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A B S T R A C T   

The recognition of PPxY viral Late domains by the third WW domain of the human HECT-E3 ubiquitin ligase 
NEDD4 (NEDD4-WW3) is essential for the budding of many viruses. Blocking these interactions is a promising 
strategy to develop broad-spectrum antivirals. As all WW domains, NEDD4-WW3 is a challenging therapeutic 
target due to the low binding affinity of its natural interactions, its high conformational plasticity, and its 
complex thermodynamic behavior. In this work, we set out to investigate whether high affinity can be achieved 
for monovalent ligands binding to the isolated NEDD4-WW3 domain. We show that a competitive phage-display 
set-up allows for the identification of high-affinity peptides showing inhibitory activity of viral budding. A 
detailed biophysical study combining calorimetry, nuclear magnetic resonance, and molecular dynamic simu
lations reveals that the improvement in binding affinity does not arise from the establishment of new interactions 
with the domain, but is associated to conformational restrictions imposed by a novel C-terminal -LFP motif in the 
ligand, unprecedented in the PPxY interactome. These results, which highlight the complexity of WW domain 
interactions, provide valuable insight into the key elements for high binding affinity, of interest to guide virtual 
screening campaigns for the identification of novel therapeutics targeting NEDD4-WW3 interactions.   

1. Introduction 

WW domains are small protein-protein interaction modules that are 
found in more than 50 proteins in the human proteome and play key 
roles in cellular signal transduction. The enhancement or disruption of 
WW-mediated interactions has been proposed as a general strategy to 
develop novel treatments against the numerous diseases caused by 
dysregulated WW signaling. In fact, several WW domains are today well- 
established targets for drug design [1–4]. 

NEDD4 (neuronal precursor cell expressed developmentally down
regulated gene 4–1) is a HECT type E3 ubiquitin ligase widely expressed 
and evolutionarily conserved in eukaryotes. It is one of the nine mem
bers of the NEDD family of E3 ubiquitin ligases, characterized by a 
conserved modular architecture consisting of an N-terminal Ca2+ regu
lated C2 lipid-binding domain, two to four type I WW domains in charge 
of substrate recruitment through the recognition of peptide sequences 
containing a conserved PPxY core motif, and a C-terminal HECT cata
lytic domain. NEDD4 functions within the ubiquitin proteasome system 
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regulating trafficking and stability of signaling proteins implicated in 
multiple cellular processes, including sodium homeostasis, T-cell regu
lation, control of neuronal function as well as cellular growth and pro
liferation [5,6]. Even though NEDD4 contains four type I WW domains, 
most of its physiological interactions are mediated by its third WW 
domain (NEDD4-WW3), which is the main docking site for substrate 
recognition and a target for the development of novel therapeutics 
against diseases associated to NEDD4 abnormal activity, such as cancer, 
hypertension or neural disorders [7,8]. NEDD4 is also implicated in the 
progression of viral infection, playing an essential role in the budding 
process of numerous encapsulated viruses, including filoviruses (Ebola, 
Marburg), rhabdoviruses (Lassa), or arenaviruses (Rabies), through the 
interactions of NEDD4-WW3 with short and conserved PPxY-containing 
sequences present in the viral proteins, and known as Late or L-domains 
[9,10]. Blocking NEDD4-WW3/L-domain interactions has been shown 
to effectively inhibit budding in a number of viruses and has emerged as 
a promising strategy to identify novel, host-oriented, broad-spectrum 
antivirals with low susceptibility to the development of resistance 
[11–13]. 

The search for therapeutic agents based on the disruption/modula
tion of WW interactions requires the ability to develop high-affinity and 
specific ligands with good pharmacological properties. Unfortunately, 
over the years this has proven to be quite a challenging task, due to 
specific features of WW domains and their interactions that complicate 
the estimation of binding energetics from structure and, thus, rational 
design and ligand optimization. 

In the first place, WW domains present shallow, featureless and 
highly adaptable binding sites. WW domains are the smallest β sheet fold 
in nature (30–50 amino acids), characterized by a stable three-stranded 
antiparallel β sheet structure [14,15]. They are named after two 
conserved tryptophan residues spaced 20 to 22 residues apart within the 
sequence: the first tryptophan lies on one side of the β sheet conforming 
a hydrophobic core important for domain stability, known as the “hy
drophobic buckle”; the second tryptophan is part of a hydrophobic 
pocket at the binding site dedicated to proline recognition (the xP 
pocket), which is shared by other proline interaction modules such as 
SH3 and UEV domains [14,16]. WW domains have been classified in 
different specificity types according to the motifs they recognize [17]. 
Binding specificity between the different WW subfamilies is determined 
by a second binding site pocket, which in the case of type I WW domains 
is dedicated to the recognition of the Tyr residue in the PPxY consensus 
core-motif [18,19] (the xY pocket). Both xP and xY pockets are shallow 
and highly plastic, showing varying sizes and geometries in the different 
WW complexes that result in different orientations of the ligand on the 
surface of the domain. This conformational variability has been even 
observed between different complexes of the same domain. This is the 
case of NEDD4-WW3, which is a paradigmatic example of the extent of 
binding site conformational plasticity in WW domains [20]. 

Secondly, the interactions of WW domains with their natural part
ners are generally weak and relatively promiscuous [16,21], with 
dissociation constants typically in the mid-low μM range, although 
tighter complexes have been described for bidentate ligands binding to 
WW tandems [22–24]. Also, the binding energetics of peptide ligands to 
WW domains are dominated by strong enthalpy/entropy compensation 
effects: large differences are found in the magnitude of the binding en
thalpies and entropies for different ligands that do not translate into 
changes in binding affinity, which remains quite homogeneous between 
the different WW domain complexes. Such enthalpy/entropy compen
sation effects are a major roadblock for the optimization of binding af
finity [25]. 

Moreover, the binding affinities of WW domain ligands are not fully 
determined by the geometric and chemical characteristics of the ligand/ 
domain interface [20]. On the contrary, as described for other poly
proline recognition modules, such as SH3 [26] or UEV domains [27], 
WW domain interactions present characteristic thermodynamic profiles 
(markedly negative binding enthalpies partially compensated by 

unfavorable entropic contributions) that are inconsistent with the pre
dominantly hydrophobic character of the binding interface and reveal a 
complex scenario that needs to be understood for successful rational 
design [20,28]. Additional factors, such as the presence of water- 
mediated interactions [29,30] or changes in the conformational distri
bution [31,32] and dynamic properties of the domain induced by ligand 
binding [33,34], have been shown to strongly influence the energetics of 
polyproline recognition. 

In fact, it has been recently shown that major contributions to the 
binding energetics of WW domains arise from conformational effects. 
WW domains are the simplest and fastest folding all-β natural proteins 
and fold over small free energy barriers [35,36], being, thus, highly 
flexible. Our group has established that a set of WW domains, including 
NEDD4-WW3, are characterized by a downhill folding equilibrium, 
which entails broad native state ensembles that can be continuously 
modulated by changes in conditions, mutations, or ligand binding [37]. 
NEDD4-WW3 is the most paradigmatic example of downhill folding 
reported to date, showing the highest level of conformational flexibility 
and the smallest folding barrier. Along these lines, evidence has been 
provided by our group and others of coupling between the folding and 
binding equilibria for the NEDD4-WW3 domain [20,38,39], character
ized by a highly adaptable binding site able to accommodate its ligands 
in different orientations through a conformational selection mechanism 
[20]. The plasticity associated to a conformationally heterogeneous 
native state is functionally relevant for NEDD4-WW3, dedicated to the 
recognition of multiple substrates, since it allows promiscuous binding 
as well as efficient modulation of the binding affinity and specificity 
with relatively minor changes in conditions. Nonetheless, it becomes an 
additional obstacle for the design of potent inhibitors. 

All these features make of NEDD4-WW3, and, by extension most WW 
domains, extremely challenging targets for rational drug design, and 
raise questions about the feasibility of obtaining small drug-like ligands 
that could be of value as novel therapeutic agents: Is high binding af
finity attainable for the binding of small monovalent ligands to isolated 
WW domains? Can the molecular determinants of high binding affinity 
be identified and ascribed to specific features within the ligand? Can 
these features be integrated into small-molecule inhibitors? In this work, 
we address these questions testing the ability of non-rational ap
proaches, such as phage display, to overcome the limitations imposed by 
the energetic and conformational complexity of WW domains and pro
duce tight-binding ligands with the ability to inhibit viral budding. With 
this purpose, we have set up a competitive phage display procedure that 
led to the identification of peptide sequences with submicromolar 
binding affinity for NEDD4-WW3, showing also inhibitory activity 
against the budding process of different viruses. The binding of these 
peptides to NEDD4-WW3 has been thoroughly analyzed using a com
bination of biophysical techniques including calorimetry, nuclear mag
netic resonance, and molecular dynamic simulations. We find that high 
binding affinity originates from the conformational effects induced by a 
novel C-terminal -LFP motif in the ligand that translate into optimized 
intra- and intermolecular interactions. These results underline the po
tential of irrational approaches to exploit the complexity of WW do
mains, allowing for the identification of key and highly localized 
elements for high binding affinity that could be of interest to direct 
virtual screening campaigns for the identification of novel therapeutic 
agents targeting WW domain interactions. 

2. Results 

2.1. Competitive phage display identification of high-affinity ligands of 
NEDD4-WW3 with antibudding activity 

A fully randomized 12-residue library was constructed at the 
multivalent pVIII protein of the M13 phage (pVIII-x12) and screened 
against GST-NEDD4-WW3. After three rounds of selection and amplifi
cation, the best 25 colonies ranked by ELISA-antiM13 assays were 
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sequenced. As expected, all selected sequences contained the (L/P)PxY 
canonical core motif, characteristic of type 1 WW domain ligands 
[40,41] (Fig. 1A). To minimize the chelating effect and favor the iden
tification of high-affinity sequences, pIII monovalent screening was 
performed fixing the (L/P)PxY core motif (pIII-x5(L/P)PxYx5). After four 
rounds of selection, the best 25 sequences presented a marked prefer
ence for Ser or Thr at the central position of the core motif (Fig. 1B). 
Also, a conserved LF(P/G) motif, not previously identified in natural 
ligands (Fig. 1D), clearly emerged at positions +3 to +5. 

To better establish the preferences at poorly defined positions, a pIII- 
x5(L/P)P(S/T)YxxLFP library was constructed. Expecting that this li
brary could be enriched in high-affinity sequences, a more restrictive 
protocol was established for the last three rounds of selection, reducing 
the GST-NEDD4-WW3 concentration from 2 μM to 1 μM and imposing 
more stringent affinity requirements by screening against a pre-formed 
complex with the high-affinity P53BP2 peptide (Kd = 4.1 μM) 
[42,43]. This setup resulted in a significant reduction (3–5 orders of 
magnitude) in the number of bound phages. 24 single phage colonies 
were isolated from each round and tested by ELISA-antiM13. In most 
cases, a saturated ELISA signal was obtained, which precluded the 
identification of the best binders. To allow the discrimination of tight- 
binding sequences, a competitive ELISA assay was implemented using 
the P53BP2 peptide as a competing ligand. The best binders in the 
competitive ELISA assay showed a marked preference for Asp at position 
-5 and Glu at +2, defining an xDx(L/P)PSYxELFP motif (Fig. 1C). Posi
tions -6 to -8 maintained a high variability, suggesting low relevance for 
binding affinity. 

These binding preferences were incorporated into two novel peptide 
sequences with different core motif variants (PPSY and LPSY) expected 

to bind NEDD4-WW3 with high binding affinity: LDAPPSYSELFP 
(UGR1) and LDSLPSYSELFP (UGR2). The binding energetics of UGR1 
and UGR2 to NEDD4-WW3 were directly measured by ITC (Fig. S1). The 
resulting thermodynamic parameters are summarized in Table 1. 

As expected, a significant improvement in binding affinity was 
achieved for both ligands, which bind to NEDD4-WW3 with a dissoci
ation constant of 150 nM. This is, to the best of our knowledge, the 
tightest binding described for an isolated WW domain. It represents an 
improvement of one order of magnitude compared to the strongest 
binders reported to date for NEDD4-WW3 (P53BP2 and ARRDC3) and of 
two orders of magnitude compared with most natural ligands of this 
domain, including the viral Late domain sequences, which typically 
show dissociation constants in the 50 to 150 μM range [20,23,44]. 

The ability of the UGR ligands to inhibit viral budding in mammalian 
cells was tested using a well-established viral-like particle (VLP) assay 
[11,46,47]. To facilitate peptide translocation across the plasma mem
brane, a HIV-Tat internalization sequence [48] was attached to the N- 
terminus of UGR peptides, with negligible effect on the binding affinity 
(see Fig. S2). The Tat-UGR peptides at concentrations 10 to 30 μM 
produced a dose-dependent inhibition of VLP formation in the Marburg- 
VP40 (mVP40) and EbolaVP40 (eVP40) VLP assays, without deleterious 
effects on the cells (unaltered expression mVP40, eVP40 and actin) 
(Fig. 2A-B). The UGR peptides were also found to impair budding of live 
Vesicular Stomatitis Virus (VSV), which is contingent upon the inter
action of the PPxY Late domain in the VSV-M protein and NEDD4 
[11,49,50], confirming the disruption of the VSV-M/NEDD4 interaction 
in the context of a live virus (Fig. 2C). 

2.2. High-affinity for NEDD4-WW3 arises from highly favorable 
enthalpic contributions associated with the C-terminal LFP motif 

The UGR1 and UGR2 ligands present the thermodynamic signature 
characteristic of polyproline recognition (favorable binding enthalpies, 
opposed by unfavorable entropic contributions), but they show unusu
ally large enthalpic contributions (-92 and -96 kJ⋅mol-1, respectively) 
(Table 1). These values are well above those typically reported WW 
domain ligands (averaging 50–60 kJ⋅mol-1), and close to the magnitude 
of the unfolding enthalpy of the NEDD4-WW3 domain itself (100 kJ⋅mol- 
1) [37]. This enthalpic improvement is not counterbalanced by unfa
vorable entropic contributions being, thus, at the origin of the increment 
in binding affinity. Also, binding of these peptides induces large heat 
capacity changes (-2.2 kJ⋅(K⋅mol)-1) that almost duplicate the values 
reported for other ligands (ΔCp, p53bp2/NEDD4-WW3 = -1.6 kJ⋅(K⋅mol)-1 

[20] and ΔCp, p53bp2/YAP-WW1 = -1.2 kJ⋅(K⋅mol)-1 [28]). 
The calorimetric analysis of a set of UGR1 derivatives reveals that the 

nanomolar binding affinity is associated with the C-terminal L+3F+4P+5 
motif (Table 1). Deletion of this LFP triad produced a large reduction in 
binding affinity (two orders of magnitude), binding enthalpy (ΔΔHUGR1- 

UGR1ΔLFP = -37 kJ⋅mol-1) and binding heat capacity (ΔΔCpUGR1-UGR1ΔLFP 
= -1.2 kJ⋅(K⋅mol)-1), rendering a truncated ligand (UGR1-ΔLFP) with 
thermodynamic features very similar to other natural and low-affinity 
ligands, such as the Ebola or HTLV Late domains [20]. A Leu residue 
at position +3 has already been described as a high-affinity determinant 
for the binding of the ENaC and dr-Comm ligands to NEDD4-WW3, 
interacting with residues R855, F857, I859 at the so-called xL pocket in 
the WW domain, and stabilizing a helical turn in the ligand through the 
establishment of intra-molecular hydrogen bonds with Y0 [44,45,51]. 
An equivalent role is played by a Val+3 residue in the ARRDC3 complex, 
which, in this case, induces a 310 turn in the ligand [23]. Interestingly, 
these helical conformations are not observed in the low-affinity Ebola 
and HTLV1 Late domain complexes that lack an aliphatic residue at 
position +3 and adopt more extended conformations in the complex 
structures [20]. Nonetheless, L+3 alone does not suffice to achieve 
submicromolar binding affinities, since replacing the C-terminal FP 
residues with other amino acids less frequently observed in the phage 
display experiments (UGR1-YG) reduces binding affinity by one order of 

Fig. 1. Web-logo (https://weblogo.berkeley.edu) showing the frequency of 
occurrence of the different amino acids within the ligands selected by phage 
display (a) sequences derived from the fully randomized pVIII-x12 library; (b) 
sequences derived from the pIII-x5L/PPxYx5 library; (c) sequences derived from 
the pIII-x5(L/P)P(S/T)YxxLFP library; (d) naturally-occurring sequences re
ported to bind NEDD4-WW3, including ligands P53BP2 (YPPYPPPPYPSGEP), 
HTLV-1 (SDPQIPPPYVEPTA), Ebola-VP40, Marburg-VP40 (MQYLNPP
PYADHGA), Rabies-M2 (DLWLPPPEYVPLKE), EnaC (ALTAPPPAYATLGP), 
ARRDC3 (ERPEAPPSYAEVVT), dr-Comm (TIATGLPSYDEALH), Lats1a 
(VNRQPPPPYPLTAA), Lats1b (NYQGPPPPYPKHLL) and Lats2 
(DRRCPPPPYPKHLL). 
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magnitude, to the levels of the ARRDC3 ligand. This suggests that this 
newly identified FP dyad is a key element for tight binding, being 
responsible for 85% of the loss in binding enthalpy associated with the 
removal of the LFP motif. 

2.3. The C-terminal LFP triad on the UGR ligands modulates the 
conformational dynamics of NEDD4-WW3 domain 

To gain further insight into the mechanisms by which the LFP motif 
leads to such remarkable thermodynamic effects, 1H–15N HSQC titra
tion experiments were performed with the high-affinity UGR1 and UGR2 
ligands and their truncated variants UGR1-ΔLFP and UGR2-ΔLFP (Figs. 
S3 and S4). Under saturating conditions, all ligands induced perturba
tions in the same set of residues, suggesting that the submicromolar 
binding affinity of UGR1 and UGR2 does not result from new 

interactions in additional pockets in NEDD4-WW3. The Chemical Shift 
Perturbation (CSP) profiles of the UGR1-ΔLFP and UGR2-ΔLFP ligands 
closely resemble those reported for other low-affinity natural ligands, 
such as ENaC [38], Ebola, or HTLV1 [20] (Fig. S5). Nonetheless, as 
shown in Fig. 3, the introduction of the LFP triad results in significant 
changes in the magnitude of the CSPs for a small set of residues: i) E847, 
V848, and R849 at the β1 strand, not in direct contact with the ligand ii) 
F857 and F858 at the β2 strand: the first located at the base of the xP 
pocket and the second directed at the opposite site of the β-sheet and 
implicated in the hydrophobic buckle essential for domain stability; and 
iii) I859 and T866, delimiting the xP and xY pockets and previously 
identified as essential elements for WW binding site plasticity [20]. 

The LFP triplet also has a profound impact on the nature of the 
chemical exchange processes. In the truncated UGR1-ΔLFP and UGR2- 
ΔLFP complexes, all residues not directly implicated in binding are 

Table 1 
Binding energetics of peptide ligands to NEDD4-WW3.  

Ligand Sequence Kd (μM) ΔGap (kJ⋅mol-1) ΔHap (kJ⋅mol-1) -T⋅ΔSap (kJ⋅mol-1) ΔCp (kJ/(K⋅mol)-1) 

UGR1 LDAPPSY0SELþ3FP 0.15±0.01 -38.2±0.2 -92.0±0.3 57.8±0.5 -2.2±0.1 
UGR2 LDSLPSY0SELþ3FP 0.15±0.01 -38.2±0.2 -96.0±0.5 53.8±0.7 -2.0±0.1 
UGR1-ΔLFP LDAPPSY0SE 25±2 -25.7±0.2 -55±2 29±2 -1.0±0.1 
UGR1-E2S LDAPPSY0SSLþ3FP 0.26±0.03 -36.7±0.4 -79.8±0.6 43.1±1.0 – 
UGR1-LYG LDAPPSY0SELþ3YG 0.92±0.07 -34.1±0.3 -61.0±0.5 26.8±0.8 – 
UGR1-ΔN SELþ3FP n.ba – – – – 
P53BP2 [20] EYPPYPPPPY0PSGþ3 5.3 -30.1 -53.2 23.1 – 
ARRDC3 [23] ERPEAPPSY0AEVþ3VTE 3.3 -31.3 -75.4 44.1 – 
ENaC [44] TAPPPAY0ATLþ3G 44.5 -24.8 -58.2 33.4 – 
dr-Comm [45] TGLPSY0DEAþ3LH 3.0 -31.5 – – – 
HTLV1 [20] SDPQIPPPY0VEPþ3 61.0 -24.1 -68.2 44.1 – 
Ebola [20] ILPTAPPEY0ME 146.9 -21.9 -50,7 28.8 – 
Ebola-long ILPTAPPEY0MEAþ3IYP 75.8±0.9 -23.5±0.1 -78.9±0.4 55.4±0.3 – 

ITC experiments were performed at 25 ◦C in 20 mM sodium phosphate buffer at pH 7.0. Error values correspond to the best fitting of the experimental data to the one 
binding site model as implemented in Origin's Microcal LLC ITC ® Software. 

a n.b.: no binding detected. 

Fig. 2. Effect of UGR peptides on the PPxY-dependent budding of enveloped viruses. (a-b) HEK293T cells transfected with mVP40-pCAGGS vector (a) or eVP40- 
pCAGGS vector (b) were treated with the indicated concentrations of Tat-UGR2 (lanes 1–3), or negative controls (Tat, lanes 4–6; Tat-APSYSPPPPP, lanes 7–9). 
Cells and VLPs were harvested at 24 h post-transfection. A representative Western blot to detect mVP40 is shown; (c) HEK293T cells were infected with VSV-M virus 
at an MOI of 0.1 in the presence of 0, 10 and 30 μM of Tat-UGR2. Supernatants were harvested at 8 h post-infection, and virions were quantified by standard plaque 
assay on BHK-21 cells performed in triplicate and graphed as PFU/mL. VSV virus production in cell was also quantified by Western blot. For each Western blot 
experiment, constitutive β-actin in cells is shown as control. 
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found in the fast exchange regime and most interacting residues in in
termediate regimes (Fig. 4A), in agreement with previous reports for 
other NEDD4-WW3 ligands (αENaC [38], Ebola or HTLV1 [20]). In 
contrast, the binding of UGR1 and UGR2 induces a massive change in 
the behavior of the NEDD4-WW3 domain, so that a high percentage of 
the observed residues now shift to the slow-exchange regime (59% and 
54% for UGR1 and UGR2 respectively) (Fig. 4B). Many of these slow- 
exchanging amino acids are located in the β1 and β2 strands and 
include those residues associated with the highest CSP values, some of 
them not in direct contact with the ligand. These effects extend to the β1- 
β2 and β2-β3 loops and are also transmitted to distant regions from the 
binding site, including the highly flexible N- and C-terminal tails. 

The strong impact of the UGR ligands on the conformational distri
bution of the hNEDD4-WW3 domain is further illustrated by the large 
increase in cooperativity observed in the DSC profiles that shift from the 
extremely broad transitions characteristic of the free domain and 
compatible with a downhill folding equilibrium [37], to sharp and 
highly cooperative traces for the UGR complexes, which conform to a 
fully cooperative two-state model (Fig. 4C). In fact, the unfolding 
enthalpy (ΔHTm = 206 kJ⋅mol-1) and the stability (ΔG25◦C = 12.3 
kJ⋅mol-1) of the NEDD4-WW3/UGR complex duplicates that of the free 
domain, being now comparable to the values typically displayed by 
other well-folded protein domains of similar size, such as SH3 domains 
[52]. 

2.4. The LFP triad rigidifies the ligand and improves the packing of the 
PPxY core against the NEDD4-WW3 domain 

To further understand the impact of the LFP triad on the conforma
tional properties of the NEDD4-WW3 complexes, a structural model of 

the NEDD4-WW3/UGR1 complex was generated using the crystal 
structure of the ARRDC3 complex (4N7H) as a template [23] (Fig. 5). 
150 ns Molecular Dynamics trajectories of the UGR1 complex and the 
UGR1ΔP, UGR1ΔFP, and UGR1ΔLFP deletion variants were calculated 
from three independent 50 ns replicas. As a reference, equivalent sim
ulations were performed for all available structures of NEDD4-WW3 
complexes (ARRDC3:4N7H, ENaC:2M30, dr-Comm:2EZ5, 
HTLV1:2KPZ, and Ebola:2KQ0). In all cases, the backbone root-mean- 
square deviation (RMSD) rapidly reached a plateau at about 2 Å 
without abrupt transitions in the energy profile, indicating that the WW 
domains remained folded and stable throughout the simulations. The 
RMSF profile of the hNEDD4-WW3 domain is similar for all complexes, 
except for the ENaC and HTLV1 NMR structures that show a higher level 
of flexibility at the β1-β2 and β2-β3 loops (Fig. S6-B), in agreement with 
previous reports [20,44]. The ligands show different behaviors: UGR1 is 
more rigid (RMSF values ≤1 Å for the A-4-L+3 region) and the flexibility 
progressively increases upon removal of the P+5, F+4, and L+3 residues, 
with UGR1ΔLFP reaching fluctuation levels (RMSF values ≥3 Å), similar 
to those of the Ebola and HTLV1 ligands (Fig. S6-A). 

Analysis of the MD trajectories reveals that neither F+4 nor P+5 in 
UGR1 participate in any persistent contacts with NEDD4-WW3 (the Cβ- 
Cβ distance between these residues and the domain remains above 12 Å 
at all times). The simulations show, nonetheless, that these two bulky 
and conformationally constrained residues exert a marked effect on the 
conformational behavior of the ligands that translates into changes in 
the intra- and intermolecular interactions, underlying the strong ener
getic effects associated with the LFP triad. 

In this way, while the core-motif prolines (P-3 and P-2) show a very 
homogeneous behavior in all complexes adopting well-defined PPII 
geometries, the conformational preferences of residues C-terminal from 

Fig. 3. Chemical shift perturbation of the NEDD4-WW3 backbone amide signals (weighted average for 1HN and 15N at the last titration point) caused by the presence 
of UGR1 (a) and UGR2 (b) ligands in comparison with their truncated versions UGR1ΔLFP and UGR2ΔLFP. (c) Mapping of the residues with the largest chemical 
shift differences upon truncation of UGR1 on the structure of the NEDD4WW3/Ebola complex (2KQ0). Residues incrementing CSP upon truncation are shown as red 
sticks and residues experiencing a CSP reduction as blue sticks. As a reference, the Ebola ligand is shown as a black ribbon, with critical PPxY residues in the core 
motif shown as black sticks. (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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Y0 are more variable and strongly influenced by the nature of residues at 
positions +3 to +5 (Fig. 6 and Table S1). In agreement with previous 
reports [23,44], those ligands (ARRDC3, ENaC, and UGR1ΔFP) with a 
Leu residue at +3 adopt α or 310 helical conformations in the Y0-L+3 
region with high frequency (40–60% of the simulation time). A similar 
behavior is observed for the dr-Comm ligand, containing an Ala+3-Leu+4 
combination of highly helical prone residues. In the case of UGR1, a 20% 
increment in the occurrence of helical conformations, up to 80% of the 
simulation time, is observed, associated with the strong conformational 
restrictions imposed by P+5 on F+4, and subsequently on L+3 (Fig. 6A). 
The F+4P+5 dyad drives the conformational equilibrium towards α-he
lical structures, which are predominant in UGR1 (>50%), reduced upon 
removal of P+5 (24%), and completely replaced by 310 helices in 
UGR1ΔFP, which shows a conformational behavior very similar to the 
ARRDC3 or ENaC ligands (Fig. 6B). Removal of L+3 in UGR1ΔLFP 
completely abolishes the formation of stable secondary structure ele
ments, producing more extended structures and a higher conformational 
dispersion, as observed for the Ebola and HTLV1 ligands. 

The C-terminal Y0-L+3 helical turns in the different ligands are sta
bilized by highly populated intra-molecular hydrogen bonds between 
Ser-1 at the central position of the PPxY motif and Glu+2. Both residues 
were strongly selected at these positions from the phage-display library 
containing the -LFP motif (see Fig. 1). These include: a) a hydrogen bond 

between the carbonyl oxygen of Ser-1 and the amide nitrogen of residues 
at position +2 (Glu/Thr) or, less frequently, at position +3 (Leu/Ala/ 
Val) and b) two additional hydrogen bonds implicating Ser-1 and the side 
chain atoms of Glu+2 (Thr+2 in dr-Comm) (Fig. 7B). The frequency of 
occurrence of these hydrogen bonds in the UGR1 ligand is reduced be
tween 10 and 15% upon removal of the FP dyad and dramatically drops 
when the full LFP motif is eliminated. 

The stability of the Y0-L+3 helical conformation influences the for
mation of intermolecular hydrogen bonds between the ligand and the 
NEDD4-WW3 domain. Two highly populated hydrogen bonds are 
observed in the UGR1 complex implicating the carbonyl oxygens of 
ligand residues D-5 and P-2 and the side chains of W868 and T866 at the xP 
pocket (Fig. 7C). These two hydrogen bonds are found in all other 
complexes, being highly populated for those ligands presenting Y0-L+3 
helical conformations and rare (occupancies <25%) for the Ebola and 
HTLV1 complexes, which show a different and more dispersed pattern of 
hydrogen bonds. The UGR1 LFP triad does not influence the D-5/W868 
interaction, but it affects the P-2:O/T866:Oγ hydrogen bond: 83% 
occurrence for UGR1 that is reduced by 10% upon removal of the FP 
dyad (to the levels of the other helix-forming ligand ARRDC3, ENaC, and 
dr-Comm), and by 30% in the absence of the full -LFP motif. 

Packing of Y0 at the xY pocket is optimal for L+3–containing ligands 
(ENaC, dr-Comm, UGR1, UGR1ΔP, and UGR1ΔFP), but does not seem to 

Fig. 4. Modulation of NEDD4-WW3 confor
mational behavior upon ligand binding. 
Mapping of the chemical exchange regime 
(green: fast exchange; blue: intermediate 
exchange; red: slow exchange) of the 
NEDD4-WW3 residues upon binding of the 
UGR1 (a) and UGR1ΔLFP (b) ligands. The 
insets illustrate, as an example, the differ
ential behavior of residue L873 at the 
NEDD4-WW3 C-terminus, distant from the 
binding site. (c) Differential Scanning Calo
rimetry thermal denaturation profiles of 
NEDD4-WW3 free (grey) and in complex 
with UGR1 (wine) and UGR1ΔLFP (yellow). 
Symbols correspond to the experimental 
data for the temperature dependency of the 
partial molar heat capacity at pH 7.0. Solid 
red lines correspond to the best fit to a two- 
states thermodynamic model. (For interpre
tation of the references to colour in this 
figure legend, the reader is referred to the 
web version of this article).   
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be strongly influenced by the presence of the FP dyad (Fig. 7A, right 
panel). The situation is different for the interactions at the xL pocket 
(F857, I859 and T866), which are only observed for those ligands adopting 
a helical turn at the Y0-L+3 region, since the more extended conforma
tions, predominant for HTLV1, Ebola, or UGR1ΔLFP, place the C-termini 
far from this region. In this case, the conformational effects imposed by 
the F+4P+5 dyad strengthen L+3 interactions with residues F857 and T866 
at the xL pocket (Fig. 7A, left panel). In the case of the L+3-T866 inter
action, the average distance in the UGR1 simulation is significantly 
reduced (up to 6 Å smaller) compared to all other helix-forming ligands 
(ENaC, dr-Comm, UGR1ΔP or UGR1ΔFP). 

2.5. The LFP triad enhances the effect of ligand binding on NEDD4-WW3 
intramolecular interactions and dynamics 

The effect of the -LFP motif propagates throughout the domain 
structure, inducing changes in the frequency of occurrence of WW intra- 
domain hydrogen bonds that extend to the N- and C- terminal ends of the 
domain (Fig. S7A). The effects on hydrogen bond occupancy are subtle 
to moderate (between 5 and 15%) for the backbone interactions (Fig. 
S7B) but become more significant (> 25%) for some side chain hydrogen 
bonds (Fig. S7C). This is the case of the interactions implicating the side 
chains of E847 and R849 as well as the backbone atoms of V848 at the first 
β strand, located between 6 and 14 Å away from the ligand in the model 
structure. In the UGR1 complex, the R849 side chain is engaged in long- 
lived intramolecular hydrogen bonds with the Oε atoms of the E857 side 
chain (60% of the simulation time) and the carbonyl oxygen of V848 
(20%). These interactions are rare (<10%) in the UGR1ΔLFP simulation, 
where an E857: Oε -V848:N hydrogen bond becomes predominant. 
Additionally, changes in the average contact distance (up to 0.4 Å) are 
observed for the interactions established by the C-terminal P871 with 
other residues (P843, W848, F858) in the hydrophobic buckle, key for the 
stability and cooperativity of the WW domain (Fig. S6D). 

These observations suggest that the -LFP motif could be modulating 
the effects of ligand binding on the conformational dynamics of the 
NEDD4-WW3 domain and that such changes could be at the origin of the 
large energetic effects elicited by the LFP triad. Considering that large- 
scale structural fluctuations are not easily captured on the time scale 
accessible for our all-atom MD simulations, the equilibrium dynamics of 
the free domain, the UGR1 and UGR1-ΔLFP complexes were studied 

using coarse-grained Normal Mode Analysis (NMA) [53,54]. This study 
confirms that binding of the ligand has a strong impact on the overall 
dynamics and cooperativity of the NEDD4-WW3 domain, as indicated by 
the NMR and DSC results. This is illustrated in Fig. 8, showing the effects 
of UGR1 binding on the degree of correlation between the movement of 
the different residue pairs in the NEDD4-WW3 domain. In the free 
domain strong correlations between residues are mostly associated with 
trivial connections between contiguous amino acids and adjacent sec
ondary structure elements (see the contact map in Fig. 8 as a reference), 
while correlations between distant elements in the domain, including 
the N- and C-terminal tails, are scarce and relatively weak. The presence 
of the ligand strengthens long-range couplings throughout the domain 
and enhances concerted motions of regions that were poorly correlated 
in the absence of the ligand. These include, in good agreement with the 
MD and NMR results: a) residues conforming the hydrophobic buckle, 
such as P871, P843, and W846; b) binding site residues, such as K864 and 
T866 at the xY pocket; c) residues E847, V848 and R849 at the β1 strand; 
and d) the highly flexible N- and C-terminal tails, now strongly con
nected with each other and with all β strands and loops in the domain. 

The increase in cooperativity upon ligand binding is also apparent in 
the perturbation/response matrices derived from the NMA simulations 
(see Figs. S8, S9 and S10 for the free domain, the UGR1ΔLFP complex 
and the UGR1 complex respectively). In both complexes, perturbations 
at distal N- and C-terminal residues induce strong responses throughout 
the domain structure, which are not observed for free NEDD4-WW3, 
including residues at the hydrophobic buckle (P843 or P871) and the 
binding site, such as K864 (xY pocket), T866 (xY, xP and xL pockets) and 
W868 (xP pocket). The presence of the -LFP triad further modulates the 
perturbation/response patterns. For example: a) it increases the 
response of the ligand PPSY0 core motif to the domain N- and C- termini; 
b) for the UGR1 complex, perturbations at the residues +1 to +5 in the 
ligand elicit strong responses in binding site and hydrophobic buckle 
residues that are not produced in the truncated UGR1ΔLFP complex; and 
c) the responses of residues W846 (hydrophobic buckle), E847-V848-R849 
(β1), and P856-F857 (β2) to perturbations at the β1-β2 loop are also 
enhanced. Of special interest are the effects induced by the -LFP triad on 
residues T866 and I859 at the binding site. The response of T866, impli
cated in the xP, xY. and xL pockets, to perturbations at other binding site 
residues (I859, H861, or W868) is weak in the truncated complex but be
comes very strong in the presence of the -LFP triad. In turn, the -LFP 
motif does not affect the response of I859 to other binding site residues 
(very strong in both complexes) but significantly increases its response 
to most residues in the hydrophobic buckle (W846, F858, and P871). 

These results are in excellent agreement with the changes in 
hydrogen bond and contact distances observed in the all-atom MD 
simulations and the experimental NMR results, showing that the effects 
of the -LFP motif on the ligand/domain interactions are mostly mediated 
through T866, which shows the strongest NMR-CSP differences (Fig. 3), 
enhanced intermolecular hydrogen bonds with P-2, and improved 
packing at xL pocket (Fig. 7). These effects seem to be relayed to the 
NEDD4-WW3 domain through the interplay between T866 and I859, 
affecting different regions of the domain, including the hydrophobic 
buckle, key for domain stability and cooperativity. 

3. Discussion 

The massive screening of large peptide libraries by phage-display has 
allowed us to identify high-affinity ligands for the NEDD4-WW3 
domain, overcoming the difficulties inherent to WW domain recogni
tion. The 150 nM dissociation constants of our UGR peptides are, to the 
best of our knowledge, the highest binding affinities reported for an 
isolated WW domain (between 1 and 2 orders of magnitude higher than 
other ligands). These results prove that high binding affinity is attain
able for the recognition of monovalent ligands by isolated WW domains, 
even though these domains have evolved to mediate weak and transient 
interactions. 

Fig. 5. Structural model of the UGR1/NEDD4-WW3 complex. The xP (wine) 
and xY (blue) pockets at the binding site are highlighted as a mesh represen
tation on the surface of the NEDD4-WW3 domain and the UGR1 ligand is shown 
as a ribbon. The most relevant residues in UGR1 are shown as colored sticks: 
P-2P-3 (violet), Y0 (blue) and the L+3F+4P+5 motif (dark cyan). (For interpre
tation of the references to colour in this figure legend, the reader is referred to 
the web version of this article). 
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The VLP experiments also demonstrate that these high-affinity pep
tides, identified against the isolated NEDD4-WW3 domain, effectively 
interfere with the interactions between the full-length proteins (human 
NEDD4 and the viral VP40 matrix protein) in a cellular setup, inhibiting 
budding in Ebola and Marburg viral models and live VSV virus. Previous 
reports have described the identification and optimization of small- 
molecule inhibitors of the NEDD4/VP40 interaction through virtual 
screening against the NEDD4-WW3 domain structure [11,13,55]. The 
identified compounds showed good antiviral activity in cellular assays 
and against live virus, but the actual interaction with the NEDD4-WW3 

domain was not experimentally established. We present here direct 
biophysical evidence that blocking the WW domain binding site impedes 
the NEDD4/VP40 interaction in a cellular setup, and confirm that high- 
affinity ligands of the isolated NEDD4-WW3 domain are good starting 
points for the development of antivirals. Because of their peptidic na
ture, the UGR ligands present several drawbacks (low oral bioavail
ability, limited stability to proteolytic enzymes, poor bio-distribution, 
risk of immunogenic effects, as well as high production costs) that 
hinder their therapeutic application. In the search for broad-spectrum 
antivirals for early intervention against new viral outbreaks, typically 

Fig. 6. Impact of the C-terminal residues on the conformational preferences of the ligands. (a) Ramachandran plots for the ligand residues colored in a rainbow 
scheme from highly populated (red) to low frequency (blue) conformations. (b) Occupancy of the α helix (red), 310 helix (green) and turn (blue) structures at 
positions Y0-X+3 for the different ligands, calculated with the CPPTRAJ tool in AMBER according to the DSSP algorithm. The Ebola and HTLV1 ligands, showing 0% 
occupancies in all cases, have not been included in the figure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article). 

Fig. 7. Molecular dynamics analysis of the interactions established within the NEDD4-WW3 complexes. The different ligands are colored according to the scheme: 
UGR1 (wine), UGR1ΔP (red), UGR1ΔFP (orange), UGR1ΔLFP (yellow), Ebola (dark green), HTL.1 (light green), ARRDC3 (navy blue), ENaC (cyan) and dr-PPPY 
(purple) ligands. (a) Average distance between the Y0 and X+3 residues in the ligand and the xY (left panel) and xL (right panel) pockets. Shown are the calcu
lated distances between the residue centroids averaged throughout the trajectory together with the corresponding standard deviations (error bars). (b) Frequency of 
occurrence of the intra-molecular hydrogen bonds in the different ligands. (c) Frequency of occurrence of inter-molecular hydrogen bonds between the NEDD4-WW3 
domain and the different ligands. Shown are the interactions with occupancies >5%. Upper panels include the data for UGR1 and its truncated variants, while the 
other ligands are shown in the lower panels. Those ligands residues differing in sequence with respect to UGR1 have been noted with an * symbol. (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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occurring in developing countries, cheaper and orally bioavailable drugs 
would be desirable. Nonetheless, the high affinity UGR peptides are 
good starting points for the development of peptidomimetic derivatives. 
These peptides are also of interest as tools to study the cellular effects of 
altering NEDD4-WW3 recognition and to develop/optimize high 
throughput strategies, where they could be used as competitive tracers 
to screen for potent inhibitors of NEDD4-WW3 interactions. Finally, 
fluorescent conjugates of the UGR peptides could also be of interest to 
improve the resolution of Fluorescence Polarization assays, extremely 
dependent on the probe's binding affinity and currently limited by the 
low binding affinity the natural NEDD4-WW3 ligands [56]. 

Additionally, the detailed biophysical study of the UGR1 peptide and 
its variants provides valuable insight into the molecular determinants of 

high-affinity for NEDD4-WW3, which are also of general interest for WW 
domain recognition. Our results show that the nanomolar binding af
finity of the UGR peptides is associated with a bulky and rigid FP moiety 
at the C-terminus of the ligand that elicits remarkable energetic effects 
without contacting the NEDD4-WW3 domain. In fact, structure-based 
calculations of the intrinsic binding enthalpy (associated with the 
direct interactions at the binding interface [57]) do not account for the 
large reduction in binding enthalpy produced by the removal of the LFP 
motif (ΔΔHUGR1-UGR1ΔLFP = -37 kJ⋅mol-1). On the contrary, opposing the 
experimental observations, the intrinsic binding enthalpy predicted for 
the UGR1 ligand is smaller than that calculated for the UGR1ΔLFP 
truncated variant, due to the apolar area contributed by the LFP motif 
(see Table S2). The structure-based calculations also fail to account for 

Fig. 8. NMA residue-residue cross-correlation matrices between residue fluctuations. Shown are the raw correlation values for each pair of residues in the WW 
domain for the free NEDD4-WW3 domain (left panel) and the NEDD4-WW3/UGR1 complex (right panel). Each position is colored with a white to green gradient for 
positively correlated pairs (moving in the same direction) and white to red gradient for anti-correlated pairs. Residues conforming the binding site and the stabilizing 
hydrophobic buckle are marked by red ables and red lines and by blue abels and blue lines, respectively. For comparison, the lower panel shows the 2D connectivity 
map, where each dot represents a spring connection between two residues in the calculations. (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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the large increment in binding heat capacity induced by the -LFP triad 
(ΔΔCpUGR1-UGR1ΔLFP = -1.2 kJ⋅K-1 mol-1), even though ΔCp values are 
generally predicted from structure with high accuracy [58]. These dis
crepancies are in agreement with numerous reports indicating that WW 
binding, and, in general, polyproline recognition by protein interaction 
modules, cannot be well understood attending exclusively to the direct 
contacts of the interacting surfaces [30,59], and support the idea that 
conformational effects play a major role in WW recognition [20]. 

In agreement with this idea, the MD analysis shows that the presence 
of the bulky and conformationally constrained F+4P+5 dyad facilitates 
the adoption of helical conformations in the Y0-L+3 region, which are 
further stabilized by capping-like interactions implicating backbone and 
sidechain atoms of residues S-1 and E+2 (Fig. 7B). These two features 
seem to act synergically to achieve submicromolar binding. The same 
hydrogen bonding pattern is observed for the helix-forming ARRDC3, 
ENaC, and dr-Comm natural sequences, but does not suffice for tight 
binding in the absence of the -LFP motif, which is required to achieve 
high occupancies for the capping interactions in the UGR1 variants 
(Fig. 7B). Also, for the constraining effect of the -LFP motif to efficiently 
translate into high binding affinity, strong helical tendencies at Y0-L+3 
region seem to be required. In fact, the elongation of the linear Ebola 
Late domain peptide to include an equivalent -I+4YP+6 motif present in 
the natural Eb-VP40 sequence (ILPTAPPEY0MEA+3IYP) only induces a 
small improvement in binding affinity (Table 1), probably due to the 
electrostatic repulsion between the two glutamic side chains at positions 
-1 and +2, which would hinder helicity in this region. 

MD simulations also show that the helical conformations stabilized 

by the -LFP motif in the UGR1 ligand facilitate the contacts between the 
domain and the L+3 side chain, which, in turn, modulate packing of the 
P-2PxY0 core motif at the binding site (Fig. 7). This is in agreement with 
the strong differences in NMR-CSP values between the UGR ligands and 
the ΔLFP truncated variants observed for residues binding site residues 
F857, I859, and T866 (Fig. 3). In fact, for the set of NEDD4-WW3 com
plexes studied here, the % of occupancy of Y0-L+3 helical (α + 310) 
conformations in the MD trajectories strongly correlates to a) the 
average packing distance of Y0 at the xY pocket (R = 0.94) (Fig. 9A); b) 
the formation of the P-2:O/T866:OG intermolecular hydrogen bond (R =
0.93), observed with varying frequencies and lengths in all ligands, 
excluding the Ebola and HTLV Late domain peptides (Fig. 9B); and c) the 
average contact distance between L + 3 and T866 (R = 0.89) (Fig. 9C). A 
weaker correlation and higher dispersion are, nonetheless, observed for 
the D-5:O/W868:NE1 hydrogen bond at the xP pocket (R = 0.71) 
(Fig. 9D). 

Moreover, our results consistently indicate that the impact of the 
-LFP triad goes beyond the mere strengthening of the direct interactions 
at the binding site pockets. In previous studies we have shown that 
binding of the isolated PPPY motif elicits a high percentage of the 
experimental binding enthalpy (between 50 and 70%), suggesting that a 
good part of the conformational reorganization induced by ligand 
binding is caused by the insertion of the core motif in the xP and xY 
pockets [20]. This parallels the situation described for SH3 domains, in 
which the stacking of the xP moieties between the aromatic side chains 
lining the two conserved xP pockets at the binding site (in a configu
ration much similar to the xP pocket in WW domains) has been shown to 

Fig. 9. Correlation between the occupancy of Y0-L+3 helical conformations (α + 310) in the MD trajectories and A) the average packing distance of Y0 at the xY 
pocket; B) the frequency of occurrence of the P-2:O/T866:OG intermolecular hydrogen bond; C) the average contact distance between L+3 and T866 and D) the 
frequency of occurrence of the D-5:O/W868:NE1 hydrogen bond at the XP pocket. 
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perturb the hydrogen bond network throughout the domain, trans
mitting the binding site perturbation in a domino-like fashion to distant 
regions in the domain, and contributing to the large enthalpic changes 
associated to polyproline binding to SH3 domain [32,60]. The experi
mental and computational results presented here paint a similar picture 
for the NEDD4-WW3 domain: ligand binding has a strong impact on the 
domain conformational behavior, modulating intramolecular in
teractions, dynamics, and cooperativity. These effects are magnified by 
the presence of the -LFP motif which alters the intramolecular hydrogen 
bond network, the packing interactions at the hydrophobic buckle, and 
the overall dynamics of the WW domain, enhancing cooperativity and 
eliciting strong energetic effects. 

In agreement with this idea, a remarkable correlation is also 
observed between the helical content of the ligands and the experi
mental binding Gibbs energy (Fig. 10A) as well as the conformational 
contributions to the binding enthalpy (ΔHconf) calculated from structure 
(Fig. 10B) (R = 0.97 and R = 0.93 respectively). A weaker correlation is 
found for the experimental binding enthalpies, which show a larger 
dispersion (Fig. 10C). This further sustains the idea that the improve
ment in binding affinity and binding enthalpies associated to the -LFP 
motif arise from conformational effects. The ENaC ligand is a clear 
outlier in these correlations, since, despite its high helical content, it 
presents moderate values of binding affinity and binding enthalpy. 
Interestingly, the interaction pattern for this ligand differs from the 
other complexes: the S-1-E+2 capping interactions are substituted by a 
single hydrogen bond between A-1:O and T+2:Oγ that induces different 
conformational preferences at T+2 and stronger hydrogen bonds be
tween W868 and the N-terminal region of the ligand (see Figs. 6 and 7). 

This observation, together with the fact that no strong preferences were 
found for the N-terminal positions in the phage display screening, 
further highlights the importance of the C-terminal region of the pep
tides and their interaction with residues T866 and I859 to achieve high 
affinity against NEDD4-WW3. 

In summary, our competitive phage display set-up has allowed us to 
exploit the high flexibility and low cooperativity characteristic of the 
NEDD4-WW3 domain to achieve high binding affinity, an unattainable 
task by rational design. The resulting sequences (UGR1 and UGR2 li
gands) can overcome one of the major obstacles in rational design (the 
strong enthalpy/entropy compensation effects associated with low- 
affinity interactions and coupled folding/binding equilibria) producing 
improvements in binding affinity up to 2 orders of magnitude. In 
agreement with previous studies with natural ligands [20,38], our re
sults confirm that binding of these high-affinity ligands drastically 
narrows the wide and conformationally heterogeneous native state 
ensemble of the free NEDD4-WW3 domain, inducing a marked increase 
in cooperativity. We find that the two synergic features selected by 
phage display (-1/+2 capping interactions and the C-terminal -LFP 
motif) produce ligands that modulate the NEDD4-WW3 conformational 
distribution more efficiently than natural sequences, inducing larger 
changes in dynamics and cooperativity. Through indirect conforma
tional effects, the UGR peptides elicit remarkable energetic responses 
resulting in extremely large changes in binding enthalpy and heat ca
pacity, a thermodynamic characteristic of coupled folding/binding 
equilibrium in intrinsically disordered systems [61]. The UGR1 values 
almost double in magnitude those obtained for the natural sequences 
and the UGR truncated variants, further sustaining the idea that the -LFP 

Fig. 10. Correlation between the occupancy of Y0-L+3 helical conformations (α + 310) in the MD trajectories and A) the experimental binding Gibbs energy; B) the 
conformational contributions to the binding enthalpy derived from structure-based calculations shown in Table S2; C) the experimental binding enthalpies. 
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motif enhances the conformational redistribution of the NEDD4-WW3 
domain. 

