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YAP, TAZ, and their Drosophila homologue Yorkie (Yki) are
multifunctional adaptors and transcriptional regulators that

can be cytoplasmic or nuclear depending on phosphorylation.
Among their known roles, YAP, TAZ, and Yki are the nuclear
effectors of the Hippo pathway, a core conserved signaling
pathway and central mechanism of organ size regulation, spatial
patterning, regulation of early embryo development, homeosta-
sis, and regeneration following injury.1�4 YAP and TAZ are 46%
identical in amino acid sequence and have both shared and
distinct regulation and function. Major components common
to YAP and TAZ include an N-terminal TEAD binding region
(the TEAD transcription factors are cognate DNA binding
partners of YAP and TAZ), WW domain(s), and a C-terminal
transcription activation domain.

The Hippo pathway was discovered in Drosophila.5 In the
Drosophila Ser/Thr kinase cassette, Hippo (Hpo), facilitated by
Sav, phosphorylates itself, Sav, Mats, and Warts (Wts).1�4 Wts
phosphorylates and inhibits Yki, a potent activator of cell growth
and proliferation, by 14-3-3 cytoplasmic sequestration.6 Droso-
phila organ size is controlled via the relative cytoplasmic and

nuclear levels of Yki. Hippo pathway inactivation, or Yki over-
expression, causes tissue overgrowth. In vertebrates, MST1/2,
SAV1, LATS1/2, and MOB1 form an analogous kinase cassette
that regulates YAP and TAZ: LATS1/2 phosphorylate YAP and
TAZ, causing cytoplasmic anchoring by 14-3-3. The crystal
structure of a 14-3-3σ-YAP phosphopeptide complex shows
1:1 stoichiometry with mode II binding.7 YAP phosphorylation
and location correlate with cell density. Strikingly, YAP over-
expression causes massive organ overgrowth with maintained
organ architecture.6,8 The role of YAP and Yki WW domains
depends on cell type.9,10

YAP and TAZ also play key roles in the specification, self-
renewal, and differentiation of stem cell lineages during
development;8,11�13 YAP and TAZ participate in maintenance
of stem cell pluripotency through their interactions with TEAD14

and Smad12,13 transcription factors. Structural studies of the
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ABSTRACT: The paralogous multifunctional adaptor proteins
YAP and TAZ are the nuclear effectors of the Hippo pathway, a
central mechanism of organ size control and stem cell self-
renewal. WW domains, mediators of protein�protein interac-
tions, are essential for YAP and TAZ function, enabling inter-
actions with PPxY motifs of numerous partner proteins. YAP
has single and double WW domain isoforms (YAP1 and YAP2)
whereas only a single WW domain isoform of TAZ has been
described to date. Here we identify the first example of a double
WW domain isoform of TAZ. Using NMR, we have character-
ized conformational features and peptide binding of YAP and TAZ tandemWWdomains (WW1�WW2). The solution structure of
YAPWW2 confirms that it has a canonical three-stranded antiparallel β-sheet WWdomain fold. While chemical shift-based analysis
indicates that the WW domains in the tandem WW pairs retain the characteristic WW domain fold, 15N relaxation data show that,
within the respective WW pairs, YAP WW1 and both WW1 and WW2 of TAZ undergo conformational exchange. 15N relaxation
data also indicate that the linker between theWWdomains is flexible in both YAP andTAZ.Within both YAP andTAZ tandemWW
pairs, WW1 and WW2 bind single PPxY-containing peptide ligand concurrently and noncooperatively with sub-mM affinity. YAP
and TAZWW1�WW2bind a dual PPxY-containing peptide with approximately 6-fold higher affinity. Our results indicate that both
WW domains in YAP and TAZ are functional and capable of enhanced affinity binding to multi-PPxY partner proteins such as
LATS1, ErbB4, and AMOT.
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YAP�TEAD interaction show that YAP N-terminal domain is
natively unfolded and wraps around the immunoglobulin-like
β-sandwich formed by TEAD C-terminal domain.15�17 YAP
WW domains bind the Smad1 PPxY motif,13 whereas the TAZ
coiled coil binds to Smad2/3.12 Smad activity is dependent upon
nuclear localization of Smad-YAP/TAZ complexes, which is
regulated by interactions between the WW domains and PDZ
binding motifs of YAP and TAZ and the Crumbs cell polarity
complex in response to cell density signals.18 YAP and TAZ have
been implicated in tumorigenesis.19�21 YAP may also have a
tumor suppressive capacity. Such superficially contradictory
findings probably reflect control network complexity and context
dependence of YAP and TAZ function.

