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Crystal Structure of a Phosphorylated Smad2:
Recognition of Phosphoserine by the MH2 Domain
and Insights on Smad Function in TGF-� Signaling

involved in a ligand-specific signaling pathway; and the
inhibitory Smads (I-Smads), including Smad6 and -7,
which negatively regulate these pathways. The Smad
proteins are highly conserved in the N-terminal MH1
domain and the C-terminal MH2 domain.
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Signaling by receptor Ser/Thr kinases (RSKs) closely4 Department of Biology
resembles that by receptor tyrosine kinases (RTKs) in370 Lancaster Avenue
many aspects. In both cases, the activation of receptorsHaverford College
involves oligomerization and subsequent phosphoryla-Haverford, Pennsylvania 19041
tion (Schlessinger, 2000). Phosphotyrosine (pTyr) resi-
dues in RTKs serve as a molecular switch for binding by
SH2-containing downstream signaling proteins, whereasSummary
pSer residues in the GS region of RSKs are involved in
the recruitment of R-Smads through interactions with theLigand-induced phosphorylation of the receptor-regu-
MH2 domains. Although the pTyr-SH2 interactions havelated Smads (R-Smads) is essential in the receptor
been extensively characterized (Kuriyan and Cowburn,Ser/Thr kinase-mediated TGF-� signaling. The crystal
1997), it is unclear how the MH2 domain recognizesstructure of a phosphorylated Smad2, at 1.8 Å resolu-
pSer and whether it functions similar to the SH2 domaintion, reveals the formation of a homotrimer mediated
in RTK signaling.by the C-terminal phosphoserine (pSer) residues. The

Phosphorylation occurs in the last two Ser residuespSer binding surface on the MH2 domain, frequently
of the C-terminal SSXS motif in the R-Smads (Abdollahtargeted for inactivation in cancers, is highly conserved
et al., 1997; Souchelnytskyi et al., 1997). Prior to phos-among the Co- and R-Smads. This finding, together
phorylation, the C-terminal five residues are flexible andwith mutagenesis data, pinpoints a functional inter-
disordered in R-Smads (Wu et al., 2000). Although phos-face between Smad2 and Smad4. In addition, the pSer
phorylation of R-Smads is indispensable in TGF-� sig-binding surface on the MH2 domain coincides with
naling, how phosphorylation affects the conformationthe surface on R-Smads that is required for docking
and the function of R-Smads remains completely un-interactions with the serine-phosphorylated receptor
known. Consequently, despite clear evidence implicatingkinases. These observations define a bifunctional role
Smad4 and Smad2 as tumor suppressors, it has not beenfor the MH2 domain as a pSer-X-pSer binding module
possible to directly assess the effect of tumor-derived

in receptor Ser/Thr kinase signaling pathways.
missense mutations on the phosphorylation-dependent
formation of heterooligomers between Co- and R-Smads.

Introduction Progress in understanding these fundamental issues
by a structural approach has been hampered by the

Members of the TGF-� superfamily of cytokines regulate technical difficulty in generating the R-Smads with bio-
cell proliferation, recognition, differentiation, apoptosis, logically relevant phosphorylation. Using an expressed
and specification of developmental fate, in species rang- protein ligation strategy (Cotton and Muir, 1999), we
ing from worms to mammals (Roberts and Sporn, 1990). report here the successful creation of a recombinant
TGF-� signaling from the cell membrane to the nucleus Smad2 protein, with its C-terminal Ser465 and Ser467
is mediated by receptor Ser/Thr kinases and the Smad homogeneously phosphorylated. Although the unphos-
family of proteins (Heldin et al., 1997; Massague, 1998; phorylated Smad2 exists as a monomer, phosphoryla-
Wrana and Attisano, 2000; Shi, 2001). tion at its C terminus drives efficient formation of a ho-

Smad proteins are divided into three functional motrimer both in vitro and in vivo. We crystallized a
classes: the comediator Smads (co-Smads), namely phosphorylated Smad2 homotrimer and determined its
Smad4, which participate in signaling by diverse TGF-� three-dimensional structure at 1.8 Å resolution. In the
family members; the receptor-regulated Smads (R-Smads), crystals, the phosphorylated C terminus of one mono-
including Smad1, -2, -3, -5, and -8, each of which is mer adopts an extended conformation and reaches out

to contact the L3/B8 loop-strand pocket of the adjacent
monomer, with the two pSer residues playing an anchor-5 Correspondence: yshi@molbio.princeton.edu
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ing role. Interestingly, the four amino acids that coordi- The homotrimerization is stable; at 2 �M, greater than
95% of the phosphorylated Smad2 remains in the tri-nate the pSer residues are invariant among Smad4 and

all R-Smads; the corresponding residues in Smad4 are meric state (Figure 1D). These results are consistent
with sedimentation equilibrium analysis performed at aalso targeted for tumorigenic missense mutations.

These observations identify a highly conserved pSer loading concentration of 5 �M. Phosphorylated Smad3
(residue 1–425) also forms a homotrimer with similarbinding motif (the L3/B8 loop-strand pocket) in the MH2

domain. In addition, the pSer binding motif coincides affinities (data not shown). Because the MH2 domain is
both necessary and sufficient for homotrimerization andwith the surface required for interactions with the phos-

phorylated GS region of the receptor kinases. This ob- the MH2 domains of Smad2 and Smad3 are 98% identi-
cal in primary sequence, the formation of heterotrimersservation implicates the MH2 domain as a general pSer

binding motif in the RSK-mediated signaling pathways among phosphorylated Smad2 and Smad3 should be
just as efficient as the homotrimers. Indeed, when phos-and suggests a mutual exclusion mechanism for the

dissociation of phosphorylated R-Smads from the re- phorylated Smad2 is incubated with the phosphorylated
Smad3-MH2 domain, heterotrimers between these twoceptors. Furthermore, our structural analysis, together

with biochemical evidence, maps a functional interface were readily detected by gel filtration (data not shown).
These observations suggest that the endogenousbetween Smad2 and Smad4, implicating a Smad2-Smad4

heterodimer. This model is supported by extensive mu- Smad2 and Smad3 may also form homo- as well as
heterotrimers upon TGF-�-mediated activation. To in-tational analysis and provides a plausible explanation

for the uneven distribution of cancer-derived mutations vestigate this possibility, we took advantage of the dif-
ference in molecular mass between Smad2 (�53 kDa)in Smads.
and Smad3 (�48 kDa) and examined the possible forma-
tion of heterooligomers in three different cell lines (Fig-Results
ure 1E). Indeed, endogenous Smad2 and Smad3 form
heterooligomers upon ligand activation, in agreementGeneration and Characterization
with our in vitro evidence.of a Phosphorylated Smad2

