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Magdalena Czepnik,1 Michelle C. Maguire,2 Rosa Grenha,2 Maria Håkansson,3 Derek T. Logan,3

Asya V. Grinberg,4 Dianne Sako,2 Roselyne Castonguay,2 Ravindra Kumar,2 and Thomas B. Thompson1,5,*

SUMMARY

The 30+ unique ligands of the TGFb family signal by forming complexes using
different combinations of type I and type II receptors. Therapeutically, the extra-
cellular domain of a single receptor fused to an Fc molecule can effectively
neutralize subsets of ligands. Increased ligand specificity can be accomplished
by using the extracellular domains of both the type I and type II receptor tomimic
the naturally occurring signaling complex. Here, we report the structure of one
‘‘type II-type I-Fc’’ fusion, ActRIIB-Alk4-Fc, in complex with two TGFb family
ligands, ActA, and GDF11, providing a snapshot of this therapeutic platform.
The study reveals that extensive contacts are formed by both receptors, repli-
cating the ternary signaling complex, despite the inherent low affinity of Alk4.
Our study shows that low-affinity type I interactions support altered ligand spec-
ificity and can be visualized at the molecular level using this platform.

INTRODUCTION

The transforming growth factor b (TGFb) family includes more than 30 structurally similar ligands that play

essential roles in animals, regulating embryonic development, adult tissue homeostasis, immune system

function, and metabolic pathways (Hinck, 2012; Hinck et al., 2016; Weiss and Attisano, 2013). The family

can be divided into three main classes based on sequence homology and canonical Smad activation:

the TGFbs, activins, and bone morphogenetic proteins (BMPs). In each case, signaling occurs when a hex-

americ signaling complex is assembled consisting of a dimeric ligand together with two type I and two type

II serine/threonine kinase receptors (Attisano et al., 1993; Wrana et al., 1994). A striking feature of the family

is that 30+ ligands share just seven type I and five type II receptors. Thus, an extensive network of promis-

cuous interactions exists between ligands and receptors, with each receptor typically binding multiple

distinct ligands and for many ligands, multiple receptors (Goebel et al., 2019a). For example, activin class

ligand, growth differentiation factor 11 (GDF11), can utilize activin-like kinase 4 (Alk4), Alk5, or Alk7 as type I

receptors, while the closely related ligand activin A (ActA) is limited to Alk4.

Structural and biochemical studies have defined the major signaling paradigms for each of the three classes,

distinguished by differential receptor binding interfaces and affinities (Allendorph et al., 2006; Goebel et al.,

2019b; Groppe et al., 2008). These observations, together with evidence that the activins display remarkable

structural flexibility in their type I receptor-binding interface, have led to a proposed model of conformational

selection in whichminor changes in the type I receptor-binding site playmajor roles in receptor selectivity (Goe-

bel et al., 2019a, 2019b). While these previous studies began to clarify the mechanisms underlying the assembly

of activin class ligands and their receptors, we lack a full understanding of how the activin class ligands achieve

specificity for type I receptors, in large part due to a lack of molecular information of how Alk4 interacts with the

ligands. In fact, no structures of Alk4 have yet to be described, which could detail how Alk4 engages multiple,

distinct activin class ligands and enables mechanistic comparisons across the activin class as a whole.

TGFb family ligands are attractive targets for therapeutic strategies due to their roles in many biological

processes and diseases. For example, multiple members of the activin class negatively regulate skeletal

muscle mass, prompting efforts to inhibit their combined signaling for therapeutic benefits in the context

of muscle wasting conditions (Latres et al., 2017; Li et al., 2021; Puolakkainen et al., 2017). One strategy for
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concerted multiligand inhibition employs soluble receptor-based traps, which inhibit signaling by ligand

sequestration. A homodimeric Fc-fusion construct containing two copies of the activin receptor type IIB

(ActRIIB) extracellular domain (ECD) fused with the human IgG1 Fc domain ((ActRIIB)2-Fc) was found to

neutralize multiple activin class ligands and increase muscle mass robustly in preclinical animal studies

(Puolakkainen et al., 2017; Sako et al., 2010). To address the potential vascular complications arising

from inhibition of the BMP class member, BMP9, a heterodimeric Fc-fusion construct was generated con-

taining ECDs fromActRIIB and Alk4 (ActRIIB-Alk4-Fc), a naturally occurring signaling pair tethered together

in a single molecule (Figure 1A) (Li et al., 2021). This heterodimeric agent selectively inhibits the signaling of

activin class ligands ActA, ActB, GDF8, and GDF11 without BMP9 inhibition and improves muscle mass,

function, and related attributes in murine disease models. A more complete understanding of how

ActRIIB-Alk4-Fc interacts with target ligands at the molecular level could facilitate the future development

of variants with improved therapeutic potential.

Historically, it has been difficult to ascertain structural information regarding the activin type I receptors—

and, by extension, full activin receptor complexes—in large part due to the low-affinity interaction between

Figure 1. Characterization of ActRIIB-Alk4-Fc

(A) Domain structure of the decoy receptor platform, ActRIIB-Alk4-Fc.

(B) SPR sensorgrams of ActA and GDF11 binding to anti-human antibody-captured (ActRIIB)2-Fc, ActRIIB-Alk4-Fc, or

ActRIIB-Fc. Sensorgrams (black lines) are overlaid with fits to a 1:1 interaction model with mass transport limitations (red

lines). Each experiment was performed in triplicate and the kinetic parameters are summarized in Table S1.

(C) Luciferase reporter assay showing the inhibitory activity following titration of ActRIIB-ECD, homodimeric (ActRIIB)2-Fc,

or ActRIIB-Alk4-Fc against a constant concentration (0.62nM) of ActA or GDF11 in HEK293 (CAGA)12 cells. Each data point

represents the mean G SD of duplicate experiments measuring relative luminescence units (RLU).

(D) Schematic representation of the stepwise process of generating the ligand/receptor complex.
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activin class ligands and their type I receptors, which impedes the formation of a stable ligand–receptor

complex necessary for generating crystal structures. Thus, we hypothesized that using the ActRIIB-Alk4-

Fc molecule, which tethers the low affinity type I receptor and the high affinity type II receptor, would sta-

bilize the lower affinity interactions and reveal structural information for howAlk4 binds to activin ligands. In

this study, we present the structures of two different activin class ligands, ActA and GDF11, in complex with

ActRIIB-Alk4-Fc, representing the first structures of Alk4 and of this heterodimeric therapeutic candidate.

Our results detail key structural features by which Alk4 selectively accommodates and engages multiple

activin class members, thus sorting them from the broader milieu of TGFb family ligands and providing

a structural basis for their combinatorial signaling in muscle homeostasis and disease.

RESULTS

ActRIIB-Alk4-Fc binds to and inhibits ActA and GDF11 with high affinity

ActRIIB-Alk4-Fc was generated through co-expression of two human IgG1 Fc fusion constructs: one of

the extracellular (ECD) domain of human ActRIIB (19–134) and another of human Alk4 ECD (24–126)

and a C-terminal 6x His tag. The CH3 domains of each Fc were optimized through mutagenesis to mini-

mize homodimer formation (Figure 1A) (Li et al., 2021). Each receptor ECD was joined to the antibody

hinge region with a 4 amino acid linker, TGGG. Conditioned media from CHO cells incubated with kifu-

nensine was subjected to tandem affinity purification using Protein A, Ni Sepharose, and an ActRIIB-spe-

cific affinity column (Li et al., 2021). This process efficiently separated the Fc-homodimers (Alk4-Fc and

ActRIIB-Fc) from the heterodimer ActRIIB-Alk4-Fc with the purified protein validated through mass

spectrometry.

