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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.
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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-B
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.
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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 CDK8 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,
CDKS8/9 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-Smad1 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. 1EF). 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 WWI-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



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-

& YAP WW1-WW2 Smad1

| e
pS206 pS214 [PY]box

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
Smadl 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 GInl186

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 VW1 62055014

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

pT202
206 pS206

ol P2074 *
D21 by~ SZ10 ppyp [y
P212

-, pS210
ps214 iy
p215 ={pasis
?ﬂ F216 P215°'Yo F216

| PRpSA6p210 P21
i

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 Smad1
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 Ky =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 B 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

1284 GENES & DEVELOPMENT

Smad
MH2
TGF-p or BMP.
Recegtor L MH
a
= /(;)
Lo
Transcriptional L
complex\.: =

Ubligase

BMP pathway

pT202@ | y : ‘ !
pS206 [ Smad1/5 | [ \ { \
ps210@ | o ) cokere ./ Gsk3 <l
pS214 == — ([F=eE — easi]

(PY] A 4 o -

TGF-p pathway Pin1 Nedd4L

oT179 //_. c=E— \\‘. y -.\‘. / .\.‘
Y| @SN coksro § / GSK3 | y— <
N 2 — K — —_— 00

pS204
pS208 r N 4

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



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 PINI ¢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-g1 (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 NaCl, 0.01 % NaNj3, and 2.5 mM deuterated
dithiothreitol in the presence of 10% D,O.

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 AKTApurifier]10 (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. ®Jyn.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



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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