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Abstract

Intrinsically disordered proteins (IDPs) perform essential biological functions
despite lacking stable three-dimensional structures. This dissertation explores the
structural and dynamic properties of the IDP Yes-associated protein (YAP), a key
regulator in the Hippo signaling pathway. Focusing on the TEAD-binding domain
of YAP (residues 50-171), the work employs NMR spectroscopy to investigate the

apo state and its role in TEAD interaction.

The first study provides a comprehensive backbone and partial side-chain
resonance assignments, revealing transient secondary structural elements within
the unbound YAP fragment. The presence of a (-strand, a-helix, and Q-loop
indicates that the apo state is not fully disordered, but instead exhibits structural
preformation. Building on this, the second study demonstrates that these elements
are co-stabilized through long-range intramolecular interactions. Paramagnetic
relaxation enhancement (PRE), selective side-chain NOEs, and diffusion-ordered
spectroscopy (DOSY) show that YAP adopts compact substates that bring critical
binding elements into proximity. These conformations support a mechanism based
on conformational selection rather than induced fit and are more compact than the
bound state. Furthermore, this compact substate also presents new opportunities

for therapeutic targeting.

In summary, this work provides the first atomic-level characterization of YAP’s apo
state, highlighting the functional role of structural preformation in IDPs. It supports
a continuum model of protein function in which dynamic disorder contributes

directly to molecular recognition and regulatory control.






Zusammenfassung

Intrinsisch ungeordnete Proteine (IDPs) erfiillen wichtige biologische Funktionen,
obwohl ihnen eine stabile 3D-Struktur fehlt. Diese Dissertation untersucht die
strukturellen und dynamischen Eigenschaften des IDPs Yes-associated protein
(YAP), eines zentralen Regulators des Hippo-Signalwegs. Im Fokus steht die TEAD-
Bindedoméane von YAP (50-171), deren apo-Zustand und Rolle in der TEAD-

Interaktion mithilfe der NMR-Spektroskopie analysiert werden.

Die erste Studie liefert umfassende NMR-Signalzuordnung des Riickgrats und
ausgewahlter Seitenketten und zeigt dabei, dass im ungebundenen Zustand
transiente sekundare Strukturelemente vorhanden sind. Das Auftreten eines f-
Strangs, einer a-Helix- und einer Q-Schleife weisen darauf hin, dass der apo-
Zustand nicht vollstandig ungeordnet ist, sondern strukturelle Praformationen
aufweist. Aufbauend darauf zeigt die zweite Studie, dass diese Elemente durch
intramolekulare =~ Wechselwirkungen stabilisiert werden. Paramagnetische
Relaxationsverstarkung (PRE), selektive Seitenketten-NOEs und
Diffusionsexperimente (DOSY) belegen, dass YAP kompakte Subzustande
einnimmt, in denen die fiir die Bindung relevanten Elemente in raumliche Nahe
gebracht werden. Diese Konformationen sprechen fiir einen Bindemechanismus
basierend auf konformationeller Selektion anstelle eines induzierten Fits und sind
sogar kompakter als der gebundene Zustand. Dariiber hinaus eroffnet dieser

kompakte Subzustand neue Ansatzpunkte fiir therapeutische Interventionen.

Insgesamt liefert diese Arbeit die erste Charakterisierung des apo-Zustands von
YAP auf atomarer Ebene und hebt die funktionale Bedeutung struktureller
Praformation bei IDPs hervor. Sie stiitzt ein Kontinuumsmodell fiir die Funktion
von Proteinen, in dem dynamische Unordnung wesentlich zur molekularen

Erkennung und Regulation beitragt.
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PART 1

Introduction






1) Proteins: A Very Short History

Proteins are macromolecules that perform a wide range of functions necessary for
biological systems. They catalyze biochemical reactions, provide structural support,
mediate cellular signals, and facilitate molecule transport across membranes’.
Proteins occupy a central role in the modern framework of molecular biology, as
they facilitate the flow of genetic information within a cell. This concept is famously
encapsulated in the central dogma, which was first articulated by Francis Crick in
1958. This model outlines the flow of genetic information from DNA to RNA to
protein. In this model, DNA holds the instructions for protein synthesis, which are
transcribed to mRNA and then translated into amino acid sequences, forming
proteins2. This sequential flow of information underscored the importance of
proteins as the final expression of genetic code, which embody the functional and

structural phenotypes of cells and organisms.

The foundational understanding of proteins dates back to the 19th century, but it
was not until the 20th century that significant advancements were made in
delineating their structure and function. Emil Fischer's introduction of the "lock and
key" model for enzyme specificity published in 1894 provided a conceptual
framework for understanding enzymatic action at a molecular levels. It is
noteworthy that this discovery occurred prior to the initial publication of three-
dimensional protein structures by decades. The full complexity of proteins was first
appreciated in 1952 when Fred Sanger determined the amino acid sequence of
insulin4. This landmark discovery demonstrated that proteins are sequences of
amino acids linked by peptide bonds, underscoring the linear, primary structure of

proteins and setting the stage for understanding their three-dimensional structures.

The methodological advancement that revolutionized our understanding of protein
structure was X-ray crystallography, which provided a method to visualize the

arrangement of atoms within a protein crystal. X-ray crystallography emerged as a
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technique in structural biology following its initial successful application to sperm
whale myoglobins by Sir John Cowdery Kendrew in the late 1950s. This led to a
Nobel Prize being awarded to Kendrew and Max Perutz in 1962. Kendrew's
determination of the structure of myoglobin provided the first clear picture of a
protein's complex three-dimensional structure, offering insights into the functions
of proteins based on their shapes that were previously unavailables. These and
subsequent examples, such as the renowned hemoglobin structure’, demonstrated
the capacity of X-ray crystallography to elucidate the intricate three-dimensional
structures and functions of proteins at the atomic level. By the end of the 20th
century, thousands of protein structures had been resolved, each contributing to a
deeper understanding of protein structure and function. Nevertheless, the findings
collectively reinforced the prevailing view among researchers that all proteins must
possess a well-defined structure in order to fulfill their functional roles. This

dissertation will challenge this still widely held assumption.

2) Structure, Function and Dynamics

The already mentioned "lock and key" model for protein interaction, initially
proposed by Fischer, was the first to demonstrate a connection between protein
structure and function. According to this model, enzymes and their substrates
interact with precision and specificity, akin to a key fitting into a locks. This model
underscores the belief that it needs preformed, rigid interaction sites on enzymes
that perfectly match their substrates without necessitating structural changes upon
binding. Daniel Koshland's induced fit model, introduced in 1958, extends the lock
and key concept by proposing that the binding site of a protein undergoes a
conformational adjustment upon binding. This adjustment enhances the binding
affinity and catalytic efficiency by molding the structure around the binding
partner, accommodating it more effectivelys. In 1999, the conformational selection
model was presented as an alternative. The conformational selection model

diverges from the induced fit model in that it suggests that proteins exist in multiple
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conformations even before the interaction event. Upon binding, the equilibrium
shifts to stabilize the conformation that best fits the binding partners. This model
supports the idea of dynamic proteins whose functional states are determined by
their interaction with other molecules, thereby highlighting the intrinsic flexibility
of proteins. While these models provide valuable frameworks for understanding
protein interactions, recent studies suggestthat many proteins exhibit behavior that
blends elements of these models. Such as that a protein may primarily use
conformational selection to interact with a binding partner but subsequently

undergoes further adjustments through an induced fit mechanismt.

The discussed models of protein interaction illustrate how dynamic adaptations in
protein structure are fundamental to their function. These models underscore that
protein activity is not just about the presence of specific structures but also about
the adaptability and responsiveness of these structures to physiological conditions.
Intrinsically disordered proteins (IDPs), which are the main topic of this thesis,
represent an extreme example of the importance of dynamic adaptations in the

(un)structuring of proteins.

3) Intrinsically Disordered Proteins

Intrinsically disordered proteins (IDPs) represent a fascinating class of proteins that
were first recognized around the turn of the new millennium to fulfilla broad range
of biological functions without possessing a single fixed structures. Since then,
there has been a rapid growth in the field of studying IDPs, involving an increasing
number of publications®s. Due to their disordered nature, they challenge the
traditional structure-function paradigm, which posits that a protein's function is
dependent on its specific three-dimensional structure. This section will commence
with a general characterization of IDPs, followed by an outline of their functional
roles due to their dynamicnature. Finally, it will conclude with a discussion of some

of the challenges in the study of IDPs.
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Characteristics of IDPs

The defining property of IDPs is their lack of a stable secondary and tertiary
structure under physiological conditions. Instead, IDPs exist as dynamic
conformational ensembles with varying degrees of order and disorder'”. This
characteristic of IDPs is connected to a set of additional biophysical and chemical

properties that are typically used to describe them.

On the level of amino acid sequences, IDPs are distinguished by their high
proportion of disorder-promoting amino acids, including proline, glycine, and
charged residues. These contribute to the lack of stable structures observed in IDPs.
Furthermore, this amino acid composition facilitates a high degree of flexibility,
allowing IDPs to exist in multiple conformations and respond dynamically to
environmental changestss. In contrast, structured proteins typically exhibit a higher
proportionof hydrophobicand aromatic amino acids, which facilitate the formation
of a stable core through hydrophobic interactions and aromatic stacking. A recent
study on the sequence determinants of compaction of IDPs» has demonstrated that
net charge and proline content are also the most significant predictors of IDP
compaction, whereas hydrophobic interactions play a minimal role in most IDPs.
The fact that compaction is not primarily driven by the formation of a hydrophobic
core, but rather by transient collapsed structures and high conformational plasticity,
results in the hydrodynamic radii of IDPs being on average larger than in folded

proteins with comparable size:.

Moreover, IDPs exhibit rapid backbone dynamics on a wide range of timescales,
from picoseconds to milliseconds. This characteristic is not typically observed in
structured proteins, which generally display more constrained and slower
dynamics due to their stable tertiary structures. The rapid and diverse dynamic
behaviors of IDPs additionally enables them to explore a larger conformational

space2.
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Functional Roles of IDPs

The described flexibility allows IDPs to perform a wide range of biological
functions, often playing crucial roles in protein interaction networks=. Within these
networks, IDPs often serve as central hubs due to their structural flexibility, which
enables them to function as targets for different binding partners. They are capable
of binding to multiple partners with high specificity but low affinity, facilitating
their involvement in diverse regulatory and signaling pathways2. Several IDPs also
can bind to the same target as they are able to adopt their structures in accordance
with their binding partnerst. Furthermore, the ability of IDPs to interact in so-called
fuzzy complexes is fundamental to many regulatory processes, allowing proteins to
adapt their binding and function in response to cellular conditions. Such fuzziness
adds adaptability, versatility and reversibility to protein interactionsz. Moreover,
protein disorder has been demonstrated to be significantly enriched in the vicinity
of phosphorylation sites?, indicating that IDPs or IDP regions within proteins serve
as facilitators of post-translational modifications, thereby enabling additional

regulatory mechanisms.