In order to determine if the Alk4-ECD is involved in ligand binding, we used surface plasmon resonance

(SPR) to measure the binding affinities of ActRIIB-Alk4-Fc to the ligands, ActA and GDF11, along with a

comparison to two decoy receptor constructs: a homodimeric (ActRIIB)2-Fc and a Fc fusion construct con-

sisting of a single ActRIIB extracellular domain (ActRIIB-Fc) (Figure 1B, Table S1). If the Alk4-ECD was

contributing to binding, we would expect ActRIIB-Alk4-Fc to have a higher affinity than ActRIIB-Fc for

each ligand but would be weaker than the Fc construct that incorporates both high affinity receptors, (Ac-

tRIIB)2-Fc. As expected, for both ActA andGDF11, binding affinity was highest for (ActRIIB)2-Fc (equilibrium

constants (apparent KD) of 12.5 and 1.91pM for ActA and GDF11, respectively) followed by that of ActRIIB-

Alk4-Fc (30.4 and 4.24pM) and ActRIIB-Fc (108 and 14.7pM). This data support that when compared with

ActRIIB-Fc, the addition of an Alk4 extracellular domain in ActRIIB-Alk4-Fc enhances ligand binding and

is only slightly weaker than (ActRIIB)2-Fc.

Next, we investigated the capacity of the decoy receptor constructs, particularly ActRIIB-Alk4-Fc, to inhibit

ligand signaling. Here, we used a HEK293T cell-line that is stably transfected with a luciferase under a

SMAD2/3 responsive promoter ((CAGA)12), which we have used to assay both ActA and GDF11 previously

(Goebel et al., 2019b; Kumar et al., 2021). Signaling from ActA or GDF11 was inhibited by the titration of

various decoy receptors (Figures 1C and S1). ActRIIB-Alk4-Fc and (ActRIIB)2-Fc were both potent inhibitors

of ActA and GDF11, suggesting little to no loss in the inhibitory capacity with the replacement of one Ac-

tRIIB-ECD with that of Alk4-ECD. Further, both fusion constructs were significantly more inhibited than the

single high-affinity receptor, ActRIIB-ECD, or the single-substituted ActRIIB-Fc. Taken together with the

SPR data, these experiments indicate that the Alk4-ECD is contributing to the high-affinity ligand binding

and neutralization by the heterodimeric decoy receptor.

Crystallographic structures of ActRIIB-Alk4 bound to ActA and to GDF11

Crystallographic studies of low-affinity type I receptors within the activin family have been challenging.

Thus, we reasoned that the fusion of both the type I and type II receptors in a single construct might provide

an opportunity to trap the low-affinity receptor in a crystal lattice. Initial efforts to crystallize the full-length

ActRIIB-Alk4-Fc ligand complex were not successful. Therefore, a smaller complex was generated by

removing the constant Fc fragment, below the hinge region with the IdeS protease, keeping the receptors

tethered through two disulfide bonds (Figure 1D). Complexes were subsequently formed with either ActA

or GDF11, but again failed to produce crystals. Diffraction quality crystals were only obtained after the

addition of a non-neutralizing Fab fragment that binds to ActRIIB. The antibody was originally selected

for by binding to ActRIIB in the presence of ligand and thus does not interfere with ligand binding. Addi-

tionally, N- and O- linked glycans were removed through enzymatic treatment following complex forma-

tion. The Fab fragment of the antibody was isolated through papain cleavage and subsequently combined
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with the ligand/ActRIIB-Alk4 complexes, generating the final complex (Figure 1D), which yielded several

crystallographic hits for both complexes: ActA/ActRIIB-Alk4 and GDF11/ActRIIB-Alk4. Detailed methodol-

ogies for the generation and purification of the complexes can be found in STARMethods and in Figure S2.

Structures of the ActA/ActRIIB-Alk4/Fab and GDF11/ActRIIB-Alk4/Fab were solved to 3.26Å and 3.0Å

resolution, respectively, through molecular replacement using search models built from previously

resolved structures (ActA, GDF11, ActRIIB). Search models for Alk4 and the anti-ActRIIB Fab were built

from modeling to most sequentially homologous type I receptor, Alk5 (6MAC), and Fab (6ATT for GDF11

and 5K59 for ActA complex) (data collection and refinement statistics are provided in Table S2) (Goebel

et al., 2019b; Oganesyan et al., 2018). The asymmetric unit for both complexes contains one ligand

monomer, one ECD of ActRIIB and Alk4, and one Fab fragment with the complete signaling complex

present through crystallographic symmetry (Figure 2). Of note, the unit cell of each crystal lattice was

greater than 975Å in the c-axis, where only a handful of protein crystal structures have similar or longer

dimensions. This long dimension is shown in Figure S3 along with the corresponding crystal contacts that

are mainly through the Fab fragment, which self-assembles to form a scaffold for the ligand/receptor

complexes.

Similar placement of the receptors is observed in both structures where ActRIIB binds at the convex ligand

interface and Alk4 binds within the concave interface built from surfaces on both ligand monomers. As ex-

pected, ActRIIB and Alk4 adopt a three-finger toxin fold and bind independently with no inter-receptor

contacts. This overall receptor positioning is similar to that of the previously resolved activin and BMP re-

ceptor complexes (Allendorph et al., 2006; Goebel et al., 2019b; Townson et al., 2012; Weber et al., 2007).

Electron density was well defined for the following residues in ActA/ActRIIB-Alk4: ActA (311–426), ActRIIB

(26–120), Alk4 (31–109), Anti-ActRIIB Fab (1–220), and in GDF11/ActRIIB-Alk4: GDF11 (300–407), ActRIIB

(25–120), Alk4 (31–105), Anti-ActRIIB Fab (1–222). Several C-terminal residues of both ActRIIB (121–134)

and Alk4 (110–126), including the disulfide linker, did not have density and were not modeled. The distance

between the C-terminal tails of each receptor was measured. With two receptors of each type binding to

the dimeric ligand, cis receptors are defined as those interacting with the fingertips of the same chain while

trans receptors are arranged across the length of the dimer. For GDF11 and ActA, the distance between

tails for the receptor in the cis position is 42 Å and 55 Å while in the trans it is 57 Å and 66 Å, respectively.

While not conclusive, this hints that the cis receptors are tethered in the structure. However, the missing

Figure 2. Structures of ActA/ActRIIB: Alk4/anti-ActRIIB Fab and GDF11/ActRIIB: Alk4/anti-ActRIIB Fab

Each ligand has two monomers represented in different shades of green (ActA, PDB: 7OLY) or blue (GDF11, PDB: 7MRZ) with ActRIIB-ECD represented in

orange, Alk4-ECD in yellow, and the Fab molecules in two shades of gray. ActRIIB binds at the convex region of both ligands, whereas Alk4 binds at the

concave, composite interface formed from surfaces on both monomers.
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residues of the linker (44) are sufficient to support both conformations. Furthermore, the linker would have

to extend around the N-terminus of the ligand to connect the receptors in the trans configuration,

providing additional support to the likelihood of a cis configuration.

