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ABSTRACT  

Thioredoxin interacting protein (TXNIP) negatively regulates the antioxidative activity of 
thioredoxin, and participates in pleiotropic cellular processes. Its deregulation is linked to 
various human diseases including diabetes, acute myeloid leukemia and cardiovascular 
diseases. The E3 ubiquitin ligase Itch polyubiquitinates TXNIP to promote its 
degradation via the ubiquitin proteasome pathway, and this Itch-mediated poly-
ubiquitination of TXNIP is dependent on the interaction of the four WW domains of Itch 
with the two PPxY motifs of TXNIP. However, the molecular mechanism of this 
interaction of TXNIP with Itch remains elusive. In this study, we found that each of the 
four WW domains of Itch exhibited different binding affinities to TXNIP, while 
multivalent engagement between the four WW domains of Itch and the two PPxY motifs 
of TXNIP resulted in their strong binding avidity. Our structural analyses demonstrated 
that the third and fourth WW domains of Itch were able to recognize both PPxY motifs of 
TXNIP simultaneously, supporting a multivalent binding mode between Itch and TXNIP. 
Interestingly, phosphorylation status on the tyrosine residue of the PPxY motifs of 
TXNIP serves as a molecular switch in its choice of binding partners and thereby 
downstream biological signaling outcomes. Phosphorylation of this tyrosine residue of 
TXNIP diminished the binding capability of PPxY motifs of TXNIP to Itch, whereas this 
phosphorylation is a prerequisite to the binding activity of TXNIP to SH2 domain 
containing protein SHP2 and their roles in stabilizing the phosphorylation and activation 
of CSK.  
 
 
 
 
 
 
Summary statement 
Itch1 directly binds to and negatively regulates TXNIP. Structural studies revealed the 
regulatory role of the PPxY motifs in TXNIP: TNXIP binds to Itch through multivalent 
interactions, while phosphorylation of TNXIP switched its binding to SH2 protein SHP2. 
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INTRODUCTION 
Thioredoxin-interacting protein (TXNIP) together with α-arrestin domain-containing 
proteins 1-5 (ARRDC1-5) constitute the α-arrestin family. A shared characteristic feature 
of ARRDC2, 3, 4 and TXNIP is that they all possess two highly conserved C-terminal 
PPxY motifs (Figure 1A) [1-3]. TXNIP is initially recognized as an important modulator 
of the redox system [2]. In the cytoplasm, TXNIP inhibits the endogenous antioxidative 
function of thioredoxin-1, allowing oxidative stress to accumulate in the cell [4, 5]. In the 
mitochondria, TXNIP binds to thioredoxin-2, and promotes phosphorylation and 
activation of Apoptosis Signal-Regulating Kinase 1 (ASK1), leading to cytochrome C 
release from the mitochondria and eventual apoptosis [6]. TXNIP also plays a critical role 
in glucose and lipid metabolism and is an important tumor-suppressor in various cancers 
[5, 7-10]. Consistent with its critical roles in diverse cellular processes, TXNIP is tightly 
regulated at multiple levels [3, 11]. Intracellular stability of TXNIP is controlled via the 
ubiquitin-proteasome pathway [12]. The E3 ubiquitin protein ligase Itchy homolog (Itch) 
negatively regulates TXNIP, as Itch over-expression increases rates of polyubiquitination 
and proteasomal degradation of TXNIP. Correspondingly, intracellular TXNIP levels 
increase when Itch is knocked down [12]. Therefore, Itch-mediated degradation of 
TXNIP serves as an important means to modulate TXNIP protein levels, and thus fine-
tunes the activity of TXNIP in oxidative stress, metabolism, and apoptosis [13]. Given its 
involvement in multiple important signaling pathways, dysregulation of TXNIP has been 
linked to several human diseases, including cardiovascular diseases [14] and cancers 
especially acute myeloid leukemia [15]. 

Itch belongs to the Nedd4-like family of E3 ubiquitin ligases, which all share three 
conserved regions: a Ca2+/ lipid-binding (C2) domain in the N-terminus, 2-4 WW 
domains in the middle and a HECT-type catalytic ligase domain in the C-terminus 
(Figure 1A) [16]. The C2 domain targets membranes and membrane proteins [17], the 
HECT domain accepts ubiquitin from E2 ubiquitin-conjugating enzymes [18], and the 
WW domains determine substrate selectivity through specific interactions with amino 
acid sequence motifs in target proteins [19]. The WW domain is a ubiquitous structural 
and functional unit found in a large number of otherwise unrelated proteins [20]. The 
WW domains present in E3 ligases typically belong to group I, which is defined by the 
ability to target ligands containing a PPxY motif, which in turn is critical for Itch-TXNIP 
interactions [19, 21]. The four WW domains of Itch bind to the two PPxY motifs of 
TXNIP. These structural domains and motifs do not contribute equally to the interaction 
and the subsequent Itch-mediated degradation of TXNIP [12]. Details of the molecular 
mechanism remain unclear. The tyrosine residue of the PPxY motif may undergo 
phosphorylation, an important posttranslational modification for regulating cellular 
signaling pathways [22]. This tyrosine phosphorylation mark can be read by a large 
number of protein domains, such as the SH2 and BRCT domains [23], but how it can 
modulate the interaction and function of TXNIP has not been reported yet. A recent study 
showed that TXNIP’s PPTY motif binds to SH2 domains of Src homology phosphatase-2 
(SHP2), which prevents the dephosphorylation and deactivation of CSK, while mutation 
from PPTY to PPTA disrupts this interaction [24]. However, whether this interaction 
depends on tyrosine phosphorylation is not clear. 

Here we show that although all four WW domains of Itch displayed binding 
activities to both PPxY motifs of TXNIP, their respective binding affinities varied 



drastically, from the micromolar to millimolar range. The simultaneous engagement of 
multiple domains significantly enhanced the binding between Itch and TXNIP, 
suggesting multivalent binding as a mechanism governing selectivity and affinity. We 
also solved the high-resolution crystal structure of the complex formed by the Itch WW3-
WW4 tandem domains and the PPCY motif of TXNIP. Moreover, we found that tyrosine 
phosphorylation of PPxY motifs in TXNIP abolished its binding activity to Itch, but 
promoted its interaction with SHP2, demonstrating that tyrosine phosphorylation of 
PPxY motifs of TXNIP plays a key role in dictating the choices of binding partners of 
TXNIP and thereby the downstream biological signaling outcomes.  

 
EXPERIMENTAL PROCEDURES 
Protein expression and purification 
The DNA fragments corresponding to four WW domains (WW1, residues 324-362; 
WW2, residues 356-394; WW3, residues 436-474; WW4, residues 475-514) of Itch and 
tandem WW1-WW2 domains (residues 324-394), tandem WW3-WW4 domains 
(residues 433-521), tandem WW1-WW4 domains (residues 324-521) were subcloned 
into a modified pET28-GST vector to generate N-terminal GST, His-tagged fusion 
protein. The DNA fragment corresponding to native TXNIP peptide with two PPxY 
motifs (residues 327-382) was subcloned into a modified pET28-MHL vectors to 
generate N-terminal His-tagged fusion proteins. The plasmids of N terminal (residues 1-
104), C terminal (residues 101-222) and tandem (residues 1-222) SH2 domains of SHP2 
were generously provided by Dr. Karen Colwill (Lunenfeld-Tanenbaum Research 
Institute, Mount Sinai Hospital). Recombinant proteins were overexpressed in 
Escherichia coli BL21 (DE3) Codon plus RIL (Stratagene) at 15 °C and purified by 
affinity chromatography on Ni-nitrilotriacetate resin (Qiagen) followed by thrombin or 
TEV protease treatment to remove the tag. The protein was further purified on a 
Superdex75 gel-filtration column (GE Healthcare, Piscataway, NJ). For crystallization 
experiments, purified protein was concentrated to 10 mg/mL in a buffer containing 20 
mM Tris, pH 7.5, 150 mM NaCl and 1 mM DTT.  
 
Isothermal Titration Calorimetry (ITC) 
All TXNIP peptides, except native TXNIP peptide with two PPxY motifs, were 
synthesized by Peptide 2.0 Inc. For ITC measurements, the concentrated proteins were 
diluted in 20 mM Tris, pH 7.5, and 150 mM NaCl. Likewise, the lyophilized peptides 
were dissolved in the same buffer and pH was adjusted by adding NaOH. Tyrosine-
containing peptide concentrations were estimated with absorbance spectroscopy using the 
extinction coefficient, ε280=1280M–1 cm–1. All measurements except those of binding 
between tandem WW1-WW2 and 2_PPxY_short peptide were performed at 25 ºC, using 
a VP-ITC microcalorimeter. Protein with a concentration of 50-100 M was placed in the 
cell chamber, and the peptides with a concentration of 1-3 mM in syringe were injected in 
25 successive injections with a spacing of 180 s and a reference power of 13 mcal/s. 
Control experiments were performed under identical conditions to determine the heat 
signals that arise from injection of the peptides into the buffer. Data were fitted using the 
single-site binding model within the Origin software package (MicroCal, Inc.).  

Due to limited protein yield, the WW1-WW2 ITC was performed using a Nano-ITC 
microcalorimeter (TA, Inc). The binding data should be consistent with those from the 



regular ITC instrument, confirmed by ITC results of WW3-WW4 using both regular and 
Nano-ITC instruments. GST, His-tagged fusion protein with a concentration of 50 M 
was placed in the cell chamber, and 2_PPxY_short peptide (lacking the linker sequence 
between the two PPxY motifs) with a concentration of 0.5 mM was injected in 25 
successive injections with a spacing of 120 s at 25 ºC. Control experiments were 
performed under identical conditions to determine the heat signals that arise from 
injections of the peptide into the buffer or into the GST, His-tag only protein. Data were 
fitted using the independent model within the NanoAnalyze software package (TA, Inc.). 

 
NMR sample preparation and NMR spectroscopy 
Uniformly 15N-labeled proteins were prepared by growing bacteria in M9 media using 
15NH4Cl (0.5 g/liter) as stable isotope source. The purified 15N-labeled tandem WW3-
WW4 domains proteins were dissolved to a final concentration of 0.25 mM in a buffer 
containing 20 mM Tris, pH 7.5, 150 mM NaCl and 10% D2O. All NMR experiments 
were performed at 298 K on a Bruker DMX500 spectrometer. 1H-15N HSQC spectra of 
Itch protein in the free state or in the presence of TXNIP peptides were recorded. The 
assignment of Q465 was extracted from a previous study [25]. 
 
Protein crystallization 
Purified protein was mixed with TXNIP peptides at a 1:3 molar ratio and crystallized 
using the sitting drop vapor diffusion method at 20 ºC after mixing 0.5 μL of the protein 
solution with 0.5 μL of the reservoir solution. Crystals were obtained with a reservoir 
solution containing 30% PEG 4000, 0.2 M magnesium chloride, 0.1 M Tris HCI, pH 8.5 
for tandem (WW3-WW4)-PPCY; 20% PEG-3350, 0.2 M ammonium formate for SHP2-
SH2 with PPTpY peptide. Before flash-freezing crystals in liquid nitrogen, crystals were 
soaked in a cryoprotectant consisting of 85% reservoir solution and 15% glycerol. 
 
Data collection and structure determination 
Diffraction data were collected at the Advanced Photon Source beam line 19ID. 
Intensities of symmetry-related reflections were merged with AIMLESS [26]. PHASER 
[27] was used for molecular replacement. ARP/WARP [28] was used for automated 
model building. COOT [29], JLIGAND [30], REFMAC [31], PHENIX/MOLPROBITY 
[32, 33] were used for molecular model building, restraint preparation, restrained model 
refinement and geometry validation, respectively. Information pertaining to individual 
crystal structures is summarized in footnote 2. 

PDB_EXTRACT [34] was used to prepare the models for PDB deposition. The 
IOTBX library [35], PHENIX and CCP4 [36] programs were used to summarize 
information for Table 1. Figures of molecular models were generated with PyMOL 
(Schrödinger, LLC). Potential surfaces were calculated using PyMOL’s built-in vacuum 
electrostatics function. 

 
RESULTS AND DISCUSSION 
WW domains of Itch bind to PPxY motifs of TXNIP with varying affinities 
Previous studies have shown that the WW domains of Itch interact with the PPxY motifs 
in the C-terminus of TXNIP [12]. To elucidate specific determinants of this interaction, 
we performed isothermal titration calorimetry (ITC) assays using synthetic peptides and 



recombinant proteins of WW domains (Figure 1). Therein, all four WW domains of Itch 
bound to both PPxY motifs of TXNIP. However, their binding affinities varied, 
depending on both the WW domains and PPxY motifs (Figure 1B and Supplementary 
Figure S1A and S1B). The first two WW domains (WW1 and WW2) bound to either 
PPxY motif of TXNIP more strongly than the last two WW domains (WW3 and WW4) 
(Figure 1B and Supplementary Figure S1A and S1B). 
 
Multivalent engagement of different WW domains and PPxY motifs produce a 
strong binding avidity   
Many proteins contain multiple WW domains that may increase selectivity and affinity 
for ligands or enhance the proteins' functional diversity by their ability to bind peptide 
sequences from different proteins. To study the effects of multivalent interactions of the 
tandem WW domains of Itch on the binding affinity, we performed a series of ITC assays 
(Figure 1B and Supplementary Figure S1C). We were able to express stable proteins for 
both WW1-WW2 and WW3-WW4 constructs, but for the WW1-WW2 construct, we 
were unable to remove the GST tag and the protein yield was low. Nevertheless, the GST 
tag should not affect the WW binding ability because in control experiments, the GST tag 
did not bind to any peptides used in the study (data not shown). Due to the limitations of 
our WW1-WW2 protein preparation, we resorted to use tandem WW3-WW4 protein for 
most of our assays. A TXNIP peptide containing both PPCY and PPTY motifs 
(2_PPxY_short, tandem PPxY peptide that lacks the linker sequence between these 2 
PPxY motifs) bound to the tandem WW1-WW2 or WW3-WW4 domains significantly 
more tightly than any single PPxY peptide bound to either individual Itch WW domain 
(Figure 1B and Supplementary Figure S1C). Although single WW1 and WW2 showed 
higher binding affinities than single WW3 and WW4, tandem WW domains (WW1-
WW2 or WW3-WW4) bound to peptides containing 2 PPxY motifs with similar affinities, 
suggesting that either tandem may play a role in the interaction between Itch and TXNIP. 
As a control, we measured the binding affinity of the recombinant TXNIP fragment 
containing both PPCY and PPTY motifs with the linker sequence (2_PPxY_long) and 
performed ITC against the tandem WW3-WW4 domains (Figure 1B and Supplementary 
Figure S1C). The observed affinity was comparable to that of the short TXNIP peptide, 
suggesting that the linker sequence between the motifs was not crucial for multivalent 
interactions, similar to a previous report on FBP21 protein [37]. Taken together, these 
results suggest that multivalent engagement of WW domains and PPxY motifs generates 
a strong binding avidity between TXNIP and Itch. 

This multivalent binding mode is consistent with previous findings that binding of 
full length ARRDC3 (a homolog of TXNIP) and Nedd4 (another member of E3 ubiquitin 
ligases) is mediated by interactions between both of ARRDC3’s PPxY motifs and 
Nedd4’s WW2-WW3 or WW3-WW4 tandem WW domains [38]. Accordingly, although 
single mutant in WW3 weakens the interaction, double or triple mutants in tandem 
WW2-WW3, WW3-WW4 or WW2-WW3-WW4 almost abrogates the interaction, what 
is also confirmed by co-immunoprecipitation assay in HEK293 cells [38], underlining the 
importance of multivalent interactions between TXNIP and Itch. The strength of the 
interaction is also similar to Nedd4’s, which showed sub-micromolar binding affinities to 
ENaC or ARRDC3 as well [38, 39]. The presence of multiple binding sites in these 
proteins balances between the requirements of dynamic regulation and stabilization of a 



specific interaction at a locus after initial recruitment. In conclusion, combinations of 
multiple interacting domains can greatly increase substrate selectivity, binding strength 
and adaptability of the interaction. Importantly, the multivalent engagement may explain 
why both PPxY motifs are required for Itch to polyubiquitinate TXNIP, as deletion of 
either motif abrogates TXNIP proteasomal degradation due to decreased selectivity and 
affinity [12].  

It is still not clear how the four WW domains of Itch interact with two PPxY motifs 
of TXNIP, since we could not generate protein containing all four WW domains of Itch, 
preventing us from performing corresponding binding and structural studies. Considering 
that tandem WW domains WW1-WW2 and WW3-WW4 exhibited similar binding 
affinities to peptides containing both PPxY motifs, it is conceivable that the full length 
Itch protein should have comparable binding ability to TXNIP as the tandem WW 
domains do, and any two WW domains from the four WW domains might recognize the 
two PPxY motifs simultaneously, although we favor a model in which four WW domains 
formed two functional units, such as WW1-WW2 and WW3-WW4, and each of them 
could recognize both PPxY motifs in vivo, which would double the possibility of the 
initial recruitment of TXNIP by Itch. We observed a similar phenomenon for the methyl-
arginine Tudor binding protein SND1, in which multiple methyl-arginine sites do not 
significantly enhance its binding to SND1, but would increase the possibility of initial 
recruitment of the Tudor protein SND1 [40].  

The presence of two binding sites between the tandem WW domains and the 
bivalent PPxY peptide raised the question as to which relative orientation between the 
bivalent TXNIP peptide and the bivalent Itch WW domains was preferred. To address 
this question, we performed NMR chemical shift perturbation experiments with tandem 
WW3-WW4, which we could isotopically label for NMR study. The NMR titration 
revealed that a peak corresponding to the WW3 residue Q465, a residue in the XP groove 
(see below), moved in different directions upon addition of PPCY or PPTY peptides 
(Supplementary Figure S2A). One possible interpretation is that WW3 domain of Itch 
bound to the PPCY motif and the WW4 domain bound to the PPTY motif in the context 
of these tandem WW domains (Supplementary Figure S2B). 
 
Structural basis for the PPxY motif recognition by Itch WW domains 
To uncover the molecular basis of the interaction between the Itch WW domains and the 
TXNIP PPxY motifs at atomic resolution, we determined the crystal structure of tandem 
WW3-WW4 domains (residues 433-521) in complex with the TXNIP PPCY peptide at 
1.40 Å resolution (Table 1). The WW domains adopted the canonical conformation of a 
twisted triple-stranded anti-parallel β-sheet, with the PPCY peptide packing against the 
concave side of the β-sheet and aligning approximately in parallel with the middle β-
strand of the WW domain, similar to observations in other WW-PPxY complex structures 
[38, 41] (Figures 2). Since the single WW domains show strong sequence similarity 
(Figure 2A) and both tandem WW domains (WW1-WW2 and WW3-WW4) showed 
similar binding affinities to TXNIP (Figure 1B), the structure should be representative for 
the interaction between Itch and TXNIP. 

The PPCY peptide has the sequence N-TPEAPPCYMDVI-C, corresponding to 
residues 327′-338′ of TXNIP (hereafter, TXNIP residue numbers are marked with a 
prime (′) to distinguish them from the Itch residue numbers) (Figure 1A). In the (WW3-



WW4)-PPCY complex, the substructures of WW3-PPCY and WW4-PPCY are similar; 
we shall refer to the WW3-PPCY	 component of (WW3-WW4)-PPCY complex in the 
following discussion. The residues P331' and P332' of the PPCY peptide form a 
polyproline type II helix [42], whereas residues 334′-337′ adopt a helical fold (Figure 2B). 
The binding site of the peptide is located on one face of the WW sheet and consists of 
two canonical grooves, namely the XP groove and tyrosine-binding groove (Tyr groove) 
(Figure 2). P331′ and P332′ insert into the XP groove by stacking against the conserved 
W466 and Y455 residues of WW3, respectively (Figures 2A and 2B). The side chain of 
Y334′ is accommodated in the Tyr groove formed by the conserved residues V457, H459 
and R462 of WW3 (Figure 2B). In addition to the hydrophobic packing, some hydrogen 
bonds between the peptide and WW domains contribute to the stabilization of the 
complex, for example between the carbonyl of P332′ and the hydroxyl of T464, along 
with the phenolic hydroxyl of Y334′ and Nπ of H459 (Figure 2B). The interaction 
between P332′ and T464 is indispensable, since phosphorylation of T664 destroys the 
binding between Itch WW3 domain and LMP2A PPxY peptide [25]. 
 
Phosphorylation inhibits the binding of TXNIP to Itch but enables recruitment of 
SH2 domain containing proteins 
The PPxY motif is often subject to phenol phosphorylation, a ubiquitous mechanism that 
regulates activity and function of proteins. Indeed, Y378′ of the TXNIP PPTY motif can 
be phosphorylated in vivo [43, 44]. How would phosphorylation affect TXNIP binding to 
WW domains? In our ITC assays, no binding was observed between the phosphorylated 
PPCY (PPCpY) peptide and tandem WW3-WW4 domains (Figure 3A and 
Supplementary Figure S3), indicating that phosphorylation of the PPxY motif would 
abolish the interaction between TXNIP and Itch. On the basis of the crystal structure of 
the WW domains and PPCY peptide complex, phosphorylation would disrupt the 
hydrogen bond between residue Y334′ and H459/H499 and cause steric hindrance. 

Does phosphorylation of the PPxY motif enable recognition by other proteins? 
There are a number of phosphorylation readers, including the SH2 domain, BRCT 
domain and 14-3-3 proteins. The SH2 domain is a sequence-specific phosphotyrosine-
binding module present in many signaling molecules. Significantly, the TXNIP’s PPTY 
motif binds to SH2 domains of SHP2 (Src homology phosphatase-2), which prevents the 
dephosphorylation and deactivation of CSK [24]. According to the PhosphositePlus 
server, PPTY's tryrosine may be subject to phosphorylation [43, 44], but whether this 
interaction between SHP2 and TXNIP requires tyrosine phosphorylation is not clear. 
Tyrosine phosphorylation within the PPxY motifs of β-dystroglycan has been shown to 
block interaction with the WW domains of dystrophin and utrophin, while promoting the 
recruitment of SH2 domain-containing proteins [22]. Thus, we performed ITC assays for 
the N-terminal, C-terminal, and tandem SH2 domains of SHP2 to different tyrosine-
phosphorylated or non-phosphorylated PPxY peptides. All these SH2 domains of SHP2 
showed moderate binding to the tyrosine-phosphorylated TXNIP peptides, and the 
binding depended on the phosphorylation mark (Figure 3A). It remains unclear whether 
the observed binding between tandem SH2 domains and tandem PPx(pY) motifs 
represents a multivalent interaction and whether a putative multivalent interaction would 
be physiologically relevant. 

We crystallized the tandem SH2 domains of SHP2 (residues 1-222) in complex with 



the PPTpY peptide (Figures 3B) and determined the crystal structure. In the 
crystallographic model, each SH2 domain binds one PPTpY peptide using similar 
binding modes (Supplementary Figure S3A); thus the C-terminal SH2-PPTpY complex 
will be used in the following discussion. The SH2 domain of SHP2 adopts the 
characteristic SH2 fold, which consists of a core anti-parallel β-sheet (βB-βD), two α-
helices (αA and αB), which pack on opposite faces of the sheet, respectively, and a cap 
element formed by another small anti-parallel β-sheet (C terminal βD and βE, and a loop 
instead of βE in our SHP2 model). To facilitate the comparison, we used the secondary 
structure notation introduced previously for Src and Lck [45, 46]. We did not observe the 
N-terminal βA, βE, βF, and C-terminal βG strands seen in other SH2 domains [45, 46]. 
The peptide is bound in an extended conformation roughly perpendicular to the central β-
strands of the SH2 domain (Figure 3B and Supplementary Figure S4B). This binding 
mode is highly conserved in other SH2 domains [45-50].  