These results indicate that R-Smads, such as Smad2The full-length Smad2 protein contains 467 amino acids,
and Smad3, undergo phosphorylation-dependent homo-with the C-terminal five residues being Cys-Ser-Ser-Met-
and heterotrimerization both in vitro and in vivo. TheseSer. Previous biochemical characterization demonstrated
results were shown previously using overexpressed pro-that Ser465 and Ser467 are phosphorylated following
teins (Kawabata et al., 1998). Two of the cell lines used,ligand activation (Abdollah et al., 1997; Souchelnytskyi
SW480 (human colon carcinoma) and MDA-468 (humanet al., 1997).
breast carcinoma), lack Smad4 (Calonge and Massague,To generate the phosphorylated Smad2, we employed
1999; Schutte et al., 1996), indicating that the TGF-�-an expressed protein ligation strategy (Cotton and Muir,
induced assembly of Smad2-Smad3 complexes does1999). A C-terminally-truncated Smad2 (residues 1–462)
not require Smad4.was overexpressed in bacteria upstream of an intein

and a chitin binding domain. The amide linkage between
Smad2 and the intein is in equilibrium with a thioester Overall Structure of a Smad2 Homotrimer

To reveal the structural basis of phosphorylation-inducedbond involving the intein’s active site cysteine (Figure
1A). The C-terminal 5-residue phosphopeptide (Cys- homotrimerization, we crystallized a Smad2-MH2 frag-

ment (residues 241–467) with Ser465 and Ser467 homo-Ser-pSer-Met-pSer) was chemically synthesized. After
purification, the peptide was ligated to Smad2 (1–462) geneously phosphorylated. The structure was deter-

mined by molecular replacement and was refined atunder native conditions (Figure 1A). The completeness
of the reaction was examined by SDS-PAGE (Figure 1B), 1.8 Å resolution (Table 1).

In the crystals, the MH2 domain of Smad2 contains aand the identities of the final products were confirmed
by mass spectroscopic analysis. Using this strategy, central � sandwich, with a conserved three-helix bundle

(H3, H4, and H5) on one end and a conserved loop-helixwe were able to generate large quantities of full-length
Smad2, Smad3, and their MH2 domains, each phos- region (L1, L2, L3, and H1) on the other end (Figures 2A

and 3). Compared to the unphosphorylated Smad2 (Wuphorylated at the biologically relevant residues (Figure
1B and data not shown). et al., 2000), the N-terminal extension adopts a different

conformation and is more than 12 Å away, whereas theWe first examined the biochemical properties of these
phosphorylated R-Smads. Prior to phosphorylation, previously flexible C terminus becomes well ordered

after phosphorylation (Figure 2B).Smad2 exists mostly as a monomer, as judged by gel
filtration analysis (Figures 1C and 1D). After phosphory- The phosphorylated Smad2 forms a symmetric homotri-

mer, with both the phosphorylated C terminus and thelation, the elution volume for the full-length Smad2 cor-
responds to an apparent molecular mass of 170 kDa, N-terminal extension from one MH2 domain reaching out

to interact with an adjacent domain (Figure 2C). On onesuggesting the formation of a homotrimer (Figure 1D).
Similarly, the phosphorylated MH2 domain (residues hand, the negatively charged C terminus binds a positively

charged surface pocket formed by the L3 loop and the241–467) of Smad2 also appears to form a homotrimer
(Figure 1C). Sedimentation equilibrium analysis of this B8 strand (Figures 2C and 2D), hereafter referred to as

the “loop-strand pocket”. Numerous hydrogen bonds andfragment, as performed at five rotor speeds using an
analytical ultracentrifuge, provides a molecular weight van der Waals contacts stabilize these two complementary

surfaces, with the phosphorylated Ser465 and Ser467of 76,000 � 3,900 Da. This is very close to the expected
molecular weight of the homotrimer (76,557 Da). playing an essential role. On the other hand, the N-terminal
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Figure 1. Phosphorylation in the C-Terminal SSXS Motif Drives Homotrimerization of R-Smads

(A) A schematic diagram of expressed protein ligation to generate phosphorylated Smad2. Recombinant Smad2 (1–462) was expressed and
purified as an intein-fusion protein. The phosphorylated 5-residue peptide was chemically synthesized. Ligation was performed under native
conditions to create a full-length wild-type phosphorylated Smad2. Phosphorylated Smad2-MH2 was similarly generated.
(B) SDS-PAGE showing Smad2 proteins before and after peptide ligation. The molecular weight of the ligated species is 674 Da higher than
the unligated species.
(C) Gel filtration analysis of Smad2-MH2. Chromatographic traces of the gel filtration analysis are shown on the left. Before peptide ligation,
Smad2-MH2 (241–462) behaves as a monomer on gel filtration (�25 kDa, upper panel). After peptide ligation, the phosphorylated Smad2-
MH2 migrates as an apparent homotrimer (�74 kDa), while the unphosphorylated Smad2-MH2 remains as a monomer (lower panel).
(D) Gel filtration analysis of the full-length Smad2. Smad2 behaves as a monomer (�55 kDa) before ligation or as a homotrimer (�170 kDa)
after ligation.
(E) Endogenous Smad2 and Smad3 form a heterooligomer in response to TGF-� treatment. Cell lysate was immunoprecipitated with an anti-
Smad3 antibody (aS3), and the precipitated fraction was immunoblotted with an anti-Smad2-Smad3 antibody.

extension of one monomer also makes a few contacts to approximately 8300 Å2 exposed surface area, with the
phosphorylated C termini contributing more than 2600 Å2an acidic surface patch of the adjacent monomer, further

strengthening the homotrimer (Figure 2D). (Figure 3). In addition to the intermolecular interactions
involving the N-terminal extension and the phosphory-Formation of this homotrimer results in the burial of
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Table 1. Data Collection and Statistics from the Crystallographic Analysis