ActRIIB engages both ActA and GDF11 through the use of a centralized hydrophobic triad (Tyr60, Trp78,

Phe101), with little difference in orientation or conformation between the two receptor complexes

(RMSD = 0.80 over Ca atoms). Despite this similarity, the GDF11/ActRIIB interface area is larger than

that of ActA (770 Å2 vs. 696 Å2), consistent with the SPR data, which shows a stronger affinity between Ac-

tRIIB-Fc and GDF11 as well as previous crystal structures (Goebel et al., 2019b; Greenwald et al., 2004;

Thompson et al., 2003). Each ActRIIB molecule is also bound by both the VH and VL domains of the

anti-ActRIIB Fab, with the VH domain contributing the bulk of the interfacial area, �80% in both structures.

Comparison with previous structures of ActRIIB in complex with ActA or GDF11 revealed no major confor-

mational changes occur upon binding of the Fab to the ActRIIB (e.g. RMSD = 0.75 Å over 95 Ca atoms,

structural alignment to ActRIIB in PDB 6MAC, or 0.79 over 92 Ca atoms, alignment to ActRIIB in PDB

1NYU) (Goebel et al., 2019b; Thompson et al., 2003).

Alk4 binding to activin A and GDF11

The crystal structures of ActA/ActRIIB-Alk4 and GDF11/ActRIIB-Alk4 represent the first molecular charac-

terization of Alk4 at the atomic level. Alk4 is positioned in the concave, composite interface, forming con-

tacts with both ligand monomers (MonoA and MonoB) (Figure 3A). While the buried surface area between

Alk4 and MonoA is similar between ActA and GDF11 (383.1 Å2 and 365.5 Å2, respectively), a significant dif-

ference in the interface between Alk4 andMonoB is observed wheremore surface area is buried in complex

with ActA (586.6 Å2 and 371.2 Å2, for ActA and GDF11, respectively) (Figure S4).

Given these differences, we next wanted to compare the binding interfaces of Alk4 with both ActA and

GDF11. Mapping of both the common and the unique Alk4 residues that participate in the interaction

with the ligands reveals a common utilization of the b4b5 loop by both ActA and GDF11 (Figure 3B).

This feature is generally conserved in all TGFb family ligand/type I receptor interactions including receptor

complexes with both BMP and TGFb ligands (Allendorph et al., 2006; Groppe et al., 2008; Radaev et al.,

2010; Townson et al., 2012; Weber et al., 2007). A comparison of the interactions between the Alk4 b4b5

loop and both ActA and GDF11 are shown in Figure 3C. At the center of this interface, Phe82 forms a

knob-in-hole interaction with a hydrophobic pocket built from residues in both monomers, such as the

two TGFb family conserved tryptophan residues on MonoA and either Phe368 in ActA or Pro354 in GDF11

at the N-terminus of the wrist helix of MonoB (Figure 3C). Interestingly, Phe368 is conserved in ActA,

ActB, ActC, and ActE, while Pro354 is conserved in both GDF8 and GDF11. Additionally, Lys80 from Alk4

contributes to a pi-stack with Trp337 in ActA or Trp329 in GDF11. Further contacts are observed at the

ligand fingertip where an aspartate residue in both ActA and GDF11 residue forms a hydrogen bond

with Gly79 of the Alk4 b4b5 loop. These interactions are a result of the fingertips curling toward the type

I receptor, a feature that is not observed with BMP or TGFb ligands (Allendorph et al., 2006; Groppe

et al., 2008; Radaev et al., 2010; Townson et al., 2012; Weber et al., 2007).

While ActA and GDF11 bind the b4b5 loop similarly, significant differences are observed with how each

ligand interacts with the b3b4 region of the receptor, which is engaged by the wrist helix of the ligand,

including the prehelix loop (Figure 3B). A significant difference between ActA and GDF11 is the size and

composition of the prehelix loop, which is eight amino acids longer in ActA. These differences result in

differential interactions of each ligand with Alk4 accounting for the differences in surface area of the

ligands with MonoB. Figure 3D shows the comparison of how the ActA and GDF11 prehelix loop packs

into the Alk4 b3b4 region. With ActA, the prehelix engages two locations spanning opposite ends of the

b3b4 strands including the b3b4 loop. These unique contacts are also shown in Figure 3B, plotted on

Alk4. In contrast, the prehelix of GDF11 is positioned further away and only contacts residues across

the center of the b3b4 strands, relying on van der Waals interactions. The additional contacts formed

by the ActA prehelix, notably a saltbridge between His357 and Glu63 in Alk4, facilitates a conformational

difference in the b3b4 loop. Additionally, the prehelix extension positions Ser362 and Ser365 for

hydrogen bond formation with Alk4 residues, Glu74 and Tyr83, respectively. The latter is also flanked

by favorable hydrophobic interactions with Phe368 of the ActA prehelix (Figure 3D). Thus, the greater

surface area utilization of ActA is a result of increased interactions between the prehelix and the b3b4

region of Alk4.
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Comparison of Alk4 to other TGFb family type I receptors

While the general fold of the TGFb type I receptors is similar, previous studies have indicated that differ-

ences in each structure play a role in ligand binding and specificity (Goebel et al., 2019a, 2019b; Kotzsch

et al., 2009; Nickel et al., 2005; Salmon et al., 2020; Townson et al., 2012). In total, there are 7 type I receptors

that are canonically classified into two clades: Alk1, Alk2, Alk3, and Alk6 which signal through Smad1/5/8

(BMP) and Alk4, Alk5, and Alk7 signaling through Smad2/3 (Activin and TGFb). Of these receptors, several

have been structurally resolved: Alk1, Alk3, Alk5, and Alk6, each of which has been characterized in a

ligand/receptor complex (Goebel et al., 2019b; Groppe et al., 2008; Kotzsch et al., 2009; Townson et al.,

2012; Weber et al., 2007; Zuniga et al., 2005). With the resolution of the Alk4 complex structures, we

now have multiple resolved type I receptors that signal through Smad2/3, allowing for a structural compar-

ison to receptors that signal through Smad1/5/8 (Figure 4).

Figure 3. Binding of Alk4 to ActA and GDF11

(A) Cartoon representation of ActA (green) bound to Alk4 (gray).

(B) Alk4 colored to highlight amino acids utilized during binding to ActA (green), GDF11 (blue), or shared between the two

ligands (magenta).

(C) Specific molecular interactions between the Alk4 b4b5 loop and the fingertip 2 of ActA (left) and GDF11 (right).

(D) Interactions between the Alk4 b3b4 loop and the prehelix region of ActA (left) and GDF11 (right). For C and D, colored

residues match the scheme form (B)Of note, density is not obvious for Phe82 for the GDF11 structure, although the

surrounding mainchain and residues are apparent. Owing to steric clashes, only one acceptable rotamer is possible, thus

we have modeled Phe82 sidechain in a similar position as the activin structure.
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Alignment of each of the type I receptors reveals several loop extensions and conformational differences

in the components that interact with the ligands. One difference occurs in the b1b2 loop, which is

extended in the BMP receptors, Alk3 and Alk6, and contributes significantly to ligand interactions (Allen-

dorph et al., 2006; Kotzsch et al., 2009; Weber et al., 2007). This extension is not present in Alk4 or Alk5

and no major interactions are observed between this region and the activin ligands (Figure 4B). However,

the most striking difference occurs within the b4b5 loop, where members of the Smad1/5/8 clade possess

ana-helix in the N-terminal portion of the loop. Interestingly, this secondary structure element is formed

upon ligand binding in Alk3, as it is not present in the unbound states (Klages et al., 2008). Both Alk4 and

