PDB code 4ZNY 4EJE 4YC1
Wavelength (A) 0.97 0.98 0.98
Resolution range 19.96-2.40 20.00-2.20 19.60-2.00
(2.49-2.40) (2.32-2.20) (2.06-2.00)
Space group €222, 14 P321
Unit cell (A,°) 78.62 105.54 169.74
119.74 105.54 169.74
41.64 75.30 39.71
90 90 90 90 90 90 9090 120
Total reflections 37,420 (4376) 171,665 (19410) 381,505 (29916)
Unique reflections 8020 (839) 21,003 (3046) 44,232 (3606)
Multiplicity 4.7 (5.3) 8.2 (6.4) 8.6 (8.3)
Completeness (%) 99.80 (100) 99.7 (100) 99.7 (100)
Mean I/sigma(I) 34.6 (9.7) 19.7 (4.7) 22.6 (4.5)

Wilson B-factor 54.96 41.71 31.97

R-merge 0.012 (0.12) 0.059 (0.404) 0.019 (0.170)

Reflections used in 8020(750) 20,948 (2059) 44,065 (4389)
refinement

Reflections used for 416 (39) 2134 (227) 2130 (227)
R-free

R-work 0.24 (0.40) 0.20 (0.32) 0.17 (0.24)

R-freeCou 0.2459 (0.3662) 0.24 (0.38) 0.20 (0.31)

Non-hydrogen atoms 1168 2530 3713

Macromolecules 1158 2445 3464

Ligands 5 5 25

Solvent 5 80 224

Protein residues 152 303 440

RMS (bonds) 0.003 0.010 0.013

RMS (angles) 0.87 1.35 1.38

Ramachandran 97.97 96.27 98.39
favored (%)

Ramachandran 2.03 3.39 1.61
allowed (%)

Ramachandran 0.00 0.34 0.00
outliers (%)

Rotamer outliers (%) 0.00 5.96 0.26

Clashscore 1.76 9.11 2.01

Average B-factor 71.03 27.76 48.85

Macromolecules 71.10 27.63 48.97

Ligands 67.00 79.65 59.18

Solvent 57.56 28.52 45.77

Number of TLS 9 20 24
groups

Statistics for the highest-resolution shell are shown in parenthesis.

pattern of water-mediated interactions derived from the crystallo-
graphic structures is also reproduced in all trajectories (see Table 3 for
average values over all complexes and Table S5 for a more detailed
analysis). Long-lived water molecules (average residence times >10 ns)
were found to mediate ligand-domain interactions in hydration sites
W1-W4 with high frequency (between 60 and 90 % of the simulation
time on average) and small dispersion between complexes. Also, struc-
tural water molecules at sites W5 and W6 mediate hydrogen bonds be-
tween TSG101-UEV residues in the free domain and complex
simulations, with occupancies over 90 %. Water molecules at these sites
are tightly coordinated, showing high residence times that are increased
upon ligand binding (from 8 to 21 ns on average for Rg4-w-Yeg at site W5
and from 25 to 61 ns for Ngg-w-Tsg at site W6, reaching maximum values
of 44 ns and 135 ns, respectively).

The MD simulations unveil differences in the interaction pattern of
residues outside the PTAP core motif that were not apparent in the
crystal structures. The strongest and most discriminating interactions
implicate glutamate residues at positions +2 and +3 at the C-terminal
end of the HIV-1 and Ebola peptides, which seem to be responsible for
the stronger binding of these Late domains (Kd ~ 20-50 pM).
Throughout the MD trajectories, these residues remain near positively
charged residues (Re4, Kog, and Rj44) with high frequency (Fig. 3A).
Specifically, E 5 and Rj44 remain in close contact throughout the HIV-1
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Fig. 2. Water-mediated interactions observed in the high-resolution structures
of the Ebola (A) and HTLV (B) Late domain complexes with TSG101-UEV.
Partially buried interfacial water molecules (ASA < 30 ;\2) are shown as red
spheres and water-mediated hydrogen bonds (polar contacts identified by
PyMOL) are shown as discontinuous black lines. (C) Conserved hydration sites
(black circles) observed in the crystal structures of the TSG101-UEVdomain
(grey surface). The Py, A;, and P_3 binding pockets have been highlighted in
green, pink, and purple respectively. Ligand residues (lines) and interfacial
water-molecules (spheres) have been coloured according to the different
structures (Ebola-4eje-A: red; Ebola-4eje-B: orange; HTLV_4zny: yellow; HIV1-
3obu: dark green; HIVlmutant-3obx: light green; Hrs-3obq: cyan, HEV-7nlc:
purple; free domain structures 4ycl, 3obs and 2fOr: black). (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

and Ebola simulations (100 % and 50 % of the simulation time,
respectively), establishing strong electrostatic interactions and long-
lived hydrogen bonds. Such interactions are not apparent from the
Ebola and HIV-1 crystal structures (Fig. 3B), where these glutamate side
chains adopt alternative conformations resembling those observed for
the uncharged side chains present in the weaker binding HTLV, HEV,
and HRS peptides (Kd ~ 200-300 pM). Interestingly, the P_5/A substi-
tution within the HIV-1 Late domain, which produces a 50 % reduction
in binding affinity, is also associated to weakened E_ 5 and E. 3 electro-
static interactions.