Data Set Native 1 (RAXIS IV) Native 2 (CHESS-F2)

Resolution (Å) 99.0–2.80 99.0–1.80
Total observations 66,199 122,780
Unique observations 6,169 22,718
Data coverage (outer shell) 99.5% (99.5%) 99.5% (99.2%)
Rsym (outer shell) 0.124 (0.440) 0.051 (0.180)

Refinement

Resolution range (Å) 20–1.80
Number of reflections (I � �) 22,260
Data coverage (outer shell) 97.7% (95.1%)
Rworking/Rfree 21.5%/24.1%
Number of atoms 1,757
Number of waters 144
Rmsd bond length (Å) 0.007
Rmsd bond angles (�) 1.497

Rsym � �h�i|Ih,i 	 Ih|/�h�i Ih,i, where Ih is the mean intensity of the i observations of symmetry-related reflections of h. R � �|Fobs 	 Fcalc|/�Fobs,
where Fobs � FP, and Fcalc is the calculated protein structure factor from the atomic model (Rfree was calculated with 5% of the reflections).
Rmsd in bond lengths and angles are the deviations from ideal values.

lated C terminus, a highly conserved protein-protein in- Arg428. Lys420 also hydrogen bonds to the carbonyl
group of Ser464 and the carboxylate of Ser467, whereasterface between two adjacent monomers appears to

play an important role in the formation of the homotrimer Arg428 and Arg427 make two additional hydrogen bonds
to the carboxylate of Ser467 (Figure 4C). It is also notewor-(Figure 2C). This extensive protein-protein interface is

highly similar to that observed in the homotrimeric struc- thy that a number of well-ordered water molecules bridge
hydrogen bonds between the phosphorylated C termi-ture of Smad4/DPC4 (Qin et al., 1999; Shi et al., 1997),

with the loop-helix region of one monomer packing nus and the loop-strand pocket (Figure 4C).
The conformation of the C terminus is also signifi-against the three-helix bundle of an adjacent monomer

(Figure 2C). Nevertheless, Smad2 exists mostly as a cantly restrained by intramolecular contacts. Notably,
the side chain of Ser464 accepts a hydrogen bond frommonomer in the absence of phosphorylation in vivo (Jay-

araman and Massague, 2000), indicating that this pro- the backbone amide of Ser467 while making two addi-
tional contacts to its phosphate (Figure 4C), consistenttein-protein interface alone is insufficient and the phos-

phorylation-induced conformational change provides with its important role in Smad function (Abdollah et
al., 1997; Kretzschmar et al., 1997). Intriguingly, in thethe needed energy to drive the formation of homo- and

heterooligomers. conserved SSXS motifs in R-Smads, this Ser residue is
not phosphorylated upon ligand activation. Our struc-
tural analysis reveals that phosphorylation of this SerA pSer Binding Surface on the MH2 Domain

The phosphorylated C terminus of R-Smads plays an may disrupt binding by the phosphorylated C terminus,
likely impeding TGF-� signaling.essential role in the formation of homotrimers. In con-

trast to the disordered C-terminal 11 residues in the In addition to hydrogen bonds, the extended C termi-
nus also makes extensive van der Waals contacts,unphosphorylated Smad2 (Wu et al., 2000), phosphory-

lation on Ser465 and Ser467 triggers their interactions strengthening the binding of the phosphorylated C ter-
minus and hence the formation of homotrimers (Figurewith an adjacent Smad2, stabilizing the well-defined

conformation of this fragment (Figures 4A and 4B). 4D). For example, Cys463 is completely buried in a hy-
drophobic pocket formed by five residues (Met327,The intermolecular interactions between the phos-

phorylated C terminus and the loop-strand pocket are Thr328, His331, Val419, and Lys420) in the neighboring
molecule (Figure 4D).dominated by massive networks of hydrogen bonds,

with the two phosphate groups as the nucleating centers
(Figure 4C). Four residues, Lys375 on the � strand B8 Protein-Protein Interface

In addition to the interface involving the phosphorylatedand Lys420/Tyr426/Arg428 on the L3 loop, coordinate
these hydrogen bonds (Figure 4C). Importantly, these C terminus, an extensive protein-protein interface be-

tween two adjacent monomers contributes significantlyfour residues are invariant not only among all R-Smads
but also for the Co-Smad (Smad4), suggesting critical to the formation of a homotrimer (Figures 2 and 3). This

interface is highly homologous to, but larger than, thatroles in heterooligomerization as well.
On one side of the interface, Tyr426 and Lys375 do- observed in the homotrimeric structure of Smad4 (Qin

et al., 1999; Shi et al., 1997).nate three hydrogen bonds to the phosphate group of
Ser465 (Figure 4C). These interactions are buttressed Both hydrogen bonds and van der Waals contacts

play important roles in this interface (Figure 5). A totalby several additional water-mediated hydrogen bonds
and one intramolecular contact between the phosphate of 15 inter- and 11 intramolecular hydrogen bonds con-

stitute two networks. At the center of the interface,group and the backbone amide of Met466 (Figure 4C).
On the other side, the phosphorylated Ser467 is coordi- Arg310 makes a bifurcated hydrogen bond to Asp450

on helix H5 of the adjacent monomer. These contactsnated by the other two invariant residues, Lys420 and
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Figure 2. Overall Structure of the Phosphory-
lated Smad2

(A) A schematic representation of the phos-
phorylated Smad2-MH2 (green). The two
pSer residues (S465 and S467) are high-
lighted, while the L3 loop is shown in pink.
(B) Structural comparison of the phosphory-
lated (green) and unphosphorylated (gold)
Smad2-MH2 (PDB code 1DEV). The differ-
ences are apparent in two locations; the
N-terminal extensions are more than 12 Å
apart, and the flexible C terminus in the un-
phosphorylated Smad2 becomes rigid and
ordered upon phosphorylation.
(C) An overall view of the trimeric structure of
the phosphorylated Smad2-MH2. The three
monomers are shown in green, cyan, and blue.
(D) A surface potential representation of the
Smad2 homotrimer, with one monomer in yel-
low coil. The side chains of the two phosphor-
ylated Ser residues are shown in red. Posi-
tively and negatively charged surfaces are
colored blue and red, respectively. (A)–(C)
and all other figures, except Figure 4B, were
prepared using MOLSCRIPT (Klaulis, 1991).
(D) and Figure 4B were prepared using
GRASP (Nicholls et al., 1991).

