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Abstract
Yes associated protein (YAP) is an intrinsically disordered protein that plays a major role in the Hippo pathway, regulating 
organ size, cell proliferation, apoptosis, and is associated with cancer development. Therefore, the binding between YAP 
and TEAD is an interesting target for cancer therapy. The TEAD binding domain of YAP was mapped to protein residues 
50–171. To obtain further structural insights into this 12 kDa segment of YAP, we report a backbone and a partial sidechain 
assignment of recombinant YAP 50–171.
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Biological context

Yes associated protein (YAP) is an partly intrinsically disor-
dered protein transcribed into four different isoforms ranging 
from 326 to 504 residues (Santucci et al. 2015). YAP is a 
major target and a terminal effector of the Hippo pathway, 
important for the regulation of organ size (Zhao et al. 2011) 
and is associated with cancer development (Liu et al. 2012; 
Pobbati and Hong 2013; Ma et al. 2015; Pobbati et al. 2015). 
One of the functions of YAP is to bind to the TEAD tran-
scription factors as a transcriptional coactivator. Therefore, 
the YAP:TEAD interaction might be a promising therapeutic 
approach in cancers where the Hippo pathway is deregu-
lated. The formation of the YAP:TEAD complex is indi-
rectly regulated by YAP phosphorylation, which prohibits 
nuclear translocation of YAP and leads to downregulation of 
genes related to proliferation; therefore, leading to apoptosis 
(Zhao et al. 2007).

Previously, the binding between YAP and TEAD was 
studied and the protein region 50–171 was identified as the 
TEAD binding domain (Vassilev et al. 2001) Furthermore, 

three binding interfaces were identified between YAP 
and TEAD (Li et al. 2010). Namely, a β-strand (residues 
52–58), an α-helix (residues 61–73), and an Ω-loop (resi-
dues 86–100). Furthermore, key residues in the binding site 
and their contribution to the binding have been described 
(Mesrouze et al. 2017).

In order to gain further insights into the binding process 
and structural features of the bound and unbound state, we 
present a chemical shift assignment of YAP 50–171.

Methods and experiments

Sample preparation

The sequence coding for YAP residues 50–171 was ampli-
fied by PCR and cloned into a pETM14 vector by sequence 
and ligation independent cloning (SLIC) (Scholz et  al. 
2013). The plasmid, containing the fusion protein with a 
His6-tag at the N-terminus and a 3C protease cleavage site, 
was transformed into Escherichia coli Tuner™(DE3). Four 
liters of LB medium were inoculated with the overnight cul-
ture and incubated at 37 °C until an OD600 of 0.8. Cells were 
centrifuged and all pellets were combined and resuspended 
in one liter of M9 minimal medium containing 1 g/L 15N 
ammonium chloride (Sigma Aldrich) and 3 g/L 13C glucose 
(Cambridge Isotope) as the sole source of nitrogen and car-
bon, respectively (Marley et al. 2001). After an additional 
hour at 37 °C, expression was induced with the addition of 
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0.8 mM IPTG and cells were incubated for 18 h at 30 °C 
and consecutively harvested by centrifugation and stored at 
− 20 °C.

Frozen cell pellets were resuspended in lysis buffer 
(20 mM Tris, 150 mM NaCl, 30 mM Imidazole, pH 7.8), 
supplemented with 50 µL of Protease Inhibitor Cocktail 
(Thermo Scientific), and lysed by sonication on ice. Lysate 
was clarified by centrifugation and supernatant was loaded 
onto a HisTrap FF column and washed with 8 column vol-
umes of wash buffer (20 mM Tris, 150 mM NaCl, 40 mM 
Imidazole, pH 7.8). After eluting with 15 ml of elution 
buffer (20 mM Tris, 150 mM NaCl, 300 mM Imidazole, 
1 mM EDTA, pH 7.8), the eluate was concentrated to 2 ml 
and dialyzed overnight against an excess of NMR buffer 
(20 mM BisTris, 150 mM NaCl, 1 mM EDTA, pH 6.0). Con-
sequently, His6-tag was removed by 3C protease cleavage 
overnight at 4 °C. NaCl was added to a final concentration of 
1 M and the solution was heated to 90 °C for 10 min. After 
centrifugation, the supernatant was loaded onto a HiLoad 
16/600 (GE Healthcare) size exclusion column equilibrated 
with NMR buffer. Purified protein, which was > 95% pure as 
assessed by SDS/PAGE, was concentrated to approximately 
0.5 mM in NMR buffer containing 10% D2O as determined 
by Pierce BCA Protein Assay (Thermo Scientific).