Alk5 deviate from Alk1, Alk3, and Alk6 by sharing a five amino acid extension of the N-terminal portion of

the b4b5 loop with limited secondary structure elements observed in either bound (Alk4 and Alk5) or un-

bound (Alk5) states. The protrusion of the b4b5 loop in Alk4 and Alk5, as a result of the extension, facil-

itates interaction with the ligand fingertip, as seen in each of the activin complex structures, whereas

structures of BMP ligand/receptor complexes do not share this feature. Interestingly, while Alk4 and

Alk5 are highly similar (RMSD: 1.52 Å over 76 Ca atoms, structural alignment to PDB 6MAC), Alk4 has

a shorter b4b5 C-terminal region, which is extended by three residues in Alk5 (Figure 4B) (Goebel

et al., 2019b). Alk5 shares this extension with Alk3 and Alk6, which has been shown to form important

contacts with the ligand (Allendorph et al., 2006; Kotzsch et al., 2009; Weber et al., 2007). Both Alk4

and Alk5 share a cis proline (Pro77 for Alk4 and Pro55 for Alk5) at the N-term of the b4b5 loop, which

was shown to be important for the conformation of this loop in the unbound state of Alk5 and important

for ligand binding (Zuniga et al., 2011). Taken together, the cross comparison of type I receptors shows

that structural differences, including insertions, play a role in forming unique contacts with specific

ligands to impact signaling specificity.

Structural and functional comparison of Alk4 and Alk5

Previously, structural studies have illuminated a type I receptor specificity element in the BMP prehelix

loop, where BMP2 can signal through Alk3 and Alk6, while a single arginine residue, present in GDF5

Figure 4. Ligand bound type I receptor cross comparison

(A and B) (A) Structures of Alk1 (PDB: 4FAO), Alk3 (2H62), Alk6 (3EVS), Alk4 (7OLY), and Alk5 (6MAC) (Goebel et al., 2019b; Kotzsch et al., 2009; Townson et al.,

2012; Weber et al., 2007). RMSD calculations performed on Ca atoms through Pymol align and in relation to Alk4 (7OLY). Regions of relative extension are

colored orange, red, or yellow and correspond to secondary structure regions highlighted on: (B) sequence alignment of the type I receptors. Cysteine

residues are boxed in yellow, Alk4 residues unique to interaction with ActA are highlighted in green, while Alk4 and Alk5 residues unique to interaction with

GDF11 are highlighted in blue for comparison. Alk4 residues that interact with both ActA and GDF11 are highlighted in pink. Residues that interact with the

ligand prehelices are bold.
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prevents binding to Alk3, suggesting that minor differences can impact the specificity between ligand

and receptor pairs (Nickel et al., 2005). Owing to the availability of only one activin/type I receptor struc-

ture (GDF11/ActRIIB/Alk5), a similar comparison has not been made within the activin class (Goebel

et al., 2019b). With the resolution of the GDF11/Alk4 complex structure, we can begin to determine

how GDF11 is compatible with two different type I receptors by comparison with the previously resolved

GDF11/Alk5 structure (Goebel et al., 2019b). These structures may also provide insights for how other

ligands, such as ActA or TGFb, are limited to interaction with a single type I receptor: either Alk4 or

Alk5, respectively. Comparison of the two GDF11 structures reveals a similar core interface utilized by

both Alk4 and Alk5. Specifically, the Alk4 and Alk5 shared b4b5 N-terminal extension facilitates interac-

tions with the ligand finger 3/4, in addition to similarly engaging the hydrophobic pocket in GDF11 for

the knob-in-hole anchoring moiety (Figure 5A). This consensus in fingertip-receptor interactions is highly

specific for activin class ligand/receptor binding and is not observed in BMP or TGFb receptor com-

plexes (Allendorph et al., 2006; Groppe et al., 2008; Radaev et al., 2010; Townson et al., 2012; Weber

et al., 2007).

Outside of these conserved interactions, the largest difference in GDF11 binding between Alk4 and Alk5 is

observed at the C-terminal region of the b4b5 loop. The Alk5 loop extension is positioned to form

hydrogen bonds with both ligand monomers, tethering the loop (Figure 5A). However, as mentioned

Figure 5. Differential Alk4 and Alk5 binding and region swaps

(A) Comparison of GDF11 (blue) binding to Alk5 (PDB: 6MAC, wheat) and Alk4 (yellow) in relation to the cell membrane (Goebel et al., 2019b). Anchoring

phenylalanine shown in shades of pink for emphasis.

(B) Alk4 with the b3b4 loop (red), b4b5 N-term (blue), and C-term (green) regions of the b4b5 loop highlighted. Disulfide bond in the middle of the b4b5 is

represented in yellow. Bottom: sequence alignment of the b3b4 and b4b5 loops with amino acids highlighted accordingly.

(C and D) Luciferase reporter assay showing the effects of mutational swaps of the Alk5 regions into Alk4 (C) and the corresponding Alk4 regions into Alk5 (D).

Each data point represents the mean G SD of triplicate experiments measuring relative luminescence units (RLU).
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earlier, Alk4 lacks this extension and subsequently, is shifted away from the ligand finger 1/2. An additional

difference of note is observed in the GDF11 prehelix loop during engagement of Alk4 and Alk5 (Figure S5).

While the overall conformation of the prehelix is similar, Tyr347 is flipped away from the b3b4 loop and to-

ward the b4b5 loop in Alk5, facilitated by Lys91 of the b4b5 extension. These differences in the utilization of

b4b5 result in an increase in interface area during interaction with Alk5, when compared with Alk4 (736.7Å2

vs. 940Å2). These comparisons reveal that the b4b5 loop in both receptors forms the major anchoring inter-

face, but whether these different elements of binding are important for specificity of other ligands is

unknown.

To investigate this further, we generated a series of constructs that exchanged either the b3b4 loop or the

N-terminal/C-terminal regions of the b4b5 of Alk4 with that of Alk5 and vice versa. Eight residues within the

b3b4 region and two sets of eight residues flanking the conserved disulfide bond of the b4b5 loop were

selected for the region swaps (Figure 5B). Additionally, the N-terminal and C-terminal swaps were com-

bined in order to generate swaps of the entire b4b5. The effects on ligand specificity and signaling were

determined through transfection of the receptors in a luciferase assay. Here, cells were treated with the

small molecule inhibitor, SB-431542, to prevent activation of the endogenous activin type I receptors, while

the receptor constructs were transfected containing a single intracellular domainmutation, imparting resis-

tance to the small molecule (Ser278Thr and Ser282Thr in Alk4 and Alk5, respectively). Western blots were

performed, ensuring relatively equal receptor expression (Figure S6). Following transfection, purified, re-

combinant ActA, GDF11 or TGFb1were assessed for their ability to induce signaling through each receptor.

As expected, ActA and GDF11 readily produced signal through Alk4, with TGFb1 being unable to signal.

Replacement of the Alk4 b3b4 loop which engages the prehelix region with that of Alk5 (Alk4b3b4) reduced

both ActA and GDF11 signaling by roughly 40%. Expectedly, replacement of the N-terminal region of the

Alk4 b4b5 with that of Alk5 (Alk4b4b5-N), resulted in a reduction of signal for ActA, while GDF11 signaling

was maintained. When the C-terminal region was replaced (Alk4b4b5-C), signaling was maintained for

ActA, while GDF11 signaling was slightly increased. Upon complete exchange of the Alk4 b4b5 loop

(Alk4b4b5-NC), ActA signaling was weakened, while GDF11 signaling was maintained. Interestingly, TGFb1

was able to significantly activate Smad2/3 signaling with the introduction of an Alk5-like b4b5 loop. For

Alk5, signaling was also as expected with GDF11 and TGFb1 robustly signaling and ActA unable to signal.