are stabilized by two intramolecular contacts between the loop-strand pocket of Smad4 (Figure 5C). In the
Smad2 homotrimer, the pSer-containing C terminus in-Asp300 and Arg310 on one side and three additional

interactions between Tyr268 and Asp450 and between teracts with the loop-strand (L3-B8) region of the adja-
cent monomer (Figures 2 and 4). All important residues inAsp450 and the backbone amide groups of Thr303/

Asp304 on the other side (Figure 5A). Asp300 further the loop-strand pocket are invariant in Smad4, including
the four key residues that coordinate the phosphatestrengthens this network by accepting two intramolecu-

lar contacts from the backbone groups of Gly301/ groups (Figure 3). This observation indicates that the
phosphorylated C terminus of Smad2 can interact withPhe302. At the periphery of this protein-protein interface,

Asp304/Ser306 on the L1 loop form a second network Smad4 in an identical manner. Additional support comes
from a comparison of the conserved protein-protein in-of hydrogen bonds with Ser269/Gln447 of the adjacent

monomer (Figure 5A). A high density of van der Waals terfaces in the homotrimers of Smad2 and Smad4. On
the basis of the proposed Smad2-Smad4 interface (Fig-interactions also help to stabilize this interface (Figure

5B). For example, Val319 on the L2 loop of one monomer ure 5C), all Smad4 residues involved in hydrogen bond
interactions are identical to the corresponding residuesmakes multiple close contacts to four residues (Tyr280,

Val431, Thr432, and Trp437) on the adjacent monomer. in the Smad2 homotrimer, including all key residues at
the centers of the two hydrogen bond networks (Figures
2 and 5D).A Functional Interface between Smad2 and Smad4

Several lines of evidence converge to identify a func- Previous biochemical studies suggested the forma-
tion of a heterodimer between these proteins using thetional interface, involving the helix-bundle region of the

phosphorylated Smad2 and the loop-helix region and unphosphorylated Smad2 and Smad4 (Wu et al., 2001).
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Figure 3. Sequence Alignment of the Smad Proteins and Their Homologs in Drosophila and C. elegans

The secondary structural elements are indicated below the alignment. The four residues that directly coordinate the phosphorylated Ser
residues are highlighted in red, while the candidate residues for phosphorylation in the C termini are shown in green. By both criteria of
barried surface area and frequency of tumorigenic mutations, the loop-helix region in Smad4 and the helix-bundle region in Smad2 are
implicated in the formation of a heterooligomer. Residues targeted for missense mutation in cancer are shown in yellow.

Using the phosphorylated Smad2, we reexamined the Lys375Ala, which is predicted to selectively weaken the
formation of a Smad2 homotrimer. In this case, Smad4nature of the Smad2-Smad4 complex. The elution vol-

ume of the isolated Smad4-MH2 (residues 251–552) cor- readily formed a 1:1 heterocomplex with the phosphory-
lated Smad2 (Lys375Ala) (Figure 5F).responds to a molecular mass of 33 kDa, consistent with

a monomer (Figure 5E). To ensure efficient formation of
a heterocomplex, peptide ligation was performed in the Mutational Analysis

To further investigate heterocomplex formation, we gen-presence of an equimolar amount of Smad4-MH2. After
completion of the reaction, the complex was analyzed erated 11 and 17 missense mutations in the MH2 do-

mains of Smad4 and Smad2, respectively (Table 2). Eachby gel filtration, which revealed a 1:1 heterocomplex
between the phosphorylated Smad2-MH2 and Smad4- of the Smad2 mutants contains phosphorylated Ser465

and Ser467. If Smad4 and the phosphorylated Smad2MH2 (Figure 5E). This suggests either a heterodimer or
an equal mixture of 2:1 and 1:2 heterotrimers between formed a 2:1 or 1:2 heterotrimer using the conserved

protein-protein interface, then both the loop-helix andSmad2 and Smad4. The migration of a Smad hetero-
dimer on gel filtration is expected to be very similar to the helix-bundle regions for both proteins would be in-

volved in the heterotrimeric assembly. In this case, mu-that of a trimer because they share an indistinguishable
hydrodynamic radius. tations affecting critical interface residues in either

Smad2 or Smad4 would be expected to have negativeDue to high binding affinities for a Smad2 homotrimer,
it is unclear whether and how Smad4 can gain an edge effects. On the other hand, only mutations in the loop-

helix region of Smad4 or the helix-bundle region ofto form a heterocomplex. To examine this scenario, we
incubated Smad4-MH2 with the phosphorylated homo- Smad2 would be expected to weaken a phosphoryla-

tion-dependent Smad2-Smad4 heterodimer (Figure 5C).trimers of Smad2 and subjected the mixture to gel filtra-
tion analysis. Smad4-MH2 was able to disrupt the homo- Two mutations affecting residues in the loop-helix

region of Smad4, D351H and R361H, completely abol-trimers of Smad2-MH2 in a time-dependent manner
(Figure 5F). The observed kinetics suggest a slow off- ished the formation of the Smad2-Smad4 complex, while

D537H in the helix-bundle region of Smad4 had no de-rate for the dissociation of Smad2 homotrimers. To ac-
celerate the formation of a Smad2-Smad4 heterocom- tectable effect (Table 2). In contrast, the corresponding

mutations in Smad2, D300H and R310H, had no effect,plex, we introduced a missense mutation in Smad2,
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Figure 4. A Close-Up View of the Interactions
between the Phosphorylated C Terminus
from One Monomer and the Loop-Strand
Pocket of the Adjacent Monomer

(A) An electron density map of the phosphory-
lated C terminus. The 2Fo-Fc map (omit map),
shown in pink, was contoured at 1.5� and
was calculated by simulated annealing using
CNS (Brunger et al., 1998) with the omission
of the C-terminal five residues. The backbone
as well as the side chains of four residues are
shown in yellow.
(B) An overall view of the interactions. The
C terminus is shown as a yellow coil, while
its binding partner is represented as a trans-
parent surface with backbones in pink. The
side chains of the last five residues in the
C terminus (CSSMS) and the basic residues
in the loop-strand pocket are shown.
(C) A stereo view of hydrogen bond networks.
The two interacting monomers are shown in
green and blue, respectively. Their side
chains are colored gold and yellow. Hydrogen
bonds among oxygen (red) and nitrogen
(blue) atoms and water molecules (red) are
indicated by red dashed lines.
(D) A stereo view of the van der Waals con-
tacts between the phosphorylated C terminus
from one monomer and the loop-strand
pocket of the adjacent monomer. The color-
ing scheme is the same as in (C).

whereas D450H abrogated the formation of the Smad2- complex between this Smad2 variant and Smad4 (251–
552). Data were collected at several concentrations andSmad4 complex (Table 2). These data support the notion

that the phosphorylated Smad2 forms a heterodimer four speeds to assess the stoichiometry and stability of
this complex. At a loading concentration of 17 �M forwith Smad4 using the identified interface (Figure 5C).

Due to high affinity for homotrimerization, each of the the complex, a molecular weight of 58,800 � 4,500 Da
is obtained, which is consistent with the formation of asingle missense mutations in Smad2 retained a weak-

ened ability to form a homotrimer (Table 2). These re- stable heterodimer. The residuals from this single spe-
cies analysis were random, indicating that there is nomaining tendencies to form a homotrimer are completely

eliminated by the introduction of a second missense strong evidence for the presence of lower or higher
molecular weight species. This heterodimer is stablemutation (Table 2). None of these six double mutations

affects the proposed interface between Smad2 and over loading concentrations in the range of 2.5–17 �M.
Fits to heterotrimeric models of 1:2 and 2:1 stoichiomet-Smad4 (Figure 5C). Thus, despite failure to form a homo-

trimer, all six Smad2 double mutants retained complex ries were significantly worse.
Although our gel filtration data cannot rule out theformation with Smad4.

We also investigated the Smad2-Smad4 complex by formation of an equal mixture of the 1:2 and 2:1 com-
plexes between Smad2 and Smad4, sedimentation equi-sedimentation equilibrium analysis. The wild-type phos-

pho-Smad2-Smad4 complex exists in equilibrium with librium data described above are inconsistent with this
dynamic equilibrium model and provide additional sup-the Smad2 homotrimers. However, double mutation

(K375A, R310H) in phospho-Smad2 eliminated homotri- port for a heterodimer model. Given that a proposed
heterotrimer would involve nearly three times as muchmer formation (Table 2). Thus, we focused on the hetero-
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Figure 5. Identification of a Functional Smad2-Smad4 Hetero-Interface

(A) A close-up view of hydrogen bond networks at the protein-protein interface between two adjacent Smad2 molecules. The coloring scheme
is the same as in Figure 4C.
(B) A close-up view of the van der Waals contacts between the loop-helix region of one monomer and the helix-bundle region of the adjacent
monomer.
(C) A proposed interface between Smad2 (cyan) and Smad4 (pink). In this model, the phosphorylated C terminus of Smad2 interacts with the
highly conserved loop-strand pocket of Smad4. Phosphorylated Ser465 and Ser467 are colored red. Residues targeted by tumor-derived
missense mutations are shown in green and yellow for Smad4 and Smad2, respectively.
(D) A close-up view on the proposed and conserved Smad2-Smad4 interface. Two adjacent Smad2 molecules are colored cyan and green,
respectively, while Smad4 is shown in pink. The side chains from Smad4 and the overlaying Smad2 are shown in pink and green, respectively.
The side chains from the interacting Smad2 are colored yellow. These hydrogen bonds are invariantly preserved in the proposed hetero-
interface of Sma2-Smad4.
(E) Phosphorylated Smad2 forms a 1:1 complex with Smad4. Chromatographs of the gel filtration analysis are shown on the left. Isolated
Smad4-MH2 and free phosphorylated Smad2-MH2 behave as a monomer and a homotrimer, respectively (upper and middle panels). (F) Slow
exchange between a preformed Smad2 homotrimer and a Smad2-Smad4 heterocomplex. In the upper and middle panels, excess Smad4
was incubated with the phosphorylated Smad2 (already trimers) for 5 min and 5 hr, respectively. Then the mixture was subjected to gel
filtration analysis. Disruption of the trimeric Smad2 in favor of a 1:1 Smad2-Smad4 complex is slow but can be facilitated by introducing a
point mutation into Smad2 (K375A) that selectively weakens the formation of the Smad2 homotrimers.

interface area as a heterodimer, it would be thermody- One recent study suggested the existence of a hetero-
trimer between Smad4 and a pseudophosphorylatednamically unfavorable to maintain a heterodimer if the

heterotrimer model were correct. Yet, the principal spe- Smad3 using Glu to replace pSer (Chacko et al., 2001).
Using the phosphorylated R-Smads, we are unable tocies for a heterocomplex between Smad4 and Smad2

(K375A, R310H) is a heterodimer by sedimentation equi- verify this claim. Interestingly, although a heterocomplex
between Smad4 and the phosphorylated Smad2 waslibrium analysis. These results strongly support the het-

erodimer model. Nevertheless, our data do not com- interpreted to be a heterotrimer in one previous report,
the molecular mass of this complex was appreciablypletely rule out the possibility that both heterodimers

and heterotrimers can form. smaller than that of a Smad2 homotrimer (Kawabata et
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Table 2. Mutational Analysis of a Smad2-Smad4 Complex

Mutation in Formation Interaction Corresponding Interaction
Phosphorylated of with Mutation with Phosphorylated
Smad2 Homotrimer Smad4 in Smad4 Smad2

Native 

 

 Native 



Mutation in the Loop-Strand Pocket

K375A 
/	 

 K428A 
/	
K420A 
/	 

 K507A 
/	
Y426A 
/	 

 Y513A 



R428A 
/	 

 R515A 
/	

Double Mutation in the Loop-Strand Pocket and the Loop-Helix Region

D300H/R310H 		 



D300H/K375A 		 



D300H/K420A 		 



R310H/K375A 		 



R310H/K420A 		 



K375A/K420A 		 



Mutation in the Loop-Helix Region

D300H 
/	 

 D351H 		

R310H 
/	 

 R361H 		

D450H 
/	 		 D537H 



V319D 

 

 V370D 
	

W368H 

 

 R420H 



N387P 

 

 R441P 



Y406H 

 

 D493H 



The identities of all wild-type and mutant proteins were confirmed by double-stranded plasmid sequencing and mass spectroscopic analysis.
All Smad2 proteins used have Ser465 and Ser467 homogeneously phosphorylated. The original tumor-derived missense mutations in Smad4
and Smad2 are shown in bold face. Corresponding mutations in Smad2 and in Smad4 are listed in the same line. Formation of homo- and
heterocomplexes was examined by gel filtration.

al., 1998). Thus, this observation is actually consistent tively affect the formation of a heterocomplex. Support-
ing this analysis, mutation of these two residues to Alawith the presence of a heterodimer between Smad4 and

the phosphorylated Smad2. were found to weaken the formation of a heterodimer
between Smad2 and Smad4 (Table 2).