YAP has two major isoforms that differ in the number of WW
domains: YAP1 has one WW domain, and YAP2 has two WW
domains.22,23 There are differences in expression patterns and
activity of YAP isoforms, and functions of the YAP isoforms are
likely to be context-dependent. Only a single WW domain
isoform of TAZ has been reported to date. The WW domain is
a small yet versatile protein�protein interaction module that
binds proline-rich motifs or phosphoSer/Thr-Pro motifs.24,25

The domain is named after two signature tryptophans that are
20�22 residues apart. WW domains adopt a common three-
stranded antiparallel β-sheet fold. The first of the signature
tryptophan residues lies on one side of the β-sheet in the
hydrophobic core and is required for domain stability. On the
other side of the β-sheet, the second tryptophan is located in
the binding pocket. WW domains fall into five groups, I�V,
based on ligand preference.24 As group I domains, the WW
domains of YAP and TAZ bind PPxY motifs in target proteins.

The Hippo pathway is rich in WW domains and their PPxY
ligands: in addition to YAP, TAZ, and Yki, the Hippo pathway
components Sav/SAV1 and Kibra also contain twoWWdomains.
Dachshous, Ft1, Ft2, Ex, Hippo, Wts/LATS1/2, and the Crumbs
complex components PATJ and AMOT all contain at least one
PPxY motif. Tandem WW domain combinations are found in
numerous other proteins and have apparently evolved particular
characteristics of cooperativity/independence.25�30 Isolated WW
domains tend to be promiscuous, for example, whereas two WW
domains can combine to increase specificity and/or affinity. In
some cases, tandem WW domains can associate in a way that
competes with ligand binding, and they can influence one
another’s folding or stability. In at least one example, each WW
domain can bind a separate protein so that the WW pair acts as a
molecular bridge. Here we demonstrate the existence of a tandem
WW domain isoform of TAZ and use NMR spectroscopy to
characterize conformational, dynamic, and ligand binding proper-
ties of YAP and TAZ tandem WW domains.

’EXPERIMENTAL PROCEDURES

Production of TAZ cDNA Plasmids. RNA was isolated from
two adult Hd-rR medaka fish and used to synthesize a cDNA
library with the TaKaRa PCR kit. Nested PCR was used to
amplify TAZ cDNA: the product of PCR with forward and
reverse primers TGGAGATTTGCTTCGACTCTG and GC-
CTATAGCCAGGTGAGCAG was used as template for a
second PCR with forward primer GACTCTGACTTCTGGC-
GACAT and the same reverse primer. The DNA fragments were
purified, phosphorylated with polynucleotide kinase, and ligated
into pBluescript SK-. The resulting plasmids were transformed

into Mach1 E. coli for selection of successful clones. The DNA
was then sequenced (GATC Biotech).
Cloning, Expression, and Purification of Recombinant

WW Domain Fragments. DNA sequences encoding YAP and
TAZ single and tandem WW domain fragments were amplified
by PCR using medaka full length YAP and TAZ cDNA in
pBluescript SK- as template and cloned into pBG101
(Vanderbilt University Structural Biology Center). Residue
numbers are as follows: 119�162, 182�222, 119�222 for
YAP WW1, WW2, and WW1�WW2 and 103�147, 177�218,
103-218 for TAZ WW1, WW2 and WW1�WW2. E. coli BL21-
(DE3) were grown at 37 �C to OD600 0.6�0.9, induced and
cultured for 3 h. Following cell harvest, lysis, and 60000g
centrifugation, WW domains were purified by metal ion chro-
matography. The 6His-GST tag was removed with 3C protease
followed by a second HisTrap stage and then anion exchange.
Peptide Synthesis. Single PPxY peptide GTPPPPYTVG was

assembled on an Activo P11 automated peptide synthesizer
(Activotec) on a 0.12 mmol scale, on preloaded Fmoc-Gly Wang
resin (Novabiochem), according to 9-fluorenylmethoxycarbonyl
(Fmoc) solid phase protocols. The peptide was characterized by
high resolution mass spectrometry (Bruker MicroTOF). Dual
PPxY peptide GTPPPPYTVGGGGGGGTPPPPYTVG was
bought from Thermo Fisher Scientific.
Sample Preparation, NMR Spectroscopy, and Data Anal-

