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The TGF-b superfamily of ligands and receptors
stimulate cellular events in diverse processes ranging
from cell fate speci®cation in development to immune
suppression. Activins de®ne a major subgroup of
TGF-b ligands that regulate cellular differentiation,
proliferation, activation and apoptosis. Activins signal
through complexes formed with type I and type II
serine/threonine kinase receptors. We have solved the
crystal structure of activin A bound to the extracellu-
lar domain of a type II receptor, ActRIIB, revealing
the details of this interaction. ActRIIB binds to the
outer edges of the activin ®nger regions, with the two
receptors juxtaposed in close proximity, in a mode
that differs from TGF-b3 binding to type II receptors.
The dimeric activin A structure differs from other
known TGF-b ligand structures, adopting a compact
folded-back conformation. The crystal structure of the
complex is consistent with recruitment of two type I
receptors into a close packed arrangement at the cell
surface and suggests that diversity in the conform-
ational arrangements of TGF-b ligand dimers could
in¯uence cellular signaling processes.
Keywords: activin/ActRIIB/TGF-b/receptors/signaling/
structure

Introduction

The transforming growth factor b (TGF-b) cytokines are a
large superfamily with more than 30 mammalian family
members divided into subgroups that include the TGF-bs,
the bone morphogenetic proteins (BMPs), the activins and
other more distant relatives (MassagueÂ, 2000; MassagueÂ
and Chen, 2000; Miyazono et al., 2001). TGF-b cytokines
can activate cell differentiation, apoptosis, hematopoiesis,
angiogenesis, steroid synthesis, adhesion, migration
and extracellular matrix production (Woodruff, 1998;
MassagueÂ and Wotton, 2000; Miyazono et al., 2001;
Dennler et al., 2002). The speci®c response depends upon
the types and levels of the TGF-b ligand and receptors as
well as the cellular state and environment. TGF-b ligands
act as potent inhibitors of cellular proliferation and
disruption of the signaling pathway is associated with
cellular transformation and oncogenesis (MassagueÂ et al.,
2000; Pasche, 2001).

TGF-b ligands interact with type I and type II signaling
receptors (MassagueÂ and Weis-Garcia, 1996; MassagueÂ
and Chen, 2000; Miyazono et al., 2001; Dennler et al.,
2002). Both receptors contain a short extracellular domain
that binds ligand, and a larger intracellular serine/
threonine kinase domain. Type I and type II receptor
kinase domains phosphorylate distinct cellular substrates.
While type II receptor kinases are constitutively active,
type I receptors are activated by type II receptor
phosphorylation of a membrane-proximal GS-domain
(MassagueÂ et al., 2000). Ligands generally bind type II
receptors with higher af®nity followed by recruitment of
lower af®nity type I receptors into a complex, although
certain BMP ligands can bind directly to type I receptors
without requiring prior type II receptor interactions
(Kirsch et al., 2000a; Miyazono et al., 2001). Activated
type I receptor kinases phosphorylate receptor-regulated
SMAD proteins (R-SMADS), which associate with a
cytoplasmic common-mediator SMAD (Co-SMAD),
forming a complex that translocates to the nucleus to
mediate transcription (MassagueÂ and Wotton, 2000).

In contrast to the larger number of TGF-b ligands, fewer
receptors and SMAD proteins are involved in the signaling
pathway (Miyazono et al., 2001). In mammals, only ®ve
type II receptors and seven type I receptors have been
identi®ed. Five R-SMADS, one Co-SMAD and two
inhibitory SMAD proteins (I-SMADS) form the core of
the signal transduction pathway. The SMAD1, SMAD5
and SMAD8 proteins are activated by BMP receptors,
while the SMAD2 and SMAD3 proteins are activated by
TGF-b and activin receptors. The diversity of the signaling
pathway at the level of receptors and R-SMADs is limited
in comparison with the diversity of physiological roles that
the TGF-b superfamily exhibits in vivo. SMAD proteins
are regulated by additional intracellular mechanisms that
also provide links to other signaling pathways, contribut-
ing to the diversity of responses induced by TGF-b ligands
(MassagueÂ and Chen, 2000).

Both BMPs and activins act as classical morphogens
(Gurdon et al., 1999; Miyazono et al., 2001; Bourillot
et al., 2002), with cellular responses dependent upon the
levels of ligand:receptor complexes. Activin concentration
differences of as little as 3-fold are quantitatively correl-
ated with steady-state levels of nuclear SMAD complexes
that elicit distinct gene expression pro®les in Xenopus
blastula cells (Gurdon et al., 1999; Ryan et al., 2000;
Bourillot et al., 2002). Access of ligand to receptors is
blocked by extracellular ligand binding proteins and
receptor inhibitors, and can also be enhanced by the
presentation of ligand by type III receptors. The pleio-
tropic effects of TGF-b ligands on cellular activation
likely relies on details of receptor:ligand complex forma-
tion related to the persistence and strength of signaling and
the quantitative localization of SMAD complexes in the
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nucleus. Factors that may in¯uence this include the
kinetics and stabilities of receptor:ligand assemblies and
the conformational arrangements of related receptor:
ligand complexes.