In summary, we find that some Late domain sequences achieve
improved binding affinities with respect to TSG101-UEV cellular part-
ners even in the absence of additional elements from the viral proteins.
These short Late domain sequences contain, thus, the most binding de-
terminants, which are highly localized around the PTAP core motif.
Despite the conservation of the PTAP interaction pattern for the
different complexes, our results show that optimized interactions
implicating C-terminal residues immediately adjacent to the core motif
(positions +2 y +3) seem to be key for tight binding to TSG101-UEV.
The structural and MD studies reveal the importance of several inter-
facial waters at highly conserved hydration sites, including water mol-
ecules mediating ligand/protein interactions and long-lived structural
waters present in the free TSG101-UEV domain that become more
tightly coordinated upon ligand binding. These interfacial water mole-
cules are expected to have a significant impact on the binding energetics,
as reflected in the largely exothermic enthalpies, and might also be
important for enhancing enthalpy/entropy compensation effects
[27,35].

2.4. Phage display study of TSG101-UEV binding preferences for affinity
optimization

To further elucidate the binding preferences of TSG101-UEV and
explore the possibility of generating high-affinity ligands, a competitive
phage display screening approach was devised, following a strategy that
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Fig. 3. Predominant interactions in MD trajectories for the different TSG101-UEV complexes. A) Trajectory averages of the packing (upper panel) and electrostatic
(lower panel) contributions to the binding energy for the most relevant residues in the TSG101-UEV domain calculated by Gromacs ver2018.2 suite [42]. For each
complex, the energetic contributions for each residue averaged throughout the MD trajectory are shown as coloured circles: Ebola-4eje-A (red), HTLV-4zny (yellow),
HIV1-3obu (dark green), HIVImutant-3obx (light green), Hrs-3obq (cyan), HEV-7nlc (purple). Black squares represent the residue contributions averaged over all
trajectories and open bars the corresponding standard deviation. B) Surface representation of the TSG101-UEV domain coloured according to the electrostatic
potential calculated by PyMOL-APBS using the crystal structure of the 3obu-HIV-1 complex (upper panel) and a representative structure of the most populated cluster
derived from the HIV-1 MD trajectory (lower panel). Ligand residues are shown as grey or red (negatively charged side chains) sticks. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
MD analysis of water-mediated interactions.

Hydration Interaction  Average complexes Average free domain
site Occupancy’  <time>”  Occupancy”  <time>"
(% sim. (ns) (% sim. (ns)
time) time)
Site 1 N69-T67 73+5 10+1 72+ 4 10 +3
L-N69 90 £+ 5 9.4 + - -
0.8
L-T67 52+4 3.1+ - -
0.4
Site 2 5$94-S143 80+1 15.0 £ 74.6 = 0.3 8+1
0.8
L-S94 87 +4 9.3+ - -
0.4
L-S143 90 +1 13+2 - -
Site 3 T92-S94 84.0 £ 0.8 13+7 80+3 9.3+
0.9
Site 4 K98-Y63 71+ 2 14+3 75+3 10£3
L-K98 57 £15 13+3 -
L-Y63 60 £ 12 15+5 -
Site 5 Y63-R64 93+1 10+1 96.2 + 0.6 9+3
Y63-Y68 46 + 8 8+1 52 + 22 5+1
Y63-N66 15+3 3.7+ 28 £3 23+
0.4 0.3
R64-Y68 74 +5 21+6 49 +£19 8+3
R64-N66 38+4 4.3 + 46 +£7 53+
0.8 0.9
Y68-N66 87 +3 9+2 57 £22 9+2
Site 6 N69-T58 86 + 2 61 + 14 90.3 + 0.3 25+2
L-N69 89 +5 9.4 + -
0.8
L-T58 37+7 12+3 - -

# Occupancy: Average values for the % of simulation time that water mediated
interactions implicating binding site residues and PTAP ligands.

b <time>: Average values for the residence times of interfacial water mole-
cules calculated over the 100 ns of the MD trajectory.