ysis for Tandem WW Domains. 15N YAP WW1�WW2 was
exchanged into 50 mM potassium phosphate pH 5.5, 100 mM
NaCl, 0.5 mM EDTA, and 15N TAZ WW1�WW2 was ex-
changed into 20 mM Tris pH 7.5, 100 mM NaCl. NMR sample
concentrations were determined by UV absorption and SDS-
PAGE. YAPWW1�WW2NMRdata were acquired at 18 �C and
TAZ WW1�WW2 NMR data at 27.5 �C. Solution conditions
and data acquisition temperature were selected on the basis of
protein solubility and 1H�15N HSQC quality. Backbone assign-
ments were obtained from double and triple resonance data using
CCPN Analysis;31 since some of the expected WW1 peaks were
not observed in YAP and TAZ WW1�WW2 triple resonance
spectra, backbone assignments of YAP and TAZ WW1 domain
alone were needed to complete YAP and TAZ WW1�WW2
backbone assignment.
In order to monitor WW�peptide binding, YAP and TAZ

tandemWW 1H�15N HSQC spectra were recorded as a function
of increasing peptide concentration. The average chemical shift
change of each NH peak was calculated using Δδav (ppm) =
[(Δδ2HNþΔδ2N/25)/2]1/2 . The affinity of eachWW domain
within WW1�WW2 for single PPxY peptide was calculated using
chemical shift movement of binding site residues. Dissociation
constants, Kd, were determined by minimizing a target function,
χ2 = ∑(Δδav

exp � Δδav
cal)2/(Δerr)

2. Here, Δδav
exp and Δδav

cal

indicate experimental and calculated chemical shift changes, and
Δerr indicates experimental error (estimated 0.005 ppm against
normalizedΔδav ppm). In eachminimization, two parameters (Kd

and the relative saturated chemical shift) were optimized using
Matlab 2009 (Mathworks Inc.). In addition, the Δδav

cal values in
the determination of Kd for single PPxY peptide binding to WW1
or WW2 were calculated using eqs 17�19 in ref 32. Similarly,
Δδav

cal values for dual PPxY peptide binding to WW1�WW2
were calculated using eqs 14�16 in ref 32, assuming 1:1 binding
without allosteric effects (see Results).
Heteronuclear NMR experiments to determine 15N longitudinal

relaxation rate (R1),
15N transverse relaxation rate (R2), and

{1H}-15N NOE parameters for YAP and TAZ tandem WW
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domains were recorded on a Bruker Avance 600 spectrometer with
cryo-probe. R1 and R2 spectra were recorded at seven relaxation
time points: 0, 0.05, 0.1, 0.2, 0.3, 0.5, and 0.8 s forR1 and 0, 8, 16, 32,
48, 64, and 80 ms for R2. NOE values were determined using 15N
peak intensity recorded with and without 3 s 1H saturation. In
addition, 15N CPMG relaxation dispersion was recorded for YAP
WW1�WW2 at a constant time of 40 ms with effective field
strength νCP (1/4tcp) of 50, 100, 200, 400, 500, and 700Hz to verify
the regions that undergo conformational exchange.33 Spectra were
processed using NMRPipe/NMRDraw,34 and relaxation data were
analyzed using in-house software.35

Sample Preparation, NMR Spectroscopy, and Structure
Calculation of YAP WW2. Purified YAP WW2 was exchanged
into 50 mM potassium phosphate pH 5.5, 200 mMNaCl, 5 mM
EDTA, and NMR data acquired at 30 �C. NMR data were
processed as described above34 and analyzed using CCPN
analysis.31 Structures were calculated and assessed as previously
described.36

’RESULTS

Identification of Tandem WW Domain Isoform of TAZ.
YAP is known to have single and double WW domain isoforms
(YAP1 and YAP2),22,23 whereas only a single WW domain
isoform of TAZ has been described. We sequenced several
medaka TAZ cDNA plasmids prior to use as template for PCR
amplification of WW domain fragments. Two splice forms of
medaka TAZ were identified: the previously known single WW
domain isoform (TAZ1) and a novel isoform (TAZ2) with a
second WW domain separated from the first WW domain by 45
residues, such that the TAZ2 inter-WW domain linker is 10
residues longer than the YAP2 linker (Figure 1). The tandem
WW domains of medaka YAP2 and TAZ2 are overall 59%
identical and 70% similar in sequence. The individual WW
domains show higher homology than the tandem constructs:
YAP and TAZ WW1 domains are 82% identical and the WW2
domains 78% identical, so the inter-WW linkers differ more
between YAP2 and TAZ2 than the WW domains. Medaka and
human YAP WW1 domains are 100% identical, the WW2
domains are 89% identical and 96% similar, and tandem domains
are 78% identical and 88% similar. Medaka and human TAZ
WW1domains are 70% identical and 78% similar. Given this high
sequence conservation, there is a high probability that conclu-
sions from this study will apply to YAP and TAZ WW domains
from a wide range of vertebrates.
Conformational Features of YAP and TAZ Tandem WW

