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Abstract Transforming growth factor-beta (TGF-β) proteins
are a family of structurally related extracellular proteins that
trigger their signaling functions through interaction with the
extracellular domains of their cognate serine/threonine kinase
receptors. The specificity of TGF-β/receptor binding is com-
plex and gives rise to multiple functional roles. Additionally, it
is not completely understood at the atomic level. Here, we use
the most reliable computational methods currently available to
study systems involving activin-like kinase (ALK) receptors
ALK4 and ALK7 and their multiple TGF-β ligands. We built
models for all these proteins and their complexes for which
experimental structures are not available. By analyzing the
surfaces of interaction in six different TGF-β/ALK complexes
we could infer which are the structural distinctive features of
the ligand-receptor binding mode. Furthermore, this study
allowed us to rationalize why binding of the growth factors

GDF3 and Nodal to the ALK4 receptor requires the Cripto
co-factor, whilst binding to the ALK7 receptor does not.

Keywords Comparative modeling . TGF-β protein . ALK
receptor . Protein–protein docking

Abbreviations
ActRII Activin type II receptor
ACVR1 Activin A type 1 receptor
ALK Activin receptor-like kinase
ASA Accessible surface area
BMP Bone morphogenetic protein
BMPR1A Bone morphogenetic protein type 1A

receptor or ALK3
BMPRII Bone morphogenetic protein type II

receptor
BSA Buried surface area
ECD Extracellular domain
GDF Growth/differentiation factor
MISRII Mullerian inhibitor substance type II receptor
PP Pair potential
TGF-β Transforming growth factor-beta
TGFBRI Type I TGF-β receptor or ALK5
TGF-βRII Type II TGF-β receptor

Introduction

Growth factors belonging to the TGF-β superfamily control
several cellular processes [1, 2], from development [3, 4] to
proliferation [5–7] and differentiation [8, 9], from motility
[10] and adhesion [11] to neuronal growth [12, 13] and bone
morphogenesis [14], to cite a few. Many cellular pathways
of TGF-β are also involved in pathological processes, such
as carcinogenesis [15, 16], vascular disorders [17] and other
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human diseases [18]. All members of this superfamily are
synthesized as precursors that, after processing, give raise to
a mature protein of about 100 amino acids. Mature TGF-β
proteins act as homo or hetero dimers [1, 19]. From a
structural point of view, all monomers share a common
topology, the “cysteine-knot cytokines” fold comprising a
conserved “cysteine-knot” motif [20–22], important for
structural integrity, four pairs of antiparallel β-strands and
an α-helix (α3) (see Supplementary Material Fig. S1). This
protein fold resembles a hand, where the β-sheet mimics the
fingers and the α-helix, α3, the wrist [1]. All these proteins
exert their functions through binding to the extracellular
domains (ECDs) of their cognate serine/threonine kinase
receptors of type I and II [23]. Both receptor types are
transmembrane glycoproteins of about 500 amino acids
organized in an extracellular N-terminal domain, a trans-
membrane region, and an intracellular C-terminal domain
with a kinase activity [2, 19]. The ECDs bind TGF-β
ligands and share the “snake toxin-like” fold characterized
by a conserved scaffold of disulfide bonds and consisting of
three pairs of antiparallel β-strands, namely fingers 1
(formed by strands β1 and β2), 2 (formed by strands β3
and β4) and 3 (formed by strand β5 and strand β6), linked
by loops [24]. The loop between fingers 2 and 3, named
loop 23, belongs to the region involved in TGF-β binding
for both receptors [25] (see Supplementary Material
Fig. S1). In general, the TGF-β proteins bind as dimers to
a complex formed by two type I and two type II receptors
and form an heteromeric complex on the cell membrane [1,
26]. In such a complex, the TGF-β ligand binds to type I
receptor through its “wrist epitope” corresponding to the
wrist helix α3, the pre-helix loop of one monomer and the
concave finger surface of the other monomer, and binds to
type II receptor through the convex finger surface, the so
called “knuckle epitope” of each monomer [1, 27, 28].
Nearly 40 TGF-β proteins have been identified in the hu-
man genome. They interact with seven members of the type
I family of receptors (called ALK followed by a number
ranging from 1 to 7) and five from the type II family (TGF-
βRII, BMPRII, ActRIIA, ActRIIB, MISRII) [23, 27, 29].
Different TGF-βs show different affinity for their cognate
receptors. Furthermore, their signal transduction activity is
regulated by antagonists, modulators and co-receptors (e.g.,
Follistatin or Cripto) [2].