previously had allowed us to produce nanomolar binders for the WW3
domain of NEDD4 [15]. In this way, monovalent phage display
screening at plII was performed using a randomized library with a fixed
P(T/S)AP core motif centred in the sequence (pIIl-x5P(T/S)APxs). To
favour the identification of high-affinity sequences, additional rounds of
selection were carried out using the tightest binding sequence from the
first round (PD1) as a competing ligand. Analysis of the best sequences
(Fig. 4A-B) revealed a very strong preference for a proline residue at
position +1, consistent with previous reports suggesting a P(T/S)AP,P
core motif for TSG101-UEV binding [30]. In agreement with our ther-
modynamic and structural results, the N-terminal section of the peptide
was found to be highly variable, although bulky and highly constrained
residues were frequently found at positions -4 and -5. Conversely, the C-
terminal region showed well-defined preferences at positions +2 to +4:
Trp residues were found with very high frequency at position +2,

A) <
Phage display Xs-P(T/S)AP-X

Human TSG101-UEV targets

!Z S EPE
ST

LTAA pADTA

s = végg§

B

D) yiral TSGlOl UEV targets

Fig. 4. Web-logo (https://weblogo.berkeley.edu) showing the frequency of
occurrence of the different amino acids for TSG101-UEV ligands A) Best 30
sequences derived from the randomized pIIl-xsP(T/S)APxs library; B) best 12
sequences derived from the competitive selection round; C) naturally occurring
sequences from human proteins reported to bind TSG101-UEV D) naturally
occurring sequences from viral proteins reported to bind TSG101-UEV.
TSG101-UEV interacting sequences from natural human and viral partners
were extracted from the ELM database (http://elm.eu.org/).
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followed by negatively charged residues (mostly Glu) at position +3
and, less frequently, at position +4, supporting the hypothesis that
electrostatic interactions at the C-terminus are important for high
affinity.

The binding energetics of four representative peptide sequences were
determined by ITC. These included two sequences (PD1 and PD2) cor-
responding to the most frequent patterns from round 1 and two se-
quences (PD3 and PD4) designed to incorporate the most salient features
observed in the rounds of competitive selection (Fig. 5 and Table S6). As
expected, we found that the PD peptides present binding affinities 1 to 2
orders of magnitude higher than the natural Late-domain sequences. The
best binder (PD4) combines elements found in the strongest natural
binders: a) bulky hydrophobic residues at positions -4 and -5 plus an
aromatic residue at position +2 (Ebola) and b) proline at +1 and
glutamate at +3 (HIV-1). Interestingly, the improvement in binding
affinity arises from optimized enthalpic (AAHpp4.phola = —4.5 kJ -mol™)
and entropic (-TAASppsgbola = —2.3 kJ-mol™1) contributions, some-
thing difficult to achieve by rational design. We find that substituting the
core-motif Ser.; by Thr.; (PD4_T) or removing the SgY.gT.¢ N-terminal
residues (PD5) have negligible energetic effects, confirming that resi-
dues beyond position -5 are not relevant for binding. Taking PD5 as a
reference, C-terminal extensions were incorporated to test the impact of
including an additional -E4Ws moiety, frequently found within the
phage display sequences (peptides PD5_E and PD5_EW) and reminiscent
of the HIV-1 Late domain. The introduction of a second glutamate in
PD5_E produced a large increase in binding enthalpy (AAHpps.pps g =
—7.6 kJ-mol™1), reaching values very similar to the HIV-1 peptide.
Nonetheless, this improvement is fully overcome by more unfavourable
entropic contributions, leading finally to a reduced binding affinity.
Such strong enthalpy/entropy compensation effects, possibly reflecting
the complexity of binding and the strong influence of water-mediated
interactions and conformational reorganization [27,29,35], have been
systematically observed for SH3 and WW domains and are, indeed, one
of the major roadblocks for rational ligand optimization.

To gain further insight into the origin of the improved binding af-
finities, structural models of the TSG101-UEV domain in complex with
the different phage display ligands were generated using the crystal
structure of the Ebola complex (4EJE) as a template. Using the modelled
structures as starting points, 100 ns MD trajectories were calculated for
the different complexes. Phage display peptides maintain the confor-
mation and the conserved pattern of interactions found for the natural
ligands at the N-terminal and PTAP regions. Nonetheless, significant
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Fig. 5. Binding energetics of phage display peptides to TSG101-UEV. Red bars
represent the dissociation constants measured at pH 7.2 and 25 °C. The
enthalpic and entropic contributions to the binding affinity are shown as green
and blue bars, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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differences are observed in the C-terminal region. As illustrated in
Fig. 6A the tryptophan sidechain at position +2 in the PD peptides,
strongly selected in all phage display experiments, is inserted in a new
binding pocket formed by residues Kog, Tos, F142, and P45, where it
establishes highly optimized interactions, including better packing and
stronger hydrogen bonds. These new interactions seem to outweigh the
loss of the E, 5/Rg4-Ry44 coulombic interactions characteristic of the best
natural binders (Fig. 6B-C). In this way, the hydrophobic contact en-
ergies calculated by YASARA for residues at position +2, ranging from 3
to 9 kJ-mol™! for the natural Late domains (Table S4), rise to 17
kJ-mol ! for PD5. Also, even though the geometry and frequency of all
hydrogen bonds are highly conserved between PD and natural ligands,
the hydrogen bond between E 5:N/S143:0, observed with relatively low
frequency (occupancies of 20 % for Ebola and 40 % HIV-1) for the best
natural Late domains coupled to the E,3/Rg4-Rigs coulombic in-
teractions, is strengthened by the presence of W 5, with occupancies up
to 66 % for the PD ligands (Table S5).