Tumor-Derived Mutations
Smad4, also known as deleted in pancreatic carcinoma Discussion
locus 4 (Hahn et al., 1996), is inactivated in one half of
pancreatic carcinomas (Schutte et al., 1996). Smad2 has Dissociation of the Phosphorylated Smad2

from Receptor Kinasesalso been identified as a tumor suppressor because of
its mutations in colorectal and lung cancers (Eppert et The phosphorylation of Smad2 is facilitated by physical

interactions between the positively charged L3 loop re-al., 1996). The majority (40 out of 52) of tumor-derived
missense mutations reported to date map to the MH2 gion in Smad2 and the L45 loop and the GS region of

the receptor (Chen et al., 1998b; Feng and Derynck,domain (Figure 3). In particular, two residues in the loop-
helix region of Smad4 (Asp351 and Arg361) are targeted 1997; Huse et al., 2001; Lo et al., 1998; Wu et al., 2000)

(Figure 6A). Ser residues in the GS region of the type Iwith recurrent mutations in cancer, whereas missense
mutations primarily affect residues in the helix-bundle receptor are phosphorylated by the type II receptor ki-

nase upon ligand activation (Wieser et al., 1995; Willisregion of Smad2 such as Asp450 (Figure 3). These un-
even distributions coincide with the proposed Smad2- et al., 1996; Wrana et al., 1994), which increases its

binding affinity for the basic surface in the L3 loop regionSmad4 interface involving the helix-bundle region of
Smad2 and the loop-helix region of Smad4 (Figure 5C). (Huse et al., 2001). Interestingly, this L3 loop region

coincides with the loop-strand pocket that interacts withInterestingly, Asp450 from Smad2 and Asp351 and
Arg361 from Smad4 are proposed to form a network the pSer-containing C terminus in the homotrimer (Fig-

ure 2). Thus, competition for binding to this surface be-of hydrogen bonds in the heterocomplex (Figure 5D).
Compromise of these interactions leads to abrogation of tween the pSer motif in the receptor kinase and the

pSer-containing C terminus in Smad2 likely accountsa heterocomplex between Smad2 and Smad4 (Table 2).
Another interesting example is the tumor-derived mu- for the dissociation of phosphorylated Smad2 from the

receptor kinases (Figure 6A).tations of Lys507Gln and Arg515Gly in Smad4 (Miyaki
et al., 1999). Lys507 and Arg515 in Smad4 correspond This model is strongly supported by mutational analy-

sis on the SSXS motif. Our model predicts that loss ofto Lys420 and Arg428 in Smad2, respectively, two es-
sential residues coordinating pSer (Figure 4C). Thus, phosphorylation on Ser465 and/or Ser467 may lead to

prolonged association between Smad2 and the receptorthese two mutations in Smad4 are expected to nega-
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other Smad2 molecule (Figure 6A) or from the same
molecule that remains bound to the receptor. However,
in the latter case, the C terminus will adopt a highly
restrained conformation and will not be able to interact
with the loop-strand pocket in the correct configuration.
In fact, as the receptor complex contains two molecules
of T�RI, which likely binds and phosphorylates two
Smad2 molecules simultaneously, the phosphorylated
Smad2 molecules might help each other to dissociate
from the receptor complex.

Dissociation of Phosphorylated Smad2 from SARA
The cytosolic protein SARA specifically interacts with
and facilitates the phosphorylation of Smad2 and
Smad3 (Tsukazaki et al., 1998). Phosphorylation of
Smad2, however, induces its dissociation from SARA
with concomitant formation of a heterocomplex be-
tween Smad2 and Smad4 (Tsukazaki et al., 1998; Xu et
al., 2000). Our structural analysis provides a plausible
explanation for this observation. In the Smad2-SARA
complex, 45% of the interface involves the C-terminal
� strand of the bound SARA fragment, which forms a
� sheet with the N-terminal B1� strand of Smad2 (Wu et
al., 2000). In the structure of the phosphorylated Smad2,
however, the N-terminal extension moves more than
12 Å away from the position of the B1� strand, thus
destabilizing the SARA-Smad2 interface. Supporting
this explanation, missense mutations in the C-terminal
� strand of SARA led to complete abrogation of complex
formation between SARA and Smad2 (Wu et al., 2000).
In the cell, as SARA also interacts with the receptor
complex, phosphorylation-driven dissociation of Smad2
from SARA may be one of the key events in releasing
activated Smad2 from the receptor complex.

Since the phosphorylated R-Smads form stable ho-
motrimers in vivo, how is the formation of a heterocom-
plex between Smad4 and Smad2 favored over that of

Figure 6. Implications for RSK-Mediated Signaling a Smad2 homotrimer? As the phosphorylated Smad2
first appears upon receptor stimulation, it is exposed to(A) Proposed mechanisms of Smad2 dissociation from the receptor

kinase (T�RI) (Huse et al., 1999) after phosphorylation. The positively a large pool of unphosphorylated Smad2, which is not
charged loop-strand pocket on Smad2, which is responsible for effective at forming homotrimers, and Smad4, which is
binding the phosphorylated C terminus of another Smad2, coincides poised to form a stable heterocomplex with the phos-
with the L3 loop region, which is involved in interactions with the

phorylated Smad2. Thus, this dynamic equilibrium isL45 loop and the GS region of the receptor kinase. The mutual
likely to favor the formation of a Smad2-Smad4 hetero-exclusion is proposed to lead to dissociation of phosphorylated
complex over a Smad2 homotrimer.Smad2 from the receptors.

(B) A schematic diagram of signal flow in the RSK-mediated signal-
ing, highlighting the MH2 domain as the pSer binding motif. MH2 Domain as the pSer Binding Motif

Our study identifies the MH2 domain of R-Smads and
Co-Smad as the phosphoserine binding motif in thekinases. In agreement, mutation of either Ser465 or

Ser467 to Ala in Smad2 prevents its dissociation from RSK-mediated TGF-� signaling. In response to ligand
binding, the type II receptor kinase forms a complexthe activated T�RI due to a stable interaction between

the mutant Smad2 and the TGF-� receptor complex with the type I receptor and phosphorylates its GS re-
gion. The pSer-X-pSer motifs in the GS region then serve(Abdollah et al., 1997; Souchelnytskyi et al., 1997). This

in turn leads to abrogation of complex formation with as a molecular platform to recruit R-Smad through inter-
actions with its MH2 domain and to facilitate its phos-Smad4 and inhibition of TGF-� signaling (Abdollah et al.,

1997; Souchelnytskyi et al., 1997). Moreover, a missense phorylation (Figure 6B). Once phosphorylated, the pSer-
X-pSer motif at the C termini of R-Smad likely inducesmutation in Smad2, Tyr426Ala, led to loss of interactions

with the activated TGF-� receptors, demonstrating a its dissociation from the receptor complex and mediates
the formation of a heterocomplex through interactions withdirect role in receptor binding (Lo et al., 1998). This

observation also suggests that Tyr426 may directly bind the conserved loop-strand region in the MH2 domain of
Smad4 (Figure 6). Thus the MH2 domain defines a signal-pSer in the GS region of the TGF-� receptor, as is the

case in the Smad2 homotrimer (Figure 4). ing motif as the pSer-X-pSer binding module, similar to
the SH2 domain in the RTK-mediated signaling pathways.The phosphorylated C terminus may come from an-
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pressed in E. coli for 12 hr at room temperature. Cells were harvestedIn both pTyr-SH2 (Kuriyan and Cowburn, 1997) and
and resuspended in buffer A containing 50 mM HEPES (pH 7.5) andpSer-MH2 complexes, the phosphate groups nucleate
100 mM NaCl. After cell lysis, the soluble fraction was applied tothe interactions, with the negative charges of the phos-
chitin resin preequilibrated with buffer A. The amide linkage between

phate groups neutralized by highly conserved Arg/Lys Smad2 and the GyrA intein is in equilibrium with a thioester bond
residues through hydrogen bonds (Figure 4). In response involving the intein’s active site cysteine. The Smad2 moiety on the

resin was cleaved by buffer A supplemented with 50 mM MESNAto RTK stimulation, effector proteins can be activated
(2-mercaptoethanesulfonic acid, SIGMA), yielding a Smad2 mole-through at least two mechanisms, phosphorylation and
cule with the C-terminal thioester moiety required for chemical liga-conformational change, both of which depend on the
tion. The cleaved Smad2 was further purified by anion exchangepTyr-SH2 interactions (Schlessinger, 2000). These para-
chromatography (Source-15Q, Pharmacia). The ligation reaction

digms are precisely the same for the RSK-mediated was performed at 4�C overnight by incubating the concentrated
TGF-� signaling. First, phosphorylation of the C-terminal Smad2 with 1 mM of the chemically synthesized peptide (Cys-Ser-

pSer-Met-pSer). Similar strategy was applied to generate the phos-Ser-X-Ser motif, which is required to activate the R-Smads,
phorylated wild-type and mutant Smad2-MH2 (241–462), Smad3-depends on the interactions between the MH2 domain and
MH2 (200–425), and the full-length Smad3 (1–425). The identities ofthe pSer motif in the GS region of the receptor. Second,
the phosphorylated proteins were confirmed by mass spectroscopicconformational changes triggered by phosphorylation
analysis.

drive the formation of a functional Smad heterocomplex,
again depending on the pSer-MH2 interactions. Site-Directed Mutagenesis and Protein Preparation

Phosphorylation is known to modulate protein-protein Point mutations were generated by standard PCR-based strategy,
and the identities of individual clones were verified by sequencing.interactions in many ways. The regulation of the pTyr-
Recombinant wild-type and mutant Smad4-MH2 (251–552) wereSH2 and pSer-MH2 interactions exhibits similar strate-
overexpressed as GST-fusion proteins using pGEX-2T (Pharmacia).gies. For example, the intramolecular interaction be-
The unphosphorylated wild-type and mutant Smad2-MH2 (241–462)tween the phosphorylated Tyr527 and the SH2 domain
was overexpressed in Escherichia coli strain BL21(DE3) using a

leaves c-Src in an inactive closed state (Sicheri et al., pET-3d vector (Novagen). Protein purification was performed as
1997; Xu et al., 1997). However, this pTyr-SH2 interaction described (Chai et al., 2001).
is structurally nonideal and relatively transient. The pTyr

Gel Filtration Analysismotif of RTKs can efficiently compete for binding to
Size exclusion chromatography, using a Superdex-200 column (10/this SH2 domain, thus releasing the inhibited closed
30, Pharmacia), was employed to examine the homo- as well asconformation into an open form (Sicheri and Kuriyan,
heterooligomerization for Smad4 and Smad2. The flow rate was 0.5

1997). In the pSer-MH2 interactions, the relatively tran- ml/min, and the buffer contained 25 mM Tris (pH 8.0), 150 mM NaCl,
sient MH2 binding from the pSer-X-pSer motif (GS re- and 2 mM DTT. All fractions were collected at 0.5 ml each. Aliquots
gion) of the receptor kinase is likely replaced by the of relevant fractions were subjected to SDS-PAGE and visualized

by Coomassie staining.strong binding from the phosphorylated C-terminal
pSer-X-pSer motif, resulting in the dissociation of the

Immunoprecipitation and ImmunoblottingR-Smad and complex formation with the Co-Smad. An-
For protein immunoprecipitation, HaCaT cells were lysed in TNEother interesting example is the SH2-containing STAT
buffer (10 mM Tris-HCl [pH 7.8], 150 mM NaCl, 1 mM EDTA, and

proteins, which are recruited to the receptors by binding 1% NP40) supplemented with protease and phosphatase inhibitors.
pTyr residues and are subsequently phosphorylated on Extracts were incubated with a polyclonal antibody against Smad3
their own Tyr residues by the Jak or receptor kinases (aS3, Zymed). Protein complexes were collected using protein