A number of TGF-b ligand structures have been
determined, revealing a common cysteine knot protein
fold. TGF-b ligands are typically found as homodimers,
although heterodimers can also form. The structures of
TGF-b1 (Hinck et al., 1996), TGF-b2 (Daopin et al., 1992;
Schlunegger and Grutter, 1992), BMP-2 (Scheu¯er et al.,
1999; Kirsch et al., 2000b) and BMP-7 (Grif®th et al.,
1996) all show a common elongated dimer structure. The
structures of TGF-b3 (Mittl et al., 1996) and GDNF
(Eigenbrot and Gerber, 1997) revealed that certain family
members deviate from the canonical dimer conformation.
The structures of a type I receptor complex, BMP-2 bound
to BRIA (Kirsch et al., 2000b), and a type II receptor
complex, TGF-b3 bound to TbRII (Hart et al., 2002), have
also been determined. We report here the structure of
activin A bound to the type II receptor ActRIIB deter-
mined to 3.05 AÊ resolution. In two crystal forms, the
activin A dimer adopts a compact conformation that is
distinct from previously determined superfamily mem-
bers. ActRIIB binding is observed on the outside of the
activin A ®nger regions interacting with a surface site that
differs from that occupied by TbRII bound to TGF-b3.
The structure suggests that different binding modes and
conformational arrangements of TGF-b ligand complexes
could in¯uence cellular signaling and responses.

Results

Overall description of the complex in P41 and
P41212 crystal forms
The structure of the ActRIIB:activin A complex is shown
in Figure 1A. Two receptors bind on the convex outer
surface of the anti-parallel b sheets that form the ®nger or
knuckle regions of the TGF-b fold. In both the P41 and
P41212 crystal forms activin A adopts a highly bent
conformation that differs from other known TGF-b ligand
structures. Superposition of the two crystal form structures
yields an overall root mean square (r.m.s.) deviation for Ca
atoms of 0.69 AÊ 2 (Figure 1B). In both forms, one of the
activin A monomers and the associated ActRIIB is more
ordered than the second, with the most pronounced
difference in atomic temperature factors observed for the
P41212 crystal form. Electron density for ActRIIB is
observed for residues 25±117, but not for residues
118±120 and a C-terminal thrombin cleavage site. For
activin A, residues 49±76 that form the canonical TGF-b
`wrist' region are disordered in both crystal forms, similar
to the TGF-b3:TbRII complex. However, the ActRIIB:
activin A interface is well-de®ned in electron density maps
(Figure 1C and D).

The ActRIIB:activin A complex contains a 2-fold
symmetry axis between two nearly anti-parallel activin A
monomers (Figure 1A). The two receptors are brought into
closer proximity than observed in the TGF-b3:TbRII
complex (Hart et al., 2002) or in complexes that would
form with the canonical TGF-b dimer conformation. The
two ActRIIB receptors are located on two sides of the
activin A dimer, separated by a center-of-mass distance of
31 AÊ . This arrangement is consistent with the membrane

anchoring of both receptors to the cell surface through a
¯exible linker to the transmembrane region.

Comparison of activin A with other TGF-b ligands
Activin A monomers in the complex maintain the
canonical TGF-b fold with minor variations in the loops
between b-strands forming the ®nger region of the fold,
excluding the disordered wrist region. Superposition of the
activin A monomers onto TGF-b2 (Daopin et al., 1992;
Schlunegger and Grutter, 1992; Hart et al., 2002), TGF-b3
(Mittl et al., 1996), BMP-2 (Scheu¯er et al., 1999; Kirsch
et al., 2000b) and BMP-7 (Grif®th et al., 1996) monomers
yields r.m.s. deviations in Ca positions ranging from
1.25 AÊ 2 for BMP-2 to 1.70 AÊ 2 for TGF-b3 (Figure 2A).

The conformational arrangement of the activin A dimer
differs from other observed TGF-b ligand conformations
(Figure 2B). Most TGF-b dimers show an extended,
symmetric arrangement like BMP-7 (Grif®th et al., 1996),
including TGF-b1 (Hinck et al., 1996), TGF-b2 (Daopin
et al., 1992; Schlunegger and Grutter, 1992) and BMP-2
(Scheu¯er et al., 1999; Kirsch et al., 2000b). Another
dimer arrangement was observed for TGF-b3 in complex
with TbRII (Figure 2B), and NMR studies of TGF-b3 in
solution are consistent with a ¯exible dimer interface
(Bocharov et al., 2002). Superposition of activin A,
TGF-b3 and BMP-7 aligned on one monomer highlights
the large conformational differences in the second
monomer position (Figure 2C), which can be described
as domain movements relative to the BMP-7 structure.
The structural change from the extended BMP-7 dimer to
the compact activin A dimer involves a rotation of 75° of
one monomer about a rotation axis nearly perpendicular to
the long axis of the BMP-7 dimer. In contrast, structural
changes in TGF-b3 involve a rotation of 110° about an
axis along the length of the BMP-7 dimer. The rotations
for activin A and TGF-b3 occur in opposite directions
creating a `closed' form for activin A and an `open' form
for TGF-b3.

The activin A dimer is linked by an interchain disul®de
bond (Cys80) adjacent to the disordered wrist region. The
®nger regions of the activin A monomers bury 342 AÊ 2 of
surface area in their contact interface excluding the
interchain disul®de. The dimer interface is primarily
hydrophobic and involves two short segments, including
residues Cys80, Val82, Pro83, Leu86, Gln106 and
Asn107 symmetrically arranged between the monomers
(Figure 2D). These residues are partially conserved across
the TGF-b superfamily (Innis et al., 2000). Cys80 and
Pro83 are completely conserved in activins B and C, while
Val82 is replaced by Ile in activin B, Leu86 is replaced by
Arg in activin C, Gln106 is replaced by Pro in both
activins B and C, and Asn107 is replaced by Asp in
activin C.

Residue differences between activin A and other family
members at the canonical TGF-b dimer interface might
also affect activin A conformational ¯exibility. Although
most of these residues are disordered in the ActRIIB:
activin A crystals, potential dimer contact residues can be
identi®ed from other structures. In BMP-7 and TGF-b2,
there is good correspondence between the residues
involved in the dimerization interfaces (Grif®th et al.,
1996). Out of 22 residues buried in the canonical dimer
interface, 17 are identical or conservatively substituted in
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activin A. Only ®ve residues are signi®cantly different in
size and/or polarity. Activin A Phe16 replaces Leu in both
BMP-7 and TGF-b2, Phe58 replaces Asp and Gln, Gln65
replaces Leu in both, Asn76 replaces Val and Ser, and
Leu77 replaces Pro and Ala. Leu86 is involved in both the

canonical dimer interface and the activin A dimer
interface. These residue changes may couple with other
structural differences in activin A, such as positioning,
stability or length of the a1 helix, enabling greater
¯exibility in the wrist region.

Fig. 1. Structure of the ActRIIB:activin A complex. (A) Ribbon diagram of the complex. The activin A dimer is shown in light and dark blue for each
monomer and the ®ngers are labeled F1±F4; ActRIIB models are represented in yellow and red CPK atoms with the hydrophobic cluster (Y60, W78,
F101) are shown in grey. (B) Superposition of the P41 (black) and P41212 (red and blue) crystal forms. (C) Electron density showing the edge of the
hydrophobic interface and the intramolecular salt bridge between K102 and D104 (activin A shown in red; ActRIIB, yellow). (D) Expanded stereo
view of the electron density of the complex interface. Electron density is from a simulated annealing composite omit map contoured at 1.5 and 0.9 s,
respectively.
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The activin A conformation may be affected by the
crystal lattices. In both lattices, ActRIIB forms back-to-
back interactions with symmetry-related receptors, bury-
ing ~1400 AÊ 2 of total surface area. Contacts between
receptors across the activin A dimer axis may also stabilize
the activin A conformation. The activin A dimer may be
¯exible in solution and adapt to these packing arrange-
ments.

Comparison of ActRIIB with other type I/II receptors
ActRIIB exhibits a three-®ngered toxin fold similar to
ActRII (Greenwald et al., 1999). The r.m.s.deviations in
Ca positions between ActRIIB and related receptors are
0.55 AÊ 2 for ActRII, 2.29 AÊ 2 for TbRII and 1.24 AÊ 2 for
BRIA. The location of the ligand-binding surface on
ActRIIB differs signi®cantly from that on TbRII (Hart
et al., 2002) and correlates with large structural differences
in the two proteins (Figure 3A). TGF-b3 binding by TbRII
is almost exclusively through the ®rst ®nger of the fold,
burying only 515 AÊ 2 (Figure 3A and B). In contrast,

activin A binding by ActRIIB involves the concave
surface at the base of ®ngers 2 and 3, with many contacts
in the loop between ®ngers 2 and 3 (L23 in Figure 3A and
B). The length and position of L23 differs in the two
receptors (Figure 3A). In ActRIIB the L23 loop is short,
forms part of the complex interface and allows access to
hydrophobic residues important for activin binding. In
TbRII, L23 is longer by six amino acids and extends 12 AÊ

up towards the top of the ®ngers covering the surface
analogous to the hydrophobic cluster of ActRIIB. Another
major difference in the receptors is in the size and
orientation of ®nger 1 (Figure 3B). Finger 1 proceeds in
opposite directions at position G45 in ActRIIB (S49 in
TbRII). In TbRII the ®nger wraps around the backside of
the receptor, while in ActRIIB the ®nger points away from
the core into the space occupied by TGF-b3 when bound to
TBRII. The large structural changes in ®nger 1 and the
L23 loop, in addition to interface-speci®c sequence
changes, contribute to the two modes of type II receptor
binding.

Fig. 2. Observed activin A monomer and dimer conformations. (A) Superposition of the activin A monomer with other TGF-b ligands. TGF-b2
(green), TGF-b3 (orange), BMP-2 (dark blue), BMP-7 (purple), TGF-b3 in complex with TbRII (crimson), BMP-2 in complex with BRIA (blue) and
activin A (black) are shown. (B) Comparison of activin A (top), BMP-7 (middle) and TGF-b3 (bottom) dimers. Monomers are colored red and blue in
each of the structures and aligned by a single monomer (blue, left). A schematic of the dimer con®guration is shown to the right. (C) Superposition of
the activin A (blue), BMP-7 (purple) and TGF-b3 (green) dimers using one of the monomers. The difference in monomer arrangement in activin A
corresponds to a rotation of 75° from the BMP-7 con®guration about the red axis and, for TGF-b3, a rotation of 110° around the yellow axis.
(D) Activin A residues buried at the dimer interface. The ribbon of one chain is colored blue, the other red. Residues interact symmetrically across the
dimer interface and come from two regions of the activin A fold (residues Cys80, Val82, Pro83, Leu86, Gln106 and Asn107).
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Comparison of ActRIIB in the complex with the ligand-
free structure of ActRII (Greenwald et al., 1999) high-
lights structural changes that may be due to either ligand
binding or receptor sequence differences. ActRII and
ActRIIB bind activin A with similar af®nity (Kd <10 nM)
and share ~60% sequence identity, but exhibit different
af®nities for inhibin (Chapman et al., 2002). ActRIIB
binding to activin A involves 14 residues and all but three
are identical in ActRII (Tyr60, Phe82 and Glu39 are

substituted to Phe, Ile and Asp, respectively). In ActRIIB,
the L23 loop (residues 78±87) deviates signi®cantly from
that in ActRII and contributes over half the residues found
at the activin A interface (Figure 3C). While the overall
r.m.s. deviation for ActRII and ActRIIB Ca positions is
0.55 AÊ 2, Ca positions in the loop deviate by an average of
3.4 AÊ 2. In ActRII the loop protrudes out an additional 3 AÊ

creating a potential steric block to activin A binding. The
altered loop conformation may be affected by substitution
of Ile64 in ActRII for Phe82 in ActRIIB. In ActRII Ile64
packs against a cluster of hydrophobic residues, while
Phe82 in ActRIIB is solvent exposed and interacts with
activin A. Activin A binding may shift Phe82 from
intramolecular hydrophobic interactions, inducing a con-
formational change of the loop. Alternatively, this loop
may represent a major static difference between ActRII
and ActRIIB.

Overview of the ActRIIB:activin A binding interface
The activin A ®ngers form concave and convex surfaces
implicated in binding type I and type II receptors,
respectively. ActRIIB also exhibits a concave surface,
generated by the three-®nger toxin fold. The ActRIIB:
activin A structure reveals that the convex surface at the
second set of anti-parallel b-strands of the activin A ®ngers
(the knuckles) bind into the concave groove of ActRIIB
(Figure 4A). In activin A, the end of the ®ngers and loop
joining ®ngers 1 and 2 form the interface. Complex
formation buries a total of 1324 AÊ 2 of solvent accessible
surface area on the two proteins.

The ActRIIB:activin A interface involves hydrophobic,
charged and polar residues in both ActRIIB and activin A
(Figure 4A). In ActRIIB, hydrophobic amino acids on the
concave surface generate the core of the interface that
interacts with hydrophobic residues in the activin A
knuckle region. Additional electrostatic interactions are
formed at the edges of the interface. For clarity, the
activin A and ActRIIB interface residues are subscripted
with A and II, respectively.

The hydrophobic interface
Figure 4A and B and the schematic in Figure 5A show the
hydrophobic interactions formed in the complex. On
ActRIIB, a cluster of three aromatic amino acids, TyrII60,
TrpII78 and PheII101 lie at the center of the interface.
Together they contribute 20±25% of the total buried
surface area on the receptor. In addition, residues ValII73,
LeuII79 and PheII82 from L23, along with ValII99 of
®nger 3 contribute signi®cant hydrophobic and van der
Waals contacts.

Fig. 3. Comparison of the ActRIIB structure with related TGF-b recep-
tors. (A) Superposition of ActRIIB (black) and TbRII (grey) in com-
plex with ligands. The activin A and TGF-b3 interaction surfaces are
colored yellow and red, for the respective receptors. The loop joining
®ngers 2 and 3 of the three-®nger toxin fold is labeled L23. (B) Finger 1
conformational differences in ActRIIB and TbRII. Finger 1 is colored
blue for ActRIIB and green for TbRII. The remaining color code is
identical to (A). (C) Superposition of ActRIIB and ActRII showing dif-
ferences in the L23 loop. Residues are colored according to sequence
alignment, with ActRIIB labels in bold and ActRII labels in italics. The
L23 loop for ActRIIB is colored orange and ActRII is colored light
yellow. Sequence numbers for ActRIIB are for the full-length protein,
while those for ActRII are as in Greenwald et al. (1999). For example
F82 in ActRIIB corresponds to Ile64 in ActRII.
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The complementary hydrophobic surface of activin A
derives from four segments. A total of eight hydrophobic
residues make receptor contacts, including PheA17 on
®nger 1, IleA30, AlaA31 and ProA32 on the loop between
®ngers 1 and 2, ProA88, LeuA92 and TyrA94 on ®nger 3
and IleA100 on ®nger 4. At the center of the hydrophobic
interface, AlaA31, ProA32 and LeuA92 interact with
TyrII60, TrpII78 and PheII101 (Figure 4B). Towards the

tips of the activin A ®ngers, IleA30 and LeuA92 pack at the
edge of the hydrophobic cluster with PheII101 on one side
and ValII99 on the other. On the ®nger-tip edge of the
interface IleA100 and TyrA94 interact with ValII73 and
ValII99. Additional minor hydrophobic contacts are
formed at the opposite end of the interface, towards the
activin A wrist motif, where ProA88 packs with LeuII79,
and PheA17 and HisA36 pack with PheII82. IleA100 and
LeuA92 contribute >20% of the total buried surface area
on activin A (Figure 5A).

The ionic/polar interface
Both inter- and intra-molecular ionic interactions are
observed at the interface (Figures 4A, C and 5B). Potential
inter-molecular electrostatic salt bridges and hydrogen
bonds between ActRIIB and activin A surround the
hydrophobic center of the interface on both sides
(Figure 4A and C). LysII55 contacts GluA111, and
AspII80 contacts ArgA87 near the edge of the interface
towards the activin A wrist region. Intra-molecular
interactions in both activin A and ActRIIB also contribute
to the binding surfaces. In activin A, LysA102 interacts
with AspA104 (Figures 4C and 5B) in addition to forming
a potential hydrogen bond with the carbonyl oxygen of
CysII77. The LysA102 interaction with AspA104 neutra-
lizes the two charges and orients the aliphatic side chain
atoms of LysA102 against the outside of the hydrophobic
cluster at TyrII60. SerA90 may also stabilize the AspA104
conformation by interacting with its carboxylate group
while forming a hydrogen bond across the interface to the
amide hydrogen of LeuII79. In ActRIIB, LysII74 and
GluII39 make intra-molecular contacts that position the
aliphatic side chain of LysII74 between ValII73, TyrII60
and the aliphatic portion of LysA102.

The complex structure is consistent with mutagenesis
experiments that identi®ed residues in activin A and
ActRII that are involved in binding. A cluster of three
aromatic amino acids (TyrII60, TrpII78 and PheII101 in
ActRIIB) were identi®ed in the ActRII structure, and
mutation of these residues to alanine decreases the af®nity
for activin A and inhibin (Greenwald et al., 1999; Gray
et al., 2000;). Seven of 13 ActRII amino acids that were
mutated correspond to ActRIIB residues in the complex
interface, but only mutation of the three aromatic residues
dramatically reduced binding and signal transduction.
Other mutations at the interface (ActRII sequence
numbers are in parentheses), including LysII55(37),
LysII74(56), AspII80(62) and ValII99(81), had little or no
effect, although for KII55(37) the IC50 value was higher
than the others (0.7 versus 0.1±0.2 nM). The charged
residues are more peripheral to the interface and may not
contribute signi®cantly to the binding of activin A or
inhibin, while alanine substitution of other residues such as
Val99 may be too conservative to perturb binding.

Charged activin A residues have also been mutated,
based on a model of the ligand structure (Wuytens et al.,
1999). Two residues, LysA102 and AspA27, were impli-
cated in receptor binding. Substituting LysA102 with
alanine or glutamate signi®cantly reduced the af®nity of
receptor binding and signaling, whereas an arginine
substitution had little effect. The structure suggests that
the aliphatic portion of the LysA102 side chain is
important for ligand binding and that the positive charge

Fig. 4. The ActRIIB:activin A interface. (A) Surfaces of interaction
between activin A and ActRIIB. Molecular surfaces showing contact
residues at the complex interface for the activin A monomer (right) and
ActRIIB (left). Positively and negatively charged residues are colored
blue and red, respectively, while polar and hydrophobic residues are
colored purple and green, respectively. (B) Hydrophobic interactions at
the ActRIIB:activin A interface. (C) Hydrophilic interactions at the
ActRIIB:activin A interface.
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may stabilize the LysA102 conformation. Substitution of
AspA27 to lysine increased the af®nity while mutation to
alanine had little effect. Although AspA27 does not
interact directly with ActRIIB, a substitution to lysine
may allow interactions with GlnII98, explaining the
observed increase in af®nity.

Speci®city of interaction across the TGF-b
superfamily
The ActRIIB:activin A and TGF-b3:TbRII crystal struc-
tures reveal two different binding modes for type II
receptors, with TbRII shifted towards the tips of the
TGF-b3 ®ngers (Figure 6A and B). For residues buried in
the ActRIIB:activin A hydrophobic interface, amino acid
substitutions are evident in TGF-b and activin/BMP
sequences. The most striking differences occur at
activin A positions IleA30 and AlaA31, which are His
and Glu in TGF-b family members (Figure 5). ActRIIB
residues TrpII78, PheII82 and ValII99 are substituted to
His, Asp and Gly, respectively, in TbRII (Figure 5A).
These major changes to the ActRIIB:activin A interaction
surfaces may in part drive the two modes of receptor
binding.

Most of the hydrophobic contacts are conserved in the
BMP subfamily although subtle changes in the size of side
chains could affect speci®city. For example, on the
receptor, LeuII79 and ValII99 are both isoleucine in
BMP type II receptors. The largest differences can be
found in the ionic interactions (Figure 5B), including
residues LysA102 and AspA104. The Lys102±X±Asp104
motif is conserved in the activins but not in BMPs. Other
differences in the inter-molecular ionic contacts include
the interaction between AspII80 and ArgA87, which is
replaced by Gly in the BMP type II receptors and Ser or
Asn in the ligands. The electrostatic interaction of LysII55
with GluA111 would be altered by a deletion on the BMP
receptor and a highly variable residue on the ligand.
Speci®city in the activin and BMP sub-families may reside
in ionic/electrostatic interactions at the periphery of the
interface.

Different isoforms of activin (bA, bB, bC and bE) also
display different physiological effects (Lau et al., 2000;
Mellor et al., 2000; Chapman et al., 2002; Vejda et al.,
2002) and can assemble into a variety of heterodimers. The
isoforms show distinct expression patterns, with some
overlap in tissues such as the liver. Differences in isoform-
dependent physiological effects may result from differ-

Fig. 5. Binding schematic of the complex interface. Total buried surface area per residue is shown under the residue ID. Sequence comparison with
the BMP and TGF-b subfamilies are shown to the right and BMP and TGF-b type II receptors to the left. (A) Hydrophobic contacts within 4.5 AÊ and
(B) potential charge±charge and hydrogen bonding interactions. A negative sign indicates there is no comparable residue in the sequence alignment.
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ences in type II receptor binding. For example, activin C
does not stimulate the same cellular responses as activin A
(Mellor et al., 2000). Knockout mice for activins C and E
develop normally and show no reproductive axis defects,
in contrast to activin A and B knockouts (Lau et al., 2000).
Minor differences occur in the residues at the ActRIIB
interface in the activin A and B isoforms. ArgA87 is
replaced by Ser, which could disrupt the electrostatic
interaction with AspII80 of ActRIIB. In addition, HisA36 is
replaced by Tyr, which could enhance the binding af®nity
of the B isoform by interacting more favorably with
PheII82. In contrast, activin C contains a signi®cant
substitution of Gln at AlaA31, which might alter the core
hydrophobic interaction and affect receptor speci®city and
function.

The activin antagonist inhibin is a disul®de-linked
heterodimer generated from the combination of an activin
b subunit and a sequence divergent a subunit. Based on
the arrangement of the cysteines in the sequence, inhibin is
thought to adopt the cysteine knot fold, but binds to the
activin type II receptors with a 10-fold lower Kd. Several

critical activin A interface residues differ signi®cantly in
the a subunit. For example, AlaA31 is substituted with
Tyr, and LeuA92 is substituted with Arg or Thr, depending
upon the sequence alignment. In addition, the completely
conserved activin motif Lys102±X±Asp104 is changed to
Tyr±X±Thr in the a subunit. Differences in residues that
generate the core of the interaction suggest that the
a subunit would display signi®cantly decreased af®nity
for ActRII or ActRIIB if it interacts at the same surface.
Alternatively, the a subunit may display a different mode
of binding or may not bind the type II receptor.

Implications for the formation of diverse signaling
complexes
The compact conformation of the activin A dimer brings
two type II receptors into closer proximity than observed
in the TGF-b3:TbRII complex (Figure 6A and B). The
distance between the centers of mass of the ActRIIB
domains in the activin A complex is 31 AÊ , while the
corresponding distance between TbRII monomers is 94 AÊ .
Although the TGF-b3:TbRII complex deviates from the
canonical ligand dimer symmetry, TGF-b3 retains an
extended conformation. The BMP2:BRIA complex would
also generate a larger distance between type II receptors,
assuming binding of a type II receptor at the ends of the
BMP2 dimer, similar to the ActRIIB or TbRII interactions
(Figure 6C).

Figure 7A shows a hypothetical ternary complex
between an activin A monomer, ActRIIB and a type I
receptor, modeled with the BMP-2:BRIA complex.
Assuming that activin A binds type I receptors similar to
BMP-2, type I and type II receptors would be located on
opposite sides of the activin A monomer. The activin A
®ngers are `sandwiched' between the two receptors, with
no direct contacts between the extracellular domains of
ActRIIB and type I receptor ectodomains. The BRIA
structure can also be accommodated in the dimeric
activin A complex, with only minor steric clashes between
BRIA and activin A. The two type I receptors are shifted to
positions above the ActRIIB receptors on the sides of the
complex (Figure 7B), and the C-terminal residues are
oriented to the outside of the complex. Approximately
15 residues link the BRIA ectodomain structure to the
transmembrane anchor, which would be consistent with
the membrane anchoring of all four receptors in this
complex to the same cellular surface (Figure 7B and C).
This arrangement of type I and type II receptors would
alter the proximity of the intracellular kinase domains
compared with a canonical, extended TGF-b dimer,
potentially resulting in quantitative differences in phos-
phorylation, SMAD activation and gene expression.
Alternatively, ¯exibility in the activin A wrist structure
may be reduced upon type I receptor binding, which might
favor the canonical TGF-b conformation.

Discussion

The diversity of cellular responses that can be induced by
TGF-b ligands, their associated receptors and intracellular
signaling components remains to be fully understood. In
part, speci®city of a cellular response must arise through
interactions of multiple signaling pathways in cells and
intra- and extracellular regulatory mechanisms that can

Fig. 6. Comparison of the ActRIIB:activin A structure with other type I
and type II receptor complexes. (A) ActRIIB:activin A complex, with
activin A in blue and ActRIIB in red. (B) TGF-b3 (blue) bound to
TbRII (red). (C) BMP-2 (blue) bound to BRIA (red).
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block or enhance ligand:receptor interactions. However,
the level of accumulation of activated SMAD complexes
in the nucleus induced by TGF-b ligands is important in
establishing morphogen gradients and associated cellular
differentiation outcomes. These observations suggest that
differences in af®nity, kinetics or structures of related
ligand:receptor complexes could quantitatively affect
SMAD protein phosphorylation and thereby lead to
distinct activation events.

The crystal structure of activin A bound to one of its
type II receptors, ActRIIB, reveals the interactions that
determine the speci®city of ligand:receptor complex
formation and how these differ across the broader
TGF-b superfamily. Activin A binding to the ActRIIB
receptor is signi®cantly different from TGF-b3 binding to
TbRII, consistent with previous structural and muta-
genesis data. The speci®city of these two distinct modes of
interaction between type II receptors and TGF-b ligands is
established at multiple levels. First, large structural
differences are observed in ActRIIB as compared with
TbRII in the loop connecting ®ngers 2 and 3 and in
®nger 1, which form the interaction surfaces in the two
different binding modes. In the ligands, amino acid
sequence differences between activin A and TGF-b3,
rather than large structural changes in the monomer fold,
result in distinct interactions with type II receptors.
Activin A binds ActRIIB along the `knuckle' region of
the monomer structure while TGF-b3 binds TbRII at the
tips of the monomer ®ngers. Based on sequence analysis
and functional data, BMPs likely share a similar binding
mode to type II receptors as observed in the
ActRIIB:activin A complex, and the structure provides a
basis for identifying key residues that may determine the
speci®city and af®nity of these ligand:receptor inter-
actions. The different TGF-b and activin A binding modes
might affect signaling, through differential or cooperative
recruitment of type I receptors or because of distinct
spatial arrangements of type I and type II receptors in the
holo complex.