According to our complex structure and ITC results, the phosphorylation of the 
tyrosine residue in the PPxY motif appears indispensable for complex formation as the 
unmodified PPxY peptide showed no detectable binding to the SH2 domain of SHP2 
(Figure 3A). Taken together, our study suggests a novel regulatory role for the PPxY 
motifs of TXNIP: the phosphorylation mark on the tyrosine not only turns off the signal 
for Itch-mediated degradation, but also turns on a signal to recruit SH2 domain 
containing proteins (Figures 3A and 3C). Phosphorylated PPxY motifs of TXNIP bind to 
SH2 domains of SHP2, which prevents the dephosphorylation and deactivation of CSK 
[24], although it remains to be investigated if any other SH2-domain containing proteins 
in addition to SHP2 are physiological targets of TXNIP. 

These new data on the function of PPxY motifs have implications for the regulation 
of cell signaling pathways in which TXNIP participates. For the interaction between Itch 
and TXNIP, which regulates the degradation of TXNIP, we propose a multivalent 
binding model. The model requires further refinement and validation, including the 
identification of specific pairs of WW domains and PPxY motifs that interact in vivo. 
Phosphorylation of tyrosine in PPxY motifs of TXNIP would block TXNIP’s interaction 
with Itch, but promote recruitment SH2 containing proteins such as SHP2. This 
phosphorylation-dependent switch is reminiscent of our previous report, in which 
phosphorylation of serine 350 of the PxLPxl/L motif of HDAC4 reduced the binding of 
ANKRA2 but recruited 14-3-3 proteins for binding with a strong affinity [51]. 
Furthermore, this phosphorylation-status dependent recognition of PPxY motifs of 
TXNIP by the WW domains of Itch probably plays important functional roles in cellular 
signaling pathways in vivo, similar to the importance of phosphorylation of Smad that 
modulates its binding affinities to the WW domains of transcriptional partners such as 
YAP and Pin1, consequently impacting on the BMP and TGF- signaling pathways [52]. 
If one considers TXNIP as a node in the regulatory network of interacting proteins, 
interaction with SH2 domains should define a significant portion TXNIP’s connectivity 
within that network. Whereas the number of potential direct or indirect effects on cellular 
processes is vast, TXNIP’s SH2-containing “neighbors” in the network context have yet 
to be exhaustively identified and characterized, and the associated WW-SH2 affinity 
switch’s function clarified in the contexts of cellular homeostasis and pathogenesis. 
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FOOTNOTES  
1 The abbreviations used are: TXNIP, thioredoxin interacting protein; Itch, E3 ubiquitin 
protein ligase Itchy homolog; SHP2, Src homology phosphatase-2; PPTpY, PPTY 
phosphorylated on tyrosine. 
2 Itch-WW3-WW4: Initially, diffraction intensities were measured on a rotating copper 
anode and integrated and scaled with DENZO and SCALEPACK [53], respectively. The 
structure was solved by molecular replacement using preliminary coordinates of the 
WW3 crystal structure from this laboratory (PDB code 5DWS). ARP/WARP was used 
for map improvement [54] and automated model building. Synchrotron diffraction data of 
an isomorphous crystal were reduced with XDS [55] and used for further refinement of 



the crystallographic model. SHP2-SH2: Synchrotron diffraction data were reduced with 
DENZO and SCALEPACK. Models for molecular replacement based on PDB entries 
3TKZ [48] and 4XZ0 [56] were prepared using the FFAS03 server [57] and SCWRL [58]. 
ARP/wARP was used for phase improvement and automated model building. JLIGAND 
[30], the GRADE server (http://grade.globalphasing.org) and MOGUL [59] were used for 
restraint preparation. 
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FIGURE LEGENDS 
 
Figure 1. WW domains of Itch bind to PPxY motifs of TXNIP with different 
affinities.  
(A) Domain structure of human Itch and TXNIP. Itch consists of a C2 domain, four WW 
domains, and a HECT ubiquitin ligase domain. TXNIP consists of an N-terminal arrestin 
lobe, a C-terminal arrestin lobe, and a C-terminal tail containing two PPxY motifs. The 
initial and final residues of each domain are indicated. (B) Binding affinities of single or 
tandem PPxY motifs to individual or tandem WW domains were determined by ITC. All 
Kd values were calculated from single measurement and errors were estimated by fitting 
curve. All the ITC assays were performed by VP-ITC microcalorimeter (GE, Inc) except 
where indicated otherwise. 
 