NMR spectroscopy

NMR experiments were performed at 298 K using a Bruker 
Avance III 800 MHz spectrometer. The backbone assign-
ments were obtained using BEST-TROSY type versions 

of HNCANNH, HN(COCA)NNH, HNCACB, HN(CO)
CACB, HNCO, and HN(CA)CO experiments (Solyom 
et al. 2013). Data was processed with NMRPipe (Dela-
glio et al. 1995) and spectra were assigned using CcpNmr 
(Vranken et al. 2005) and Sparky (Goddard and Kneller 
2004).

Assignments and data deposition

Assignment of the backbone amides 1H, 15N of YAP 50–171 
is shown in Fig.  1. Backbone amide resonances were 
assigned for all of 108 non-proline residues, except of K76, 
K90, K97, K102, H104, and H126. Therefore, 12% of the 
total 1H resonances of the protein were assigned. In addition, 
94% of Cα and Cβ resonances of the respective residues 
and 81% of C’ resonances were assigned. The very narrow 
peak dispersion in the 1H dimension of the 1H–15N HSQC 
spectrum shows that YAP 50–171 is intrinsically disordered. 
Nevertheless, the secondary structure propensity (SSP) score 
(Marsh et al. 2006) clearly indicates a propensity for a pre-
formation of the α-helix and the N-terminal β-strand in the 
unbound state (Fig. 2a). The protein region of the Ω-loop 
shows no exceptional SSP scores. Furthermore, the protein 
seems to preferentially adopt extended structures (negative 
SSP scores).

The 1H, 13C and 15N chemical shifts have been deposited 
in the BioMagResBank (http://www.bmrb.wisc.edu/) under 
the BMRB accession number 27290.

Fig. 1   Left 1H–15N TROSY 
HSQC spectrum of YAP 
50–171 at pH 6 and 298 K. 
Right magnification of the cen-
tral region of the spectrum

http://www.bmrb.wisc.edu/


1811H, 13C, 15N resonance assignment of human YAP 50–171 fragment﻿	

1 3

Acknowledgements  Open access funding provided by Austrian 
Science Fund (FWF). The authors thank Georg Kontaxis for pulse 
sequence programming and general NMR expertise. Funding for 
the work was provided by the special doctoral program “Integrative 
Structural Biology” of the Austrian Science Foundation (FWF) and 
the Christian Doppler Laboratory for High-Content Structural Biology 
and Biotechnology, Austria.

Open Access  This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat​iveco​
mmons​.org/licen​ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

Delaglio F, Grzesiek S, Vuister GW et al (1995) NMRPipe: a multi-
dimensional spectral processing system based on UNIX pipes. J 
Biomol NMR 6:277–293. https​://doi.org/10.1007/BF001​97809​

Goddard TD, Kneller DG (2004) Sparky 3. University of California, 
San Francisco

Li Z, Zhao B, Wang P et al (2010) Structural insights into the YAP 
and TEAD complex service structural insights into the YAP and 
TEAD complex. Genes Dev 235–240. https​://doi.org/10.1101/
gad.18658​10

Liu AM, Wong KF, Jiang X et al (2012) Regulators of mammalian 
Hippo pathway in cancer. Biochim Biophys Acta 1826:357–364. 
https​://doi.org/10.1016/j.bbcan​.2012.05.006

Ma Y, Yang Y, Wang F et al (2015) Hippo-YAP signaling pathway: a 
new paradigm for cancer therapy. Int J Cancer 137:2275–2286. 
https​://doi.org/10.1002/ijc.29073​

Marley J, Lu M, Bracken C (2001) A method for efficient isotopic 
labeling of recombinant proteins. J Biomol NMR 20:71–75. https​
://doi.org/10.1023/A:10112​54402​785

Marsh J, Singh VK, Jia Z, Forman-Kay JD (2006) Sensitivity of sec-
ondary structure propensities to sequence differences between 
alpha- and gamma-synuclein: implications for fibrillation. Protein 
Sci 15:2795–2804. https​://doi.org/10.1110/ps.06246​5306

Mesrouze Y, Bokhovchuk F, Meyerhofer M et al (2017) Dissection 
of the interaction between the intrinsically disordered YAP pro-
tein and the transcription factor TEAD. Elife 6:1–16. https​://doi.
org/10.7554/eLife​.25068​.001