Domains.The chemical shift dispersion of backboneNHpeaks in

1H�15N HSQC spectra of YAP and TAZWW1�WW2 indicates
that WW2 is folded and that at least a substantial fraction ofWW1
domains in the WW1�WW2 population is folded. For both YAP
and TAZWW1�WW2, the WW1 peaks around proton chemical
shift values of 9 ppm in 1H�15N-HSQC spectra are weaker than
the equivalent WW2 peaks (Figure 2): in YAP, the weak WW1
peaks and their WW2 equiv are E133 (WW1) and E193 (WW2),
M134 andQ194, T137 and T197, F144 and Y204, L145 and I205;
and in TAZ, E118 (WW1) and E188 (WW2), M119 and Q189,
R127 and M197, F129 and Y199, L130 and I200. As described
below, signal broadening arises from a chemical exchange con-
tribution to transverse relaxation rates. The corresponding absence
of certain peaks from YAP and TAZ WW1�WW2 triple reso-
nance data meant that NMR data from isolated WW1 domains
(with relatively weak but detectable peaks) were required to assign

Figure 1. Sequence alignment of human and medaka YAP and TAZ WW domains. Alignments were made using ClustalW55 and the panel generated
with Boxshade. The β-strand locations are from YAP WW139 and YAP WW2 (this work) structures. Initial residue numbers are indicated.

Figure 2. YAP and TAZ tandemWWdomain 1H�15N HSQC spectra.
Labels indicate peaks around 1H chemical shift 9 ppm that are weaker in
WW1 than peaks from equivalent residues in WW2 (purple labels
correspond to WW1 and red to WW2 peaks within WW1�WW2).
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several WW1 residues within WW1�WW2. Relative to YAP
WW1�WW2 1H�15N HSQC, the TAZ WW1�WW2
1H�15N HSQC exhibits more heterogeneous signal patterns; five
Trp indoleNH signals are observed in the indole region around 1H
chemical shift 10 ppm for TAZWW1�WW2, for example, rather
than the four expected, indicating that at least one Trp indole NH
undergoes chemical exchange.
Solution Structure of YAP WW2 and Chemical Shift-Based

Secondary StructureAnalysis ofYAPWW1andTAZWW1and
WW2.Since the YAPWW2 structure has remained undetermined,
and in order to verify that YAPWW2 adopts a typicalWW fold, we
determined the solution structure of YAP WW2. The final
structures (Figure 3 and Table 1) were obtained using NOE-
derived distance restraints, hydrogen bond restraints, and Φ and
Ψ dihedral angle TALOSþ restraints.37 YAP WW2 indeed has a
characteristic WW fold; it comprises three antiparallel β-strands
(residues 192�197, 201�207, 210�214), connected by two
short flexible loops, which form a twisted β-sheet. A cluster of
hydrophobic side chains lies on the opposite face of the β-sheet to
the ligand binding site and the regions N- and C-terminal to the
WW domain core curve around this hydrophobic region.
Comparison of YAP WW2 and WW1�WW2 using chemical

shift-based secondary structure prediction indicates thatWW2 retains
this three-strandedβ-sheet structure in the tandemWWdomain pair.
Detailed structural analysis was not undertaken for YAP and TAZ

tandemWW domains because, as mentioned above, numerous YAP
and TAZ WW1 signals are weak and TAZ WW1�WW2 peak
intensities are heterogeneous (Figure 2). Sequence homology
(Figure 1) and chemical shift-based secondary structure prediction,
however, indicate that TAZ WW1 and WW2 adopt a typical WW
domain fold. Analysis of 1H, 13C, and 15N chemical shift values
indicates there are β-strands at residuesW132�K136, R142�N146,
and T152�W154 in isolated YAP WW1; W132�K136,
R142�N146, and T152�W154 in WW1 within YAP
WW1�WW2; W117�K121, R127�N131, and T137�L140 in
isolatedTAZWW1; thefirst and thirdβ-strands inWW1withinTAZ
WW1�WW2 could not be verified due to incomplete CR and Cβ
assignments, but the secondβ-strand locationmatches that in isolated
TAZ WW1; and E188�V191, M197�D201, and T207�V210 in
WW2 within TAZ WW1�WW2. The predicted YAP WW1
β-strand locations agree closely with those observed in YAP
WW1�peptide structures.38,39

Dynamic Instability of the Tandem WW Domains. We
acquired 15N relaxation data to identify the cause of hetero-
geneous 1H�15N HSQC signal intensities in YAP and TAZ
WW1�WW2 spectra. The WW1 domain of YAP WW1�WW2
exhibited R2 rmsd in the R2 dispersion data and high CPMG R2
values (Figure 4A,B), indicating that there is significant con-
formational exchange in YAP WW1. The YAP WW1 residues
that undergo significant conformational exchange within
WW1�WW2 include D125, W132, M134, A135, K136, R142,

Figure 3. Solution structure of YAP WW2. (A) Superimposition and
(B) average structure of the 20 lowest energy structures from 100
calculations colored from blue at the N-terminus to orange at the
C-terminus (PDB code 2L4J). The figure was generated using Pymol.

Table 1. Structural Statistics Summary for the 20 Lowest
Energy Structures of YAP WW2

total number of NOE restraints 358

intraresidue 108

sequential and medium range (i þ 1 to i þ 4) 113

long range 137

number of dihedral angle restraints 46

number of hydrogen bond restraints 20

mean rmsd of backbone atomsa 0.34 Å

mean rmsd of non-hydrogen atomsa 1.04 Å

average number of NOE violations 1.8

average number of dihedral angle violations 0

Ramachandran plot regions (% residues)b

most favored 81.8

additionally allowed 18.2

generously allowed 0

disallowed 0
aRmsd from mean structure calculated over residues 190�197,
201�207, and 210�214. bResidues 190�214.

Figure 4. Backbone dynamics of YAPWW1�WW2. (A) R2 dispersion,
(B) 15NR2, (C)

15NR1, and (D) {
1H}�15NNOE values as a function of

residue number. The β-strand locations are from YAPWW139 and YAP
WW2 (this work) structures.
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F144, T151, and D156. The side chains of these residues are on
the opposite side of the β-sheet to the peptide binding site. These
observations are consistent with the weakWW1 signal intensities
observed in the YAP WW1�WW2 1H�15N HSQC spectrum
(Figure 2).
TAZ WW1�WW2 exhibited elevated 15N R2 values in both

WW domains (Figure 5), consistent with the observed hetero-
geneous, and overall weaker, signal intensities in the TAZ
WW1�WW2 HSQC spectrum. These elevated R2 values are
not due to rapid amide�water proton exchange at pH 7.5 in the
antiphase NX,YHZ term generated during the CPMG period but
due to chemical exchange, because a qualitative R1F experiment
with relatively short delays (0�32 ms) at B1/2π = 2 kHz also
showed elevated R1F values in the two WW domains (data not
shown).
In spite of the similar molecular masses of YAP and TAZ

tandem WW pair constructs, the smallest R2 in the β-sheet
region (assumed to experience the smallest chemical exchange
effect) is∼8 s�1 in TAZWW1�WW2, slightly smaller than that
of YAP WW1�WW2 (∼10 s�1). The average R1 in TAZ
WW1�WW2 is larger (2.2 ( 0.25 s�1) than that of YAP
WW1�WW2 (1.5 ( 0.10 s�1). These differences in R1 and
R2 indicate that overall molecular motion is greater in TAZ
WW1�WW2 than in YAP WW1�WW2. On the basis of the
Stokes�Einstein equation for a single molecular rotation and
water viscosity,40 the difference in experimental temperatures

for YAP (18 �C) and TAZ (27.5 �C) is predicted to result in a
15% change in rotational correlation times. Although the
difference in R2 between YAP and TAZ WW1�WW2 is within
a range that can be explained simply by the temperature
difference, the difference in R1 may not be so explained (see
below). This suggests that additional dynamics occur in TAZ
WW1�WW2 such as domain motions, equilibrium between
folded and unfolded forms, or weak dimerization.
The Linker between WW1 and WW2 Is Unstructured.

Backbone NH peaks of YAP and TAZ WW1�WW2 linker
residues are mostly within the central region of 1H�15N HSQC
spectra around 1H chemical shift 8 ppm, consistent with a lack of
structure in the linker. {1H}�15N NOE values, moreover, average
0.064 for YAP linker residues 166�184 and�0.207 for TAZ linker
residues 148�176 (Figures 4D and 5C), indicating significant
mobility of NH bond vectors on the picosecond to nanosecond
time scale. This compares with average {1H}�15N NOE values of
0.664 and 0.672 for YAP WW1 (residues 122�159) and WW2
(residues 190�219) and 0.635 and 0.646 for TAZWW1 (residues
111�143) andWW2(residues 183�213), indicating that theWW

Figure 5. Backbone dynamics of TAZ WW1�WW2. (A) 15N R2, (B)
15NR1, and (C) {

1H}�15NNOE values as a function of residue number.
Secondary structure elements were predicted from chemical shift values
using TALOSþ37 (WW1 values were taken from data for isolatedWW1
domain rather than tandemWW1�WW2). Several residues in the TAZ
linker could not be assigned.

Figure 6. WW�PPxY peptide titration 1H�15N HSQC spectra. Sec-
tions of overlaid spectra for YAP and TAZ tandem WW domains with
(A, C) single and (B, D) dual PPxY peptides (start and end points are in
red and purple).
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domains within WW1�WW2 are relatively rigid. In addition, we
did not observe anymedium rangeNOEswithin the YAP andTAZ
linkers in 15N-edited 3D NOESY spectra. There is thus strong
evidence that the inter-WW domain linker region in both YAP2
and TAZ2 is unstructured and highly flexible. It is therefore pos-
sible that there is interdomain mobility; such mobility would

significantly affect R1, consistent for example with the fact that
the difference in R1 between YAP and TAZ WW1�WW2 is not
explained simply by difference in temperature of data acquisition. In
both YAP and TAZ WW1�WW2, since there are large R2 values,
probably due to conformational exchange, rotational correlation
times and subsequent estimation of relative domain orientations
are not obtainable from 15N relaxation data.
Interaction of YAP and TAZ Tandem WW Domains with

PPxY Peptides. In order to assess WW1�WW2 binding to
ligand, the single PPxY-containing peptide GTPPPPYTVG that
has been used in previous studies of YAP WW1 structure and
binding39 or tandem PPxY-containing peptide GTPPPPYTV-
GGGGGGGTPPPPYTVG was titrated into an NMR sample of
15N-labeled YAP or TAZ WW1�WW2. Binding was monitored
via 1H�15N HSQC spectra recorded at each titration point
(Figure 6). Both WW domains within YAP and TAZ WW1�
WW2 interacted with GTPPPPYTVG and with GTPPPP-
YTVGGGGGGGTPPPPYTVG (Figure 7).
Weused the average chemical shiftmovement of residues known

to form the peptide binding site, at each addition of peptide, to
calculate dissociation constant values for YAP and TAZ
WW1�WW2. The affinities for GTPPPPYTVG of WW1 and
WW2withinWW1�WW2are similar for YAP andTAZ,with YAP
Kd values of 284( 52 μM(WW1) and 281( 55 μM(WW2) and
TAZ Kd values of 330 ( 116 μM (WW1) and 273 ( 116 μM
(WW2). This similarity of dissociation constant values between
WW1 and WW2 is consistent with the high sequence homology
between the domains (52% identity between YAP2 WW1 and
WW2 and 59% identity between TAZ2 WW1 and WW2).
The dual PPxY peptide interacted with tandem WW domains

of YAP and TAZ with higher affinity than single PPxY peptide, as
evidenced by significant chemical shift changes at lower peptide:
protein ratio for the dual PPxY peptide (Figure 8). WW1 and
WW2 showed almost identical titration curve shapes, indicating

Figure 7. Chemical shift changes upon tandem WW domain�peptide interaction. Average chemical shift movement of each assigned peak after the
final addition of single PPxY peptide (top) and dual PPxY peptide (bottom) to (A, C) YAP and (B, D) TAZ WW1�WW2. Unassigned and proline
residues are shown as small negative values. TAZ secondary structure elements were predicted from chemical shift values using TALOSþ.37

Figure 8. Average chemical shift movement of binding site residues
upon peptide binding. YAP and TAZ WW1 and WW2 within
WW1�WW2 binding to (A) single and (B) dual PPxY peptides.
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concomitant, nondomain-selective binding (see Discussion).
The Kd for TAZ WW1-WW2 binding to dual PPxY peptide
was 48.5 ( 12 μM. The Kd of YAP WW1�WW2 for dual PPxY
peptide was calculated to be similar to TAZ WW1�WW2, but
the calculation had a low confidence level with χ2/n > 8. The
pattern of chemical shift changes upon dual PPxY peptide
interaction was very similar to that upon single PPxY peptide
binding (Figure 7). This indicates that the interaction mode of
eachWWdomain is the samewith single and dual PPxY peptides.
Larger chemical shift changes in the second and third β-strands
are consistent with the expected prominent ligand binding role of
residues within these strands such as Y143, L145, and W154
(YAP WW1) and Y203, I205, and W214 (YAP WW2). The
corresponding residues in human YAP are Y188, L190, and
W199 in WW1 and Y247, I249, and W258 in WW2.
Linker residue chemical shifts changed to a much lesser extent

than the WW domain peaks (Figure 7). Consistent with these
small chemical shift changes, average linker {1H}�15N NOE
values of 0.038 and �0.18 for YAP and TAZ WW1�WW2
bound to dual PPxY peptide were similar to those of the unbound
YAP and TAZ WW1�WW2 of 0.064 and �0.207.