The structure of the activin A dimer observed in the
ActRIIB complex also differs signi®cantly from other
TGF-b ligand structures. The two activin A monomers are
disordered in the `wrist' region and form a compact
arrangement that allows two ActRIIB receptors to interact
across the ligand dimer axis. Although the two crystal
forms reveal a similar arrangement for the activin A dimer,
disorder in the wrist residues and in half of the dimer in the
P41212 crystal form suggests that the activin A conform-
ation may be more ¯exible in solution or at the cell
surface. Superposition of a BMP type I receptor complex
onto the ActRIIB:activin A complex suggests that the
observed activin A conformation could interact with
two type I receptors as part of a signaling complex.
Alternatively, type I receptor binding may involve
structural changes to the observed dimer.

Differences in the dimer conformation of activin A as
compared with other TGF-b ligands could in¯uence type I
and type II receptor assembly and quantitative aspects of
signaling and SMAD phosphorylation. Structural and
functional studies of the EPO receptor suggest that the
geometry of receptor dimerization may directly in¯uence
the ef®ciency of signal transduction (Syed et al., 1998).
For example, preformed EPO receptor dimers are thought
to exist in a conformational arrangement that prevents
transphosphorylation (Livnah et al., 1999; Remy et al.,
1999). Ligand binding may lead to a reorientation of
receptors and subsequent signal activation. Ligand-
independent complexes of other oligomerizing receptors
have also been observed, including the EGF receptor
(Gadella and Jovin, 1995; Sako et al., 2000), TNF receptor
(Chan et al., 2000) and other members of the TGF-b
superfamily (Wells et al., 1999; Gilboa et al., 2000; Nohe

Fig. 7. Putative signaling complexes with the observed activin A
dimer. (A) An activin A monomer (blue) is shown with ActRIIB and
BRIA. The BRIA position is based on the superposition of activin A
and BMP-2 monomers. (B) Side view of the putative ActRIIB:
activin A:type I receptor complex. (C) Membrane-view of the putative
ActRIIB:activin A:type I receptor complex.
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et al., 2002). TbRI and TbRII form homo- and heteromeric
complexes in cells at low levels, requiring ligand binding
for signal transduction (Chen and Derynck, 1994; Henis
et al., 1994; Wells et al., 1999). The formation of TbRII
homodimers stimulates intermolecular autophosphoryl-
ation of Ser409 and Ser416 (Luo and Lodish, 1997), in
addition to the intramolecular autophosphorylation at
Ser213. Phosphorylation at Ser213 and Ser409 are
stimulatory, though by different mechanisms, while phos-
phorylation at Ser416 is inhibitory. BMP receptors have
also been shown to form homo- and hetero-oligomers in
the absence of ligand (Gilboa et al., 2000; Nohe et al.,
2002) at levels higher than those observed for TbRI and
TbRII. Signal transduction initiated by ligand binding to
preformed receptor complexes may differ from ligand-
induced complexes (Nohe et al., 2002), initiating SMAD
and p38 MAPK pathways, respectively.

The activin A dimer observed in the crystal structure
with ActRIIB may therefore profoundly in¯uence type II
receptor function in at least three distinct ways. First, the
close clustering of type II receptors may directly in¯uence
the kinase domain activation state through autophos-
phorylation events, either before or after recruitment of
type I receptors, leading to quantitative differences in the
signal transduced. Secondly, distinct and close clustering
of both type II and type I receptors bound to the compact
activin A dimer may affect transphosphorylation of the
type I receptor, altering the ef®ciency of SMAD activ-
ation. Thirdly, type I receptor binding to activin A may
involve a folding transition in the activin A wrist region,
which may affect the ef®ciency, stoichiometry or stability
of complex formation and resultant intracellular phos-
phorylation events. Future structural and functional studies
are required to address these possibilities and their
potential impact on activin A signaling and associated
cellular responses.

Materials and methods

Production and puri®cation of ActRIIB and activin A
The extracellular domain (residues 1±120) of the rat ActRIIB gene, with a
C-terminal thrombin cleavage site and His6 tag, was subcloned into the
pvl1392 baculovirus vector. Two independent clones contained a single
base substitution (C to G) at nucleotide 642, coding for Arg64 instead of
Pro64. However, in most species residue 64 is an Arg, with exceptions of
Pro in the rat and Ala in the human database sequences. Recombinant
baculoviruses were generated using the Baculogold system (Pharmingen).
Virus ampli®cation and protein expression were carried out using
standard protocols in SF+ insect cells (Protein Sciences Corp.). ActRIIB
was puri®ed from cell supernatants using Talon af®nity resin (Clontech).
ActRIIB was dialyzed into 50 mM Na2HPO4, 300 mM NaCl pH 7.5,
digested with thrombin and repuri®ed using the Talon resin. Final protein
yields varied from 0.5 to 3 mg/l.

The production of recombinant human activin A has been described
previously using transfected CHO cells (line BA83.6-02) and antibody
af®nity chromatography (Woodruff and Mather, 1995; Pangas and
Woodruff, 2002). Brie¯y, activin A media was harvested, concentrated
and dialyzed against 100 mM NaHCO3 pH 8.5. Activin A was bound to a
monoclonal antibody (3D9) af®nity column and eluted with 50 mM
glycine, 0.1% Triton X-100 and 150 mM NaCl pH 2.5. The BA83.6-02
cell line produces ~1 mg/ml activin A.

Complex formation and crystallization
Complex formation between recombinant ActRIIB and activin A was
observed using gel ®ltration chromatography with a Superdex-75 gel
®ltration column. A peak with an apparent molecular weight of 65 kDa
was observed using mixtures of the two proteins and contained both
activin A and ActRIIB, based on SDS±PAGE and western blot analysis.