In line with previous trends, Alk4 replacement of the Alk5 b3b4 loop (Alk5b3b4) did not affect signaling in any

significant manner. Additionally, replacement of the Alk5 N-terminal b4b5 loop (Alk5b4b5-N) drastically

reduced signaling for each ligand when compared with the Alk4b4b5-N construct, which only reduced

signaling for ActA. Furthermore, the C-terminal swap in Alk5 (Alk5b4b5-C) also reduced GDF11 signaling,

although to a lesser extent than the N-terminal swap. Lastly, replacement of the entire Alk5 b4b5 loop

(Alk5b4b5-NC) ablated both GDF11 and TGFb1 signaling. In the end, ActA was unable to signal through

any of the Alk5 constructs, despite the introduction of Alk4 regions. However, through the introduction of

the Alk5 b4b5 loop into Alk4, TGFb1 specificity was conferred without entirely losing canonical ActA

signaling. Together, these data highlight that the b4b5 of both Alk4 and Alk5 are functionally distinct and

not wholly interchangeable. Albeit, coupled with the structural differences observed in the Alk4 and Alk5

complexes, these data highlight that the C-terminal portion of the b4b5 loop likely plays a more important

role in ligand interactions and signaling than in Alk4.

DISCUSSION

Several strategies for the inhibition of the TGFb family of ligands to boost muscle mass have emerged,

particularly against members of the activin class. However, candidates targeting a single activin ligand,

such as antibodies targeting GDF8 (myostatin), have met with limited success (Latres et al., 2015; Mariot

et al., 2017; Singh et al., 2016). This is in part due to functional redundancy with several activin ligands, high-

lighting the need for broader spectrum inhibitors (Chen et al., 2017; Latres et al., 2017). For example, an-

tibodies directed toward neutralization of the type II receptors have resulted in a greater enhancement to

muscle mass (Amato et al., 2014; Lach-trifilieff et al., 2014; Morvan et al., 2017). Recently, an alternative op-

tion has been developed that uses a decoy receptor platform, which includes both the type I and type II

receptors (ActRIIB-Alk4-Fc) (Li et al., 2021). In animal models, ActRIIB-Alk4-Fc has recently been shown

to have a positive impact on muscle mass by specifically inhibiting the activin ligands, Activin A and

GDF8, while having a minimal impact on BMP9 signaling. This change in specificity is important as un-

wanted inhibition of BMP9 was observed with ACE-031 ((ActRIIB)2-Fc) in clinical trials with Duchenne

muscular dystrophy patients (Li et al., 2021). In the new decoy receptor format, a type I and a type II receptor

mimic the innate signaling complexes of the activin class ligands. Here, we present the structure of this
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novel ActRIIB-Alk4 molecule in complex with two different activin ligands, ActA and GDF11. These struc-

tures not only represent a snapshot of the therapeutic complex but also powerful tools for understanding

how activin ligands and Alk4 interact at the atomic level for the first time.

Given the low affinity between the activins and the type I receptors, we hypothesized that the tethering of

Alk4 to the high-affinity type II receptor would favor the formation of a stable complex and would be

amenable to crystallization. Comparing the ActRIIB-Alk4-Fc construct with an (ActRIIB)2-Fc and ActRIIB-

Fc revealed that in both SPR and cell-based inhibition assays, ActRIIB-Alk4-Fc behaved more similarly to

(ActRIIB)2-Fc than ActRIIB-Fc. These observations indicated that the tether was sufficient to facilitate

Alk4-ECD participation in ligand binding and set the stage for the resolution of the Alk4 complexes. Given

the distance is approximately 40–50 Å from the C-terminal ends of each receptor tail, which are linked by 44

residues missing in the structure, it would seem the linker could be reduced in size and still maintain the

ability for both receptors to bind effectively.

Over the past two decades, resolution of ternary complexes involving activin class ligands have lagged

behind the resolution of BMP and TGFb ligand complexes, owing to the low affinity of the type I receptor.

Only recently, we reported the structure of the ternary complex of the type I receptor, Alk5, in complex with

GDF11 and ActRIIB (Goebel et al., 2019b). This study highlighted that the receptors bind activin ligands

independently, similar to what is observed with BMP ligands and in contrast to the cooperative inter-recep-

tor interactions seen with TGFb ligands (Goebel et al., 2019a). Unlike the BMP receptor complexes, how-

ever, significant contacts were observed with the fingertips of the ligand and the b4b5 loop of Alk5 (Goebel

et al., 2019b). The current study provides further support that similar interactions also occur with Alk4, indi-

cating that a common theme has evolved to support the binding of low-affinity type I receptors for the

activin class. Specifically, the b4b5 loop of both Alk4 and Alk5 form key interactions in the convex cleft

centered around two family-conserved tryptophans of the ligand, while additional contacts are formed

by both the ligand fingertips and the wrist region (prehelix loop and central helix) with each receptor.

For Alk4, this is consistent with previous mutagenesis work that implicated the b4b5 loop as the major

ligand-binding site (Harrison et al., 2003). Notably, a major difference between Alk4 and Alk5 is an exten-

sion of the b4b5 loop in Alk5 that forms unique ligand interactions with fingers 1 and 2 of GDF11 and is not

observed in the structures of Alk4. Thus, while an overall binding mode is similar between Alk4 and Alk5,

the receptors exhibit differences at the ligand interface which most likely contribute for differences in

ligand specificity.

Previous work to understand ligand/receptor specificity has been largely focused on elements of the

ligand. This has led to the identification of the prehelix loop as being a major ligand component impor-

tant for specificity. In fact, ligands across the family exhibit significant sequence variation in the prehelix

loop (Hinck et al., 2016). For example, ActA and ActB have an extended prehelix loop as compared to

GDF8 and GDF11. Previous studies have shown that replacing the ActA prehelix with that of GDF8

(�90% similar to GDF11) permitted signaling through Alk5 (Cash et al., 2009). It is worth noting, however,

that polyalanine screening of the ActA-GDF8 prehelix loop chimera did not disrupt Alk5 signaling, indi-

cating that the gain of Alk5 signaling was not the result of specific contacts of the prehelix loop of GDF8

and Alk5. This result indicated that the composition and conformation of the prehelix loop play a role in

dictating ligand specificity (Cash et al., 2009). The current structures help support these observations,

where Alk4 appears to accommodate significantly different prehelix loops of both ActA and GDF11 (Fig-

ure 3D). Interestingly, the prehelix loop of ActA adopts a different conformation than in previously deter-

mined structures (i.e. bound to the antagonists follistatin or FSTL3) (Stamler et al., 2008; Thompson et al.,

2005). Previous structures have shown that this region is highly flexible in the absence of a binding partner