Figure 2. Structural basis for PPCY motif recognition by tandem WW3-WW4 
domain of Itch. 
(A) Structure based sequence alignment of WW domains of Itch. Secondary structure 
elements and residue numbers of WW3 and WW4 are indicated above and below the 
sequence alignment, respectively. The two conserved tryptophans (W, WW3) or W and 
tyrosine (Y, WW4) are highlighted in blue. The conserved XP groove and tyrosine 
groove-forming residues are marked by closed and open black circles, respectively. (B, C) 
Detailed interactions of the PPCY peptide with WW3 (B) and WW4 domain (C) in the 
(WW3-WW4)-PPCY complex. WW3, WW4 domain and PPCY peptide are shown as 
cartoon and colored in cyan, pink and yellow, respectively. Interacting residues in WW 
domains and PPCY peptide are shown in stick mode. Hydrogen bonds are shown as 
yellow dashes. (D, E) Electrostatic potential surface representation of the WW3-PPCY 
(D) and WW4-PPCY in (WW3-WW4)-PPCY complex (E) (isocontour value of ± 64 
kT/e). WW domains are shown in surface representation and PPCY peptides are shown 
as yellow cartoon or sticks. The conserved XP and tyrosine grooves are shown by black 
and red circles, respectively.  
 
Figure 3. Phosphorylation of TXNIP blocks its binding to Itch but enables 
recruitment of SH2 domain containing proteins. 
(A) Binding affinities of phosphorylated or un-phosphorylated PPxY motifs to SH2 
domains of SHP2 or tandem WW3-WW4 domain of Itch were determined by ITC. All Kd 
values were calculated from single measurement and errors were estimated by fitting 
curve. All the ITC assays were performed by VP-ITC microcalorimeter (GE, Inc). (B) 
Overall structure of the C terminal SH2 domains of SHP2 in complex with PPTpY 
peptide showing the secondary structure notation and binding model of PPTpY peptide. 
SH2 domains and PPTpY peptide are shown in cartoon mode. (C) Schematic 
representation of the switch model. Phosphorylated PPxY motif disrupts the binding 
between TXNIP and Itch WW domain (top) but recruits SH2 containing protein SHP2 
(bottom). We note that additional data are required to confirm a possible bivalent 
interaction between tandem PPx(pY) motifs and tandem SH2 domains.	



Table 1 Data collection and refinement statistics 
complex Itch (WW3-WW4)-PPCY SHP2 SH2-PPTpY 
PDB code 5CQ2 5DF6 
Data reduction   
Radiation wavelength [Å] 0.9792 0.9793 
Space group I222 P21 
Cell dimensions a,b,c [Å],α,β,γ [°] 57.28,62.26,67.81,90.00,90.00,90.00 28.47,72.17,62.55,90.00,101.77,90.00 
Resolution limits [Å] 45.86-1.40(1.42-1.40) 46.69-1.78(1.82-1.78) 
Unique HKLs 24240(1191) 23333(1249) 
Completeness [%] 99.9(100.0) 98.5(95.9) 
Rsym 0.043(0.927) 0.076(0.526) 
I/sigma 25.1(2.0) 11.2(1.4) 
Redundancy 7.1(6.5) 3.9(3.3) 
Model refinement   
Refinement resolution [Å] 45.86-1.40 46.69-1.78 
Reflections used/free 23096/1144 22177/1156 
Number of atoms/average B-factor [Å2] 882/25.4 1928/32.0 
  Protein 616/23.3 1657/31.4 
  Peptide 193/29.9 154/35.4 
  Water 55/30.8 110/35.0 
  Others 18/32.9 7/31.6 
R work/free 0.153/0.184 0.194/0.248 
RMSD bonds [Å]/angles [°] 0.020/1.8 0.017/1.7 
Molprobity Ramachandran favored/outliers [%] 98.92/0.00 98.24/0.00 
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