A-sepharose and were detected by Western blotting using a poly-(Darnell, 1997). The phosphorylated STATs dissociate
clonal antibody against a conserved linker region between Smad2from the receptors, form SH2-pTyr-mediated dimers,
and Smad3.and are translocated into the nucleus where they bind

specific DNA sequences and regulate gene transcription
Crystallization and Data Collection

(Becker et al., 1998; Chen et al., 1998a; Darnell, 1997). Crystals were grown by the hanging-drop vapor diffusion method
Strikingly, following phosphorylation-driven heterooli- by mixing the phosphorylated Smad2 (residues 241–467) (15 mg/
gomerization, Smads also function as direct DNA bind- ml) with an equal volume of reservoir solution containing 100 mM

HEPES (pH 7.5), 10% 1,4-dioxane (v/v), and 750 mM K2HPO4/KH2PO4ing transcriptional regulators in the nucleus.
(pH 7.0). Small crystals appeared after 1–4 days and were used forAlthough the pSer-MH2 interaction shares much simi-
macroseeding to generate larger crystals. The crystals, with a typicallarity with the pTyr-SH2 binding interaction, the modular
dimension of 0.3 � 0.3 � 0.3 mm3 , belong to the spacegroup I213MH2 domain exhibits a more diverse array of functions. with a � b � c � 113.7 Å. An initial diffraction data set at 2.8 Å

The MH2 domain is the effector domain in Smads, resolution was collected using an R-AXIS-IV imaging plate detector.
whereas the SH2 domain is a regulatory module for the The final high-resolution native data set at 1.8 Å resolution was

collected at CHESS beamline F2. For data collection, crystals wereeffector proteins. Consequently, the RTK-SH2 interac-
equilibrated in a cryoprotectant buffer containing reservoir buffertion is fairly stable, whereas the RSK-MH2 binding inter-
plus 20% glycerol (v/v) and were flash frozen in a cold nitrogenaction is relatively transient. Nonetheless, our structural
stream at –170�C. Both diffraction data sets were processed using

analysis extends the molecular mimicry between the Denzo and Scalepack (Otwinowski and Minor, 1997).
RTK- and the RSK-mediated signaling pathways to an
atomic detail. Structure Determination

The structure of the phosphorylated Smad2-MH2 domain was deter-
mined by molecular replacement, using AMORE (Navaza, 1994). TheExperimental Procedures
coordinates of Smad2 (PDB code 1DEV) were used for rotational
research against all reflections between 15 and 3.0 Å in the 2.8 Å dataGeneration of Phosphorylated R-Smads In Vitro

A C-terminally-truncated Smad2 (1–462) was cloned into the pTXB1 set. The top 50 solutions from the rotational search were individually
used for a subsequent translational search, which yielded a singlebacterial expression vector (New England Biolab) upstream of the

GyrA intein and a chitin binding domain. This construct was overex- promising solution. This model was examined with O (Jones et al.,
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1991). Refinement by CNS (Brunger et al., 1998), against the 2.8 Å H., Tsui, L.-C., Bapat, B., Gallinger, S., Andrulis, I.L., et al. (1996).
MADR2 maps to 18q21 and encodes a TGF�-regulated MAD-relatednative data set, quickly decreased the R factor and allowed visual-

ization of the phosphorylated C terminus. A model was built with O protein that is functionally mutated in colorectal carcinoma. Cell 86,
543–552.(Jones et al., 1991) and refined further against the 1.8 Å data set

by simulated annealing. The final atomic model contains Smad2 Feng, X.-H., and Derynck, R. (1997). A kinase subdomain of trans-
residues 265–467 with Ser465 and Ser467 phosphorylated, and 144 forming growth factor-� (TGF-�) type I receptor determines the
ordered water molecules. The N-terminal 24 residues are disordered TGF-� intracellular signaling specificity. EMBO J. 16, 3912–3923.
in the crystals.

Hahn, S.A., Schutte, M., Hoque, A.T.M.S., Moskaluk, C.A., da Costa,
L.T., Rozenblum, E., Weinstein, C.L., Fischer, A., Yeo, C.J., Hruban,

Analytical Ultracentrifugation
R.H., et al. (1996). DPC4, a candidate tumor suppressor gene at

Protein samples were prepared in 10 mM HEPES (pH 8.0), 150 mM
human chromosome 18q21.1. Science 271, 350–353.

NaCl, 3 mM DTT. All sedimentation equilibrium experiments were
Heldin, C.-H., Miyazomo, K., and ten Dijke, P. (1997). TGF-� signal-carried out at 4�C using a Beckman Optima XL-A analytical ultracen-
ling from cell membrane to nucleus through SMAD proteins. Naturetrifuge equipped with an An60 Ti rotor and using six-channel, 12-mm
390, 465–471.path length, charcoal-filled Epon centerpieces and quartz windows.

Loading concentrations for the phosphorylated Smad2 MH2 were Huse, M., Chen, Y.-G., Massague, J., and Kuriyan, J. (1999). Crystal
78, 50, 25, 10, and 5 �M. Loading concentrations for the phospho- structure of the cytoplasmic domain of the type I TGF� receptor in
Smad2-Smad4 complex were 17, 10, 5, and 2.5 �M. Data were complex with FKBP12. Cell 96, 425–436.
collected at four rotor speeds (8,000, 11,000, 14,000, and 17,000 Huse, M., Muir, T.W., Xu, L., Chen, Y.-G., Kuriyan, J., and Massague,
rpm) and represent the average of 20 scans using a scan step size J. (2001). The TGF� receptor activation process: an inhibitor- to
of 0.001 cm. Partial specific volumes and solution density were substrate-binding switch. Mol. Cell 8, 671–682.
calculated using Sednterp (Laue et al., 1992). Data were analyzed

Jayaraman, L., and Massague, J. (2000). Distinct oligomeric statesusing HID from the Analytical Ultracentrifugation Facility at the Uni-
of SMAD proteins in the TGF-� pathway. J. Biol. Chem. 275, 40710–versity of Connecticut (Storrs, CT).
40717.
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