(Greenwald et al., 2004; Thompson et al., 2003). Thus, it appears that activin not only goes from a flexible

to a restrained state upon binding receptors or antagonists but also that the prehelix can adopt different

conformations depending on the binding partner, further supporting the conformational selection model

previously proposed for activin class signaling. Because the Fab used for crystallization binds to ActRIIB

opposite of ligand binding, we do not anticipate it will influence the ActA of GDF11 conformation. Addi-

tionally, the ActA prehelix forms specific interactions with residues of Alk4 that are not conserved in Alk5,

such as the formation of additional hydrogen bonds and a saltbridge, suggesting that the ActA prehelix

has evolved to select for Alk4 binding over Alk5 binding (Figures 3D and 4B). In contrast, the shorter pre-

helix of GDF11 adopts a similar conformation and contacts relatively conserved residues during interac-

tion with Alk4 and Alk5 with the only key difference being the altered positioning of Tyr347 (Figure S5).
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While the prehelix loop appears to be a major specificity determinant across the broader TGFb family,

recent work has also implicated the ligand fingertip as a region for receptor specificity in the activin class

ligands (Aykul et al., 2020; Goebel et al., 2019b). Again, replacement of ActA residues in this region with

those of GDF8 or GDF11 conferred Alk5 signaling. The ternary complexes of Alk4 and Alk5 support these

observations, as differences are observed in how each receptor interacts with the ligand fingertips. Specif-

ically, a single hydrogen bond is formed between the mainchain of Gly79 in Alk4 and an aspartate in both

ActA and GDF11 (Figure 3C), while in Alk5, the glycine is replaced by an aspartate, which forms a more

extensive hydrogen bond network specific to the residues of the GDF11 fingertip. Thus, the Alk4 complex

structures further support that specific differences at the fingertip-b4b5 interface have important roles in

defining which low-affinity type I receptor is engaged for signaling.

While previous studies have focused on understanding what components of the ligand are important for

receptor specificity, limited studies have taken the opposite approach and probed which elements of the

receptor are important for allowing individual ligands to signal. In this study, we generated a series of

Alk4 and Alk5 chimeras and tested the effects on specific ligand signaling. In part, these experiments

were designed to determine if there are elements of Alk5 that limit ActA signaling or if there are ele-

ments of Alk4 that are important for ActA signaling. As the ActA/Alk4 structure reveals that the prehelix

loop and the b3b4 loop uniquely interact, we hypothesized that this region may contribute to specificity;

however, swapping the b3b4 between Alk4 and Alk5 did not alter ActA signaling. Moreover, because the

majority of the binding interface is derived from interactions with the b4b5 loop, we also performed

swaps of this region. Exchange of the Alk4 and Alk5 N-terminal portions of the b4b5 loop resulted in

the loss of ActA signaling in the case of the Alk4b4b5-N, while largely ablating signaling through

Alk5b4b5-N. This supports that the fingertip-b4b5 interface is a region of specific interaction. However,

comparison of the Alk4 and Alk5 sequences in this segment reveals there are only a few non-conserved

residues. Inspection of the Alk5 structure reveals an intramolecular contact that tethers the b4b5 N-ter-

minal extension, positioning the loop for interaction with the ligand fingertip (Figure S7). Loss of this

interaction might result in a more flexible b4b5 that is unable to interact with the ligands, resulting in

a loss of signaling capacity. On the other hand, exchange of the C-terminal b4b5 of Alk5 into Alk4,

not only strengthened GDF11 signaling but also generated an Alk4 receptor able to signal with TGFb.

This corroborates with the opposite experiments, in which the ability of Alk5 to bind GDF11 and

TGFb is decreased when the C-terminal b4b5 of Alk4 is introduced. Thus, the b4b5 of Alk5 is critical

for ligand binding and is sufficient to generate specificity for TGFb. This observation is likely due to

the introduction of a favorable interface in Alk4 for inter-receptor interactions with the type II receptor,

TbRII, indicative of the cooperative receptor assembly of the TGFb class (Groppe et al., 2008). Overall,

exchange of singular receptor regions was unable to alter specificity significantly, especially in the ex-

pected case of ActA and the b3b4 swaps. It is possible, however, that these key receptor regions

have evolved to act in concert to dictate activin specificity and together, are compatible for ligand

binding.

The resolution of both ActA/ActRIIB-Alk4 and GDF11/ActRIIB-Alk4 highlights that incorporation of both a

type I and type II receptor fused to an Fc can effectively interact with a ligand to mimic the cognate

signaling complex. Given that this new platform has beneficial effects in mouse models of muscle pathol-

ogies, this study provides molecular information that can be used to help optimize binding interactions to

alter ligand affinity or specificity. For instance, introducing the Alk5 C-terminal b4b5 region into Alk4 may

enhance GDF11 binding, and in turn, inhibition. Additionally, these structures offer the opportunity to

directly compare how Alk4 binds two activin ligands, expanding our understanding of how activin/type I

receptor specificity is derived. Given the success of this platform in providing an avenue for circumventing

the low-affinity interactions between Alk4 and the ligands, a similar strategy might be used to explore the

interactions between the activins and two other type I receptors, Alk2 and Alk7, which have yet to be struc-

turally characterized.

Limitations of the study

This study concerns itself primarily with structural and functional studies within the limited realms of

biochemistry and cell-based in vitro systems. Accordingly, there is no attention given to the effect of Ac-

tRIIB-Alk4-Fc in a more complicated biological model system, although these questions are addressed

in other publications. However, there are also certain crystallographic limitations within the scope of the

study that must be considered. Both of the structures presented here are bound to an antibody Fab, which
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may induce some non-native conformational changes in the complex structure that would be difficult to

account for. In addition, one question that we were hoping to address was whether the ActRIIB-Alk4-Fc

preferentially binds to the ligands in a cis or trans orientation, or if there is a mixture of conformations. How-

ever, the linker regions are not visible within the election density for either structure. Additionally, the linker

regions attaching the receptor ECDs to the Fc are of sufficient length as to conceivably conform to either a

cis or a trans binding orientation.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat monoclonal anti-human IgG (Fc specific) Sigma Cat#:I2136; RRID:AB_260147

Rabbit monoclonal anti-HA, HRP conjugated R&D Cat#:HAM0601

Rabbit monoclonal anti-Flag, HRP conjugated R&D Cat#:HAM85291

Mouse monoclonal anti-Actin, HRP conjugated Proteintech Cat#:HRP-60008

Bacterial and virus strains

BaculoGold baculovirus BDPharmingen N/A

Chemicals, peptides, and recombinant proteins

ActRIIB ECD Produced by authors N/A

ActRIIB-Fc Produced by authors N/A

(ActRIIB)2-Fc Produced by authors N/A

ActRIIB-Alk4-Fc Produced by authors N/A

GDF11 mature Produced by authors N/A

Activin A mature Produced by authors N/A

TGFb-1 mature Produced by authors N/A

Critical commercial assays

Dual-Luciferase Reporter Assay Promega Cat# E1910

Luciferase Reporter Assay Promega Cat#: E1500

Deposited data

ActA/ActRIIB/Alk4/Fab structure This paper PDB: 7OLY

GDF11/ActRIIB/Alk4/Fab structure This paper PDB: 7MRZ

Experimental models: Cell lines

SF9 Protein Sciences Corp. RRID:CVCL_0549

ExpresSF+ Protein Sciences Corp. N/A

CHO ATCC RRID:CVCL_K173

ExpiCHO-S Gibco RRID:CVCL_5J31

CHO DUKX ATCC RRID:CVCL_1977

HEK-293-(CAGA)12 Who knows, ask Chandra RRID:CVCL_ZD63

A204 ATCC RRID:CVCL_1058

Software and algorithms

XDS Kabsch (2010) https://xds.mr.mpg.de/

Phaser McCoy et al. (2007) https://phenix-online.org/

Aimless Evans and Murshudov (2013) https://www.ccp4.ac.uk/

Phenix Refine Afonine et al. (2012) https://phenix-online.org/

Buster Global Phasing Institute https://www.globalphasing.com/buster/

Refmac5 Murshudov et al. (2011) https://www.ccp4.ac.uk/

Coot Emsley et al.,(2010) https://www2.mrc-lmb.cam.ac.uk/personal/

pemsley/coot/

Swiss-Model Waterhouse et al. (2018) https://swissmodel.expasy.org/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Thomas B. Thompson (Tom.Thompson@uc.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

1. Data

Structural data have been deposited at the Protein Data Bank and are publically available as of the date of

publication. Accession numbers are listed in the key resources table.