Due to their central roles in various regulatory mechanisms, alterations in the
expression levels of IDPs are linked to several diseases, including cancer and
neurodegenerative diseases”. One such IDP that is linked to cancer developmentis
Yes-associated protein (YAP)»-1, which is the main focus of this thesis. Regarding
neurodegenerative disorders, well-known IDPs include tau, which plays a role in
Alzheimer’s disease®, and a-synuclein in Parkinson’s disease. Therefore, targeting

these IDPs presents a promising avenue for therapeutic interventions.

To account for the dynamic nature of IDPs, Gupta and Uversky proposed the
concept of the protein structure-function continuum, which challenges the
traditional binary classification of proteins as either structured or disordered. The
concept of the structure-function continuum suggests that protein functionality

exists along a continuous spectrum that encompasses fully structured to completely
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disordered states. This continuum acknowledges that many proteins do not strictly
adhere to a single, well-defined structure but may exhibit varying degrees of order

and disorder depending on their functional requirements and cellular contexts.

Challenges in studying IDPs

Due to their high degree of functionality and conformational heterogeneity, the
study of IDPs presents significant challenges. Traditional structural biology
techniques, such as X-ray crystallography, often fail to provide meaningful insights
into the structure of IDPs because these methods rely on crystalline order and static
conformations?. It is not uncommon in X-ray crystallography to remove flexible
parts of proteins to help crystallization, but, thereby, neglecting the importance of
these regionss. Furthermore, the heterogeneity of IDPs and the presence of multiple
conformational states within one sample make it difficult to characterize any
specificstate in isolation, as commonly used techniques, such as nuclear magnetic
resonance (NMR) spectroscopy, provide average structural information. The same
problem applies to very rapid and transient interactions that may be challenging to
capture if below measurable timescales. Finally, the strength of IDPs is also a
consequence of their responsiveness to the cellular environment. Consequently,
they are particularly sensitive to experimental conditions, such as pH, temperature,

and ionic strength.

Having explored the fundamental characteristics and the diverse roles of IDPs in
cellular processes, the stage is set for a focused examination of YAP within the
Hippo signaling pathway, which represents the main focus of this thesis and
providesa prime example of how an IDP integrates into critical regulatory networks

to control cellular outcomes.

4) YAP and the Hippo Pathway

The Hippo signaling pathway, first discovered about 20 years ago in Drosophila

melanogaster, is highly conserved across various species, plays a crucial role in
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regulating organ size, tissue homeostasis, and cellular processes such as
proliferation, apoptosis, and stem cell renewal. This pathway's importance becomes
especially apparent when considering its implications in human health and disease,
particularly in cancer where its dysregulation can lead to unchecked cell growth
and tumor development. As this thesis deals with the intrinsically disordered
protein fragment of human YAP, only the mammalian/human hippo pathway will

be discussed in this section.

At the heart of the Hippo pathway (see Fig. 1) are the MST1/2 kinases, which
phosphorylate and activate the LATS1/2 kinases. These kinases, along with the
scaffolding proteins SAV1 and MOB1A/B, form the central module of the pathway
that regulates the activity of the transcription co-activators YAP and TAZ. Upon
activation by MST1/2, LATS1/2 kinases phosphorylate YAP and TAZ, leading to
their sequestration in the cytoplasm through binding to 14-3-3 proteins. This
prevents their transcriptional activity in the nucleus, which serves as a critical
checkpoint in preventing uncontrolled cell proliferation and promoting apoptosis

when coupled with high cell density or other stress signalss-s.

Hippo OFF Hippo ON
STRIPAK STRIPAK
MST1/2 / \MAP4K £ 2
§
SAVA MST1/2 SHTi MAP4Ks
Cwwer3 {wwm-a\‘ /
LATS1/2 5
MOB1 L2 MOB1
Cytoplasmic P l
YAl,>,/YAZ Y etortion 4 (YAP/YAZ —»Degradation
Cytoplasm Cytoplasm
YAP/YAZ  Gene Expression Gene Expression

Tm' ';-4 = W T%‘-4 OFF

Fig. 1: An overview of the Hippo pathway and its central components 3.
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Furthermore, the Hippo pathway does not operate in isolation but is engaged in
extensive crosstalk with other signaling pathways, such as the Wnt/[3-catenin, TGF-
B, and JAK/STAT pathways. These interactions often modulate the activity of YAP

and TAZ, integrating various signaling inputs to dictate cell fate decisions.

Dysregulation of the Hippo pathway has been implicated in numerous cancers,
where mutations or altered expressions of pathway components lead to the
hyperactivation of YAP and TAZ. Subsequently, these proteins are translocated to
the nucleus, where they drive the expression of genes that promote cell proliferation
and survival, thereby contributing to tumorigenesis and metastasis. Targeting the
interaction between YAP/TAZ and their transcriptional partners, particularly
TEA/ATTS domain transcription factors (TEAD), represents a promising strategy
for therapeutic intervention, with the objective of curbing the oncogenic potential

of YAP/TAZ hyperactivation#4

Building on this understanding of the Hippo pathway, we will now focus on YAP
and the specific fragment used in this dissertation, elucidating its specific role
within this regulatory network. YAP acts as a terminal effector of the Hippo
pathway by serving as a transcriptional co-activator through its interaction with
TEAD transcription factors. This interaction is regulated by the phosphorylation of
YAP on S127, which prevents its nuclear translocation by promoting binding to 14-
3-3 proteins, thereby sequestering YAP in the cytoplasm#. The TEAD binding
domain of YAP has been mapped to the protein region encompassing residues 50-
1004. Several crystal structures of the YAP complex have been solved, providing
detailed insights into the interaction between these two proteins#4. These
structures have revealed three key binding interfaces between YAP and TEAD: a {3-
strand (residues 52-58), an a-helix (residues 61-74), and an Q-loop (residues 84-99).
These secondary structure elements bind to distinct regions on the surface of TEAD.
Mutational analyses have highlighted the critical importance of certain residues

within these binding interfaces. Specifically, mutations in the a-helix and Q-loop
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significantly affect binding affinities, underscoring these regions as crucial for the
YAP:TEAD interaction#. Previous studies demonstrated that the presence of both
the a-helix and Q-loop is necessary for high-affinity binding in the nanomolar
range®. Furthermore, key residues of YAP and TEAD that constitute the YAP:TEAD
binding site and their individual contribution to the binding have been described
by site-directed mutagenesis studies#. They revealed that crucial residues for the
interaction of the a-helix are L65, L68, and F69 which belong to the LxxLF motif that
is known to bind to hydrophobic sites#:. In a similar manner, the hydrophobic
residues M86, L91 and F95 form a hydrophobic core within the Q-loop region that
interacts with TEAD. This core region is further stabilized by F96 through
hydrophobic interactions. In addition, residues R89 and S94 interact via hydrogen
bonds with TEAD. While the complex between the YAP-binding domain of TEAD
and the TEAD-binding domain of YAP are already well characterized, there are
hardly any data on the apo state YAP that is defined as intrinsically disordered

protein®.

For this dissertation that is supposed to investigate the structural dynamics of apo
YAP and their potential effects on the YAP:TEAD complex formation, we have
utilized the YAP fragment spanning residues 50-171. This particular fragment
includes the crucial TEAD binding regions and extends beyond them to encompass
additional regulatory elements that might influence YAP's interaction dynamics and
functionality. Including the extended region up to residue 171 captures not only the
essential binding interfaces but also additional phosphorylation sites and regions
that may contribute to the protein's stability and regulatory mechanisms. The core
methodological approach used to explore this intrinsically disordered protein
fragment is NMR spectroscopy, which, as already mentioned above, is a powerful

tool for studying the dynamic structures of IDPs.
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5) NMR as a Tool for IDP Research

In contrast to traditional methods such as X-ray crystallography, which necessitate
the formation of crystals and provide static structural snapshots, NMR spectroscopy
enables researchers to investigate proteins in solution, capturing their dynamic
behaviors and conformational ensembles. This capability is of particularimportance
for IDPs, whose functional mechanisms often depend on their flexibility and
structural plasticityss. NMR spectroscopy operates on the principle that nucleiin a
magnetic field absorb and re-emit electromagnetic radiation at characteristic
frequencies. By applying a strong magnetic field and radiofrequency pulses to a
sample, NMR can detectsignals from specifictypes of nuclei, such as hydrogen ("H),
carbon (**C), and nitrogen (*N). These signals provide detailed information about
the atomic environment, which can be used to infer information on the structure

and dynamics of the proteinsi=.

During this thesis, several NMR techniques were employed that are suited for the
study of IDPs. These included standard 2D experiments such as the 'H-""N HSQC,
which is commonly used to provide information about the chemical environment
of correlated 'Hand "N atoms. This is useful for identifying backbone amid groups
in proteins. Additionally, 3D experiments, such as HNCA, HNCO, and NOESY,
were employed. These experiments help in sequential assignment of resonances and
in determining distances between nuclei through NOE correlations, which help to
determine the spatial arrangement of atoms in proteins. Furthermore, paramagnetic
relaxation enhancement (PRE) that involves the introduction of paramagnetic labels
into the protein was heavily used=. The introduction of the paramagnetic label
enhances relaxation rates and provides distance constraints between labeled sites
and nearby nuclei. This technique is valuable for probing long-range interactions
and transient conformations in IDPs, revealing how different regions of the protein
come into proximity during its dynamic motionss. In addition, Diffusion-ordered

spectroscopy (DOSY) were leveraged to measure the diffusion coefficients of
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molecules in solution, which can be correlated with their size and shapes. For IDPs,
DOSY provides insights into their overall dimensions and could provide additional
information on compaction of IDPs. Finally, we made use of the combination of
side-chain-specific labelingsss with NOE detection which allowed for detailed

mapping of side-chain interactions.

While NMR spectroscopy is a powerful tool, it is not without its own set of
challenges, particularly when applied to IDPs. The use of high concentrations of
isotopically labeled protein samples is necessary . Furthermore, the interpretation of
NMR data for IDPs may exhibit broad and overlapping signals due to the small
differences in the atomic environments of the specific residues. Both of these issues
could prove challenging. For the used YAP fragment, we developed an expression
protocol that yielded sufficient amounts of labeled protein. Due to the structural
preformations in apo YAP that are described in this dissertation, the amount of

signal overlap was also manageable.

