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Abstract

While being devoid of the ability to recognize ligands itself, the WW2 domain is believed to aid 

ligand binding to WW1 domain in the context of WW1-WW2 tandem module of WWOX tumor 

suppressor. In an effort to test the generality of this hypothesis, we have undertaken here a detailed 

biophysical analysis of the binding of WW domains of WWOX alone and in the context of WW1-

WW2 tandem module to an array of putative PPXY ligands. Our data show that while the WW1 

domain of WWOX binds to all ligands in a physiologically-relevant manner, the WW2 domain 

does not. Moreover, ligand binding to WW1 domain in the context of WW1-WW2 tandem 

module is two-to-three-fold stronger than when treated alone. We also provide evidence that the 

WW domains within the WW1-WW2 tandem module physically associate so as to adopt a fixed 

spatial orientation relative to each other. Of particular note is the observation that the physical 

association of WW2 domain with WW1 blocks access to ligand. Consequently, ligand binding to 

WW1 domain not only results in the displacement of WW2 lid but also disrupts the physical 

association of WW domains in the liganded conformation. Taken together, our study underscores 

a key role of allosteric communication in the ability of WW2 orphan domain to chaperone 

physiological action of WW1 domain within the context of the WW1-WW2 tandem module of 

WWOX.
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INTRODUCTION

With a modular architecture comprised of a tandem copy of WW domains (designated WW1 

and WW2) located N-terminal to the short-chain dehydrogenase/reductase (SDR) domain 

(Figure 1a), the WWOX tumor suppressor mediates a multitude of cellular activities 
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including growth, proliferation, apoptosis and tumor suppression (1–3). In particular, 

aberrant expression of WWOX is believed to be linked to the progression of many forms of 

cancer, including those of breast and prostate (4–11). Notably, the ability of WWOX to 

drive cellular signaling is largely dependent upon the ability of its WW1 domain to 

recognize PPXY motifs located within cognate ligands such as WBP1/2 signaling adaptors 

(12, 13), ErbB4 receptor kinase (14), p73 tumor suppressor (15), and many others (16).

Additionally, these WWOX ligands are cellular targets of WW domains of YAP, a key 

regulator of Hippo signaling cascade involved in regulating the size of organs and in the 

suppression of tumors through inhibiting cellular proliferation and promoting apoptosis (17–

21). In addition to WBP1/2 (22, 23), ErbB4 (24, 25) and p73 (26), YAP transcriptional 

regulator interacts with a wide variety of other cellular proteins such as TMG2 

transmembrane protein (27), PTPN14 phosphatase (28), SMAD7 signaling adaptor (29) and 

PTCH1 transmembrane receptor (30). Importantly, it is believed that WWOX antagonizes 

the transactivation function of YAP by virtue of its ability to competitively bind to these 

proteins and plays a central role in the maintenance of cellular homeostasis (14, 18).

While WW1 domain of WWOX is critical to its ability to recognize putative PPXY ligands, 

no physiological ligands of the WW2 domain have hitherto been identified. Interestingly, we 

previously reported that the WW2 domain structurally stabilizes the WW1 domain within 

the context of WW1-WW2 tandem module and augments ligand binding to WWOX (13, 

31). This earlier work prompted us to postulate that the WW2 domain is an orphan domain 

whose primary physiological role is to chaperone ligand binding to WW1 domain within 

WWOX. However, this hypothesis is only based on a limited set of ligands, namely WBP1/2 

(13) and ErbB4 (31), thereby questioning the extent to which this proposed model might 

also hold true in the case of other ligands. In an effort to address this important question, we 

have undertaken here a detailed biophysical analysis of the binding of WW domains of 

WWOX alone and in the context of WW1-WW2 tandem module to an array of putative 

PPXY ligands—both known ligands of WWOX as well as other ligands of YAP that appear 

to be strong candidates for interacting with WWOX (Figure 1b). Our new study corroborates 

the notion that WW2 is indeed a bona fide orphan domain and additionally provides the 

physical basis underlying its ability to chaperone the WW1 domain within the context of the 

WW1-WW2 tandem module of WWOX.

MATERIALS and METHODS

Protein preparation

WW1 domain (residues 16–50), WW2 domain (residues 57–91) and WW1-WW2 tandem 

module (residues 16–91) of human WWOX were cloned into pET30 bacterial expression 

vectors with an N-terminal His-tag using Novagen LIC technology as described earlier (13). 

All recombinant proteins were subsequently expressed in Escherichia coli BL21*(DE3) 

bacterial strain (Invitrogen) and purified on a Ni-NTA affinity column using standard 

procedures as described previously (13). Further treatment on a Hiload Superdex 200 size-

exclusion chromatography (SEC) column coupled in-line with GE Akta FPLC system led to 

purification of recombinant domains to apparent homogeneity as judged by SDS-PAGE 

analysis. Final yield was typically between 50–100mg protein of apparent homogeneity per 
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liter of bacterial culture. Protein concentration was determined spectrophotometrically on 

the basis of extinction coefficients calculated for each recombinant construct using the 

online software ProtParam at ExPasy Server (32).

Peptide synthesis

12-mer peptides spanning PPXY motifs located within various cognate ligands of WWOX 

and YAP were commercially obtained from GenScript Corporation. The amino acid 

sequence of these peptides is shown in Figure 1b. The peptide concentrations were measured 

gravimetrically.