All other data reported in this paper will be shared by the lead contact upon request.

2. Code

This paper does not report original code.

3. Additional information

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

The following cells lines were used to produce recombinant protein:SF9 cells (RRID:CVCL_0549, female

Spodoptera frugiperda), cultured in SFf-900 II Serum-free medium (Gibco) at 27�C.

ExpresSF+ cells (female Spodoptera frugiperda), cultured in Sf-900 II Serum-free medium (Gibco) at 27�C.

CHO cells (RRID:CVCL_K173, female Cricetulus griseus ovary), cultured in CHO-S-SFM II (Gibco) at 37�C in

5% CO2.

ExpiCHO-S cells (RRID:CVCL_5J31, female Cricetulus griseus ovary), cultured in ExpiCHO Expression

Medium (Gibco) at 37�C in 5% CO2.

CHO DUKX cells (RRID:CVCL_1977, female Cricetulus griseus ovary), cultured in Iscove’s modified Dulbec-

co’s mediumwith 4mM L-glutamine and 1.5 g/L sodium bicarbonate (Corning), supplemented with 0.1 mM

hypoxanthine, 0.016 mM thymidine, 0.002mM Methotrexate (Amethopterin) and 10% FBS at 37�C in 5%

CO2.

The following cell lines were used to perform in vitro Luciferase Reporter Assays:

HEK-293-(CAGA)12 luciferase reporter cells (RRID:CVCL_ZD63, female Homo sapiens kidney), cultured in

Dubecco’s Modified Eagle Medium with high glucose and L-glutamate (Corning), supplemented with

10% fetal bovine serum (FBS), 1x Penicillin/Streptavidin and 100mg/mL G418 at 37�C in 5% CO2.

A204 cells (RRID:CVCL_1058, female Homo sapiens muscle), cultured in McCoy’s Medium (Gibco) supple-

mented with 10% FBS at 37�C in 5% CO2.

METHOD DETAILS

Recombinant protein expression and purification

The extracellular domain of rat ActRIIB (residues 1-120) was prepared as previously described (Goebel

et al., 2019b; Thompson et al., 2003). Briefly, ActRIIB was cloned into the pVL1392 baculovirus vector

with a C-terminal thrombin cleavage site followed by a His6 tag. Initial recombinant baculovirus was
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produced through the Baculogold system (Pharmingen) and amplified in SF9 insect cells (Protein Sciences

Corp). Protein production was carried out in ExpresSF+ insect cells (Protein Sciences Corp), followed by

purification of the conditioned medium (CM) over a Ni Sepharose affinity resin (GE healthcare) with buffers

containing 50mM Na2HPO4 pH 7.5, 500mM NaCl, and 20/500mM Imidazole for load + wash/elution.

Following an overnight thrombin digestion, ActRIIB-ECD was then loaded through a HiLoad Superdex

S75 16/60 size exclusion column (SEC, GE healthcare) in 20mM HEPES pH 7.4 and 500mM NaCl (SEC

buffer).

(ActRIIB)2-Fc and ActRIIB-Fc were expressed and purified from Chinese hamster ovary (CHO) cells as pre-

viously described for (ActRIIB)2-Fc (Cadena et al., 2010; Sako et al., 2010). In brief, serum-free CM produced

from stably transfected CHO cells was purified by affinity chromatography using MAB SelectSureProtienA

resin (GE Heathcare), and a glycine elution. Semi-purified protein was then further purified by ion exchange

chromatography, using a Q-Sepharose column (GE Healthcare) and eluted with an NaCl gradient. ActRIIB-

Alk4-Fc was expressed and purified as recently described, with the addition of kifunensine in the CHO

expression media to reduce glycosylation heterogeneity (Li et al., 2021). In brief, filtered serum-free CM

from stably transfected CHO DUKX cells was purified by affinity chromatography using MAB

SelectSureProtienA resin (GE Heathcare). Semi-purified protein was then further purified sequentially by

His affinity chromatography (using a Ni Sepharose 6 FastFlow column (GE Healthcare) eluted with an

imidazole gradient) and ion exchange chromatography (using a Q-Sepharose column (GE Healthcare)

and eluted with an NaCl gradient). The anti-ActRIIB antibody was transiently expressed in ExpiCHO cells

(ThermoFisher) using manufacturer’s protocol, followed by a purification over Protein A (MAb SelectSuRe,

Cytiva) and cation-exchange (SP, Cytiva) chromatography columns.

Mature, recombinant ActA, GDF11 and TGFb1 were prepared as previously described (Goebel et al.,

2019b; Zou and Sun, 2004). Briefly, ActA and GDF11 were cloned into the pAID4T vector, containing a

UCOE element (Millipore). Then, expression was performed in Chinese hamster ovary (CHO) DUKX cells

and pools were generated based on expression of ActA and GDF11. Conditioned media (CM) of ActA

was then mixed with a proprietary affinity resin made with an ActRIIA-related construct (Acceleron). The

resin was then lowered to a pH of 3 to dissociate the propeptide-ligand complex. Following this, the pH

was raised to 7.5 and the resin was incubated for 2h at room temperature. ActA was eluted with 0.1M

glycine pH 3.0, which was concentrated over a phenyl hydrophobic interaction column (GE Healthcare)

and eluted with 50% acetonitrile/water with 0.1% trifluoroacetic acid (TFA). Lastly, amicon-concentrated

sample was further purified over a preparative reverse phase C4 column (Vydac) through HPLC with a

gradient of water/0.1% TFA and acetonitrile/0.1% TFA. Fractions containing pure, recombinant ActA

were pooled and lyophilized to be resuspended in 10mM HCl for future experimentation. GDF11 CM

was filtered, concentrated and heated to 75�C prior to cooling and initial purification through incubation

for 2h with a proprietary affinity resin based on an ActRIIB-related construct. Following a wash with PBS and

elution with 0.1M Glycine pH 3.0, GDF11 was purified over a C4 reverse-phase column and lyophilized, as

described with ActA. Human TGF-b1 was expressed and purified from CM produced by a stably trans-

fected CHO line as described previously (Zou and Sun, 2004). In brief, filtered CM from these cells was pu-

rified over a Ni-NTA agarose column, equilibrated with 50 mM Tris–HCl and 150 mM NaCl at pH 8.0, and

then eluted with an imidazole gradient. Protein containing fractions were then pooled, pH adjusted to 3.0,

concentrated, and then ultimately purified by Size Exclusion Chromatography using HiLoad 16/60 Super-

dex 200 column (Amersham Biosciences) with equilibrated with 50 mM glycine pH 4.0 with 50 mM NaCl.

Fractions containing pure, recombinant TGF-b1 were pooled and lyophilized to be resuspended in

10mM HCl for future experimentation.