The structural basis for the specificity and affinity of the
TGF-β factors and their receptors is not well understood.
Some ligands seem to be able to exert similar, although not
identical, functions by binding to different receptors, in some
cases requiring the presence of additional co-receptors.

An interesting case is represented by the activin receptor-like
kinase (ALK) type I receptors ALK4 andALK7, also known as
ACVR1B and ACVR1C, respectively. Both receptors bind the
GDF3, Nodal and GDF11 factors [30–34]. Interestingly,

however, ALK4 can bind GDF3 and Nodal only in the pres-
ence of the Cripto co-receptor [32, 33] , which is not necessary
for GDF11-ALK4 binding [31]. ALK4 and ALK7 also bind
GDF8 [35], (J. Knopf and J. Seehra, 2008; PATENT No: US
7,456,149 B2). A scheme of the known interactions between
the factors and their cognate receptors is shown in Table 1.

GDF3 is expressed in the adipose tissue, where it regulates
several functions such as fat accumulation and energy balance
[30]; however, it is also present at elevated levels in pluripo-
tent embryonic cells but its role in this compartment is unclear
[36]. Nodal is thought to be the physiological ligand of ALK7
[7] and plays a crucial role in the formation of the mesoderma
during vertebrate development [33], instead it seems to act by
signalling through ALK4 during embryogenesis [37]. GDF11
is implicated in renal tissue and palate development and in
bone marrow organogenesis when signalling through any of
its receptors [31, 35]. GDF8 is a negative regulator of the
growth and development of skeletal muscles [35].

Given the topological similarity of both the ligands and
the receptors, we decided to investigate the structural basis
of the different mode of binding of these growth factors to
ALK4 and ALK7.

In more detail, we aimed at answering the following
questions: what is the mode of binding of GDF3, Nodal
and GDF11 to ALK7? Why is Cripto required for binding of
ALK4 to GDF3 and Nodal, but not for binding of the same
receptor to GDF11?

In order to answer these questions and shed some light on
the intriguing question of how specificity is achieved in this
complex system, we used a combination of molecular mod-
eling and docking. We built models for the complexes
between ALK7 and its three ligands (GDF3, Nodal and
GDF11) and tried to rationalize the structural reasons behind
the requirement for a co-factor, Cripto, in the ALK4 binding
to GDF3 and Nodal.

Methods

A comparative model of the Nodal protein is available [38]
while the structure of GDF8 has been determined experi-
mentally by X-ray crystallography (PDB ID: 3HH2) [39].

Table 1 Known interactions among Transforming growth factor-beta
(TGF-β) proteins of interest and their activin receptor-like kinase
(ALK) receptors

ALK receptor ALK7 (or ACVR1C) ALK4 (or ACVR1B)

TGF-β ligand GDF3 GDF3 (with Cripto)

Nodal Nodal (with Cripto)

GDF11 GDF11

GDF8 GDF8
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We built comparative models of GDF3 (residues 251–364),
GDF11 (residues 299–407) and of the extracellular domains
of ALK4 (residues 24–126) and ALK7 (residues 22–113) by
homology using HHpred [40, 41], which in turn uses
HHSearch for identifying suitable templates and Modeller
[42] for building the model. The templates used for building
the comparative models of GDF3 (UniProt ID: Q9NR23)
and GDF11 (UniProt ID: O95390) were BMP2 (PDB ID:
1REW; sequence identity 53%, sequence similarity 74%
and coverage 66%) and GDF8 (PDB ID: 3HH2; sequence
identity 90%, sequence similarity 96% and coverage 73%),
respectively. The template for the ALK4 was ALK5, also
called TGFBR1 (PDB ID: 2PJY; sequence identity 41%,
sequence similarity 47% and coverage 72%). The same
template was used to model most of the ALK7 structure
(sequence identity 41%, sequence similarity 52% and se-
quence coverage 78%) with the exception of loop 23, where
the ALK3 structure (PDB ID: 1REW; sequence identity

Fig. 1 Ribbon representation of the BMP2/ALK3 X-ray structure
(1REW) determined by Kirsch et al. [28], with BMP2 in red and
ALK3 in silver. Hydrophobic residues, used as restraints in GDF3/
ALK7 docking simulations, are shown as green sticks for BMP2 and as
orange sticks for ALK3

Fig. 2 Ribbon representation of the models of the a GDF3/ALK7 and
c Nodal/ALK7 complexes, with GDF3 in green, Nodal in pink and
ALK7 in purple. Hydrophobic residues at the interface are shown as
green sticks for both ligands and as orange sticks for ALK7; a light
gray Connolly surface is used to represent the knob-into-hole mode of
binding. Schemes of the ligand–receptor interactions obtained by

LigPlot [53] in b and d: hydrogen bonds are indicated as dashed lines
and the residues involved are shown as ball-and-stick models; hydro-
phobic interactions are represented by arcs with spokes radiating
towards the atoms they contact, in green for GDF3, in pink for Nodal
and in purple for ALK7
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32%, sequence similarity 31% and coverage 85%) was
used. ALK3 is also known by the alternative name
BMPR1A. The sequence alignments between the target and
the templates are shown in the Supplementary Material
Fig. S2. Model quality was assessed visually and using the
QMEAN server [43, 44].

The complex between ALK7 and GDF3 was built initial-
ly using a template-based approach, based on the structure
of the BMP2/ALK3 complex. The main chain atoms of the
GDF3 and ALK7 comparative models were optimally
superimposed with the main chains of BMP2 and ALK3
in the complex. Residues in the BMP2/ALK3 interface that
were also conserved in the GDF3/ALK7 interface were used
subsequently as restraints in a docking experiment with
HADDOCK [45] using explicit solvent.

The same strategy was used to build the Nodal/ALK7
complex using the TGF-β/ALK homologous complex as
initial template.

The modeling of the GDF11/ALK7, GDF8/ALK7,
GDF11/ALK4 and GDF8/ALK4 complexes could not take

advantage of the availability of a homologous complex.
Although GDF11 is similar to GDF8, which indeed we used
as template, the only known complex of the latter includes
an antagonist, Follistatin, and not a type I receptor.

The models were therefore obtained using ClusPro [46,
47] with default parameters and subjected to a refinement in
explicit solvent using HADDOCK.

All the modeled complexes were analyzed with the PIC
web server [48] to identify the ligand–receptor interac-
tions. Relevant residues for binding were analyzed
performing an in silico alanine scanning as implemented
in DrugScorePPI [49, 50] and Robetta [51]. In both meth-
ods, residues with a ΔΔG larger than 1,0 kcal mol−1 are
predicted to be essential for the interaction. A different
tool, HotPoint [52], based on the extent of buried acces-
sible surface area upon complex formation (relΔASA) and
pair potentials, was also used. A relΔASA larger than
20.0 Å and a pair potential above 18.0 Jmol−1 indicates
that the residue is likely to contribute significantly to the
binding energy.

Table 2 Summary of the inter-
actions observed in complexes
involving ALK7

Complex GDF3 ALK7 Nodal ALK7 GDF11 ALK7 GDF8 ALK7

Hydrophobic
interactions

Pro38 Leu10 Pro46 Trp25 Leu4 Leu10 Leu4 Leu10

Ile42 Pro45 Trp134 Ala59 Met52 Val50 Trp25

Phe51 Val51 Pro46 Val51 Met50 Trp25 Phe2

Leu55 Tyr58 Phe51 Phe51 Met29

Trp120 Leu62 Tyr49 Met29 Phe51 Ile38

Trp123 Pro46 Phe52 Phe51 Leu52

Phe38 Phe52 Val47 Phe51 Ile38 Ile141 Ala49

Phe51 Tyr58 Ile141 Ala49 Trp138

Ala54 Met193 Trp140

Leu55 Tyr195 Pro56 Val51

Pro56 Val51 Leu60

Trp138 Trp138

Met50 Phe52 Met210

Pro56 Val50 Phe52

Pro56

Hydrogen bonds Thr20 Phe38 Tyr58 Gln50 Tyr49 His54 Tyr195 Leu47

Ser43 Thr41 Arg65 Val51 Gln62 Ser55 Phe136 His54

Asn57 Asp117 Asn45 Asn57 Gln63 Asn56 Gln63 Ser55

Phe136 Asn57 His62 Asn57

Arg14 Met29

Glu12 Gln36

Met210 Asn48

Glu48 Asn58

Ionic interactions Lys54 Glu46

Aromatic-sulfur
interactions

Met50 Phe52

Cation-π interactions Lys54 Phe52

Aromatic-aromatic Phe51 Trp25 Phe2 Trp25
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Results and discussion

The model of the GDF3/ALK7 complex, obtained as de-
scribed in Methods, was built using the BMP2/ALK3 com-
plex as template. Residues in the BMP2/ALK3 interface
(Fig. 1), conserved in the GDF3/ALK7 interface, were used
as restraints in a docking experiment with HADDOCK [45].
The model of the GDF3/ALK7 complex is shown in
Fig. 2a, b.

Residues used as constraints in the docking simulation
were Val51 of ALK7 and Pro 50, Phe51 and Leu55 of
GDF3. The final model achieved a QMEAN score of 0.49
and a QMEAN Z-score of −2.96. By analyzing the complex
using DrugScorePPI, Robetta and HotPoint, the same resi-
dues were identified as important for complex stability,
namely those belonging to the “wrist epitope” of GDF3
and Val51 and Phe52 of ALK7. Most of the interactions
are hydrophobic or mediated by hydrogen bonds (Table 2).

Val 51 of ALK7 is situated in a hydrophobic pocket of
GDF3 formed by Phe 51 and Leu 55 (belonging to the α3 of
the GDF3 monomer) and Trp 120 and Trp 123 (belonging to
the other GDF3 monomer) (Fig. 2a). Our model of the com-
plex structure shows a knob-into-hole packing mechanism as
proposed by Kirsch et al. [28] for the homologous BMP2/
ALK3 complex determined experimentally. In this latter com-
plex, Phe 85 in theα1 helix of ALK3 (corresponding to Val 51
in ALK7) interacts with hydrophobic residues in the BMP2
“wrist epitope” (a region similar to the corresponding one in
GDF3).

A similar mode of interaction is observed in the modeled
Nodal/ALK7 complex (QMEAN score and QMEAN Z-
score equal to 0.50 and −2.81, respectively) shown in
Fig. 2c,d with one important difference. Critical residues
for the interaction, identified as described in Methods, are
those belonging to helix α3 of one Nodal monomer (specif-
ically Pro 46, Tyr 58 and Leu 62) and to loop 23 of the
ALK7 (Val 51) (Fig. 2c). This means that, at variance from
what we observed in the GDF3/ALK7, in this case the
binding interactions involve only one Nodal monomer.
The interactions observed in the TGF-β complexes with
ALK7 are shown in Table 2.

In the GDF11/ALK7 complex (QMEAN score and
QMEAN Z-score equal to 0.42 and −3.66, respectively),
shown in Fig. 3, the GDF11 residues around the “wrist
epitope”, in particular in the pre-helix loop of one monomer
and in the loop between sheet β2 and β3 of the other, form
the core of the interaction. Interestingly, the interface be-
tween ALK7 and GDF11 is more extended than what we
observed in the complexes of the same receptor with its
Nodal and GDF3 ligands. The buried surface area (BSA)
for GDF11/ALK7 complex is equal to 2,102 Å2, while for
Nodal/ALK7 and GDF3/ALK7 it is 1,700 Å2 and 1,682 Å2,
respectively.

The GDF8/ALK7 complex (QMEAN score of 0.47 and
QMEAN Z-score of −3.20) shows a binding interface similar
to that observed in the GDF11/ALK7 complex, with a BSA of
2,520 Å2 (data not shown). The ALK7 receptor occupies the
whole GDF8 binding site, and the core of interaction is formed
by residues on the “wrist epitope” for GDF8 and by the region
including loop 23 of the receptor (Table 2).

Themodels of the ALK4 in complexwith GDF11 andGDF8
(Fig. 4) also share some common properties (QMEAN scores
equal to 0.46 and 0.47 and QMEAN Z-scores equal to −3.28
and −3.17 for GDF11/ALK4 and GDF8/ALK4, respectively).
The amino acids important for the interaction are mostly hydro-
phobic and located in the “wrist epitope” and on the N-terminal
region of the ligands and span the entire region that includes
loop 23 of the receptor. The interactions involved in the com-
plexes with ALK4 are summarized in Table 3. Interestingly, our
docking procedure produced a reasonable hypothesis for the
formation of all the complexes of ALK7 and for those involving
ALK4 and GDF11 and GDF8, but no solution could be found
when we attempted to dock the GDF3 and Nodal structures and
their ALK4 receptor.

Fig. 3 a Ribbon representation of the model of the GDF11/ALK7
complex, with GDF11 in cyan and ALK7 in purple. Hydrophobic resi-
dues at the interface are shown as green sticks for GDF11 and as orange
sticks for ALK7. b Scheme of ligand–receptor interactions obtained by
LigPlot [53]: residues involved in hydrophobic interactions are repre-
sented in cyan for GDF11 and in purple for ALK7. Symbols as in Fig. 2

J Mol Model (2012) 18:3617–3625 3621



This is obviously interesting, since it is known that the
Cripto co-factor is required in these two cases [32, 33]. The
following question arises: what are the structural reasons
why it seems impossible to form this complex?

We superimposed the GDF3 and Nodal models to the
GDF11 in complex with ALK4. The result shows that the
main determinant for the different mode of interaction is
very likely to be the pre-helix loop of the ligands (Fig. 5).
This loop, which is important for the formation of all com-
plexes examined, is two residues longer in GDF3 and Nodal
(Fig. 6). This would lead to a steric hindrance between the
receptor and these two ligands if they had to assume the
same relative position as GDF11 and GDF8 in the complex
with ALK4. Therefore, GDF3 and Nodal are unlikely to
bind directly to the ALK4 receptor, in agreement with
experimental data showing that the Cripto co-factor is
required to mediate their binding [32, 33].

To investigate the reason why GDF3 and Nodal can
instead bind ALK7 in a fashion similar to binding of

GDF11 and GDF8, we superimposed ALK4 on ALK7 in
complex with GDF3 and Nodal. In this case, the shorter
length of loop 23 in ALK7 is the key determinant. In fact,
the ALK4 loop 23 would occupy the same portion of space
as the pre-helix loop of the GDF3 and Nodal ligands if they
formed a complex similar to that formed with ALK7.

Summary

The combination of homology modeling and docking
experiments is a powerful tool for investigating interactions
among proteins that are not sufficiently well characterized
and might lead to interesting hypotheses that can be tested
experimentally.

Here we show that a rather complex system, composed of
two receptors and four ligands with fine-tuned specificity,
can be analyzed computationally and that the results can be
used effectively to design appropriate experiments.

Fig. 4 Ribbon representation of the models of the a GDF8/ALK4 and
c GDF11/ALK4 complexes, with GDF8 in purple, GDF11 in cyan and
ALK4 in green. Hydrophobic residues at the interface are shown as
yellow sticks for both ligands and as orange sticks for ALK4. b, d

Schemes of ligand–receptor interactions obtained by LigPlot [53];
residues involved in hydrophobic interactions are colored cyan for
GDF11, in purple for GDF8 and in green for ALK4. Symbols as in
Fig. 2
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In the absence of experimental structures for the TGF-β/
ALK complexes studied here, the availability of computational
models, obtained by homology and protein-protein docking
simulations, allows the analysis of the putative binding inter-
faces and the identification of structural features and specific
elements deemed to be crucial for selective binding.

In particular, in the TGF-β (Nodal, GDF3, GDF11) com-
plexes with ALK7, binding is essentially driven by hydro-
phobic interactions. On the other hand, the TGF-β (GDF8,
GDF11) complexes with ALK4 show a binding mode char-
acterized by hydrophobic and ionic interactions as well.

Furthermore, our results suggest that the inability of
GDF3 and Nodal to bind ALK4 directly is likely due to
the steric hindrance caused by the length of both the TGF-β
pre-helix loops and the ALK4 loop 23.

Our data provide a structural explanation for the require-
ment of the Cripto co-factor in the formation of the GDF3/
ALK4 and Nodal/ALK4 complexes since our models show
that the ligands cannot bind the receptor in the canonical

Fig. 5 Superposition of a the
GDF3 monomer (in light green)
and b the Nodal monomer (in
pink) to GDF11 (in cyan) in
complex with the ALK4
receptor (in green). In both
figures, only the GDF3 and
Nodal monomers are shown for
clarity and two residues (E49
for Nodal and T41 for GDF3)
of the pre-helix loop are shown
in yellow stick representation to
orient the reader

Table 3 Summary of the interactions observed in the complexes
involving ALK4

Complex GDF11 ALK4 GDF8 ALK4

Hydrophobic interactions Leu2 Pro41 Phe2 Ile40

Met50 Phe52 Pro41

Tyr53 Leu4 Val36

Phe51 Phe27 Phe49 Leu55

Val36 Val50 Phe52

Met52 Val36 Tyr53

Pro56 Val46 Leu52 Met23

Phe52 Pro56 Val36

Leu60 Phe52 Trp138 Val46

Trp138 Val46 Phe52

Pro47 Val46

Phe52 Trp140 Pro47

Trp140 Pro47 Ile141 Phe52

Phe52 Tyr195 Pro47

Leu55 Pro47

Ile141 Pro47 Pro47

Met193 Val46 Ala48

Tyr195 Pro47 Ile207 Val46

Ala48 Pro47

Ile207 Val43 Pro208 Val43

Val46 Val46

Pro208 Val43 Met210 Val46

Met210 Val46

Hydrogen bonds Asn1 Cys9 Arg14 His34

Ser8 His34 Gly48 Glu44

Arg14 Met50 Lys54 Tyr53

Gln14 Tyr53 Tyr195 Arg61

Lys54 Lys54

Tyr55

Asp139

Ionic interactions Glu12 His34 Glu12 His34

Lys54 Glu44 Glu48 His35

Asp139 Lys50 Lys54 Glu44

Asp139 Arg61

Lys50

Aromatic-sulfur interactions Met50 Phe52

Tyr53

Cation-π interactions Tyr49 Arg61 Arg14 Phe27

Lys54 Tyr53 Trp140 Lys50

Trp140 Lys50

Aromatic-aromatic Phe51 Phe27 Phe51 Tyr53

Trp138 Phe52

Fig. 6 Superposition of the pre-helix loops of GDF3 (in light green),
Nodal (in pink) and GDF11 (in blue)
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fashion observed in all complexes where the co-factor is
not required.

Our hypotheses can be verified experimentally by
performing binding assays with peptide sequences designed
ad hoc to mimic the potential binding epitopes; such experi-
ments are in progress.
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