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were performed on a Microcal VP-ITC 

instrument. All measurements were repeated at least three times. Briefly, WW domains of 

WWOX alone or in the context of the WW1-WW2 tandem module were dialyzed in 50mM 

Sodium phosphate, 100mM NaCl, 1mM EDTA and 5mM β-mercaptoethanol at pH 7.0. All 

experiments were initiated by injecting 25 × 10μl aliquots of 2–4mM of each peptide from 

the syringe into the calorimetric cell containing 1.46ml of 50–100μM of WW domains of 

WWOX alone or in the context of WW1-WW2 tandem module at 25°C. The change in 

thermal power as a function of each injection was automatically recorded using the ORIGIN 

software and the raw data were further processed to yield binding isotherms of heat release 

per injection as a function of molar ratio of each peptide to WW domain construct. The heats 

of mixing and dilution were subtracted from the heat of binding per injection by carrying out 

a control experiment in which the same buffer in the calorimetric cell was titrated against 

each peptide in an identical manner. To determine the equilibrium dissociation constant (Kd) 

and the enthalpic change (ΔH) associated with binding, the ITC isotherms were iteratively 

fit to a one-site binding model by non-linear least squares regression analysis using the 

integrated ORIGIN software as described earlier (13, 33). Notably, all binding 

stoichiometries were fixed to unity while ΔH and Kd were allowed to float during the fitting 

procedure to improve the accuracy of thermodynamic parameters. The free energy change 

(ΔG) upon peptide binding was calculated from the relationship:

(1)

where R is the universal molar gas constant (1.99 cal/K/mol) and T is the absolute 

temperature.

Circular dichroism

Far-UV circular dichroism (CD) measurements were conducted on a Jasco J-815 

spectropolarimeter thermostatically controlled at 25°C. Briefly, 12-mer peptides spanning 

PPXY motifs located within various cognate ligands of WWOX and YAP were dialyzed in 

10mM Sodium phosphate at pH 7.0 and experiments were conducted on 100μM sample of 

each peptide. Data were collected using a quartz cuvette with a 2-mm pathlength in the 185–

255 nm wavelength range and with a slit bandwidth of 2nm at a scan rate of 10 nm/min. All 

data were normalized against reference spectra to remove the contribution of buffer. Each 

data set represents an average of four scans acquired at 0.1 nm intervals. Data were 
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converted to mean ellipticity, [θ], as a function of wavelength (λ) of electromagnetic 

radiation using the following equation:

(2)

where Δε is the observed ellipticity in mdeg, c is the peptide concentration in μM, and l is 

the cuvette pathlength in cm.

Molecular modeling

Structural models of WW1-WW2 tandem module of WWOX alone (unliganded) and in 

complex with p73 peptide (liganded) containing the PPXY motif were built using the 

MODELLER software based on homology modeling (34). Briefly, the structural model of 

unliganded WW1-WW2 tandem module of WWOX was obtained using the NMR structure 

of WW1-WW2 tandem module of FBP21 pre-mRNA splicing factor as a template (PDBID 

2JXW). It should be noted here that the WW domains within the WW1-WW2 tandem 

module of FBP21 are tethered together via a short flexible interdomain linker, which is 

similar to that separating the WW domains of WWOX. To obtain the liganded structure, the 

12-mer p73 peptide was docked onto the WW1 domain within the unliganded structure of 

WW1-WW2 tandem module of WWOX in a 1:1 stoichiometry using the NMR structure of 

the homologous WW domain of YAP bound to a peptide containing the PPXY motif as a 

template (PDBID 1JMQ). In each case, a total of 100 atomic models were calculated and the 

structure with the lowest energy, as judged by the MODELLER Objective Function, was 

selected for further analysis. The atomic models were rendered using RIBBONS (35). The 

quality of the structural models was compared with template structures using DOPE, a built-

in statistical potential in MODELLER similar to ERRAT, and the B-factor plots. The B-

factors for both the model and template structures were calculated in MODELLER for 

consistency. It should be noted here that the WW domains of WWOX share greater than 

50% strong sequence similarity at the amino acid level with their counterparts in both the 

FBP21 and YAP. This implies that the structural model of the WW1-WW2 tandem module 

of WWOX presented here can be relied upon with a high degree of confidence bar the 

physical association, or lack thereof, of constituent WW domains within the modular 

assembly. This latter structural feature was further interrogated using molecular dynamics 

(vide infra).

Molecular dynamics

Molecular dynamics (MD) simulations were performed with the GROMACS software (36) 

using the integrated AMBER99SB-ILDN force field (37, 38). Briefly, the structural models 

of WW1-WW2 tandem module of WWOX alone (unliganded) and in complex with p73 

peptide (liganded) containing the PPXY motif were each centered in a cubic box and 

explicitly hydrated with a water layer that extended 10Å (box size) from the protein surface 

along each orthogonal direction using the extended simple point charge (SPC/E) water 

model (39, 40). The ionic strength of solution was set to 100mM with NaCl and the hydrated 

structures were energy-minimized with the steepest descent algorithm prior to equilibration 

under the NPT ensemble conditions, wherein the number of atoms (N), pressure (P) and 

temperature (T) within the system were kept constant. The Particle-Mesh Ewald (PME) 
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method (41) was employed to compute long-range electrostatic interactions with a spherical 

cut-off of 10Å and a grid space of 1.6Å with a fourth order interpolation. The Linear 

Constraint Solver (LINCS) algorithm was used to restrain bond lengths (42). All MD 

simulations were performed at 300K under periodic boundary conditions (PBC), so as to 

mimic the bulk solvent effect, using the standard “md” leap-frog integrator to solve 

Newton’s equations of motion with a time step of 2fs. For the final MD production runs, 

data were collected every ns over a time scale of 4μs. All MD simulations were performed 

on a Linux workstation using parallel processors at the High Performance Computing (HPC) 

facility within the Center for Computational Science (CCS) of the University of Miami. 