Complex formation

In order to generate the GDF11/ActRIIB-Alk4/anti-ActRIIB complex, purified ActRIIB-Alk4-Fc was digested

with IdeS-His for 6 h, cleaving below the hinge sequence and removing the Fc. Following this, GDF11 was

supplemented at a 1:2 ligand:receptor molar ratio to favor complex formation, which, following a 20min

incubation at room temperature, was purified over an SRT-10 SEC300 column (Sepax) in 20mM HEPES

pH 7.5, 500mM NaCl run at 7mL/min. Following concentration, the complex was subjected to a mixture

of deglycosylation enzymes: Deglycomx, Endo-H, OglyZor (QA-bio) at 37�C for �1 week. In parallel, the

anti-ActRIIB antibody was digested with papain at 37�C for 7 hours in 100mM NaAcetate pH 5.5, 8mM

cysteine, and 1mM EDTA. The Fab fragments were then purified over a SCX-column in 20mM Na2HPO4

pH 6 and eluted with a gradient of 0-30% 20mMNa2HPO4 pH 6, 500mMNaCl over 60 min. The Fab product
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was then dialyzed in 20mMHEPES, 150mMNaCl pH 7.5, added to the deglycosylated GDF11/ActRIIB:Alk4

complex at a 2:1 Ab:complex ratio and finally purified over a SRT-10 SEC300 in 20mM HEPES pH 7.5,

500mM NaCl at a flow rate of 7mL/min.

In order to generate the ActA/ActRIIB-Alk4/anti-ActRIIB complex, the Fc was cleaved using a FabRICATOR

kit (Genovis) where the resin was equilibrated in 20mM NaPO4, 150mM NaCl pH 7.4 and the sample, incu-

bated for 30 min at room temperature followed by collection through centrifugation. The digested sample

was then cleaned on CaptureSelect resin (Thermo) to remove the Fc-tag and the nondigested protein. To

further purify ActRIIB-Alk4, the sample was loaded on Superdex 200 (26/60) (Sigma) pre-equilibrated in SEC

buffer (20 mM Tris, 200 mM NaCl, pH 7.5. For complex formation, purified ActRIIB-Alk4 was mixed with

ActA at a 1:2.1 ligand:receptor molar ratio and incubated on ice for 1 hour. Complex was purified through

SEC on the Superdex 200 (26/60) column. In parallel, the monoclonal anti-ActRIIB was concentrated to

6.6mg/ml and cleaved using immobilized FabALACTICA (Genovis) to produce a Fab fragment. To remove

the Fc part and the nondigested mAb, the digested antibody was applied on a CaptureSelect resin pre-

equilibrated in PBS. For complex formation, the purified ActA/ActRIIB-Alk4 was mixed with the purified

Fab fragments at a 1:1.3 molar ratio and incubated on ice for 1 hour prior to purification though SEC

with the Superdex 200 (26/60) column.

Crystallization and structure determination

The purified GDF11 and ActA/ActRIIB-Alk4/Fab complexes were concentrated to 10mg/mL and

17.7mg/mL, respectively, and used to initiate crystallization trials using vapor diffusion. The final GDF11

complex crystal was grown in mother liquor consisting of 0.1M HEPES pH 7, 0.9M AmSO4 and 0.9M KCl

at 20�C using the hanging drop method. The final ActA complex crystal was grown in mother liquor of

0.1M Na cacodylate pH 6.5 and 17% (w/v) PEG 4000. Mother liquor supplemented with 25% glycerol

(GDF11 complex) or 30% glycerol (ActA) was used as the cryo-protectant for crystal freezing. For

GDF11/ActRIIB-Alk4/Fab, X-ray diffraction data were collected at GM-CA beamline 23-ID-B of the

Advanced Photon Source at Argonne National Laboratory with an Eiger 16M detector. For ActA/Ac-

tRIIB-Alk4/Fab, data were collected at 100K at station BioMAX, MAX IV Laboratory, Sweden (l =

0.992 Å) equipped with an Eiger 16M detector. For both structures, data Indexing and integration were per-

formed within XDS followed by subsequent scaling and merging through AIMLESS (Evans and Murshudov,

2013; Kabsch, 2010). Placement of the complete complexes was performed through molecular replace-

ment within Phaser by using the search models: GDF11/ActRIIB (PDB: 6MAC), ActA (PDB:2ARV), an Alk4

model built from closest relative, Alk5 (PDB: 6MAC) and an anti-ActRIIB Fabmodel was built from sequence

and close homolog (GDF11, PDB: 6ATT or ActA, PDB: 5K59 with the CDR loops removed) (Badarau et al.,

2016; Goebel et al., 2019b; Harrington et al., 2006; McCoy et al., 2007; Oganesyan et al., 2018). Both models

were built using SwissModel (Waterhouse et al., 2018). Final refinement was performed with either

Phenix.Refine (GDF11) or Buster and Refmac5 (ActA) software with final model building in Coot (Afonine

et al., 2012; Emsley et al., 2010; Murshudov et al., 2011). Structure coordinates were deposited and are

publicly available in the PDB under codes, 7MRZ (GDF11) and 7OLY (ActA).

Surface plasmon resonance

Anti-human IgG (Fc specific) antibody (Sigma, Cat# I2136) was immobilized via amine-coupling to a density

of �5000 RU on flow cells 1-4 of a CM5 biosensor chip (Cytiva). Each receptor-Fc construct was diluted in

HBS-EP(+) buffer (Cytiva), supplemented with 0.5mg/mL BSA (Sigma) + 350mMNaCl, with a target capture

level of�70 RU. A 9-step, 2-fold serial dilution was performed in the aforementioned buffer for each ligand,

with an initial concentration of 10nM. Experiments were conducted at 25�C on a Biacore� T100 (GE

Healthcare) instrument with an association and dissociation time of 360 and 900 seconds, respectively.

The flow rate for kinetics was maintained at 50mL/min. Kinetic analysis was conducted using the Biacore�
T200 Evaluation Software using a 1:1 fit model.

Luciferase reporter assays

Assays using the HEK-293-(CAGA)12 luciferase reporter cells (initially derived from RRID:CVC:0045) were

performed similarly as previously reported (Goebel et al., 2019b; Walker et al., 2017). In brief, cells were

plated in a 96-well format (3 x 104 cells/well) and grown for 24h. For the inhibition experiments involving

the differential forms of ActRIIB (Figure 1C), the growthmedia was removed 24 h post-plating and replaced

with serum free media containing 0.1% BSA, a constant ligand (ActA, GDF11) concentration (0.62nM)

and a twofold serial dilution of either ActRIIB-ECD, homodimeric (ActRIIB)2-Fc or ActRIIB-Alk4-Fc
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(0.155 - 79.36nM) for 18 h. Cells were then lysed and assayed for luminescence using the Luciferase Reporter

Assay System (Promega) and a Synergy H1 Hybrid plate reader (BioTek). For the assays featuring Alk4 and

Alk5 mutagenesis in Figure 5, a total of 50ng DNA containing either wildtype or mutant receptor (pRK5 rat

Alk5 Ser278Thr (ST) or pcDNA3 rat Alk4 Ser282Thr) was transfected usingMirus LT-1 transfection reagent at

24 h post-plating. The corresponding empty vector was added to normalize the total DNA concentration.

Media was then removed and replaced with serum free media containing 0.1% BSA, ligand (ActA, GDF11,

TGFb1) at a constant concentration (0.62nM) and 10uM SB-431542. Cells were lysed and luminescence was

measured following 18 h of treatment.

Assays for Figure S1 were performed by Acceleron in A204 cells as previously reported (Kumar et al., 2021).

In brief, cells were plated in a 96-well format (1 x 105 cells/well) and grown overnight. