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SUMMARY

Dimeric ligands of the transforming growth factor-b
(TGF-b) superfamily signal across cell membranes
in a distinctive manner by assembling heterotetrameric complexes of structurally related serine/threonine-kinase receptor pairs. Unlike complexes of the
bone morphogenetic protein (BMP) branch that
apparently form due to avidity from membrane localization, TGF-b complexes assemble cooperatively
through recruitment of the low-affinity (type I) receptor by the ligand-bound high-affinity (type II) pair.
Here we report the crystal structure of TGF-b3 in
complex with the extracellular domains of both pairs
of receptors, revealing that the type I docks and becomes tethered via unique extensions at a composite
ligand-type II interface. Disrupting the receptorreceptor interactions conferred by these extensions
abolishes assembly of the signaling complex and
signal transduction (Smad activation). Although
structurally similar, BMP and TGF-b receptors bind
in dramatically different modes, mediating graded
and switch-like assembly mechanisms that may
have coevolved with branch-specific groups of cytoplasmic effectors.
INTRODUCTION
Secreted polypeptide growth factors from diverse families signal
by inducing the assembly of cell-surface transmembrane receptors. In many cases, identical or similar receptors bind at two different sites, one high affinity and one low affinity, and assembly is
mediated by one of several mechanisms: (1) allosteric, liganddependent conformational change in the receptor extracellular
domain that induces receptor-receptor contacts, as exemplified
by the EGF receptor complex (Schlessinger, 2002), (2) recruitment of the second receptor at a lower affinity site by coopera-

tive ligand and receptor-receptor interactions as shown for the
human growth hormone receptor complex (Wells, 1996), and (3)
enhanced avidity resulting from membrane localization and receptor preorientation or ‘‘presentation’’ (Grasberger et al., 1986).
The transforming growth factor-b (TGF-b) superfamily is composed of two major branches represented by the prototypic
TGF-bs and bone morphogenetic proteins (BMPs) (Massagué,
1998; Massagué et al., 2000). TGF-bs are key regulators of cellular proliferation, adhesion, extracellular matrix deposition,
and the immune system. BMPs, well-known inducers of osteogenesis, are also considered ‘‘body’’ morphogenetic proteins
due to their pleiotropic roles in embryonic patterning and morphogenesis (Hogan, 1996; Reddi, 2005). TGF-b superfamily
ligands signal by bringing together two pairs of structurally related receptors, designated types I and II (Wrana et al., 1992;
Wrana et al., 1994). The extracellular domains share a single
‘‘three-finger toxin’’ fold (Greenwald et al., 1999) linked by transmembrane helices to cytoplasmic serine/threonine kinase domains, in contrast to receptors for other growth factors (EGF,
FGF, NGF, PDGF, VEGF, and insulin/IGF) often composed of
tandem immunoglobulin-like scaffolds linked or associated
with tyrosine kinase domains.
In the TGF-b paradigm, the type II receptor binds with high
affinity and is responsible for cooperative recruitment and transphosphorylation of its low-affinity type I pair (Wrana et al., 1992;
Wrana et al., 1994). Either allosteric or direct receptor-receptor
interactions are hypothesized to impart cooperativity to this
macroscopically stepwise mechanism (Hart et al., 2002; Shi
and Massagué, 2003; Wrana et al., 1994). However, cell-based
assays (Brummel et al., 1994; Koenig et al., 1994; Letsou et al.,
1995; Liu et al., 1995; Nohno et al., 1995; Penton et al., 1994;
Yamashita et al., 1995) and binding studies with extracellular
domains (EDs) (Greenwald et al., 2003; Hatta et al., 2000; Kirsch
et al., 2000a; Natsume et al., 1997; Sebald et al., 2004) demonstrated that the large assortment of BMP receptors have mixed
affinities for their ligands. For example, ActRII has moderate
affinity for BMP-7 and interacts weakly with BMP-2, whereas
BMPRIA binds BMP-2 with high affinity and BMP-7 weakly
(Sebald et al., 2004). In addition, superposition of the BMP-2:
BMPRIA-ED (Kirsch et al., 2000b) and BMP-7:ActRII-ED
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‘‘knuckles’’ rather than ‘‘fingers’’ at a separate site (De Crescenzo et al., 2006; Hart et al., 2002). TbRII also has a unique
N-terminal extension of 25 disordered residues not required for
ligand binding (Boesen et al., 2002a, 2002b; Hart et al., 2002).
TbRI is predicted to be structurally similar to BMPRIA with the
exception of a small loop, the prehelix extension (Harrison
et al., 2003), peculiar to TbRI and ActRIB. Like all type I receptors, TbRI has been anticipated to bind in a mode similar to
BMPRIA (Hart et al., 2002; Lin et al., 2006; Shi and Massagué,
2003; Zúñiga et al., 2005). However, in light of the disparate
modes observed for type II receptors, the validity of a common
type I site is questionable (Sun, 2003). Moreover, although
membrane attachment is clearly not required for assembly of
the TGF-b ternary complex (Zúñiga et al., 2005), the structural
basis for the stepwise mechanism has remained uncertain.
Here we show that the TGF-b type I receptor is recruited in
a highly cooperative manner by direct receptor-receptor contact
at a composite ligand-type II interface. The ligand binding modes
of TbRI and BMPRIA are distinct, with TbRI interacting largely
through its hallmark prehelix extension. The disordered N-terminal extension of TbRII becomes partially structured in the complex, tethering TbRI to its docking site at the composite interface. In vitro and cell-based assays show that the TbRII tether,
not required for ligand binding, is crucial for ternary complex
assembly and signal transduction. Thus two evolutionarily minor
modifications of three-finger toxin scaffolds, extensions of a loop
and the N terminus of the type I and type II receptors, respectively, conferred a highly cooperative mechanism of assembly
on the TGF-b signaling complex.
RESULTS

Figure 1. TbRI-ED Is Cooperatively Recruited by the TGF-b3:TbRIIED Binary Complex In Vitro
Surface plasmon resonance (SPR) sensograms of (A) TbRII-ED binding to
TGF-b3, (B) TbRI-ED binding to TGF-b3 alone, and (C) TbRI-ED binding to
TGF-b3 in complex with TbRII-ED. Black bars above sensograms mark period of injection of receptors into the flow at the range of concentrations color
coded on the right.

complex structures revealed that the extracellular domains
of the two receptor types neither interact nor induce significant
conformational change (Greenwald et al., 2003), confirmed several years later by determination of crystal structures of two BMP
ternary complexes (Allendorph et al., 2006; Weber et al., 2007).
Thus avidity from membrane localization is theorized to promote
assembly of BMP signaling complexes in vivo (Greenwald et al.,
2003; Sebald and Mueller, 2003; Sebald et al., 2004).
In marked contrast to the autonomous interactions of BMP
receptors, assembly of the TGF-b:TbRII-ED:TbRI-ED complex
is sequential and cooperative (Zúñiga et al., 2005). Furthermore,
TGF-bs interact with their type II receptor in a manner distinct
from BMPs, the three-finger toxin scaffold binding with its

Cooperative Assembly In Vitro
Consistent with the stepwise assembly on the cell surface
(Wrana et al., 1992, 1994) and in solution with the extracellular
domains (Zúñiga et al., 2005), surface plasmon resonance
(SPR) binding assays showed that recruitment of TbRI-ED by
the TGF-b3:TbRII-ED complex is highly cooperative. TbRII-ED
bound to TGF-b3 immobilized on the surface of the sensor
chip with an apparent KD of 0.5 mM, similar to previous studies
(De Crescenzo et al., 2006) (Figure 1A). In contrast, TbRI-ED at
concentrations up to 70 mM produced only a minimal response
due to its extremely low affinity (188 mM) for the ligand alone
(Figure 1B). However, the affinity of TbRI-ED for the binary complex of TGF-b3:TbRII-ED was 0.6 mM, an enhancement of over
300-fold (Figure 1C). Unlike TbRII-ED, which equilibrated rapidly
based on the sensogram profiles, TbRI-ED associated and dissociated more gradually, suggestive of induced fit rather than
rigid body binding.
TbRI-ED was recruited in an analogous manner by binary complexes of TbRII-ED and TGF-bs 1 and 2 (Table S1 available online). Despite the significantly lower affinity of TbRII for TGF-b2
(Cheifetz et al., 1990; De Crescenzo et al., 2006), recruitment
of TbRI-ED by the TGF-b2:TbRII-ED complex was enabled by
the high concentration of TbRII-ED in the flow, in agreement
with our previous finding that the three ligand isoforms induce
assembly in the same general manner (Zúñiga et al., 2005). To
establish the structural basis for this pronounced cooperative
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Table 1.

Crystallographic Data

Data Collection Statistics
Data collection site

SSRL

FRD/in-house

Space group

P6522

P6522

Unit cell parameters

a = b = 66.92 Å,
c = 254.36 Å

a = b = 66.37 Å,
c = 257.76 Å

a = b = 90.00 ,
g = 120.00

a = b = 90.00 ,
g = 120.00

Wavelength (Å)

0.979

1.542

Resolution range (Å)

50.0–3.0

50.0–4.1

Number of observations

64,333

107,298

Number of unique reflections

6710

5017

Completeness (%)

90.3 (100)a

99.9 (100)a
98.8 (98.4)a

Anomalous completeness (%)
Mean I/s (I)

a

46.32 (17.49)a

a

10.8 (30.6)a

26.2 (4.2)

Rsym on I (%)

7.8 (31.4)

Highest resolution shell (Å)

3.29–3.0

4.25–4.10

Refinement Statistics
Resolution range (Å)

28.8–3.0

Rwork/Rfree (%)

24.2/29.7

Number of protein atoms

2328

Number of water atoms

9

Mean B factors protein (Å2)

51.7

Mean B factors water (Å2)

70.7

Rmsd bond lengths (Å)

0.006

Rmsd bond angles ( )

0.809

Ramachandran Plot Statisticsb
Most favored regions (%)

86.5

Additionally allowed (%)

13.2

Generously allowed (%)c

0.4

a

Highest resolution shell.
Non-Gly/Pro residues (Procheck); for all residues, 93.5% adopt favored
conformations, no outliers (MolProbity).
c
TGF-b3 Asn42. Similar conformation established for this residue in the
2.0 Å structure of the free ligand (Mittl et al., 1996).
b

effect, we determined the crystal structure of the TGF-b3:TbRIIED:TbRI-ED ternary complex.
Structure Determination
The ternary complex (relative molecular mass 78,000; Mr 78K),
composed of two TbRI-EDs, two TbRII-EDs, and one TGF-b3
dimer, was isolated by size-exclusion chromatography and
crystallized near neutral pH. The structure was solved at 3.0 Å
resolution by molecular replacement using crystal structures of
free TGF-b3 (Mittl et al., 1996) and TGF-b3-bound TbRII-ED
(Hart et al., 2002) successively as search models (Table 1).
TbRI-ED model building was facilitated by placing the BMPRIAED model (Kirsch et al., 2000b) in an MRSAD-phased electron
density map (Schuermann and Tanner, 2003) and by aligning
cysteine sulfur positions with their anomalous signals (Groppe
et al., 2002) (Figure S1), which also provided independent verification of the position of TbRI-ED in the complex.