Structural snapshots taken at 200-ns time intervals during the second half of simulation (2–

4μs) were superimposed using MOLMOL (43) and rendered with RIBBONS (35).

RESULTS and DISCUSSION

WW1 but not WW2 domain of WWOX binds to putative ligands

To test the generality of the hypothesis that the WW2 domain of WWOX is an orphan 

domain, we conducted ITC analysis on the binding of WW domains alone and in the context 

of WW1-WW2 tandem module to an array of putative PPXY ligands (Figure 1a). 

Representative ITC isotherms obtained for such measurements are shown in Figure 2, while 

detailed thermodynamic parameters are presented in Tables 1 and 2. Our data show that 

while the WW1 domain of WWOX binds to all ligands in a physiologically-relevant 

manner, the WW2 domain does not (Table 1). Notably, ligand binding to WW1 domain in 

the context of WW1-WW2 tandem module is two-to-three-fold stronger than when treated 

alone (Table 2). These observations are in an excellent agreement with our earlier studies 

indicating that the WW2 domain not only structurally stabilizes the WW1 domain within the 

context of WW1-WW2 tandem module but also augments ligand binding to WWOX (13, 

31). On the basis of these extensive data, we postulate that the WW2 is indeed a bona fide 

orphan domain and that its sole physiological function appears to lie in its ability to act as a 

chaperone and facilitate ligand binding to WW1 domain. It is noteworthy that such 

synergistic action observed here between the WW domains of WWOX appears to be a 

hallmark of WW tandem domains in general (44–50).

Importantly, ligand binding to WW1 domain in the context of WW1-WW2 tandem module 

of WWOX is accompanied by entropic change that is more favorable relative to that 

observed for ligand binding to WW1 domain alone (Figure 3). This finding strongly argues 

that the enhancement in ligand binding to WW1-WW2 tandem module likely results from a 

diminished change in the loss of the disorder of the system, and/or alternatively, from an 

increase in the disorder upon complex formation compared to ligand binding to WW1 

domain alone. Interestingly, the first possibility can be easily rationalized in light of the 

knowledge that the WW1 domain alone is partially unstructured and undergoes folding upon 

ligand binding, while ligand binding in the context of WW1-WW2 tandem module occurs to 

a fully folded WW1 domain (13), thereby reducing the entropic cost. Nevertheless, the 

possibility that ligand binding to WW1-WW2 tandem module may also be accompanied by 

an increase in the disorder cannot be ruled out. Thus, for example, it is conceivable that the 

WW2 orphan domain physically associates with the WW1 domain in the context of WW1-
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WW2 tandem module so as to structurally stabilize it. However, ligand binding to WW1 

domain results in the dissociation of WW2 domain, presumably due to a combination of 

structural and thermodynamic factors. In particular, dissociation of WW2 domain from 

WW1 domain may be necessary to easily accommodate the incoming ligand due to steric 

reasons, while at the same time being entropically favorable due to an increase in the 

disorder of the system.

Differential binding of various ligands to WW1 domain of WWOX does not correlate with 
their structure

Our data presented above show that while WW1 domain of WWOX binds to all putative 

ligands, it does so with differential affinities both alone and in the context of WW1-WW2 

tandem module (Tables 1 and 2). One likely explanation lies in the fact that this is due to the 

differences in residues located within and flanking the consensus PPXY motif of various 

ligands (Figure 1b). Indeed, our earlier studies have shown that the requirement of such 

accessory residues seems to be important for binding affinity though they may not always 

have a critical role (13, 31). However, it is also worth noting that the PPXY-containing 

peptides adopt polyproline type II (PPII) helical conformation upon binding to WW domains 

(51–54). Accordingly, peptide ligands that harbor a PPII-helix in solution in isolation should 

be expected to have an entropic advantage, which could correlate with higher binding 

affinity to cognate WW partners. In order to test whether such conformational advantage 

could also account for the differential binding of various PPXY motifs to WW1 domain of 

WWOX observed here, we conducted far-UV CD analysis on the corresponding peptides 

(Figure 4a).

Our data show that the far-UV CD spectra of all peptides are predominantly characterized 

by the presence of a negative band centered around 205nm with varying intensity. While this 

spectral signature is well-documented for proline-rich peptides harboring random coil 

conformation, PPII-helical peptides are also characterized by the presence of a sharp 

positive band around 225nm (55, 56). The absence of a well-defined 225-nm band is thus 

indicative of the fact that all cognate peptides of WW1 domain of WWOX analyzed here 

possess random coil conformation in solution and thus must undergo a conformational 

change to PPII-helix upon binding. Importantly, the differential intensity of the 205-nm 

band further suggests that the extent of random coil within these peptides substantially 

varies with the WBP2 peptide apparently harboring the largest random coil content while 

PTCH1 occupies the other end of the spectrum. It is also noteworthy that there appears to be 

no correlation between the mean ellipticity at 205nm ([θ]205), which is used here as a 

measure of the extent of random coil content, and the equilibrium dissociation constant (Kd) 

observed for the binding of various peptides to WW1 domain of WWOX (Figures 4a and 

4b). This implies that the molecular origin of the differential binding of various peptides 

most likely resides in their sequence rather than structure.

Structural insights into the physical basis underlying the ability of WW2 domain to 
chaperone and aid ligand binding to WW1 domain of WWOX

In order to shed light on the physical basis underlying the ability of WW2 domain to 

chaperone and aid ligand binding to WW1 domain, we modeled the structure of WW1-
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WW2 tandem module of WWOX using the NMR structure of homologous WW1-WW2 

tandem module of FBP21 pre-mRNA splicing factor as a template (45). Additionally, the 

p73 peptide was docked into the binding groove of WW1 domain in the context of WW1-

WW2 tandem module using the NMR structure of the homologous WW domain of YAP 

bound to a peptide containing the PPXY motif as a template (52). As shown in Figure 5, our 

structural analysis reveals that the WW1-WW2 tandem module adopts a dumbbell-like 

conformation with the WW domains tethered together with what appears to be a highly 

flexible linker. We add that the DOPE and B-factor plots of the structural model of WW1-

WW2 tandem module of WWOX are comparable to the structure of WW1-WW2 tandem 

module of FBP21 used as a template (Figures 6a and 6b), thereby further validating our 

structural analysis though it does not support or argue against the physical association of 

constituent WW domains within the modular assembly.

Notably, the p73 peptide roughly adopts the PPII-helical conformation and binds within the 

hydrophobic groove on the concave face of the triple-stranded β-sheet fold of WW1 domain 

in a canonical manner (51–54) (Figure 5). Moreover, the p73 peptide is largely stabilized by 

intermolecular contacts between sidechain moieties of consensus residues P0, P+1 and Y+3 

located within the PPXY motif of p73 peptide and several highly conserved residues lining 

the hydrophobic groove within the WW1 domain. Thus, the pyrrolidine moiety of P0, the 

first proline within the PPXY motif, stacks against the indole sidechain of W44 in WW1 

domain. The sidechain moieties of Y33/T42 residues within the WW1 domain sandwich the 

pyrrolidine ring of P+1 within the PPXY motif. Finally, the phenyl moiety of Y+3, the 

terminal tyrosine within the PPXY motif, buries deep into the hydrophobic groove and is 

escorted by sidechain atoms of the A35/H37/E40 triad in WW1 domain. It is noteworthy 

here that the apparent lack of ligand binding to WW2 domain largely resides in the lack of 

conservation of W44 of WW1 domain in the structurally-equivalent position, occupied by 

Y85, within the WW2 domain (13, 31).

Of particular significance is the observation that the WW domains within the WW1-WW2 

tandem module of WWOX apparently do not engage in interdomain contacts (Figure 5). 

Such lack of physical association between the WW domains is indeed also noted for the 

WW1-WW2 tandem module FBP21 (45). Importantly, the rather flexible nature of the 

interdomain linker also implies that the WW domains within the WW1-WW2 tandem 

module are unlikely to adopt a fixed spatial orientation and thus should be expected to move 

freely with respect to each other. In light of such apparent lack of spatial orientation and 

interdomain interaction, the physical basis of how WW2 domain chaperones and augments 

ligand binding to WW1 domain within the WW1-WW2 tandem module of WWOX appears 

to be somewhat mysterious. While it is conceivable that our structural model has failed to 

capture the true picture of how WW domains are bundled together within the WW1-WW2 

tandem module, the possibility that factors other than structure, such as protein dynamics 

and/or cooperativity, may hold clues to addressing this phenomenon cannot be excluded. For 

example, ligand binding to WW1 domain could trigger a conformational change within the 

WW1-WW2 tandem module so as to enhance its degrees of freedom and the resulting 

entropic gain could in turn lower its free energy.
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Ligand binding augments conformational dynamics within the WW1-WW2 tandem module 
of WWOX

To investigate the extent to which WW domains may physically associate with each other 

and to probe the effect of ligand binding on protein dynamics, we conducted MD 

simulations on the structural model of WW1-WW2 tandem module of WWOX alone 

(unliganded) as well as in complex with p73 peptide (liganded) over a μs-timescale. It 

should be noted here that the starting conformation of unliganded WW1-WW2 tandem 

module was assumed to be identical to that of the liganded protein for the purpose of MD 

simulations. As shown in Figure 7, our MD analysis reveals that the unliganded and 

liganded proteins exhibit highly distinct conformational profiles. Thus, the unliganded 

protein initially undergoes a rapid “burst” phase over the first 100ns reaching a root mean 

square deviation (RMSD) for the backbone atoms in excess of 12Å. This is rapidly followed 

by structural equilibration of the unliganded protein with an overall RMSD of around 7Å 

after about 200ns during the course of the simulation (Figure 7a). This is evidence that the 

WW domains within the unliganded WW1-WW2 tandem module undergo a conformational 

transition from the initial state and attain a new stable conformation in which they either 

become physically associated and/or adopt a fixed spatial orientation relative to each other. 

In remarkable contrast, the liganded protein experiences a slow-and-steady rise in the 

RMSD reaching a maximum of close to 14Å and then slowly reaches some degree of 

structural equilibrium after 2μs during the course of simulation (Figure 7a). This implies that 

while the WW domains within the liganded WW1-WW2 tandem module may also attain a 

fixed spatial orientation, their relative stability is likely to be very low compared to the 

unliganded state. It is noteworthy that the dynamics of the constituent WW domains within 

both the unliganded and liganded proteins are comparable with an RMSD of around 1Å in 

sharp contrast to those of WW1-WW2 tandem module. This salient observation argues that 

while WW1-WW2 tandem module is likely to possess a rather high degree of structural 

plasticity, the triple-stranded β-sheet fold of constituent WW domains nonetheless retains 

remarkable structural rigidity and stability.