To establish appropriate mixing ratios of activin A and ActRIIB for
crystallization, an ~1:2 molar ratio mixture was prepared and analyzed by
gel ®ltration chromotography. The ratio was optimized to minimize the
amount of free ligand or receptor. The complex was concentrated to
7±10 mg/ml and dialyzed into 20 mM HEPES and 150 mM NaCl pH 7.5.
Crystals were grown from hanging drops with a well solution containing
27% PEG 4000, 250 mM NaCl and 100 mM HEPES pH 7.0. Crystals
appeared after 4±10 days with two distinct morphologies: a square-like
crystal (`base') and a longer, pointed crystal form (`monument').

Data collection, structure determination and re®nement
Crystals with the base morphology were transferred to a cryoprotectant
solution of 32% PEG 4000, 400 mM NaCl and 5±10% ethylene glycol,
100 mM HEPES pH 7.0. Crystals with the monument morphology were
transferred to a solution of 32% PEG 4000, 400 mM NaCl and 100 mM
HEPES pH 7.0, and pulled through Paratone oil before ¯ash cooling.

Data were collected at DND-CAT Beamline 5 ID of the Advanced
Photon Source at Argonne National Laboratory. Diffraction data (Table I)
were indexed and integrated with DENZO, and re¯ections merged with
SCALEPACK (Otwinowski and Minor, 1997). The space groups for the
two crystal forms were determined by diffraction symmetry, systematic
absences and molecular replacement solutions. Initially, only diffraction
data from a base crystal were available for molecular replacement
analysis and these belong to space group P41212. Subsequent analysis of
data from the monument crystals established the space group as P41.

The structure of the complex was initially solved in the P41212 space
group. A solution for one ActRIIB was found using a modi®ed model of
the crystal structure of ActRII (Greenwald et al., 1999). After rigid body
re®nement, minimization and grouped B-factor re®nement with CNS
(BruÈnger et al., 1998), the R-factor for this solution was 47.0% and the
Rfree was 49.3%. Electron density maps revealed features near the
receptor hydrophobic surface that were not interpretable. Several search
models for activin A were also generated. A solution was found in a CNS
phased translation search with a BMP-7 monomer (Grif®th et al., 1996)
that was altered to contain the minimal side chains in common with
activin A. Inspection of the symmetry mates of the activin A monomer
did not yield a disul®de-linked activin A dimer. An additional activin A

Table I. Data collection and re®nement statistics

Data collection

Space group P41 P41212
Cell dimensions a = b = 104.95,

c = 46.20
a = b = 141.33,
c = 46.02

Resolution (AÊ ) 25.0±3.05 15.0±3.10
No. of observations (unique) 44 194 (9789) 128 261 (8815)
Average redundancy 4.5 14.5
Completeness 93.5 (87.0)c 97.6 (95.6)c

R-merge (%)a 6.7 (43.5)c 8.3 (43.7)c

<I/s> 22.14 (2.9)c 31.1 (5.9)c

Re®nement statistics

R-factorb 25.1 26.8
Rfree (5%)b 29.8 29.1
No. of protein atoms 2637 2377
R.m.s.d. bonds (AÊ ) 0.011 0.0096
R.m.s.d. angles (°) 1.84 2.1
Average B-factor

ActRIIb chain A 70.6 61.1
ActRIIb chain C 66.5 71.8
Activin A chain B 81.9 135.0
Activin A chain D 97.8 136.0

Dihedral angles
Most favored (%) 84.5 86.3
Additionally allowed (%) 13.2 13.3
Generously allowed (%) 2.0 0.0
Disallowed (%) 0.3 0.0

aR-merge = S|Ii ± <I>|/S|I|, where Ii is the intensity of an individual
re¯ection and <I> is the average intensity of that re¯ection.
bR-factor = S|Fo| ± |Fc|/S|Fo|, where Fc is the calculated and Fo is the
observed structure factor amplitude. Rfree is similarly calculated with a
subset of the observed re¯ections.
cLast shell is 3.1±3.05 AÊ for P41 and 3.15±3.10 AÊ for P41212 crystal
forms.
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monomer:receptor complex was identi®ed using the program BEAST
(Read, 2001). Since the observed activin A dimer differs from other
TGF-b structures solved in the unbound state, the positions of the
activin A monomer and the receptor were con®rmed with a variety of
molecular replacement searches using CNS (BruÈnger et al., 1998) and
Bruteptf (http://zonker.bioc.aecom.yu.edu/cgi-bin/inhouse/bruteptf/bru-
teptf.cgi). Solutions were found at low s levels for the more disordered
set of activin A monomer and receptor, and the electron density is
generally weaker throughout the more disordered half of the complex.
Overall, 12 iterative cycles of manual building, minimization and
grouped B-factor re®nement with CNS were performed for the P41212
crystal form, providing the ®nal model statistics collected in Table I. The
cycle 7 model of a single ActRIIB and monomeric activin A complex was
used to solve the P41 crystal form, providing two unambiguous solutions
with initial R-factor and Rfree values of 44.4 and 44.7%, respectively.
Re®nement was initiated with the cycle 10 model from the P41212 crystal
form, which showed signi®cantly improved agreement with the P41 data,
with R-factor and Rfree values of 37.9 and 36.9%, respectively. Six
iterative cycles of building, minimization and B group re®nement were
carried out, along with a ®nal round of B individual re®nement, yielding
the statistics collected in Table I. At all stages, over®tting of the data was
avoided by monitoring Rfree values.

PDB codes
The PDB codes for the two complex structures are: P41, 1NYS access
# RCSB018361 and P41212, 1NYU access # RCSB018363.
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