Structure of the TGF-b3:TbRII-ED:TbRI-ED
Ternary Complex
The heterotetrameric receptor complex contains one pair of type
II receptor extracellular domains bound in a wedge-like fashion
between the fingertips of the dimeric ligand and one pair of
type I receptor extracellular domains docked in clefts of two
composite ligand-type II receptor interfaces (Figure 2A). In contrast to the open conformation previously observed in complex
with TbRII (Hart et al., 2002), TGF-b3 adopts the closed conformation seen in crystal structures of the free ligand (Mittl et al.,
1996) (Figure 2B). Steric hindrance or van der Waals contacts between bound TbRI and the major helix (a3) may restrict the ligand
to the closed state in the ternary complex. Alternatively, the
equilibrium between open and closed states might be pH dependent, with the open state predominating at pH 4 and below (Hart
et al., 2002; Bocharov et al., 2002) and the closed state at pH 5
and above (Mittl et al., 1996).
TbRII binds at the fingertips of TGF-b3 as in the TGF-b3:TbRIIED complex, without any significant change in conformation or
interaction at the type II receptor-ligand interface (Figure 2B).
Relative to the structure of the free ligand, TbRII appears to
induce a small displacement of the long finger of TGF-b3 upon
binding. The key interactions shown to stabilize the binary complex, two hydrogen-bonded ion pairs bordering a hydrophobic
array (De Crescenzo et al., 2006; Hart et al., 2002), are preserved
in the ternary complex. The most striking difference lies with
seven residues of the flexible N-terminal extension of TbRII
that become ordered in the ternary complex, providing extensive
receptor-receptor contact (Figure 2A and Figure S2).
TbRI shares the three-finger toxin fold shown for the BMP
type I receptor BMPRIA (Kirsch et al., 2000b) as well as the type
II receptors TbRII (Boesen et al., 2002b; Hart et al., 2002), ActRII
(Greenwald et al., 1999), ActRIIB (Thompson et al., 2003), and
BMPRII (Mace et al., 2006). Modest differences with respect to
the lengths and conformations of the three fingers are seen between TbRI and BMPRIA (Figures 2C and 3). However TbRI contains an additional five residues in a loop preceding a single-turn
helix of BMPRIA referred to as the ‘‘prehelix extension’’ (Figures
2C and 3, red). These additional residues, which include two
highly conserved flanking prolines, form a sharply curved, fingerlike projection that plays a central role in docking TbRI at a
composite TGF-b3:TbRII interface.
Ligand Binding Modes of TbRI and BMPRIA Are Distinct
Hypothetical models of the TGF-b ternary complex created by
superposition of the TGF-b3:TbRII-ED and BMP-2:BMPRIA-ED
complexes have been based on the assumption that all TGF-b
superfamily type I receptors bind ligand in a similar fashion at
a common site (Hart et al., 2002; Lin et al., 2006; Shi and Massagué, 2003; Zúñiga et al., 2005). A flexible loop preceding the
a3 helix of the ligands, the prehelix loop, has been proposed
as the conserved recognition motif for all type I receptors of
the superfamily (Keller et al., 2004). However, in keeping with
structure-based sequence alignment of the ligands (Scheufler
et al., 1999), superposition of TGF-b3 and BMP-2 in the BMP-2:
BMPRIA-ED complex shows that TGF-bs lack three residues
comprising a key structural element of the prehelix loop of
BMPs (Figure 4A). Upon binding, this BMP-specific segment
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Figure 2. Structure of the TGF-b3:TbRII-ED:TbRI-ED Ternary Complex
(A) Ribbon diagram (above) and surface representation (below) portraying the ligand-receptor and receptor-receptor interfaces in the TGF-b ternary complex.
Identical monomers of the homodimeric ligand are distinguished as TGF-b3A, TGF-b3B according to the convention of the BMP-2:BMPRIA-ED complex (Kirsch
et al., 2000b). View is down the shared molecular and crystallographic two-fold symmetry axis (side chains of the TGF-b3 intermolecular disulfide depicted) with
the membrane-proximal face below, from which the C termini of all four receptors protrude and extend. A principle element mediating assembly, the flexible
N-terminal extension of TbRII, becomes ordered in the ternary complex (outlined with a diffuse green border, above). The prehelix extension of TbRI, docked
at the composite TGF-b3:TbRII interface, is highlighted (red) as in subsequent figures. These two key elements, both short extensions, contribute substantially
to the receptor-receptor interface (below).
(B) Superpositions of free TGF-b3 (light blue, light red) and TGF-b3 of the ternary complex (blue, red) (0.85 Å rmsd, 111 Ca atoms), and the TbRII extracellular
domain in the binary (light green) and ternary (green) complex crystal structures (0.54 Å rmsd, 102 Ca atoms). The side chains of key residues required for stabilization of the TGF-b3:TbRII-ED binary complex are depicted. Approximately 920 Å2 of each TGF-b3 monomer is buried by TbRII.
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Figure 3. Sequence Alignment of Type I Receptors of the TGF-b Superfamily
The receptor extracellular domains are grouped in two phylogenetic clades, with the secondary structures of TbRI and BMPRIA depicted above their respective
sequences. The ten conserved cysteines are numbered, boxed in yellow, and connected to depict the five disulfide linkages observed in the crystal structures of
TbRI and BMPRIA. The prehelix extension of TbRI is highlighted in red, a glycine common to the BMPRIA clade in magenta, and an invariant asparagine in cyan.
Residues at the termini of TbRI and BMPRIA in gray are not modeled and presumably disordered. The N terminus of mature TbRI following signal peptide cleavage
has not been experimentally determined. An improved method for prediction (SignalP 3.0 Server) gives high probability to a second cleavage site (A9-L10) more
distal to the NCBI-annotated (NP 004603) site shown. Note that the boundaries of the prehelix extension defined by alignment (ClustalW) of all seven ALKs are in
agreement with the crystal structure yet differ from alignment of TbRI and ActRIB with BMPRIA only (Harrison et al., 2003).