In order to shed light on the contribution of individual residues to the distinct dynamic 

behaviors observed for unliganded and liganded WW1-WW2 tandem module, we next 

analyzed the root mean square fluctuation (RMSF) of backbone atoms over the course of 

MD simulations (Figure 7b). Strikingly, our RMSF analysis reveals that not only the 

constituent WW domains but also the interdomain linker attain a relatively stable 

conformation in the unliganded protein. Additionally, the major source of structural 

instability within the unliganded protein—as reflected by a rather high RMSD of 7Å at 

structural equilibrium (Figure 1a)—arises from the relatively high mobility of residues 

spanning the N- and C-terminal loops compared to the rest of the protein. Surprisingly, 

while the pronounced flexibility of the interdomain linker is also a contributor, the apparent 

lack of structural equilibrium observed in the liganded protein appears to be largely due to 

the high mobility of residues located not only within the N- and C-terminal loops but also 

within the intradomain loops of WW2 domain. This suggests that the WW2 domain adopts a 

much more stable structure within the unliganded conformation compared to liganded 

protein—implying that the WW domains are likely to be physically associated within the 

unliganded protein. This notion is further supported when we compare the dependence of 
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radius of gyration (Rg) of unliganded protein versus liganded conformation as a function of 

simulation time (Figure 7c). Thus, while Rg rapidly reaches a stable value of 13Å after the 

initial burst phase in the unliganded protein, it seems to hover between a high of 16Å and a 

low of 13Å for the liganded protein across the entire course of 2-μs simulation. In other 

words, the Rg comparison shows that while the unliganded protein attains a well-defined 

conformation, the liganded protein continues to sample various distinct conformations.

Ligand binding to WW1 domain is coupled to the dissociation of WW2 domain within the 
WW1-WW2 tandem module of WWOX

To understand the physical basis underlying the association of WW domains within the 

unliganded WW1-WW2 tandem module of WWOX and the apparent lack thereof in the 

liganded protein, we superimposed structural snapshots of corresponding conformations 

observed at various time intervals during the second half of MD simulations (Figure 8). 

Consistent with our dynamics analysis presented above (Figure 7), the structural 

superimposition of various simulated conformations suggests that the unliganded protein 

indeed adopts a well-defined conformation so as to allow the WW domains to physically 

associate with each other and attain a highly stable and fixed spatial orientation relative to 

each other. In contrast, while the WW domains also appear to attain some level of fixed 

spatial orientation relative to each other over the second half of simulation within the 

liganded state, this appears to be largely due to the structural ordering of the interdomain 

linker in lieu of direct physical association between the WW domains. Equally importantly, 

the rather pronounced dynamics behavior observed in the liganded state suggests that such 

spatial orientation is likely to be relatively unstable over the course of longer time scales.

To further understand the atomic basis of the physical association between WW domains 

within the unliganded WW1-WW2 tandem module and how ligand binding may disrupt 

such association, we next analyzed the structure of unliganded protein observed at the end of 

2-μs simulation (Figure 9). Interestingly, the physical association between the WW domains 

in the unliganded protein is driven by the docking of the convex side of WW2 domain onto 

the concave face of WW1 domain. These domain-domain interactions are primarily 

mediated via a two-prong mechanism: firstly, the indole moiety of W44 within the WW1 

domain is sandwiched by the sidechain atoms of Q65 and V73 located within WW2 domain; 

secondly, the sidechain group of T67 within WW2 domain is sandwiched between aromatic 

rings of W31 and Y33 located within WW1 domain. Such van der Waals contacts are 

further buttressed by hydrogen bonding between the Nε1 atom of W44 within WW1 domain 

and Oε1 atom of Q65 within WW2 domain. Of particular note is the observation that the 

juxtaposition of WW2 domain on the concave face of WW1 domain partially blocks the 

ligand binding groove of the latter—the WW2 domain essentially acts like a “lid” that needs 

to be displaced in order to provide access to the incoming ligand. Accordingly, ligand 

binding must somehow result in the dissociation of WW2 domain so as to allow the WW1 

domain to fully accommodate the ligand. Importantly, the free energy required to overcome 

such kinetic barrier must somehow be recouped. As noted above, the entropic gain resulting 

from the dissociation of WW2 domain should render such binding-coupled dissociation 

thermodynamically feasible. Consistent with this notion, our data presented above indeed 
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suggest that favorable entropic factors underscore the ability of WW2 domain to aid ligand 

binding to WW1-WW2 tandem module of WWOX (Figure 3).

CONCLUSIONS

The WWOX tumor suppressor mediates a multitude of cellular activities including growth, 

proliferation, apoptosis and tumor suppression (1–3). While its mechanism of action remains 

largely elusive, it is well-established that the ability of WWOX to mediate protein-protein 

interactions in cellular signaling is largely mediated by the WW1 domain (12–16). 

Importantly, we postulated that the WW2 is an orphan domain that not only structurally 

stabilizes the WW1 domain within the context of WW1-WW2 tandem module but it also 

augments ligand binding to WWOX (13, 31). Our data reported herein not only further 

validate this hypothesis but also provide the physical basis of the action of WW2 domain. 

Notably, on the basis of MD simulations, our new study demonstrates that the WW2 domain 

physically associates with WW1 domain in the context of WW1-WW2 tandem module in 

the absence of ligand and that such association serves two purposes: firstly, it enables the 

WW2 domain to chaperone and promote the folding of WW1 domain to a triple-stranded β-

sheet fold, a pre-requisite for subsequent ligand binding; secondly, the association of WW 

domains occurs in a manner such that it creates a kinetic barrier for ligand binding to WW1 

domain—the WW2 domain essentially acts like a lid that is subsequently displaced to 

provide access to the incoming ligand. Remarkably, while ligand binding disrupts physical 

association of WW domains within the WW1-WW2 tandem module of WWOX, they 

nonetheless reorient to attain some level of spatial orientation in the liganded state though 

this does appear to be somewhat transient on a μs-timescale. We note that while our MD 

simulations reported herein were conducted using AMBER99SB-ILDN force field (37, 38), 

their reproducibility was further confirmed with GROMOS96-53A6 (57), CHARMM-27 

(58, 59), and OPLS-AA (60, 61) force fields. The fact that all major MD force fields 

employed here reach a consensus on the conformational space available to the WW1-WW2 

tandem module both in the unliganded and liganded state further solidifies the novel 

findings of our study.