In summary, even though we have shown that the recognition of
PTAP-containing sequences by TSG101-UEV shares the complexity, low
affinity, and promiscuity inherent to polyproline recognition by SH3 or
WW domains, the phage display approach used here has allowed us to
overcome these challenges, achieving up to 2 orders of magnitude im-
provements in binding affinity. The fact that most binding energy is
highly localized around a relatively small PTAPoPW sequence is a
valuable opportunity for drug design. Our results suggest that identi-
fying small molecule ligands of TSG101-UEV and improving their
binding affinity through targeted optimization is feasible, potentially
leading to drug-like inhibitors of TSG101-UEV/PTAP interactions of
therapeutic interest as novel broad-spectrum antivirals.

2.5. Computational study of the impact of PTAP ligand binding on
TSG101-UEV intramolecular communication networks

Functional dynamics and energetic effects associated with the
modulation of the conformational distribution of proteins and ligands
upon binding have been reported to contribute significantly to the
binding energetics of polyproline recognition domains [29,36-38]. To
explore to which extent the engagement of a new pocket by W, largely
responsible for the high-affinity binding of the phage display peptides,
modulates the conformational properties of the TSG101-UEV domain,
the intramolecular cooperative networks of the Ebola and PD5 com-
plexes with respect to the free UEV domain were analysed. Aiming at
generating a robust consensus description, three algorithms based on
different principles were used (see Methods for details): pPerturb (sta-
tistical mechanics analysis of thermodynamic perturbations) [43], Pro-
teinLens (graph-based calculation of bond-to-bond propensities) [44],
and WebPSN (protein structure network and elastic network model/
normal mode analysis, ENM-NMA) [45]. These web-based algorithms
were applied to the high-resolution structures of the free TSG101-UEV
domain (2FOR) and the Ebola complex (4EJE) as well as to the repre-
sentative structure of the most populated cluster from the PD5 MD
trajectory.

A consensus of the most relevant residues for allosteric coupling
within the TSG101-UEV domain (allosteric hotspots) was generated to a
robust description that reflects the underlying energetic coupling within
the protein, minimizing eventual artifacts associated with each
approach (see supplemental information for a detailed description). For
the free TSG101-UEV domain, all algorithms consistently identified a
cluster of highly energetically coupled residues within the protein core,
composed mostly of aromatic residues at the al-a2 (Y15, Y17) and p3-p4
(Wys, Dys, Yso, Pg1, Yg2) loops as well as the a3 (Wy13, W117) and a4
(L124, F135) helices (Fig. 7A). As shown in Fig. 8A, WebPSN identified a
network of strong and highly recurrent links centred at Ygo ($3-p4 loop)
connecting the PTAP and ubiquitin binding region (see supplementary
information for details).

The binding of the Ebola ligand modulates this cooperative network,
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Fig. 6. A) Binding mode of high affinity phage display PD1 and PD5 peptides. Superposed are the crystal structures of the HIV-1 (30BU) and Ebola (4EJE-A) ligands
in complex with TSG101-UEV and the most populated clusters derived from the MD simulations for high affinity ligands PD1 and PD5 (40 % and 50 % of the
simulation time, respectively). The structure of the TSG101-UEV domain in the PD5 complex is shown as a grey surface. Ligand residues are represented as coloured
sticks (Ebola: red, HIV-1:green, PD1: cyan, and PD5: purple). PD5 residues and key W, 5 from PD1 are shown as sticks. The most relevant interacting residues within
TSG101-UEV have been labelled. B) Energetic contributions of TSG101-UEV residues to the binding of PD1 and PD5 in comparison with HIV-1 and Ebola Late domain
sequences. Shown are the trajectory averages of the packing (left panel) and electrostatic (right panel) contributions to the binding energy for the most relevant
residues in the TSG101-UEV domain calculated by Gromacs ver2018.2 suite [42]. For each complex, the energetic contributions for each residue averaged
throughout the MD trajectory are shown as coloured circles: Ebola-(red), HTLV (yellow), HIV1 (green), PD1 (cyan), PD4 (violet), and PD5 (purple). Black squares
represent the residue contributions averaged over all trajectories and open bars the corresponding standard deviation. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

increasing the number of allosteric hotspots, the interconnection be-
tween residues, and the coupling intensity (Tables S7 and S8). In this
way, additional residues along the central p2 and p3 strands are
engaged, strengthening the linkage between the PTAP binding site re-
gion and the Yg allosteric cluster while weakening the coupling with the
ubiquitin binding site (Fig. 8B).

Binding of PD5 further increase the number of allosteric hotspots
(Fig. 8C and Table S9), including now residues W, Py, and V.5 from the
ligand. The optimized interactions between the W5 side chain and the
TSG101-UEV C-terminal residues (F142 through P145) and shift the most
relevant communication pathway to the C-terminal half of the domain,
enhancing the communication between the PTAP and ubiquitin binding
sites (see supplementary information for details).

In summary, our results consistently indicate that the binding of
PTAP-ligands modulates the conformational and dynamic properties of
the TSG101-UEV domain. MD simulations reveal that Late domain
binding enhances the mobility of the lip and tongue region, defining the
canonical E2 binding site for monoubiquitin, in agreement with recent
NMR studies reporting dynamic coupling between these two functional
sites [24]. The measured pH dependency of the binding energetics,
suggesting changes in the pKa of histidine residues >20 A away from the

PTAP binding site, further sustains this idea. Two of the three histidine
residues in the domain (Hjg2 and Hipg) are identified among the most
relevant residues for allosteric coupling in bound and free TSG101-UEV,
in some cases ranging within the top 10 % (Tables S7-S10). Moreover,
Hjij9 and Hjjs are close to the vestigial active site (Y119), within the a3
helix, which also contains two of the strongest allosteric hotspots (Y113
and W117). The relevance of these two histidine residues is modulated by
the presence of the ligand (reduced in the Ebola complex and enhanced
in the PD5 complex). Interestingly, the a3 helix contributes little to
intramolecular communication in the free domain but is engaged in the
most relevant communication pathways by the presence of the Ebola
Late domain and, most significantly, by the PD5 high-affinity ligand
(Fig. 8). These observations agree with recent reports showing that the
removal of H115 side chain (H;15A mutant) impairs HIV-1-gag binding
as efficiently as binding site (MgsA) or core motif (P.3/L.3TAPy) muta-
tions. Similar effects are observed for other alanine substitutions (YgoA,
Y1104, and Wy17A) in the vicinity of the vestigial active site [24].
Overall, this analysis provides a rationale for the measured pH de-
pendency of the Ebola binding energetics suggesting the ligand-induced
modulation of the pKa values of distal His residues upon binding and
confirms the allosteric coupling between the PTAP and ubiquitin
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algorithms; green: top 10 % in one algorithm and high score in at least another [>0.9 ProteinLens, >400 pPerturb, hub (>4 links) in Web-PS]; blue: top 10 % in one
algorithm and medium score in at least another [>0.7 ProteinLens, >400 pPerturb, hub (>4 links) in Web-PSN]; purple: top 10 % in one algorithm and low score in
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binding sites in TSG101-UEV, providing mechanistic insight into the
intramolecular communication pathways and how they are modulated
by the binding of different ligands. Elucidating the details of allosteric
communication between the PTAP and mono- and di-ubiquitin binding
sites is of enormous functional interest to fully understand the role of
TSG101 in trafficking, MVB formation, cytokinesis, or viral budding, as
well as its interplay with other ESCRT elements. In this sense, the high-
affinity PD peptides, establishing strong interactions with new regions in
the UEV domain and modulating the intramolecular communication
pathways, could be interesting tools to probe intramolecular coopera-
tivity within the UEV domain and its relevance for TSG101 functions.

3. Conclusions

Our integrated approach, which combines structural, biophysical,
and computational analysis, has provided comprehensive insights into
the molecular determinants underlying the recognition of PTAP motifs
by the ubiquitin E2 variant domain of TSG101l. Binding energy is
focused on a few anchor residues within the motif itself, dominated by
the Py proline, which provides most of the affinity but limited selec-
tivity. Additional interactions outside this motif, many of them water-
mediated, contribute to binding specificity and energetic optimization.

Despite the conserved architecture of the binding site, we have
demonstrated that binding affinity to TSG101-UEV can be tuned through
sequence optimization at hotspot positions flanking the core PTAP
motif. Through massive phage display screening of randomized peptide
libraries, we have optimized binding affinity, obtaining 1-2 order of
magnitude improvements in the dissociation constants compared to the
HRS cellular partner. We found that binding can be improved through
anchor residues C-terminal from the core motif that establish optimized
van der Waals at new proximal pockets and enhance electrostatic
complementarity. These results are of high value to direct virtual
screening and targeted optimization campaigns aimed at developing
therapeutic agents targeting TSG101-UEV interactions.

This study provides a strategic blueprint for understanding and

modulating the recognition of PTAP-containing short linear motifs, that
mediate key protein-protein interactions and constitute important
pathogenicity factors in viruses and other disease-related pathways. Our
findings may direct future efforts to develop inhibitors or molecular
probes targeting TSG101-dependent sorting and budding processes
through virtual screening or structure-based design focused on dis-
rupting key energetic hotspots.

Finally, the results presented here also provide valuable mechanistic
insights into the intramolecular communication pathways within
TSG101-UEV and how they are modulated by ligand binding. Our high-
affinity PD peptides are, in this respect, interesting tools to study
intramolecular cooperativity within TSG101-UEV and the relevance of
allosteric communication between the PTAP and mono- and di-ubiquitin
binding sites for the regulation of TSG101 function.

4. Materials and methods
4.1. Protein expression and purification

For the structural and thermodynamic study, TSG101-UEV (residues
1-145 in uniprot Q99816) was expressed and purified as described
before [20]. For the phage display studies, the plasmid encoding a
Histag-GST-TSG101-UEV construct, generously provided by Prof.
Sachdev Sidhu (University of Toronto), was transformed into Escherichia
coli BL21/DE3 cells. Cells were grown at 37 °C to an OD of 0.8. IPTG was
added at 0.2 mM and expression was allowed overnight at room tem-
perature. Cells were harvested, resuspended in 20 mM Na-Pi, 500 mM
NaCl, and 20 mM imidazole, pH 7.4, broken with a French press, and
ultracentrifuged at 30,000 rpm for 30 min. The supernatant was passed
through a Ni-NTA column, with two steps of washes with an increasing
imidazole concentration (20 mM and 50 mM), eluted at 500 mM of
imidazole. The identity and purity of the protein was checked by SDS-
PAGE and matrix-assisted laser desorption ionization time of flight ex-
periments carried out at the Center of Scientific Instrumentation of the
University of Granada. The purified protein (>95 % pure) was
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extensively dialyzed in glycine 50 mM pH 3 buffer for flash freezing with by non-linear least-squares fittings to a model corresponding to a single
liquid nitrogen. For phage display experiments the protein was dialyzed set of identical sites, as described before [35]. A set of additional titra-
in PBS and concentration was measured using an extinction coefficient tions at different pH values and using buffers with different ionization
of 44,600 M~ !.cm™! at 280 nm. enthalpies was performed to assess the impact of coupled ionization

equilibriums titration experiments on the binding energetics [34].

4.2. Isothermal titration calorimetry
4.3. Protein crystallization and data collection
ITC experiments were performed with high-precision ITC-200 or VP-
ITC calorimeters (Microcal Inc., Northampton, Massachusetts) as The TSG101-UEV domain and its complexes with the Late domains
described before [29]. In most cases, the TSG101-UEV domain solution from the HTLV and Ebola virus (HTLV and Ebola-9 peptides) were
(40-60 pM) was titrated with peptide ligands (2 mM) dissolved in the crystallized using the vapor diffusion technique with a sitting drop set-
dialysis buffer. For the natural ligands, showing lower affinity, a profile up. Briefly, droplets were prepared with 1.5 pL of the protein (7

of injection volumes from 4 to 21 pL was devised to better define the mg-mL ! in 10 mM Tris buffer pH 8.0) and 1.5 pL of reservoir solution.
titration curve. All titrations were performed in 20 mM buffer, 5 mM The mixture was vapor equilibrated against 100 pL of reservoir solution.
f-mercaptoethanol at several pH values and temperatures. The heat The best crystal of the free TSG101-UEV domain diffracted to 2.0 A
evolved after each peptide injection was obtained from the integral of resolution and belonged to the trigonal space group P321, with unit-cell
the calorimetric signal. The heat associated with the binding process was parameters a = b = 169.74, ¢ = 39.71, a = § = 90.00 and y = 120.00.
calculated as the difference between the heat of reaction and the cor- These crystals were obtained using as precipitant solution 25 %

responding heat of dilution, obtained from independent titrations of the PEG4000, 0.2 M ammonium sulfate, 0.1 M sodium acetate at pH 4.6. To
peptides into the buffer. The resulting binding isotherms were analysed crystallize the complexes TSG101-UEV at 8 mg/mL was mixed with the
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corresponding peptide solutions at a 1:2 protein:peptide molar ratio.
The TSG101-UEV/HTLV complex crystallized in the C2221 space group,
with unit-cell parameters a = 78.62, b =119.74,c = 41.64,a ==y =
90.00 and diffracted to 2.4 A resolution. The best crystals grew in 30 %
PEG4000, 0.1 M ammonium sulfate, 0.1 M MES at pH 6.0. The TSG101-
UEV/Ebola9 complex was crystallized in 0.1 M ammonium sulfate, 25 %
PEG 4 K, 0.1 M Hepes at pH 7.0. These crystals belong to the 14 space
group with unit-cell parameters a =b = 105.54, ¢ = 75.30, a = =y =
90.00 and diffracted to 2.0 A.

During data collection, crystals were placed in a cold nitrogen stream
maintained at 110 K. X-ray diffraction of the TSG101/Ebola complex,
TSG101-HTLV complex, and the free TSG101-UEV domain were
collected at the beamlines BM16, ID29-2, and ID23-1 of the European
Synchrotron Radiation Facility (ESRF), respectively. Data were indexed
and processed with the software XDS [46] in the autoPROC toolbox
(Vonrhein et al., 2011). Data were scaled using the package Aimless [47]
from the CCP4 suite [48]. Statistics are shown in Table 2.

4.4. Structure refinement and model building

The structures of the TSG101-UEV free domain and HTLV and Ebola
complexes were obtained using the PHENIX suite [49]. Molecular-
replacement phasing using the AutoMR feature of PHENIX [50] was
performed with the coordinates of the TSG101-UEV domain (2FOR
[20]). The final model was obtained after several cycles of manual
building performed using the resulting A-weighted 2F0-Fc and FO-Fc
electron-density maps in COOT [51,52]. Water molecules were
modelled automatically using phenix.refine in PHENIX [50] and
manually inspected in difference electron-density maps in COOT. In the
final rounds of refinement, some molecules belonging to the precipitant
solution were modelled. As the resolution is >1.7 A, individual isotropic
B-factor and TLS refinement were applied [48]. The final models were
validated using MolProbity and PDB-REDO [53,54]. Structure solution
and refinement statistics are shown in Table 2. The atomic coordinates
of all structures have been deposited in the Protein Data Bank (PDB) (see
Table 2).

4.5. Phage display

Peptide-phage selections were performed using a constrained library
with a fixed P(T/S)AP motif flanked by five random amino acids at N-
and C-termini (xs5-P(T/S)AP-xs. The library was fused to the gene-3
major coat protein of M13 phage and contained >10'° unique mem-
bers. Binding selections were performed in 96-well Maxisorp plates
using 6 wells (for the first round) or 3 wells (for the rest of the rounds)
previously coated overnight at 4 °C with GST-TSG101-UEV at 10 pg/mL.
Selections were performed through five rounds as described [55] and
enrichment was followed by phage titration after each round showing a
plateau at the third round of selection. Hence, individual clones from
rounds 3 and 4 were subjected to phage ELISA to discriminate specific
binding using as control BSA, as previously described [56]. The thirty
individual clones that raised the highest absorbance values in the ELISA
were sequenced.

A second set of peptide-phage selections was performed including a
competition step. The same x5-P(T/S)AP-xs library was freshly gener-
ated and a cycle of two rounds of enrichment was performed. For the
third round, before adding the phage pool GST-TSG101-UEV was incu-
bated for 30 min with PD1 at saturating concentrations (100 pM). Up to
round 5, three cycles were performed with this competition step, again
following the enrichment by phage tittering. The maximum enrichment
was found at round 5, and 96 individual clones from that round were
analysed by ELISA twice. The first ELISA was regularly performed and
the second, using the same clones, was done including the competition
step with PD1 as described for the phage selections. The twelve clones
with their highest ELISA ratios were sequenced and aligned for analysis
to decipher a consensus sequence.
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4.6. Construction of structural models for TSG101-UEV in complex with
the phage display peptides

The crystal structure of the TSG101-UEV/Ebola Late domain com-
plex (4EJE) was used as a starting point for model construction. First, all
ligand atoms and extraneous molecules were removed from the struc-
ture. The resulting protein pdb file was preprocessed with Maestro
(Schrodinger Release 2022-1: Desmond Molecular Dynamics System, D.
E. Shaw Research, New York, NY, 2021. Maestro-Desmond Interopera-
bility Tools, Schrodinger, New York, NY, 2021. Maestro), with the
Protein Preparation Wizard and System builder tools, employing the
OPLS3e forcefield [57]. Next, each peptide sequence was inputted into
Maestro to generate a corresponding 3D structure for peptide modelling.
Bond orders were assigned, and the LigPrep task was executed using the
OPLS3e forcefield to incorporate appropriate ionization and partial
charges. Finally, the generated peptide structures were meticulously
aligned with the natural peptide of the original pdb structure to secure
an initial position close to the binding site. This rigorous model-building
process ensures the accuracy of our computational predictions and the
reliability of our findings.

4.7. Molecular dynamics simulations

Molecular dynamics simulations were conducted with the Gromacs
ver2018.2 suite [42]. Topology files for the TSG101-UEV complex and
each peptide were generated using the gmx pdb2gmx tool for the target
protein and acpype (https://doi.org/10.1186/1756-0500-5-367) for the
complex topology. Prior to the molecular dynamics (MD) simulation
several preparatory steps were executed. These included box generation,
solvation procedures, a 20 ps minimization step for system optimization,
a 400 ps nVT equilibration step for system stabilization at constant
volume and temperature, and five 400 ps NPT equilibration steps for
system equilibration at constant number of particles, pressure, and
temperature. The MD simulation was then carried out for 100 ns to
investigate the system dynamics.

Upon completion of the simulation, various analyses were conducted
to examine the interactions between proteins and peptides and the po-
tential conformational changes observed in each case. We employed the
gmx energy and gmx hbond tools (https://pubs.acs.org/doi/10.1021/ct
7000045) to determine the nonbonded interactions (Coulomb and
Lennard-Jones forces), as well as hydrogen bonding, for every residue
within the protein. Cluster studies were performed for each complex
with gmx cluster (Gmx Cluster-GROMACS 2018. GROMACS User
Guide—Gmx Cluster.:http://manual.gromacs.org/documentation/201
8/onlinehelp/gmx-cluster.html (accessed on 1 May 2020), providing a
detailed analysis of the five most prominent conformations. The water
occupancy calculation was carried out using Bridge2 software [58] to
assess the occupancy and endurance time of each interaction of interest.

4.8. Structure-based analysis of intramolecular interaction networks

All calculations were performed using the crystal structure of the free
TSG101-UEV domain (2FOR), the crystal structure of the TSG101-UEV/
Ebola complex (4EJE, chains AC), and a representative structure of the
most populated cluster (accounting for 50 % of the simulation time)
obtained from the MD trajectory for PD5 ligand.

The extent to which each residue in the TSG101-UEV domain is
energetically coupled to its neighbours (up to a distance of 12-15 A) was
calculated using the pPerturb algorithm [43], which provides a statis-
tical thermodynamic calculation of the extent of propagation of a
mutational perturbation (side chain truncation to alanine/glycine) into
the protein structure using empirical relations derived from large-scale
mutational analysis, and focusing primarily on van der Walls in-
teractions (electrostatic and conformational effects are not considered).
The interaction-network profiles for the free TSG101-UEV and the Ebola
and PD5 complexes were calculated perturbing all residues in the UEV
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domain. The extent to which the perturbation percolates into the
interaction network (coupling distance, d.) and the overall perturbation
magnitude (SumAQ) were obtained for the different structures. Residues
with SumAQ values >450 were considered as allosteric hotspots.

ProteinLens [44] calculates bond-to-bond propensities from an
energy-weighted atomistic graph description of the protein structure,
which are presented as statistical quantile scores that account for dis-
tance bias and allow the identification of those residues showing a sta-
tistically significant higher propensity. In the case of the complex
structures both chains (protein and ligand) were considered for graph
construction. Two sets of bond-to-bond propensities were calculated
using the default settings: one considering residues in the ligand as the
perturbation source and another perturbing TSG101-UEV residues
conforming the PTAP binding site (D34, Y63, Y68, N66, 170, T92, M95,
V141, F142, R144). Residues with quantile scores >0.9 were considered
as allosteric hotspots.

WebPSN [45] generates information about structural communica-
tion by combining a graph-based description of the high-resolution
structure with information on system dynamics (cross-correlation of
atomic motions) derived by ENM-NMA. This algorithm provides a
detailed description of the communication networks, providing infor-
mation on nodes, links, hubs (nodes connected by at least four links) as
well as communication pathways (metapaths), providing a global pic-
ture of the structural communication within the protein. In the case of
the complex structures both chains (protein and ligand) were considered
for the calculations. Residues identified as hubs and showing interaction
forces higher than 3 were selected as allosteric hotspots.
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1.- Details on the assessment of the impact of coupled ionization
equilibria on the binding energetics of viral Late domains to TSG101-
UEV. 2.- Details on the Computational study of the impact of PTAP
ligand binding on TSG101-UEV intramolecular communication net-
works. Supplementary data to this article can be found online at https://
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