Moreover, by combining irrational phage-display approaches with a 
detailed biophysical characterization of the system we have been able to 
identify specific and very localized features in the ligand (the -LFP triad) 
and the NEDD4-WW3 domain (residues T866 and I859) that play a pivotal 
role for tight binding. These two residues, which delimit the xP and xY 
binding pockets, had been identified in previous studies as key elements 
for the binding site plasticity observed in WW domain complexes. In 
fact, the analysis of the structural/energetic database of WW-domain 
complexes revealed that the best ligands, showing low micromolar 
binding, systematically induced a specific conformer on the I859 side 
chain [20]. In agreement with this scenario, the different experimental 
and computational studies of UGR1 binding presented here consistently 
highlight the role of T866 as a key element to achieving binding affinity 
through optimized interactions at the xP, xY, and especially at the xL 
pocket. The interplay between T866 and I859 has also emerged from our 
analysis as an important feature for the efficient propagation of binding 
effects throughout the domain. These results pave the way for the 
development of highly focused virtual screening campaigns to identify 
non-peptide inhibitors with the right choice of rigid scaffolds mimicking 
the conformational properties and interaction patterns found to be key 
for high-affinity against NEDD4-WW3, in search for novel and improved 
broad-spectrum antivirals as well as potential therapeutic agents for the 
treatment of cancer, hypertension or neural disorders. 

4. Materials and methods 

4.1. Protein expression and purification 

The NEDD4-WW3 (residues 834 to 878 from isoform 1 of human 
NEDD4 protein; UniProtKB code P46934) was expressed in E. coli BL21/ 
DE3 cells as N-terminal His-tag-GST fusion protein with a TEV protease 
restriction site engineered between the WW domain and the His-tag- 
GST. The expression and purification protocols for unlabelled and uni
formly labelled 15N NEDD4-WW3 have been previously described in 
detail [37,62]. Briefly, the over-expressed fusion protein was purified 
from the soluble fraction of the cell lysate by nickel affinity chroma
tography. For phage display studies, protein-containing fractions were 
diluted down to 2 μM in PBS buffer pH 7.4 with 1 mM DTT, frozen in 
liquid nitrogen and stored at -80 ◦C. For ITC and NMR studies the GST- 
His-tag was removed by controlled hydrolysis with recombinant TEV 
protease and subjected to a second nickel affinity chromatography step 
followed by a gel filtration on a HiLoad Superdex 75 column (GE 
healthcare Life Science). The purified isolated domain was concentrated 
up to 2 mg⋅mL-1 in 40 mM sodium phosphate pH 7.0, frozen in liquid 
nitrogen and stored at -80 ◦C. The purity and integrity of the proteins 
were checked by SDS-Page and mass spectrometry (Mass Spectrometry 
Service of the CIC at the University of Granada) and estimated to be 
above 99%. 

4.2. Peptide ligands 

Synthetic peptides were purchased from JPT (Berlin, Germany). 
Peptides used for competitive ELISA and ITC were acetylated and ami
dated at their N- and C-termini, respectively. The Tat-tagged peptides 
used for the in vivo assays were synthesized with free N- and C-termini. 
In all cases, peptides were synthesized in the solid phase and their mo
lecular masses were confirmed by mass spectrometry. Peptide purity 
was assessed by analytical HPLC and confirmed to be >98%. 

4.3. Nomenclature and systematic notation 

The different residues in the peptide ligands were numbered taking 
the most relevant position (the tyrosine residue in the PPxY motif) as 
zero, according to the standard notation in [63]. Residues N-terminal 

from this position follow a negative progression whereas residues C- 
terminal are denoted by positive numbers. The NEDD4-WW3 domain 
was numbered according to the full-length isoform 1 of human NEDD4 
protein registered at the UniProtKB (code P46934), ranging from the N- 
terminus position 834 to the C-terminus position 878. 

4.4. Protein and peptide concentrations 

Protein concentration was measured by absorbance at 280 nm using 
molecular weights of 34,410 Da (GST-NEDD4-WW3) or 5568 Da 
(NEDD4-WW3), and extinction coefficients of 54,490 cm-1⋅M-1 and 
11,380 cm-1⋅M-1, respectively, determined as described by Gill & von 
Hippel [64]. Peptide concentration was determined by absorbance at 
278 nm using an extinction coefficient of 1450 M-1⋅cm-1 per Tyr residue. 

4.5. Phage display 

The multivalent pVIII library was generated using the pRSTOP4 
phagemid as template and monovalent pIII libraries were based on the 
pS2202d phagemid. Phagemid templates were kindly provided by Dr. 
Sachdev Sidhu (University of Toronto). 

The pVIII-x12 gene library encoding random dodecapeptides was 
fused to the phagemid region coding for the N-terminus of the gene-8 
major coat protein of M13 phage and electroporated for 5 millisec
onds in SS320 electrocompetent cells according to the protocol 
described in here [41]. The resulting library of ~1011 unique members 
was purified and screened for three rounds against the target GST- 
tagged protein, the GST-NEDD4-WW3 domain, by following a stan
dard procedure for the identification of binding motifs for Peptide 
Recognition Modules (PRM) described in detail here [21,41]. 

In short, standard rounds began by immobilizing 100 μL per well of 
the target protein, at 2 μM concentration in Phosphate Saline Buffer 
(PBS) pH 7.4, overnight and at 4 ◦C, on a Maxisorp 96-wells plate 
(M9410-1CS, NUNC ®); the rest of the selection round was performed at 
room temperature. Second, the plate was blocked with 200 μL per well 
of PBS supplemented with BSA, and incubated for 1 h, before the binding 
step was performed. The remaining steps of the selection round were 
performed with gentle orbital shaking. 100 μL per well of the phage pool 
was subsequently added and left to incubate for 2 h with the target 
protein. Weak and non-specific binders were removed after by 3 
consecutive washes with 200 μL per well of PBS-Tween20. Specific 
phage binders were eluted by adding 100 μL per well of 0.1 M HCl and 
then neutralized by adding a basic solution of Tris-HCl 1 M. To perform 
the next selection cycle, eluted phages at neutral pH were amplified by 
an overnight infection of a culture of XL1-Blue E.Coli (200,249, Agi
lent®) once the OD600nm reached 0.6, in the presence of a M13 Helper 
Phage (M13KO7 Helper Phage, New England Biolabs), and Ampicillin 
and Kanamycin as selection antibiotics. These protocols have been 
described in detailed elsewhere [41]. 

The top-scoring 25 peptide-phage clones were identified by phage- 
ELISA as described in [41]. Briefly, for standard phage ELISA, 30 μL 
per well of a 2 μM solution of either the GST-tagged NEDD4-WW3 
domain (positive control), or the GST alone (negative control), were 
immobilized overnight and at 4 ◦C on a 384-wells Maxisorp plate; the 
rest of the assay steps were carried at room temperature. Each well was 
subsequently blocked with 60 μL of PBS-BSA for 1 h, and then 30 μL of 
individual supernatants from each phage clone were incubated in 
duplicate, against the target protein and the negative control, for 2 h 
with shaking. After washing with 60 μL of PBS-Tween20 for 3 times, 
specific primary anti-M13-HRP monoclonal (GE life sciences®) at 
1:1000 and reagents from TMB substrate kit (Pierce ®) were sequen
tially added, according to manufacturer's standard protocols, and as 
described in [41]. Finally, absorbance readings at 450 nm were per
formed in a Tecan Infinite® plate reader. 

The peptide-encoding regions of the respective top 25 clones pre
senting maximal positive control/negative control absorbance ratios 
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were then amplified by PCR using a Phusion High Fidelity DNA poly
merase (NEB), whose amplicon was further confirmed by gel electro
phoresis, and subsequently purified with the ExoSAP-IT kit (Affimetrix) 
before a final DNA sequencing step. 

The pIII-x5(L/P)P(S/T)Yx5 and the pIII-x5(L/P)P(S/T)xxLFP phage 
libraries were fused to the region of the pSS202d phagemid coding for 
the N-terminus of the gene-3 protein of M13. Following the standard 
procedure described above, a pIII-x5(L/P)P(S/T)Yx5 library was pro
duced at a variability of ~1010 members, which was then screened for 
four standard rounds against 2 μM GST-NEDD4-WW3 as described 
above. 

For the more constrained pIII-x5(L/P)P(S/T)xxLFP library, a library 
of ~109 members was screened for six selection/amplification rounds. 
For this, the round 3 amplified phage pool was split in two aliquots, 
which were screened under two parallel protocols of incremental 
stringencies, requiring the following modifications from rounds 4 to 6. 
Protocol A: A phage aliquot was incubated for 2 h against half the con
centration of immobilized GST-NEDD4-WW3, 1 μM concentration, 
following the rest of the standard selection/amplification procedure. 
Such modified selection cycle was repeated for two extra rounds, from 
where individual phage-binders were isolated and assayed by ELISA (see 
below). Protocol B: An additional step was added before the incubation 
of the phage-binding pool with respect to Protocol A. For this, 200 μL per 
well of an equimolar solution of the high-affinity peptide P53BP2 was 
pre-incubated with the same stock of GST-NEDD4-WW3 at 1 μM con
centration while immobilizing. P53BP2 leftovers were then washed-off, 
and the corresponding phage aliquot was subsequently incubated and 
screened following the standard protocol. This modified selection cycle 
was equally repeated for two extra rounds in parallel to protocol A. 

In order to compare the outcomes from protocols A and B, the 
standard phage ELISA described above was modified in a two-steps 
assay workflow. 1) Individual phage clones from each round were 
amplified and their corresponding supernatants were tested for specific 
binding against 1 μM of immobilized GST-NEDD4-WW3, following the 
rest of the standard ELISA protocol. 2) Top scoring ELISA binders from 
step one were then re-assayed against 1 μM of GST-NEDD4-WW3/ 
P53BP2 complex, which was immobilized as in stringent selection 
rounds from Protocol B. From the binding incubation step, the rest of the 
ELISA followed the standard procedure. Finally, absorbance ratios were 
compared for each phage clone supernatant in the absence and in the 
presence of the P53BP2 competing agent. 

4.6. Virus-like-particle (VLP) budding assays 

BHK-21 and HEK293T cells were maintained in Dulbecco's modified 
Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS), 
penicillin (100 U⋅ml-1)/streptomycin(100 g⋅ml-1) at 37 ◦C in a humidi
fied 5% CO2 incubator. Anti-VSV-M monoclonal antibody 23H12 was 
kindly provided by D. Lyles (Winston-Salem, NC); anti-flag monoclonal 
antibody was purchased from Sigma-Aldrich. VSV WT virus was prop
agated in BHK-21 cells as described previously [50]. 

VLP assays were performed in HEK293T as previously described [11] 
using eVP40 or mVP40 expression plasmids and incubating the trans
fected cells with 10 to 30 μM YGRKKRRQRRRRPPQ-LDSLPSYSELFP 
(Tat-UGR2) peptide. The isolated Tat-tag [YGRKKRRQRRRRPPQ] and 
the Tat-Tagged p41 peptide, a proline-rich ligand of the Abl-SH3 
domain, [YGRKKRRQRRRRPPQ-APSYPPPPPP] were used as negative 
controls. 

The effect of Tat-UGR2 on the release of Vesicular Stomatitis Virus 
(VSV-WT) was studied in HEK293T cells as described before [55], 
incubating the VSV-infected cells for 4 h with 10 or 30 μM of the Tat- 
tagged peptides. 

4.7. Isothermal titration calorimetry 

ITC experiments were performed with a high-precision ITC-200 

titration calorimeter (Microcal Inc., Northampton, Massachusetts) as 
described before [20]. To minimize ionization effects from the buffer, all 
titrations were performed in 20 mM sodium phosphate buffer, pH 7.0, 
25 ◦C. In most cases, 1 μL of peptide solution at 300–800 μM was titrated 
into the calorimetric cell containing the protein at 30–45 μM. For UGR1- 
ΔLFP titrations, showing lower affinity, higher protein and peptide 
concentrations were used (40 μM and 1.5 mM respectively) and a profile 
of injection volumes from 0.5 to 5 μL was devised to better define the 
titration curve. The heat evolved after each injection was obtained from 
the integral of the calorimetric signal. The heat associated with the 
binding process was calculated as the difference between the heat of 
reaction and the corresponding heat of dilution, obtained from inde
pendent titrations of the peptides into the buffer. The resulting binding 
isotherms were analyzed by non-linear least-squares fittings to a model 
corresponding to a single set of identical sites, as described before [26]. 

4.8. Nuclear magnetic resonance 

1H–15N correlation spectra were recorded at 15 ◦C on a Varian NMR 
Direct-Drive System 600 MHz Spectrometer (1H frequency of 600.25 
MHz). Experiments were recorded in 90% H2O/10% D2O, 20 mM 
potassium-phosphate buffer pH 7 with a protein concentration of 245 
μM and increasing amounts of the ligands. The protein to ligand ratios 
used during the titrations were 1:0, 1:0.25, 1:0.5, 1:1, 1:2, 1:3 and 1:5. 
Protein backbone resonance assignments were obtained as previously 
described [20]. NMR spectra were processed using NMRPipe [65], and 
analyzed using the SPARKY [66] and XEASY [67] programs. 15N and 1H 
chemical shift perturbations (ΔδN) of each amide were calculated from 
the corresponding pair of differential (bound-unbound) chemical shifts 
of the proton (ΔδH) and the nitrogen (ΔδN) by using the following 
equation: 

ΔδHN = (([ΔδH]2+ [ΔδN/6.51]2 ) )1/2 (1)  

4.9. Model building and molecular dynamics 

The X-ray structure of the NEDD4-WW3 domain bound to peptide 
ARRDC3 (PDB ID: 4N7H) [23] was used as a template to build the model 
structure of the UGR1 peptide by replacing residues of ARRDC3 with the 
corresponding amino acids in UGR1 using the design tools in Discovery 
Studio 2.1 Suite (Accelrys Software Inc.). The resulting structures were 
subjected to subsequent refinement using the FlexPepDock webserver 
[68]. 

MD simulations were produced using AMBER14 [69] and the ff03 
force field [70]. The starting structures were solvated in a truncated 
octahedron box of water, and counter-ions were added to neutralize the 
charges. The system was then minimized with a harmonic restraint at 
the protein atoms for 2000 steps. Finally, the full system was equili
brated. All trajectories were generated at a constant temperature (298 K) 
and pressure (1 atm), under periodic-boundary conditions. Electrostatic 
interactions were computed using the Particle Mesh-Ewald algorithm 
with a real-space cut-off distance of 12 Å for the van der Waals in
teractions. The Langevin scheme was used to control temperature and 
pressure. MD trajectories were recorded every 2 ps. Three independent 
50 ns replicas were generated for each complex structure that were 
combined in to a single 150 ns trajectory and analyzed using Amber
Tools 14 and CPPTRAJ commands considering the default threshold for 
hydrogen bond formation and the DSSP algorithm for secondary struc
ture assignment. Inter-residue distances were calculated as the distances 
between the center of mass of the corresponding side chains. 

4.10. Coarse grained normal mode analysis 

Coarse-grained normal mode analysis (NMA) based on Elastic 
Network Models derived from structure (ENM) [53,54] was performed 
using the FlexServ (http://mmb.irbbarcelona.org/FlexServ/) [53] and 
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Dynomics (http://dynomics.pitt.edu/) packages [54]. The UGR1 and 
UGR1ΔLFP modeled structures were used for the calculations. For the 
free domain two options were considered that rendered equivalent re
sults: the X-ray structure of the unliganded NEDD4-WW3 (chain A in 
4N7F pdb file) and the domain structure extracted from the model 
complexes. FlexServ calculations were performed with a mixed 
formalism based on the multiparametric fitting of NMA to atomistic MD 
simulations, using default parameters [71]. The Dynomics calculations 
were performed with a cutoff for ANM modes of 15 Å, producing a total 
of 20 slow modes that were subsquently considered for the analysis. The 
two algorithms produced consistent cross-correlation matrices for the 
different structures. Dynomics allows the identification of sensors and 
effectors based on the Perturbation-Response-Scanning method adapted 
to GNM. A response matrix was generated using the 20 slowest modes in 
which the ith element provides a measure of the sensitivity of node i to 
perturbation at node j [72]. 
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