In the language of statistical mechanics, the WW1-WW2 tandem module of WWOX most 

probably exists in an equilibrium exchange between a closed state and an open state (Figure 

10). In the closed state, the physical association between the WW domains prevents ligand 

binding. In the open state, the WW domains are no longer physically associated but may still 

be somewhat spatially oriented so as to allow unhindered access to the ligand. In the absence 

of ligand, the equilibrium between the open and the closed state predominantly lies in favor 

of the latter. Subsequent ligand binding to WW1 domain within the open state shifts the 

equilibrium in its direction by virtue of the ability of WW1-WW2 tandem module to 

undergo a conformational switch so as to trigger the dissociation of WW2 domain. 

Consequently, the resulting gain in the conformational entropy of WW1-WW2 tandem 

module not only facilitates but also augments ligand binding. It is noteworthy that the ability 

of WW domains within the WW1-WW2 tandem module of WWOX to reorient themselves 

upon ligand binding to attain some level of fixed orientation appears to be somewhat similar 

to that observed for the tandem WW domains of Prp40 yeast splicing factor (47). In Prp40, 

the interdomain linker adopts α-helical conformation, thereby imparting a relatively stable 
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and fixed spatial orientation upon tandem WW domains. However, in a manner akin to the 

liganded WW1-WW2 tandem module of WWOX, the WW domains of Prp40 do not 

physically associate but rather act as independent rigid bodies yet bounded together. This 

distinguishing feature of tandem WW domains of Prp40 is necessary in order to allow their 

ligand binding grooves to point outwards, thereby enabling them to bind to distinct ligands 

and bridge precisely between target sites within the splicing machinery.

In short, our study provokes the notion that the WW domains within the WW1-WW2 

tandem module of WWOX are physically associated into a single supramodular unit with 

the WW2 domain acting as a lid over the ligand binding groove of WW1 domain. Ligand 

binding to WW1 domain displaces the WW2 domain in an allosteric manner and the 

resulting gain of entropy aids ligand binding to WW1 domain. Our findings thus underscore 

the importance of allosteric communication in the molecular operation of tandem protein 

modules.
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Figure 1. 
Modular organization of human WWOX and putative ligands. (a) WWOX is comprised of a 

tandem copy of WW domains, designated WW1 and WW2, located N-terminal to the short-

chain dehydrogenase/reductase (SDR) domain. (b) Amino acid sequence of 12-mer peptides, 

derived from various cognate ligands of WWOX and YAP, containing the PPXY motifs and 

flanking residues. Note that the numerals indicate the nomenclature used in this study to 

distinguish residues within and flanking the motifs relative to the first proline within the 

PPXY motif, which is arbitrarily assigned zero.
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Figure 2. 
Representative ITC isotherms for the binding of isolated WW1 domain of WWOX to p73 

(a), TMG2 (b) and PTCH1 (c) peptides. The upper panels show the raw ITC data expressed 

as change in thermal power with respect to time over the period of titration. In the lower 

panels, change in molar heat is expressed as a function of molar ratio of corresponding 

peptide to WW1 domain of WWOX. The solid red lines in the lower panels show the fit of 

data to a one-site binding model using the integrated ORIGIN software as described earlier 

(13, 33).
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Figure 3. 
Comparison of thermodynamic properties for the binding of WW1 domain alone (red) and 

in the context of WW1-WW2 tandem module (blue) of WWOX to various peptides. (a) 

Comparison of equilibrium dissociation constant (Kd) associated with binding. Error bars 

were calculated from at least three independent measurements to one standard deviation. (b) 

Comparison of TΔS/ΔH ratio, where ΔH and TΔS are the enthalpic and entropic changes 

associated with binding, respectively.
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Figure 4. 
Comparison of secondary structure as probed by mean ellipticity at 205nm ([θ]205) and 

equilibrium dissociation constant (Kd) associated with the binding of various peptides to 

WW1 domain of WWOX. (a) Far-UV CD spectra of various peptides as indicated. Note that 

the mean ellipticity, [θ], was calculated using Eq [2]. (b) Dependence of Kd on [θ]205 for the 

binding of various peptides to WW1 domain alone. (c) Dependence of Kd on [θ]205 for the 

binding of various peptides to WW1 domain in the context of WW1-WW2 tandem module.
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Figure 5. 
Ribbon representation of the structural model of WW1-WW2 tandem module of WWOX in 

complex with the p73 peptide containing the PPXY motif bound to the WW1 domain. Two 

alternative orientations related by a 90°-rotation about the vertical axis are depicted for the 

inquisitive eye. In each case, the WW domains are shown in yellow with the interdomain 

linker depicted in gray, and the bound peptide is colored green. The sidechain moieties of 

residues (blue) within the WW1 domain engaged in intermolecular contacts with the 

consensus residues (red) within the PPXY motif of p73 peptide are shown. For comparison, 

the sidechain moieties of structurally-equivalent residues (blue) within the putative ligand 

binding groove of WW2 domain are also shown.