(BMP-2 Asp53, His54, and Leu55) adopts an a-helical conformation complementary to the concave surface of BMPRIA. The
short prehelix loop of TGF-b isoforms precludes a similar stabilizing ligand-type I receptor interaction. In addition, small but significant steric clashes with the type I receptor in this position and
the N-terminal helix (a1) unique to this branch (cf. Figure 4A), plus
other more conserved elements of TGF-b, necessitate an alternative mode of binding by TbRI relative to BMPRIA.
Indeed, superposition of the ligands in the crystal structures of
the TGF-b ternary and BMP-2:BMPRIA binary complexes shows
that TbRI is rotated 45 relative to BMPRIA around the long axis
of the ligand, allowing the prehelix extension of TbRI to dock
against the fingers of TGF-b3B (Figure 4B). This rotation of
TbRI, combined with the compactness of the prehelix loop of
TGF-b3, drastically reduces interaction between TGF-b3A and
TbRI, which are largely separated by a solvent-filled channel (Figure 4C). Contact with TGF-b3A is confined to a3 and the loop exiting the helix and limited primarily to van der Waals interactions.
Approximately 1338 Å2 of the TGF-b3 dimer is buried by TbRI,
44% coming from TGF-b3A and 56% from TGF-b3B. In comparison, 1130 Å2 of BMP-2 dimer is buried by BMPRIA, 68% coming
from BMP-2A and 32% from BMP-2B (Kirsch et al., 2000b).
Interaction of the prehelix extension of TbRI with TGF-b3B is
predominantly hydrophobic and enhanced by the bordering res-

idues Ile54 and Phe60 (Figure 4D). Due to its two flanking prolines (Pro55 and Pro59), the extension curves sharply at each
end, creating a perpendicular bulge that lodges within the wide
groove separating the fingers of the ligand. Hydrophobic side
chains of three residues on the receptor side of the interface
(TbRI Ile54, Pro55, and Phe60) interdigitate tightly with hydrophobic side chains of four residues on the ligand (TGF-b3
Trp30, Trp32, Tyr90, and Leu101) that are invariant among the
isoforms. Centrally located within the cluster, TbRI Pro55 is in
the cis conformation and packs flat against the ligand surface.
Interestingly, Phe60 of TbRI does not bind in the hydrophobic
cavity at the dimer interface of the ligand in a ‘‘knob-and-pocket’’
fashion like the corresponding residue of BMPRIA (Phe85),
a manner hypothesized to be shared by all type I receptors of
the superfamily and indicative of a common binding site (Kirsch
et al., 2000b). Instead, the phenyl ring of Phe60 lays along the
surface of the ligand, stacking against the indole ring of TGFb3 Trp30.
Consistent with this alternative mode of interaction, SPR analyses of recruitment of TbRI variants by the TGF-b3:TbRII-ED
binary complex showed that substitution with bulky hydrophilic
(F60Y) or charged (F60E) residues, which would not be accommodated in the hydrophobic pocket at the dimer interface, only
diminished binding affinity by about 4- and 8-fold, respectively

(C) Superposition of TbRI and BMPRIA extracellular domains (1.28 Å rmsd, 55 Ca atoms). TbRI is yellow-gold as above, and BMPRIA blue-gray. The prehelix
extension of TbRI is highlighted in red, and the three fingers of the receptors are labeled near their tips.
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Figure 4. TbRI Binds in a Distinct Mode at a Composite Interface
(A) Superposition of TGF-b3A onto BMP-2A (gold) in the BMP-2:BMPRIA binary complex. The surface of BMPRIA is represented in gray (TGF-b3B, BMP-2B not
depicted for simplicity).
(B) Superposition of the BMP binary and TGF-b ternary complexes. TbRI is rotated 45 around the long axis of the ligand relative to BMPRIA. TGF-b3A and TGFb3B are shown as red and blue surfaces, respectively (TbRII and BMP-2 not depicted).
(C) TGF-b3A and TbRI are separated by a wide solvent-filled channel. Molecular surfaces are depicted over the ribbons of TGF-b3A and TbRI (yellow-gold).
(D) Prehelix extension of TbRI binds long finger of ligand monomer. Prehelix extension highlighted in red, and ligand monomers are colored and oriented as in the
figure above (TbRII not depicted).
(E) TbRI Arg58-TbRII Asp118 ion pair at the composite interface. TbRII is shown as ribbon in green, and ligand monomers and TbRI are as above.
(F) TbRII N-terminal extension tethers TbRI to the composite TGFb3-TbRII interface. The seven ordered residues (Asn19–Pro25) of the N-terminal extension of
TbRII (green) are shown as sticks. TbRI (yellow-gold) is depicted as sticks and as surface. In total, 916 Å2 of TbRI surface is buried upon binding by TbRII.

(Table S1 and Figure S4). Furthermore, the binary complex of
a monomeric form of TGF-b3, which binds TbRII like the dimeric
ligand (Ilangovan et al., 2003), was able to recruit TbRI with only
a 6-fold reduction in affinity (Table S1), in line with the predominance of interactions between TbRI and TGF-b3B, the TbRIIbound monomer. Significant retention of activity was previously
also detected by native gel assay of ternary complex formation
with monomeric TGF-b3 and in cell-based assays with mono-

meric TGF-b1 (Amatayakul-Chantler et al., 1994; Zúñiga et al.,
2005).
TbRII Tethers TbRI at a Composite Interface
Extensive alanine-scanning mutagenesis of TbRII residues
most closely juxtaposed to TbRI in the above-mentioned hypothetical superposition models had no detectable effect on TbRI
recruitment (data not shown), in line with the displacement of
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mammals. TbRII Ile53 plays a dual role, contributing to the
recruitment interface by binding between the ligand fingertips
(cf. Figure 2).
The bulk of receptor-receptor interaction arises from seven
residues of the disordered N-terminal extension of TbRII that become ordered in the ternary complex and tether TbRI to its docking site at the composite interface. The prehelix extension of
TbRI curves sharply at its tip to create a cavity that serves as
the binding site for the hydrophobic side chains of Val22 and
Phe24 of TbRII (Figure 4F). TbRII Pro25, which adopts an altered,
partially ordered conformation in the binary complex, becomes
locked in place between TbRII Pro57 and TbRI Arg58 in the ternary complex. This restriction, combined with the inherent constraint of the proline ring, confines the side chain of Phe24 to
the hydrophobic pocket of TbRI. The charged side chain of the
adjacent residue, Lys23, projects away from TbRI into the
solvent and is not well ordered. Residues 22–25 are highly conserved in zebrafish, chick, and mammalian TGF-b type II receptors. The locking proline residue is invariant, and as well, Phe24,
Lys23, and Val22 are either conserved or conservatively
substituted with hydrophobic (F/L/I), hydrophilic (K/R/Q), and
hydrophobic (V/I/L/Y) residues, respectively. Additional interactions are provided by residues 19–21 of the N-terminal
segment of TbRII that bind along a small groove in the knuckles
atop the fingers of TbRI. The first eighteen residues of the
mature receptor (Ile1–Asn18) after the site of signal peptide
cleavage could not be modeled and presumably remained
disordered.

Figure 5. N-Terminal Tether of TbRII Recruits TbRI into Ternary
Complex
(A) Sequence of N-terminal extension of TbRII. The N-terminal tether (underlined, light green) extends out from the receptor scaffold (dark green) from
Pro25 to Asn19. The first 18 residues appear to be unstructured. Numbering
(based on the mature N terminus, not the initiator methionine of the signal
peptide) refers to the termini of the receptor constructs below.
(B) Native gel analyses of TbRI recruitment by binary complexes of TGFb3 and
N-terminally truncated TbRII variants. BC and TC indicate positions of binary
and ternary complexes, respectively.
(C) Native gel analyses of TbRI recruitment by binary complexes of TGF-b3 and
D20 TbRII point variants.
(D) SPR analyses of TbRI recruitment by binary complexes of D20 TbRII point
variants and fully truncated (D25) TbRII.

TbRI observed in the crystal structure. The disulfide-linked
scaffold of TbRII is contacted only nominally by TbRI, through
its prehelix extension (Figure 4E). The principle interaction is
a hydrogen-bonded ion pair between TbRI Arg58 and TbRII
Asp118 that anchors TbRI at the composite interface of the
TGF-b3:TbRII complex (Figure S3). These two residues are
highly conserved, linking an invariant arginine to either an aspartate or glutamate in TGF-b receptors from ascidians to

In Vitro Binding Assays with TbRII Tether Variants
To test the role of the tether in recruitment of TbRI, the activities
of N-terminal variants of TbRII (Figure 5A) were analyzed by
in vitro binding assays. In native gels, binary complexes of a
series of TbRII truncation variants (D14, D20, and D25) and
TGF-b3 stained progressively less than binary complex with
full-length TbRII and yet were clearly formed (Figure 5B), consistent with SPR interaction analyses (see below) and the dispensable role of the N-terminal segment in TGF-b binding established
previously (Boesen et al., 2002a, 2002b; Hart et al., 2002). However, unlike the others, binary complex with fully truncated (D25)
TbRII recruited little if any TbRI (right two lanes) into a stable ternary complex.
Alanine substitution of TbRII Phe24, which binds the hydrophobic cleft on the knuckles of TbRI (cf. Figure 4F), significantly
destabilized the ternary complex by native gel assay (Figure 5C).
Alanine substitution of the adjacent residue (Lys23), extended
away from TbRI into the solvent, had no effect on binary or
ternary complex formation relative to unsubstituted TbRII. Although disruption of the ion pair linking TbRII to TbRI in the
D118A point mutant had no discernible effect, the loss of this
linkage along with key stabilizing effects of the N-terminal tether
in the F24A-D118A variant rendered ternary complex formation
undetectable.
SPR analyses established that ligand binding was not significantly affected by any of the truncations or substitutions of TbRII
(Table S1). If at all, the affinity for TGF-b3 was slightly enhanced
by complete truncation of the N-terminal tether due perhaps to
loss of binding interference. However, in good agreement with
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Figure 6. Two Key Receptor-Receptor Contacts Promote Cell-Surface Assembly and
Signaling
(A–C) Comparison of cellular activities of wild-type
(WT), single-variant (D25, F24A, and D118A), and
double-variant (D14-D118A, D20-D118A, D25D118A, and F24A-D118A) TbRII.
(A and B) Assay of cell-surface assembly by affinity labeling of receptors with 125I-TGF-b. Upper
panels, anti-TbRII immunoprecipitations. Lower
panels, anti-TbRI immunoprecipitations. Positions
of the crosslinked ligand-receptor complexes are
indicated on the left of each panel.
(C) Signaling assay of ligand-induced phosphorylation of Smad2. The phospho-Smad (P-S2) products are shown above the unphosphorylated
controls (S2).

the native gel findings and structural predictions, TbRI recruitment by binary complexes containing the D118A, F24A, F24AD118A, and D25 variants was diminished by 3-, 20-, 60-, and
80-fold, respectively (Table S1).

dent phosphorylation of Smad2. As anticipated, fully truncated (D25) TbRII was
most severe, yet all single mutants only
diminished, but not abolished, TbRI recruitment (Figure 6A) and Smad activation (Figure 6C). However, the D25D118A double mutation rendered TbRI
binding and Smad activation completely
undetectable. Similarly, a synergistic effect was also observed for the F24AD118A double mutant (Figures 6B and
6C). Thus in cellular assays, the N-terminal tether of TbRII, in conjunction with
the ion pair linking the prehelix extension
of TbRI to the scaffold of TbRII, was crucial for ternary complex
formation and activation of the downstream Smad signaling
pathway.
DISCUSSION

Cellular Assays of Receptor-Receptor Interactions
Restriction of diffusion of receptors to two dimensions by the
plasma membrane and interactions between cytoplasmic domains could influence the effects of extracellular structural determinants on assembly of the TGF-b ternary complex in cellular
contexts. To evaluate the roles of key interactions in assembly
and signaling, we employed the mink lung epithelial cell line
(DR-26), which lacks active endogenous TbRII due to a nonsense
mutation (Wrana et al., 1992). Truncated and alanine-substituted
TbRII variants, as single and double mutants, and a wild-type
control were stably expressed in DR-26 cells and cell-surface
TGF-b receptors analyzed by affinity labeling using 125I-TGF-b1.
Lysates from labeled cells were then subjected to immunoprecipitation with antibodies directed to either TbRII or endogenous
TbRI and affinity-labeled receptors detected by SDS-PAGE. In
parallel, we also examined the ability of each TbRII form to support activation of Smad2, a direct substrate of the activated
type I receptor (Macias-Silva et al., 1996).
In agreement with our in vitro studies, no appreciable effect on
ligand binding was observed with any variant (Figures 6A and
6B). Nevertheless, these ligand-type II complexes differed dramatically in their ability to recruit TbRI and mediate TGFb-depen-

The crystal structure of the TGF-b ternary complex reveals that,
like the type II receptor, the type I binds ligand in a mode distinct
from its BMP counterpart. Thus despite structural similarities,
TGF-b and BMP type I and II receptors bind ligand in four distinct
modes (Figure 7). Interestingly, both TGF-b types bind with the
disulfide-linked knuckles of the three-finger toxin fold, whereas
the two BMP types bind with the concave surfaces of the long
curved fingers. Short extensions, the N-terminal of TbRII (seven
residues) and the prehelix of TbRI (five residues), on the two TGF-b
receptors play key roles. These rather simple modifications
endowed the heterotetrameric TGF-b receptor complex with
the ability to assemble in a highly cooperative manner by combined ligand and receptor-receptor interactions, similar to the
sequential assembly mechanism of the homodimeric growth
hormone receptor complex (Wells, 1996). Importantly, our cellular assays of receptor-receptor interactions with the D25-D118A
TbRII ‘‘null’’ variant showed that, in contrast to BMP receptor
assembly and signaling, avidity effects due to membrane
localization alone are insufficient for assembly of the heterotetrameric signaling complex and activation of downstream
effectors.
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Figure 7. TGF-b and BMP Receptors Bind in Distinct Modes and Assemble through Disparate Mechanisms
(A) The homodimeric ligands and heterotetrameric receptors of the TGF-b (above) and BMP (below) ternary complexes are depicted as ribbons with semitransparent molecular surfaces. Views are down the two-fold symmetry axes as in Figure 2, with the prehelix extension of TbRI highlighted in red. Note that the BMP
type I receptor binds in a complementary fashion to a unique single-turn helix of the prehelix loop of the BMP ligand (cf. Figure 4A). Because TGF-bs lack this
element and TbRI is rotated up and away by 45 , interactions with monomerA are minimal (cf. Figures 4A–4C).
(B) Superposition of TGF-b and BMP monomer:type II receptor-ED models, viewed as above. b strands 1 and 2 of finger 1 are highlighted (cyan) in both receptors
(above, below ligand tips) to contrast orientations.
(C) Superposition of TGF-b and BMP ternary complexes, viewed obliquely along their long axes (from left and in plane, above). Note that the TGF-b receptors
assemble in equatorial positions relative to their BMP counterparts, which bind above (type II) and below (type I). These proximal positions, combined with the
extended fingers of the TGF-b ligand, allow the prehelix extension of TbRI and the N-terminal extension of TbRII to interact extensively at the composite ligandtype II interface. PDB 2GOO (Allendorph et al., 2006) selected for models of BMP complexes.
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Though the N-terminal extension of TbRII appears to be
unique among type II receptors in both sequence and structure,
extension of the prehelix loop is not exclusive to TbRI but is a distinctive feature of the activin type I receptor ActRIB as well (Figure 3). Mutational analysis indicates this region may constitute
the primary ligand binding epitope (Harrison et al., 2003), as
shown here for the TGF-b type I receptor. However, activin
type II receptors bind activin as they do BMPs, on the backside
(knuckles) of the ligand fingers rather than between the tips
(Thompson et al., 2003). Superposition of the activin:ActRIIBED and TGF-b3:TbRII-ED:TbRI-ED complexes places ActRIIB
and TbRI in close proximity, yet without direct interaction.
Whether the activin complex assembles with high cooperativity
through receptor-receptor contact in a TGF-b-like manner, or
simply recruits its low affinity pair due to membrane-mediated
avidity as hypothesized for BMP complexes, awaits functional
and structural studies with the extracellular domain of ActRIB.
Through studies of proliferation and migration of endothelial
cells (Goumans et al., 2003), TGF-b has been hypothesized to
assemble a mixed complex of type I receptor kinases from
both branches, composed of TbRI (ALK-5; inhibiting via Smads
2 and 3) and ALK-1 (activating via Smads 1, 5, and 8). However,
based on our structure of the TGF-b ternary complex and alignment of the two branches of activin-like kinases (Figure 4), interactions responsible for ALK-1 binding appear to be distinct from
those mediating recruitment of TbRI. Without the principle element necessary for binding at the composite ligand-type II interface, the prehelix extension, a receptor of the BMP branch such
as ALK-1 cannot bind in a fashion comparable to TbRI. Moreover, because TGF-bs lack the prehelix loop required for binding
receptors of the BMP branch (Figures 4A, 4C, and 7), a receptorlike ALK-1 cannot bind TGF-bs in a BMP-like mode. Thus substitution of ALK-1 for TbRI in a putative mixed complex might
require a third, as yet undetermined set of interactions, such as
within noncanonical TGF-b:ALK-1-ED or TbRII:ALK-1-ED interfaces, between receptor transmembrane or kinase domains or
via an unidentified adaptor protein.
Our studies have revealed that unlike the assortment of type I
and II BMP receptors, the two TGF-b types interact directly in
a highly specific manner. The markedly cooperative manner of
assembly resulting from these unique receptor-receptor interactions may yield a full biological response over a narrow concentration range, compared to BMP signaling, which displays a wide
dose response range (Benchabane and Wrana, 2003). Furthermore, because TGF-b and BMPs are representative of the two
major branches of the superfamily, perhaps two qualitatively different mechanisms of receptor assembly arose along with the
distinct groups of downstream effectors, culminating in a moderately responsive graded signal for the BMP branch, and a biphasic switch-like signal for the TGF-b. This evolutionarily divergent mechanism could be critical for the TGF-b family to exert its
key regulatory roles during vertebrate development and in cellular homeostasis and sets the prototypical family apart from the
more ancestral-like BMP branch, which like EGF, FGF, Wnt,
and Hedgehog ligands, are hypothesized to have arisen in an
ancestral metazoan (Hogan et al., 1994).
The switch-like mechanism mediating assembly of the TGF-b
complex apparently arose through two evolutionarily minor

modifications of the receptors: extension of the N terminus of
the type II and a loop of the type I. Divergent extensions from conserved scaffolds may indeed play more significant roles than
envisioned by alignment of protein families. A nonconserved
N-terminal extension from the cysteine-knot scaffold of the BMP
antagonist Noggin is essential for sequestration of the structurally
related ligand in an inactive complex (Groppe et al., 2002). Through
such readily acquired modifications, dramatically different functions can be imparted on the relatively limited number of protein
modules drawn from in the evolution of signaling pathways.
EXPERIMENTAL PROCEDURES
Protein Preparations
Recombinant human TGF-b3, expressed in E. coli as the mature C-terminal
signaling domain, was refolded and purified by a patented method (Cerletti,
2000). Recombinant human TbRII-ED1–136 was expressed in E. coli and refolded and purified as previously described (Hinck et al., 2000). Asn19 was
substituted with alanine due to deamidation. TbRII-ED variants were constructed by QuikChange site-directed mutagenesis. Recombinant human
TbRI-ED1–101, also expressed in E. coli, was prepared by modification of an
oxidative refolding/HPLC purification procedure (Zúñiga et al., 2005). Met46
was substituted with serine to eliminate an internal chemical cleavage site.
Ternary Complex Formation and Crystallization
TGF-b3 (0.4 mg ml 1, 0.1 M HOAc) was combined with TbRII-ED1–136 (1.4 mg
ml-1, water) at a molar ratio of 1:3 to initially form binary complex, which was
diluted with water and one-fifth (final) volume of 1 M Tris-HCl (pH 8.0). TbRIED1–101 (1.5 mg ml 1, water) was introduced at a ligand:receptor molar ratio
of 1:3.5, and the sample (0.3 mg ml 1) was concentrated 20-fold by ultrafiltration. The 1:2:2 complex was isolated by SEC on a Superdex S75 column
equilibrated in 25 mM Tris-HCl (pH 7.4), reconcentrated, and crystallized at
6–8 mg ml 1 from grids containing 10%–20% PEG 3350, 0.1 M NaHEPES
(pH 7.5), 0.4–0.65 M CaOAc2, and 0.1–0.25 M NaCl. Elongated hexagonal
crystals (100–400 mm) grew at ambient temperature in space group P6522
with cell dimensions a = b = 66.92 Å, c = 254.36 Å. Large crystals (each dimension) appeared to result from limited proteolysis by contaminating activity,
which also seemed to affect morphology, growth rate, and diffraction. Better
diffracting crystals with sharp edges required 6 weeks, whereas more weakly
diffracting, football-shaped forms grew overnight.
Structure Determination
Anomalous signals from sulfurs of the disulfide-rich proteins were obtained
from a 4.1 Å data set collected in house (Rigaku FR-D X-ray generator/Cu anode) at 100 K with a single sharp-edged crystal equilibrated several days in
30% PEG 3350, 0.1 M NaHEPES (pH 7.5), 0.23 M CaOAc2, 0.1 M NaCl, and
5% glycerol. A morphologically similar crystal equilibrated as above was collected from less redundantly and provided data to 3.5 Å for molecular replacement and initial rounds of model building. A higher-resolution 3.0 Å data set
was obtained at 100 K on beamline 11-1 of the Stanford Synchrotron Radiation
Laboratory (SSRL) with a single crystal equilibrated several days in 30% ethylene glycol, 0.1 M NaHEPES (pH 7.5), 10 mM CaOAc2, 1.72 M NH4OAc, and
1 M TMAO, which significantly enhanced diffraction from this rounded form.
CaOAc2 from the reservoir solution was incrementally replaced with NH4OAc
and TMAO over intervals of several hours. In the final step, PEG 3350 was
substituted with ethylene glycol. All crystals could be subjected to multiple
freeze-thaw cycles without deleterious effect.
Data sets were processed with HKL2000 (Otwinowski and Minor, 1997) (in
house) and XDS (Kabsch, 1993) (SSRL). The structure was solved by molecular
replacement with MOLREP (CCP4, 1994) using crystal structures of free TGFb3 (Mittl et al., 1996) and bound TbRII-ED (Hart et al., 2002) as search models.
The molecular and crystallographic two-fold axes are coincident, with one
half-complex in the asymmetric unit (solvent volume 46%–50%, modeled versus full-length proteins). Manual rebuilding of the search and TbRI homology
models was performed with O (Jones et al., 1991) and Coot (Emsley and
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Cowtan, 2004). Initial refinement was by CNS (Brünger et al., 1998) with simulated annealing and by REFMAC (CCP4, 1994) using three TLS groups
(one/chain), with final stages eleven groups generated by TLSMD (Painter
and Merritt, 2006). The structure was evaluated with PROCHECK and MolProbity, and figures were produced with PyMOL.
In Vitro Assays
Native polyacrylamide gel binding assays were performed as previously described (De Crescenzo et al., 2006; Zúñiga et al., 2005). SPR analyses were
conducted with a BIAcore 3000 system. TGF-bs, prepared as above (TGFb2, TGF-b3) (Cerletti, 2000) or from CHO cells (TGF-b1; R&D Systems), were
immobilized on CM5 sensor chips at densities of 662–2289 RU. Concentrated
stocks of receptor EDs were dialyzed exhaustively against HBS flow buffer
(10 mM NaHEPES [pH 7.4], 150 mM NaCl, 3.4 mM EDTA, and 0.005% Surfactant P20), quantitated by UV spectroscopy, and diluted with dialysis buffer.
The background-blank sensogram was subtracted from sensograms measured with immobilized ligands and RU maxima plotted, and equilibrium binding curves were fitted with Origin (OriginLab). To assay recruitment, TbRI-ED
was injected at 0–35 mM along with fixed concentrations of TbRII. For measurements at 0.5 mM, TbRII was included in the flow buffer and the baseline
equilibrated prior to the injections. For measurements at 4.0 mM, duplicate
standards of TbRII alone were injected prior to and following the recruitment
assays, and the mean TbRII response was subtracted from the RU maxima
to calculate the contribution of TbRI.
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Baardsnes, J., Mendoza, V., Sun, L., López-Casillas, F., et al. (2006). Three
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two bone morphogenetic protein type I receptors in Drosophila and evidence
that Brk25D is a decapentaplegic receptor. Cell 78, 239–250.
Reddi, A.H. (2005). BMPs: from bone morphogenetic proteins to body morphogenetic proteins. Cytokine Growth Factor Rev. 16, 249–250.

Ilangovan, U., Deep, S., Hinck, C.S., and Hinck, A.P. (2003). Sequential resonance assignments of the extracellular domain of the human TGFb type II receptor in complex with monomeric TGFb3. J. Biomol. NMR 29, 103–104.

Scheufler, C., Sebald, W., and Hülsmeyer, M. (1999). Crystal structure of human bone morphogenetic protein-2 at 2.7 A resolution. J. Mol. Biol. 287,
103–115.

Jones, T.A., Zou, J.Y., Cowan, S.W., and Kjeldgaard, M. (1991). Improved
methods for building protein models in electron density maps and the location
of errors in these models. Acta Crystallogr. A 47, 110–119.

Schlessinger, J. (2002). Ligand-induced, receptor-mediated dimerization and
activation of EGF receptor. Cell 110, 669–672.

Kabsch, W. (1993). Automatic processing of rotation diffraction data from
crystals of initially unknown symmetry and cell constants. J. Appl. Cryst. 26,
795–800.
Keller, S., Nickel, J., Zhang, J.L., Sebald, W., and Mueller, T.D. (2004). Molecular recognition of BMP-2 and BMP receptor IA. Nat. Struct. Mol. Biol. 11,
481–488.

Schuermann, J.P., and Tanner, J.J. (2003). MRSAD: using anomalous dispersion from S atoms collected at Cu Ka wavelength in molecular-replacement
structure determination. Acta Crystallogr. D Biol. Crystallogr. 59, 1731–1736.
Sebald, W., and Mueller, T.D. (2003). The interaction of BMP-7 and ActRII implicates a new mode of receptor assembly. Trends Biochem. Sci. 28, 518–521.
Sebald, W., Nickel, J., Zhang, J.L., and Mueller, T.D. (2004). Molecular recognition in bone morphogenetic protein (BMP)/receptor interaction. Biol. Chem.
385, 697–710.

Kirsch, T., Nickel, J., and Sebald, W. (2000a). BMP-2 antagonists emerge from
alterations in the low-affinity binding epitope for receptor BMPR-II. EMBO J.
19, 3314–3324.
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Zúñiga, J.E., Groppe, J.C., Cui, Y., Hinck, C.S., Contreras-Shannon, V., Pakhomova, O.N., Yang, J., Tang, Y., Mendoza, V., López-Casillas, F., et al.
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