-

Universitat
de Barcelona

Smad binding codes broken by WW domain
containing proteins

Desxifrant els codis d’unié a Smad de les proteines amb dominis WW

Eric Aragon Altarriba

ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a 'acceptacié de les segiients condicions d'Us: La difusié
d’aquesta tesi per mitja del servei TDX (www.tdx.cat) i a través del Diposit Digital de la UB (diposit.ub.edu) ha estat
autoritzada pels titulars dels drets de propietat intel-lectual Unicament per a usos privats emmarcats en activitats
d’investigacié i docéncia. No s’autoritza la seva reproduccié amb finalitats de lucre ni la seva difusi6 i posada a disposicio
des d’un lloc alié al servei TDX ni al Diposit Digital de la UB. No s’autoritza la presentacié del seu contingut en una finestra
o marc alie a TDX o al Diposit Digital de la UB (framing). Aquesta reserva de drets afecta tant al resum de presentacié de
la tesi com als seus continguts. En la utilitzaci6 o cita de parts de la tesi és obligat indicar el nom de la persona autora.

ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptacion de las siguientes condiciones de uso: La
difusion de esta tesis por medio del servicio TDR (www.tdx.cat) y a través del Repositorio Digital de la UB
(diposit.ub.edu) ha sido autorizada por los titulares de los derechos de propiedad intelectual Unicamente para usos
privados enmarcados en actividades de investigacion y docencia. No se autoriza su reproduccion con finalidades de lucro
ni su difusion y puesta a disposicion desde un sitio ajeno al servicio TDR o al Repositorio Digital de la UB. No se autoriza
la presentacion de su contenido en una ventana o marco ajeno a TDR o al Repositorio Digital de la UB (framing). Esta
reserva de derechos afecta tanto al resumen de presentacion de la tesis como a sus contenidos. En la utilizacion o cita de
partes de la tesis es obligado indicar el nombre de la persona autora.

WARNING. On having consulted this thesis you’re accepting the following use conditions: Spreading this thesis by the
TDX (www.tdx.cat) service and by the UB Digital Repository (diposit.ub.edu) has been authorized by the titular of the
intellectual property rights only for private uses placed in investigation and teaching activities. Reproduction with lucrative
aims is not authorized nor its spreading and availability from a site foreign to the TDX service or to the UB Digital
Repository. Introducing its content in a window or frame foreign to the TDX service or to the UB Digital Repository is not
authorized (framing). Those rights affect to the presentation summary of the thesis as well as to its contents. In the using or
citation of parts of the thesis it's obliged to indicate the name of the author.




Universit

teins

at de Barcelona

Tes|

Doctoral

ning-pro

e .

nital

‘,u"”f
SR
V-demaiinfe

28
e AW

!

\RCELONA

"

N

STITUTE

BIOMEDICINE

R
)R RESEARCH

TERET

Doctorat

- en Biom

edicina

1 by

alNniNgc

yaes

W domain
proteins

ric Aragon

Altarriba
2013

-









@ Universitat de Barcelona

Tesi Doctoral

Smad binding codes broken by WW domain

containing proteins

Desxifrant els codis d’'uni6é a Smad de les proteines amb dominis WW

Memoria presentada per

Eric Aragdon Altarriba

Per obtenir el grau de doctor per la Universitat de Barcelona

Revisat per:

Director de Tesi: Tutor de Tesi:

Dra. Maria J. Macias Hernandez

Prof. de investigaci6 ICREA* i
investigadora principal al grup RMN
proteines del IRB Barcelona
*(Institucié Catalana de Recerca i Estudis
Avancats)

Molecular
Facultat de Farmacia

Programa de Doctorat en Biomedicina
Realitzada al Institut de Recerca Biomeédica Barcelona
Parc Cientific Barcelona

Barcelona, 2013

Dr. Albert Tauler Girona

Prof. de Bioquimica i Biologia

Universitat de Barcelona

BARCELONA

INSTITUTE
FOR RESEARCH
IN BIOMEDICINE






“The grand essentials of happiness are: something to do,

something to love and something to hope for.”

(Allan Chalmers)






Acknowledgements.

The work described in this Thesis would not have been possible without the
help and support of many people and institutions. I would therefore like to

express my gratitude to:

-Dr. Maria J. Macias, my PhD supervisor, for introducing me in the fields of
Molecular and Structural Biology, for her unconditional and permanent

support and for her guidance and confidence in the success of the projects,

-Dr. Joan Massagué and co-workers in the Memorial Sloan-Kettering Cancer

Center NY, for this fruitful and pleasant collaboration,

- Dr. Joan Guinovart for his encouragement during the writing of this Thesis,
Dr. Jorge Lloberas for his advice regarding the registration at the Barcelona
University and Dr. Miquel Pons for my initial training as a PhD student in his
lab,

-Dr. Pau Martin for his friendship, for reading the manuscript of the Thesis at
various stages and for his help with the cover figures and with the final lay out
of this Thesis,

-Dr. Miriam Royo (Parc Cientific de Barcelona) for her advice on protein
chemical ligation and Dr. Marta Vilaseca (Mass Spectrometry Core Facility)

for introducing me to the IM-MS experiments,

-All my Lab mates and many colleagues from the IRB Barcelona, for all their
help, and support, for giving me valuable hints and stimulating discussions

and above all for many memories and experiences,
-My family, for their continuous encouragement and support.

I have been financed by the IRB Barcelona and also in part by a Consolider
RNAREG (CSD2009-00080) grant. The experimental work described in this
Thesis was supported by SMSI-BFU2008-02795 and SAF2011-25119 (M.J.M.)

grants.






Declarations:

1. This work has been carried out under the supervision of Maria J. Macias
Ph.D. (ICREA research professor and PI of the Protein NMR group at
the IRB Barcelona) at the department of Structural and Computational
Biology of the Institute for Research in Biomedicine of Barcelona.

2. No portion of the work referred to in this thesis has been submitted in
support of an application for another degree qualification of this or any
other university.

3. The work described in this Thesis has been published in two peer-
reviewed papers. Reprints and references are given in the Appendix
section.

Financial support was obtained from the IRB Barcelona PhD contract and by
a Consolider RNAREG (CSD2009-00080) grant. This work was supported in
part by BFU2008-02795 and by a SAF2011-25119 grant.

H GOBIERNO MINISTERIO
o Convsolider ﬁ% DE ESPANA DE CIENCIA

E INNOVACION







Abbreviations:

BMP

HSQC

ITC

NMR

NOE

NOESY

PCR

SDS-PAGE

SMAD

SMURF

SPPS

TEAD

TEV

TGF-p

TOCSY

YAP

Bone morphogenetic protein
Heteronuclear Single-Quantum Coherence
Isothermal Titration Calorimetry

Nuclear Magnetic Resonance

Nuclear Overhauser effect

Nuclear Overhauser Effect Spectroscopy
Polymerase chain reaction

Sodium dodecyl Sulphate Polyacrylamide

Electrophoresis

Small mothers against decapentaplegic
Smad ubiquitin regulatory factor

Solid phase peptide synthesis
Transcriptional enhancer factor
Tobacco etch virus

Transforming growth factor beta

Total Correlation Spectroscopy

Yes associated protein kinase

Gel






Table of Contents

LIST OF FIGURES 17

‘ -_—

GENERAL INTRODUCTION 21

2. AIMS OF THE PRESENT THESIS 31

3. MATERIAL AND METHODS 37

3.1 CLONING 37

3.2 TRANSFORMATION 37

3.3 PROTEINS 37

3.3.1 DETERMINATION OF PROTEIN CONCENTRATIONS 38
3.4 NMR SPECTROSCOPY 39

3.5 NMR TITRATION EXPERIMENTS 39

3.6 STRUCTURE CALCULATION/DETERMINATION AND REFINEMENT 39
3.7 MOLECULAR DYNAMIC SIMULATIONS 40

3.8  SEQUENCE ALIGNMENTS 40

3.9  PEPTIDE SYNTHESIS 40

3.10 MASS SPECTROMETRY 41

3.11 ISOTHERMAL TITRATION CALORIMETRY 41

3.12 loN MoBILITY-MASS SPECTROMETRY (IM-MS) 42

3.13 BUFFERS AND SOLUTIONS 43

4, PHOSPHORYLATION BY GSK3 SWITCHES SMAD1 FROM BINDING
TRANSCRIPTIONAL COFACTORS TO BINDING UBIQUITIN LIGASES THAT TRIGGER
SMAD1 DEGRADATION 49

41 CHAPTER SUMMARY: 51
4.2 Notes: 52

4.3 DIFFERENT PHOSPHORYLATION SITES IN SMAD1 ARE RECOGNIZED BY YAP AND SMURF1 53



14 Table of Contents

4.3.1 INTRODUCTION 53

4.3.2 BINDING AFFINITIES DETERMINED USING ISOTHERMAL TITRATION CALORIMETRY 56

4.3.3 STRUCTURE OF THE SMURF1 WW1-WW2 PAIR BOUND TO THE DOUBLY PHOSPHORYLATED
SMADTLINKER 59

4.3.4 STRUCTURE OF THE SMURF1 WW1-WW2 PAIR BOUND TO THE MONO- PHOSPHORYLATED
SMADTLINKER 64

4.3.5 STRUCTURE OF THE YAP WW PAIR BOUND TO THE SMAD1 LINKER 67

4.3.6 UNDERSTANDING THE PREFERENCES OF YAP-SMAD1 INTERACTIONS: THE CDK8/9
PHOSPHORYLATED SMAD1 LINKER AVOIDS YAP BINDING WHEN IS ALSO PHOSPHORYLATED BY GSK3 AT

POSITIONS 70

5. STRUCTURAL BASIS FOR THE VERSATILE INTERACTIONS OF SMAD7 WITH
REGULATOR WW DOMAINS IN TGF-B PATHWAYS 85

5.1  SUMMARY 87

52 Notes 88

5.3 INTRODUCTION 89

54 ResuLTs 90

5.4.1 SMURF1, SMURF2 AND YAP USE ONE SINGLE \WW DOMAIN TO BIND SMAD7 90

5.4.2 STRUCTURE OF THE SMAD7 PY MOTIF BOUND TO DIFFERENT E3 UBIQUITIN LIGASE WW
DOMAINS 98

5.4.3 STRUCTURE OF THE COMPLEXES BETWEEN YAP AND SMAD7 PY MOTIF: SMAD7 SELECTS YAP
WW1 ANDNOTWW2 103

5.5 ASSIGNMENTS AND COORDINATES 117

6. DISCUSSION 121

7. CONCLUSIONS 133

7.1 REFERENCES 134

8. APPENDIX 143




Smad binding codes broken by WW domain containing proteins

8.1
8.2
8.3
8.4

9.

9.1
9.2
9.3
94
9.5

TABLE1 143
TABLE2 145
CURRICULUM VITAE 147

REPRINTS 151

RESUMEN EN CASTELLANO: 183

INTRODUCCION GENERAL 183
OBJETIVOS DE LA PRESENTE TESIS 190
RESULTADOS 193

DiscusiON 201

CONCLUSIONES 210

15






List of Figures

FIGURE 1: MODULAR COMPOSITION OF SMAD PROTEINS ......cveviviiieriritetetetetetetesssessseaesesesesesssssssssssssesesesesesesesassnsnses 22
FIGURE 2: MODULAR COMPOSITION OF SMAD BINDING PROTEINS.......ceeveteterrirereeeesetesesesesssssssesesssesesesesesesssssssssesesens 24
FIGURE 3: GRAPHICAL HIGHLIGHT OF THE WORK ......cucuiuititetetieieeieiesesesesesetese st st s essssesesesebesessssssssssssssssesesesassasassnsnsnes 32
FIGURE 4: SCHEMATIC REPRESENTATION OF THE SMAD PROTEIN DOMAINS AND THEIR MAIN FUNCTIONS ........ccvevvrerennen. 54
FIGURE 6: ITC VALUES AND PEPTIDES......cvevetttieseceeeesetetesetesssss e e s sesesesebe bbb et s s s sesesesebesesssass s s sssssesesesasasasassnsnsnes 56
FIGURE 7: IP EXPERIMENTS WITH SMADT MUTANTS ....ocvivivivitieiiie it ettt sttt ss s bbb bt sse bbbt bbb s s s 57

FIGURE 8; SCHEMATIC SUMMARY OF THE SMAD ACTION-TURNOVER SWITCH OPERATED BY CDK8/9 AND GSK3 IN
COMBINATION WITH YAP AND SMURFT ... viteteeeeet et sttt et ee st e et s te s st et sae s esane st ste e asestssesesaaneasasesessessresens 58

FIGURE 9: NMR-MODEL OF THE COMPLEX BETWEEN THE HUMAN SMURF1 WW1-WW?2 PAIR (RESIDUES 232-314) AND THE

208-233 SEGMENT OF THE SMAD1 LINKER DI-PHOSPHORYLATED AT S210 AND S214 ...t 61
FIGURE 10: SMURF1WW1 BOUND TO THE SMADT PS210PS214 SITE ...ttt eee et sttt sae e es 63
FIGURE 11: SMURF1 WW2 DOMAIN BOUND TO THE PY BOX ...cuviveteeieiireeiseeeeeeeeestset st seeesetevesestsessestsaasnstanesesesesanennens 63

FIGURE 13: SCHEMATIC REPRESENTATION OF THE MODE OF BINDING OF SMURF1 TO THE SMAD1 LINKER REGION............. 66

FIGURE 14: COMPLEX BETWEEN THE HUMAN YAP WW1-WW?2 PAIR AND THE 199-233 SEGMENT OF THE SMAD1 LINKER 68

FIGURE 15: VIEW OF YAP WW1 BOUND TO PS206 SMADT SITE ......cuvreviereieiieneienneineeeseeesessesssessssessessssessessssessessssens 69
FIGURE 16: VIEW OF YAP WW2BOUND TO PY SMADT SITE......cccvutuiireriurirnereeniseeseenesseseesesseseessssesessssessessssssnssssseensssssees 69
FIGURE 17: VIEW OF YAP WW1 BOUND TO PS206 AND PT202/PS206 SMADT SITE .....ocvuvvereerirereerereeeeseseeeeseseenessenes 71
FIGURE 18: CHARGE DISTRIBUTION OF SMURF1 WW1 BOUND TO PS214 SMADT SITE.....c.vuvuriererrerierereeeeseseeeeseseenessenes 72
FIGURE 19: CHARGE DISTRIBUTION OF SMURF1 WW1 BOUND TO PS210-PS214 SMADT SITE ....cvveivrireerirricerereecenenes 72
FIGURE 20 CHARGE DISTRIBUTION OF YAP WW1 BOUND TO PT202-PS206 SMADT SITE .......cvvvrereeirririeireireereseeeenenees 73
FIGURE 21: CHARGE DISTRIBUTION OF YAP WW1 BOUND TO PT202-PS206 SMADT SITE ......cevvrerieirrereerireireereseeeesenees 73
FIGURE 22: MOLECULAR SIMULATIONS PERFORMED ON SMADT PEPTIDES ......c.vuvtuetieneieteineseeseeesensseesensesessessesessenssees 74
FIGURE 23: SCHEMATIC REPRESENTATION OF THE MODE OF BINDING OF YAP TO THE SMAD1 LINKER REGION ................. 75
FIGURE 24: DOMAIN COMPOSITION OF THREE E3 UBIQUITIN LIGASES, SMAD7 AND YAP .......cotuiiiiririeeneireeseseeneesenees 90

FIGURE 25: ITC VALUES OBTAINED FOR THE WW DOMAINS PRESENT IN SMURF1, SMURF2 AND YAP AND THE PY MOTIF OF

FIGURE 26: ION MOBILITY-MASS SPECTROMETRY DATA OBTAINED FOR THE COMPLEXES OF SMURF2WW2-WW3 WITH THE
SMADT PEPTIDE ....vevuvucttsseressssetsssssessssessssssesessssessssssessssssssassesessssnsssssesessssessssnsesnssssesassnsessssnssansesessssnsesassnsns 93

FIGURE 27 ION MOBILITY-MASS SPECTROMETRY DATA OBTAINED FOR THE COMPLEXES OF SMURF2WW2-WW3 WITH THE
SMADT PY SITE ...viviieiteiseietsssestssseiesssse sttt sse s st s s ssse st s st e st s s s e bt et b e bbb en s s st st 95



FIGURE 28: SCHEMATIC REPRESENTATION OF THE PAIR OF WW DOMAINS AND THE LINKER PRESENT IN SMURF1 ............. 96

FIGURE 29: AFFINITY VALUES OBTAINED BY ITC TITRATING SMURF1 WW PAIRS WITH SEVERAL POINT AND DOUBLE

IMUTATIONS .ttt ettt b ekt ekt e bbb b bR e £ b bbbt e bbbt ettt e 97
FIGURE 30: UNAMBIGUOSLY ASSIGNED NOES BETWEEN MONOMERS..........ceuiueeressererssesnsssessssssessssssessssssssssssessssesesnns 99
FIGURE 31: MODEL OF THE WW1-WW1 HOMODIMER ........cueururirerirerireinenentnisistsesessesessssssssssssssesesssesasssesssssssssssssssssesees 99
FIGURE 32: REFINED STRUCTURE OF THE SMURF1 WW2 BOUND TO THE SMAD7 PEPTIDE ......coveveirirrenrneeenessnessnsseenns 101
FIGURE 33 REFINED STRUCTURE OF THE SMURF2 WW3 BOUND TO THE SMAD7 PEPTIDE .....coeviveeeeereseenenssereesssessnsseeens 102

FIGURE 34: SMURF1 WW2 AND SMURF2 WW3 ARE THE MAIN PLAYERS FOR THE RECOGNITION OF SMAD7 PY SITE ......103

FIGURE 35: DETAILED VIEW OF THE INTERACTION OF THE YAP WW1 DOMAIN WITH THE SMAD7 [PY] PEPTIDE .............. 104

FIGURE 36: SEMITRANSPARENT SURFACE REPRESENTATION SHOWING THE CHARGE DISTRIBUTION OF THE YAP WW2
DOMAIN BOUND TO THE SMADT PEPTIDE w...vvueveuiseeieseeessiseesesesssssssssssssessssssesssssssssssssessssssssassesesssssssssssesasnsns 105

FIGURE 37: AFFINITY CHANGES IN SMAD7 BINDING RESULTING FROM POINT MUTATIONS IN THE YAP WW1 AND WW?2

20 YRS 106
FIGURE 38: IP EXPERIMENTS SHOW THAT PHOSPHORYLATION HAS A MINOR EFFECT IN THE INTERACTION......ccocvevevevnee. 107
FIGURE 39: SCHEMATIC REPRESENTATION OF YAP BINDING TO SMAD1 AND SMAD7 SITES ....cocvovvveeeeerererererevereieeene e 107
FIGURE 40: SCHEMATIC REPRESENTATION OF THE RESULTS PRESENTED IN THIS WORK. ....cvcvvviirieeeeetererererevevenenenn e 128

FIGURE 41: SCHEMATIC OF THE SMAD LINKER PHOSPHO-AMINO ACID CODES (INSETS) AND WW DOMAIN CODE READERS.



General Introduction







1. General Introduction

Cell fate is controlled by a multitude of signals and loss of this control
has devastating consequences for living organisms. One of the key players in
this network of signals is the TGF-g family of cytokines. These hormones
trigger an immense amount of responses by sending activated Smad
transcription factors (Sma and Mad related proteins) to the nucleus where
participate in the control of stem cell pluripotency and differentiation, embryo
development, tissue regeneration, and differentiated tissue homeostasis

(Massagué, 1998).

According to their function, Smad proteins are classified as receptor
regulated Smads (R-Smads), which include Smads 1, 5 and 8 in the BMP-
driven version of the SMAD pathway, and Smads 2 and 3 in the TGF-g/
Nodal/Activin pathways. R-Smads form complexes with the common co-
activator Smad (Co-Smad) Smad4. The SMAD family also contains the two
inhibitory Smads (I-Smads), Smad6 and Smad7, which provide critical

negative regulation to these powerful and ubiquitous pathways.

All Smad proteins are modular (Shi and Massagué, 2003). R-Smads and
the Co-Smad consist of two Mad Homology MH1 and MH2 domains
connected by a linker that functions as a scaffold upon which other proteins
can interact and modulate the functional outcome. This linker contains a
conserved cluster of phosphorylation sites adjacent to a PY motif. MH1
domains of R-Smads and Smad4 bind to DNA, whereas the MH2 domain and
the linker function as scaffolds for receptors, regulator proteins, and
transcription cofactors to interact and determine the outcome of the signal
(Shi and Massagué, 2003). Compared to R-Smads and Co-Smads, the I-Smads
have low sequence similarity in the MH1 domain but conserve an MH2

domain and a linker region with a characteristic PY motif. The presence of the
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common regions facilitates the competition of R-Smads and I-Smads for the
receptor and ligands and it facilitates the inhibitory role of I-Smads (Figure 1).
I-Smads are expressed in response to TGF- or BMPs to provide negative
feedback in the pathway (Bai and Cao, 2002; Hata et al., 1998; He et al., 2002;
Kavsak et al., 2000; Nakao et al., 1997; Yan and Chen, 2011) and in response
to other pathways such as STAT to oppose TGF-} signaling (Ulloa et al., 1999).
Smad6 interferes with the formation of Smadi-Smad4 complexes (Hata et al.,
1998) whereas Smad7 interferes with the formation of R-Smads-Smadg
complexes and inhibits TGF-f and BMP receptors (Hayashi et al., 1997;
Topper et al., 1998).

Figure 1: Modular composition of Smad proteins

hSmad7

hSmad1

hSmad3

The MH1 sequence present in Smad7 is shown in italics only to remark its high
degree of divergency.

Several key phosphorylations drive the Smad signaling process. The
ligand cytokines activate receptor serine/threonine protein kinases that
phosphorylate Smad proteins at the C-terminus. The BMP receptors act on
Smads 1, 5 and 8 and the receptors for the TGF-f/nodal/activin/myostatin
group of ligands act mainly on Smads 2 and 3 (Shi and Massagué, 2003). The
phosphorylated C-terminus provides a binding site for Smad4, which is an
essential component in the assembly of target-specific transcriptional

complexes. These phosphorylations are reversed by protein phosphatases that
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limit the general pool of activated Smad molecules (Inman et al., 2002; Lin et

al., 2006; Schmierer et al., 2008; Xu et al., 2002).

Receptor-activated Smad proteins that associate with Smad4 and bind to
target genes undergo a second set of phosphorylations, these catalyzed by the
transcriptional cyclin-dependent kinases CDK8 and CDK9 (Alarcon et al.,
2009; Gao et al., 2009) and by glycogen synthase kinase-3 (GSK3) (Alarcon et
al., 2009; Fuentealba et al., 2007; Sapkota et al., 2007). CDKs 8 and 9 are part
of transcriptional Mediator and Elongation complexes, respectively (Durand
et al., 2005; Komarnitsky et al., 2000; Malik and Roeder, 2000). GSK3 is a
Wnt- and PI3K-regulated kinase (Cohen and Frame, 2001; Wu and Pan).
CDK8/9 phosphorylation of Smad serves as the priming event for
phosphorylation by GSK3. These phosphorylations are clustered in an
interdomain linker region and enable peak activation of Smads but also mark
the proteins for poly-ubiquitination and proteasome-mediated degradation
(Alarcon et al., 2009; Gao et al., 2009). Degradation of agonist-activated
Smads (Alarcon et al.,, 2009; Lo and Massagué, 1999) occurs alongside
dephosphorylation of the linker (Sapkota et al., 2007; Wrighton et al., 2006).
Whereas dephosphorylation recycles the Smad proteins for repeated rounds of
signaling, action-coupled destruction of Smad depletes the pool of signal
transducer. In a different context, the Smad linker region is phosphorylated by
MAP kinases and cell division CDKs in response to mitogens and stresses to
constrain TGF- and BMP signaling (Kretzschmar et al., 1997; Kretzschmar et

al., 1999; Matsuura et al., 2009).

Four proteins are known to specifically bind to linker-phosphorylated
Smads during BMP and TGF-f signal transduction. The ubiquitin ligase
Smurf1 (Sapkota et al., 2007) and the transcriptional effector of the Hippo
pathway YAP bind to linker-phosphorylated Smadi1/5 (Alarcon et al., 2009),
whereas the Smurfi-related protein Nedd4L (Gao et al., 2009) and the
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peptidyl-prolyl cis/trans isomerase Pini (Matsuura et al., 2009) bind to
linker-phosphorylated Smad2/3. YAP cooperates with Smad1 to activate genes
that suppress neural differentiation in mouse embryonic stem cells in
response to BMP signals (Alarcon et al., 2009). Pin1 cooperates with Smad2/3
to stimulate cancer cell migration in response to TGF-f (Matsuura et al.,
2009). Smurfi and Nedd4L target activated Smadi/5 and Smad2/3,
respectively for polyubiquitination and proteasome-dependent degradation

(Figure 2).

Figure 2: Modular composition of Smad binding proteins

WW domains

hNedd4L

hSmurf1

hSmurf2

hYAP

Common to this set of Smad binding proteins is the presence of WW
domains, one in Pini, two in Smurfi and YAP, and four in Nedd4L. WW
domains are 38-40 amino acid residue units, characterized by two highly
conserved tryptophans and folded as an antiparalell triple-stranded beta-sheet
that typically binds proline-rich sequences (e.g. PPxY or “PY box”) or in the
case of Pin1, phosphorylated Ser or Thr residues followed by Proline (pS/pT-P
motifs) (Macias et al., 2002). R-Smad proteins contain a PY motif located near
the CDK/GSK3 phosphorylation sites in the linker connecting the MH1 and
MH2 domains. Binding of WW domains and PY motifs have been extensively
reported in the literature (Macias et al. 2002, (Macias et al., 1996; Pires et al.,
2001; Toepert et al., 2001) suggesting that the PY site in Smads and the WW

domains present in YAP, Pin1 and in the ubiquitin ligases may be responsible
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for the interactions. These lines of evidence present a scenario in which
different nuclear protein kinases phosphorylate agonist-activated Smads to
create docking sites for competing transcriptional cofactors and ubiquitin
ligases. The outcome of these interactions governs Smad function, and is
therefore important in BMP and TGF-f signal transduction. However, the
convergence of activation and turnover functions on a clustered set of Smad
modifications raises questions about how Smads get to act before undergoing

disposal.

In the case of the ubiquitin ligase Nedd4L protein, the interaction with
Smad2/3 requires that the Threonine preceding the PY site be
phosphorylated, suggesting that in addition to the characteristic contacts
between WW domains and the PY motif, a potential interaction involving the

phosphorylated threonine might also occur.

The necessity of recognizing the pSP motif of Smad1 upstream of the PY
site by Smurf1 and Yap1 proteins raises the question of how this long binding
site is specifically recognized. An attractive possibility is that the pair of WW
domains present in each protein participates in the interaction using both
WW domains, one responsible for the PY recognition site and the other acting
as the pSP-binding site. Although an arrangement where both domains bind a
target in a synchronized manner could explain the experimental data, such an

arrangement has never been reported before.

In addition, Pin1WW domain is the unique WW domain found so far
that recognizes phosphorylated Ser/Thr residues followed by a proline
(Verdecia et al 2000). However, the PintWW residues described as being
responsible for the phosphate recognition are not strictly present in Yap,
Smurfi or Nedd4LL. WW domains. Thus, it seems that other WW domains

different from Pin1 have found new solutions to the recognition of
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phosphorylated residues, a feature probably critical for its specificity in vivo.
Furthermore, Smurfi/2 and Nedd4L do not equally bind to all R-Smads since
the three-ubiquitin ligases cannot be functionally interchanged both in vitro
and in vivo (Gao S et al 2009) raising the question of how this specificity is

achieved.

In addition to the issues of how YAP, Pin1 and the E3 HECT ubiquitin
ligases read the phosphorylated code written in R-Smads, work in recent years
has revealed the inhibitory Smad7 as a central hub for negative regulation of
activated TGF-p and BMP receptors (Yan and Chen, 2011). Smad7 recruits
ubiquitin ligases Nedd4L, Smurfi and Smurf2 to mediate receptor
polyubiquitination and route the receptor to degradative endocytosis (Ebisawa
et al., 2001; Kavsak et al., 2000; Kuratomi et al., 2005). Moreover, Smad7 can
simultaneously bind Smurf2 and the protein deubiquitinase USP15, recruiting
both enzymes to the TGF-B receptor complex for an integrated control of
receptor polyubiquitination as a function of ligand concentration (Eichhorn et
al., 2012). Smady also binds YAP (Ferrigno et al., 2002) providing a
mechanism for sequestration of this mediator of Hippo and BMP signaling
(Alarcon et al., 2009). As with Smad1/2 and 3, all these interactions involve
the linker region of Smad7y that contains a PY motif and the WW domain
region of Nedd4L, Smurfi1/2, and YAP.

Prompted by these observations we set to characterize how the
interactions between Smad proteins and their targets occur and particularly
how these similar WW domains can discern between Smad sequences and
chose a particular one in time. To achieve such ambitious aims, the laboratory

where I have done the present work established a fruitful collaboration with
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that of Dr. Joan Massagué™. In our lab we set to investigate the interactions at
an atomic detail between YapitWWi/2 and SmurfiWwWi-2 pair with a
pS210/pS214-PY 24 peptide of Smadi, and also of Pin1 and Nedd4L with
Smad3, while our collaborators set to discover the biological scenarios where

these interactions take place.

"A collaboration with the group of Dr. J. Massagué, Cancer Biology and Genetics

Program, Memorial Sloan-Kettering Cancer Center, New York, NY 10021, USA.
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2. Aims of the present Thesis

Aim 1. As it is mentioned in the General Introduction, fundamental aspects of
metazoan embryo development and tissue homeostasis are controlled by
TGF-g and BMP through Smad-mediated transcription of master regulator
genes. In the course of this action in the nucleus, Smad proteins undergo
phosphorylation events that enable peak transcriptional activity but also mark
the proteins for destruction. These findings presented a paradox but also an
opportunity to define how the delivery of TGF-f and BMP signals is coupled to
the turnover of the Smad signal transducers. We postulated that a mechanism
must exist that ensures the orderly sequence of events in this process by
somehow switching Smad proteins from binding transcriptional cofactors to

binding ubiquitin ligases.

Prompted by these hypotheses and using the power of a combined functional
and structural approach, we set to characterize the role of the Smadi
phosphorylation sites in the interaction with YAP and Smurf1 and to describe
at an atomic detail how these similar WW domain containing proteins discern
between targets and choose a particular one. Since the sequential action of
CDK8/9 and GSK3 kinases can alter the phosphorylation pattern of the pS/pT
box, it could be that the recognition of the different combinations of pS/pT
phosphorylations might act as a switch to favor the binding of a given pair of
proteins at a given time controlling the outcome of the signal, from activation

to degradation.

Aim 2. Smady7 is an inhibitory Smad that acts as a negative regulator of
signaling by (TGF-B) superfamily of proteins. Smady is induced by TGF-B,
stably interacts with activated TGF-f type I receptor (TBR-I), and interferes
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with the phosphorylation of receptor-regulated Smads. I-Smads compete with
R-Smads for activation using the proline rich motif of Smad7, a region similar
to that of Smad 1 and Smad 3, and the region spanning the WW domains of
the ligases. It has been described that Smurfi and Smurf2 participate in the
degradation of Smad 7 and also in the degradation of the TGF- B receptor. In
order to define the structural bases that define the interactions we plan to
identify the WW domains of YAP, Smurf1 and Smurf2, that participate in the
recognition of Smad7 and thus describe the structural basis that control the

competition between activation and inhibition.

Figure 3: Graphical highlight of the work
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A. Upon binding of the TGF-f3 hormone to the receptor, the receptor forms a
heterodimer and is activated. The activation is a two-step mechanism that
starts with the activation of the T3 receptor II, which is a kinase that in turns
phosphorylates the receptor I. Then, the R-Smad is brought to the proximity
of the membrane and is twice phosphorylated at the protein C-terminus. The
presence of both phosphates creates a binding site for the common Smad4.
The result of this process is the formation of a heterotrimeric complex that is
ready to enter into the nucleus.

B. Once in the nucleus the complex is further phosphorylated, this time in the
linker that connects the MH domains of the R-Smads. After phosphorylation
the hetero-trimer is ready to bind to cofactors (as YAP/TAZ) than enhance the
Smad specificity for DNA sequences and start to transcribe the specific genes.
Among these genes is that of Smady, one of the inhibitors of the signaling
cascade.

C. Smad7 regulates TGF-f signaling through several processes. It can occupy the
R-Smad binding site in the receptor, precluding the activation of R-Smads
and its transfer to the nucleus.

D. After being participated in transcription, a second round of phosphorylations
label Smad proteins for degradation.

E. Smad7 can also interact with Smad4, sequestrating this protein in the
cytoplasm. Smad?7 can also interact with YAP/TAZ and reduce the amount of
these proteins, affecting the formation of the complex with co-transcription

factors.
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3. Material and Methods

3.1 Cloning
All constructs corresponding to Smurfi (WW1 233-270, WW2 277-314 and
WW1-2 277-314 (NP_851994.1), Smurf2 (WW2 249-287, WW3 297-333 and
WW2-3 249-333 (NP_073576.1) and hYAP1 WW domains (WW1 163-206,
WW2 227-266 and WW1-2 163-266) (NP_001123617.1) were amplified using
the appropriated DNA templates or human ¢cDNA and subsequently cloned
into the pETM30/pETM11 vectors (a gift from the EMBL-Heidelberg Protein
Expression Facility) using Ncol and HindIII sites or using recombinant

strategies.

Point mutations were introduced using the QuickChange™ site directed
mutagenesis Kit (Stratagene®) with the appropriate complementary
mutagenic primers. All wild type and variants were confirmed by DNA

sequencing and Mass Spectrometry.

3.2 Transformation
The transformation of the expression vector into the host cell’s plasmid DNA
was done with the heat shock method using competent BL21(DE3) E. coli cells
(Novagen, Darmstadt, Germany). Cells were grown for 45 min at 37°C,
centrifuged and dispersed on an agar plate with antibiotic for selection. The

agar plate remained at 37°C overnight in order to obtain bacterial colonies.

3.3 Proteins
Unlabeled, 15N-labeled, double 3C-, :5N- labeled and triple 2H-, 13C-, 15N-
labeled proteins were expressed in E. coli BL21 (DE3) in (L-Broth or Luria
Bertani medium or in minimal medium (M9), using either H.O or D.O

(99.89%, CortecNet) enriched with :sNH,Cl and/or D-['3C] glucose as the sole
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sources of carbon and nitrogen respectively (Marley et al., 2001). E. coli
extracts were lysed using an EmulsiFlex-C5 (Avestin) cell disrupter equipped
with an in-house developed Peltier temperature controller system. Soluble
fusion proteins were purified by nickel-affinity chromatography (HiTrap
Chelating HP column, GE Healthcare Life Science, Uppsala Sweden) and
samples were eluted using buffer A with EDTA. Smurfi WW1-WW2 protein
was mostly in the insoluble fraction after centrifugation of E. coli lysates and
was solubilized with 6M Guanidine hydrochloride and then purified using the
HiTrap HP column. After buffer exchange, fusion tags were removed by
overnight TEV protease digestion at 4 °C followed by a second nickel-affinity
binding step. All proteins were further purified with an additional gel
filtration chromatography step, using HiLoad™ Superdex 30, 75 or 200 16/60
prepgrade columns (GE Healthcare), depending on the protein size. Fractions
containing the purified proteins were concentrated to 1-2 mM for NMR
experiments. To ensure the presence of a 1:1 protein: peptide ratio and to
avoid formation of aggregates or misfolded samples, Smurfi, Smurf2 and YAP
proteins were concentrated in the presence of the Smadi1 peptides prior to
NMR experiments. The NMR buffer was 20 mM deuterated Tris-HCI (pH 7.2-
7.4), 100 mM NaCl, 0.01% NaN;, and 2.5 mM deuterated dithiothreitol in the

presence of 10% D.O.

3.3.1 Determination of Protein Concentrations
Protein concentrations were determined by measuring the UV absorption of
the protein sample wusing a Shimadzu UVmini-1240 UV-VIS
spectrophotometer. Radiation absorption by proteins in the near UV depends
on the number of aromatic amino acids with absorption maximum at 275 nm
(Tyr) and at 280 nm (Trp). Since each WW domain contains several aromatic
residues, the protein concentrations can be calculated using the Lambert-Beer

law (3.1).
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(3.1)

C: concentration, Asgo: absorption at 280 nm, ¢: extinction coefficient

[M-t em], d: length of the cuvette (1 cm).

3.4 NMR spectroscopy

NMR data were acquired at 285 K/295 K on a Bruker Avance III 600-MHz
spectrometer equipped with a z-pulse field gradient unit. Backbone 'H, 15N
and 13C resonance assignments were obtained by analyzing 3D CBCA(CO)NH
and HNCBCA experiments. Side chain resonance assignments were obtained
by analyzing HCCC(CO)NH, 5N-TOCSY, HCCH-TOCSY and 15N-, :3C NOESY
spectra (Sattler et al., 1999). Inter- and intra molecular proton distance
restraints were obtained from peaks assigned in 2D-NOESY experiments. All
spectra were processed with NMRPipe/NMRDraw software (Delaglio et al.,
1995) and were analyzed with CARA (Bartels et al., 1995). Spectra used for the
calculation were integrated using the batch integration method of the XEASY
package.

3.5 NMR titration experiments
15N-HSQC spectra were acquired using 300-uM 5N-labeled protein samples to
which the unlabelled peptide was added stepwise until either saturation or 5-

fold excess was achieved. Measurements were performed at 285 or at 295 K.

3.6 Structure calculation/determination and refinement
Structures were calculated with CNS 1.1 (Briinger et al., 1998), using only
unambiguously assigned restraints derived from NOESY experiments,
coupling constants 3J(HN, HA) from HNHA spectra and hydrogen bonds
measured from D.O exchange experiments. The protocol for the calculation

consists of two iterations of 1 and 200 structures respectively, using 100,000
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cooling steps. All calculated structures were water refined and ranked based
on minimum values of energy and violations. The water refinement protocol is
a modification of the original protocol provided with Aria (Nilges et al., 1997),
which uses all experimental restraints during the refinement process. In this
way, the obtained structures are in better agreement with the experimental
data, while retaining good Ramachandran values. Analysis of the quality of the
lowest energy structures was performed using PROCHECK-NMR (Laskowski
et al., 1996). Molecular images were generated using PyMOL (DeLano, 2002).
The statistics obtained from the analysis are shown in Tables S1 and S2, in the

results section.

3.7 Molecular dynamic simulations
Molecular dynamic simulations were performed with the Gromacs package
(Hess et al., 2008). Prior the simulations we generated an extended model of
each molecule with CNS, surrounded by a charged-equilibrated, periodic cubic
water box. Then the system was energy-minimized and a short position-
restrained molecular dynamics was performed to equilibrate the water
molecules. Finally, a 4ons molecular dynamics in explicit solvent
with Particle Mesh Ewald electrostatics was carried out. Calculated structures
and the results of the molecular dynamic simulations were analyzed with

PyMOL (DeLano, 2002).

3.8 Sequence alignments

Sequence alignments were performed using ClustalX (Thompson et al., 1997)

and BoxShade 3.21. (http://www.ch.embnet.org/software/BOX_form.html).

3.9 Peptide synthesis
In brief, all peptides were synthesized using Fmoc-solid phase peptide
synthesis using the 0.1 mmol scale, with a rink amide resin (Merck

Chemicals), either manually or in a CEM Liberty1 microwave synthesizer.
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After completion of the entire synthesis the N-terminal amino group was
acetylated. The crude peptide was purified by RP-HPLC using a SunFire™ C18
Sephasil preparative column (Waters) with an AKTApurifier 10 (GE
Healthcare Life Sciences), using a linear gradient of 10-40% acetonitrile and
0.05% TFA and an elution time of 20 min. Each peptide was analyzed by

MALDI-TOF mass spectrometry and 2D homonuclear NMR spectroscopy.

3.10 Mass spectrometry
Protein and peptide masses were determined on a 4800 Plus MALDI
TOF/TOF mass spectrometer and processed and analyzed with the Data
Explorer 4.8 software. The samples were co-crystallized with CHCA (a-cyano-
4-hydroxycinnamic acid) and spectra were acquired using the positive

reflector method.

3.11 Isothermal titration calorimetry
ITC experiments were performed using a VP-ITC MicroCalorimeter
(MicroCal) at 10 and 25 °C and the ITC isotherms were fit to the simplest
model with MicroCal’s ORIGIN software and in a low volume nano ITC
calorimeter (TA instruments) and five different temperatures 5, 15, 20, 25 and
30 °C. Protein and peptide samples were dissolved in the same buffer and
centrifuged, and degassed prior the ITC experiments. For the complexes with
Smurfi, Smurf2 and YAP domains, mutants and pairs we used 20 mM Tris-
HCI buffer (pH 7.2-7.4), 100 mM NacCl and 0.01% NaN3. Control experiments
were performed in the buffer used for the IM-MS experiments, which was 50
mM NH4OAc pH 7.2. All protein concentrations were determined in a
Shimadzu UVmini-1240 spectrophotometer and in a NanoDrop™ 2000
measuring the UV absorption of a denatured protein solution, using the
predicted extinction coefficient. Peptide concentrations were determined

spectrophotometrically and by amino acid analysis.
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For each titration, a 20-fold concentrated peptide solution was injected into a
cell containing 190 pL of protein solution. 15 injections of 3 pul were carried
out per titration with a three-minute delay after each injection. Protein
concentrations of 20-80 uM were used depending on the expected affinity
range of each complex to yield a sigmoidal binding curve. Experiments were
performed in triplicates and at different temperatures. Binding isotherms
were analyzed using the software provided by TA instruments, assuming a
single-binding site for the independent domains and a model of two
independent binding sites. Baseline controls were acquired with buffer and

pure peptide solutions.

3.12 lon Mobility-Mass Spectrometry (IM-MS)

Traveling wave ion mobility mass spectrometry experiments were performed
on a Synapt G1 HDMS mass spectrometer (Waters, Manchester, UK). Samples
were placed on a 384-well plate refrigerated at 15°C and sprayed using a
Triversa NanoMate® (Advion BioSciences) automated Chip-Base
nanoelectrospray working in the positive ion mode. The instrument was
calibrated over the 500-8000 Da m/z range using a cesium iodide solution.
The software MassLynx 4.1 SCN 704 and Driftscope 2.1 were used for data
processing. Samples containing the Smad7 peptide complexes with either
Smurft WW1-WW2 or Smurf2 WW2-WW3 pairs or with the independent WW
domains (final concentrations of 30-50 uM) were prepared in 50 mM
NH,OAc pH 7.2, immediately prior to the analysis. Spray voltage was set to
1.75 kV and delivery pressure to 0.5 psi. A reduction of the source pumping
speed in the backing region (5.85 mbar) was set for optimal transmission of
high mass non-covalent ions. Cone voltage, extraction cone and source
temperature were set to 20 V, 1V and 20 °C respectively. Ions passed through

a quadrupol mass filter to the IM-MS section of the instrument.
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3.13 Buffers and Solutions
Bacterial culture reagents were purchased from Conda (Madrid, Spain) all
other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) or
Merck (Darmstadt, Germany). MiniPrep PCR-purification kits (MinElute PCR
Purification Kit) were purchased from QIAgen (Hilden, Germany).

LB medium (1l) LB-agar plates
Bactotryptose 10g Agar in autoclaved

LB medi 9
Yeast extract 58 fedium 1.5% (W/V)
NaCl 108 Kanamycin 25 pug/ml
Kanamycin 1ml
(25 mg/ml)
Autoclaved
PBS buffer 10x (11) pH 7.4 GST elution buffer (50 ml) pH 8
NaCl 8o0g L-Glutathion 10 mM
KCl 2g Tris-HCI pH 8.0 50 mM
Na2H PO4 14.4 g NaCl 100 mM

KH2PO4 2.4¢ Always prepare fresh
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SOC medium (500 ml)

Trace elements 100x (11)

Bactotryptose 10g
Yeast extract 258
NaCl [5M] 1ml
KCI1 [1M] 1.25 ml
MgCl2 [1M] 5 ml
MgS0O4 [1M] 5 ml
Glucose [1M] 10 ml
Autoclaved

EDTA

FeCl3 x 6 H20

ZnCl2

CuCl2 x 2 H20

CoCl2 x 6 H20

H3BO3

MnCl2 x 6 H20

58

0.833¢g

84 mg

13 mg

10 mg

10 mg

1.6g

Adjust pH to 7.5 after adding EDTA

Mo medium 10x (11)

Mo wash 10x (11)

Na2H PO4 60g
KH2PO4 308
NaCl 58

14NH4Cl/15NH4Cl 58

Na2H PO4

KH2PO4

NacCl

60g

308

58
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Mo medium 1x (11)

13C-labelled M9 medium 1x (1)

M9 medium 10x 100 ml
Trace elements 100x 10 ml
Glucose 20% 20 ml

MgCl or MgSO4 [1M] 1ml

CaCl2 [1M] 0.3ml
Biotin [1mg/ml] 1ml
Thiamin [1mg/ml] 1ml
Kanamycin [1mg/ml] 1ml

M9 medium 10x 100 ml
Trace elements 100x 10 ml
13C6-glucose 20% 10 ml

MgCl or MgSO4 [1M] 1ml

CaCl2 [1M] 0.3ml
Biotin [1mg/ml] 1ml
Mog medium 10x 100 ml
Trace elements 100x 10 ml

Ni2* column buffer A

Niz* column washing buffer

NaCl 150 mM
Tris-HCl 20 mM

Imidazole pH 8.0 10 mM

NaCl 1M
Tris-HCI 20 mM
Imidazole pH 8.0 10 mM
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Ni2* column elution buffer

Tris-HCI buffer

NaCl 150 mM NaCl 100 mM
Tris-HCI 20 mM Tris-HCI 20 mM
Imidazole pH 8.0 10 mM NaN3 500 mM
EDTA 50 mM Adjust pH
Phosphate buffer Bis-Tris buffer
NaCl 100 mM NaCl 100 mM
Na H2PO4 20 mM Bis-Tris 20 mM
Na2HPO4 20 mM NaN3 500 mM
NaN3 500 mM Adjust pH
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4. Phosphorylation by GSK3 switches Smad1
from binding transcriptional cofactors to
binding ubiquitin ligases that trigger Smad1

degradation






4.1 Chapter Summary:

When directed to the nucleus by TGF-f or BMP signals, Smad proteins
undergo CDK8/9 and GSK3 phosphorylations that mediate the binding of YAP
and Pin1 for transcriptional action and of ubiquitin ligases Smurf1 and Nedd4L
for Smad destruction. Here we demonstrate that there is an order of events —
Smad activation first and destruction later—controlled by a switch in the
recognition of Smad phosphoserines by WW domains in their binding partners.
In the BMP pathway, Smad1 phosphorylation by CDK8/9 creates binding sites
for the WW domains of YAP, and subsequent phosphorylation by GSK3
switches off YAP binding and adds binding sites for Smurfi WW domains.
Similarly, in the TGF-p pathway, Smad3 phosphorylation by CDK8/9 creates
binding sites for Pin1 and GSK3 then adds sites to enhance Nedd4L binding.
Thus, a Smad phosphoserine code and a set of WW domain code-readers
provide an efficient solution to the problem of coupling TGF-f signal delivery

to turnover of the Smad signal transducers.
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4.2 Notes:

1. This work has been published in Genes and Development 2011, under the
title: A Smad action-turnover switch operated by WW domain readers of a
phosphoserine code” by Eric Aragén, Nina Goerner, Alexia-Ileana
Zaromytidou, Qiaoran Xi, Albert Escobedo, Joan Massagué and Maria J.
Macias. Eric Aragon and Nina Goerner are joint first authors. A reprint of this
work is attached in the appendix section. The work was accepted without the

need of additional corrections and earned the cover page of the journal.

2. From the above mentioned paper, only the work corresponding to YAP
and Smurf1 interactions with different fragments of Smadi, -which I have
carried out with the supervision of Dra. M. J. Macias- is included in the present
chapter. The sections that correspond to Pin1 and Nedd4L complexes with

Smad3 fragments were included in the thesis defended by Nina Goerner.

3. Binding experiments using full-length proteins and mammalian cells
were performed by Drs S. Gao, A.-I. Zaromytidou and Q. Xi, under the
supervision of Dr. J. Massagué. They are included in the text to provide the

grounds for the structural work presented here.
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4.3 Different phosphorylation sites in Smad1 are recognized by YAP
and Smurf1

4.3.1 Introduction

Smad proteins consist of a globular amino-terminal MH1 (Mad Homology 1)
domain with DNA-binding activity, a carboxy-terminal MH2 domain that
mediates key protein-protein interactions, and an inter-domain linker region
with a conserved cluster of phosphorylation sites adjacent to a PY motif (Figure
4A, B) (Shi and Massagué, 2003). The presence of the PY site in the linker and
the observation that a few partners of Smad proteins contain WW domains
prompted us to investigate whether the PY site and motifs located in its
proximity were responsible for the interactions (Figure 4C). Furthermore, since
the proteins that interact with the linker were involved in a wide range of
processes including transcription activation and protein degradation, we set up
to investigate whether some phosphorylation sites could define different
patterns that are recognized by some proteins but not by others. If these
hypotheses were true, then the presence or absence of these phosphorylated
residues could establish a code only interpreted by its specialized readers, thus
defining a switch that enhances activation or protein degradation according to

the cellular needs.

It has been previously described that phosphorylation of these sites in the
linker follows BMP- and TGF-B-driven C-terminal phosphorylation and
nuclear translocation of Smads (Alarcon et al., 2009; Fuentealba et al., 2007;
Sapkota et al., 2007). In Smad1, CDK8/9 phosphorylate S206 and S214, which
prime T202 and S210, respectively, for phosphorylation by GSK3.
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Figure 4: Schematic representation of the Smad protein domains and

their main functions
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(A) The MH1 domain (cyan) contains a B-hairpin that mediates binding to dsDNA
(orange) (PDB code: 1IMHD) (Shi et al., 1998). The MH2 domain (yellow) binds to
the type I TGF-p receptor, which involves the L3 loop (magenta), to Smad4 via the
phosphorylated C-terminus (highlighted) and the a-helix 1 (grey), and to various
DNA-binding cofactors and histone-modifying enzymes (PDB code: 1KHX) (Wu et
al., 2001). The inter-domain linker region (dotted line) contains CDK8/9 and GSK3
phosphorylation sites represented by green and red circles, respectively.

(B) Sequence alignment of the linker region of human Smads 1 and 5 and
Drosophila MAD (dSmad1) proteins, with conserved residues highlighted. The
conserved CDK8/9 sites (green) and CDK8/9-primed GSK3 sites (red), and the PY
box are shown. The Smad1 (199-232) segment used in this work is underlined.

(C) The domain composition of Smurfi and YAP proteins and the regions that
mediate binding to linker-phosphorylated Smad1 are indicated.
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To dissect this process our collaborators tested the effect of
pharmacological inhibitors of CDK8/9 and GSK3 in human embryonic kidney
HEK293 cells expressing epitope-tagged Smurf1 or YAP constructs. The results
of these experiments were that incubation of the cells with BMP rapidly
induced the formation of Smadi-YAP and Smadi-Smurfi complexes. The
CDK8/9 inhibitor flavopiridol, which inhibits all BMP-induced linker
phosphorylations (Alarcon et al., 2009), prevented the formation of both
complexes. Addition of LiCl, which inhibits GSK3 site phosphorylation
(Fuentealba et al.,, 2007), also prevented the Smadi-Smurfi interaction.
Interestingly, LiCl did not inhibit but rather increased the level of Smadi-YAP
complex. In brief, these results suggested that the formation of YAP-Smadi
complex in response to BMP requires CDK8/9 but not GSK3, whereas the

formation of Smurfi-Smad1 complex requires both kinase activities (Figure 5).

Figure 5: IP experiments
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Left: BMP-dependent formation of a complex between HA-Smurfi(DD) and
endogenous Smadi in HEK293 cells, and effects of flavopiridol and LiCl on the
formation of this complex.

Right: BMP-dependent formation of a complex between HA-YAP and endogenous
Smad1 in HEK293 cells, and effects of flavopiridol and LiCl on the formation of this complex.
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4.3.2 Binding affinities determined using isothermal titration calorimetry

To rationalize these binding preferences, we have characterized and
quantified the effect of the possible phosphorylations of Smadi in the
interactions with Smurfi and YAP proteins. To obtain this information we have
combined the use of NMR and isothermal titration calorimetry (ITC) binding
assays to investigate the interaction between recombinant WW1, WW2 and
WW1-WW2 segments of Smurfi and YAP proteins and Smadi linker
phosphopeptides. We tested versions of the Smad1 199-233 linker region with
no phosphorylation, with phosphorylation at the CDK8/9 sites S206 and S214,
or with additional phosphorylation at the GSK3 sites T202 and S210 (Figure 6).

Figure 6: ITC values and peptides
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Left: ITC curves for the binding of YAP and Smurfi WW1-WW2 segments to Smad1
synthetic peptides.

Right: Synthetic Smad1 peptides and their affinity for recombinant WW1-Ww2
segments of YAP and Smurfi. Colored circles denote phosphorylation of the residues;
white circles denote unphosphorylated residues and the gray rectangle represents the
PY motif.



Smad binding codes broken by WW domain containing proteins 57

YAP WW1-WW2 segment bound unphosphorylated Smad1 peptide with
Kp=19.0+3 puM and CDKS8/9-phosphorylated peptide with Kp=8.4+1 pM.
Notably, this gain in affinity was fully erased by phosphorylation at the GSK3
sites (Kp=60.6+7 uM) (Figure 6). In contrast, the affinity of the Smurfi WW1i-
WW2 segment for the Smad1 peptide was increased by phosphorylation at the
CDK8/9 sites, and further increased by phosphorylation at the GSK3 sites.
Further refinement of the Smurfi-Smadi interaction revealed a strong
preference of Smurfi for pS214 over pS206, achieving the highest affinity
(Kp=1.2+0.3 uM) with a Smad1 208-233 peptide containing pS210 and pS214.
To confirm these observations, mutations of S210 or S214 or of both residues to
alanine were introduced in full length Smad1 protein and overexpressed in
HEK293 cells. Under these conditions our collaborators observed that
individual or double mutations reduced the Smad1-YAP interaction in cells, but

mutation of both residues inhibits the Smad1-Smurf1 binding (Figure 7).

Figure 7: IP experiments with Smadi1 mutants
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sites on the ability of Flag-tagged Smad1 constructs to bind HA-Smurf1(DD) in
HEK293 cells.
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Collectively these results suggest that CDK8/9-mediated phosphorylation
of the Smad1 linker creates binding sites for competing YAP and Smurft WW1-
WW2 domains, and GSK3 switches this balance in favor of Smurf1 binding and
at the expense of the YAP interaction (Figure 8). Guided by these
observations we set to characterize the interactions of Smurft and YAP WW1-
WW2 pairs with a CDK8/9 phosphorylated Smad1 peptide fragment and to
compare it with the doubly phosphorylated CDK8/9 and GSK3 Smad1 using

multidimensional NMR in solution.

Figure 8: Schematic summary of the Smad action-turnover switch

operated by CDK8/9 and GSK3 in combination with YAP and Smurfi

Smad1

MH2

BMP R t
eceptor MH1

Transcriptional GSK3
complex
YAP

‘/

CDK8/9

After activation by the BMP receptor R-Smads are phosphorylated at the C-terminus.
Once they are phosphorylated they can form a transcriptional complex and bind to the
target DNA. Additional phosphorylation by CDK8/9 creates binding sites for
transcriptional cofactors, like YAP. Phosphorylation by GSK3 creates binding sites for
ubiquitin ligases like Smurfi.
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43.3 Structure of the Smurfl WW1-WW2 pair bound to the doubly
phosphorylated Smad1 linker

We used NMR spectroscopy to calculate the structure of the Smurfi
WW1-WW2 segment bound to the Smadi linker peptide (208-233) di-
phosphorylated at S210 and S214 in solution. Triple resonance NMR
spectroscopy was applied to assign the WW1-WW2 pair in this complex
whereas homonuclear and half-filter spectra were used to assign the Smadi
peptide and its contacts with Smurf1 (Figure 9 and Si1). To facilitate the
assignment of the pair, samples of the independent domains were also
prepared and assigned. Since the structural analysis of complexes requires the
availability of protein samples in high quantities and purity, I had to optimize
the production of the proteins and also the purification protocols until I could

obtain reproducible conditions.

In brief, individual domains were prepared as GST fusion proteins and
obtained in the soluble fractions of the cultures, when either using LB or in
minimal medium. Moreover, after the cleavage with the Tobacco Etch Virus
(TEV) protease, samples containing the WW domains remained soluble and
were concentrated up to 1 mMolar for the structural studies. However, the
construct with the WW1-WW2 pair was more difficult to obtain, due to its
tendency to form aggregates and precipitates. To solve the problem I first
introduced a point mutation (Cys to Met) in the linker connecting both WW
domains. This change avoids the presence of dimers via the formation of a
disulfide bridge. To test whether or not such a change could affect the structure
and binding properties of the WW1-WW2 pair we performed binding controls

using wild type and mutant protein. Indeed, titrations experiments followed by
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NMR and ITC, revealed that the mutation did not affect the binding.
Unfortunately, even in the presence of the mutation, the protein solubility was
not improved. I was finally able to avoid the formation of insoluble aggregates
by preparing the complex at low protein concentration and concentrate the
samples for the structural studies afterwards. Thanks to the stabilization of the
protein by the formation of the complex, we could finally acquire the full set of
NMR experiments required for the assignment of the complex and the

determination of its structure in solution.

In the complex, each of the WW domains adopts the typical triple-
stranded anti-parallel B-sheet fold, even in the case of WW1 that lacks the first
highly conserved tryptophan. The WW domains do not contact each other but
each contacts a portion of the linker. This arrangement provides enough
freedom for the WW domains to adopt an anti-parallel orientation forming a
continuous binding surface that smoothly cradles the phosphorylated Smadi
linker. The Smadi linker adopts an extended conformation with the di-
phosphorylated T208-P215 segment bound to the WW1 domain and the PY
motif bound to the WW2 domain (Figure 9). The segment between P215 and
the PY motif forms a turn defined by interactions between F217 and A220
backbone atoms. The ten-residue segment connecting the two Smurfi WW
domains adopts an alpha turn helical structure in its first half (Figure 9). This
configuration allows access to CKIP1 (casein kinase 2-interacting protein-1), a
protein that binds to this region to enhance the Smurfi-Smad1 interaction (Lu

et al., 2008).
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Figure 9: NMR-model of the complex between the human Smurfi WWi-
WW2 pair (residues 232-314) and the 208-233 segment of the Smadi
linker di-phosphorylated at S210 and S214
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Smurft WW1-WW2 Smad1 pS210 pS214 [PY] box
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WW1 a-turn—loop WW2

Smurf1 is shown as a semitransparent surface with all elements of secondary
structure represented. The Smad1 peptide is shown with a stick representation,
with the backbone colored in gray. There are several relative orientations of the
WW domains that satisfy all experimental NMR restraints (shown in
Supplementary Figure S1) and due to this, we call this complex NMR-model.

To facilitate the presentation of the different complexes in the text, I will
use the one-letter amino acid notation for Smadi1 residues and the three-letter
notation for residues in Smurfi. The Smurfit WW1 domain binds the Smad1
pS210 residue through contacts with Tyr251, Arg243 and Leu253 side-chains.
The Tyr251 hydroxyl and the Arg243 guanidinium groups jointly coordinate
the phosphate group of pS210. pS214 also contacts Tyr251, and the phosphate
group is coordinated by the hydroxyl of Thr245 and the side-chains of Gln247

and Gln249. P215 is packed parallel to the aromatic ring of Trp262 and P212 is
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sandwiched between the Leu253 and Ser260 side-chains in a cavity
perpendicular to the p-sheet (Figure 10). The pS210-D211-P212-G213 segment
forms a turn, favored by a D211-P212 cis bond, whereas pS214-P215 is in trans.
Single alanine mutations of Arg243, Gln247 or Gln249 decreased the affinity to
Kp values of approximately 30 uM, confirming the importance of these
residues in the interaction of WW1 with the pS210 and pS214 phosphate

groups.

The Smurfi WW2 domain binds to the PY motif in a manner similar to
canonical Group 1 WW complexes (Macias et al., 2002). P224 and P225 contact
Tyr297 and Phe308, respectively, and Y227 binds between His301 and Arg304
(Figures 11, S2). The six residues after the tyrosine in the PY motif fold over the
first strand of WW2. Abundant contacts are observed between P229 and P230
and His301 and Glu287 respectively. The side chain of E231 points towards the
Tyr297 hydroxyl and shows contacts with the Arg289 side chain.
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Figure 10: Smurfiwwi bound to Figure 11: Smurfi WW2 domain bound
the Smadi1 pS210pS214 site to the PY box

MPprE=Q==
WW1 15210 ps214

Figure 10 shows a detailed view of the refined structure of Smurfit WW1 domain (slate)
bound to the di-phosphorylated pS210/pS214 region of the Smad1i linker. Key residues
in Smadai (black) and Smurf1 (blue) are indicated. Asterisks, three residues that when
jointly mutated to alanine decreased the binding affinity of the complex by
approximately 25-fold. A superimposition of the calculated structures is shown as
Supplementary Figure S2 left panel.

Figure 11 shows a detailed view of the refined structure of the Smurfi WW2 domain
(green) bound to the PY motif of Smadi. Key residues in Smad1 (black) and Smurf1
(green) are indicated. A superimposition of the calculated structures is shown as
Supplementary Figure S2 right panel.
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4.3.4 Structure of the Smurf1 WW1-WW2 pair bound to the mono- phosphorylated
Smad1 linker

According to the affinity values we have obtained by ITC measurements
and also by the experiments performed by our collaborators using full-length
proteins in cells, Smurfi WW1-WW2 pair binds stronger to Smad1 sequence
when it is phosphorylated at Ser 210 and Ser 214 than when is only
phosphorylated at position 214. With the aim of finding out the rules that
specify Smurf1 preferences towards the di-phosphorylated Smad1 sequence we
have also solved the structure of the Smurfit WW1-WW2 segment bound to the
Smadi linker mono-phosphorylated at pS214 (Figure S2 middle panel). As we
have expected most of the contacts between the two molecules are like those in
Smurfi WW1-WW2 bound to the pS210/pS214 di-phosphorylated peptide.
However, in the mono-phosphorylated complex we observe that the D21 -P215
fragment is bound differently (compare Figure 11 with 12). S210 is less ordered
than in the phosphorylated state and only weak contacts are observed between
D211 and Arg243 side-chains. We attribute to these weaker contacts the
intermediate affinity of the WW1-WW2 domain for the Smad1 linker mono-
phosphorylated at S214.
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Figure 12: A comparison of Smurfi WWi1 domain bound to either Smadi

pS214 or to pS210 and pS214 sites
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Figure 12 shows a detailed view of the refined structure of the Smurft WW1 domain
(slate) bound to the mono-phosphorylated pS214 region of Smadi linker. A
superimposition of the calculated structures is shown as S2 middle panel. For
comparison, Figure 11 is also represented next to it.

In conclusion, formation of the Smurfi-Smad1 complex involves recognition of
the Smad1 PY motif by the Smurft WW2 domain and of the Smad1 GSK3 and
CDK phosphorylated sites by the WW1 domain (Figure 13).
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Figure 13: Schematic representation of the mode of binding of Smurfi to
the Smadi linker region
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Smad proteins are phosphorylated at CDK8/9 sites (green circle) in the MH1-
MHz2 interdomain linker region represented in grey. This phosphorylation
creates high-affinity binding sites for transcriptional partners, such as YAP and
probably others, thus achieving peak transcriptional action. Phosphorylation
by CDK8/9 also primes the Smads for GSK3-mediated phosphorylation (red
symbol) at the -4 position, which favors the binding of ubiquitin ligases Smurf1
(BMP pathway).
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4.3.5 Structure of the YAP WW pair bound to the Smad1 linker

Alanine mutations in either the first or in the second WW domain in YAP
WW1-WW2 pair almost completely abolished the interaction of overexpressed
YAP and Smad1 in transiently transfected human cells, suggesting that both
domains are essential for this interaction (Figure S3). Given the high affinity of
the YAP WW1-WW2 module for a Smadi (199-233) linker peptide
phosphorylated at pS206 and pS214 (the CDK8/9 sites, refer to Figure 6), we
solved the structure of this complex first. We used double and triple labeled
WW1-WW2 samples (YAP 163-266 segment) to assign the protein resonances
in combination with filtered and homonuclear experiments to obtain the
chemical shifts of the bound peptide and the contacts between both molecules.
We also used independent domains to assist in the assignment. In contrast to
the problems we had when preparing the pair of WW1-WW2 domains from
Smurfi, all proteins corresponding to the YAP WW domains (isolated domains
and also the domain pair) were highly soluble and behave well in the presence
or absence of the peptides. However, to avoid the presence of potential
aggregates we decided to use the same approach as that used with Smurf1
complexes and prepare the YAP-Smad1 complex using a diluted protein sample
and concentrate the mixture for the structural studies. In the complex, the 25-
residue connector between the two WW domains adopts a helix-loop-helix
structure, as determined on the basis of the detected nuclear Overhauser
effects (NOEs) and carbon chemical shift analysis. Several contacts are present
between each WW domain and this connector, but these contacts do not
prevent the WW domains from adopting an optimal orientation for
interactions with the Smadi1 linker. No contacts were observed between the
WW domains. In the complex between the WW1-WW2 pair and the Smad1 34
residue-peptide both WW domains adopt the canonical fold and participate in
the interaction with Smad1 (Figures 14 and Supplementary Figure S4).
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The WW1 domain contacts the pS206 region and the WW2 domain
contacts the PY motif. The Smadi pS206 and P207 side-chains are
accommodated in the aromatic cavity formed by Tyr188 and Trp199 in the YAP
WW1 domain (Figure 15). The pS206 phosphate group is at a hydrogen bond
distance from the hydroxyl groups of Thr182 and Tyr 188 and the GIn186 side
chain. Trp199 is also involved in a network of contacts with residues comprised
between P207 and S209. The structure of the WW2 domain bound to the
Smadi PY motif resembles that of Smurft WW2 bound to this region. The
interaction is well defined, involving eight Smadi1 residues between D221 and

D232 and 9 out of 13 residues on the WW2 domain surface (Figure 16).

Figure 14: Complex between the human YAP WWi1-WW2 pair and the
199-233 segment of the Smadi1 linker

YAP WW1-WW2  Smad1 pS206 pS214 [PY] box

pS206

NMR-model of the complex between the human YAP WW1-WW2 pair (residues 163-
266) and the 199-233 segment of the Smadi linker di-phosphorylated at S206 and
S214. YAP is shown as a semitransparent surface and Smad1 as gray sticks.
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Figure 15: View of YAP WW1 bound Figure 16: View of YAP WW2bound to
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Figure 15 shows a detailed view of the refined structure of the YAP WW1 domain
(gold) bound to the mono-pS206 phosphorylation site of Smad1 (gray). Key residues
in Smad1 (black) and YAP brown are indicated. A superimposition of the calculated
structures is shown as Supplementary Figure S4 left panel.

Figure 16 shows a detailed view of the refined structure of the YAP WW2 domain
(green) bound to the PY motif region of Smadi1 (gray), with the key residues indicated.
A superimposition of the calculated structures is shown as Supplementary Figure S4
right panel.

We also observed NOEs from the E231 side-chain with T241 and Tyr247 and
from D232 to Gln242, suggesting the presence of inter-molecular salt-bridges
between these residues. Thus, formation of the YAP-Smad1 complex involves
recognition of the Smad1 PY and the CDK phosphorylated site pS206 by the
WW2 and WW1 domains, respectively.



70 Phosphorylation by GSK3 switches Smad1 from binding
transcriptional cofactors to binding ubiquitin ligases that trigger

Smad1 degradation

4.3.6 Understanding the preferences of YAP-Smad1 interactions: The CDK8/9
phosphorylated Smad1 linker avoids YAP binding when is also
phosphorylated by GSK3 at positions

We analyzed the interactions between the YAP WW1-WW2 pair and
Smad1 linker peptides containing GSK3 phosphorylation sites with the aim of
understanding why the presence of these sites reduces the affinity of the
interaction. However, NMR-based titrations with a peptide containing pT202,
pS206, pS210 and pS214 requires a 4-5 fold peptide excess to induce chemical
shift changes in YAP WW1-WW2 pair (Figure S5), corroborating the weak
interaction measured by ITC and precluding the determination of the complex
structure. In a complex of YAP WW1-WW2 domains with a peptide containing
pT202, pS206 pS214 and the PY site, but no phosphorylation at S210, the
NOEs detected from the N-terminal end of the peptide to the WW1 domain of
YAP were weak and the structure is only defined for the P204-pS206-P207 site
(Figure 17, S5B). In particular the Glu178 side-chain and the His192 ring in the
WW1 domain fail to contact the methyl of T202. Y203 and P204 are only
partially ordered.
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Figure 17: View of YAP WW1 bound to pS206 and pT202/pS206 Smadi
site

WWi1

Figure 17 shows a detailed view of the refined structure of the YAP WW1 domain (gold)
bound to the di-phosphorylated pT202, pS206 region of Smadi linker. The
monophosphorylated complex (Figure 15) is also represented to facilitate the
comparison of both binding modes.

Thus according to this data, the presence of a phosphate group in T202
destabilizes the interaction of Smadi with the YAP WW1 domain and the
presence of phosphates at both T202 and at S210 drastically reduces the

interaction between YAP and Smad1 linker.

To rationalize the different binding preferences of the Smurfi and YAP
complexes we compared the charge distribution on the surfaces of Smurf1 and
YAP WW1 domains. Both WW1 domains contain GIn residues in the
surroundings of pS214 and pS206 respectively but the positively charged patch
of SmurfiWwWw1 that interacts with pS210 (Figures 18, 19) is absent in YAP.
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Figure 18: Charge distribution of Figure 19: Charge distribution of
Smurfit WWi1 bound to pS214 Smadi Smurfi WWi1 bound to pS210-pS214
site Smad1 site

Smurft WW1 5510 ps214 Smurft WW1 210 ps21a

Figures 18 and 19 show the charge distribution on the surface of SmurfiwWw1 domain
in complex with the Smadi linker mono-phosphorylated at S214 (lef)t or di-
phosphorylated at S210 and S214 (right). Negatively charged patches are shown in red
and positively charged patches in dark blue respectively. Smurfi WW1 is shown as a
semitransparent surface and Smad1 as green sticks. Key residues in Smad1 (black) and
Smurft WW1 (blue) are shown.

Instead, YAP contains a negatively charged region suited to interact with T202
but incompatible with the presence of a phosphate group at T202 (Figure 20,

21).

Notably, in the complex of YAP WW1-WW2 the Smad1 linker segment
between residues S210 and D221 runs across the inter-WW connector with
three prolines (P212, P215 and P219) in trans (refer to Figure 14). The trans
configuration of the D211P and pS214P bonds favors the formation of two p-
turns that facilitate the interaction of the Smadi pS206 site with YAP. This
feature likely explains the higher affinity of YAP for the pS206/pS214 di-
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phosphorylated peptide (8.4+1 uM) compared to its affinity for the pS206
mono-phosphorylated peptide (17.0+2 uM).
Figure 20 Charge distribution of Figure 21: Charge distribution of

YAP WW1 bound to pT202-pS206 YAP WWi1 bound to pT202-pS206
Smadli1 site Smadsi1 site

O ® @
YAP WW1 T202 pS206 YAP WW1

T202 pS206

Figures 20 and 21 show the charge distribution on the surface of YAP WW1 domain in
complex with the Smadi linker mono-phosphorylated at S206 (left) or di-
phosphorylated at T202 and S206 (right). The YAP WW1 domain is shown as a
semitransparent surface and with the same orientation as in Figure 3. The position of
T202 is shown in a box. The conformational change observed in pT202 is represented
with an arrow.

The negative effect of pS210 on the YAP-Smad1 interaction observed by
ITC and NMR titration experiments could arise from a conformational change
in the Smad1 fragment forced by electrostatic repulsion between the pS210
phosphate group and the negatively charged D211. Since we cannot determine
the structures of these complexes we decided to apply molecular dynamic
simulations with the help of NMR based titrations to test the potential impact
of this phosphate in peptides containing pS214, pS210 and pS206. According to
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the simulations it seems that pS210 favors an extended conformation without
the B-turn centered at D211-P212 (Figure 22) that would decrease the

likelihood of WW1 interacting with the pS206 site.

Figure 22: Molecular simulations performed on Smadi peptides
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Molecular simulations performed on two peptides corresponding to Smad1
phosphorylated at S206 and S214 (left), or at T202, S206, S210 and S214 (right), Key
residues are labeled.

Collectively these observations suggest that phosphorylation of Smadi by
CDK8/9 creates a binding site for the YAP WW1 domain in pS206 and the
downstream all-trans configuration imposed by D211P and pS214P favors this

binding interaction. GSK3 phosphorylation of the Smadi linker at T202 and,
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particularly, at S210 create a conformation that avoids recognition by the YAP
WW1 domain (Figure 23) while favoring recognition by the Smurfi WW1
domain. A representation of YAP and Smurfi preferences for Smadi
recognition is shown in the general Scheme of page 76. The interaction of
Nedd4L and Smad3g is also included in the Scheme, to show that the
mechanisms described in this chapter apply to both BMP and TGF beta

signaling cascades.

Figure 23: Schematic representation of the mode of binding of YAP to

the Smadi linker region
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Smad proteins are phosphorylated at CDK8/9 sites (green circle) in the MH1-
MHz2 interdomain linker region represented in grey. This phosphorylation
creates high-affinity binding sites for transcriptional partners, such as YAP and
probably others, thus achieving peak transcriptional action. Phosphorylation
by CDK8/9 also primes the Smads for GSK3-mediated phosphorylation (red
symbol) at the -4 position, which favors the binding of ubiquitin ligases Smurf1
(BMP pathway) and at the same time prevent the interaction with
coactivactors.
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The Smad action-turnover switch in the BMP and TGF- pathways:

pSer codes and WW-domain code readers
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Top panel, schematic summary of the Smad action-turnover switch in the BMP
and TGF-B pathways. Following receptor-mediated phosphorylation (yellow
circle) Smad proteins translocate to the nucleus and assemble transcriptional
complexes, which are phosphorylated at CDK8/9 sites (green circle) in the
MH1-MH2 interdomain linker region. This phosphorylation creates high-
affinity binding sites for transcriptional partners, such as YAP in the case of the
BMP mediator Smadi, and Pin1 in the case of the TGF-f mediator Smad3, and
probably others, thus achieving peak transcriptional action. Phosphorylation
by CDK8/9 also primes the Smads for GSK3-mediated phosphorylation (red
symbol) at the -4 position, which favors the binding of ubiquitin ligases Smurf1
(BMP pathway) and Nedd4L (TGF-f pathway), leading to proteasome-

dependent degradation of Smad molecules that participate in transcription
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(erase symbol). Alternatively, C-terminal Smad phosphatases (a) and linker

phosphatases (b) reverse these phosphorylation states.

Bottom panels, schematic of the Smad linker phospho-amino acid codes
(insets) and WW-domain code readers. The conserved CDK8/9
phosphorylation sites (green circles) and GSK3 sites (red circles) are located at
the indicated positions relative to the PY box (slate box). Amino acid positions
correspond to Smad1 and Smad3. In the BMP pathway, the YAP WW1 domain
binds to pS206 in Smadi, as long as p210 is not phosphorylated. The Smurf1
WW1 domain binds with higher affinity to the pS210-pS214 motif. The WW2
domains bind the [PY] motif. In the TGF-p pathway, the sole WW domain of
Pin1 binds the pT179[PY] motif, as does the WW2 domain of Nedd4L.
However, the Nedd4l. WW3 domain increases the binding affinity by
recognizing the pS204-pS208 motif. See the text for additional details and
citations on the known roles of these WW-domain proteins in Smad signal

transduction.
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Supplementary Figures:

Figure S1 Refined structures of Smurft WW1-WW2 complexes

Supplementary Figure 1

15-Refined NMR structures of the Smurfi WW1-WW2 pair (residues 232-314)
bound to the 208-233 segment of the Smad1 linker di-phosphorylated at S210
and S214. The structure was fitted to either the WW1 domain (left image; 0.7 A
for backbone heavy atoms of the domain and the 208-216 region of Smad1) or
to the WW2 domain (right image; 0.5 A and the 222-232 region of Smad1). A
semitransparent cartoon representation is used for the structure with lowest
energy, with some side-chains highlighted. The structures were calculated
using exclusively experimental dihedral and unambiguously assigned NOE
restraints. Attempts to obtain RDC restraints by dissolving the complex in
polyalcohol media only produced aggregated and precipitated samples.

Secondary structure elements are based on NOEs and carbon chemical shift
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differences with respect to random coil values. The backbone assignment of the

protein in the bound state was obtained using a triple labeled sample.

Figure S2 Independently refined structures of Smurfi WW1 and
WW2 complexes with Smad1 peptides

Supplementary Figure 2
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A backbone superposition (ribbon) of the WW1 domain bound to the di-
phosphorylated (left, 0.25 A R.M.S.D. for 20 best structures) and mono-
phosphorylated segments (middle, 0.35 A RMSD for the 20 best structures), or
of the WW2 domain (right, 0.5 A RMSD for the 20 best structures) bound to
the extended PY site. The domains are oriented as in the representations of
Figure 2. To obtain these refined structures we have used the data acquired for
the complex containing the WW1-WW2 pair but focused the analysis in the

characterization of either the WW1 or the WW2 interaction sites and not in the
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determination of the relative orientation of one domain with respect to the
other. In the two complexes investigated we did not detect contacts between
the WW domains. All complexes have been obtained concentrating the protein
in the presence of the peptide under study. Attempts to concentrate the protein

in the absence of the ligand yield mixtures of aggregated with folded proteins.

Figure S3. Both YAP WW domains contribute to bind Smad1

Supplementary Figure 3
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Effect of individual or combined WW domain deletions on the formation of a

complex between Flag-tagged YAP and HA-tagged Smad1 in HEK293 cells.
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Figure S4. YAP WW1 WW2 complexes with pS206pS214PY and

pT202pS206pS214PY
Supplementary Figure 4
YAP WW1 YAP WW?2 YAP WW1
Smadl 0= Smad1 e Smad1_-e—e—
$202 pS206 [PY] box T202 pS206

A backbone superposition (ribbon) of the WW1 domain bound to the mono-
phosphorylated (left, 0.46 A R.M.S.D. for 20 best structures), or of the WwW2
domain bound to the extended PY site (middle, 0.5 A RMSD for the 20 best
structures), and di-phosphorylated segments (right, 0.8 A RMSD for the 20
best structures). The domains are oriented as in the representations of Figure
3. To obtain these refined structures we have used the data acquired for the
complexes containing the WW1-WW2 pair and Smad1 (199-233) peptide but
focused the analysis in the characterization of either the WW1 or the WW2
interaction sites and not in the determination of the relative orientation of one
domain with respect to the other. In the two complexes investigated we did not
detect contacts between the WW domains. Both complexes have been obtained
concentrating the protein in the presence of the peptide under study to reduce

the presence of aggregated proteins.
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Figure S5. YAP titrations with Smad1 and Smad3 derived peptides

Supplementary Figure 5
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Note: Independently purified WW1 and WW2 domains interacted with a 12-
residue Smadi1 peptide including the PY motif and with a 17 residue pT[PY]
Smad3 peptide, with Kp in the of 52-70 uM range at 298 K. These values are
similar to other values previously reported for YAP1 WW1 domain and protein
ligands (Macias et al., 1996; Pires et al., 2001; Toepert et al., 2001). NMR
binding experiments performed with peptides containing pS206/pS214-PY
sites and the pair of WW domains induced chemical shift changes in both WW
domains, as did titrations with  tri-phosphorylated  peptide
(pT202/pS206/pS214) or with pS214 mono-phosphorylated peptide using a 1:1
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peptide protein ratio. However, binding experiments using up to a 1:1 peptide:
protein ratio with peptides phosphorylated at the GSK site pS210 (peptides
pS210/pS214 and pT202/pS206/pS210/pS214) induced weak changes that
suggested interactions only with the PY motif. To explore the interactions using
peptide in excess, we have introduced a mutation in WW1 (L190Y), to avoid
binding of two Smadi molecules each to one WW domain. The HSQC
experiment shown in (A) (Left 1:1.5) Smad1 pS206pS214-PY and Middle 1:6
protein:peptide ratio Smadi-4P-PY (pT202pS206pS210pS214-PY) show the
expected changes in both WW domains resulting from the interaction of WW1
with the pS site and of WW2 with the PY site respectively. However titrations
using Smad3 pT[PY]-pSpS peptide and a similar protein-peptide ratio as used
with Smadi 4P-PY yield much smaller chemical shift changes (right). The
presence of the negatively charged residues D243 and E245 in YAP WW2
(shown in the B and C panels) seems to reduce the affinity of this WW domain
towards [PY] motifs preceded by a phosphorylated residue, thus explaining
that YAP WW1-WW2 interacts with Smad1 with much a higher affinity than

with Smad3 as observed previously (Alarcon et al., 2009).

4.3.6.1 AcCESSION NUMBERS
For each of the complexes (short names given below) we have deposited 20
structures in the Protein Data Bank and the list of restraints and chemical
shifts in the BioMagResBank database. Structure statistics of the NMR refined

complexes analyzed with Procheck are given in the Appendix section, Table 1.

* For the Smurfi-Smad1 complexes the corresponding PDB and BMRB codes
are respectively: WW1-pS214: 2laz, 17541, WW1-pS210pS214: 21bo,
17542; and WW2-PY: 2lb1, 17543.

e For the YAP-Smadi complexes: WW1-pS206: 2lay, 17540; WW1i1-
pT202pS206: 2lax, 17539 and WW2-PY: 2law, 17538.
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5.1 Summary

TGF-B and BMP signaling is mediated by Smads 1-5 (R-Smads and Co-Smads)
and inhibited by Smad7y, a major hub of regulation of TGF-f and BMP
receptors by negative feedback and antagonistic signals. The transcription
coactivator factor YAP and the E3 ubiquitin ligases Smurfi/2 and Nedd4L
target R-Smads for activation or degradation, respectively. Pairs of WW
domain in these regulators bind PY motifs and adjacent CDK/MAPK and GSK3
phosphorylation sites in R-Smads in a selective and regulated manner. In
contrast, here we show that Smad7 binds YAP, Smurfi, Smurf2 and Nedd4L
constitutively, the binding involving a PY motif in Smady and no
phosphorylation. We also provide a structural basis for how regulators that use
WW domain pairs for selective interactions with R-Smads, resort to one single
versatile WW domain for binding Smad7 to centralize regulation in the TGF-p

and BMP pathways.
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5.2 Notes

1. This work has been published in Structure 2012 with the title: ”Structural
basis for the versatile interactions of Smad7 with regulator WW domains in
TGF-B Pathways” by Eric Aragén, Nina Goerner, Qiaoran Xi, Tiago Lopes,
Sheng Gao, Joan Massagué and Maria J. Macias. A reprint is attached in the
appendix section. The work was accepted with minor comments and earned the

cover page of the Journal in October.

2, From the above mentioned paper, the work corresponding to YAP Smurf1
and Smurf2 interactions with a fragment of Smad?7, which I have carried out
with the supervision of Dra. M. J. Macias is included in the present chapter.
The sections that correspond to Nedd4L complexes with Smad7 were included

in the thesis defended by Nina Goerner.

3. Binding experiments using full-length proteins and mammalian cells
were performed by Drs S. Gao, and Q. Xi, under the supervision of Dr. J.
Massagué. They are included to provide the grounds for the structural work

presented here.
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5.3 Introduction

Compared to R-Smads and Co-Smads, the inhibitory Smads (I-Smads)
have low sequence similarity in the MH1 domain but share an MH2 domain
and the linker region including the PY motif (Fig. 1a). I-Smads are expressed in
response to TGF-B or BMPs to provide negative feedback in the pathway (Hata
et al., 1998), and in response to other pathways such as STAT to oppose TGF-f3
signaling (Ulloa et al., 1999). I-Smads negatively regulate the access of R-
Smads to TGF- receptors and also interfere with the formation of R-Smads-
Smad4 complexes (Hayashi et al., 1997). Receptor-bound Smad7 recruits
ubiquitin ligases Nedd4L, Smurfi and Smurf2 to initiate receptor
ubiquitination and down-regulation (Ebisawa et al., 2001; Kavsak et al., 2000;
Kuratomi et al., 2005). Smad?7 also binds YAP (Ferrigno et al., 2002) providing
a possible mechanism for sequestration of this transcription factor that
participates in Hippo and BMP signaling (Alarcon et al., 2009). These
interactions involve the Smad7y linker and the WW domain region of the

binding proteins.

To deepen our current understanding of the relationship between Smad7y
and the R-Smads, we set to investigate the interactions between the WW
domains of Smurf1/2, and YAP proteins and the Smad7 PY motif region using
NMR and other complementary techniques such as Ion-Mobility Mass
Spectrometry, calorimetry and cellular biology. The obtained data revealed that
the interaction with Smad7 requires a single WW domain, the PY site of Smad?y
and is independent from phosphorylation. This is in sharp contrast with the
requirements of the recognition of R-Smads, which need the presence of WW

domain pairs and both the PY site and the phosphorylated pSP motifs.

Overall, the results illustrate the versatility of different WW domain

containing proteins as mediators of convergent interactions with a common



90 Structural basis for the versatile interactions of Smad7 with

regulator WW domains in TGF-f3 pathways

Smad? target, in addition to their discriminating interactions with different R-

Smad proteins.

5.4 Results

54.1 Smurf1, Smurf2 and YAP use one single WW domain to bind Smad7
54.1.1 SmURF1 AND SMURF2 WW PAIRS ASSOCIATE VIA WW-WW INTERACTIONS
In order to characterize the protein regions involved in the interaction with
the Smady linker we applied isothermal titration calorimetry (ITC) binding
assays using recombinant proteins, either containing independent WW domains
or all consecutive pairs and a 15-residue peptide, corresponding to amino acid

residues E203-D217 of Smad7, and including the entire PY motif, (Figure 24).
Figure 24: Domain composition of three E3 ubiquitin ligases, Smad7 and
YAP

WW domains

hSmad7

203 ELESPPPPYSRYPMDFLKPTADCPDAVPSSAETGGTNYLAPGGLSD 248
1 ]

Smad7 [PY] fragment

The three-ubiquitin ligases contain the characteristic C2 domain, a central region with
a variable number of WW domains and the catalytic HECT domain, each domain
represented as a rectangle. The human Yes Associated Protein (YAP) contains a TEA
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binding domain, two WW domains and a transactivator domain (TXD). Smady
contains a canonical MH2 group and a divergent MH1. To highlight this divergence we
have labeled the MH1 domain using italics and in brackets. The detailed sequence of
the Smady linker is shown (residues 203-248). The synthesized PY peptide is
underlined. The WW domains that mediate the interaction with the PY motif of Smad?7
are indicated with an arrow.

The Smurfi WW1 and Smurf2 WW2 domains show very low affinity for
the Smad7y peptide whereas the Smurfi WW2 and Smurf2 WW3 showed
binding dissociation constants of 4.1 uM and a 1:1 stoichiometry with the
Smad7 peptide. The affinity of the Smurfi WW1-WW2 and Smurfa WW2-WW3
pairs is 0.7 + 0.3 uM at 5 °C, 1.7 £ 0.5 uM at 15 °C and 5.0 + 0.3 uM at 25 °C
(Figures 24 and 25). These values are in agreement with previous reports for
other WW interactions (Aragon et al., 2011; Chong et al., 2006, 2011; Gao et al.,

20009; Kanelis et al., 2006; Pires et al., 2001; Ramirez-Espain et al., 2007).

Figure 25: ITC values obtained for the WW domains present in Smurfi,

Smurf2 and YAP and the PY motif of Smady

Protein WW domain Ky [HM]

hSmurf1 WWA1 >100
WWwW2 4.1 + 0.1
WW1/2 1.7 + 0.5 N=0.6
hSmurf2 WW1 >100
WW2 >100
WW3 4.5 E D2
WW2/3 1.7 % -0:4: N=0.86
hYAP WW1 6.9 = 0.3
WWw2 59.8 + 3.4
WW1/2 8.0 £ 0.3 'N=1:1

ITC affinity values for the recombinant fragments of Smurfi, Smurf2 and YAP and the
Smad7 synthesized peptide. Binding experiments have been performed at least three
times, using two protein expression batches, and different buffers and temperatures.
Values hereby presented were obtained at 15 °C.



92 Structural basis for the versatile interactions of Smad7; with

regulator WW domains in TGF-f3 pathways

Thus, the affinity increase due to the presence of the WW domain pair is
about 2-fold with respect to the values obtained with the Smurft WW2 or with
the Smurf2 WW3 domains at a given temperature. However, with both protein
pairs the affinity is calculated with a stoichiometry below 1 at all temperatures
(Figure 25) (0.6-0.8 range). ITC experiments in two different buffer solutions
(tris and ammonium acetate, pH 7) yielded similar values and stoichiometries.
We considered the possibility that formation of protein aggregates via
association of WW domains could affect the interpretation of the stoichiometry
and affinity of Smady binding to the proteins containing WW-WW pairs.
Indeed, using NMR we observed NOEs in Smurf1 samples containing either the
WW1 independent domain or the WW1-WW2 pair that define a dimer via
WW1-WW1 contacts. Since NMR and ITC experiments were carried out at
different concentration ranges (milimolar versus micromolar), we made use of
Ion Mobility-Mass Spectrometry (IM-MS) to investigate the potential presence

of aggregates at the protein concentrations used in ITC experiments (30-50

uM).

5.4.1.2  IM-MS AS AN AUXILIARY TECHNIQUE TO CHARACTERIZE PROTEIN AGGREGATES

Ion-mobility spectrometry—mass spectrometry (IMS-MS) is a method
that is potentially able to rapidly separate ions according to their mobility, on a
millisecond timescale using ion-mobility spectrometry and then uses mass
spectrometry to identify components within a sample. Instead of responding to
molecular fragments, however, IMS uses soft ionization. The ions are
generated by atmospheric-pressure chemical ionization. Sample material is
heated to yield a vapor that is swept into a small drift chamber where a beta
radiation source ionizes the molecules. The resulting ions travel through a drift
tube at distinct speeds that are related to their mass and geometry towards a
detector. Using this technique to support the NMR and ITC data we have

obtained, I could identify the presence of monomeric complexes, protein
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dimers bound to only one ligand, dimers bound to two ligands and higher order
species in the solutions corresponding to the complexes of each Smurfi and
Smurf2 WW-WW pairs and Smady peptide. The dimers, trimers and other
higher order species were identified based on their different specific ionization
masses and/or on their characteristic drift-times (Figure 26 and

Supplementary Figure S6).

Figure 26: Ion Mobility-Mass Spectrometry data obtained for the
complexes of Smurf2WWz2-WW3 with the Smad?7 peptide
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Left: An expansion of the Ion Mobility-Mass Spectrometry data obtained for the
complexes of Smurf2WW2-WW3 with the Smad7 peptide displaying nine
characterized species. The full spectrum and also that corresponding to the
SmurfiwW1-WW2 in complex with Smad7 are shown as Supplementary Figure S6,
S8, S9). The analysis of the different species identified for both complexes are
collected in the Supplementary Figure S10. Each ion was assigned to a given species
based on its characteristic mobility. Abbreviations used are ML (Monomer with one
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ligand), D1L and D2L (Dimer with one or two ligands respectively), Trim1L, Trim2L
and Trim3L (Trimers with one, two or three ligands). Numbers following the specie’s
name reflect the protonation state. We have unambiguously detected dimers with one
or with two bound ligands and trimers in both Smurfi and Smurf2 complexes.

Right: Schematic representation of the species identified by Ion Mobility-Mass
Spectrometry (IM-MS) for the complexes of Smurfi WW1-WW2 and Smurf2WW2-
WW3 pairs with the Smady PY site. The WW domains are represented as blue
rectangles (labeled in black, white and violet to represent monomer, dimer and
trimers respectively). The Smad?7 peptide is represented as a green thick -line on top of
the WW2 domain. Contacts involving two WW1 domains or between the WW1 domain
of one molecule with the linker connecting the WW pair of a second molecule are
based on experimental NOEs.

Dimers were also observed by IM-MS analysis performed with reference
samples containing either the WW1 or the WW2 domains of Smurf1 in the
unbound state (Figure 27). Interestingly, in the presence of the Smad7 peptide,
the dimer population was reduced in the sample containing the WW2 domain,

while that of the WW1 domain was unaffected (Figure S7).
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Figure 27 Ion Mobility-Mass Spectrometry data obtained for the
complexes of Smurf2WWz2-WW3 with the Smad?; PY site
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A region of the Ion Mobility-Mass Spectrometry data obtained for the Smurf1
WW1 dimer, (the full spectrum is shown as Supplementary Figure 7). As in
Figure 26, each ion was assigned to a given species based on its characteristic
drift-time.

Thus, using this technique that requires samples in the low micromolar
concentration range, we could explain the stoichiometries observed in the
calorimetry experiments. Under the experimental conditions that I used to
characterize the interactions (at very diluted protein concentrations) the <1
stoichiometry may result from the co-existence of protein monomers, dimers,
trimers and tetramers each binding one equivalent of Smad7y peptide, plus the

presence of other species bound to two, three or four Smad7 equivalents.

Since the presence of the Smad7 ligand does not prevent the formation of
the higher order species, we interpret that Smurfi WW1 and Smurfa WW2
domains have a minor role in binding to short PY containing sequences, but an

important role in protein oligomerization and aggregation, whereas the WW2
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and WW3 domains were responsible for the ligand recognition. This
observation differs from a previously reported interpretation of Smurf2 WwWa-
WW3 bound to Smad7 (Chong et al., 2011), where the WW2 domain also
participates in hydrophobic and electrostatic interactions with the Smad?y

peptide.

Figure 28: Schematic representation of the pair of WW domains and

the linker present in Smurfi

hSmurf1 WW1-WwW2

Ww1 WWw2

Q247

Representation of the WW pair present in Smurfi. The mutated positions used in the
ITC binding experiments and the three strands of each WW domain are labeled.

To characterize further the role of Smurfi WW1 domain we introduced
mutations in the WW1-WW2 pair domain in equivalent positions to those that
in Smurf2 were proposed to contact Smady, and also two additional control
mutations in a position that did not participate in the interaction of Smurf2
and Smad7 but in the dimer formation (Figure 28, 29). In all cases, single and
double mutations (Arg243Ala, GIn249, GIn247 and GIn249 to Glu) reduced the
affinity by 3-fold while the Arg243Glu mutation reduced the affinity by 10-fold.
The results suggest that these residues do not play a key role in binding but
that they may participate in protein homodimerization, perhaps enhanced by

the use of recombinant protein fragments. Based on this interpretation of the
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binding data, we conclude that Smurf1 and Smurf2 use their WW2 domain and
WW3 domain, respectively, as their primary binding sites for the Smady PY
peptide.

Figure 29: Affinity values obtained by ITC titrating Smurfit WW pairs

with several point and double mutations

Protein WW1/2 domain K [pM]

hSmurf1
C276M WT 1.7 + 0.5 N=0.6
Q247/Q249 E 7.3 £+ 1.5
() Q249E 6.2 + 1.2
R243A 6.3 £+ 0.7
R243E 15.7 + 3.3

List of the measured affinity values obtained for the mutations included in the Smurf1
WW1-WW2 pair.

Finally, ITC titrations performed at 15°C with the YAP WW domains
revealed that the YAP WW1 domain preferentially binds to the Smad7 peptide,
with a dissociation constant of 6.90 + 0.28 uM, while WW2 binds with a
dissociation constant 9-fold weaker and the WW1-WW2 pair binds slightly
worse than the isolated WW1 (8.0 £ 0.3 uM and N=1.1). Thus, the interaction
with the Smad7 peptide mainly involves the YAP WW1 domain (Figure 25).

All together, these results suggest that in each case a specific, single WW

domain is sufficient for high-affinity recognition of the Smady PY site (Figure

24).
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5.4.2 Structure of the Smad7 PY motif bound to different E3 ubiquitin ligase
WW domains
5.4.21 CHARACTERIZATION OF THE SMAD7 PY INTERACTION WITH THE WW-WW PAIRS BY
NMR

To compare the binding modes of the E3 ubiquitin ligases Smurf1 and
Smurf2 and the different Smad proteins, we investigated the interactions
between the Smurfi/2 WW-WW pairs and also the independent WW2/3

domain with the Smad7 peptide using triple resonance NMR spectroscopy.

Under these conditions the NMR assignment of the complexes reveals
that, both Smurfi and Smurf2 proteins interact with the Smady peptide using
the WW2 domain, in the case of Smurf1, and the WW3 for Smurf2. As observed
during the ITC titrations and IM-MS experiments, the Smurft WW1-WW2 pair
displays a high tendency to form dimers and other higher order aggregates.

Using 2D- and 3D-NOESY experiments we characterized a population of
dimers formed via interactions between the WW1 domains of two molecules
according to intermolecular NOEs that fit as a beta-clam. To illustrate these
interactions we generated a model using the structure of the Smurfi WWi1
domain (pdb entry: 2laz) and the unambiguously assigned NOEs detected
between monomers (Figure 30 and 31). We have also detected a minor
population of dimers formed by interactions between the WW2 domain of one
molecule and the pair of prolines present in the linker connecting the WWi1-
WW2 pair of a second molecule, which can explain the trimeric and tetrameric
species identified by IM-MS (Figure 26). We observed as well the dimerizing
tendency with the WW2 domain of Smurf2 in the WW2-WW3 pair.
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Figure 30: Unambiguosly assigned Figure 31: Model of the WWi1-WWi1

NOEs between monomers homodimer

SmurfIWW1/2 and Smad7

Intermolecular NOEs

Monomer 1 Monomer2
Trp262 Glu241
Trp262 Leu253
Tyr251 Arg243

Left: Figure 30 shows a list with the unambiguously assigned NOEs that defined the
dimer interface represented with dotted lines in Figure 31. Monomers are colored in
orange-gray (top) and cobalt blue (bottom), with key residues highlighted.

Right: Figure 31 shows a detailed view of the binding interface of the dimer between
two Smurft WW1 domains (residues 233-270).

The beta-clam arrangement in the dimer is similar to that described for
the WW2 domain of the mouse Salvador homolog 1 protein (Ohnishi et al.,
2007). With the WW domain pairs we detected a broadening of the
intermolecular NOEs that defined the peptide in the bound conformation and
two sets of NOEs for the Y211 with residues in the WW2/WW3 domains. We
interpreted the broadening and the presence of the second set of signals for the
Y211 aromatic ring as the result of the peptide bound in several complexes, for
instance, the main conformations that correspond to the monomer in complex
with one ligand and the symmetric dimer with two bound ligands in
equilibrium with an asymmetric dimer bound to a single ligand (Figures 26). At

298K and in the presence of 2% DMSO both sets of NOEs corresponding to the
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Y211 collapse to one set that we interpret it as the bound monomer. Under
these experimental conditions, we did not observe however contacts between
the domains in the Smurfi WW1-WW2 pair, or between the WW1 and the
Smad7 peptide as described for the Smurf2 WW2-WW3 complex with Smad7y
(Chong et al., 2011), or as we previously observed in the complex of Smurf1

WW1-WW2 pair with Smad1 (Aragoén et al., 2011).

Based on these observations we focused the structural work and the
characterization of the complexes using the WW2 domain of Smurf1 and in the

WW3 of Smurf2.

5.4.2.2 STRUCTURES OF SMURF1 WW2 AND oF SMURF2 WW3 DOMAINS IN COMPLEX WITH

SMAD7 PY PEPTIDE

As both Smurf complexes are very similar, I will describe them in parallel,
with the corresponding residues separated by a slash. The Smurfiwwza- and
Smurf2WW3-Smad7 complexes are well defined, based on numerous contacts
detected from E205-P215 Smad7 residues with the domains (Figures 32 and

33, Supplementary Figures S11 and S12 and Table 2, shown in the Appendix).

In both complexes the Smad7 fragment also forms a turn, centered at
positions Y211-S212-R213, especially in the Smurfi complex. A comparison of
these two complexes with that of Nedd4L revealed some additional differences,
for instance E205 is interacting with Arg295/Arg312 in the second strand, but
no contacts with the peptide are observed for the residues located in loop 1 of
the WW domains, which in these cases are Ser293/Thr310 and not a Lys as in
the Nedd4L. WW2 domain. As a consequence, E205 and D217 are less defined
in the Smurft WW2 and Smurf2 WW3 complexes. A mutation introduced in

the Smurfit WW2 domain (Arg295Glu) reduces the affinity from 4.1 £ 0.1 uM to
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48.6 + 6.4 uM, suggesting an active implication of Arg295 in the peptide
interaction. The equivalent mutation introduced in Smurf2WW3 also reduces

the affinity from 4.5 + 0.2 uM to 34.2 + 1.6 uM.

Figure 32: Refined structure of the Smurfi WW2 bound to the Smad7y
peptide

C-term

C-term

Refined structure of the Smurfi WW2 domain (residues 233-270, light-blue) bound to
the Smady peptide (203-217, green). Next to it is the charge distribution on the surface
of the Smurft WW2 domain in complex with the peptide. The structure with the lowest
energy was selected for both representations. The family of 25-calculated structures is
shown in Supplementary Figure Si11. N- and C-termini of Smady peptide are
represented with brown chocolate arrows. Positively charged sites are colored in blue
and negatively charged sites in red. Key residues that participate in the complex
interaction are labeled in purple (Smady) and in black (Smurf1). The gray line
indicates the position of the R295E mutation, which decreases the binding affinity of
the complex by approximately 8-fold.
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Figure 33 Refined structure of the Smurfz WW3 bound to the Smady;
peptide

hSmurf2 WW3-Smad7 complex

C-term

Smurf2 WW3 domain (297-313, gold) bound to the Smad7y peptide (green)
represented with a similar orientation as that displayed for Smurfi WW2, Figure 32
for the. The R312E mutation, which decreases the binding affinity of the complex by
approximately 10-fold, is indicated with a gray line.

The complexes described in this work are similar to the previously
characterized Smurf2WW3 and Smad7 (Chong et al., 2006), with the main
differences involving the contacts with the N-terminal site of Smady (E205),
the position of P215, and the absence of intra peptide contacts from residues
M216-D217. On the other hand, they differ from the complex between the
SmurfiwWWi1-WW2 pair and Smad1, where both WW domains have a direct
role in ligand recognition (Figure 34) (Alarcén et al., 2009; Aragobn et al., 2011)
and from the complex between Smurf2WW2-WW3 and Smady, where the
contacts with the C-term part of Smad7 that we observe to occur with the WW3
domain were detected with the first loop of the WW2 domain (Chong et al.,

2011).
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Figure 34: Smurfi WW2 and Smurf2 WW3 are the main players
Jor the recognition of Smad?; PY site

hSmurf2

hSmad7

hSmurf1

5.4.3 Structure of the complexes between YAP and Smad7 PY motif: Smad7
selects YAP WW1 and not WW2

The Smad7 linker fragment binds to the YAP WW1-WW2 pair and to its
independent WW1 domain with similar affinities suggesting that the WW1 is
the preferred binding site. To provide a structure-based interpretation for the
different affinities observed between the YAP WW1 and WW2 domains, the
structure of each domain in complex with the Smad7 fragment was determined
and the similarities and differences analyzed in detail. As both YAP WW1 and
WW2 sequences are very similar, I also describe them in parallel, with the
corresponding residues separated by a slash. In each complex the WW1 and

WW2 domains adopt the canonical WW fold and bind to the Smad7 PY core in
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a similar manner (Figure 35 and Supplementary Figure S13 and Table 2,

Appendix).

Figure 35: Detailed view of the interaction of the YAP WW1 domain
with the Smad7 [PY] peptide

Left: Detailed view of the interaction of the YAP WW1 domain (residues 163-206,
blue) with the Smad7 [PY] peptide (green) and next to it, the charge distribution of the
domain in the complex, shown as a semitransparent surface representation. The
structure with the lowest energy was selected for both representations. The family of
25-calculated structures is shown as Supplementary Figure Si13. Critical residues
involved in the interaction are labeled in purple (Smad7) and in black (YAP WW1).
Both N- and C-termini of Smad7 peptide) are represented with arrows.

The Y211 ring is accommodated in its respective tyrosine binding cavities
formed by Leu19o/Ile249, His192/His251, Gln195/Lys254 and Thri97/Thr256
while the pyrrolidine rings of Smad7 P208 and P209 are respectively
accommodated in the XP cavities formed by Tyr188/Tyr247 and
Trp199/Trp258 (Figures 36 and Supplementary Figure Si4 and Table 2,
Appendix). The main differences between both complexes are the new contacts
observed between Smady Y214 and Tyr247, Ile249 and Glu237 in the WW2
complex and more significantly, the absence of interactions between the

residues located in loop 1 and the residues preceding or following the PY site,
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which are observed in the complex with WW1i1, and in the complexes
corresponding to the three E3 ubiquitin ligases. The absence of these
interactions could be interpreted on the basis of the charge distribution of the

YAP WW2 domain, which differs from that of the WW1 domain.

The presence of negatively charged residues in loop 1 (Asp243 and Glu24s)
repels both the accommodation of the N-term part of Smad7 as well as the
negatively charged residues located in the C-term extension of the PY motif.
Point mutations introduced in Asp243 and Glu245 residues to Glutamine

resulted in an improved affinity by a factor of two (Figures 36 and 37).

Figure 36: Semitransparent surface representation showing the
charge distribution of the YAP WW2 domain bound to the Smady;
peptide

hYAP WW2-Smad7 complex

A semitransparent surface representation showing the charge distribution of the YAP
WW2 domain (residues 227-266, deep blue) bound to the Smad?7 peptide represented
as sticks (green). The structure with the lowest energy was selected for both
representations with some side-chains and elements of secondary structure
highlighted. The family of 25-calculated structures is shown as Supplementary Figure
S14. The peptide’s N-terminus (Ser206) is shifted from the loop1 with respect to the
orientation in the complex with WW1. The different positions of the peptide in both
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complexes are shown with two arrows, with a straight gray line (WW2 complex) and
with a dotted gray line (the position in the WW1 complex).

Figure 37: Affinity changes in Smad7y binding resulting from point
mutations in the YAP WW1 and WW2 domains
WW domain K [HM]

WW1, Q186E 14.0+0.2
WW2, D243S E245Q 27.0+0.8

The Q186E change in the WW1 domain reduces the affinity by two-fold, while a double
change introduced in the WW2 linker -to mimic the sequence of the first WW domain-
improves the affinity by a factor of two. The positions in the structure of the mutated
residues are indicated in Figures A and B.

5.4.3.1 THE YAP WW1-SMAD7 STRUCTURE DOES NOT SUPPORT A ROLE (OR ROOM) FOR A
PHOSPHATE GROUP ON S206

The YAP WW1-Smad7 structure does not support a role (or room) for a
phosphate group on S206 (S206 is tightly bound by Trp199), suggesting that
Ser206 phosphorylation would not enhance the interaction with YAP in vivo.
To explore this possibility our collaborators made use of immunoprecipitation
experiments (IP) performed using plasmids encoding flag epitope-tagged with
either full-length protein Smady (wild type) or with the S206A and AAPY
variants transfected into the HEK293T cell line and the HA-YAP construct.
These experiments showed that binding is observed with both the wild type
and the S206A variant, while the AAPY variant cannot precipitate HA-YAP
(Figure 38) suggesting that the Ser206 or its potential modification would play

a minor role in the function.

In summary, the first WW domain of YAP is the preferred binding site for
the Smad7 PY motif and the discrimination between both domains is defined in

terms of the more abundant protein-peptide contacts observed with the WW1
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than with the WW2 domain. Again, the interaction of YAP with Smad7 is
different from that with Smad1, where both WW domains participate in the
complex and where WW2 is responsible for the interaction with the Smad1 PY

site while the WW1 recognizes the phosphorylated pSerPro motif (Figure 39).

Figure 38: IP experiments show Figure 39: Schematic representation
that phosphorylation has a of YAP binding to Smadi1 and Smad7y

minor effect in the interaction sites
HA-YAP
1
F-Smad7
P hSmad7
wn
SR 32
4o T
> < hYAP
IP: FLAG
IB: HA L
IP: FLAG —
IB: FLAG

IB: HA

IB: FLAG

HEK293T cells expressing the indicated constructs were analyzed.

Schematic representation of the binding modes of YAP with Smad7y (top) and with
Smadi (bottom). The interaction with the PY site of Smad?7 requires only the first WW
domain, while binding to the pS and PY sites of Smad1 requires both WW domains.
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Ion Mobility-Mass Spectrum obtained for a 40 micromolar sample of Smurf2
WW2-WW3 domain in complex with Smady peptide dissolved in 50 mM

ammonium acetate at pH 7.2. A region of this spectrum is shown in Figure 26.
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Ion Mobility-Mass Spectrum obtained for a 30 micromolar sample of Smurf1
WW1 domain dissolved in 50 mM ammonium acetate at pH 7.2. A region of

this spectrum is shown in Figure 27.
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Supplementary Figure 8
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Different species detected by IM-MS for Smurf2 WW2-WW3 in complex with
Smad7 peptide (Top panel) and free Smurfa WW2-WW3 free (down panel).
The data continues in Supplementary Figure 9. A list containing the species
detected for both Smurfi WW1-WW2 and Smurfa WW2-WW3 complexes is
shown as a table. Unbound peptide is labeled as Smad7. The different species
are labeled based on their corresponding mass; ions corresponding to unbound
protein are labeled in blue. Symmetric complexes such as dimers with two
bound peptides, trimers with three peptides and so on are labeled in green.
Protein dimers or trimers bound to a single peptide are labeled in red. Unique

species are marked with a star.
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Supplementary Figure 9
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Supplementary Figure 11

C-term

S293 N-term

25-Refined NMR structures of the Smurfi WW2 domain (residues 277-314,
orange) bound to the 203-217 segment of Smad?y (green), oriented as in Figure
32. The structures were fitted using PyMol (0.4 A for backbone heavy atoms of
the domain and the Smad7 peptide). A few selected residues are labeled in

green (peptide) and in gray (WW domain).
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Supplementary Figure 12
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25-Refined NMR structures of the Smurf2 WW3 domain (residues 297-333,
yellow) bound to the 203-217 segment of Smad7 (green) oriented as in Figure
35. The structures were fitted using PyMol (0.3 A for backbone heavy atoms of
the domain excluding the flexible ends and the 203-215 fragment of the Smad7
peptide). A few selected residues are labeled in green (peptide) and in black
(WW domain). Residues in the WW domain are highlighted in orange.
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Supplementary Figure 13

25-Refined NMR structures of the YAP WW1 domain (residues 163-206,
orange) bound to the 203-217 segment of Smad7 (green) oriented as in Figure
36 and with a 90 rotation. The structures were fitted using PyMol (0.3 A for
backbone heavy atoms of the domain and the Smad7 peptide). A few selected

residues are labeled in green (peptide) and in violet (WW domain).
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Supplementary Figure 14

Cartoon representation of the complex between YAP WW2 (cobalt blue) and
Smad7 (green). A few selected residues are labeled in green (peptide) and in

orange (WW domain).
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Supplementary Figure 15

25-Refined NMR structures of the YAP WW2 domain (residues 232-314, cobalt
blue) bound to the 203-217 segment of Smad7 (green) oriented as in Figure 37.
The structures were fitted using PyMol (0.3 A for backbone heavy atoms of the
domain excluding the flexible ends and the 203-215 fragment of the Smady
peptide). A few selected residues are labeled in green (peptide) and in orange

(WW domain). Residues in the WW domain are highlighted in orange.

In all cases the structures were calculated exclusively using experimental
dihedral and unambiguously assigned NOE restraints. Secondary structure
elements are based on NOEs and carbon chemical shift differences with respect

to random coil values.



Smad binding codes broken by WW domain containing proteins 117

5.5 Assignments and Coordinates

For each of the five complexes (short names as in Supplementary Table
S2) we have deposited a family of structures in the Protein Data Bank and the
list of restraints and chemical shifts in the BioMagResBank database. For the
complexes the corresponding PDB and BMRB codes are respectively:
2ltv/18498 (YAPWW1_S7), 2ltw/18499 (YAPWW2_S7), 2ltx/18500
(SmurfiwWz_S7), and 2ltz/18502 (Smurf2WW3_S7). Statistics of the five
NMR refined complexes analyzed with Procheck and are collected in Table 2,

appendix.
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6. Discussion

Fifty thousand papers after the identification of the TGF-p family of
cytokines, the mystery of how and why the consequences of TGF-f signaling
are so unpredictable continues to be open. Indeed, the TGF-f hormone can
apparently trigger, -with similar ability-, a given function and the opposite (it
can inhibit cell proliferation and promote cell growth or enhance -cell
pluripotency and differentiation, reviewed in (Massagué, 2012). These
apparent paradoxes are caused by the broad spectrum of signals that are
initiated by the TGF-B hormone, which are critical for the correct functioning
of multicellular organisms. One of the best-studied networks involve a family
of transcription factors named receptor activated Smads, which act as
mediators in the transmission of the signal created by the interaction of the
TGF-B hormone with its membrane receptor. Smads interact directly with the
inner part of the receptor for activation, with nucleoporins and with importin-
B for nuclear import and export processes, as well as with DNA and with
several transcription factors, transcription coactivators or corepressors, which
fine-tune the function of Smads in every context (reviewed in (Massagué,
2012; Massagué et al., 2005)). Thus, using a simple approximation, Smad
proteins can be seen as a conserved system present in all cells, which can be
easily adapted to form versatile functional complexes. In turn, each of these
specific complexes carries out numerous tasks required by healthy animal
cells to survive and die. Consequently, it is in this plasticity and complexity
where the power of the Smad organization resides and where the beauty and
risks of the TGF-p signaling cascade are encoded. However, since a few keys to
the TGF-B code are still missing -or only partially understood-, the messages
we receive are sometimes confusing. With the present work and thanks to the

combination of cell and structural biology approaches we have investigated a



122 Discussion

few critical aspects of the TGF-p signaling network aiming to brighten up
some of the dark sides of Smads, specifically how the switch between Smads
activation or degradation is defined and how the competition between R-

Smads and I-Smads is regulated.

In the first part of the work it is shown that pairs of WW domains in
Smad binding proteins function as readers of a phosphoserine code that
dictates Smad peak transcriptional action as well as the subsequent
elimination of Smad molecules that participate in transcription. The code of
this action-turnover switch is written by kinases CDK8/9 and GSK3 acting on
the linker region of activated, transcriptionally poised Smad proteins. In our
model, CDK8/9 create binding sites that are preferentially recognized by WW-
containing Smad transcriptional cofactors. These phosphorylations
additionally prime Smads for subsequent GSK3-mediated phosphorylation,
which creates sites for ubiquitin ligase binding at the expense of
transcriptional cofactor binding sites. Thus, GSK3 switches the
phosphorylation code in the Smad linker region from one that favors Smad
action to one that favors Smad destruction. As a result, TGF-p/BMP signal

delivery becomes coupled to Smad turnover.

In order to explain these observations we propose that degradation is a
price that Smad molecules pay for participating in transcription. CDK8 and 9
are components of the CDK8/CyclinC/Med12/Med13 transcriptional mediator
complex and the P-TEF CDKg/CyclinT elongation complex that regulate
RNA polymerase II during transcription (Durand et al., 2005; Komarnitsky et
al., 2000; Malik and Roeder, 2000). CDK8/9 have access to Smad molecules
on the chromatin but not to receptor-activated Smad molecules that fail to

engage in transcriptional complexes (Alarcon et al., 2009).

Our work provides a structural and functional basis for the involvement

of tandem WW domains in these protein-protein interactions. On one hand,
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the WW domains of Smurfi and YAP proteins achieve overall high specificity
in target recognition by acting in pairs, extending the interacting surface to
recognize not only the canonical PY site but also the adjacent pS/pTP motifs.
The interactions with the pS sites were unexpected from predictions based on
sequence conservation since only the WW domain of Pin1 has been described
as a pS/pTP binding motif, and the Pin1 residues involved in the phosphate

interaction are not strictly conserved in YAP and Smurfit WW domains.

On the other hand, since the linker region of R-Smads contains a set of
CDK phosphorylation sites, and a set of CDK-primed GSK3 sites, the
phospho-Ser motifs can be tuned to optimally bind either transcriptional
cofactors (mono-phosphorylated) or ubiquitin ligases (di-phosphorylated).
The WW2 domains of Smurfi and YAP recognize a canonical PY motif in
Smadi. The PY-independent, mono-phosphoserine motif of Smadi is
recognized by the WW1 domain of YAP, whereas the atypical WW1 domain of
Smurf1 domain recognizes di-phosphoserine motifs in Smads 1. The ability of

WW domains to recognize the pS(-4)pS motif was previously unknown.

The interaction of these proteins with Smads is determined not only by
the binding specificity of individual WW domains but also by the
configuration of the two domains. For example, Smurfi cannot bind Smad3
because the N-terminal position of the pT[PY] motif relative to the pSer
cluster in Smad3 is opposite to the orientation required by the WW1 and
WW2 domains of Smurfi. The present findings expand the known structural
and functional versatility of WW domains as protein-protein interaction

modules (Macias et al., 2002).

The recognition of distinct Smad phosphorylation codes by different WW
domain proteins provides ample opportunities for regulation. As an adaptor
that binds to the WW1-WW2 connector of Smurf1 (Lu et al., 2008), CKIP1

may enforce an optimal orientation of these WW domains for contact with
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their cognate sites on the Smad1 linker. A Smurf1 isoform with a longer WW1-
WW2 connector exists that may differ in this regulatory function (Schultz et
al., 2000). In mammalian cells and in Drosophila, YAP enhances certain BMP
responses but not others (Alarcon et al., 2009). Similarly, Pin1 enhances
certain effects of TGF-B on mammalian cell migration but not other effects
(Matsuura et al.,, 2009). Different factors may fulfill these roles in other
contexts or on other target genes. A larger repertoire of Smad linker code-

reading factors than presently known may therefore exist.

The action-turnover switch delineated here involves a remarkable
concentration of opposing protein-binding functions in a discrete region of the
Smad proteins (Figure 9). The fulfillment of dual roles under a
phosphorylation-dependent switch is also characteristic of another key
component of this pathway, the regulatory GS region of type I TGF-B receptor
kinase (Huse et al.,, 2001). The core TGF-B/Smad pathway is therefore
characterized by the economical use that it makes of the structural elements

that switch key pathway components from one activation state into another.

In the second part of the work presented here, we have investigated the
interaction of YAP and of three ubiquitin ligases with the inhibitor Smad7.
The rules governing target recognition by HECT type E3 ubiquitin ligases are
open questions, and the work to date reflects a more complex scenario than
originally expected. Some family members recognize PY motifs using a single
WW domain, as is the case of Itch binding to the Epstein Barr virus protein
LMP2A (Morales et al., 2007) and Nedd4 binding to the voltage gated sodium
channel (Kanelis et al., 2001) and to Commissureless (Kanelis et al., 2006). In
other cases, such as the binding of Smurfi and Nedd4L to R-Smads, the
proteins use a pair of WW domains to expand the binding interface with a
composite biding site that includes pSer/pThr-Pro elements in addition to a

canonical PY motif, a combination that allows regulation of the interaction by
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input-driven protein kinases (Alarcon et al., 2009; Aragon et al., 2011; Gao et

al., 2009).

The work here presented show a further versatility of WW domains
depending on the target protein in that a given HECT E3 ubiquitin ligase can
act singly (this work) or in a combinatorial manner (Alarcon et al., 2009;
Aragon et al., 2011; Gao et al.,, 2009), depending on the target. The
interactions of Smurfi and Smurf2 ubiquitin ligases with Smady involve a
unique WW domain, whereas Smurf1 binds Smad1 using two WW domains to
recognize a PY motif and a phosphorylated motif in the linker region. We
observed neither the contacts between the two WW domains nor the contacts
between the first WW domain and Smad7 that were described in a recent
report (Chong et al., 2011). We observed instead that the Smurfi and Smurf2
WW-WW pairs have a high tendency to form homo-dimers via the WW1
domain in case of Smurf1 and via the WW2 domain in Smurf2. The presence
of Smad7y peptide did not prevent these dimerizations since the WW-WW
domain pairs bind the Smad7 peptide mainly through contacts with the WwW2
domain of Smurfi and with the WW3 domain of Smurf2. It has recently been
reported that full-length Smurfi forms homo-dimers and oligomers in vitro
and in vivo through inter-molecular contacts mapped to a fragment
containing the C2 and the WW domains of one molecule and to the HECT
domain of the partner (Wan et al.,, 2011). Furthermore, intra-molecular
contacts between the C2 domain and the HECT domain of Smurf2 have also
been characterized (Wiesner et al., 2007). In both Smurf1/2 ligases the close
conformation inhibits the mechanism of protein self-ubiquitination (Wan et
al., 2011). It is possible that in addition to these reported interactions between
the C2 and HECT domains, the inter WW-WW contacts detected in our work
could also contribute to the formation of the dimers and oligomers in vivo,
and to the stabilization of the close conformation of Smurfi and 2. In the

presence of two Smad7 equivalents, a reverse reaction may occur with the
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MH1 and PY sites of the Smad7 protein competing for the Smurfi HECT and
the WW2 domains respectively, pulling apart the WW1-WW1 dimer. The
result of this reaction would be the generation of two activated Smurfi-Smad?
complexes, starting from the close and inactive full-length dimer. A similar
mechanism may occur with the Smurfi and Smadi interaction. These
possibilities notwithstanding, the WW-WW homodimers here detected could

be solely a result of the experimental conditions used in vitro.

Our work also shows that YAP requires only the WW1 domain for
binding to the Smad7 PY region. Notably, in the interaction with Smadi1, YAP
uses this WW domain for binding a phosphoserine motif, and instead uses the
WW2 domain for binding the Smad1 PY motif (Aragon et al., 2011). By solving
the structures of both YAP complexes with Smad7 we discerned the reasons
for these differences with respect to the interaction with Smadi. The WW2
domain contains negatively charged residues in the area where the E205 side-
chain is normally accommodated, destabilizing the interaction. The affinity of
the YAP WW1-WW2 pair for the composed pSP-PY site of Smad1 is 8x higher
than that of the WW1 domain for the PY site of Smady. However, the
concentration of Smad7 in the nucleus is high and it could compete in vivo
with Smad1 for YAP binding, providing a new scenario for the inhibitory role

of Smad7.

We propose that WW-WW pairs in these Smad regulators form
functional units that evolved to recognize PY containing regions of variable
length and complexity, including composite PY/phospho-Ser/Thr motifs in R-
Smads and simple PY motifs in Smad?7. These features expand the functional
versatility of E3 ubiquitin ligases by optimizing the interacting surface
depending on the needs. With Smady, Nedd4L and Smurf1/2 act as partners
in targeting TGF-B receptors for ubiquitination. Smad7 may also act as a

constitutive YAP sequestration or reservoir protein. In contrast, R-Smads are
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direct targets of the ubiquitin ligases and functional partners of YAP only in
specific stages of the Smad signaling cycle (Aragoén et al., 2011). The absence
of a requirement for phosphorylation in the interaction with Smad7y argues
that YAP, Nedd4L and Smurfi1/2 are constitutive partners of Smady whereas
they are conditional, phosphorylation dependent regulators of R-Smads in
TGF-pand BMP signal transduction (see the Schematic representation of
these results in Figure 40). The features of Smad7 defined here provide a
structural basis for its central role as a hub for negative feedback and crosstalk

regulation in TGF- signaling.
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Figure 40: Schematic representation of the results presented in this

work.
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The Smad action turnover switch in the BMP and TGF- pathways: Structural basis
for how regulators that use WW domain pairs for selective interactions with
phosphorylated R-Smads, resort to one single WW domain for binding Smad7y to
centralize regulation in the TGF-f3 and BMP pathways.

Following receptor-mediated phosphorylation, Smad proteins translocate to
the nucleus and assemble transcriptional complexes, which are
phosphorylated at CDK8/9 sites (green circle) in the MH1—MH2 interdomain
linker region. This phosphorylation creates high-affinity binding sites for
transcriptional partners (such as YA P in the case of the BMPmediator Smadi,
Pin1 in the case of the TGF-B mediator Smad3, and probably others), thus
achieving peak transcriptional action. Phosphorylation by CDKS8/9 also
primes the Smads for GSK3-mediated phosphorylation (red symbol) at the —4
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position with respect to the CDK8/9 site, which favors the binding of ubiquitin
ligases Smurfi (BMP pathway) and Nedd4L (TGF-B pathway), leading to
proteasome-dependent degradation of Smad molecules that participate in
transcription. In addition to degradation, the activity of R-Smads is also
regulated by the competition of Smady, which is one of the few genes whose
expression is activated by the Smad pathway in most cell types. Smady
inhibits the function of R-Smads blocking several steps of their function. It
binds cofactors as YAP, thus reducing the total amount of available cofactors
that facilitate transcription. Smad7 also blocks the receptor site that is
occupies by R-Smads for activation, thus reducing the population of activated
Smads required for transcription. Furthermore, when Smad? is bound to the
Smurfi/2 and Nedd4L Ubiquitin ligases helps to localize them in the
proximity of the TGF-p receptor and by doing so it contributes to receptor

degradation.

Figure 41: Schematic of the Smad linker phospho-amino acid codes

(insets) and WW domain code readers.
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The conserved CDK8/9 phosphorylation sites (green circles) and GSK3 sites
(red circles) are located at the indicated positions relative to the PY box (slate
box). Amino acid positions correspond to Smadi and Smad3. In the BMP
pathway, the YAP WW1 domain binds to pS206 in Smadi, as long as p210 is
not phosphorylated. The Smurfit WW1 domain binds with higher affinity to
the pS210—pS214 motif. The WW2 domains bind the [PY] motif. In the TGF-p
pathway, the sole WW domain of Pin1 binds the pT179[PY] motif, as does the
WW2 domain of Nedd4L. However, the Nedd4L. WW3 domain increases the
binding affinity by recognizing the pS204-pS208 motif. See the text for
additional details and citations on the known roles of these WW domain
proteins in Smad signal transduction. Alternatively, C-terminal Smad
phosphatases (a) and linker phosphatases (b) reverse these phosphorylation

states. See the text for details and citations. (Bottompanels)
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7. Conclusions

Our data reveal a surprisingly independence from phosphorylation in the
interactions of Smad7 while phosphorylation is critical for the interaction of
R-Smads, with YAP, Smurfi, Smurf2 and Nedd4L proteins. In addition, while
pairs of WW domains recognize R-Smads, binding to the inhibitor Smad7y
requires the presence of single WW domains. These observations illuminate
the functional versatility of WW domain containing proteins and also of the

WW domains as mediators of specific interactions with Smad proteins.

The results of this work are highlighted with the following four conclusions:

1. E3 ubiquitin ligases of the HECT type and the transcription coactivactor
YAP can use single or multiple WW domains to select Smad protein

targets.

2. The targets can require multiple binding sites, as in R-Smads or unique

sites as in I-Smads.

3. Binding sites in R-Smads are phosphorylation dependent while the I-
Smad site is independent of phosphorylation.

4.In Smurfi WW-WW homodimers detected by NMR and IM-MS
techniques can stabilize the close conformation of the ligase, previously

described in vivo.
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8. APPENDIX

8.1 Table1

WW1-
WWwi1-
WW1-pS214 pT202pS20
pS210pS214
6
Restraints used for the calculation <SA>(3)
Interdomain 41 75 80 33 23 66
Sequential ( [i-| = 1) 180 186 171 172 170 158
gy el 87 89 51 81 81 7
Long range ( [i-| > 4) 219 253 308 258 248 234
Dihedrals 63 64 91 71 68 90
Hydrogen bonds 10 10 10 10 10 10
Allrestraints 559 677 711 625 600 629
(unambiguous)
Restraint ratio
(WWalgand) 15.5 (30-6) 16.9 (30-10) 16.9 (30-12) | 14.9(33-9) 15.8 (33-5) 14.3 (32-12)
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Appendix

R.m.s. deviation (A) from experimental (b)

NOE (x104): 1414106 9.14/-0.3 71403 3.14/-0.4 33403 | 181405
Bonds (x10) (A) 8.9+/-0.3 7.04-0.2 6.4+/-0.2 4.14-0.2 51402 | 9.7+-0.3
Angles () 0.9+/-0.03 0.8+/-0.02 0.7+/-0.02 0.5+/-0.03 0.6+/-0.03 | 0.9+/-0.03
Coordinate Precision (A) (¢)

Backbone, all

residues in the 0.35 0.24 047 0.46 0.84 05
complex

CNS potential energy (kcal mol-')

Total energy(d)
Electrostatic

Van der Waals

-1079 +/-16.18

-1593 +/- 28.52

-50.02 +/-13.35

-1300 +/- 25.34

1749 4/-33.27

-57.614/-10.71

-1342 4/- 30.77

-1TAT +- 44.04

-101.1+4/-9.308

-1644 +/- 34.48

-1840 +/- 37.95

-149.6 +/- 9.842

AAT374/-28.57 | -821.6 +-41.91

1946 +/-44.54 | -1519 +/-49.21

-139.5+4/-14.95 | -29.89+-22.3

Bonds 52.37 +/- 3.993 33.45 +-1.932 31.81+-2.211 11.88 +/- 1.538 12.27 41-1.12 69.53 +/- 4.007
Angles 150.1 +/- 6.577 139.9 +/- 8.802 120.34/-7.151 | 64.7 +-8.816 65.67 +/- 6.167 155.4 +/-12.58
Structural quality (%residues)

20 best structures

In most favored

region of 85.3 84.4 87.5 86.2 87.2 80
Ramachandran

plot

In additionally 14.7 15.6 12.2 13.7 12.2 20

allowed region
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8.2 Table 2
Smurf1 WW2- Smurf2WW3- YAPWW1-
Smad7 Smad7 Smad7 YAPWWz:SmadT
Interdomain 75 80 33 23
Sequential ( |i-] = 1) 186 171 172 170
Medium range ( 1< |i-j| < 4) 89 51 81 81
Long range ( |i-| > 4) 253 308 258 248
Dihedrals 64 N 71 68
Hydrogen bonds 10 10 10 10
All restraints (unambiguous) 677 71 625 600
Restraint ratio (WW-ligand) 16.9 (30-10) 16.9 (30-12) 14.9 (33-9) 15.8 (33-5)
Bonds (x10) (A) 9.14/:0.3 71403 3.14/-0.4 3.3+/0.3
Angles () 7.04/-0.2 6.4+/-0.2 4.14/0.2 5.14/-0.2
NOE (x10): 0.8+/-0.02 0.7+/-0.02 0.5+/-0.03 0.6+/-0.03
Backbone, all residues in the 0.24 047 046 0.84

complex

Total energy(d)
Electrostatic

Van der Waals

-1300 +/- 25.34

-1749 +/- 33.27

-57.61 +/- 10.71

-1342 +/- 30.77

AT4T +/- 44.04

-101.1 +/- 9.308

1644 +/- 34.48

-1840 +/- 37.95

-149.6 +/- 9.842

-1737 +/- 28.57

-1946 +/- 44.54

-139.5 +/- 14.95

Bonds 33.45+-1932 | 31.81+-2211 | 11.88+-1538 | 1227 +-1.12
Angles 139.9 +/- 8.802 120.3 +/- 7.151 64.7 +/- 8.816 65.67 +/- 6.167
In most favored region of 84.4 875 86.2 87.2
Ramachandran plot

In addltlonally allowed 15.6 12.2 13.7 12.2

region
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A phosphoserine code regulates Smad protein function and turnover in TGF-3
/BMP pathways. Shown here is a composite image depicting this process:
Upon activation by BMP or TGF-f receptors, Smad transcription factors (grey
space-filling models) are phosphorylated by CDK8/9 (green) and GSK3 (red)
kinases. This phosphoserine code is read by the WW domains of
transcriptional co-factors such as YAP (yellow), and then targeted for
degradation by WW domain-containing ubiquitin ligases, like
Smurfi(blue).Shown underneath is a 3D plot of the NMR spectrum acquired
for a complex of the YAP WW1-WW2 fragment bound to the phosphorylated

Smad1 linker region.
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When directed to the nucleus by TGF-g or BMP signals, Smad proteins undergo cyclin-dependent kinase 8/9
(CDKS8/9) and glycogen synthase kinase-3 (GSK3) phosphorylations that mediate the binding of YAP and Pin1 for
transcriptional action, and of ubiquitin ligases Smurfl and Nedd4L for Smad destruction. Here we demonstrate
that there is an order of events—Smad activation first and destruction later—and that it is controlled by a switch
in the recognition of Smad phosphoserines by WW domains in their binding partners. In the BMP pathway, Smadl
phosphorylation by CDK8/9 creates binding sites for the WW domains of YAP, and subsequent phosphorylation by
GSK3 switches off YAP binding and adds binding sites for Smurfl WW domains. Similarly, in the TGF-8 pathway,
Smad3 phosphorylation by CDK8/9 creates binding sites for Pinl and GSK3, then adds sites to enhance Nedd4L
binding. Thus, a Smad phosphoserine code and a set of WW domain code readers provide an efficient solution to

the problem of coupling TGF-$ signal delivery to turnover of the Smad signal transducers.

[Keywords: signal transduction; transcription; Smad; BMP; TGF-g; WW domains]
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An important gap in the current understanding of cyto-
kine-driven transcriptional control is about the processes
that remove mediator molecules that have participated in
gene regulation. A case in point is the Smad transcription
factors, central mediators of the TGF-g and BMP path-
ways (Li and Flavell 2008; Massagué 2008; Wu and Hill
2009). Fundamental aspects of metazoan embryo devel-
opment and tissue homeostasis are controlled by TGF-g
and BMP through Smad-mediated transcription of mas-
ter regulator genes. In the course of this action in the
nucleus, Smad proteins undergo certain phosphorylation
events that enable peak transcriptional activity but also
mark the proteins for destruction (Alarcon et al. 2009;
Gao et al. 2009). These findings presented a paradox, but
also an opportunity to define how the delivery of TGF-p
and BMP signals is coupled to the turnover of the Smad
signal transducers.

5These authors contributed equally to this work.

These authors contributed equally to this work.

’Corresponding author.

E-mail j-massague@ski.mskcc.org.

Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.2060811.
Freely available online through the Genes & Development Open Access
option.

Several key phosphorylations drive the Smad signaling
process. The ligand cytokines activate receptor serine/
threonine protein kinases that phosphorylate Smad pro-
teins at the C terminus. The BMP receptors act on Smadl,
Smad5, and Smad8, and the receptors for the TGF-
B/nodal/activin /myostatin group of ligands act mainly
on Smad2 and Smad3 (Shi and Massagué 2003). The
phosphorylated C terminus provides a binding site for
Smad4, which is an essential component in the assem-
bly of target-specific transcriptional complexes. These
phosphorylations are reversed by protein phosphatases
that limit the general pool of activated Smad mole-
cules (Inman et al. 2002; Xu et al. 2002; Lin et al.
2006; Schmierer et al. 2008).

Receptor-activated Smad proteins that associate with
Smad4 and bind to target genes undergo a second set of
phosphorylations; these are catalyzed by the transcrip-
tional cyclin-dependent kinases CDKS8 and CDK9 (Alarcon
et al. 2009; Gao et al. 2009) and glycogen synthase
kinase-3 (GSK3) (Fuentealba et al. 2007; Sapkota et al.
2007; Alarcon et al. 2009). CDK8 and CDK9 are part of
the transcriptional Mediator and Elongation complexes,
respectively (Komarnitsky et al. 2000; Malik and Roeder
2000; Durand et al. 2005). GSK3 is a Wnt- and PI3K-
regulated kinase (Cohen and Frame 2001; Wu and Pan
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2010). CDK8/9 phosphorylation of Smad serves as the
priming event for phosphorylation by GSK3. These
phosphorylations are clustered in an interdomain linker
region and enable peak activation of Smads, but also mark
the proteins for polyubiquitination and proteasome-
mediated degradation (Alarcon et al. 2009; Gao et al.
2009). Degradation of agonist-activated Smads (Lo and
Massagué 1999; Alarcon et al. 2009) occurs alongside
dephosphorylation of the linker (Wrighton et al. 2006;
Sapkota et al. 2007). Whereas dephosphorylation recy-
cles the Smad proteins for repeated rounds of signaling,
action-coupled destruction of Smad depletes the pool of
signal transducer. In a different context, the Smad linker
region is phosphorylated by MAP kinases and cell division
CDKs in response to mitogens and stresses to constrain
TGF-B and BMP signaling (Kretzschmar et al. 1997, 1999;
Matsuura et al. 2009).

Four proteins are known to bind specifically to linker
phosphorylated Smads during BMP and TGF-B signal
transduction. The HECT domain ubiquitin ligase Smurf1l
(Sapkota et al. 2007) and the transcriptional effector of the
Hippo pathway YAP bind to linker phosphorylated
Smadl/5 (Alarcon et al. 2009), whereas the Smurfl-
related protein Nedd4L (Gao et al. 2009) and the pep-
tidyl-prolyl cis/trans isomerase Pinl (Matsuura et al.
2009) bind to linker phosphorylated Smad2/3. YAP co-
operates with Smadl to activate ID genes that suppress
neural differentiation in mouse embryonic stem cells in
response to BMP signals (Alarcon et al. 2009). Pinl
cooperates with Smad2/3 to stimulate cancer cell migra-
tion in response to TGF-B (Matsuura et al. 2009). Smurfl
and Nedd4L target activated Smadl/5 and Smad2/3,
respectively, for polyubiquitination and proteasome-de-
pendent degradation. Common to this set of Smad-
binding proteins is the presence of WW domains: one in
Pinl, two in Smurfl and YAP, and four in Nedd4L. WW
domains are 38- to 40-amino-acid residue units charac-
terized by two highly conserved tryptophans and folded
as a three-strand B sheet that typically binds proline-rich
sequences (e.g., PPxY or “PY box”) or, in the case of Pinl,
phospho-SP motifs (Macias et al. 2002). A PY box is
located near the CDK/GSK3 phosphorylation sites in
the linker region of Smad proteins.

These lines of evidence present a scenario in which
different nuclear protein kinases phosphorylate agonist-
activated Smads to create docking sites for competing
transcriptional cofactors and ubiquitin ligases. The out-
come of these interactions governs Smad function, and
is therefore important in BMP and TGF-B signal trans-
duction. However, the convergence of activation and
turnover functions on a clustered set of Smad modifi-
cations raises questions about how Smads get to act
before undergoing disposal. We postulated that a mech-
anism must exist that ensures the orderly sequence of
events in this process by somehow switching Smad
proteins from binding transcriptional cofactors to bind-
ing ubiquitin ligases. Combining the power of functional
and structural approaches, we uncovered such a switch
mechanism and defined the basis for its operation and
specificity in the BMP and TGF-B pathways.
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Results

GSK3 switches the Smadl binding preference
from YAP to Smurfl

Smad proteins consist of a globular N-terminal MH1 (Mad
Homology 1) domain with DNA-binding activity, a
C-terminal MH2 domain that mediates key protein—
protein interactions, and an interdomain linker region
with a conserved cluster of phosphorylation sites adjacent
to a PY motif (Fig. 1A,B; Shi and Massagué 2003).
Phosphorylation of these sites follows TGF-B- and BMP-
driven C-terminal phosphorylation and nuclear translo-
cation of Smads, as seen in human cell lines, mouse
embryonic stem cells, the mouse embryo, and the Xen-
opus embryo (Supplemental Fig. 1A-C; Fuentealba et al.
2007; Sapkota et al. 2007; Alarcon et al. 2009). In Smadl,
CDK8/9 phosphorylate S206 and S214, which prime T202
and S210, respectively, for phosphorylation by GSK3. To
dissect this process, we tested the effect of pharmacolog-
ical inhibitors of CDK8/9 and GSK3 in human embryonic
kidney 293 (HEK293) cells expressing epitope-tagged
Smurfl or YAP constructs. A catalytically inactive
Smurfl mutant (SmurflDD) (Ebisawa et al. 2001) was
used in order to avoid confounding the effects of Smurfl-
dependent Smad degradation. The BMP inhibitor noggin
was added to the culture medium in order to block
endogenous BMP and thus set a basal state. Incubation
of the cells with BMP rapidly induced the formation of
Smadl-YAP and Smadl-Smurfl complexes (Fig. 1C,D).
The CDK8/9 inhibitor flavopiridol, which inhibits all
BMP-induced linker phosphorylations (Alarcon et al.
2009), prevented the formation of both complexes (Fig.
1C,D). Addition of LiCl, which inhibits GSK3 site phos-
phorylation (Fuentealba et al. 2007), also prevented the
Smadl-Smurfl interaction (Fig. 1C). Interestingly, LiCl
did not inhibit, but rather increased, the level of Smadl-
YAP complex (Fig. 1D). These results suggested that the
formation of the YAP-Smad1l complex in response to BMP
requires CDK8/9 but not GSK3, whereas the formation of
the Smurfl-Smad1l complex requires both kinase activities.

We performed isothermal titration calorimetry (ITC)
binding assays to investigate the interaction between
recombinant WW1-WW2 segments and Smad]1 linker
phosphopeptides (Fig. 1E,F). We tested versions of the
Smadl 199-233 linker region with no phosphorylation,
with phosphorylation at CDK8/9 sites S206 and S214, or
with additional phosphorylation at GSK3 sites T202 and
$210 (Fig. 1F). The YAP WW1-WW2 segment bound the
unphosphorylated Smadl peptide with K =19.0 + 3 pM
and the CDK8/9-phosphorylated peptide with Kp = 8.4 +
1 wM. Notably, this gain in affinity was fully erased by
phosphorylation at the GSK3 sites (Kp = 60.6 + 7) (Fig.
1E,F). In contrast, the affinity of the Smurfl WW1-WW2
segment for the Smadl peptide was increased by phos-
phorylation at the CDKS8/9 sites, and was further in-
creased by phosphorylation at the GSK3 sites (Fig. 1E,F).

Further refinement of the Smurfl-Smadl interaction
revealed a strong preference of Smurfl for pS214 over
pS206, achieving the highest affinity (Kp =1.2 = 0.3 pM)
with a Smadl 208-233 peptide containing pS210 and
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Figure 1. GSK3 switches the binding preference of Smadl from YAP to Smurfl. (A) Schematic representation of the Smad protein
domains and their main functions. The MH1 domain (cyan) contains a B hairpin that mediates binding to dsDNA (orange) (PDB code:
IMHD) (Shi et al. 1998). The MH2 domain (yellow) binds to the type I TGF-8 receptor, which involves the L3 loop (magenta); to Smad4
via the phosphorylated C terminus (highlighted) and the «-helix 1 (gray); and to various DNA-binding cofactors and histone-modifying
enzymes (PDB code: 1IKHX) (Wu et al. 2001). The interdomain linker region (dotted line) contains CDK8/9 and GSK3 phosphorylation
sites, represented by green and red circles, respectively. (B) Sequence alignment of the linker region of human Smadl and Smad5 and
Drosophila MAD (dSmad1) proteins, with conserved residues highlighted. The conserved CDK8/9 sites (green) and CDK8/9-primed
GSKa3 sites (red) and the PY box are shown. The Smadl (199-232) segment used in this study is underlined. The domain composition of
Smurfl and YAP proteins and the regions that mediate binding to linker phosphorylated Smadl are indicated. (C) BMP-dependent
formation of a complex between HA-Smurfl(DD) and endogenous Smadl in HEK293 cells, and effects of flavopiridol and LiCl on the
formation of this complex. (D) BMP-dependent formation of a complex between HA-YAP and endogenous Smadl in HEK293 cells, and
effects of flavopiridol and LiCl on the formation of this complex. (E) ITC curves for the binding of Smurfl and YAP WWI1-WW2
segments to Smadl synthetic peptides. (F) Synthetic Smadl (phospho-Jpeptides and their affinity for recombinant WW1-WW2
segments of YAP and Smurfl. Colored circles denote phosphorylation of the residues. (G) Effect of alanine mutations in the PY box and
the indicated phosphorylation sites on the ability of Flag-tagged Smadl constructs to bind HA-Smurfl(DD) in HEK293 cells. (H)
Schematic summary of the Smad action turnover switch operated by CDK8/9 and GSK3 in combination with YAP and Smurfl.

pS214 (Fig. 1E,F). Moreover, mutation of S210 or S214 to
alanine inhibited the Smadl-Smurfl interaction in
HEK293 cells, and mutation of both residues further
decreased binding (Fig. 1G). Collectively, these results
suggest that CDK8/9-mediated phosphorylation of the
Smadl linker creates binding sites for competing YAP and
Smurfl WW1-WW2 domains, and GSK3 switches this
balance in favor of Smurfl binding and at the expense of
the YAP interaction (Fig. 1H).

Structure of the Smurfl WW pair bound
to the Smad1 linker

We used NMR spectroscopy to calculate the structure of
the Smurfl WWI1-WW2 segment bound to the Smadl

linker peptide (208-233) diphosphorylated at S210 and
S$214 in solution. Triple-resonance NMR spectroscopy
was applied to assign the WW1-WW2 pair in this com-
plex, whereas homonuclear and half-filter spectra were
used to assign the Smadl peptide and its contacts with
Smurfl (Fig. 2A; Supplemental Fig. 2A,B). In the complex,
each of the WW domains adopts the typical triple-
stranded anti-parallel B-sheet fold, even in the case of
WW1 that lacks the first highly conserved tryptophan.
The WW domains do not contact each other, but each
contacts a portion of the linker. This arrangement provides
enough freedom for the WW domains to adopt an anti-
parallel orientation, forming a continuous binding surface
that smoothly cradles the phosphorylated Smadl linker.
The Smadl linker adopts an extended conformation, with
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Figure 2. Structure of the Smurfl WWI1-WW2 segment bound to the Smadl linker. (A) NMR model of the complex between the
human Smurfl WW1-WW?2 pair (residues 232-314) and the 208-233 segment of the Smadl linker diphosphorylated at $210 and S214.
Smurfl is shown as a semitransparent surface, with all elements of secondary structure represented. The Smadl peptide is shown
with a stick representation, with the backbone colored in gray. There are several relative orientations of the WW domains that satisfy
all experimental NMR restraints (shown in Supplemental Fig. 2), and, due to this, we call this complex the NMR model. (B) Detailed
view of the refined structure of the Smurfl WW1 domain (slate) bound to the diphosphorylated pS210/pS214 region of the Smadl
linker. Key residues in Smadl (black) and Smurfl (blue) are indicated. (Asterisks) Three residues that, when jointly mutated to alanine,
decreased the binding affinity of the complex by ~25-fold. (C) Detailed view of the refined structure of the Smurfl WW2 domain (green)
bound to the PY motif of Smadl. Key residues in Smadl (black) and Smurfl (green) are indicated. (D) Detailed view of the refined
structure of the Smurfl WW1 domain (slate) bound to the monophosphorylated pS214 region of the Smadl linker. (E) Schematic

representation of the mode of binding of Smurfl to the Smadl linker region.

the diphosphorylated T208-P215 segment bound to the
WW1 domain and the PY motif bound to the WW2
domain (Fig. 2A). The segment between P215 and the
PY motif forms a turn defined by interactions between
the F217 and A220 backbone atoms. The 10-residue
segment connecting the two Smurfl WW domains adopts
a helical structure in its first half (Fig. 2A). This config-
uration allows access to CKIP1 (casein kinase 2-interacting
protein-1), a protein that binds to this region to enhance
the Smurfl-Smad]1 interaction (Lu et al. 2008).

To facilitate the presentation in the text, we use the
one-letter amino acid notation for Smad residues and the
three-letter notation for residues in its binding partners.
The Smurfl WW1 domain binds the Smadl pS210 residue
through contacts with Tyr251, Arg243, and Leu253 side
chains. The Tyr251 hydroxyl and the Arg243 guanidi-
nium groups jointly coordinate the phosphate group of
pS210. pS214 also contacts Tyr251, and the phosphate
group is coordinated by the hydroxyl of Thr245 and the
side chains of GIn247 and GIn249. P215 is packed parallel
to the aromatic ring of Trp262, and P212 is sandwiched
between the Leu253 and Ser260 side chains in a cavity
perpendicular to the B sheet (Fig. 2B). The pS210-D211-
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P212-G213 segment forms a turn favored by a D211-
P212 cis bond, whereas pS214-P215 is in trans. Single-
alanine mutations of Arg243, GIn247, or GIn249 de-
creased the affinity to Kp values of ~30 pM, confirming
the importance of these residues in the interaction of
WWI1 with the pS210 and pS214 phosphate groups.

The Smurfl WW2 domain binds to the PY motif in
a manner similar to canonical group 1 WW complexes
(Macias et al. 2002). P224 and P225 contact Tyr297 and
Phe308, respectively, and Y227 binds between His301
and Arg304 (Fig. 2C; Supplemental Fig. 2B). The six
residues after the tyrosine in the PY motif fold over the
first strand of WW2. Abundant contacts are observed
between P229 and P230 and His301 and Glu287, re-
spectively. The side chain of E231 points toward the
Tyr297 hydroxyl and shows contacts with the Arg289
side chain.

We also solved the structure of the Smurfl WW1-WW2
segment bound to the Smad1 linker monophosphorylated
at pS214 (Supplemental Fig. 2B). Most of the contacts
between the two molecules are like those in Smurfl
WW1-WW2 bound to the pS210/pS214 diphosphorylated
peptide, except that both the D211-P212 and pS214-P215
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bonds are in trans and are bound differently (Fig 2, cf. D
and B). S210 is less ordered than in the phosphorylated
state, and only weak contacts are observed between D211
and Arg243 side chains (Fig. 2D). These weaker contacts
explain the intermediate affinity of the WW1-WW2
domain for the Smadl linker monophosphorylated at
S214. In conclusion, formation of the Smurfl-Smadl
complex involves recognition of the Smadl PY motif by
the Smurfl WW2 domain, and of the Smadl GSK3 and
CDK phosphorylated sites by the WW1 domain (Fig. 2E).

Structure of the YAP WW pair bound
to the Smad1 linker

Alanine mutations in either the WW1 domain or WW2
domain in YAP almost completely abolished the interac-
tion of overexpressed YAP and Smadl in transiently
transfected human cells (Supplemental Fig. 3A), suggesting
that both domains are essential for this interaction.
Given the high affinity of the YAP WW1-WW2 module
for a Smadl (199-233) linker peptide phosphorylated at
the CDK8/9 sites pS206 and pS214 (see Fig. 1F), we solved
the structure of this complex first. We used double- and
triple-labeled WW1-WW2 samples (YAP 163-266 seg-

A

YAP WW1-WW2 Smad1

A Smad action turnover switch

ment) to assign the protein resonances in combination
with filtered and homonuclear experiments to obtain the
chemical shifts of the bound peptide and the contacts
between both molecules. We also used independent
domains to assist in the assignment. The 25-residue
connector between the two WW domains adopts a helix—
loop-helix structure, as determined on the basis of the
detected nuclear Overhauser effects (NOEs) and carbon
chemical shift analysis. Several contacts are present
between each WW domain and this connector, but these
contacts do not prevent the WW domains from adopting
an optimal orientation for interactions with the Smadl
linker. No contacts were observed between the WW
domains.

In the complex between the WW1-WW2 pair and the
Smad]l 34-residue peptide, both WW domains adopt the
canonical fold and participate in the interaction with
Smadl (Fig. 3A; Supplemental Fig. 3B). The WW1 domain
contacts the pS206 region and the WW2 domain contacts
the PY motif. The Smadl pS206 and P207 side chains are
accommodated in the aromatic cavity formed by Tyr188
and Trp199 in the YAP WW1 domain (Fig. 3B). The pS206
phosphate group is at a hydrogen bond distance from the
hydroxyl groups of Thr182 and Tyr188 and the GInl86

Figure 3. Structure of the YAP WW1-WW?2 pair bound to the Smadl linker. (A) NMR model of the complex between the human YAP
WWI1-WW?2 pair (residues 163-266) and the 199-233 segment of the Smad1 linker diphosphorylated at S206 and S214. YAP is shown as
a semitransparent surface, and Smadl is shown as gray sticks. (B) Detailed view of the refined structure of the YAP WW1 domain (gold)
bound to the mono-pS206 phosphorylation site of Smadl (gray). Key residues in Smadl (black) and YAP (brown) are indicated. (C)
Detailed view of the refined structure of the YAP WW2 domain (green) bound to the PY motif region of Smadl (gray), with the key
residues indicated. (D) Detailed view of the refined structure of the YAP WW1 domain (gold) bound to the diphosphorylated pT202,
pS206 region of the Smadl linker. (E) Schematic representation of the mode of binding of YAP to the Smadl linker region.
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side chain. Trpl199 is also involved in a network of
contacts with residues comprised between P207 and
$209. The structure of the WW2 domain bound to the
Smadl PY motif resembles that of Smurfl WW2 bound to
this region. The interaction is well defined, involving
eight Smadl residues between D221 and D232 and nine
out of 13 residues on the WW2 domain surface (Fig. 3C).
We also observed NOEs from the E231 side chain with
T241 and Tyr247 and from D232 to GIn242, suggesting
the presence of intermolecular salt bridges between these
residues. Thus, formation of the YAP-Smadl complex
involves recognition of the Smadl PY and the CDK
phosphorylated site pS206 by the WW2 and WW1 do-
mains, respectively.

The GSK3 phosphorylated Smad1 linker avoids
YAP binding

Next we analyzed the interactions between the YAP
WWI1-WW?2 pair and Smadl linker peptides containing
GSKa3 site phosphorylations. NMR-based titrations with
a peptide containing pT202, pS206, pS210, and pS214
require a fourfold to fivefold peptide excess to induce
chemical shift changes in the YAP WWI-WW2 pair
(Supplemental Fig. 5F), corroborating the weak interac-
tion measured by ITC and precluding the determination
of the complex structure. In a complex of YAP WW1-
WW2 domains with a peptide containing pT202, pS206,

A

O
Smurft W1 6320 514

pS214, and the PY site, but no phosphorylation at S210,
the NOEs detected from the N-terminal end of the
peptide to the WW1 domain of YAP were weak and the
structure is defined only for the P204-pS206-P207 site
(Fig. 3D; Supplemental Fig. 3B). In particular, the Glu178
side chain and the His192 ring in the WW1 domain fail to
contact the methyl of T202. Y203 and P204 are only
partially ordered. Thus, the presence of a phosphate group
in T202 destabilizes the interaction of Smadl with the
YAP WW1 domain, and the presence of phosphates at
both T202 and at S210 drastically reduces the interaction
between YAP and the Smadl linker.

To better illuminate the different binding preferences
of the Smurfl and YAP complexes, we compared the
charge distribution on the surfaces of the Smurfl and YAP
WW1 domains. Both WW1 domains contain Gln residues
in the surroundings of pS214 and pS206, respectively, but
the positively charged patch of SmurflWW1 that inter-
acts with pS210 (Fig. 4A,B) is absent in YAP. Instead, YAP
contains a negatively charged region suited to interact
with T202 but incompatible with the presence of a phos-
phate group at T202 (Fig. 4C,D).

Notably, in the complex of YAP WWI1-WW2, the
Smadl linker segment between residues $S210 and D221
runs across the inter-WW connector with three prolines
(P212, P215, and P219) in trans (see Fig. 3A). The trans
configuration of the D211P and pS214P bonds favors the
formation of two B turns that facilitate the interaction of

Figure 4. The GSK3 phosphorylated Smadl linker prevents YAP binding. (A,B) Charge distribution on the surface of the SmurflWW1
domain in complex with the Smadl linker monophosphorylated at S214 (A) or diphosphorylated at $S210 and S214 (B). Negatively
charged patches are shown in red, and positively charged patches are shown in dark blue. Smurfl WW1 is shown as a semitransparent
surface, and Smadl is shown as green sticks. Key residues in Smadl (black) and Smurfl WW1 (blue) are shown. The complex is shown
in the same orientation as that of Figure 2. (C,D) Charge distribution on the surface of the YAP WW1 domain in complex with the
Smadl linker monophosphorylated at S206 (C) or diphosphorylated at T202 and S206 (D). The YAP WW1 domain is shown as
a semitransparent surface and with the same orientation as in Figure 3. The position of T202 is shown in a box. The conformational
change observed in pT202 is represented with an arrow. (E) Molecular simulations performed on two peptides corresponding to Smadl
phosphorylated at S206 and S214 (left) or at T202, S206, S210, and S214 (right). Key residues are labeled.
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the Smadl pS206 site with YAP. This feature likely this binding interaction. GSK3 phosphorylation of the
explains the higher affinity of YAP for the pS206/pS214 Smadl linker at T202 and, particularly, at S210 creates
diphosphorylated peptide (8.4 = 1 wM) compared with its a conformation that avoids recognition by the YAP WW1
affinity for the pS206 monophosphorylated peptide (17.0 domain (Fig. 3E) while favoring recognition by the Smurfl
+ 2 wM). The negative effect of pS210 on the YAP-Smad1 WW1 domain.

interaction observed by ITC and NMR titration experi-
ments could arise from a conformational change in the

Smadl fragment forced by electrostatic repulsion be- A Smad action turnover switch in the TGF-B pathway

tween the pS210 phosphate group and the negatively Several clues suggested that a similar Smad action
charged D211. To test the potential impact of this turnover switch, with its own phospho-amino acid code
phosphate, we performed NMR experiments and molec- and set of WW domain code readers, may operate in the
ular dynamic simulations of peptides containing pS214, TGF-B/nodal version of the pathway. The linker regions
pS210, and pS206. The simulations revealed that pS210 of Smad2 and Smad3 contain a conserved PY motif, three
favors an extended conformation without the B turn agonist-dependent CDK phosphorylation sites, and one
centered at D211-P212 (Fig. 4E) that would decrease the CDK-primed GSK3 site (Fig. 5A; Alarcon et al. 2009;
likelihood of WW1 interacting with the pS206 site. Wang et al. 2009). Significant differences exist in the

Collectively these observations suggest that phosphor- configuration of these elements compared with Smadl. In
ylation of Smadl by CDK8/9 creates a binding site for the the Smad3 linker, a T179 immediately preceding the PY
YAP WW1 domain in pS206, and the downstream all- motif is rapidly phosphorylated by CDK8/9 in response to

trans configuration imposed by D211P and pS214P favors TGF-B. This is followed by phosphorylation of two
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Figure 5. Elements of a Smad action turnover switch in the TGF- pathway. (A) Sequence alignment of the linker regions of human
Smad2 and Smad3 and Drosophila Smad2, with the conserved residues highlighted. The conserved CDK8/9 sites (green) and CDK8/
9-primed GSK3 site (red) and the PY box are shown. Two Smad3 segments (176-193 and 176-211) used in this study are underlined. The
domain composition of Pinl and Nedd4L proteins and the regions that mediate binding to linker phosphorylated Smad3 are indicated.
(B) Synthetic Smad3 (phospho-)peptides and their affinity for the recombinant Pinl WW domain and Nedd4L WW2-WW3 pair. Colored
circles denote phosphorylation of the indicated residues. (n.d.) Not determined. (C) TGF-B-dependent formation of a complex between
HA-Nedd4L(DD) and endogenous Smad3, and effects of flavopiridol and LiCl on the formation of this complex. (D) Effect of alanine
mutations in the PY box and the indicated phosphorylation sites on the ability of Flag-tagged Smad3 constructs to bind HA-
Nedd4L(DD) in HEK293 cells. (E) ITC curves and corresponding fitting to pairs of Nedd4dL WW domains and the indicated Smad3
(phospho-)peptides. (F) NMR titrations of WW2-WW3 pairs (wild type in green) with point mutations introduced in two residues that
coordinate the pS204pS208 site (violet and royal blue). Residues that belong to WW2 and WW3 are labeled in black and camel,
respectively.
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CDKS8/9 sites (S208 and S213) and a single GSK3 site
(S204), all of which are located downstream from the PY
motif in this case. The pT179[PY] motif is recognized by
the single WW domain of Pinl (Fig. 5A; Matsuura et al.
2009). Using ITC titrations, we corroborated that pT179
within a Smad3 176-193 peptide is the preferred binding
site for the Pinl WW domain (Kp = 12.6 + 1 pM) (Fig. 5B),
as compared with pS204/pS208 within a Smad3 202-211
peptide (Kp = 234 = 7 pM) or pS208/pS213 within
a Smad3 206-215 peptide (Kp =49 = 11 pM).

The pT179[PY] motif is also recognized by the Nedd4L
WW2 domain (Gao et al. 2009). A recombinant WW2
domain bound this motif with K =8.5 = 0.3 uM (Fig. 5B).
However, formation of the TGF-B-dependent Nedd4L-
Smad3 complex was inhibited not only by the CDK
inhibitor flavopiridol, but also by the GSK3 inhibitor
LiCl (Fig. 5C). Furthermore, alanine mutation of the
GSK3 site S204 diminished the binding of Smad3 to
Nedd4L in HEK293 cells, as did mutation of the GSK3-
priming CDK site S208 (Fig. 5D). Mutation of $213 had no
discernible effect on binding. These results suggest that
the pS208-primed, GSK3-mediated phosphorylation of
$204 further augments the affinity of Nedd4L for Smad3.
Thus, we postulated that another WW domain in Nedd4L
must recognize the pS204-pS208 site and collaborate
with the binding of WW2 to the pT179[PY| motif.

To test this hypothesis, we determined whether pairs of
Nedd4L WW domains could bind to an extended region of
Smad3, including the pT179[PY] motif as well as the
phosphorylated S208 site or the phosphorylated S204 and
$208 sites (Fig. 5B). Of the three consecutive pairs present
in Nedd4L, only the WW2-WW3 pair showed high
affinity for the diphosphorylated peptide (Kp =2.9 = 0.1
uM) and a further gain in affinity for the triphosphory-
lated peptide (Kp = 0.7 = 0.2 pM) (Fig. 5B,E). This affinity
is 15-fold stronger than the affinity (Kp = 10.1 = 0.7 uM)
of the same peptide for the WW2-WWa3 region of another
family member, Smurf2. NMR titrations with increasing
concentrations of the pT[PY]-pS-pS peptide corroborated
chemical shift changes in both domains of a recombinant
WW2-WWa3 pair. The residues affected in WW2 were the
same as those affected in titrations with the pT179[PY]
peptide, whereas residues affected in WW3 were located
in and around the first loop and in the third strand (Fig.
5F). The effects of point mutations in WW2 (Leu384 to
Tyr) or in WW3 (Ile496 to Tyr) provided further evidence
that WW2 recognizes the pT179[PY] motif and WW3
recognizes the pS204-pS208 sites (Supplemental Fig. 4A),
as summarized in Figure 5A.

Basis for Nedd4L and Pinl recognition of the Smad3
linker phosphorylation code

Determination of the solution structure of the Nedd4L
WW2-WW3 module (Nedd4L 364-512 segment) bound to
the Smad3 linker peptide pT[PY]-pS-pS (Smad3 176-211
segment triphosphorylated at T179, S204, and S208) (Fig.
6A)posed a challenge owing to poor NMR signal dispersion
of the 80-amino-acid region connecting WW2 and WWa3.
To simplify the interpretation of the NMR data, we
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prepared the WW2-WW3 module as two separate frag-
ments, which allowed the use of sequential isotope
labeling. A disulfide bond protein ligation strategy was
used to connect these two fragments (Fig. 6B; Baca et al.
1995; Nair and Burley 2003). Applying a stepwise protocol
to solve the structure of the complex (see the Materials
and Methods), we were able to fully assign the WW2 and
WW3 domains and ~80% of the residues in the linker
(Fig. 6A). The unassigned residues are located in a proline-
rich segment immediately upstream of the WW3 domain.
The o and B '*C chemical shifts analysis revealed that the
segment connecting the WW2-WW3 pair (residues 400-
480) lacks elements of a secondary structure in both the
free and bound conformations, and is unaffected by
binding of the Smad3 peptide.

The Nedd4L WW2 domain recognizes the EpTPPPGY
segment in this complex as well as in a complex with
a shorter Smad3 peptide (pT[PY] peptide, Smad3 176-193
segment) that we also solved (Fig. 6C). P181 and P182
bind in a cavity formed by the Tyr382 and Trp393
aromatic rings, whereas Y184 binds to His386, Arg389,
and backbone atoms in loop 2. The Lys378 and Arg380
side chains coordinate the phosphate group of pT179,
while the Trp393 aromatic ring contacts the methyl and g
protons. The electrostatic interactions of Lys378 and
Arg380 with the phosphate group explain the high
affinity of this interaction and compensate for an absence
of contacts with residues downstream from the PY motif
observed in YAP and Smurfl complexes. Versions of the
Nedd4L WW2 domain with Glu mutations in Lys378 or
Arg380 decreased the affinity for the pT[PY] peptide from
Kp=4.1 %= 03 pM to Kp = 20-23 uM, and mutation of
both residues caused a further decrease (Kp = 44.6 = 15
uM), confirming the importance of these residues in
binding (Fig. 6C). We solved the structures of the mutant
proteins to verify that the mutations do not affect the
overall fold of the WW domain, but that they alter the
charge distribution of loop 1, involved in the phosphate
recognition of the pT179 site (Supplemental Fig. 5C-F).
Negatively charged residues in and around loopl are
highly unusual in WW sequences (SMART database of
protein domains). Interestingly, the wild-type sequence of
the YAP and TAZ WW2 domains are unique for having
these negatively charged residues. The weak affinity of
the YAP WW1 domain for PY motifs (Macias et al. 1996;
Pires et al. 2001; Toepert et al. 2001) and the presence of
a negatively charged patch in the YAP WW2 domain that
prevents binding to a pT[PY] motif explain our previous
result that YAP does not interact efficiently with linker
phosphorylated Smad3 (Supplemental Fig. 5F-H; Alarcon
et al. 2009).

The Nedd4L WW3 domain binds pS208 between the
Asn490 side chain and the guanidinium group of Arg492,
and also contacts the aromatic ring of Phe494 (Fig. 6D).
Additional contacts of P209 and P211 to the aromatic ring
of Trp505 help position pS208. pS204 is bound by the
Arg486 guanidinium group and the hydrophobic part of
Glu484, and the ring of P205 is are accommodated
between the side chains of Glu484, Arg486, and Tyr496.
Indeed, alanine mutation of either Argd486 or Argd92
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Figure 6. Basis for Nedd4L and Pinl recognition of the phosphorylated Smad3 linker. (A) Model of the complex structure between the
human Nedd4L WW2-WW3 pair (residues 364-512) and the 176-211 segment of the Smad3 linker triphosphorylated at T179, S204, and
$208. Nedd4L is shown as a semitransparent surface, and Smad3 is shown as green sticks. Smad3 residues involved in the interaction
with the Nedd4L WW2-WW3 pair are indicated. The 80-amino-acid region connecting the WW2 and WW3 domains (dotted line) does
not adopt a defined secondary or tertiary structure, as indicated by near-random '3C chemical shifts. Due to the complexity that this
long unstructured part adds to the calculation of the complex, the model has been calculated using three independent molecules (WW2,
WW3, and the Smad3 peptide) without the 80-amino-acid region. Three possible orientations of the WW2 and WW3 pair were obtained
using a set of RDC experiments. The orientation that yields the best view of the bound Smad3 peptide is shown here. In the bound
Smad3, the segment between S186 and G203 does not contact either WW2 or WW3 and is not represented. (B) Schematic of the protein
ligation strategy employed to prepare the WW2-WW3 module as two separate fragments for sequential isotope labeling. A fully
deuterated WW2 and connector (WW2-conn) segment of Nedd4L was ligated to the protonated WW3 domain, as shown. Using this
strategy, the signals from the first part of the protein were filtered, and the analysis of data corresponding to the WW3 domain bound to
Smad3 and of that of Smad3 itself was simplified. In the calculation of the complex, this information was combined with that of the
WW2 in complex with the pT[PY] peptide and with residual dipolar coupling data obtained from the entire WW2-WW3 segment. (C)
Detailed view of the Nedd4L WW2 domain (gold) bound to the phosphorylated PY motif (pT179[PY]) of Smad3 (green). Key residues in
Smad3 (black) and Nedd4L (brown) are indicated. This complex has been refined using the data of the WW2-WWa3 pair that corresponds
to the second WW and the fragment of 176-190 of Smad3. (Asterisks) Two residues that, when jointly mutated to alanine, decreased the
binding affinity of the complex by ~11-fold. (D) Detailed view of the Nedd4L WW3 domain (gold) bound to the diphosphorylated
pS204-pS208 sites of Smad3 (green). Key residues in Smad3 (black) and Nedd4L (brown) are indicated. This complex has been refined
using the data of the WW2-WW3 that corresponds to the WW3 site and the fragment of 203-211 of Smad3. (E) Solution structure of the
Pinl WW domain bound to the Smad3 pT179[PY] motif. The WW domain is shown as a ribbon representation, shown in marine. Key
residues in Smad3 (black) and Pinl (light brown) are indicated. This complex is displayed using the same orientation as that of the
Nedd4L WW2 complex (shown in C) to highlight that these WW domains bind to the pT179[PY] site in opposite orientations. (F)
Representation of the distinct portions of the pT179[PY] motif of Smad3 that provide contacts with Pinl and Nedd4L.

caused a fourfold reduction in the affinity of the WW2-
WWa3 construct for the pT[PY]-pSpS peptide. Overall, the

domain recognizes the PEpTPPP motif of Smad3, with
P177 bound between the Tyr27 and Phe29 aromatic rings,

GSK3-CDK8/9 diphosphorylated motifs of Smad3 and
Smadl are recognized by the corresponding WW domains
of Nedd4L and Smurfl in a structurally similar manner,
with the phospho-serines positioned close to arginine or
glutamine side chains.

The structure of the Pinl WW domain bound to
a Smad3 pT[PY] peptide (Fig. 6E) revealed similarities
but also significant differences compared with how
Nedd4L binds to this motif (Fig. 6F). The Pinl WW

and P180, P181, and P182 all in trans and contacting
Trp38. The proline aromatic stacking used by Pinl pro-
vides a different binding strategy compared with the
network of van der Waals interactions used by the
Nedd4L WW2 domain to bind these prolines (Fig. 6, cf.
C and E). The pT179 phosphate is coordinated by arginine
side chains (Argl8 and Arg21)in B strand 1 and loop 1 of
the Pinl WW domain, which also differs from the co-
ordination of this phosphate group by 8 strands 2 and 3 in
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the case of Nedd4L WW?2. These different modes of
recognition of the Smad3 pT179-PY motif by Pinl and
Nedd4L may reflect the different outcomes of these two
interactions: peak transcriptional action in the case of
Pinl, and Smad3 polyubiquitination in the case of Nedd4L.

Discussion

We show here that tandem WW domains in Smad-binding
proteins function as readers of a phospho-serine code that
dictates Smad peak transcriptional action as well as the
subsequent elimination of Smad molecules that partici-
pate in transcription. The code of this action turnover
switch is written by kinases CDK8/9 and GSK3 acting on
the linker region of activated, transcriptionally poised
Smad proteins. In our model (Fig. 7), CDK8/9 create
binding sites that are preferentially recognized by WW-
containing Smad transcriptional cofactors. These phos-
phorylations additionally prime Smads for subsequent
GSK3-mediated phosphorylation, which creates sites for
ubiquitin ligase binding at the expense of transcriptional
cofactor-binding sites. Thus, GSK3 switches the phos-
phorylation code in the Smad linker region from one that
favors Smad action to one that favors Smad destruction.
As a result, TGF-B/BMP signal delivery becomes coupled
to Smad turnover.

We propose that degradation is a price that Smad
molecules pay for participating in transcription. CDK8
and CDK9 are components of the CDKS8/CyclinC/
Med12/Med13 transcriptional mediator complex and
P-TEFb Cdk9/CyclinT elongation complex that regulate
RNA polymerase II during transcription (Komarnitsky
et al. 2000; Malik and Roeder 2000; Durand et al. 2005).
CDKS8/9 have access to Smad molecules on the chroma-
tin but not to receptor-activated Smad molecules that fail
to engage in transcriptional complexes (Alarcon et al.
2009). Another fate for activated Smads is C-terminal
dephosphorylation, which mediates Smad recycling for
new rounds of signaling and thereby links the duration of
signaling to the presence of activated TGF-B or BMP
receptors (Batut et al. 2008; Schmierer et al. 2008).
However, Smad C-terminal dephosphorylation does not
require prior participation of the molecule in transcrip-
tion. Smad C-terminal dephosphorylation may modulate
the global pool of activated Smads, whereas the action-
coupled turnover process elucidated here eliminates
Smad molecules as a function of their exposure to
CDKS8/9 during target gene regulation.

Our study provides a structural and functional basis for
the involvement of tandem WW domains in these pro-
tein—protein interactions. On the one hand, the different
WW domains of Smurfl, Nedd4L, and YAP proteins
achieve overall high specificity in target recognition by
acting in pairs, extending the interacting surface to
recognize not only the canonical PY site, but also the
adjacent pS/pTP motifs. The interactions with the pS
sites were unexpected from predictions based on
sequence conservation, since only the WW domain of
Pinl has been described as a pS/pTP-binding motif, and
the Pinl residues involved in the phosphate interaction
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Figure 7. The Smad action turnover switch in the BMP and
TGF-B pathways: pSer codes and WW domain code readers. (Top
panel) Schematic summary of the Smad action turnover switch
in the BMP and TGF-B pathways. Following receptor-mediated
phosphorylation (yellow circle), Smad proteins translocate to
the nucleus and assemble transcriptional complexes, which are
phosphorylated at CDK8/9 sites (green circle) in the MH1-MH2
interdomain linker region. This phosphorylation creates high-
affinity binding sites for transcriptional partners (such as YAP in
the case of the BMP mediator Smadl, Pinl in the case of the
TGF-B mediator Smad3, and probably others), thus achieving
peak transcriptional action. Phosphorylation by CDK8/9 also
primes the Smads for GSK3-mediated phosphorylation (red
symbol) at the —4 position, which favors the binding of
ubiquitin ligases Smurfl (BMP pathway) and Nedd4L (TGF-B
pathway), leading to proteasome-dependent degradation of Smad
molecules that participate in transcription (erase symbol).
Alternatively, C-terminal Smad phosphatases (a) and linker
phosphatases (b) reverse these phosphorylation states. See the
text for details and citations. (Bottom panels) Schematic of the
Smad linker phospho-amino acid codes (insets) and WW domain
code readers. The conserved CDKS8/9 phosphorylation sites
(green circles) and GSK3 sites (red circles) are located at the
indicated positions relative to the PY box (slate box). Amino
acid positions correspond to Smadl and Smad3. In the BMP
pathway, the YAP WW1 domain binds to pS206 in Smadl, as
long as p210 is not phosphorylated. The Smurfl WW1 domain
binds with higher affinity to the pS210-pS214 motif. The WW2
domains bind the [PY] motif. In the TGF-B pathway, the sole
WW domain of Pinl binds the pT179[PY| motif, as does the
WW2 domain of Nedd4L. However, the Nedd4L WW3 domain
increases the binding affinity by recognizing the pS204-pS208
motif. See the text for additional details and citations on the
known roles of these WW domain proteins in Smad signal
transduction.

are not strictly conserved in YAP, Smurfl, and Nedd4L
WW domains. On the other hand, since the linker region
of Smads contains a set of CDK phosphorylation sites and
a set of CDK-primed GSKa3 sites, the phospho-Ser motifs
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can be tuned to optimally bind either transcriptional
cofactors (monophosphorylated) or ubiquitin ligases
(diphosphorylated). The WW2 domains of Smurfl and
YAP recognize a canonical PY motif in Smadl, whereas
the WW2 domain of Nedd4L and the Pinl WW domain
recognize a phospho-threonine-PY motif in Smad3. The
PY-independent, monophospho-serine motif of Smadl is
recognized by the WW1 domain of YAP, whereas the
atypical WW1 domain of Smurfl and the Nedd4L WW3
domain recognize diphospho-serine motifs in Smadl and
Smad3, respectively. The ability of WW domains to
recognize both pT[PY] and pS(-4)pS motifs was previously
unknown. The interaction of these proteins with Smads
is determined not only by the binding specificity of
individual WW domains, but also by the configuration
of the two domains. For example, Smurfl cannot bind
Smad3 because the N-terminal position of the pT[PY]
motif relative to the pSer cluster in Smad3 is opposite to
the orientation required by the WW1 and WW2 domains
of Smurfl. The present findings expand the known struc-
tural and functional versatility of WW domains as protein—
protein interaction modules (Macias et al. 2002).

The recognition of distinct Smad phosphorylation
codes by different WW domain proteins provides ample
opportunities for regulation. As an adaptor that binds to
the WW1-WW2 connector of Smurfl (Lu et al. 2008),
CKIP1 may enforce an optimal orientation of these WW
domains for contact with their cognate sites on the
Smadl linker. A Smurfl isoform with a longer WW1-
WW2 connector exists that may differ in this regulatory
function (Schultz et al. 2000). The ability of serum/
glucocorticoid-regulated kinase 1 (SGK1) to phosphory-
late the WW2-WW3 connector and inhibit Nedd4L
binding to Smad3 (Gao et al. 2009) may similarly be based
on a change in the binding ability of these WW domains.
In response to mitogens and stresses, MAPKs primarily
phosphorylate Smad3 at S208/S213, not at T179 (Gao
et al. 2009). The poor ability of Nedd4L to recognize such
MAPK phosphorylated Smad3 species (Gao et al. 2009)
can be explained by the key role of the pT179 phosphate
group in contacting the Nedd4L WW2 domain. Further-
more, the signals that inhibit GSK3 and increase the half-
life of Smad proteins (Fuentealba et al. 2007; Guo et al.
2008; Wang et al. 2009) can now be regarded as inputs that
extend the period of CDKS8/9-dependent Smad peak
performance. In mammalian cells and Drosophila, YAP
enhances certain BMP responses but not others (Alarcon
et al. 2009). Similarly, Pinl enhances certain effects of
TGF-B on mammalian cell migration but not other effects
(Matsuura et al. 2009). Different factors may fulfill these
roles in other contexts or on other target genes. A larger
repertoire of Smad linker code-reading factors than pres-
ently known may therefore exist.

The action turnover switch delineated here involves
a remarkable concentration of opposing protein-binding
functions in a discrete region of the Smad proteins. The
fulfillment of dual roles under a phosphorylation-dependent
switch is also characteristic of another key component of
this pathway: the regulatory GS region of type I TGF-B
receptor kinase (Huse et al. 2001). The core TGF-B/Smad

A Smad action turnover switch

pathway is therefore characterized by the economical use
that it makes of the structural elements that switch key
pathway components from one activation state into
another.

Materials and methods

Mammalian cell expression vectors

The plasmids encoding Smadl, Smad3, Smurfl(DD), and
Nedd4L(DD) are described elsewhere (Sapkota et al. 2007;
Alarcon et al. 2009; Gao et al. 2009). The linker phosphorylation
site mutant Smad3 (all sites) was denoted previously as Smad3
(EPSM) (Kretzschmar et al. 1999). PCR-based site-directed mu-
tagenesis was employed to generate all of the other mutants of
the linker phosphorylation sites of Smadl and Smad3 using the
primers containing the desired mutation. The YAP construct
was obtained from M.B. Yaffe (Massachusetts Institute of Tech-
nology). The YAP mutants with WW domain mutations were
generated by PCR-based site-directed mutagenesis. The primers
are YAPWWI1AA-F (CAGACAACAACAGCGCAGGACGCCAGG
AAGGCCATG), YAPWWIAA-R (CATGGCCTTCCTGGCGTCC
TGCGCTGTTGTTGTCTG), YAPWW2AA-F (AAGACCACCTC
TGCGCTAGACGCAAGGCTTGACCCT), and YAPWW2AA-R
(AGGGTCAAGCCTTGCGTCTAGCGCAGAGGTGGTCTT).

The human PIN1 ¢cDNA was from Open Biosystems, and the
Xhol, EcoRI fragment was cloned into the PCI vector (Promega).
Sequences of all constructs generated and used in this study were
verified by DNA sequencing.

Transfection, immunoprecipitation, and immunoblotting

Transfections of the indicated plasmids were performed as de-
scribed previously (Alarcon et al. 2009; Gao et al. 2009). Cells were
used 36 h later. HEK293T cells were incubated as indicated with
BMP2 (25 ng/mL; R&D Systems), TGF-81 (100 pM; R&D Sys-
tems), noggin (50 ng/mL; R&D Systems), or SB431542 (10 wM,;
TOCRIS). When used, flavopiridol (0.6 mM; National Cancer
Institute) and LiCl (15 mM) were added to the cells for 1 h prior to
the addition of growth factors. Immunoprecipitations and West-
ern immunoblotting were done as described previously (Sapkota
etal. 2007). Antibodies raised against full-length Smad1l were from
R&D Systems or were generated in-house. Antibodies against
phospho-tail Smadl were raised against Smadl (pS463/pS465)
(Cell Signaling). Antibodies against Smad2/3, SmadlpS206 were
produced in-house (Sapkota et al. 2007), and Smadl pS214 was
produced in-house. Antibodies against Smadl pS210 were a gift
from E. De Robertis (Fuentealba et al. 2007). Other antibodies used
include rat monoclonal anti-HA-peroxidase (Roche), mouse
mononclonal anti-Flag M2-peroxidase antibody (Sigma), agarose-
conjugated mouse monoclonal anti-HA clone 7 (Sigma), and anti-
Flag M2 affinity gel (Sigma).

Recombinant products

The three consecutive WW domain pairs in human Nedd4L
(WW1-WW2 193-400, WW2-WW3 364-512, and WW3-WW4
476-563) and the WW domains of human Smurfl (WW1 232-267,
WW2 277-314, and WW1-WW2 232-314) were cloned into
a pETM11 vector. The WW domains of human YAP (WW1 163-
206, WW2 227-266, and WW1-WW2 163-266) and Pinl (1-40)
were cloned into a pETM30 vector (a gift from the EMBL-
Heidelberg Protein Expression Facility) using Ncol and HindIII
sites. All point mutations described in the text were introduced
using the QuickChange site-directed mutagenesis kit (Stratagene)
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with the appropriate complementary mutagenic primers. All
wild-type and mutant constructs were confirmed by sequencing.

Generation of Nedd4L WW2-WW3 segment
by protein ligation

We selected a segmental labeling approach that requires the
protein to be expressed as two fragments, each produced with
a different labeling pattern, and then combined by chemical
ligation. For the ligation, we used the formation of a disulfide
bridge built from the side chains of two cysteine residues—one at
the C terminus of fragment 1 (WW2-connector-C471) and the
other at the N terminus of fragment 2 (C472-WW3)—using
mutants I515Y and H517A as templates. In order to guide the
reaction toward the formation of the hetero-disulfide WW2-WW3
product, the (C472-WWa3) site was activated prior to the ligation
reaction (Baca et al. 1995). The pyridylsulfenyl-cysteine WW3
product was identified as a new peak with a higher retention time
in the reverse-phase high-performance liquid chromatography
(RP-HPLC) profile of the reaction, and its mass was corroborated
by MALDI-TOF mass spectroscopy. The product was purified by
semipreparative RP-HPLC and lyophilized. >H,'*N-labeled
Nedd4L WW2-linker-C471 (0.4 wmol) and 'H,'°N-labeled Nedd4L
PyS-(C472)-WW3 domain (0.3 wmol) were dissolved in 600 pL of 6
M guanidine-HCI and sodium acetate buffer (20 mM, 100 mM
NaCl at pH 4.5) and stirred overnight at 4°C. The ligation product
was identified by RP-HPLC/MALDI-TOF mass spectroscopy.
After purification, the product was lyophilized.

Proteins

Unlabeled; '®N-labeled; *C, '°N-labeled; and *H, '3C, '*N-labeled
proteins were expressed in Escherichia coli BL21 (DE3) in LB
medium or minimal medium (M9) using either H,O or D,O
(99.89%, CortecNet) enriched with "NH,Cl and/or D-['*C]
glucose as the sole sources of carbon and nitrogen, respectively
(Marley et al. 2001). E. coli extracts were lysed using an Emulsi-
Flex-C5 (Avestin) cell disrupter equipped with an in-house-de-
veloped Peltier temperature controller system. Soluble fusion
proteins were purified by nickel-affinity chromatography (HiTrap
Chelating HP column, GE Healthcare Life Science), and samples
were eluted using buffer A with EDTA. Smurfl WWI1-WW2
protein was mostly in the insoluble fraction after centrifugation
of E. coli lysates, and was solubilized with 6 M guanidine-
hydrochloride and then purified using the HiTrap HP column.
After buffer exchange, fusion tags were removed by overnight
TEV protease digestion at 4°C followed by a second nickel-affinity
binding step. All proteins were further purified with an additional
gel filtration chromatography step using HiLoad Superdex 30, 75,
or 200 16/60 prep-grade columns (GE Healthcare), depending on
the protein size. Fractions containing the purified proteins were
concentrated to 1-2 mM for NMR experiments. To ensure the
presence of a 1:1 protein:peptide ratio, and to avoid formation of
aggregates or misfolded samples, Smurfl and YAP proteins were
concentrated in the presence of the Smadl peptides prior to NMR
experiments. The NMR buffer was 20 mM deuterated Tris-HCI
(pH 7.2-7.4), 100 mM NacCl, 0.01% NaNj3, and 2.5 mM deuterated
dithiothreitol in the presence of 10% D,0.

Peptides

All peptides were prepared using Fmoc solid-phase peptide
synthesis with 0.10-0.15 mmol FastMoc protocols as described
(Alarcon et al. 2009; Gao et al. 2009). The syntheses of Smad3 3P
and Smadl 3P and 4P peptides were optimized by combining
manual and automated strategies. Crude peptides were purified
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by RP-HPLC using a Vydac C18 or C4 Sephasil preparative
columns and an AKTApurifier10 (GE Healthcare) or in a Waters
HPLC delta 600 system using a high preparative Waters SunFire
C18 column. Fractions containing the desired peptides were
identified by MALDI-TOF mass spectrometry.

ITC

ITC experiments were performed using a VP-ITC MicroCalo-
rimeter (MicroCal) at 10°C and 25°C essentially as described
(Alarcon et al. 2009; Gao et al. 2009). ITC isotherms were fit to
the simplest model with MicroCal’s ORIGIN software.

NMR spectroscopy

All experiments were recorded on a Bruker Avance III 600-MHz
spectrometer equipped with a Z pulse field gradient unit and
either triple (*H, '*C, '*N) or quadruple (plus ®'P) resonance
probe heads. Double- and/or triple-labeled samples were pre-
pared to obtain sequence-specific [HNCACB/HN(CO)CACB or
CBCA(COJNH/CBCANH] experiments. Side chain resonance
assignments were obtained using standard triple-resonance ex-
periments [\°N-TOCSY, CC(CO)NH, HCCH-TOCSY (12-msec
mixing time) and '°N-, *C NOESY experiments (with 100- and
150-msec mixing times depending on the protein size)]. Intra-
molecular proton distance restraints were obtained from peaks
assigned in 2D-NOESY, '’N-NOESY, *C-NOESY, and half-
filtered experiments. All spectra were processed with the
NMRPipe/NMRDraw (Delaglio et al. 1995) software and were
analyzed with CARA (Bartels et al. 1995). Spectra used for the
calculation were integrated with the batch integration method of
the XEASY package. ®Jun.1e scalar couplings were obtained from
HNHA experiments. One-bond N-H™ RDCs were determined
by using the IPAP N HSQC sequence. Hydrogen bonds were
obtained by acquiring a set of '"H!*N-HSQC experiments after
dissolving the lyophilized protein in D,O. Double- and half-
filtered experiments were run to assign the peptides in the bound
state (Sattler et al. 1999).

NMR titration experiments with peptides

For the '"N-HSQC experiments, '°N-labeled protein domains
were prepared at 0.25 mM concentration in the same buffer as
described above, and unlabeled ligand was added to the '°N-
labeled sample up to a final molar ratio of 3:1. Measurements
were performed at 285 K or 295 K on a Bruker Avance I11 600 MHz.

Structure calculation

For the structure calculation, distance restraints derived from
NOESY experiments, 3J(HY, H*) obtained from HNHA spectra,
and hydrogen bond restraints determined by D,O exchange were
used. The structures were calculated using CNS (Briinger et al.
1998) with an in-house-modified protocol of Aria 1.2 (Nilges
et al. 1997). Since only unambiguously assigned restraints were
used, the protocol was reduced to two iterations of one and 120
structures, respectively, using 100,000 cooling steps. All calcu-
lated structures were submitted to water refinement, and were
ranked based on minimum values of energy terms and viola-
tions. The water refinement protocol was also modified by
weighing the value of unambiguous NOEs, hydrogen bonds,
and dihedral restraints by a factor of 10. In this way, all
experimental restraints are used during the refinement process,
and the obtained structures are in better agreement with the
experimental data while retaining good Ramachandran values.
The Nedd4L WW2-WW3 complex was refined using residual
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dipolar couplings obtained from aligned samples in different
alkyl-poly(ethylene glycol) mixtures (Ruckert and Otting 2000).

Analysis of the quality of the lowest-energy structures was
performed using PROCHECK-NMR (Laskowski et al. 1996). The
statistics from the analysis are shown in Supplemental Table S1.

Molecular dynamic simulations

Molecular dynamic simulations were performed with the Gro-
macs package (Hess et al. 2008). Prior to the simulations, we
generated an extended model of each molecule with CNS,
surrounded by a charged-equilibrated, periodic cubic water box.
Then, the system was energy-minimized and short position-
restrained molecular dynamics was performed to equilibrate the
water molecules. Finally, a 40-nsec molecular dynamics in
explicit solvent with Particle Mesh Ewald electrostatics was
carried out. Calculated structures and the results of the molec-
ular dynamic simulations were analyzed with PyMOL (http://
www.pymol.org). Sequence alignments were performed using
ClustalX (Thompson et al. 1997) and BoxShade 3.21 (http://
www.ch.embnet.org/software/BOX_form.html).

Accession numbers

For each of the nine complexes (short names in bold, as in
Supplemental Table S1), we deposited 20 structures in the
Protein Data Bank (PDB), and the list of restraints and chemical
shifts in the BioMagResBank (BMRB) database. For the Smurfl-
Smadl complexes, the corresponding PDB and BMRB codes are,
respectively, WW1-pS214: 2laz, 17541; WW1-pS210pS214:
21b0, 17542; and WW2-PY: 21b1, 17543. For the YAP-Smadl
complexes, the corresponding PDB and BMRB codes are, re-
spectively, WW1-pS206: 21ay, 17540; WW1-pT202pS206: 21ax,
17539; and WW2-PY: 2law, 17538. For the Nedd4L-Smad3
complexes, the corresponding PDB and BMRB codes are, re-
spectively, WW2-pTPY: 21b2, 17544; and WW3-pS204pS208:
21aj, 17529. For the PIN1-Smad3 complex, the corresponding
PDB and BMRB codes are, respectivey, WW1-pT: 21b3, 17545.
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On the cover: Smad transcription factors are central mediators of the effects of
TGF-beta (Transforming growth factor-beta) and BMP (bone morphogenetic
protein on numerous aspects of metazoan development and tissue
homeostasis. The TGF-beta pathway is tightly regulated. Its regulation
includes a feedback process where two sets of Smads play complementary
roles in the signaling cascade, as they can either inhibit (Smad?7) or activate
gene transcription (Smadi), depending on the physiological needs of the
tissue or organism. We provide a structural basis for how regulators that use
WW domain pairs for selective interactions with phosphorylated R-Smads,
resort to one single WW domain for binding Smad7 to centralize regulation in
the TGF-3 and BMP pathways. The cover uses the analogy of a chemist‘s shop
equipped with jars storing some of the proteins participating in TGF signaling.
The feedback process is represented as a balance loaded with YAP bound to
Smadi1 (on the right) and to Smady (on the left). For more details, see the
article by Aragon et al. (pp. 1726-36). Illustration designed by P. Martin-
Malpartida (PMM) and M.J. Macias, and created by PMM.
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SUMMARY

Transforming growth factor (TGF)-B and BMP
signaling is mediated by Smads 1-5 (R-Smads and
Co-Smads) and inhibited by Smad7, a major hub of
regulation of TGF-B and BMP receptors by negative
feedback and antagonistic signals. The transcription
coactivator YAP and the E3 ubiquitin ligases Smurf1/
2 and Nedd4L target R-Smads for activation or
degradation, respectively. Pairs of WW domain in
these regulators bind PY motifs and adjacent CDK/
MAPK and GSK3 phosphorylation sites in R-Smads
in a selective and regulated manner. In contrast,
here we show that Smad7 binds YAP, Smurfi,
Smurf2, and Nedd4L constitutively, the binding in-
volving a PY motif in Smad7 and no phosphorylation.
We also provide a structural basis for how regulators
that use WW domain pairs for selective interactions
with R-Smads, resort to one single versatile WW
domain for binding Smad7 to centralize regulation
in the TGF-B and BMP pathways.

INTRODUCTION

Smad transcription factors are key mediators of the transforming
growth factor beta (TGF-B) and bone morphogenetic proteins
(BMP) pathways in the control of stem cell pluripotency and
differentiation, embryo development, tissue regeneration, and
differentiated tissue homeostasis (Massagué, 1998). According
to their function, Smad proteins are classified as receptor regu-
lated Smads (R-Smads), which include Smads 1, 5, and 8 in the
BMP-driven version of the SMAD pathway, and Smads 2 and 3in
the TGF-p/Nodal/Activin pathway. R-Smads form complexes
with the common coactivator Smad (Co-Smad) Smad4. Two
inhibitory Smads (I-Smads), Smad6 and Smad7, provide critical
negative regulation to these powerful and ubiquitous pathways.

R-Smads and Smad4 consist of two Mad Homology domains
MH1 and MH2 connected by a linker region. This linker contains

a cluster of phosphorylation sites adjacent to a proline rich PY
motif. MH1 domains of R-Smads and Smad4 bind to DNA,
whereas the MH2 domain and the linker function as scaffolds
for receptors, regulator proteins, and transcription cofactors to
interact and determine the outcome of the signal (Shi and Mas-
sagué, 2003).

Several key phosphorylation steps regulate the activation
and turnover of R-Smads during the TGF-f3 and BMP signaling
cycles. Binding of TGF-B or BMPs to their receptors triggers
the receptor-mediated phosphorylation of R-Smads at their
C termini. This phosphorylation generates a docking site for
Smad4 for the assembly of a heterotrimeric transcriptional com-
plex. Once the complex is in the nucleus, a second round of
phosphorylations occurs in the linker region of R-Smads, creat-
ing binding sites that interact with the WW domains of activators
such as YAP and Pin1, as well as with the WW domains of the
HECT-type E3 ubiquitin ligases Nedd4L, Smurf1, and Smurf2
that prime R-Smads for degradation (Alarcon et al., 2009; Fan
et al., 2009; Fuentealba et al., 2007; Gao et al., 2009; Kuratomi
et al., 2005). These binding interactions depend on WW domain
contacts with the PY motif and the phosphorylated sites, and
with the exception of Pin1 always involve two WW domains (Ara-
gon et al., 2011).

Compared to R-Smads and Co-Smads, the |-Smads have
low sequence similarity in the MH1 domain but conserve an
MH2 domain and a linker region with a characteristic PY motif
(Figure 1A). I-Smads are expressed in response to TGF-§ or
BMPs to provide negative feedback in the pathway (Bai and
Cao, 2002; Hata et al., 1998; He et al., 2002; Kavsak et al.,
2000; Nakao et al., 1997; Yan et al., 2009) and in response to
other pathways such as STAT to oppose TGF- signaling (Ulloa
et al.,, 1999). Smad6 interferes with the formation of Smad1-
Smad4 complexes (Hata et al., 1998), whereas Smad7 inhibits
TGF-B and BMP receptors (Hayashi et al., 1997; Topper et al.,
1998).

Work in recent years has revealed Smad7 as a central hub
for negative regulation of activated TGF-$ or BMP receptors
(Yan and Chen, 2011). Receptor-bound Smad?7 recruits ubiquitin
ligases Nedd4L, Smurf1, and Smurf2 to mediate receptor poly-
ubiquitination and route the receptor to degradative endocytosis
(Ebisawa et al., 2001; Kavsak et al., 2000; Kuratomi et al., 2005).

1726 Structure 20, 1726-1736, October 10, 2012 ©2012 Elsevier Ltd All rights reserved



Structure
Smad7 Binding Mode of E3 Ubiquitin Ligases and YAP
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protein expression batches, and different buffers
and temperatures. Values hereby presented were
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(C) ITC curves for the Smurf1 WW1-WW?2 and the independent WW2 fragments in the presence of the Smad7 peptide. The data represented here correspond to
values acquired at 15°C in Tris buffer. The affinity values were 1.7 + 0.3 and 4.1 + 0.6 uM with stoichiometries of 0.7 and 1, respectively.

Moreover, Smad7 can simultaneously bind Smurf2 and the
protein deubiquitinase USP15, recruiting both enzymes to the
TGF-B receptor complex for an integrated control of receptor
polyubiquitination as a function of ligand concentration (Eich-
horn et al., 2012). Smad7 also binds YAP (Ferrigno et al., 2002)
providing a mechanism for sequestration of this mediator of
Hippo and BMP signaling (Alarcén et al., 2009). These protein
interactions involve the linker region of Smad7 and the WW
domain region of Nedd4L, Smurf1/2, and YAP.

In order to advance our understanding of the functional capac-
ities of Smad7 as a hub for TGF- or BMP pathway regulation,
we investigated the interactions between the Smad7 PY motif
region and the WW domains of its client proteins, using NMR
and ITC, ion mobility mass spectrometry, and protein interac-
tion analysis in mammalian cells. Our data reveal a surprisingly
absence of selectivity and independence from phosphorylation
in the interactions of Smad7 with these proteins, illuminating
the versatility of different WW domains as mediators of con-
vergent interactions with a common Smad7 target, in addition
to their discriminating interactions with different R-Smad
proteins.

RESULTS

Nedd4L, Smurf1, Smurf2, and YAP Use One Single WW
Domain to Bind Smad?7

In order to characterize the protein regions involved in the inter-
action with the Smad7 linker we performed isothermal titration
calorimetry (ITC) binding assays using recombinant proteins,
either containing independent WW domains or all consecutive
pairs. The binding ligand was a 15 residue synthetic peptide cor-
responding to amino acid residues E203-D217 of Smad7, and
including the entire PY motif (Figure 1A).

In the interaction of the Smad7 peptide with Nedd4L WW
domains, ITC experiments revealed that each of the four inde-
pendent WW domains and the three possible WW-WW pairs
bind the peptide with dissociations constants in the uM range
(Figure 1B). The stoichiometry of these interactions was 1:1 in
all cases except with the WW2-WW3 pair, which bound two
equivalents of peptide per protein. To address this complication,
we used two previously characterized WW2-WW3 mutant
constructs that bind only one PY site while maintaining other
possible binding sites active (Aragdn et al., 2011). These WW2-
WWS3 constructs showed peptide affinity values close to those
of the single domains. Collectively, the data show that Nedd4L
preferentially uses WW2 to interact with the Smad7 PY motif,
and that the presence of domain pairs does not increase the
affinity in vitro.

We used a similar experimental approach to investigate the
interactions of the two E3 ligases Smurf1 and Smurf2 with the
Smad7 peptide. The Smurfi WW1 and Smurf2 WW2 domains
show very low affinity for the Smad7 peptide whereas the Smurf1
WW2 and Smurf2 WW3 showed binding dissociation constants
of 4.1 uM and a 1:1 stoichiometry with the Smad7 peptide. The
affinity of the Smurft WW1-WW2 and Smurf2 WW2-WW3 pairs
is 0.7 £ 0.3 uM at 5°C, 1.7 £ 0.3 uM at 15°C and 5.0 + 0.3 uM
at 25°C (Figures 1B and C). These values are in agreement
with previous reports for other WW interactions (Aragén et al.,
2011; Chong et al., 2006, 2010; Gao et al., 2009; Kanelis et al.,
2006; Pires et al., 2001; Ramirez-Espain et al., 2007). However,
the affinity increase due to the presence of the WW domain
pair is about 2-fold with respect to the values obtained with
the Smurf1 WW2 or with the Smurf2 WW3 domains at a given
temperature, in contrast to previous observations that suggest
an improvement of about 10-fold (Chong et al., 2010). Further-
more, with both protein pairs the affinity is calculated with
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Figure 2. SmurfiIWW1-WW2 and Smurf2WW2-WW3 Form Different Species in the Presence of Smad7 Peptide

(A) Assigned NOEs defining the hSmurf1WW1-WW1 dimer interface. Schematic representations of the possible species present in the complexes of Smurf1
WW1-WW2 pair with Smad7.

(B) Schematic representation of the Smurf1 WW1 dimer. Secondary structure elements are shown in gray and in blue shades and numbered. The model has been
generated using the structure of the published Smurf1 WW1 domain (Aragén et al., 2011) pdb entry 2laz and the set of assigned intermolecular NOEs.

(C) An expansion of the IM-MS data obtained for the complexes of Smurf2ZWW2-WW3 with the Smad7 peptide displaying nine characterized species (the full
spectrum is shown as Figure S1). Each ion was assigned to a given species based on its characteristic mobility. Abbreviations used are ML (monomer with one
ligand), D1L and D2L (dimer with one or two ligands respectively), Trim1L, Trim2L, and Trim3L (trimers with one, two, or three ligands). Numbers following the
species’ name reflect the protonation state. We have unambiguously detected dimers with one or with two bound ligands and trimers in both Smurf1 and Smurf2
complexes.

(D) Schematic representation of the species identified by IM-MS for the complexes of Smurf1 WW1-WW2 and Smurf2WW2-WW3 pairs with the Smad7 PY site.
The WW domains are represented as blue rectangles (labeled in black, white and violet to represent monomer, dimer and trimers, respectively). The Smad7
peptide is represented as a green thick-line on top of the WW2 domain. Contacts involving two WW1 domains or between the WW1 domain of one molecule with
the linker connecting the WW pair of a second molecule are based on experimental NOEs.

(E) A region of the lon Mobility-Mass Spectrometry data obtained for the Smurf1 WW1 dimer, (the full spectrum is shown as Figure S1). As in (C), each ion was
assigned to a given species based on its characteristic drift-time.

(F) Schematic representation of the pair of WW domains and the linker present in Smurf1. The mutated positions used in the ITC binding experiments and the three

strands of each WW domain are labeled. Next to it is the list of the measured affinity values.

a stoichiometry below 1 at all temperatures (Figure 1C) (0.6-0.8
range). ITC experiments measured in two different buffer solu-
tions (tris and ammonium acetate [pH 7]) yielded similar values
and stoichiometries.

We considered the possibility that formation of WW-WW pro-
tein aggregates could affect the interpretation of the stoichi-
ometry and affinity of Smad7 binding. Indeed, using nuclear
magnetic resonance (NMR), we observed nuclear Overhauser
effects (NOEs) in Smurf1 samples containing either the WWH1
independent domain or the WW1-WW?2 pair that define a dimer
via WW1-WW?1 contacts (Figures 2A and 2B). Since NMR and
ITC experiments were carried out at different concentration

ranges (milimolar versus micromolar), we made use of ion
mobility-mass spectrometry (IM-MS) to investigate the potential
presence of aggregates at the protein concentrations used in
ITC experiments (30-50 uM). Using this technique we identified
the presence of monomeric complexes, protein dimers bound
to only one ligand, dimers bound to two ligands and higher
order species (Figures 2C and 2D; Figure S1 available online).
The dimers, trimers, and other higher order species were identi-
fied based on their different specific ionization masses and/or on
their characteristic drift-times. Dimers were also observed by
IM-MS analysis performed with samples containing either the
WW1 orthe WW2 domains of Smurf1 (Figure 2E). In the presence
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of the Smad7 peptide the dimer population was reduced in the
sample containing the WW2 domain, while that of the WW1
domain was unaffected (Figure S1). Thus, the <1 stoichiometry
observed with the pairs under these experimental conditions
may result from the coexistence of protein monomers, dimers,
trimers, and tetramers each binding one equivalent of Smad7
peptide, plus the presence of other species bound to two, three,
or four Smad7 equivalents (Figures 2C and 2D). Since the pres-
ence of the ligand does not prevent the formation of the higher
order species, we interpret that Smurfl WW1 and Smurf2
WW2 domains have a minor role in binding to short PY contain-
ing sequences, but an important role in protein oligomerization
and aggregation. This observation differs from a previously re-
ported interpretation of Smurf2 WW2-WW3 bound to Smad7
(Chong et al., 2010), where the WW2 domain also participates
in hydrophobic and electrostatic interactions with the Smad7
peptide. To characterize further the role of Smurf1 WW1 domain,
we introduced mutations in the WW1-WW2 pair domain in
equivalent positions to those that in Smurf2 were proposed to
contact Smad7, and also two additional control mutations in
a position that did not participate in the interaction of Smurf2
and Smad7 but in the dimer formation. In all cases, single and
double mutations (Arg243Ala, GIn249Glu, GIn247, and GIn249
to Glu) reduced the affinity by 3-fold while the Arg243Glu muta-
tion reduced the affinity by 10-fold (Figure 2F). The results
suggest that these residues do not play a key role in binding
but that they may participate in protein homodimerization. Based
on this interpretation of the binding data, we conclude that
Smurf1 and Smurf2 use their WW2 domain and WW3 domain,
respectively, as their primary binding sites for the Smad7 PY
peptide.

ITC titrations performed at 15°C with the YAP WW domains
revealed that the YAP WW1 domain preferentially binds to
the Smad7 peptide, with a dissociation constant of 6.90 =
0.28 uM, while WW2 binds with a dissociation constant 9-fold
weaker and the WW1-WW?2 pair binds slightly worse than the
isolated WW1 (9.8 £ 0.9 uM and N = 1; Figure 1B). Thus, the inter-
action with the Smad7 peptide mainly involves the YAP WW1
domain.

All together, these results suggest that in each protein a
specific, single WW domain is sufficient for high-affinity recogni-
tion of the Smad7 PY site. The WW domains that mediate the
interaction with the PY motif of Smad7 are indicated with an
arrow in the Figure 1A.

Smad?7 Binds to Nedd4L WW2 Domain, Forming a Long
beta Hairpin Independent of Phosphorylation

We used NMR spectroscopy to characterize with atomic detail,
the interaction of the Nedd4L WW2 domain bound to the Smad7
linker peptide (203-217). Triple resonance NMR spectroscopy
was applied to assign the WW2 domain in this complex, whereas
filter and homonuclear spectra were used to assign the bound
Smad7 peptide and its contacts with the domain.

Inthe complex structure, the Nedd4L WW2 domain adopts the
canonical WW fold, while the bound peptide forms an ordered
hairpin from E205 until D217, with a turn centered at positions
Y211-S212-R213. The complex is well defined, based on abun-
dant contacts detected from the Smad7 peptide with residues
located in the three strands of the domain (Figure 3A and Fig-

ure S2; Table 1). Y211 participates in many contacts with
Val384, His386, Arg389, and Thr391 residues in the protein,
while P207, P208, and P209 interact with the side chains of
Thr391, Trp393, and Tyr382 (we use the one letter amino acid
notation for Smad7 residues and the three letter notation for resi-
dues in the proteins). P215 is perpendicular to the beta-sheet
plane and is bound by the Tyr391, Val384, and Arg374 side
chains. We also observed interactions between E205, located
upstream of the PY motif, with the side chains of Arg380 and
of D217 with Lys378 and Arg380 (Figure 3B). The Smad7 PY
motif includes a potential phosphorylation site serine (Ser206-
Pro), equivalent to the Thr179-Pro of Smad3 whose phosphory-
lation by CDK8/9 kinases is critical for Smad3 recognition by
Pin1 and Nedd4L (Gao et al., 2009; Matsuura et al., 2010).

In contrast to the complex formed by Nedd4L and the Smad3
pT179[PY] motif (Aragén et al., 2011), we did not detect contacts
between S206 (equivalent to T179) and the protein. Remarkably,
the interaction of E205 and also D217 with Arg380 and Lys378
resemble the electrostatic interactions used to interact with the
phosphorylated T179 in the Nedd4L WW2-Smad3 pT179[PY]
complex (Aragoén et al., 2011). To clarify the relevance that the
E205 and D217 contacts have for the complex, we designed
protein variants in which either Arg380 or Lys378, or both,
were replaced by a negatively charged residue (Glu), and quan-
tified the changes in affinity using ITC. Single changes reduce the
affinity for the Smad7 peptide 4- to 5-fold when compared to the
wild-type (Arg380Glu 15.4 + 3.5, Lys378Glu 23.5 + 1.5 uM,
respectively) and more than 6-fold in the double mutant
(Lys378/Arg380 to Glu, Kp = 27.3 = 2.2 uM), corroborating that
both residues in the WW2 domain participate in the interaction
with the Smad7 fragment (Figure 3C).

To further investigate the role of S206 in Smad7 binding inter-
actions, we addressed this question with the full-length proteins
in the context of HEK293T cell line. Immunoprecipitation exper-
iments were performed using plasmids encoding flag epitope-
tagged Smad7 or the Smad7 mutants S206A and AAPY. These
constructs were coexpressed with a HA epitope-tagged Nedd4L
construct in which the HECT domain catalytic Cys was mutated
to Asp in order to prevent autoubiquitination, and degradation of
the protein (Gao et al., 2009). The results of protein immunopre-
cipitation followed by western immunoblotting showed that the
Nedd4L-Smad?7 interaction in mammalian cells does not require
phosphorylation of the PY motif (Figure 3D). This result is in sharp
contrast to the important role of the corresponding phosphoryla-
tion in the interaction between Nedd4L and Smad3 (Gao et al.,
2009). The different binding modes of Nedd4L with Smad3 and
with Smad7 are schematically summarized in Figure 3E.

Structure of the Smad7 PY Motif Bound to Different

E3 Ubiquitin Ligase WW Domains

To compare the binding modes of the E3 ubiquitin ligases
Nedd4L, Smurf1, and Smurf2, we investigated the interactions
between the Smurf1 WW1-WW2 pair and the independent WW2
domain with the Smad7 peptide using triple resonance NMR
spectroscopy. Under these conditions the NMR assignment of
the complexes reveals that, both Smurf1 and Smurf2 proteins
interact with the Smad7 peptide using the WW2 domain, in
the case of Smurf1, and the WW3 for Smurf2. As observed
during the ITC titrations and IM-MS experiments, the Smurf1
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Figure 3. Structure of the Nedd4L WW2 Domain Bound to the Smad7 Linker

(A) Detailed view of the refined structure of the Nedd4L WW2 domain (364-403) in complex with the Smad7 synthesized PY fragment (203-217). The elements of
secondary structure (graphite) are numbered and key residues of the Nedd4L WW2 domain that participate in the interaction with the peptide are labeled and
highlighted in orange.

(B) Electrostatic potential surface of the Nedd4L WW2 domain with the bound Smad7 peptide (stick representation) colored in green. The lowest energy structure
displayed in (A) and (B) and the family of 25-calculated structures are shown as Figures S2A and S2B. Positively charged sites are colored in blue and negatively
charged sites in red. Key residues in Smad7 and Nedd4L are indicated (violet and black, respectively). The N- and C-terminal sites of the Smad7 peptide are
indicated with an arrow.

(C) Two residues that recognize the N-terminal part of Smad7 were both independently and jointly mutated to glutamic acid, and the effect of the change in the
interaction affinity was determined by ITC. The binding affinity decreased by approximately 7-fold with respect to the wild-type Nedd4L WW2 domain.

(D) Human HEK293T cells transduced with vectors encoding the indicated epitope-tagged proteins were subjected to immunoprecipitation (IP) with anti-Flag
antibodies and western immunoblotting with antibodies against the indicated tags (upper panels). Aliquots of cell lysates were directly subjected to immuno-
blotting as loading controls (bottom panels).

(E) Schematic representation of the different binding modes displayed by Nedd4L with Smad3 and Smad7. Nedd4L binds preferentially to the PY site of Smad7 using
its WW2 domain (this work) while binding to Smad3 region including the diphosphorylated site and pT[PY] motif requires the WW2-WW3 pair (Aragén et al., 2011).

WW1-WW?2 pair displays a high tendency to form dimers and
other higher order aggregates.

Using 3D- and 2D-NOESY experiments we characterized a
population of dimers formed via interactions between the WW1
domains of two molecules according to intermolecular NOEs
that fit as a beta-clam. To illustrate these interactions, we gener-
ated a model using the structure of the Smurf1 WW1 domain
(pdb entry: 2laz) and the unambiguously assigned NOEs de-
tected between monomers (Figures 2A and 4A). We have also
detected a minor population of dimers formed by interactions
between the WW2 domain of one molecule and the pair of
prolines present in the linker connecting the WW1-WW?2 pair of
a second molecule, that can explain the trimeric and tetrameric
species identified by IM-MS (Figures 2C and 2D). We observed
as well the dimerizing tendency with the WW2 domain of Smurf2

in the WW2-WWS3 pair. The beta-clam arrangement in the dimer
is similar to that described for the WW2 domain of the mouse
Salvador homolog 1 protein (Ohnishi et al., 2007). With the WW
domain pairs we detected a broadening of the intermolecular
NOEs that defined the peptide in the bound conformation and
two sets of NOEs for the Y211 with residues in the WW2/WW3
domains. We interpreted the broadening and the presence of
the second set of signals for the Y211 aromatic ring as the result
of the peptide bound in several complexes, for instance, the
main conformations that correspond to the monomer in complex
with one ligand and the symmetric dimer with two bound ligands
in equilibrium with an asymmetric dimer bound to a single ligand,
schematically represented in Figure 2D. At 298K and in the pres-
ence of 10% DMSO both sets of NOEs corresponding to the
Y211 collapse to one set that we interpret it as the bound
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Table 1. Statistics of the Five NMR Refined Complexes Analyzed with Procheck

Nedd4LWW2-S7 Smurft WW2-S7 Smurf2WW3-S7 YAPWW2-S7 YAPWW1-S7
pdb:2lty pdb:2ltx pdb:2ltz pdb:2ltw pdb:2ltv
BMRB:18501 BMRB:18500 BMRB:18502 BMRB:18499 BMRB:18498
Restraints used for the calculation < SA >#
Interdomain 51 85 76 74 53
Sequential (i — j| = 1) 270 116 150 163 150
Medium range (1 < |i-j| < 4) 80 41 52 85 83
Long range (i — j| > 4) 339 251 338 295 315
Dihedrals 70 113 91 105 101
Hydrogen bonds 10 10 10 10 10
All restraints (unambiguous) 820 616 77 732 712
Restraint ratio (47 residues) 17.4 13.1 15.2 15.5 15.2
Rmsd (A) from experimental®
NOE (x1073): 27+28 9.1+0.3 10.5+1.6 3.1+04 7.30+0.5
Bonds (x1073) (&) 42+14 7.0+0.2 71+03 41 +0.2 4.9 +0.1
Angles (°) 0.63 + 0.01 0.8 +0.02 0.83 + 0.06 0.5+ 0.03 0.7 +0.03
Coordinate Precision (A)°
Backbone, all residues in 0.45 0.42 0.47 0.31 0.24
the complex (47 residues)
CNS potential energy (kcal mol™)
Total energy® —1,698 + 34 —1483 + 47 —1238 + 88 —1,242 + 31 —1361 + 31
Electrostatic —1,918 + 38 —1784 + 48 —1787 + 56 —1,513 + 33 —1713 + 36
Van der Waals —165.5 + 10.4 —-120.8 + 14 —57.38 + 39.4 -135.3+ 10 -113+£ 10
Bonds 1444 +1.3 27.09 + 3.5 42.91 £ 10.5 142+1.0 19.63 + 1.4
Angles 89.11 5.4 81.63 + 6.9 158.9 + 23 95.18 £ 7.9 107 £ 8.4
Structural quality (% residues) 20 best structures
In most favored region 84.1 87.1 87.5 90.7 89.8
of Ramachandran plot
In additionally allowed region 13.9 12.4 12.2 9.0 11.2

8< SA > refers to the ensemble of 150 structures with the lowest energy selected from a total of 300 calculated structures.

PNo distance restraint in any of the structures included in the ensemble was violated by more than 0.3 A.

°Rmsd between the ensemble of structures < SA > and the lowest energy structure.

9EL-J is the Lennard-Jones van der Waals energy calculated using the CHARMM-PARMALLH6 parameters. EL-J was not included in the target

function during the structure calculation.

monomer. Under these experimental conditions, we did not
observe, however, contacts between the domains in the Smurf1
WW1-WW?2 pair, or between the WW1 and the Smad7 peptide
as described for the Smurf2 WW2-WW3 complex with Smad7
(Chong et al., 2010), or as we previously observed in the complex
of Smurf1 WW1-WW2 pair with Smad1 (Aragoén et al., 2011).
Based on these observations, we focused the structural
work in the WW2 domain of Smurf1 and in the WW3 of Smurf2.
As both Smurf complexes are very similar, we will describe
them in parallel, with the corresponding residues separated by
a slash. The SmurfIWW2- and Smurf2WW3-Smad7 complexes
are well defined, based on numerous contacts detected from
E205-P215 Smad7 residues with the domains (Figures 4B and
4C and Figure S3; Table 1). In both complexes the Smad7 frag-
ment also forms a turn, centered at positions Y211-S212-R213,
but it does not form a long hairpin as in the case of the Nedd4L
complex, especially in the Smurf1 complex. A comparison of
these two complexes with that of Nedd4L revealed some addi-
tional differences; for instance, E205 is interacting with Arg295/
Arg312 in the second strand, but no contacts with the peptide

are observed for the residues located in loop 1 of the WW
domains, which in these cases are Ser293/Thr310 and not a
Lys as in the Nedd4L WW2 domain. As a consequence, E205
and D217 are less defined in the Smurfl WW2 and Smurf2
WW3 complexes.

A mutation introduced in the Smurf1 WW2 domain (Arg295Giu)
reduces the affinity to 48.6 + 6.4 uM, suggesting an active impli-
cation of Arg295 in the peptide interaction. The equivalent muta-
tion introduced in Smurf2WW3 also reduces the affinity to 34.2 +
1.6 uM. The complexes here described are similar to the pre-
viously characterized Smurf2WW3 and Smad7 (Chong et al.,
2006), with the main differences involving the contacts with the
N-terminal site of Smad7 (E205), the position of P215, and the
absence of intra peptide contacts from residues M216-D217.
On the other hand, they differ from the complex between the
SmurfIWW1-WW?2 pair and Smad1, where both WW domains
have a direct role in ligand recognition (Figure 4D) (Alarcon
et al.,, 2009; Aragon et al., 2011) and from the complex between
Smurf2WW2-WW3 and Smad7, where the contacts with the
C-terminal part of Smad7 that we observe to occur with the
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Figure 4. Structure of the Smurf1 WW2 and Smurf2WW3 Domains Bound to the Smad7 Linker

(A) A detailed view of the binding interface of the dimer between two Smurf1 WW1 domains (residues 233-270). The orientation is rotated by 90 degrees with
respect to the schematic representation shown in Figure 2B. The unambiguously assigned NOEs that defined the dimer interface are represented with dotted
lines. Monomers are colored in orange-gray (top) and cobalt blue (bottom), with key residues highlighted.

(B) Refined structure of the Smurf1 WW2 domain (residues 277-314, light-blue) bound to the Smad7 peptide (203-217, green). Next to it is the charge distribution
on the surface of the Smurf1 WW2 domain in complex with the peptide. The structure with the lowest energy was selected for both representations. The family of
25-calculated structures is shown as Figure S3A. N and C termini of Smad7 peptide are represented with brown arrows. Key residues that participate in the
complex interaction are labeled in purple (Smad7) and in black (Smurf1). The gray line indicates the position of the R295E mutation, which decreases the binding
affinity of the complex by approximately 8-fold.

(C) Same representations as above for the Smurf2 WW3 domain (297-333, gold) bound to the Smad7 peptide (green). The R312E mutation, which decreases the
binding affinity of the complex by approximately 10-fold, is indicated with a gray line. The family of 25-calculated structures is shown as Figure S3B.

(D) Schematic representation of the different binding modes observed for Smurf1 and Smurf2 WW domains with respect to R- and I-Smad linkers. Both Smurf
proteins use a unique domain to interact with Smad7 (this work) while Smurf1 uses the WW1-WW?2 pair to interact with a diphosphorylated Smad1 PY containing

site (Alarcon et al., 2009; Aragén et al., 2011).

WW3 domain were detected with the first loop of the WW2
domain (Chong et al., 2010).

Smad?7 Selects YAP WW1 and Not WW2

Both YAP WW domains have been previously shown to recog-
nize PY motifs with different affinities (Aragén et al., 2011;
Chen and Sudol, 1995; Macias et al., 1996; Pires et al., 2001).
The Smad7 fragment containing the PY motif binds to the YAP
WW1-WW?2 pair and to its independent WW1 domain with similar
affinities suggesting that the WW1 is the preferred binding site.
To provide a structure-based interpretation for the different affin-
ities observed between the YAP WW1 and WW2 domains, we
have determined the structure of each domain in complex with
the Smad7 fragment. As both YAP WW1 and WW2 sequences
are very similar (71% similarity), we also describe them in
parallel, with the corresponding residues separated by a slash.

In each complex the WW1 and WW2 domains adopt the
canonical WW fold and bind to the Smad7 PY core in a similar
manner (Figures 5A and 5B and Figure S4; Table 1). The Y211
ring is accommodated in its respective tyrosine binding cavities
formed by Leu190/1le249, His192/His251, GIn195/Lys254, and
Thr197/Thr256, while the pyrrolidine rings of Smad7 P208 and
P209 are, respectively, accommodated in the XP cavities formed
by Tyr188/Tyr247 and Trp199/Trp258. The main differences
between both complexes are the contacts observed between
Smad7 Y214 and Tyr247, 1le249, and Glu237 in the WW2 com-
plex and more significantly, the absence of interactions between
the residues located in loop 1 and the residues preceding or
following the PY site, which are observed in the complex with
WW?1, and in the complexes corresponding to the three E3 ubig-
uitin ligases. The absence of these interactions could be inter-
preted on the basis of the charge distribution of the YAP WW2
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Figure 5. Structure of the YAP WW1 and WW2 Domains Bound to the Smad7 Linker

(A) Detailed view of the interaction of the YAP WW1 domain (residues 163-206, blue) with the Smad7 [PY] peptide (green) and next to it, the charge distribution of
the domain in the complex, shown as a semitransparent surface representation. The structure with the lowest energy was selected for both representations. The
family of 25 calculated structures is shown as Figures S4A and SB. Ciritical residues involved in the interaction are labeled in purple (Smad7) and in black (YAP
WW?1). Both N and C termini of Smad7 peptide) are represented with arrows.

(B) A semitransparent surface representation showing the charge distribution of the YAP WW2 domain (residues 227-266, deep blue) bound to the Smad7
peptide represented as sticks (green). The family of 25 calculated structures is shown as Figure S4B. The peptide’s N terminus (Ser206) is shifted from the loop1
with respect to the orientation in the complex with WW1. The different positions of the peptide in both complexes are shown with two arrows, with a straight gray
line (WW2 complex) and with a dotted gray line (the position in the WW1 complex).

(C) Effect of point mutations in the YAP WW1 and WW2 domains. The Q186E change in the WW1 domain reduces the affinity by 2-fold, while a double
change introduced in the WW2 loop —to mimic the sequence of the first WW domain—improves the affinity by a factor of two. Mutated residues are indicated in

(A) and (B).

(D) HEK293T cells expressing the indicated constructs were analyzed as described in Figure 3D.
(E) Schematic representation of the binding modes of YAP with Smad7 (top) and with Smad1 (bottom). The interaction with the PY site of Smad7 requires only the
first WW domain, while binding to the pS and PY sites of Smad1 requires both WW domains.

domain, which differs from that of the WW1 domain. The
presence of negatively charged residues in loop 1 (Asp243 and
Glu245) repels both the accommodation of the N-terminal part
of Smad7 as well as the negatively charged residues located in
the C-terminal extension of the PY motif. Point mutations intro-
duced in Asp243 and Glu245 residues to glutamine resulted in
an improved affinity by a factor of two (Figure 5C).

The YAP WW1-Smad7 structure does not support a role (or
room) for a phosphate group on S206 (S206 is tightly bound by
Trp199), suggesting that Ser206 phosphorylation would not
enhance the interaction with YAP in vivo. To explore this possi-
bility, we made use of IP experiments with either full-length pro-
tein Smad7 (wild-type) or with the S206A and AAPY variants
transfected into the HEK293T cell line and the HA-YAP con-
struct. Our experiments showed that binding is observed with
both the wild-type and the S206A variant, while the AAPY variant
cannot precipitate HA-YAP (Figure 5D) suggesting that the
Ser206 or its potential modification would play a minor role in

the function. In summary, the first WW domain of YAP, which
is conserved in both YAP splicing variants (Sudol, 1994), is the
preferred binding site for the Smad7 PY motif. The discrimination
between both domains is based on the more extensive protein-
peptide contacts observed with the WW1 compared with the
WW?2 domain. Again, the interaction of YAP with Smad7 is
different from that with Smad1, where both WW domains partic-
ipate in the complex and where WW?2 is responsible for the inter-
action with the Smad1 PY site while the WW1 recognizes the
phosphorylated pSerPro motif (Figure 5E).

DISCUSSION

The rules governing target recognition by HECT type E3 ubiqui-
tin ligases are open questions, and the work to date reflects
a more complex scenario than originally expected. Some family
members recognize PY motifs using a single WW domain, as is
the case of ltch binding to the Epstein Barr virus protein
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LMP2A (Morales et al., 2007) and Nedd4 binding to the voltage
gated sodium channel (Kanelis et al., 2001) and to Commissure-
less (Kanelis et al., 2006). In other cases, such as the binding of
Smurf1 and Nedd4L to R-Smads, the proteins use a pair of WW
domains to expand the binding interface with a composite biding
site that includes pSer/pThr-Pro elements in addition to a canon-
ical PY motif, a combination that allows regulation of the interac-
tion by input-driven protein kinases (Alarcén et al., 2009; Aragon
et al., 2011; Gao et al., 2009).

The data here presented show a further versatility of WW
domains depending on the target protein in that a given HECT
E3 ubiquitin ligase can use WW domains singly (this work) or in
a combinatorial manner (Alarcon et al., 2009; Aragén et al.,
2011; Gao et al., 2009), depending on the target. In the case of
Nedd4L, the interaction with Smad7 involves a single WW
domain (WW2 preferentially). The high affinity of the Nedd4L
WW?2 domain for the Smad7 PY region is based on aggregate
contacts with a canonical PY motif, a C-terminal extension of
this motif that aligns on the first strand of the WW2 domain,
and an electrostatic balance between a glutamic and an aspartic
acids (E205 and D217) in Smad7 and two positively charged resi-
dues located in loop 1 of the WW2 domain. In Smad2/3 a phos-
phothreonine N-terminal to the PY motif (pT179) makes a critical
contribution in the binding to a Nedd4L WW domain (Gao et al.,
2009). In the case of Smad7 a corresponding serine residue
(S206) does not need to be phosphorylated for high affinity
binding to Nedd4L; instead, an acidic residue, E205, plays the
part of pT179 in Smad3. Furthermore, Nedd4L binding to
Smad2/3 involves a second WW domain, WW3, for contacts
with a separate, diphosphorylated region downstream of the
PY motif (Aragdn et al., 2011). Thus Nedd4L binds Smad7 using
a single unregulated WW domain interaction even though it binds
Smad2/3 using two WW domains that require multiple phos-
phorylations of the target region by different protein kinases.

Similar principles govern the interactions of Smurfl and
Smurf2 ubiquitin ligases with Smad7. Binding involves a unique
WW domain, whereas Smurf1 binds Smadi1 using two WW
domains to recognize a PY motif and a phosphorylated motif in
the linker region. We observed neither the contacts between
the two WW domains nor the contacts between the first WW
domain and Smad7 that were described in a recent report
(Chong et al., 2010). We observed instead that the Smurf1 and
Smurf2 WW-WW pairs have a high tendency to form homo-
dimers via the WW1 domain in case of Smurfl and via the
WW?2 domain in Smurf2 (Figure 4A). The presence of Smad7
peptide did not prevent these dimerizations since the WW-WW
domain pairs bind the Smad7 peptide mainly through contacts
with the WW2 domain of Smurf1 and with the WW3 domain of
Smurf2. It has recently been reported that full-length Smurf1
forms homodimers and oligomers in vitro and in vivo through
intermolecular contacts mapped to a fragment containing the
C2 and the WW domains of one molecule and the HECT domain
of the partner (Wan et al., 2011). Furthermore, intramolecular
contacts between the C2 domain and the HECT domain of
Smurf2 have also been characterized (Wiesner et al., 2007). In
both Smurf1/2 ligases the close conformation inhibits the mech-
anism of protein self-ubiquitination (Wan et al., 2011). It is
possible that in addition to these reported interactions between
the C2 and HECT domains, the inter WW-WW contacts detected
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in our work could also contribute to the formation of the dimers
and oligomers in vivo, and to the stabilization of the close confor-
mation of Smurf1 and 2. In the presence of two Smad7 equiva-
lents, a reverse reaction may occur with the MH1 and PY sites
of the Smad7 protein competing for the Smurf1 HECT and the
WW?2 domains, respectively, pulling apart the WW1-WW1 dimer.
The result of this reaction would be the generation of two acti-
vated Smurf1-Smad7 complexes, starting from the close and
inactive full-length dimer. A similar mechanism may occur with
the Smurf1 and Smad1 interaction. These possibilities notwith-
standing, the WW-WW homodimers here detected could have
resulted from the use of recombinant protein fragments.

Our work also shows that YAP requires only the WW1 domain
for binding to the Smad7 PY region. Notably, in the interaction
with Smad1, YAP uses its WW1 domain for binding a phospho-
serine motif, and instead uses the WW2 domain for binding the
Smad1 PY motif (Aragdn et al., 2011). By solving the structures
of both YAP WW1 and WW2 complexes with Smad7 we dis-
cerned the reasons for these differences with respect to the
interaction with Smad1. The WW2 domain contains negatively
charged residues in the area where the E205 side chain is nor-
mally accommodated, destabilizing the interaction. The affinity
of the YAP WW1-WW2 pair for the composed pSP-PY site of
Smad1 is 8x higher than that of the WW1 domain for the PY
site of Smad7. However, the concentration of Smad7 in the
nucleus is high and it could compete in vivo with Smadi for
YAP binding, providing a scenario for the inhibitory role of
Smad7.

We propose that WW-WW pairs in these Smad regulators form
functional units that evolved to recognize PY containing regions
of variable length and complexity, including composite PY/phos-
pho-Ser/Thr motifs in R-Smads and simple PY motifs in Smad7.
These features expand the functional versatility of E3 ubiquitin
ligases by optimizing the interacting surface depending on the
needs. With Smad7, Nedd4L and Smurf1/2 act as partners in tar-
geting TGF- receptors for ubiquitination. Smad7 may also act
as a constitutive YAP sequestration or reservoir protein. In con-
trast, R-Smads are direct targets of the ubiquitin ligases and
functional partners of YAP only in specific stages of the Smad
signaling cycle (Aragon et al., 2011). The absence of a require-
ment for phosphorylation in the interaction with Smad7 argues
that YAP, Nedd4L and Smurf1/2 are constitutive partners of
Smad7 whereas they are conditional, phosphorylation depen-
dent regulators of R-Smads in TGF-$ and BMP signal transduc-
tion. The features of Smad7 defined here provide a structural
basis for its central role as a hub for negative feedback and
crosstalk regulation in TGF-B signaling.

EXPERIMENTAL PROCEDURES

Cloning

The four independent hNedd4L WW domains, the three Nedd4L WW domain
pairs were prepared as described previously (Aragén et al., 2011; Chong et al.,
2010). Point mutations were introduced using the QuickChange site directed
mutagenesis Kit (Stratagene) with the appropriate complementary mutagenic
primers. All wild-type and variants were confirmed by DNA sequencing.

Protein Expression and Purification
Unlabeled, "®N-labeled, '3C, "®N and 2H, '3C, '®N-labeled proteins were ex-
pressed in Escherichia coli BL21 (DE3), in LB or in minimal medium (M9),
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prepared either in H,O or in D,O (99.89%, CortecNet) enriched with 'NH,CI
and/or D-["°C] glucose as sole sources of carbon and nitrogen, respectively
(Marley et al., 2001). Proteins were purified as described (Aragon et al.,
2011). For the NMR experiments with Smurf1/2 WW domains we have mini-
mized the aggregation tendency by concentrating the proteins (single WW2
or the WW1-WW?2 pair and WW3 or WW2-WW3 for Smurf1 and 2, respectively)
in the presence of the ligand.

Transfection, Immunoprecipitation, and Immunoblotting

Transfection of the indicated plasmids was performed as described previously
(Gao et al., 2009) HEK293T cells were incubated as indicated with TGF-$1 (100
pM; R&D Systems). Immunoprecipitation and western immunoblotting were
done as described (Sapkota et al., 2007).

Smad7 Peptide Synthesis and Purification

The peptide (Ac-ELESPPPPYSRYPMD-NH, (203-217) was synthesized using
Fmoc-solid phase peptide synthesis with a rink amide resin (Merck Chemi-
cals), in a CEM Liberty1 microwave synthesizer (0.1 mmol scale). The acety-
lated peptide was purified by RP-HPLC using a SunFire C18 Sephasil prepar-
ative column (Waters) with an AKTApurifier10 (GE Healthcare Life Sciences),
using a linear gradient of 10%-40% acetonitrile and 0.05% TFA and an elution
time of 20 min. The peptide was analyzed by MALDI-TOF mass spectrometry
and 2D homonuclear NMR spectroscopy.

NMR Assignment

NMR data were acquired at 285 K/298 K on a Bruker Avance Ill 600-MHz
spectrometer equipped with a z-pulse field gradient unit. Backbone 'H, '°N,
and "3C resonance assignments were obtained by analyzing 3D CBCA(CO)
NH and HNCBCA experiments. Side-chain resonance assignments were ob-
tained by analyzing HCCC(CO)NH, '®N-TOCSY, HCCH-TOCSY and '°N-,
13C NOESY spectra (Sattler et al., 1999). Inter- and intra molecular proton
distance restraints were obtained from peaks assigned in 2D-NOESY experi-
ments. All spectra were processed with NMRPipe/NMRDraw software (Dela-
glio et al., 1995) and were analyzed with CARA (Bartels et al., 1995). Spectra
used for the calculation were integrated using the batch integration method
of the XEASY package.

NMR Titration Experiments

N-HSQC spectra were acquired using 300 uM '®N-labeled protein samples
to which the unlabeled peptide was added stepwise until saturation was
achieved.

Structure Determination and Refinement

Structures were calculated with CNS 1.1 (Briinger et al., 1998), using only
unambiguously assigned restraints derived from NOESY experiments,
coupling constants 3J(HN, H* from HNHA spectra) and hydrogen bonds
measured from D,O exchange experiments. The protocol for the calculation
consists of two iterations of 1 and 200 structures, respectively, using
100,000 cooling steps. All calculated structures were water refined and ranked
based on minimum values of energy and violations. The water refinement
protocol is a modification of the original protocol provided with Aria (Nilges
et al.,, 1997), which uses all experimental restraints during the refinement
process. Analysis of the quality of the lowest energy structures was performed
using PROCHECK-NMR (Laskowski et al., 1996) and the statistics are shown
in Table 1. Images were generated with PyMOL (DelLano, 2002).

Isothermal Titration Calorimetry

ITC experiments were performed using a low volume nano ITC calorimeter
(TA instruments) and five different temperatures 5, 15, 20, 25, and 30°C.
Details of the experiments are given in the Supplemental Experimental
Procedures.

lon Mobility-Mass Spectrometry

Traveling wave ion mobility mass spectrometry experiments were performed
on a Synapt G1 HDMS mass spectrometer (Waters, Manchester, UK). Exper-
imental details are given in the Supplemental Experimental Procedures.

ACCESSION NUMBERS

For the five complexes, the corresponding Protein Data Bank and
BioMagResBank codes are, respectively, 2Itv/18498 (YAPWW1_S7),
21tw/18499 (YAPWW2_S7), 2Itx/18500 (SmurfiIWW2_S7), 2Ity/18501
(Nedd4LWW2_S7), and 2Itz/18502 (Smurf2WW3_S7). Protein short names
are given as in Table 1.
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9. Resumen en castellano:

9.1 Introduccién general
El destino final de las células no estad abandonado al libre albedrio sino que
esta controlado por una multitud de senales reguladoras que necesitan
funcionar a la perfeccion para no acarrear consecuencias devastadoras para
los organismos vivos. Uno de los responsables clave en esta red de senales lo
forman la familia de citoquinas llamadas TGF-B. Estas hormonas
desencadenan una inmensa cantidad de respuestas gracias al control que
ejercen sobre la familia de factores de transcripcion Smad (SMA Mad ) y sobre
una multitud de proteinas que interaccionan con ellas. De forma simplificada,
el modo de actuacion de la cascada TGF-f3 consiste en enviar a los factores de
transcripcion Smads desde el citoplasma al nudcleo, donde participan en
numerosos procesos, algunos de los cuales incluyen el mantenimiento y
control de la pluripotencia de las células madre, su diferenciacion, el
desarrollo embrionario, la regeneracion de tejidos, y la homeostasis del tejido

diferenciado (Massagué, 1998 ).

Segun su funcion, las proteinas Smad se clasifican en Smads regulados por el
receptor (R-Smads), que incluyen Smads 1, 5 y 8 en la versioén regulada por
BMP, y Smads 2 y 3 en las vias reguladas por TGF-$ / nodal / y activina
respectivamente. Los R-Smads forman complejos con el co-activador Smad
(Co-Smad 6 Smad4). La familia Smad también contiene los dos Smads
inhibidores (I-Smads), Smad6 y Smady, que proporcionan la regulacion
negativa necesaria para el autocontrol de estas vias tan poderosas y ubicuas en

casi todos los tipos de células.
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Todas las proteinas Smad son modulares (Shi y Massagué, 2003). Los R-
Smads y el Co-Smad contienen dos dominios Mad denominados MH1 y MH2
y conectados por una secuencia que funciona de sitio de unioén para otras
proteinas, las cuales modulan la funcién que se necesite realizar. Esta
secuencia contiene un cluster conservado de sitios de fosforilacion adyacentes
a un motivo rico en prolinas y que denominamos PY. Los dominios MH1 de R-
Smads y Smad4 unen ADN, mientras que el dominio MH2 y la secuencia
conectora entre los dos dominios funcionan de sitios de interaccion con
receptores, proteinas reguladoras, y cofactores. Gracias a la interaccién con
las otras proteinas que se unen, existe un control sobre el resultado final de la
senal que se necesita transmitir (Shi y Massagué, 2003). En comparacion con
los R-Smads y Co-Smads, los I-Smads tienen baja similitud de secuencia en el
dominio MH1 pero conservan en comun con los R-Smads un dominio MH2 y
el conector que contiene el motivo PY de union a otras proteinas. La presencia
de las regiones comunes facilita la competicién de R-Smads y I-Smads por el
receptor y también hacia los ligandos facilitando asi el papel inhibidor de los
I-Smads (Figura 1). Los I-Smads se expresan ademas en respuesta a las
senales de TGF-3 o BMP, para proporcionar la retroalimentacién negativa de
la via de forma natural (Bai y Cao, 2002;. Hata et al, 1998; He et al, 2002;.
Kavsak et al, 2000;. Nakao et al, 1997;. Yan y Chen, 2011) y en respuesta a
otras vias como STAT que se oponen a la senalizacion de TGF-3 (Ulloa et al,
1999). De los dos Smads inhibidores, Smad6 interfiere con la formacién de
complejos de Smadi con Smad4 (Hata et al, 1998.) mientras que Smad?y
interfiere con la formacion de los complejos entre los R-Smads-Smad4 e
inhibe ademas la transferencia de la sefial de activaciéon de los receptores de
TGF- y de BMP (Hayashi et al, 1997;. Topper y col ., 1998). La composicion

modular de las proteinas Smad se muestra en la Figura 1.
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hSmad7

hSmad1

hSmad3

Figura 1: Proteinas Smad y los sitios de fosforilacion e interacciéon en su zona
central. La secuencia presente en MH1 Smad7 se muestra en cursiva so6lo para

remarcar su alto grado de divergencia.

Varias fosforilaciones clave impulsan el proceso de la senalizacién mediante
las proteinas Smads. El mecanismo comienza con la interacciéon de las
citoquinas BMP y TGF-p con sus respectivos receptores que se activan
fosforilando primero al receptor y después a los Smads en el extremo C-
terminal. El extremo C-terminal fosforilado proporciona un sitio de unién
para Smad4, que es un componente esencial en la formacion especifica de los
complejos transcripcionales. Estas fosforilaciones estan contrarestadas por la
actuacion de fosfatasas que limitan la cantidad disponible de moléculas Smad
activadas (Inman et al, 2002;. Lin et al, 2006;. Schmierer et al, 2008;.. Xu et

al, 2002).

Las proteinas activadas Smads -que se asocian con Smad4 y se unen ademas a
sus genes diana- sufren una segunda serie de fosforilaciones, estas catalizadas
por las quinasas CDK8 y CDKg dependientes de ciclinas (Alarcon et al, 2009;
Gao et al, 2009) y después por la quinasa glucdégeno sintasa-3 (GSK3)
(Alarcon et al, 2009; Fuentealba et al, 2007; Sapkota et al, 2007). Las CDK 8 y

9 son parte de del sistema mediador transcripcional y forman complejos de
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elongacion, respectivamente (Durand et al, 2005; Komarnitsky et al, 2000;
Malik & Roeder, 2000). GSK3 es una quinasa dependiente de PI3K y
regulada-Wnt (Cohen & Marco, 2001, Wu & Pan). La fosforilacion de los R-
Smads mediante las quinasas CDK8/9 sirve como nucleacién para la siguiente
ronda de fosforilacibn mediante la quinasa GSK3. Todos estos sitios de
fosforilaciéon se agrupan en una region de union entre dominios MH1y MH2 y
asi permiten la activacion maxima de Smads ademas de sefialar también las
proteinas para su poli-ubiquitinacion y degradacion mediada por el
proteasoma (Alarcon et al, 2009; Gao et al, 2009). En un contexto celular
diferente, esta region de los Smads es fosforilada por quinasas MAP y CDKs
activadas durante la division celular en respuesta a mitégenos y stress con el
objetivo de limitar el alcance de la sefalizacion mediante TGF-f y BMP

(Kretzschmar et al, 1997;. Kretzschmar et al, 1999;. Matsuura et al ., 2009).

Se sabe por la bibliografia y por nuestros propios resultados que al menos
cuatro proteinas unen especificamente a la region conectora de los R-Smads
activados. Entre estas proteinas estan la ubiquitina ligasa Smurf1 (Sapkota et
al., 2007) y YAP, el efector transcripcional de la via Hippo, que unen
especificamente a los Smadi / 5 (Alarcén et al., 2009), mientras que la
ubiquitin ligasa NEDD4L (Gao et al. , 2009) y la peptidil-prolyl cis / trans
isomerasa Pin1 (Matsuura et al.,, 2009) unen a los Smad2 / 3. YAP coopera
con Smad1 para activar genes que suprimen la diferenciacion neural en células
troncales embrionarias de raton en respuesta a las seniales BMP (Alarcon et
al., 2009). Pin1 coopera con Smad2 / 3 para estimular la migracion de células
cancerosas en respuesta a TGF-f (Matsuura et al., 2009). Por otro lado,
Smurf1 y NEDD4L unen a sus targets respectivos con el objeto de marcarlos

para su degradacion, (Figura 2).
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WW domains

hNedd4L

hSmurf1

hSmurf2

hYAP

Figura 2: Composicion modular de proteinas de uniéon a Smad

Un analisis detallado de estas proteinas de uni6on a Smads revela que tienen en
comun la presencia de dominios WW, un en Pin1, dos en Smurf1 y YAP, y
cuatro en NEDD4L. Los dominios WW son unidades estructurales y
funcionales de unos 38-40 aminoacidos, que se caracterizan por la presencia
de dos triptofanos conservados en su secuencia y por adoptar una estructura
de triple hebra antiparalela. Estos dominios unen tipicamente secuencias ricas
en prolina (PPxY por ejemplo, o " PY") o en el caso del dominio presente en
Pin1, secuencias que incluyen residuos fosforilados en Ser o Thr, seguidos de
prolina (pS-/pT-P) (Macias et al., 2002). Las proteinas R-Smad contienen un
motivo PY situado cerca de los sitios de fosforilacion en CDK/GSK3 en la
region que conecta los dominios MH1 y MH2. La uniéon de dominios WW y
motivos PY han sido ampliamente descritas en la literatura (Macias et al
2002, (Macias et al, 1996; Pires et al, 2001; Toepert et al, 2001) lo que sugiere
que el sitio PY en Smads y los dominios WW presentes en YAP, Pin1 y en las
ligasas de ubiquitina pueden ser responsable de las interacciones. Estas lineas
de evidencia presentan un escenario en el que las diferentes quinasas
fosforilan las Smads en el niicleo para asi crear sitios de unién para que
cofactores transcripcionales y ligasas de ubiquitina compitan por lograr unir a
los Smads. El resultado de estas interacciones gobernara la funcion final de los
Smads, resultando clave para la transduccidn eficaz de las senales iniciada por

las hormonas BMP y TGF-f. Sin embargo, la convergencia de la activacion y
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degradacion en un conjunto agrupado de modificaciones en los Smads plantea
interrogantes acerca de cémo consiguen los Smads actuar antes de ser

degradados.

La necesidad de reconocer el motivo de pSP de Smad1 que precede al sitio PY
por Smurf1 y YAP1 plantea otra cuestién: como una secuencia tan larga de
Smad1 puede ser reconocida por un unico dominio WW?. Una hipotesis
atractiva que podria responder a esta cuestion es que en vez de usar un dnico
dominio WW, en este caso funcionen de forma sincronizada el par de
dominios WW presentes en cada Smurfi y YAP1. Una forma seria
participando en la interaccion utilizando quizas uno para reconocer el sitio PY
y actuando el otro dominio para reconocer el sitio de uniéon a pSP. Aunque tal
disposicion donde ambos dominios unan a una diana de una manera
sincronizada podria explicar los datos experimentales, tal disposicién nunca

ha sido observada con anterioridad.

Por otro lado, hasta ahora so6lo el dominio Pin1WW ha sido descrito como el
unico dominio WW capaz de reconocer secuencias fosforiladas (con Ser / Thr
fosforiladas) seguidas de prolina (Verdecia et al 2000). La comparacion de las
secuencias del dominio Pin1 y los dominios de YAP y Smurf1 indica que los
residuos de Pin1WW descritos como responsables del reconocimiento de los
fosfatos no estan presentes en ninguna de las secuencias de los dominios WW
de YAP, y Smurf1i. Por lo tanto, desde este punto de vista, parece que otros
dominios WW diferentes de Pin1 han encontrado nuevas soluciones para el
reconocimiento de los residuos fosforilados, probablemente una caracteristica
critica para su especificidad in vivo. Para terminar de definir la complejidad
de este escenario nuestros colaboradores han encontrado que aunque las
ubiquitin ligasas Smurf1 / 2 y NEDD4L pertenecen todas a la misma familia
de HECT E3 ubiquitin ligasas y ademéas unen R-Smads, su funcionalidad no es

indiscriminada. Mientras que Smurfi/2 se han especializado en Smadi1 y
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Smads, NEDD4L une a Smad2/3 tanto in vitro como in vivo (Gao S et al
2009), observaciéon que plantea la pregunta de como se consigue esta

especificidad.

Ademaés de las cuestiones de como YAP, Pin1 y las ubiquitin ligasas del tipo E3
HECT leen este codigo escrito en los R-Smads fosforilados en la region
central, recientes trabajos publicados en la literatura han puesto de manifiesto
que el inhibidor Smad7 es un eje central de la regulacion negativa de los
receptores activados TGF-f y BMP y que lo consigue en parte mediante la
interacciéon con algunas proteinas comunes con los R-Smads (Yan & Chen,
2011). De hecho se conoce que Smad7 recluta las ubiquitin ligasas NEDD4L,
Smurf1t y Smurf2 y las traslada a las inmediaciones de los receptores para
iniciar el proceso de polyubiquitination del receptor y asi comenzar el proceso
de endocitosis degradativa (Ebisawa et al, 2001;. Kavsak et al, 2000;..
Kuratomi et al, 2005). Smad7 también se une a YAP (Ferrigno et al., 2002), lo
que proporciona un mecanismo para la retencion de este mediador y asi
regular la sefializacion de BMP (Alarcon et al., 2009). Como con Smad1 / 2y
3, todas estas interacciones implican la region de Smady que contiene un

motivo PY y la region con dominios WW de NEDD4L, Smurf1 / 2, y YAP.

Impulsados por estas observaciones nos propusimos caracterizar como las
interacciones entre las proteinas Smad y sus ligandos ocurren y sobre todo
cémo estos dominios WW tan similares en secuencia pueden discernir entre
los diferentes Smads y optar por unas u otras en un momento dado de la vida
de la célula. Para lograr estos ambiciosos objetivos, el laboratorio en el que he
hecho este trabajo establecié una colaboracion muy fructifera con el del Dr.

Joan Massagué'. En nuestro laboratorio caraterizamos las interacciones entre

"A collaboration with the group of Dr. J. Massagué, Cancer Biology and Genetics

Program, Memorial Sloan-Kettering Cancer Center, New York, NY 10021, USA.
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los pares de dominios WW presentes en YAP y en Smurf1 y varios péptidos de
Smadi, y también entre los dominios WW de Pin1 y NEDD4L con Smads, a
nivel atbmico mientras que nuestros colaboradores se centraron en descubrir

la escenarios biol6gicos donde estas interacciones ocurren.

9.2 Objetivos de la presente Tesis

Objetivo 1. En el curso de su actuaciéon en el nucleo, las proteinas Smad
sufren procesos de fosforilacion que a la vez que les permiten alcanzar el
maximo de la actividad transcripcional, los sefialan para su destrucciéon. Estas
observaciones presentan a la vez una paradoja, y una oportunidad para
controlar el proceso de transmision de senales pues pudiese existir un
mecanismo que garantice la secuencia ordenada de los acontecimientos en
este proceso de modo que primero se garantice la posibilidad de favorecer la
accion y después ocurra la destruccion de los Smads. Motivados por estas
hipotesis y utilizando el potencial de un enfoque funcional y estructural
combinado, nos propusimos en este objetivo 1 caracterizar el papel de los
sitios de fosforilacion del Smadi en la interaccion con YAP y Smurfi y
describir con detalle estructural como las proteinas que contienen dominios
WW semejantes pueden discernir entre las secuencias objetivo y elegir una

en particular.

Objetivo 2. Smad?7 es un inhibidor que actiia como un regulador negativo de
la senalizacion por (TGF-[3). La expresion de Smady est4 inducida por TGF-[3,
a través de la cascada de los R-Smads. Smad?7 interactia con el receptor TGF-
B de tipo I (TPR-I), e interfiere con la interacciéon de los R-Smads inhibiendo
su fosforilacion. I-Smads ademéas compite con los R-Smads porque contiene
un motivo rico en prolinas similar al de Smad 1 2 y Smad 3. Con anterioridad a

este trabajo ya se habia descrito que las ubiquitin ligasas Smurfi y Smurf2
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participan en la degradacion de Smad 7 y también en la degradacion del
receptor de TGF-f. Con el fin de definir las bases estructurales que definen las
interacciones hemos planteado en este objetivo 2 identificar los dominios
WW de YAP, Smurft y Smurf2, que participan en el reconocimiento de
Smady, caracterizarlos estructuralmente y comparar las estructuras con las
zonas que interaccionan con Smadi resueltas en el objetivo 1 y asi describir
la base estructural que gobierna el control de la competencia entre la

activacion, la inhibicion y la degradacién de los diferentes Smads.

Representacion resumen del proceso de transmision de senales

desde el receptor al ntacleo:

R-Smad activation

E3-ligases: o ™

\ Rece, in
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A. Tras la unién de la hormona TGF-B en el receptor, este forma un
heterodimero y se activa. La activacidon es un mecanismo de dos etapas que

comienza con la activacion del receptor T II, que es una quinasa que fosforila
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a su vez el receptor 1. Entonces, los R-Smads se acercan a la proximidad de la
membrana y se fosforilan en dos Serinas conservadas en todos los R-Smads en
su extremo C-terminal. La presencia de ambos fosfatos crea un sitio de uniéon
para el Smady4. El resultado de este proceso es la formacién de un complejo

heterotrimérico que esta listo para entrar en el ntcleo.

B. Una vez en el nucleo, el complejo es fosforilado de nuevo esta vez en el la
secuencia que conecta los dominios MH de los R-Smads. Después de la
fosforilacion este hetero-trimero esta listo para unirse a cofactores (como YAP
/ TAZ) aumentando la especificidad de los Smads por las regiones diana en el
ADN y asi empezar a transcribir los genes especificos. Entre estos genes esté el

de Smad7, uno de los inhibidores de la cascada de senalizacion.

C. Smad7 regula la senalizacién por TGF-f3 a través de varios procesos. Entre
ellos esté el de ocupar el sitio de unién R-Smad en el receptor, lo que impide la

activacion de R-Smads y su transferencia al ntcleo.

D. Después de haber participado en transcripcion, los Smads sufren una

segunda ronda de fosforilaciones que los marcan para degradacion.

E. Smad7y también puede interactuar con Smad4 y asi secuestrar esta proteina
en el citoplasma. Smad7y también puede interactuar con YAP / TAZ y reducir
la cantidad disponible de estas proteinas, lo que afecta a la formacion de los
diferentes complejos con los factores de transcripcion y reduce la eficacia de

los Smads como factores de transcripcion.
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9.3 Resultados

Los resultados de este trabajo se han publicado en dos articulos. En el
manuscrito de la Tesis se incluyen copias de cada uno de los manuscritos
publicados. Todas las estructuras determinadas asi como las asignaciones de
resonancia estan depositadas en las bases de datos ptblicas PDB y Bio Mag

Res.

Interaccion entre el linker de Smad1 y la ubiquitin ligasa humana

Smurfi1:

Para caracterizar los contactos entre el par de dominios WW1-WW2 (residuos
232-314) de la ubiquitin ligasa y el segmento del linker de Smad1 (208-233)
di-fosforilado en las posiciones S210 and S214 se utilizaron diferentes
muestras de proteina con marcajes especificos (sobreexpresadas en bacteria) y
varios péptidos preparados por sintesis. Los anilisis de los datos de
resonancia magnética nuclear revelaron que el primer dominio WW es el
responsable de la interaccion con los residuos fosforilados mientras que el
segundo dominio WW reconoce el extremo C-terminal del linker de Smadi,

que contiene un motivo PY caracteristico de reconocimiento de dominios WW.

En la figura que corresponde al complejo, la proteina se ha representado como
una superficie semitransparente y los elementos de estructura secundaria se
han resaltado para que se vean a su través. El péptido se ha representado con
todos los aminoacidos en gris. Debajo del complejo global se representa con
detalle las interacciones entre el dominio WW1 (figura de la izquierda) y del
WW2 (a la derecha). En esta representacion se destacan los elementos de
estructura secundaria de los dos dominios (en azul y verde respectivamente)
mientras que los fragmentos del péptido reconocido por cada uno de ellos se

han representado el rosa palo. Los diferentes aminoacidos que participan en
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las interacciones estan representados con cadenas laterales y etiquetados con

el nimero que corresponde a la secuencia de proteina.

. o
Smurf1t WW1-WW2 Smad1 pS210 pS214 [PY] box

N ——> C s . Y227

En nuestros estudios por calorimetria encontramos que Smurfi puede

reconocer también a Smad1 cuando esta inicamente fosforilado en la posicion
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Ser214, aunque la interaccion es de menor afinidad que para el motivo con
doble fosforilacion. Con el objeto de comprender las razones estructurales que
explican la menor afinidad detectadas en el fragmento monofosforilado se
determiné también la estructura con el fragmento de Smad1 que incluye una
unica fosforilacion. En este complejo (en la figura se destaca solo la parte que
reconoce el sitio de fosforilacion) se observa que el nimero de interacciones
entre el péptido y la proteina es menor que en el caso de la interaccion con la
misma secuencia y dos fosforilaciones. Esta disminucién de contactos explica
la reduccion en afinidad. En conclusion, la interaccion entre Smurfi y Smadi
requiere que los sitios de fosforilacion generados generados por las quinasas

CDK8/9 y GSK3 estén presentes.

WWwWi1

Omn@am
$210 pS214

Smad1 linker region

i

lCDKBIQ

1

lGSKS

:

Smurf1 WW segment
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Interaccion entre el linker de Smadi y la el cofactor de

transcripcion YAP:

Segin los datos bioquimicos y celulares obtenidos por nuestros colaboradores
y cuantificadas in vitro mediante calorimetria y resonancia magnética nuclear,
el coactivador YAP selecciona los sitios de fosforilacion generados por las
quinasas CDK8/9 en detrimento de las secuencias doblemente fosforiladas
preferidas por la ubiquitin ligasa Smurfi. Para entender las razones
conformacionales de estas preferencias investigamos la interaccién de Smad1
fosforilado en las posiciones 206 y 214 (generadas solo por CDK8/9) que
correspondia a la de mayor afinidad obtenida por calorimetria y la

construccion de YAP que incluyen el par de dominios WW1-Ww2.

La estructura del complejo revela que el primer dominio WW reconoce la
fosforilacion en la posicién 206 mientras que la fosforilaciéon en 214 induce la
presencia de un giro en el ligando, lo que favorece su interaccion con el linker
que conecta los dos dominios WWs. Finalmente, el segundo dominio WW es

el responsable de la interaccion con el motivo PY.

YAP WW1-WW2  Smad1 pS206 pS214 [PY] box

pS206

pS214
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La interaccion de YAP con el péptido de Smad1 doble fosforilado se muestra
con una representacion de superficie semitransparente para la proteina y de
enlaces para los aminoacidos del péptido. Para facilitar la identificacion de los
contactos se muestran en amarillo y verde los dominios WW1 y WW2
respectivamente, con los aminoacidos que participan en la interaccion

etiquetados.

O —
wwi T202 pS206 b [PY] box

También investigamos la interacciéon con el motivo triplemente fosforilado
pT202, pS206 y pS214, con el objeto de clarificar las razones por las que la
fosforilacion en la posicion T202 reducen la afinidad de la interacciéon. Tal y
como se destaca en la ampliacion de la estructura, se puede ver que la
presencia del tercer grupo fosfato reduce el nimero de contactos entre el
péptido y el primer dominio, justificando asi el papel desfavorable de esta

fosforilacion.
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En el esquema de la derecha representamos de forma simplificada la
preferencia de los dominios WW de YAP por la secuencia de Smadi1 cuando

contiene los sitios de fosforilacion de CDK8/9 y como al anadir GSK3 nuevas

fosforilaciones se dificulta la interaccion.

g T202 pS206 Smad1 linker region
O e e L

l CDK8/9

YAP WW segment
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Interaccion entre el linker de Smad7 y las ubiquitin ligasas Smurf1

y Smurf2 y YAP.

Nuestros resultados revelan que las interacciones de las ligasas Smurf1 y
Smurf2 con Smad7 implican a un tnico dominio WW (el WW2 y el WW3
respectivamente) y un unico sitio de union que es independiente de
fosforilaciéon, como se muestra en las figuras inferiores, donde se han
etiquetado los residuos criticos implicados en los contactos. Nuestro trabajo
también muestra que YAP requiere principalmente el dominio WW1 para la

union con la region de Smad7 que contiene el motivo PY.

R295E 48.6 + 6.4uM
C-term = :

C-term
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hSmurf2 WW3-Smad7 complex

C-term

'({ T182) Q186
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9.4 Discusion

Desde la identificacion de la familia de citoquinas TGF-f a finales del siglo
pasado, y tras mas de cincuenta mil publicaciones aun no se ha podido
descifrar en su totalidad el misterio de como y porqué las consecuencias de la
senalizacion mediante estas hormonas son tan impredecibles. En efecto, la
hormona TGF-3 aparentemente puede desencadenar,-con similar capacidad-,
una funciéon dada y la contraria (puede inhibir la proliferaciéon celular y
promover el crecimiento celular o aumentar la pluripotencia y la
diferenciacion celular, funciones descritas recientemente en (Massagué,
2012). Estas paradojas aparentes son causadas por el amplio espectro de
senales que se inician por la hormona TGF-3, y que son esenciales para el
correcto funcionamiento de los organismos multicelulares. Una de las redes
mejor estudiadas implican la familia de factores de transcripcion Smads, que
acttian como mediadores en la transmision de la senal creada por la
interaccion de la hormona TGF-3 con su receptor de membrana. Los Smads
interactiian directamente con la parte interna del receptor para su activacion,
con nucleoporinas y con importina-§ para la entrada y salida del ntcleo, asi
como con ADN de forma directa y con varios factores de transcripcion,
coactivadores de transcripcion o corepresores que ajustan la funcion de Smads
en cada contexto (descrito en (Massagué, 2012;. Massagué et al, 2005). Asi,
utilizando una aproximacién simple, las proteinas Smad pueden ser
interpretadas como un sistema conservado presente en todas las células, que
pueden ser facilmente adaptadas para formar complejos funcionales
versatiles. A su vez, cada uno de estos complejos especificos lleva a cabo
numerosas tareas que son requeridas por las células animales sanas y asi
desarrollar sus funciones vitales y de destruccion natural. Con el presente
trabajo, y gracias a la combinacion de los enfoques de biologia celular y

estructural hemos investigado algunos aspectos criticos de la red de
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sefializacion TGF-f3 con el objetivo de iluminar algunas de los caras ocultas de
la funcion de los Smads, especificamente el problema de como se regulan los
controles que permiten pasar de la activacion mediante Smads a su

degradacion y de como se regula la competencia entre R-Smads y I-Smads.

En la primera parte del trabajo se muestra que los pares de dominios WW
presentes en las proteinas de unién a los Smads resultan ser lectores
especializados del codigo escrito sobre la secuencia de los Smads. Este codigo
se consigue gracias a la modificacion de la proteina Smad mediante la
introduccién de una fosfoserina en la secuencia de Smad1 y que lo convierte
en sitio de interaccion con el coactivador YAP y asi logran obtener un maximo
de accion transcripcional. La presencia de un segundo sitio de fosforilacion
hace que los Smads se conviertan en el objetivo de las ubiquitin ligasas, y se
desencadena su posterior eliminaciéon tras participar en la transcripcion. El
codigo de este interruptor de accion-degradacion esta escrito por las quinasas
CDK8/9 y por GSK3, que acttian en la region de union de los R-Smads. En
nuestro modelo, CDK8/9 crean sitios de uniéon que son preferentemente
reconocidos por cofactores transcripcionales. Estas fosforilaciones activan los
Smads para su posterior fosforilacion por GSK3, lo que crea sitios para la
unidon de ubiquitin ligasa a expensas de los sitios de union al cofactor
transcripcional. Por lo tanto, GSK3 introduce una fosforilacion en la region
conectora de los Smads que los modifica desde favorecer la accién de los

Smads a favorecer su destruccion.

Para explicar estas observaciones, proponemos que la degradacién es un
precio que pagar cuando las moléculas R-Smad han participado activamente
en la transcripcion de genes. CDK8 y 9 son los componentes del complejo
mediador CDK8/CyclinC/Med12/Med13 transcripcional y del complejo
CDK9/CyclinT P-TEFB que regulan la actividad de la ARN polimerasa II

durante la transcripcion (Durand et al, 2005;. Komarnitsky et al, 2000;. Malik
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y Roeder, 2000). CDK8 / 9 tienen acceso a las moléculas de Smad en la
cromatina pero no para aquellas moléculas de Smads que no se quedan

enganchados en los complejos transcripcionales (Alarcon et al., 2009).

Nuestro trabajo proporciona una base estructural y funcional que explica la
participacién de los tindem de dominios WW en estas interacciones proteina-
proteina. Por un lado, los dominios WW de Smurft y YAP logran alta
especificidad global en el reconocimiento de la diana actuando en pares,
extendiéndose la superficie interactuante para reconocer no sélo el sitio
canodnico PY sino también los motivos adyacentes pS / pTP. Las interacciones
con los sitios de pSP fueron inesperadas sobre todo dede las predicciones
basadas en la conservacion de secuencia, ya que s6lo el dominio WW de Pin1
se ha descrito como un motivo pS / pTP de unién, y los residuos del dominio
WW de PIN1 implicados en la interaccion con el fosfato no estan

estrictamente conservados en los dominios WW de YAP o de Smurf1.

Por otra parte, puesto que la regiéon de union de R-Smads contiene un
conjunto de sitios de fosforilacion de CDK, y un conjunto de sitios GSK3
dependientes de CDK, los motivos claves de reconocimiento de serinas
fosforiladas pueden sintonizarse mediante fosforilacion para asi unirse de
manera Optima tanto a cofactores transcripcionales (mono-fosforilado) o
ligasas de ubiquitina (di-fosforilado). Los dominios WW2 tanto de Smurf1
como de YAP reconocen el motivo PY canbnico mientras que los WW1
respectivos de cada proteina reconocen el sitio fosforilado presente en Smadi.
Sin embargo, el dominio WW1 de YAP tiene preferencia por el sitio de mono-
fosforilado, mientras que el dominio WW1 atipico de Smurf1 prefiere el
motivo di-fosforilado. La capacidad de los dominios WW para reconocer el
motivo pS (-4) pS era desconocida hasta ahora, demostrando una vez mas la

gran adaptabilidad funcional de estos dominios de proteina.
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La interaccion de estas proteinas YAP y Smurfi con Smads se determina no
s6lo por la especificidad de union de los distintos dominios WW, sino también
por la configuracion de los dos sitios de uniéon en los Smads. Por ejemplo,
Smurf1 no se puede unir a Smad3 porque la posiciéon N-terminal de la pT
motivo [PY] relativa a la agrupacion pSer en Smad3 es opuesta a la
orientacion requerida por los dominios WW1y WW2 de Smurfi. Los presentes
hallazgos amplian la versatilidad estructural y funcional de los dominios WW
como modulos de interaccion proteina-proteina y sugieren que aun reservan
muchas sorpresas por descubrir, sin duda mas de las que se propusieron

inicialmente (Macias et al., 2002).

El reconocimiento de los distintos codigos de fosforilacion en los Smads por
diferentes proteinas con dominios WW ofrecen amplias oportunidades para la
regulacion de la funcion. Como un adaptador que se une al conector WW1-
WW2 de Smurfi (Lu et al., 2008), CKIP1 puede inducir una orientacion
optima de estos dominios WW para facilitar el contacto con Smadi. Es de
sefialar que existe también una isoforma de Smurfi que contiene una
insercion en la regién que conecta los dos dominios WW1 y WW2 para la que
quizas se haya optimizado otra forma de reconocimiento con Smadi, que igual
requira la presencia de otro adaptador (Schultz et al., 2000). De forma
similar, en células de mamiferos y en drosophila, YAP realza algunas
respuestas BMP, pero no en otras (Alarcon et al., 2009). Analogamente, Pin1
mejora los efectos de ciertas seniales de TGF-p en la migracion de células de
mamifero, pero otras no (Matsuura et al., 2009). Nada nos hace pues evitar
pensar que exista un repertorio mas amplio de lectores de la secuencia de los

R- Smad con variaciones de c6digos que actualmente se desconocen.

El mecanismo de control de accion-degradacion delineado aqui implica una
notable concentracion de las funciones de unién a proteinas en una regiéon

determinada de las proteinas Smad (Figura 9). Sin embargo la existencia de
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mecanismos on-off regulados por fosforilacion no es exclusivo de los Smads
pues también ocurre en la region reguladora GS de tipo I de TGF- quinasa
del receptor (Huse et al., 2001). La via de niicleo TGF-/Smad se caracteriza,

pues, por el uso econémico que hace de los elementos estructurales clave.

En la segunda parte del trabajo presentado en esta tesis, se ha investigado la
interaccion del coactivador YAP y de dos ubiquitin ligasas con Smad7, el
inhibidor de las cascadas de senales iniciadas por TGF-3 y BMP. El interés de
esta parte del trabajo residia en intentar recabar informaciéon sobre los
factores que determinan que las mismas ubiquitin ligasas reconozcan tanto a
los R-Smads como a los I-Smads. De hecho, las reglas que rigen el
reconocimiento especifico de las proteinas diana por parte de las E3 ubiquitin
ligasas tipo HECT atn permanecen en la actualidad como una de las grandes
incognitas de su mecanismo de actuacion. Lo tnico cierto hasta la fecha es que
los resultados experimentales disponibles reflejan un escenario mas complejo
de lo que se esperaba originalmente. Algunos miembros de la familia de estas
ligasas reconocen motivos PY usando para ello un tnico dominio WW.
Ejemplos de este caso son el reconocimiento de la proteina del virus de
Epstein Barr LMP2A por parte de la ubiquitin ligasa Itch (Morales et al.,
2007) y de la unién por parte de Nedd4 al canal de sodio (Kanelis et al., 2001 )
y a Commissureless (Kanelis et al., 2006). En otros casos, tales como la uni6on
de Smurfi a los R-Smads, las ligasas utilizan un par de dominios WW
consecutivos para expandir la interfaz de union con un sitio de unién
compuesto que incluye sitios pSer /pThr-Pro ademas del motivo canénico PY,
una combinacion que permite la regulaciéon y optimizacion de la interaccion
de las ligasas con sus dianas gracias a la actuacion de quinasas especificas que
trabajan de forma coordinada (Alarcon et al, 2009; Aragbn et al, 2011; Gao et

al, 2009).
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Los estudios presentados en este trabajo demuestran que los dominios WW
poseen una mayor versatilidad funcional de la que se predecia hace algunos
anos (Macias et al 2002). Parece que al menos algunos de ellos se adaptan a la
proteina diana a la que las ligasas tienen que reconocer, siendo capaces de
especializarse para funcionar bien de forma independiente (este capitulo) o de
una manera concertada (Alarcon et al, 2009; primer capitulo y en Aragon et
al, 2011.; Gao et al, 2009), dependiendo de la necesidad particular. Por
ejemplo, las interacciones de las ligasas Smurfi y Smurf2 con Smad7 implican
a un unico dominio WW y un tnico sitio de unién, mientras que Smurf1 une a
Smad1 utilizando dos dominios WW y dos sitios de unién. En nuestros
estudios realizados con Smurf2 y Smad7 no observamos sin embargo ni los
contactos descritos entre los dos dominios WW ni los contactos entre el
primer dominio WW y Smad?7 que se describe en un trabajo reciente (Chong et
al., 2011). Hemos observado ademas que los dominios WW1y WW2 de Smurf1
y Smurf2 respectivamente tienen una alta tendencia a formar homo-dimeros a
través del dominio WW1 en caso de Smurf1 y a través del dominio WW2 en el
de Smurf2. Estos homodimeros se han detectado tanto por NMR, como por
ITC y mediante la técnica de Ion mobility aplicada a espectrometria de masas.
La presencia del péptido de Smad7 usado aqui no impidi6 la formacion de los
dimeros, interaccionando principalmente a través de contactos con el dominio
de WW2 Smurf1 y con el dominio WW3 de Smurf2, en cuyas interacciones
centramos el trabajo estructural. Recientemente se han publicado por otros
autores que la proteina entera Smurfi forma homo-dimeros y oligbmeros in
vitro e in vivo a través de contactos inter-moleculares en los que se implican el
dominio C2 y el dominio WW de una molécula y al dominio HECT de la pareja
(Wan et al., 2011). Ademas, previamente también se habian caracterizado
contactos intra-moleculares entre el dominio C2 y el dominio HECT de
Smurf2 (Wiesner et al., 2007). En ambas ligasas Smurfi/2 la conformacion

cerrada inhibe el mecanismo de auto- ubiquitinacién de la proteina, que
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siempre se observa en todos los experimentos en los que se emplean las
proteinas enteras (Wan et al.,, 2011). Es posible que, ademas de estas
interacciones descritas entre los dominios C2 y HECT existan también, los
contactos que hemos observado entre los dominios WW WW detectados en
nuestro trabajo y contribuyan a la formaciéon de los dimeros y oligbmeros en

Vivo, y a la estabilizacion de las conformaciones cerradas de Smurfi y 2.

Quizas un posible mecanismo de interaccion incluya un proceso de apertura
tanto de Smad7 como de las proteinas Smurfi/2. Por ejemplo, en presencia de
dos equivalentes de Smad7, podria producirse una reaccion de apertura de los
contactos entre los sitios MH1 y PY de la proteina Smad7 compitiendo el
dominio MH1 de Smad?y por el dominio HECT de Smurf1 y los dominios WW2
interaccionando con el sitio PY, facilitando asi la apertura del dimero entre
dominios WW1-WW1. El resultado de esta reaccion seria la generacion de dos
equivalente activados de complejos Smurfi-Smad7. Un mecanismo similar
podria ocurrir entre Smurf1 y la interaccién con Smadi. Por supuesto, otra
explicacion podria ser que los homodimeros entre los pares de dominios WW-
WW aqui detectados pudiesen ser unicamente una consecuencia de las

condiciones experimentales utilizadas in vitro.

Nuestro trabajo también muestra que YAP requiere so6lo el dominio WW1 para
la uni6on con la regién de Smad7 que contiene el motivo PY. Cabe destacar que
en la interaccion con Smadi, YAP utiliza este dominio WW para la unién de
un motivo con fosfoserina, mientras que emplea el dominio WW2 para la
union del motivo Smadi1 PY equivalente al de Smady (Aragon et al., 2011).
Para poder discernir las razones de estas diferencias con respecto a la
interaccion con Smadi, decidimos resolver las estructuras de los dos
complejos posibles de YAP con Smad7, aunque la interacciéon con el segundo
dominio fuese de mas baja afinidad. Al comparar las estructuras vimos que el

dominio WW2 contiene residuos de carga negativa en la zona donde la cadena
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lateral del residuo E205 presente en Smad7 contacta con el dominio, lo que
desestabiliza la interaccion. La afinidad de la YAP-WW1 WW2 por la region de
Smad1 con dos sitios de union pSP-PY es 8 veces mayor que entre so6lo el
dominio WW1 y el sitio PY de Smad7y. Sin embargo, la concentracion de
Smad7 en el nicleo es muy alta y en principio podria competir in vivo con
Smad1 para secuestrar parte de la proteina YAP localizada en el nftcleo,

proporcionando un nuevo escenario para el papel inhibidor de Smad7.

Proponemos que los pares de dominios WW-WW presentes en las proteinas
reguladores de los R-Smads forman wunidades funcionales que han
evolucionado para reconocer regiones que contienen motivos PY de longitud y
complejidad variable, incluyendo motivos PY compuestos con sitios
fosforilados adyacentes ademéas de otros motivos méas alejados que también
contienen sitios fosforilados en Ser y Thr mientras que prefieren motivos mas
simples y sin necesidad de modificaciones en el caso del inhibidor Smad7.
Estas caracteristicas amplian la versatilidad funcional de las ubiquitin ligasas
E3 mediante la optimizacion de la superficie de interaccion en funcion de las
necesidades. Por otro lado, NEDD4L y Smurf1/2 se asocian con Smad7, para
participar en la degradacién de los receptores de TGF-f3 de forma indirecta.
Smad7 también puede actuar como secuestrador de YAP en el nicleo y asi
limitar también la funcion activadora de los R-Smads. Por otro lado, los R-
Smads son dianas directas de las ubiquitin ligasas y colaboradores funcionales
de YAP soOlo en etapas especificas del ciclo de senalizacion (Aragonm et al.,

2011).
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La ausencia de un requisito adicional de fosforilacién en la interacciéon con
Smady implica que tanto YAP, NEDD4L como Smurfi/2 son dianas
constitutivas de Smady mientras que son reguladores condicionales, -
dependiente de fosforilacién- de R-Smads en la transduccion de sefiales por
TGF-B y BMP (véase el Representacion esquematica de los resultados en la

Figura).
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9.5 Conclusiones

Nuestros datos revelan una sorprendente independencia de la fosforilacion en
las interacciones de Smad7 mientras que la fosforilacion es critica para la
interaccion de los R-Smads con YAP, Smurfi, Smurf2 y proteinas NEDD4L.
Ademas, mientras que los pares de dominios WW reconocen a los R-Smads, la
union al inhibidor de Smad7 requiere la presencia de un solo dominio WW.
Estas observaciones sugieren una versatilidad funcional de las proteinas que
contienen dominios WW y también de los dominios WW como mediadores de
las interacciones especificas con proteinas Smads, mucho mayor de la que

pensabamos hasta ahora.

Los resultados de este trabajo se destacan las siguientes cuatro conclusiones:

1. E3 ubiquitin ligasas del tipo HECT y el transcripcion coactivactor YAP
pueden utilizar dominios WW solos o asociados en pares para seleccionar y

distinguir entre las distintas proteinas Smad.

2. Los sitios de union pueden ser multiples, como en el caso de los R-Smads o

sitios tinicos como en I-Smads.

3. Los sitios de uniéon en R-Smads dependen de fosforilacion mientras que el

sitio de reconocimiento para los I-Smad es independiente de la fosforilacion.

4. En Smurf1 los homodimeros de los dominios WW-WW detectadas por
técnicas de RMN y de IM-MS pueden estabilizar la conformacion cerrada de la

ligasa, descrita previamente in vivo.