’DISCUSSION

Identification of TAZ Double WW Domain Isoform. The
discovery of YAP1 was reported in 1994 followed by the tandem
WW domain isoform YAP2 in 1995.22,23 We have found no
mention of a tandem WW domain isoform of TAZ from any
species in the literature or databases (Ensembl and Genbank).
Our identification in medaka of a tandem WW isoform of TAZ,
TAZ2, could therefore represent the first example of tandem
WW TAZ. It is possible that TAZ2 will be found in other
organisms. There has been limited analysis of the biological
function of the twomajor YAP isoforms, YAP1 and YAP2. YAP2,
for example, was shown to be a stronger coactivator of transcrip-
tion than YAP1, and an attempt was made to compare their tissue
expression patterns in mouse, but the YAP1 transcript could not
be detected. Subsequent reports suggest that functions of the
YAP isoforms are likely to be context-dependent.
YAP WW2 Adopts a Typical WW Fold and YAP WW1 and

TAZ WW1 and WW2 Undergo Conformational Exchange.
The structure of YAP WW1 has only been studied in complex
with PPxY-containing peptide.38,39 We have determined the
structure of unliganded YAP WW2. Comparison of the YAP
WW2 structure with other WW domain structures, including
various YAP WW1�peptide structures, revealed rmsd values
around 1.5 Å. The one noticeably variable region among the
structures is the loop that connects β-strands 1 and 2, previously
identified as a specificity enhancing loop.41 Sequence homology
and chemical shift-based secondary structure prediction indicate
that TAZ WW domains also adopt a typical WW domain fold.
The conformational exchange of YAP WW1 within YAP

WW1�WW2 (Figure 4) is consistent with the weaker WW1
peaks in 1H�15N HSQC spectra of YAP WW1�WW2
(Figure 2). These YAP WW1 signals remain weak even in the
isolatedWW1 domain, suggesting that broadening of YAPWW1
signals within WW1�WW2 is not primarily due to interaction
with WW2. As YAP WW2 does not undergo significant con-
formational exchange on the μs�ms time scale (Figure 4), we
considered sequence differences that may help to explain the
difference in conformational homogeneity between YAP WW1
and WW2. Examples include charged residues (K136 and R142)

in WW1 compared to hydrophobic residues (I196 and I202) in
the corresponding locations of WW2 (Figure 1). These residues
are located at the C-terminal end of the first β-strand and
N-terminal end of the second β-strand; their side chains are
adjacent and protrude into the environment of hydrophobic core
residues W154/W214 and F144/Y204 (WW1/WW2). Interest-
ingly, a previous molecular simulation study found that YAP
WW1 was significantly less stable than FBP28 WW domain.42

Within TAZ WW1�WW2, both WW1 and WW2 undergo
conformational exchange. In TAZ WW1, K121 and R127
correspond to YAP WW1 residues K136 and R142. TAZ
WW2 contains V191 and M197 in positions corresponding to
YAP residues I196 and I202, indicating that more subtle se-
quence differences between YAP WW2 and TAZ WW2 in
additional positions contribute to conformational exchange in
TAZ WW2. The solution conditions and temperature of NMR
data acquisition selected for the WW1�WW2 constructs, based
on 1H�15N HSQC quality and protein solubility, included
different temperatures and pH values and near-physiological salt
concentrations, so we surmise that the observed conformational
exchange is not condition specific and is likely to persist in
physiological conditions.
Flexibility of the Inter-WWDomain Linker. Previous studies

on tandem WW domains have revealed both a rigid, 10-residue
R-helical linker (Prp4027) and flexible linkers with no secondary
structural elements (Su(dx),43 FBP21,30 Smurf228). The rigid
Prp40 linker restricts the two WW domains to a defined relative
orientation whereas the inter-WW domain linker regions of
Su(dx), FBP21, and Smurf2 consist of a flexible loop spanning
20, 12, and 20 residues, respectively, with some restriction to
inter-WW domain motion. The inter-WW linkers of YAP and
TAZ, at 35 and 45 residues, respectively, are significantly longer.
Chemical shift and backbone {1H}�15NNOE data (Figures 2, 4,
and 5) indicate that the region linking the WW domains in YAP
and TAZ is unstructured and highly flexible, so the YAP and TAZ
inter-WW domain linkers resemble the Su(dx), FBP21, and
Smurf2 linkers more than the Prp40 linker.
Interactions of YAP and TAZ WW1�WW2 with PPxY-