Schuchardt et al. Page 20

J Mol Recognit. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Comparison of the quality of the structural model of WW1-WW2 tandem module of 

WWOX (red) and the solution structure of WW1-WW2 tandem module of FBP21 (black) as 

assessed by DOPE (a) and B-factor (b) plots. Note that both the DOPE potential and B-

factor are dimensionless parameters. The residue number is arbitrarily assigned so as to 

directly compare the equivalently-aligned residues in both the model (WWOX) and the 

template (FBP21).
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Figure 7. 
Conformational dynamics as probed through MD analysis conducted on the structural model 

of WW1-WW2 tandem module of WWOX alone (unliganded) and in complex with p73 

peptide containing the PPXY motif bound to the WW1 domain (liganded). (a) RMSD of 

backbone atoms (N, Cα and C) within each simulated structure relative to the initial 

modeled structure of unliganded (top panel) and liganded (bottom panel) WW1-WW2 

tandem module as a function of simulation time. (b) RMSF of backbone atoms (N, Cα and 

C) averaged over the entire course of corresponding MD trajectory of unliganded (top panel) 

and liganded (bottom panel) WW1-WW2 tandem module as a function of residue number. 

Note that the red and green vertical rectangular boxes respectively demarcate the core 

residue boundaries (excluding the terminal loops) of WW1 and WW2 domains, while the 

gray vertical rectangular box denotes the residues spanning the interdomain linker. (c) 

Radius of gyration (Rg) of each simulated structure relative to the initial modeled structure 

of unliganded (top panel) and liganded (bottom panel) WW1-WW2 tandem module as a 

function of simulation time. Note that in (a) and (c), the overall physical parameter for each 

WW1-WW2 tandem module spanning residues 16–91 (black) is deconvoluted into the 

corresponding core regions (excluding the terminal loops) of constituent WW1 domain 

spanning residues 22–43 (red) and WW2 domain spanning residues 63–84 (green).
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Figure 8. 
Superimposition of simulated structures as derived from MD analysis conducted on the 

structural model of WW1-WW2 tandem module of WWOX alone (unliganded) and in 

complex with p73 peptide containing the PPXY motif bound to the WW1 domain 

(liganded). Note that the superimposed structures for the unliganded (a) and liganded (b) 

WW1-WW2 tandem module were obtained at 200-ns time intervals over the second half of 

simulation (2–4μs). All 11 structures were superimposed with respect to the backbone atoms 

(N, Cα and C) of the core regions of WW1 (residues 22–43) and WW2 (residues 63–84) 

domains. In each case, the constituent WW1 (residues 22–43) and WW2 (residues 63–84) 

domains are respectively colored red and green, while the N-terminal loop (residues 16–21), 

interdomain linker (residues 44–62) and C-terminal loop (residues 85–91) are respectively 

shown in blue, gray and magenta. In (b), the p73 peptide is not shown for clarity.
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Figure 9. 
Ribbon representation of the simulated structure of unliganded WW1-WW2 tandem module 

of WWOX obtained after 2μs of simulation time. Two alternative orientations related by a 

90°-rotation about the vertical axis are depicted for closer inspection. The WW1 and WW2 

domains are respectively colored red and green, while the interdomain linker is depicted in 

gray. Additionally, the sidechain moieties of residues within the WW1 and WW2 domains 

engaged in interdomain contacts are shown in blue and yellow, respectively. The cyan arrow 

indicates the direction of the incoming ligand as it would dock into the hydrophobic groove 

located on the concave face of WW1 domain, the same face that partially engages in 

interdomain contacts with the WW2 domain, in a competitive manner.
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Figure 10. 
A model for ligand binding to WW1-WW2 tandem module of WWOX. In the unliganded 

state, the WW1-WW2 tandem module is proposed to exist in an equilibrium exchange 

between a closed state and an open state. In the closed state, the physical association 

between the WW domains prevents ligand binding. In the open state, the WW domains are 

no longer physically associated but may still be somewhat spatially oriented so as to allow 

unhindered access to the ligand. In the absence of PPXY ligand, the equilibrium between the 

open and the closed state predominantly lies in favor of the latter. Subsequent binding of 

PPXY ligand to WW1 domain within the open state shifts the equilibrium in its direction by 

virtue of the ability of WW1-WW2 tandem module to undergo a conformational switch so 

as to displace the WW2 lid.

Schuchardt et al. Page 25

J Mol Recognit. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Schuchardt et al. Page 26

T
ab

le
 1

T
he

rm
od

yn
am

ic
 p

ar
am

et
er

s 
fo

r 
th

e 
bi

nd
in

g 
of

 W
W

1 
do

m
ai

n 
of

 W
W

O
X

 to
 P

PX
Y

-c
on

ta
in

in
g 

pe
pt

id
es

 d
er

iv
ed

 f
ro

m
 v

ar
io

us
 p

ut
at

iv
e 

lig
an

ds

L
ig

an
d

Se
qu

en
ce

K
d 

/ μ
M

Δ
H

 / 
kc

al
.m

ol
−1

T
Δ

S 
/ k

ca
l.m

ol
−1

Δ
G

 / 
kc

al
.m

ol
−1

E
rb

B
4

17
9 

±
 1

0
−

7.
85

 ±
 0

.8
0

−
2.

73
 ±

 0
.8

3
−

5.
12

 ±
 0

.0
3

p7
3

10
7 

±
 9

−
16

.6
5 

±
 0

.7
8

−
11

.2
3 

±
 0

.8
2

−
5.

42
 ±

 0
.0

5

PT
C

H
1

27
8 

±
 1

9
−

10
.1

7 
±

 0
.6

2
−

5.
31

 ±
 0

.5
7

−
4.

86
 ±

 0
.0

4

PT
PN

14
76

3 
±

 6
2

−
5.

96
 ±

 0
.7

2
−

1.
70

 ±
 0

.7
7

−
4.

26
 ±

 0
.0

4

SM
A

D
7

27
2 

±
 2

9
−

22
.6

0 
±

 0
.9

9
−

17
.7

3 
±

 1
.0

5
−

4.
87

 ±
 0

.0
6

T
M

G
2

20
2 

±
 2

3
−

14
.1

5 
±

 0
.4

9
−

9.
10

 ±
 0

.4
3

−
5.

05
 ±

 0
.0

7

W
B

P1
36

8 
±

 4
4

−
17

.5
5 

±
 0

.7
8

−
12

.8
6 

±
 0

.8
5

−
4.

69
 ±

 0
.0

7

W
B

P2
13

3 
±

 1
8

−
15

.1
5 

±
 0

.4
9

−
9.

85
 ±

 0
.4

2
−

5.
30

 ±
 0

.0
8

T
he

 c
on

se
ns

us
 r

es
id

ue
s 

w
ith

in
 th

e 
PP

X
Y

 m
ot

if
 o

f 
ea

ch
 p

ep
tid

e 
ar

e 
co

lo
re

d 
re

d 
fo

r 
cl

ar
ity

. A
ll 

pa
ra

m
et

er
s 

w
er

e 
ob

ta
in

ed
 f

ro
m

 I
T

C
 m

ea
su

re
m

en
ts

 a
t 2

5°
C

 a
nd

 p
H

 7
. B

in
di

ng
 s

to
ic

hi
om

et
ri

es
 w

er
e 

fi
xe

d 
to

 
un

ity
 to

 im
pr

ov
e 

th
e 

ac
cu

ra
cy

 o
f 

th
er

m
od

yn
am

ic
 p

ar
am

et
er

s.
 E

rr
or

s 
w

er
e 

ca
lc

ul
at

ed
 f

ro
m

 a
t l

ea
st

 th
re

e 
in

de
pe

nd
en

t m
ea

su
re

m
en

ts
 to

 o
ne

 s
ta

nd
ar

d 
de

vi
at

io
n.

J Mol Recognit. Author manuscript; available in PMC 2016 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Schuchardt et al. Page 27

T
ab

le
 2

T
he

rm
od

yn
am

ic
 p

ar
am

et
er

s 
fo

r 
th

e 
bi

nd
in

g 
of

 W
W

1-
W

W
2 

ta
nd

em
 m

od
ul

e 
of

 W
W

O
X

 to
 P

PX
Y

-c
on

ta
in

in
g 

pe
pt

id
es

 d
er

iv
ed

 f
ro

m
 v

ar
io

us
 p

ut
at

iv
e 

lig
an

ds

L
ig

an
d

Se
qu

en
ce

K
d 

/ μ
M

Δ
H

 / 
kc

al
.m

ol
−1

T
Δ

S 
/ k

ca
l.m

ol
−1

Δ
G

 / 
kc

al
.m

ol
−1

E
rb

B
4

75
 ±

 8
−

5.
58

 ±
 0

.3
3

+
0.

06
 ±

 0
.3

9
−

5.
64

 ±
 0

.0
6

p7
3

60
 ±

 6
−

7.
33

 ±
 0

.2
6

−
1.

55
 ±

 0
.3

3
−

5.
78

 ±
 0

.0
7

PT
C

H
1

79
 ±

 8
−

5.
86

 ±
 0

.5
4

−
0.

25
 ±

 0
.6

0
−

5.
61

 ±
 0

.0
6

PT
PN

14
21

4 
±

 3
0

−
4.

69
 ±

 0
.4

2
+

0.
33

 ±
 0

.5
1

−
5.

02
 ±

 0
.0

8

SM
A

D
7

53
 ±

 8
−

12
.1

0 
±

 0
.5

7
−

6.
25

 ±
 0

.6
5

−
5.

85
 ±

 0
.0

9

T
M

G
2

84
 ±

 9
−

9.
28

 ±
 0

.4
1

−
3.

71
 ±

 0
.4

8
−

5.
57

 ±
 0

.0
7

W
B

P1
14

1 
±

 1
2

−
10

.4
6 

±
 0

.7
6

−
5.

20
 ±

 0
.8

1
−

5.
26

 ±
 0

.0
5

W
B

P2
42

 ±
 7

−
7.

51
 ±

 0
.6

8
−

1.
53

 ±
 0

.7
8

−
5.

98
 ±

 0
.1

0

T
he

 c
on

se
ns

us
 r

es
id

ue
s 

w
ith

in
 th

e 
PP

X
Y

 m
ot

if
 o

f 
ea

ch
 p

ep
tid

e 
ar

e 
co

lo
re

d 
re

d 
fo

r 
cl

ar
ity

. A
ll 

pa
ra

m
et

er
s 

w
er

e 
ob

ta
in

ed
 f

ro
m

 I
T

C
 m

ea
su

re
m

en
ts

 a
t 2

5°
C

 a
nd

 p
H

 7
. B

in
di

ng
 s

to
ic

hi
om

et
ri

es
 w

er
e 

fi
xe

d 
to

 
un

ity
 to

 im
pr

ov
e 

th
e 

ac
cu

ra
cy

 o
f 

th
er

m
od

yn
am

ic
 p

ar
am

et
er

s.
 E

rr
or

s 
w

er
e 

ca
lc

ul
at

ed
 f

ro
m

 a
t l

ea
st

 th
re

e 
in

de
pe

nd
en

t m
ea

su
re

m
en

ts
 to

 o
ne

 s
ta

nd
ar

d 
de

vi
at

io
n.

J Mol Recognit. Author manuscript; available in PMC 2016 April 01.