6) Summary of the Publications

The first publication, ""H, *C, N resonance assignment of human YAP 50-171
fragment", focuses on the NMR resonance assignments for the YAP fragment
spanning residues 50-171. This fragment encompasses the TEAD-binding domain,
crucial for YAP's role in the Hippo pathway. The study provided detailed backbone
and partial side-chain assignments, establishing a foundational dataset for further
structural and dynamic studies of YAP in both its bound and unbound states. The
chemical shift data revealed preformed secondary structure elements in the apo
state, particularly the a-helix and 3-strand regions, suggesting a degree of structural
preformation that might facilitate binding to TEAD. This study underscored the
intrinsically disordered nature of YAP while revealing specific structured regions

critical for its function.
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The second publication, "Long-range structural preformation in yes-associated
protein precedes encounter complex formation with TEAD", expands on the
previous work by combining various NMR techniques, site-directed mutagenesis,
and affinity measurements to characterize the intrinsically disordered state of YAP.
The findings demonstrated that the apo state of YAP adopts several compact
conformations, which are crucial for the formation of the YAP complex. The study
provided evidence that secondary structure elements, such as the a-helix and Q-
loop, are preformed and co-stabilized even before binding to TEAD. This
preformation likely facilitates the rapid formation of the encounter complex
through conformational selection. These insights are pivotal for understanding how
YAP's intrinsic disorder and partial structuring contribute to its role in the Hippo

pathway and its potential as a therapeutic target in cancer

Together, these publications advance our understanding of the functional
mechanics of YAP within the Hippo pathway. By detailing the structural
preformations in the apo state and binding interactions with TEAD, the studies
highlight the importance of YAP's intrinsic disorder in enabling its diverse
interactions and regulatory roles. In addition, the publications underscore the
broader importance of studying IDPs in diverse biological contexts and serve as
further examples that the concept of a structure-function continuums is better
suited to understanding protein function, which exists along a continuous spectrum

from order to disorder.
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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.

Keywords YAP - Intrinsically disordered protein - Hippo pathway - NMR - TEAD

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,
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three binding interfaces were identified between YAP
and TEAD (Li et al. 2010). Namely, a p-strand (residues
52-58), an a-helix (residues 61-73), and an Q-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 ODy, of 0.8. Cells were
centrifuged and all pellets were combined and resuspended
in one liter of M9 minimal medium containing 1 g/L "N
ammonium chloride (Sigma Aldrich) and 3 g/L '*C 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

@ Springer
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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 uL. 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 Hil.oad
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% D,O as determined
by Pierce BCA Protein Assay (Thermo Scientific).

NMR spectroscopy
NMR experiments were performed at 298 K using a Bruker

Avance IIT 800 MHz spectrometer. The backbone assign-
ments were obtained using BEST-TROSY type versions

@ Springer

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 'H, 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 'H resonances of the protein were assigned. In addition,
94% of Ca and CP resonances of the respective residues
and 81% of C’ resonances were assigned. The very narrow
peak dispersion in the 'H dimension of the 'H-">’N 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 a-helix and the N-terminal $-strand in the
unbound state (Fig. 2a). The protein region of the Q-loop
shows no exceptional SSP scores. Furthermore, the protein
seems to preferentially adopt extended structures (negative
SSP scores).

The 'H, 13C and "N chemical shifts have been deposited
in the BioMagResBank (http://www.bmrb.wisc.edu/) under
the BMRB accession number 27290.
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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 a-helical structures,
whereas p-strands or extended structural elements possess a negative
score. The calculation of the SSP score was performed with all avail-
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SUMMARY

Yes-associated protein (YAP) is a partly intrinsically disordered protein (IDP) that
plays a major role as the downstream element of the Hippo pathway. Although
the structures of the complex between TEA domain transcription factors (TEADs)
and the TEAD-binding domain of YAP are already well characterized, its apo state
and the binding mechanism with TEADs are still not clearly defined. Here we char-
acterize via a combination of different NMR approaches with site-directed muta-
genesis and affinity measurements the intrinsically disordered solution state of
apo YAP. Our results provide evidence that the apo state of YAP adopts several
compact conformations that may facilitate the formation of the YAP:TEAD com-
plex. The interplay between local secondary structure element preformation and
long-range co-stabilization of these structured elements precedes the encounter
complex formation with TEAD and we, therefore, propose that TEAD binding
proceeds largely via conformational selection of the preformed compact sub-
states displaying at least nanosecond lifetimes.

INTRODUCTION

YAP (Yes-Associated Protein) is a partly intrinsically disordered protein (IDP) that serves as one of the ter-
minal effectors of the Hippo pathway. This pathway plays a central role in regulating organ size, cell differ-
entiation, and regeneration (Moya and Halder, 2019; Tremblay and Camargo, 2012; Wang et al., 2017; Zhao
et al,, 2011). One of the main functions of YAP is to bind the TEA/ATTS domain transcription factors
(TEADs), as a transcriptional co-activator. Together, YAP and TEAD form a functional transcription complex
thatinduces the expression of Hippo-responsive genes (Pobbati et al., 2015; Pobbati and Hong, 2013). The
formation of the YAP:TEAD complex is regulated by YAP phosphorylation on S127, which prohibits the nu-
clear translocation of YAP via 14-3-3 binding and leads to the downregulation of genes related to prolifer-
ation, therefore, leading to apoptosis (Zhao et al., 2007). The phosphorylation of YAP is a result of the acti-
vation of the core kinase cassette of the Hippo pathway and occurs in the cytoplasm (Ma et al., 2019). Thus,
phosphorylation at S127 leads to cytoplasmic retention via binding to 14-3-3 proteins (Zhao et al., 2007).
The deregulation of the Hippo pathway is associated with cancer development (Liu et al., 2012; Ma
et al., 2015; Pobbati et al., 2015; Pobbati and Hong, 2013) and, therefore, the inhibition of the
YAP:TEAD interaction might be a promising therapeutic approach in cancers where the Hippo pathway
is deregulated (Calses et al., 2019; Holden and Cunningham, 2018; Santucci et al., 2015; Ye and
Eisinger-Mathason, 2016).

The TEAD binding domain of YAP was mapped to the protein region 50-100 (Vassilev et al., 2001), and
several crystal structures of YAP:TEAD complexes have been solved in recent years (Chen et al.,, 2010; Li
et al., 2010; Mesrouze et al., 2017). These structures revealed three binding interfaces between YAP and
TEAD: a B-strand (residues 52-58), an a-helix (residues 61-74), and an Q-loop (residues 84-99). These three
secondary structure elements bind to distinct regions at the surface of TEAD. It was shown that the muta-
tion of certain residues in the a-helix and Q-loop strongly affects binding affinities which lead to the conclu-
sion that these two sites form the crucial binding interfaces in the YAP:TEAD interaction (Mesrouze et al.,
2017). In addition, previous studies demonstrated that the presence of the a-helix and Q-loop are necessary
for binding with nanomolar affinity (Hau et al., 2013). Furthermore, key residues of YAP and TEAD that
constitute the YAP:TEAD binding site and their individual contribution to the binding have been described
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by site-directed mutagenesis studies (Mesrouze et al., 2017). They revealed that crucial residues for the
interaction of the a-helix are L65, L68, and F69 which belong to the LxxLF motif that is known to bind to
hydrophobic sites (Li et al., 2010; Santucci et al., 2015). In a similar manner, the hydrophobic residues
M86, L91, and F95 form a hydrophobic core within the Q-loop region that interacts with TEAD. This core
region is further stabilized by F96 through hydrophobic interactions. In addition, residues R89 and S94
interact via hydrogen bonds with TEAD. The mutations of these residues to Ala showed significant effects
(AAG from 1.9 to 4.4 kcal/mol) on the binding affinity between YAP and TEAD (Mesrouze et al., 2017).

While the complex between the YAP-binding domain of TEAD and the TEAD-binding domain of YAP is
already well characterized, there are hardly any data on the apo state of the TEAD-binding domain of
YAP that is defined as intrinsically disordered protein in the apo state (Feichtinger et al., 2018; Tian
et al., 2010).

As already indicated, the YAP:TEAD interaction might be a promising therapeutic approach in cancers
where the Hippo pathway is deregulated. However, there are some reports in the area of small molecules
targeting the YAP:TEAD transcriptional activation complex with moderate levels of pathway inhibition
(Crawford et al., 2018). Interestingly, it has been shown that Verteporfin, known to disrupt the
YAP:TEAD interaction, is co-eluting with YAP and not with TEAD on a size exclusion column, and there-
fore, suggested to bind to YAP (Liu-chittenden et al., 2012). Even if further research has shown that
porphyrin- and dipyrrin-related derivatives can directly target YAP (Gibault et al., 2017), the mechanism
behind the inhibition effect of Verteporfin and these derivatives remains to be elucidated as there is no
structural information on the apo state of YAP. In summary, all the studies carried out so far have mainly
focused on the bound state of YAP to TEAD, mainly owing to the insufficiency of the applied methods for
characterizing the intrinsically disordered YAP protein in the free form on an atomic level. The predom-
inating opinion in the field is that the TEAD-binding domain of YAP is completely disordered and folds
upon binding to TEAD.

In this article, we combine different NMR approaches with site-directed mutagenesis and affinity measure-
ments to characterize the intrinsically disordered state of YAP. We present evidence that the apo state of
YAP adopts several ordered conformations that may facilitate the formation of the YAP:TEAD complex.

RESULTS
Secondary structure elements are preformed in apo YAP

We obtained straightforward evidence that YAP 07" (hereafter referred to as YAP™Y) possesses all three
described secondary structure elements (B-strand, a-helix, and Q-loop) in the apo state through the com-
bination of chemical shift data, >N relaxation measurements, and site-specific precursor labeling paired
with NOE experiments. The secondary structure propensity (SSP) scores (Marsh et al., 2006) derived
from the chemical shift data of the 'H, "3C, and "N and -assignment of YAP (Feichtinger et al., 2018) clearly
indicate a propensity for a preformation of an extended structure in the N-terminus of the protein corre-
sponding to the B-strand region and the a-helix in the unbound state (Figure 1A). In particular, the helical
region spanning from residue 61-73 in the YAP:TEAD complex shows a strong helical propensity up to an
SSP of 0.4 representing the helical population. Residues located in the Q-loop show no increased SSP
scores as this method is not applicable to non-canonical secondary structure elements. This observation
of the secondary structure elements preformation is further supported by the utilization of the >N trans-
versal relaxation rates (Ry) of the backbone amides. The R, values reveal three regions with higher R, relax-
ation rates that correspond to the three secondary structure elements in the region 50-100 (see Figure 1B).
Residues located in the region comprising the a-helix have the highest R, values, as highas 8 s~ ' at 18.8 T,
as well as residues 86-100, which exhibit larger than average relaxation rates. Interestingly, the N-terminus
(comprising the B-strand) and the linker region between the a-helix and Q-loop have significantly lower
values.

A comparison of the R; values and SSP scores with the disorder-probabilities (see Figure 2) computed by
the deep neural network of ODiNPred (Dass et al., 2020) shows that based on the amino acid sequence of
the protein one may expect ordered structures up to residues 72-75 that correspond to the C-terminus of
the a-helix. Interestingly, residues 86-100 comprising the Q-loop region exhibit a significantly increased
disorder-probability. The disorder-probabilities’ of residues 101-171 are on average >0.8 and are, there-
fore, in agreement with the experimental observations.
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Figure 1. Chemical shift and relaxation data indicate preformation of secondary structure elements in the apo

form of YAP

(A) SSP score (Marsh et al., 2006) of YAP** at pH 6 and 298 K. Positive scores indicate a propensity for a-helical structures,
whereas B-strands or extended structural elements possess a negative score. SSP scores are not applicable to non-ca-
nonical secondary structure elements like the Q-loop.

(B) >N R, Rates of YAP"! at pH 6 and 298 K.

The detection of structural preformation within the Q-loop region mandated another strategy as the SSP
score is not applicable on non-canonical secondary structure elements like an Q-loop. However, the R,
values indicated the prevalence of slower dynamics in this region. Therefore, we used selective side-chain
labeling with late metabolic precursors to identify long-range contacts (between residues separated by up
to 10 residues in the primary sequence) that indicate the structural preformation of the Q-loop region
(Schorghuber et al., 2018). Based on the information from the crystal structure (Li et al., 2010) and the avail-
able biochemical data on the YAP:TEAD interaction (Mesrouze et al., 2017), we decided to specifically label
methionine, leucine, and phenylalanine residues. Significant long-range side-chain NOEs between F95/96-
HS, M86-H?, and L91-H® were obtained (see Figure 3).

It was not possible to properly distinguish between F95 and F96 as the mutation of each one of these res-
idues leads to major changes in the "H-"3C HSQC spectrum of the phenylalanine 'H¢s (see Figure S1). How-
ever, the significant changes provide evidence for the formation of a compact state displaying distinct
structural features. As can be seen in Figure 2, residues M86, L91, F95, and F96 show specific long-range
NOEs which are in very good agreement with the geometry of the Q-loop region in the final YAP:TEAD
complex (Figure 2B). It can thus be concluded that a structure that resembles the hydrophobic core of
the bound Q-loop region already exists in the apo-state of YAP prior to TEAD binding.

Secondary structure element preformation is co-dependent

To provide additional information about this compact state we studied YAP mutants that were previously
reported to have a major impact on the formation of the YAP:TEAD complex (Mesrouze et al., 2017). Most
importantly, the a-helical propensity is consistently decreased in the different mutants. To visualize the
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Figure 2. Disorder-probabilities of the YAP"* amino acid sequence calculated via ODiNPred

change in secondary structure formation ASSP (SSP,,: — SSPutant) Were calculated (see Figure 4). Although
this decrease in the helical propensity is expected for the mutation of residues located in the local LxxLF
motif within the a-helix (L65A, L68A, F69A), the decrease of the helical propensity on the introduction of
mutations within the Q-loop region (M86A, R89A, L91A, F95A, F96A) more than 10 residues apart from
the a-helixis rather surprising. These findings indicate that a destabilization of the Q-loop structure through
the mutation of crucial hydrophobic residues (M86A, L91A, F95A, F95A) that compose the hydrophobic
core of the Q-loop concurrently destabilizes the a-helical structure and decreases the helical population.
In addition, the negatively charged R89 at the N-terminus of the Q-loop also leads to a decrease of the he-
lical propensity which might be the consequence of the disruption of the electrostatic interaction of this
region with the positively charged C-terminus of the a-helix (Mesrouze et al., 2021). Interestingly, mutations
that lead to more pronounced changes in the binding affinity of the YAP:TEAD complex (R89A, L91A, F95A,
F96A) exhibit higher ASSP-values in the a-helical region. In addition, the propensity for an extended struc-
ture also decreases in the N-terminal B-strand region for all mutants except for L68A. This might be further
supporting the notion that also the N-terminal extended structure that corresponds to B-strand region in
the bound state undergoes some change on the introduction of these point mutations. Therefore, one can
draw the hypothesis that the preformation of the extended structure at the N-terminus, a-helix, and Q-loop
are co-dependent. These results demand a more detailed investigation of the change in the long-range
backbone dynamics within this N-terminal region of YAP*".

Long-range structural compaction of YAP"*

Paramagnetic relaxation enhancement (PRE), which is one of the most relevant experimental approaches to
probe for transient long-range contacts in IDPs (Kosen, 1989), was applied to YAP*". The presence of a
paramagnetic (1-oxyl-2,2,5,5-tetramethyl-A3-pyrroline-3-methyl) methanethio-sulfonat (MTSL) spin label
that is introduced at several protein positions leads to an enhancement of the transverse relaxation rates
R, depending on the inverse sixth power of the distance (1/r°) between the unpaired electron and the
observed nucleus of the backbone amide hydrogen. To obtain a sufficient resolution (Silvestre-Ryan
et al., 2013) of the whole protein fragment, 12 cysteines were introduced via site-directed mutagenesis
at different positions: D60, A71, V80, K90, S103, T119, S127, S138, S149, Q158, S164, 172 (insertion). To
determine if these mutations affect the YAP:TEAD interaction, the potency (ICsp) of the mutants was
measured in a TR-FRET assay where one looks for their ability to compete with a Cy5-labelled version of
YAP for binding to TEAD (Bokhovchuk et al., 2020b). The ICsp of the mutants is similar to the one obtained
with YAP*!, indicating that the mutations have no significant effect on their ability to bind to TEAD (see
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Figure 3. Structural preformation of the Q-loop in YAP

(A) "*C-NOESY-HSQC and ">N-NOESY-HSQC strips demonstrating the close spatial proximity of the side chains of
residues M86, L91, F95/96.

(B) Depiction of the NOE contacts observed in the apo form of YAP (dashed lines) in the crystal structure of the YAP:TEAD
complex (PDB: 3KYS).

Table S1). Intermolecular PRE effects were excluded by control measurements of mixtures (1:1) of TSN-
labeled YAP"t and "N MTSL-labeled YAP mutants. For this purpose, rates were measured for mixtures
containing the TN MTSL-labeled mutants D60C, $103C, and $164C. The evaluation of all of them showed
no significant PRE effects at the '°N labeled backbone of YAP". Therefore, intermolecular PRE effects can
be excluded.

Inspection of Figure 5 provides strong evidence for the formation of compact states in YAP prior to TEAD
binding. In particular, when the spin label is placed at positions 60 or 71, almost complete loss of signals is
observed for residues of the N-terminus of YAP"* (residues 50-100) owing to efficient paramagnetic relax-
ation induced by the spin label. In a similar manner, the MTSL spin label at position 90 leads to fast relax-
ation in the protein region from 65 to 100. The mutation at V80C is located in the loop region connecting
the a-helix and Q-loop in the known crystal structures. In contrast to the labels at position 60 or 71, the spin
label attached to position 80 exhibits way fewer long-range backbone interactions than the three afore-
mentioned positions. The data from the first four spin labels suggest a very close spatial proximity of
the B-strand region, a-helix, and Q-loop regions. In particular, the complete loss of the signal over a large
region of the protein (~50 residues) upon the introduction of a spin label in the area of these secondary
structure elements supports this hypothesis. Interestingly, higher PRE rates for the first 50 N-terminal res-
idues were also observed for other spin label positions. This observation provides further support for the
apparent compaction of the N-terminal segment and even suggests the global compaction of YAP in its
apo-state.

As the PRE data provided evidence for a compacted state, we employed the recently introduced correla-
tion matrix analysis of PRE data (see Figure 6). In previous publications, we demonstrated that this
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Figure 4. Preformation of secondary structure elements is interdependent
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ASSP (SSPyt — SSPrutant) scores demonstrate the relative change in secondary structure propensity upon the introduction of point mutations. Higher values

indicate higher deviations from the YAP" SSP scores.

approach yields unique insight into the conformational ensemble and concerted structural fluctuations of
IDPs (Kurzbach et al., 2017). By applying this methodology to YAP, we are able to identify three regions that
may exhibit structural compaction. The first region (I) between residues 50-100 corresponds to the TEAD
binding interface identified in the crystal structure. The second positively correlated region around residue
127 (Il) corresponds to the 14-3-3 binding site that is phosphorylated for the cytoplasmic retention of YAP.
In addition, there seems to be some compaction in the C-terminus of the YAP fragment (IlI).

To further compare the degree of “compactness” of the structural ensemble in the apo state in comparison
to the bound state, PRE rates were calculated in silico from the existing crystal structure (Li et al., 2010). The
comparison of experimentally derived PRE rates and PRE rates calculated from the crystal structure sug-
gests that the region between residues 50-100 adopts a structural conformation that may be described
as even more compact than the conformation in the bound form (see Figure 7). PRE rates from the crystal
structure were calculated under the assumption that in the bound state, the three secondary structure
elements of YAP remain relatively rigid and have a well-defined structure. In addition, PRE rates >60 s~
were excluded from the comparison as they were not detectable in our experimental setup. The compar-
ison of the rates obtained for the spin label at position 80 shows that the spatial distance between the loop
region and the a-helix increases in the apo state. This indicates a compensation mechanism for the close
spatial proximity of the a-helix and Q-loop in the apo state that sequesters the loop region further away
from the a-helix in comparison to the bound state. Only the N-terminal B-strand region seems to be
more rigid in the bound state, presumably owing to stabilizing interactions across the interface.

Yes-associated protein compaction has a kinetic contribution to the YAP:TEAD formation

To study the impact of the aforementioned mutations on the YAP:TEAD complex formation double mu-
tants were produced that contained the reported mutations and the A71C spin labeling site. Interestingly,
the degree of compaction has decreased in all mutated forms of YAP (see Figure 8). Figure 8 shows
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Figure 5. Long-range contacts in apo YAP
PRE rates measured by the introduction of MTSL spin labels at 12 different positions indicated by the red dots. High rates indicate spatial proximity between
the spin label and the protein residue.

differential intensity ratios of the para- and diamagnetic peak intensities of YAP** with the spin label at
A71C and the respective mutations also containing the A71C label. PRE differences for residues located
in the region 101-171 are insignificant and are thus not shown. Inspection of Figure 8 reveals that the
biggest difference in the PRE profiles is observed for the mutation L68A, which is part of the LxxLF motif
in the a-helix. Specifically, residues 93-96 located at the C-terminal part of the Q-loop exhibit a sizeable
increase in the intensity ratios indicative of distinct spatial separation between the a-helix and Q-loop in
the mutant. The mutations L65A, M86A, and L91A primarily exhibit changes within the Q-loop region, while
the mutation F95A affects the B-strand and a-helix region in a significant manner. To conclude, the differ-
ential PRE data are in very good agreement with the observed reduction of secondary structure formation
in the mutant forms and provide additional experimental evidence for the compact apo-state of YAP™.

To further corroborate the expansion of the YAP conformational ensembles, diffusion-ordered spectros-
copy (DOSY) measurements of different mutants were performed (see Table 1). To increase the sensitivity
for changes in the N-terminal region of YAP, a new construct ranging from residue 50 to 103 was produced
and mutated at the respective sites. A comparison of the "H-">N HSQC spectra exhibited a nearly perfect
overlay of all peaks in the 50-103 construct and YAP"". The truncation, therefore, does not induce any sig-
nificant changes in the structural ensembles. Inspection of the DOSY values yields a similar picture as the
PRE data. The mutations L68A and F95A that lead to higher degrees of decompaction show slower diffu-
sion constants. The mutation of F69A has the strongest effect on the diffusion constant.

Previous studies have shown that the same mutations change the kinetics of the YAP:TEAD formation and
decrease the value of the association rate, kon, for the complex formation (Bokhovchuk et al., 2020b). Their
®-value analysis revealed that the a-helix already exists in the encounter complex preceding complex formation.
Interestingly, the Q-loop mutations induce on average smaller changes of the diffusion constant than the ones in
the a-helix, indicating that the a-helix site contributes more to the global compact of YAP**and may be kinetically
favored if YAP in its apo-state is adopting a more compacted and, therefore, faster diffusing state.

In addition to previous publications, our results about the compaction of YAP in its apo form suggest that
there is an additional conformational selection step of the YAP:TEAD binding process happening on a

iScience 25, 104099, April 15, 2022 7



¢? CellPress

OPEN ACCESS

L 4
s Ml LIV -
N T ¥78 OH
___ 411
FLEF LR ol i
5 ——— -
o
[S
2
r 0.0
3
B
[
[
o

Residue Number

Figure 6. YAP exhibits three structurally correlated regions
Correlation analysis of PRE data obtained from 12 different spin labeling positions for YAP on pH 6 and 298 K. Positive
correlations (red) indicate structurally correlated protein regions.

nanosecond timescale that could not be detected in previous stopped-flow experiments, but becomes
clear through NMR. Thus, our NMR data again demonstrate the existence of a compact apo-state of
YAP and its relevance for the formation of the encounter complex with TEAD.

DISCUSSION

Previous publications dissected and characterized the YAP:TEAD binding site (Chen et al., 2010; Hau et al.,
2013; Li et al., 2010; Mesrouze et al., 2017) and provided a first glimpse on the mechanism of protein com-
plex formation (Bokhovchuk et al., 2020b). However, structural information about the apo state of YAP and
how putative structural preformation might influence its binding to TEAD has not yet been reported. The
observed global compaction of apo YAP results from subtle and transient stabilizing interactions between
localized secondary structures. In particular, the a-helical LxxLF (L65 to F49) motif and the Q-loop region
(M86 to F96) are crucial for the stabilization of a hydrophobic core resulting in the transient formation of
a dynamic yet compact structure with distinct long-range correlations. Most importantly, these data are
in very good agreement with prior mutational and kinetic studies that identified these residues as crucial
for the nanomolar affinity between YAP and TEAD (Mesrouze et al., 2017) and, therefore, linking the pre-
formation with the YAP:TEAD binding.

Surprisingly, the comparison of experimental PRE rates with predicted PRE rates obtained from the crystal
structure of the YAP:TEAD complex revealed a structural arrangement in the apo form in which the second-
ary structure elements are already formed and even closer in space than in the bound form. In addition, we
demonstrated that the C-terminal region outside the TEAD-binding domain also exhibits significant struc-
tural compaction. Interestingly, this region contains additional protein interaction sites (i.e. 14-3-3 binding
site), and it seems plausible that these additional compaction “hot-spots” are relevant for YAP's biological
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functionality by fine-tuning interaction networks with authentic partners. Transient intramolecular contacts
between the individual subdomains in YAP might, therefore, provide a versatile and effective regulatory
access control mechanism.

Using a combination of site-directed mutagenesis, '3C chemical shifts, PRE measurements, and NMR-diffusion
(DOSY) measurements, we could demonstrate that structural preformation and compaction in YAP is driven by
the formation of a hydrophobic core established by residues from the previously described a-helix and Q-loop.
This is somewhat surprising as previous studies have shown that there is only a very weak correlation between
increased hydrophobicity and structural compaction in IDPs. Marsh and Forman-Kay concluded that usually, the
main facilitators of IDP compaction are net charge and proline content (Marsh and Forman-Kay, 2010). YAP,
thereby, serves as an example for an IDP whose compaction is also driven by mechanisms reminiscent of folded
(globular) proteins and thus questioning the conventional notion of IDPs being largely disordered. Further-
more, the formation of this hydrophobic core in YAP may be an example of the functional misfolding of an
IDP to prevent unwanted interactions with non-native partners (Uversky, 2011). Uversky claims that there is
chance that IDPs misfold to sequester the preformed elements inside the non-interactive or less-interactive
cage as observable in the surprisingly compact apo state of YAP in which the interaction of the a-helix and
Q-loop may prevent their hydrophobic regions from unwanted interactions.

The observed structural compaction of apo YAP also provides a compelling structural explanation for the
proposed mechanistic model of the YAP:TEAD complex formation (Bokhovchuk et al., 2020b). According
to this study, the a-helix binding interface is formed at an earlier stage of the binding event, which is in
good agreement with our data that show that mutations of the LxxLF motif of the a-helix have the biggest
impact on the overall compaction of YAP and, thereby, may as well influence the binding kinetics. The initial
a-helical preformation serves as a scaffold for the formation and, consequently, co-stabilization of the other
two secondary structure elements. The resulting compact substrate allows for a rapid and efficient
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Figure 8. Long-range structural changes on the introduction of mutations

The differential between the intensity ratios of the para- and diamagnetic peak intensities of YAP"! with the spin label at
A71C and the respective mutations containing the same spin label. Higher values indicate an increase in the spatial
proximity between the spin label and the residue position.

formation of a protein encounter complex that subsequently readjusts to the final shape. We thus propose
that TEAD binding proceeds largely via conformational selection of the preformed compact substate that
is happening on a nanosecond timescale and, therefore, was not detectable with previous methods
applied to characterize the binding process.

The observation of long-range structural preformation in apo YAP also provides possible starting points for
the inhibition of the YAP:TEAD interaction via targeting of the apo state of YAP as this may work with large
hydrophobic molecules such as Verteporfin and hexasubstituted dipyrrins (Gibault et al., 2017) that seem-
ingly inhibit the YAP:TEAD complex through YAP binding (Liu-chittenden et al., 2012). Such compounds
may preferentially bind to the compact state (providing a characteristic arrangement of electrostatic and
hydrophobic moieties) and might interfere with the co-stabilization function of the a-helix and Q-loop
and, hence, disrupt the compact state of YAP.

To conclude, the surprisingly compact state of apo YAP and its relevance for protein complex formation as
well as inhibitory ligand binding illustrates the often neglected structural diversity of IDPs and the possibil-
ity to tackle these challenging targets by rational, structure-based approaches.

Limitations of the study

This study investigates the apo form of YAP"" and the effect of mutations on the formation of local and
global structured elements. However, the study was performed only with the TEAD-binding domain of
YAP ranging from residues 50-171 and, we, therefore, did not analyze possible interactions between
that fragment and other domains of YAP. Furthermore, analysis and mutation of some of the proline res-
idues in YAP may allow further insights into the compaction of the apo state.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coliTOP10 Thermo Fisher Cat#C404010

E. coli Tuner™(DE3) Sigma-Aldrich Cat#70625

Chemicals, peptides, and recombinant proteins

YAPS-171 Produced by authors N/A

YAPS0-103 Produced by authors N/A

Dpnl Thermo Fisher Cat#ER1701

recA Thermo Fisher Cat#RP-4900

>N ammonium chloride Sigma-Aldrich Cat#299251

'3C glucose Cambridge Isotopes Cat#CLM-1396

Protease Inhibitor Cocktail Thermo Fisher Cat#78429

L-Methionin-(methyl-'3C) Sigma-Aldrich Cat#299146

Isotopically labeled Phenylalanine precursor Produced by Group Lichtenecker, N/A
University of Vienna

Isotopically labeled Leucine precursor Produced by Group Lichtenecker, N/A
University of Vienna

(1-oxyl-2,2,5,5-tetramethyl-A3-pyrroline-3- Sigma-Aldrich Cat#81213

methyl) methanethio-sulfonat (MTSL)

Critical commercial assays

Phusion Flash PCR Master Mix Thermo Fisher Cat#F548L

Oligonucleotides

Oligonucleotides for PCR-mediated See Table S2 for a list of oligonucleotides N/A

mutagenesis of various YAP mutants

Recombinant DNA

pEtM14 vector containing YAP fusion protein Produced by authors N/A

with Hisé-tag and 3 C cleavage site

Software and algorithms

NMRPipe Delaglio et al., 1995 https://www.ibbr.umd.edu/nmrpipe/
CcpNmr Vranken et al., 2005 https://ccpn.ac.uk/

Sparky Goddard and Kneller, 2004 https://www.cgl.ucsf.edu/home/sparky/
RStudio RStudio Team https://www.rstudio.com/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Michael Feichtinger (michael.feichtinger@univie.ac.at).

Materials availability

e Atable containing all oligonucleotides (Table S2. Oligonucleotides used) in this work can be found in

the supplemental information.

e All chemicals, plasmids, recombinant proteins, and software used are listed in the key resources

table.
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Data and code availability

@ All data reported in this paper will be shared by the lead contact upon request.
® The data does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

METHOD DETAILS

Cloning

The sequence coding for YAP residues 50-171 was cloned into a pETM14 vector by Sequence and Ligation
Independent Cloning (SLIC) (Scholz et al., 2013). Therefore, the coding sequence of YAP was amplified by
polymerase chain reaction (PCR) using primers containing 25 bp overlapping homologies of the target vec-
tor at each end. The remaining copies of the initial template vector were removed by a 1-h digest with the
restriction enzyme DPNI. An aliquot of approximately 100 ng of the PCR product (coding sequence of YAP
50-171) was mixed in a total volume of 10 puL with approximately 100 ng of the target pETM14 vector and
recA,; consequently, the mixture was incubated at 37°C for an additional hour. The recombinase recA re-
combines the PCR products into the target vector due to the overlapping homologous regions. The whole
10 pL were transformed into E. coli TOP10 cells and the resulting plasmids were evaluated by sequencing.
The final pPETM14 vector contained a YAP fusion protein with Hisé-tag and a 3 C protease cleavage site at
the N-terminus.

Site-directed mutagenesis

For PCR-mediated mutagenesis, a single PCR step using full plasmid amplification was used (Carey et al.,
2013). Hence, 0.2 uL of each 25 bp primer (concentration of 100 uM), 50 ng of plasmid DNA and 20 uL Phu-
sion Flash PCR Master Mix (Thermo Fisher) were combined in a total volume of 40 uL. Then PCR was run for
20 cycles, each consisting of 30 s of denaturation at 96°C and of 2 min of elongation at 72°C. The remaining
copies of the initial template vector were removed by a 1-h digest with the restriction enzyme DPNI. After-
wards, 2 pl of each PCR product were transformed into E. coli TOP10 cells and the resulting plasmids were
evaluated by sequencing.

Protein expression and purification

The plasmid, containing the fusion protein with a Hisé6-tag at the N-terminus and a 3C protease cleavage
site, was transformed into E. coli Tuner™(DE3). Four liters of LB medium, supplemented with Kanamycin,
were inoculated with the overnight culture and incubated at 37°C until an ODggg of 0.8. The cells were
centrifuged and all the pellets were combined and resuspended in one liter of M9 minimal medium con-
taining 1 g/L >N ammonium chloride (Sigma-Aldrich) and 3 g/L "*C glucose (Cambridge Isotope) as the
sole source of nitrogen and carbon, respectively (Marley et al., 2001). After an additional hour at 37°C,
the expression was induced with the addition of 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 plL of Protease Inhibitor Cocktail (Thermo Scientific), and lysed by sonication on ice.
The lysate was clarified by centrifugation and the supernatant was loaded onto a HisTrap FF column and
washed with 8 column volumes 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). Consequently, the Hisé-tag was removed by 3C protease cleavage
overnight at 4°C. NaCl was added to the 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 the NMR buffer. Fractions containing the protein were pooled and
concentrated. In the case of the Cysteine mutants, all the buffers were supplemented with 1 mM DTT.

Purified protein, which was >95% pure as assessed by SDS/PAGE (see Figures 2, 3, and 4), was concen-

trated to approximately 0.5 mM in the NMR buffer containing 10% D,O. Owing to the lack of absorbance
at 280 nm, the protein concentration was determined by the Pierce BCA Protein Assay (Thermo Scientific).
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MTSL tagging

The MTSL tagging was initiated combining 1 mL of protein solution with 1 mL of MTSL reaction buffer
(100 mM NaP, 1 mM EDTA, pH 8.0) and by incubating it at RT for 15 min after the addition of a 10-fold
excess (in comparison to the protein concentration) of DTT. This ensures that all the Cysteines are reduced
for the MTSL-tagging procedure. Afterwards, DTT was removed by the PD-10 desalting column and the
protein solution was eluted in 3.3 mL of MTSL reaction buffer. From a 50 mM DMSO stock solution, two
times excess of MTSL was added to the protein solution. Consequently, the protein solution containing
MTSL was incubated for 3 h at 30°C with agitation. Finally, the free MTSL was removed and the sample
concentrated by exchange with the NMR Buffer via a Amicon Centricon MWCO 3 kDa. For the measure-
ment of the diamagnetic control experiments, the free electron of the MTSL tag was reduced by a two-
fold excess of ascorbic acid.

Precursor labeling

The precursor labeling was done by the addition of 1 g/L of 1*C®-methionine (Sigma-Aldrich) and 10 mg/mL
of the isotopically labeled phenylalanine and leucine precursors to the M9 minimal medium used for pro-
tein expression (Klopp et al., 2018; Lichtenecker et al., 2013a, 2013b).

TR-FRET

Biotinylated N-Avitagged-TEAD4?'"~*** (1 nM) and LANCE Eu-W1024 Streptavidin (0.5 nM, PerkinElmer)
were pre-incubated for 1 h at room temperature in 50 mM HEPES pH 7.4, 100 mM KClI, 0.05% (v/v)
Tween-20, 0.25 mM TCEP, 1 mM, and 0.05% (w/v) BSA. Different YAP mutants (20 nM) and serial dilutions
of them were added and incubated in white 384-well plates (Greiner Bio-One International) for 1 h at room
temperature. DMSO was present at 2% in the assay. The solubility of the peptides in assay buffer was
measured by dynamic light scattering with a Dyna Protdevice (Wyatt technology Corp.). The fluorescence
in the TR- FRET assay was measured with a Genios Pro reader (Tecan) (50 pus delay between excitation and
fluores- cence, 75 ps integration time, excitation wavelength 340 nm, emission wavelengths 620 and
665 nm). Data analyses were carried out using the TR-FRET 665/620 nm emission ratio. The ICsq values
were obtained by nonlinear regression analysis with GraphPad Prism (GraphPad Software) (Bokhovchuk
et al., 2020a).

NMR spectroscopy

NMR experiments were performed at 298 K using a Bruker Avance 11l 800 MHz, Bruker Neo 600 MHz, and
Bruker Neo 500 MHz spectrometer. Data were processed using NMRPipe (Delaglio et al., 1995) and Bruker
TopSpin. Spectra were analyzed using CcpNmr (Vranken et al., 2005) and Sparky (Goddard and Kneller,
2004). Further data analysis and plots were performed and created, respectively, with RStudio (RStudio
Team, 2017).

QUANTIFICATION AND STATISTICAL ANALYSIS

The ICsp values were obtained by nonlinear regression analysis with GraphPad Prism (Table S1).
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Fig. S1: 1H-13C HSQC:s of labeled phenylalanine side-chains

YAP Mutations | AvICso (nM) | SD
D60C 12 2
A71C 9 2
V80C 4 1
K9o0C 12 1
S103C 2.9 0.4
Al12C 3 1
T119C 5 1
S137C 53 0.4
S138C 4 1
S149C 2.6 0.4
QI158C 2.9 0.4
S164C 1.9 0.4
172C (insertion) 7 1
wt 11 1

Table S1: Potency of PRE mutants. The potency of the different mutant was measured in a TR-FRET assay (n > 2).



Sequences of the oligonucleotides (5°-3”)

D60C GATCGTGCACGTCCGCGGGTGCTCGGAGACCGACCTGGA CGCCTCCAGGTCGGTCTCCGAGCACCCGCGGACGTGCACGA
GGCG TC

A71C CCTGGAGGCGCTCTTCAACTGCGTCATGAACCCCAAGACG GCCGTCTTGGGGTTCATGACGCAGTTGAAGAGCGCCTCCAGG
GC

V80C GAACCCCAAGACGGCCAACTGTCCCCAGACCGTGCCCATG GCCTCATGGGCACGGTCTGGGGACAGTTGGCCGTCTTGGGG
AGGC TTC

K90C CCGTGCCCATGAGGCTCCGGTGTCTGCCCGACTCCTTCTT GCTTGAAGAAGGAGTCGGGCAGACACCGGAGCCTCATGGGC
CAAGC ACGG

S103C CCGCCGGAGCCCAAATGCCACTCCCGACAGGCCAG CTGGCCTGTCGGGAGTGGCATTTGGGCTCCGGCGG

Al112C CCCGACAGGCCAGTACTGATTGTGGCACTGCAGGAGCCCT GTCAGGGCTCCTGCAGTGCCACAATCAGTACTGGCCTGTCGG
GAC G

T119C GGCACTGCAGGAGCCCTGTGTCCACAGCATGTTCGAGCTC GAGCTCGAACATGCTGTGGACACAGGGCTCCTGCAGTGCC

S127C CCACAGCATGTTCGAGCTCATTGCTCTCCAGCTTCTCTGCA CAACTGCAGAGAAGCTGGAGAGCAATGAGCTCGAACATGCTG
GTTG TGG

S138C GCAGTTGGGAGCTGTTTGTCCTGGGACACTGACCCCCACT CCAGTGGGGGTCAGTGTCCCAGGACAAACAGCTCCCAACTGC
GG

S149C GTGGGTGTAGCTGCTGGGCCACAGACTACTCCAGTGGGG GACCCCCACTGGAGTAGTCTGTGGCCCAGCAGCTACACCCAC
GTC

Q158C CCCAGCAGCTACACCCACAGCTTGTCATCTTCGACAGTCTT GAAGACTGTCGAAGATGACAAGCTGTGGGTGTAGCTGCTGGG
C

S164C GCTCAGCATCTTCGACAGTCTTGTTTTGAGATACCTGATGA CATCATCAGGTATCTCAAAACAAGACTGTCGAAGATGCTGAGC
TG

172C GAGATACCTGATGATGTATGTTAACGCCATTAACCTGATGT CCAGAACATCAGGTTAATGGCGTTAACATACATCATCAGGTAT
TCTGG CTC

L65A CGGGGACTCGGAGACCGACGCGGAGGCGCTCTTCAACGC CGGCGTTGAAGAGCGCCTCCGCGTCGGTCTCCGAGTCCCCG
CG

L68A GGAGACCGACCTGGAGGCGGCCTTCAACGCCGTCATGAA GGTTCATGACGGCGTTGAAGGCCGCCTCCAGGTCGGTCTCC
cC

F69A CCGACCTGGAGGCGCTCGCCAACGCCGTCATGAACCCC GGGGTTCATGACGGCGTTGGCGAGCGCCTCCAGGTCGG

MS86A GTGCCCCAGACCGTGCCCGCGAGGCTCCGGAAGCTGCCC GGGCAGCTTCCGGAGCCTCGCGGGCACGGTCTGGGGCAC

R89A

GACCGTGCCCATGAGGCTCGCGAAGCTGCCCGACTCCTTC

GAAGGAGTCGGGCAGCTTCGCGAGCCTCATGGGCACGGTC




L91A GCCCATGAGGCTCCGGAAGGCCCCCGACTCCTTCTTCAAG GCTTGAAGAAGGAGTCGGGGGCCTTCCGGAGCCTCATGGGC
C

F95A GGAAGCTGCCCGACTCCGCCTTCAAGCCGCCGGAGCCC GGGCTCCGGCGGCTTGAAGGCGGAGTCGGGCAGCTTCC

FI96A GGAAGCTGCCCGACTCCTTCGCCAAGCCGCCGGAGCCCA GGGATTTGGGCTCCGGCGGCTTGGCGAAGGAGTCGGGCAGC
AATCCC TTCC

Table S2: Oligonucleotides used to produce the different YAP mutants via PCR-mediated mutagenesis. The first
column denotes the introduced mutation with the two respective primers in the second and third column, Related to

STAR Methods.









PART III

Concluding Discussion






The objective of this dissertation was to investigate the structural, dynamic, and
functional properties of intrinsically disordered proteins (IDPs). We used NMR
spectroscopy to elucidate the molecular mechanisms underlying YAP’s interaction
with TEAD and its regulatory roles. The concluding discussion synthesizes the main
findings of the included publications, demonstrating how they collectively enhance
our understanding of YAP’s structure, conformational dynamics, and interaction
with TEAD. It then explores the functional implications of these dynamics,
particularly in the context of the Hippo signaling pathway and YAP:TEAD complex
formation. A critical evaluation of the methodologies employed follows, assessing
their strengths and limitations. This section also situates the research within the
broader scientific literature, highlighting its unique contributions and points of
convergence or divergence with previous studies. The discussion concludes by

outlining potential directions for future research in this area.

69



10) Synthesis of Key Findings

The first publication constituted a foundational step in understanding the structural
dynamics of YAP, offering detailed NMR resonance assignments for the fragment
spanning residues 50-171. This fragment encompasses the pivotal TEAD-binding
domain, which plays a critical role in YAP’s functionality within the Hippo
pathway. The full backbone and partial side-chain assignments yielded a dataset
essential for subsequent structural and dynamic analyses. Furthermore, the study
described an efficient expression and purification protocol for the YAP fragment
developed in the course of this dissertation. This protocol enabled the production
of high yields of isotopically labeled YAP, thereby overcoming a possible limitation
in NMR-based investigations of intrinsically disordered proteins (IDPs). It also
addressed specific shortcomings of earlier protocols? that did not yield sufficient

quantities of YAP when cultured in isotopically enriched M9 minimal medium?.

The chemical shift data obtained from the assignment confirmed the presence of
transient structural elements within the apo form of YAP. Despite its classification
as an IDP, YAP displayed significant secondary structure propensity in regions
corresponding to the (-strand and a-helix of the TEAD-binding interface. This
finding challenged the conventional perception of IDPs as entirely unstructured and
suggested a functional role for transient structure in mediating molecular
recognition events. Such structural predisposition in IDPs has been increasingly
recognized as a crucial element for modulating partner specificity and binding

kinetics?.

Building on this groundwork, the second publication focused on the conformational
dynamics and interaction mechanisms of YAP>. Using a suite of NMR techniques
combined with site-directed mutagenesis, the study demonstrated that apo YAP
adopts several compact conformations that are stabilized through intramolecular
interactions. The conformational landscape of YAP was shown to be defined by the
interplay of its preformed (-strand, a-helix, and Q-loop, whose interdependence
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was further confirmed by perturbation through single-residue mutations. These
mutations not only destabilized local secondary structures but also disrupted long-

range contacts, leading to a global loss of compaction.

Selective side-chain labeling combined with NOE experiments identified long-
range intramolecular contacts within the QO-loop, notably between M86, L91, and
F95/96, that are consistent with hydrophobic clustering. Mutational analysis
involving key residues in the regions of the a-helix, and (-loop such as L65, L68,
F69, M86, R89, LI1, F95, and F96 resulted in a pronounced reduction of secondary
structure propensity in both secondary structure elements in a co-dependent
manner. These effects were further substantiated by paramagnetic relaxation
enhancement (PRE) and diffusion-ordered spectroscopy (DOSY) measurements,
which confirmed that apo YAP exists in a conformational equilibrium that includes
a compact, preconfigured ensemble competent for TEAD binding that is even more
compact than the bound state of YAP. This structural behavior supports a binding
mechanism predominantly based on conformational selection rather than induced
fit by positioning critical binding interfaces, namely the a-helix and Q-loop, in close

proximity to prime YAP:TEAD complex formation.

Together, these two studies provide a coherent and detailed view of the structural
and dynamic properties of YAP in its apo state. From initial assignments to
structural analysis and dynamic characterization of apo YAP’s structural ensemble,
they reveal that apo YAP is not a featureless ensemble but instead samples a
structured, compact subpopulation with pre-aligned TEAD-binding elements. This
structural preformation enhances binding efficiency and specificity and exemplifies
how intrinsic disorder may be evolutionarily harnessed for signaling fidelity. The
way how IDPs exhibit regulatory potential through transition between compact
substates and extended disordered forms® is elegantly illustrated by the dynamic

profile of YAP.

71



11) Implications of YAP's Structural Dynamics

The findings from this work underscore that structural priming and compaction in
apo YAP are central to its functional role in the Hippo pathway. The pathway itself
plays a pivotal role in regulating organ size, proliferation, and apoptosis through
TEAD-mediated transcriptional activation’”. The discovery that YAP adopts a
compact, preorganized conformation even in the absence of TEAD suggests a
reduced energetic cost for binding and a mechanism optimized for rapid response

to upstream cues.

This preformed structural ensemble parallels mechanisms described in other IDPs,
which frequently rely on residual structure and long-range intramolecular contacts
to facilitate partner recognition!®'®. The model of conformational selection posits
that only those substates within the IDP conformational ensemble that are
compatible with the binding partner become stabilized, offering both kinetic and

thermodynamic advantages in complex formation.

Therapeutically, these insights open new avenues for targeting the YAP:TEAD
interaction. The structural definition of apo YAP provides a rational framework for
inhibitor design that disrupts the compact state or masks key binding elements.
Verteporfin and hexasubstituted dipyrrins, for instance, are small molecules that
have been shown to inhibit YAP function, potentially by binding to YAP and
destabilizing the compact apo ensemble!*!>, The ability to interfere with preformed
binding elements before TEAD engagement suggests an alternative strategy to
traditional orthosteric inhibition'¢. This approach mirrors similar advances in IDP-
targeted drug development, where binding to the disordered free state has yielded
promising results in modulating interactions in systems such as a-synuclein and

tau17,18

Finally, the comparison of the observed YAP decompaction upon single-site

mutations confirms that disruption of secondary structure elements or their
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stabilizing interactions leads to altered association rates and decreased binding
affinities®. These kinetic consequences further support the notion that structural

preorganization in YAP is not incidental but central to its biological function.

In summary, apo YAP displays a dynamic yet structurally enriched ensemble
primed for rapid and specific interaction with TEAD. This view reinforces the
concept that functional disorder entails a continuum of structural states that can be
selectively exploited for cellular regulation and offer potential targets for

therapeutic intervention.

12) Methodological Considerations

The study of IDPs through NMR spectroscopy requires the integration of
complementary techniques to elucidate the relationship between structure and
dynamics, while remaining aware of the inherent limitations of each method. This
is particularly evident in the case of the YAP, whose TEAD-binding domain adopts
a dynamic ensemble of conformations in the apo state. Investigating this
conformational heterogeneity at atomic resolution necessitated a combined
approach utilizing the calculation of secondary structure propensities (SSP) from
chemical shift data, PRE, DOSY, and specific isotope labeling of side-chains for NOE

experiments.

Secondary structure propensity (SSP) scores determined by chemical shift data

One of the central techniques employed to characterize local secondary structure in
YAP and identify the co-dependence of the different secondary structure elements
was the calculation of SSP scores from chemical shift data. The SSP method relies
on backbone 'H, N, *Cqa, and ®Cf chemical shifts and compares the observed
shifts with random coil reference values to quantify the likelihood of a residue
adopting a-helical or B-sheet conformations'. While this method is powerful for
detecting secondary structure tendencies in IDPs, it assumes a linear correlation

between chemical shift deviation and secondary structure content. This assumption
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may break down in regions with complex or non-canonical structure, such as loops.
Furthermore, the accuracy of SSP scores is highly sensitive to the quality of chemical
shift assignments and reference data. This necessitated careful validation of the
assignments of all different mutations. In addition, all our SSP results were
interpreted in conjunction with complementary measurements such as N
transversal relaxation rates. These experiments then also allowed to detect the

preformation in the Q)-loop region that is not detectable through SSP scores.
Specific side-chain labeling

To gain residue-specific insights into the preformation of the Q-loop region through
NOEs that may arise from the formation of a hydrophobic core by several
hydrophobic residues in the Q-loop region, selective side-chain isotope labeling was
used. This involved metabolic incorporation of ¥C-labeled aromatic and aliphatic
precursors (1*Ce-M, labeled phenylalanine and leucine ketoacids) in M9 minimal

media, based on established protocols?*2.

In IDPs, the use of NOE experiments to identify long-range contacts presents
distinct challenges, primarily due to the fast internal motion and the usual lack of
stable structures. As a result, many NOEs are averaged out or appear weak, making
it difficult to distinguish genuine long-range contacts from spin diffusion or local
contacts that transiently mimic long-range proximity?>®. This issue is further
complicated by the high degree of signal overlap typical in IDPs, which makes
spectral interpretation difficult. This was addressed by the described use of selective
side-chain isotope labeling which drastically reduces spectral complexity and
permits direct observation of side-chain NOEs. While this selective visibility
enhances the detectability of otherwise obscured NOEs, it also introduces the risk
of biased interpretation, as the observable NOEs are often restricted to more rigid
or hydrophobically clustered regions and will be affected by the structural
heterogeneity of the protein ensemble. Therefore, the use of side-chain NOEs in

IDPs must be considered qualitative and does not allow to calculate inter-proton
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distances. In YAP, the combination of M, F, and L side-chain labeling significantly
enhanced spectral resolution in the 'H-*C HSQC spectra, effectively eliminating
peak overlap for the targeted methyl and aromatic resonances. This improved
resolution enabled the reliable assignment of side-chain signals, which in turn
facilitated the identification of long-range NOEs observed in NOESY-based
experiments between residues M86, L91, and F95/F96 in the Q-loop, confirming the

existence of a preformed hydrophobic core within this secondary structure element.

Paramagnetic relaxation enhancement (PRE)

To detect long-range transient contacts within the disordered YAP ensemble, PRE
was employed through site-directed cysteine mutagenesis and subsequent spin
labeling with (1-oxyl-2,2,5,5-tetramethyl-A3-pyrroline-3-methyl)
methanethiosulfonate (MTSL). The MTSL tag introduces a paramagnetic center
whose unpaired electron accelerates the transverse relaxation of nearby nuclei in an
r6-dependent fashion. Thus, nuclei within ~25 A of the label exhibit signal
broadening, with nuclei in the so-called blind sphere (~6-10 A) often completely
quenched?. This approach has been widely used to successfully determine spatially

encountering regions within IDPs*-%.

PRE data were collected at multiple labeling positions along the whole YAP
fragment placed about every tenth residue (D60C, A71C, V80C, K90C, etc.)
summing up to a total of 12 different spin labeling positions. In addition to
confirming the structural integrity of the PRE mutants via overlays of the 'H->"N
HSQC spectra, we also measured their binding affinities to TEAD using TR-FRET
competition assays to ensure that neither the global conformational ensemble nor
complex formation was significantly altered by the introduction of mutation of the
residues to a cysteine (see Supplemental Information of Feichtinger et al. 2022).
Another important consideration in PRE measurements is the potential contribution
of intermolecular effects as intermolecular PREs can mimic or obscure true

intramolecular contacts, leading to erroneous conclusions about the conformational
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ensemble or spatial proximity within the protein. In the case of YAP, these were
ruled out through control experiments using 1:1 mixtures of ®N-labeled YAP and
N MTSL-labeled YAP mutants. Specifically, PRE rates were measured for mixtures
containing the spin-labeled mutants D60C, S103C, and S164C. In all cases, the
evaluation revealed no significant PRE effects on the *N-labeled backbone of YAP,
confirming that the observed relaxation enhancements arise from intramolecular

interactions.

The experiments performed on YAP revealed extensive signal attenuation across
residues 50-100, indicative of spatial proximity between the 8-strand, a-helix, and
Q-loop regions in the apo state. While PRE is uniquely suited for capturing low-
populated, transient structural states, its interpretation is constrained by the
ensemble averaging of relaxation effects and its hypersensitivity to rare but close-
contact states®. Nevertheless, as compaction and structural preformation has been
reported as being closely tied to IDP functions, one can assume that these low-
populated compact states that come up through the methodology are of significance
and, therefore, of particular interest when investigating IDP functions.
Furthermore, correlation matrices were constructed from PRE datasets to uncover
structural coupling patterns, a method previously validated for other IDPs?!. In the
case of YAP, this analysis revealed a compact conformational subensemble in which
the B-strand, oa-helix, and Q-loop regions exhibit coordinated long-range
interactions, supporting the presence of a preorganized structural topology in the

apo state.

Diffusion ordered spectroscopy (DOSY)

Complementary to PRE, we employed DOSY to assess the global compaction of
YAP and its mutants. DOSY measures translational diffusion coefficients by
applying pulsed-field gradients and tracking signal attenuation as a function of
diffusion time3-34. The hydrodynamic radius inferred from the diffusion coefficient

(D) via the Stokes—Einstein equation provides a coarse-grained proxy for molecular
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compaction. In the case of IDPs, DOSY is used to detect the presence of secondary
structure elements or hydrophobic clusters that will reduce the hydrodynamic
radius of the conformational ensemble®¢. In line with previous studies applying
DOSY to IDPs, it must be considered that IDPs are often sensitive to concentration-
dependent effects, including aggregation and altered conformational equilibria,
which may skew diffusion-based assessments of molecular size. Furthermore, the
application of the Stokes-Einstein equation to calculate hydrodynamic radii
assumes a globular, isotropic shape. Despite the established use of hydrodynamic
radius as a proxy for more elongated conformational ensembles, as typically
observed in IDPs, it is important to note that values derived from DOSY for such
systems should be interpreted as apparent, ensemble-averaged quantities.
Environmental parameters such as temperature and buffer viscosity must also be
tightly controlled, as minor fluctuations can propagate into substantial deviations
in D. Finally, the inclusion of internal standards such as dioxane can aid in
calibrating gradient strength, but differences in buffer interaction profiles between

standards and charged IDPs may introduce additional uncertainty®.

We had to address these issues and the additional challenge that changes in a
smaller compact part (residues 50-103) introduced by the mutation of a single
residue (e.g. L68A) of the protein may not be properly distinguishable from the
unaltered construct due to the more extended and flexible part (residues 104-171) of
YAP having a bigger overall contribution to the hydrodynamic radius. To
circumvent this, a new YAP construct ranging from residue 50 to 103 was produced.
A comparison of the 'H-®"N HSQC spectra exhibited a nearly perfect overlay of all
peaks in the 50-103 construct and the same peaks in the full-length construct. The
truncation, therefore, does not induce any significant changes in the structural
ensembles. In addition, we closely monitored the addition of dioxane as our internal
standard through 'H-"N HSQC. The spectra did not show any peak shifts that were

introduced through the addition of the dioxane. The resulting spectra from the
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DOSY measurements with the smaller construct also had much less signal overlap
than the full construct and, therefore, allowed to derive diffusion coefficients for
different mutations. Notably, mutants such as L68A and FO5A exhibited decreased
diffusion rates, consistent with an expanded conformational ensemble and
increased hydrodynamic radius through the weakening of the hydrophobic

clustering.

However, the observed changes in D are rather small as in comparison to PRE the
observation reflects changes in the whole structural ensemble of YAP. Considering
that only a smaller sub-population of YAP may be adopting that confirmational
compact state and even modest conformational changes may fall below detection
limits of DOSY experiments, it is nevertheless surprising to clearly detect
differences that are in alignment with the findings from the PRE measurements.
Despite all these limitations, the consistency of our DOSY-derived diffusion
coefficients with PRE-based compaction trends supports the robustness of our

experimental design and interpretation.

In summary, the investigation of YAP's structural dynamics in the apo state
required a carefully orchestrated integration of complementary NMR techniques,
each tailored to overcome specific limitations inherent to the study of intrinsically
disordered proteins. SSP scores provided initial insights into secondary structure
propensities, while their limitations in detecting non-canonical elements such as the
Q-loop were addressed through N relaxation measurements and NOE-based
detection of hydrophobic clustering. Selective side-chain labeling allowed for
targeted probing of structurally informative NOEs despite the dynamic averaging
and signal overlap typical of disordered systems. PRE measurements enabled the
identification of long-range intramolecular contacts, with rigorous controls
excluding intermolecular artifacts and ensuring that cysteine mutations did not
perturb the native conformational ensemble. Finally, DOSY offered a

complementary perspective on global compaction, with careful construct design
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and experimental calibration ensuring interpretable data even in the context of
minor population shifts. Taken together, these methodologies provided a multi-
scale view of structural preformation in YAP and can serve as a framework for the
systematic characterization of conformational ensembles in other functionally

relevant IDPs with similar properties as YAP.

13) Related Works

This section discusses how the findings of the dissertation advance, complement, or
challenge models on the molecular mechanism of the YAP:TEAD interaction as

described in other studies.

Chen et al. (2010) and Li et al. (2010): Initial Structural Characterization of

YAP:TEAD Complex

Both studies®?* independently reported the first high-resolution structures of the
human YAP:TEAD complex, revealing that the TEAD-binding domain of YAP
(residues 50 to 100) adopts a conserved fold, composed of a short (3-strand, an a-
helix with a central LxxLF motif, and a distinctive Q-loop. These elements interact
with complementary hydrophobic and electrostatic pockets on the surface of TEAD,
which remains largely rigid and preorganized. Both studies interpreted YAP as an
intrinsically disordered protein that folds only upon binding. The dissertation
builds on this foundational model, but demonstrates that YAP’s TEAD-binding
domain is not fully disordered in its apo form. Our analysis reveals structural
preformations in all three binding interfaces, supporting a binding mechanism with
a substantial conformational selection component. Our findings refine the original
structural paradigm by showing that YAP approaches TEAD not as a blank slate but

as a partially pre-organized ensemble.
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Mesrouze et al. (2017): Mutational Dissection of YAP:TEAD Interface

This study? performed alanine-scanning and double-mutant cycle analysis on both
YAP and TEAD to quantify the contribution of interfacial residues and their
coupling energies. The study provided a quantitative interaction map, solidifying
that the Q-loop acts as a binding hot spot whereas the N-terminal (3-strand and the
a-helix act more to orient and scaffold the loop and only have a moderate
contribution to the binding. While this study provided the static energetic landscape
of the interface, the dissertation adds the dynamic and kinetic dimensions. Thus,
our results extend the findings of this study backward to the apo state as the
network of interactions they mapped between YAP and TEAD (R89-E272TEAD4 594
Y429TEADY E95 packing) is not only operative in the bound complex but already

preformed in apo YAP.
Bokhovchuk et al. (2020): Model for Binding Mechanism as Helix-First Binding

This study* investigated the binding mechanism and kinetics of YAP:TEAD
complex formation. Using stopped-flow kinetics and ®-value analysis, the authors
suggested that the association follows an apparent one-step mechanism involving
internal structure formation during the transition state. A key insight was that YAP’s
a-helix folds and engages TEAD early, during or before the transition state, while
the Q-loop binds later in the process. Linear free energy (®) analysis supported this
interpretation: mutations in the helix (L65A, F69A) yielded high ®-values (~0.8-1.0),
indicating these residues are structured in the transition state ensemble, whereas (-
loop mutations produced much lower ®-values (closer to 0), consistent with delayed
folding and engagement. No stable intermediate was detected in the kinetic traces,

implying that helix docking and loop closure are tightly coupled in time.

These findings align well with our data, which show that mutations in the LxxLF
motif of the a-helix have the strongest impact on the overall compaction of apo YAP,

suggesting that this segment plays a central role in influencing binding kinetics.
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Helical preformation appears to serve as a scaffold that promotes the formation and
co-stabilization of the [-strand and Q-loop. The resulting compact substate
facilitates rapid formation of an initial encounter complex, which then undergoes
final adjustments to achieve the fully bound conformation. This step likely occurs
on the nanosecond timescale and may have escaped detection by the employed

kinetic methods in the study.

14) Future Research Perspectives

Building on the insights gained into apo YAP’s preformed compact conformations
in the TEAD-binding domain, a future research direction would be investigating
the effect of 5127 phosphorylation either through site-specific phosphorylation or
the use of a phosphomimetic S127E variant. Our PRE correlation analysis revealed
a structurally coupled region centered around S127 where the 14-3-3 binding is
located. Changes in long-range PREs or global compaction upon phosphorylation
would clarify how this modification allosterically remodels YAP’s conformational
ensemble. Furthermore, the dynamic behavior of YAP’s binding interfaces within
the fully assembled YAP:TEAD complex remain largely unexplored and combining
PRE mapping on the complex with relaxation-dispersion experiments could reveal

additional features that have not been explored yet.

To further build upon the work of tightly mapping PRE effects over the whole
protein, paramagnetic relaxation interference (PRI) measurements could be
performed. In PRI, a protein is labeled with two paramagnetic tags, and one
measures how the combined effect on nuclear relaxation deviates from the sum of
the individual PREs. These interference effects arise only when both spin labels
transiently approach the same nucleus and allow to observe cooperative structural
fluctuations and compact sub-states??!. Additional insights could be gained by
measuring *C-detected PREs placing paramagnetic tags near *C-labeled side

chains to resolve side-chain proximity networks with improved resolution®.
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Combing this approach with selective *C labeling of key hydrophobic residues
could allow to map the detailed architecture of the compaction of the TEAD-binding

domain in apo and pre-encounter states.

As our work suggests that the compact substate of apo YAP precedes formation of
the YAP:TEAD complex, this substate may represent a promising target for
pharmacological inhibition of YAP:TEAD interaction. As a first step, compounds
previously reported to bind YAP, such as Verteporfin'®> and hexasubstituted
dipyrrins', could be evaluated for their effects on the structural ensemble of the apo
state. In addition, a focused screen of small molecules could identify candidates that
selectively destabilize the compact ensemble, shift YAP toward more extended
conformations, and serve as leads for novel inhibitors that prevent TEAD

engagement.

15) Concluding Remarks

This dissertation advances our understanding of IDPs by providing the first atomic-
resolution characterization of the apo state of YAP’s TEAD-binding domain. By
integrating different NMR techniques with site-directed mutagenesis, the work
revealed that YAP adopts a surprisingly compact conformational ensemble prior to
TEAD engagement. This compaction, driven by long-range interactions between
preformed secondary structure elements, particularly the a-helix and the Q-loop,
suggests a conformational selection mechanism rather than induced fit during
complex formation. The discovery that these structural features are not only
preformed but co-stabilized could be described best as dynamic compaction as a

regulatory intermediate.

The key contribution of this work lies in demonstrating that YAP, though classified
as an IDP, forms compact substates that are structurally and kinetically competent
for partner binding. This challenges the prevailing view of IDPs as entirely

disordered and functionally passive until interaction. These findings also open up
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new avenues for (un)structure-based drug design by highlighting the compact apo

state as a potential target for YAP:TEAD inhibition.
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