Pobbati AV, Hong W (2013) Emerging roles of TEAD transcription 
factors and its coactivators in cancers. Cancer Biol Ther 14:390–
398. https​://doi.org/10.4161/cbt.23788​

Pobbati AV, Han X, Hung AW et al (2015) Targeting the central pocket 
in human transcription factor TEAD as a potential cancer thera-
peutic strategy. Structure 23:2076–2086. https​://doi.org/10.1016/j.
str.2015.09.009

Santucci M, Vignudelli T, Ferrari S et al (2015) The Hippo path-
way and YAP/TAZ-TEAD protein-protein interaction as targets 
for regenerative medicine and cancer treatment. J Med Chem 
58:4857–4873. https​://doi.org/10.1021/jm501​615v

Fig. 2   a SSP score (Marsh et al. 2006) of YAP 50–171 at pH 6 and 
298 K. Positive scores indicate a propensity for α-helical structures, 
whereas β-strands or extended structural elements possess a negative 
score. The calculation of the SSP score was performed with all avail-

able chemical shift data. b Cα chemical shift deviations from random 
coil values (Zhang et al. 2003). c Cβ chemical shift deviations from 
random coil values

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/BF00197809
https://doi.org/10.1101/gad.1865810
https://doi.org/10.1101/gad.1865810
https://doi.org/10.1016/j.bbcan.2012.05.006
https://doi.org/10.1002/ijc.29073
https://doi.org/10.1023/A:1011254402785
https://doi.org/10.1023/A:1011254402785
https://doi.org/10.1110/ps.062465306
https://doi.org/10.7554/eLife.25068.001
https://doi.org/10.7554/eLife.25068.001
https://doi.org/10.4161/cbt.23788
https://doi.org/10.1016/j.str.2015.09.009
https://doi.org/10.1016/j.str.2015.09.009
https://doi.org/10.1021/jm501615v


182	 M. Feichtinger et al.

1 3

Scholz J, Besir H, Strasser C, Suppmann S (2013) A new method to 
customize protein expression vectors for fast, efficient and back-
ground free parallel cloning. BMC Biotechnol 13:12. https​://doi.
org/10.1186/1472-6750-13-12

Solyom Z, Schwarten M, Geist L et al (2013) BEST-TROSY experi-
ments for time-efficient sequential resonance assignment of large 
disordered proteins. J Biomol NMR 55:311–321. https​://doi.
org/10.1007/s1085​8-013-9715-0

Vassilev A, Kaneko KJ, Shu H et al (2001) YAP65, a Src/Yes-associ-
ated protein localized in the cytoplasm TEAD/TEF transcription 
factors utilize the activation domain of YAP65, a Src/Yes-associ-
ated protein localized in the cytoplasm. Genes Dev 15:1229–1241. 
https​://doi.org/10.1101/gad.88860​1

Vranken WF, Boucher W, Stevens TJ et al (2005) The CCPN data 
model for NMR spectroscopy: development of a software pipeline. 
Proteins Struct Funct Genet 59:687–696. https​://doi.org/10.1002/
prot.20449​

Zhang H, Neal S, Wishart DS (2003) RefDB: a database of uniformly 
referenced protein chemical shifts. J Biomol NMR 25:173–195

Zhao B, Zhao B, Wei X et al (2007) Inactivation of YAP oncopro-
tein by the Hippo pathway is involved in cell contact inhibition 
and tissue growth control. Genes Dev 21:2747–2761. https​://doi.
org/10.1101/gad.16029​07.Hpo/Sav

Zhao B, Tumaneng K, Guan KL (2011) The Hippo pathway in organ 
size control, tissue regeneration and stem cell self-renewal. Nat 
Cell Biol 13:877–883. https​://doi.org/10.1038/ncb23​03

https://doi.org/10.1186/1472-6750-13-12
https://doi.org/10.1186/1472-6750-13-12
https://doi.org/10.1007/s10858-013-9715-0
https://doi.org/10.1007/s10858-013-9715-0
https://doi.org/10.1101/gad.888601
https://doi.org/10.1002/prot.20449
https://doi.org/10.1002/prot.20449
https://doi.org/10.1101/gad.1602907.Hpo/Sav
https://doi.org/10.1101/gad.1602907.Hpo/Sav
https://doi.org/10.1038/ncb2303

	1H, 13C, 15N resonance assignment of human YAP 50–171 fragment
	Abstract
	Biological context
	Methods and experiments
	Sample preparation
	NMR spectroscopy

	Assignments and data deposition
	Acknowledgements 
	References