Containing Ligands. During the tandem WW�PPxY peptide
NMR titrations, chemical shift changes occurred for peaks from
both WW domains of YAP and TAZ with each addition of
peptide, suggesting that the WW domains interact concurrently
with peptide. 1H�15N chemical shift changes indicate that each
WW domain within YAP and TAZ WW1�WW2 has essentially
equal affinity for the single PPxY motif. The Kd values obtained
for the single PPxY peptide interaction (in the range 273 ( 116
to 330 ( 116 μM) are similar to those measured previously for
Su(dx) WW3�WW4 binding to a Notch PPxY peptide ligand26

but significantly higher than the Kd value of 1.7 ( 0.4 μM for
Smurf WW2�WW3 binding to a Smad PPxY peptide. In the
Smurf�Smad case, Smurf WW2 augments and enhances
Smurf�Smad WW�peptide interaction relative to WW3
alone.28 Relative to these group I WW domains, the tandem
group III WW domains of FBP21 show weaker binding to group
III PPR motif peptides (Kd values in the range 1�3 mM).30

TAZ WW1�WW2 binds the dual PPxY peptide with higher
affinity (48.5( 12 μM) than single PPxY peptide. On the basis of
the chemical shift changes, YAPWW1�WW2 affinity for the dual
PPxY peptide was estimated to be similar to that of TAZ
WW1�WW2. The 6-fold enhancement of YAP and TAZ
WW1�WW2 affinity for dual PPxY peptide over single PPxY
peptide is smaller than the >10-fold affinity enhancement observed
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for FBP21WW1�WW2 binding to peptide with two proline-rich
motifs over peptide with one proline-rich motif.30 Inter-WW
domain cooperativity is unlikely to account for enhanced affinity
of YAP and TAZ WW1�WW2 for the dual PPxY peptide since
chemical shift changes occurred concurrently forWW1 andWW2,
in a similar manner to the single PPxY titrations. Unlike the FBP21
case, moreover, dual PPxY peptide binding exerted little effect on
linker residue backbone NH chemical shifts (Figure 7) and,
consistent with this, little effect on {1H}�15N NOE values; this
indicates that the linker remains largely unstructured and flexible.
This particular dual PPxY peptide therefore does not induce
allosteric conformational change in YAP and TAZ WW1�WW2.
The data are more consistent with an avidity-basedmechanism for
enhanced affinity in which binding of a PPxY motif to one WW
domain brings the other PPxY motif into proximity to the other
WW domain, limiting the spatial search required for execution of
the second WW�PPxY binding event. On the basis of the small
effects on linker residues and the lowerKd of dual PPxY binding, it
is possible that the two domain-bound form interconverts between
one domain-bound forms. We do not exclude the possibility that
dual PPxY peptides with different inter-PPxY linkers would induce
allosteric conformational change in YAP and TAZ WW1�WW2.
Although the mechanism is not completely clear, enhanced

dual PPxY binding by tandem YAP and TAZ WW domains has
been clearly established in this study. Such enhanced affinity of
dual PPxY binding may be important in YAP2 or TAZ2 inter-
action with binding partners such as LATS1, ErbB4, and AMOT
that contain multiple PPxY motifs (Table 2). The two PPxY
motifs in LATS1, a kinase that is part of the core Hippo pathway
cassette and that phosphorylates YAP and TAZ, are separated by
about 180 amino acids, but it is possible that these PPxY motifs
are spatially close enough to bind to tandem WW domains in a
single molecule of YAP2 or TAZ2. Immunoprecipitation experi-
ments, for example, suggest that both LATS1 PPxY motifs and
both YAP WWs are necessary for full strength YAP�LATS1
binding. In the case of ErbB4, in which two of the PPxYmotifs are
17 amino acids apart, YAP2 coactivates ErbB4-regulated genes
more strongly than YAP1.

’CONCLUSIONS

We have discovered the first example of a doubleWW domain
isoform of TAZ. The structure of YAP WW2, 78% identical to
TAZ WW2, was demonstrated to be similar to other WW
domains. Within WW1�WW2, WW1, and WW2 affinities for

PPxY ligand are almost identical. YAP and TAZ WW1�WW2
bind single PPxY peptide with affinity in the range 270�330 μM
and dual PPxY peptide with∼50 μMaffinity. The linker between
the WW domains is highly flexible and essentially unaffected
during interactions with single and dual PPxY peptides. The
inter-WW linker is 10 residues longer in TAZ than in YAP; this
could contribute to ligand affinity differences and may provide a
mechanism to tune the selectivity of YAP and TAZ for partner
proteins, for example, those with multiple PPxY motifs such as
LATS1, ErbB4, and AMOT.
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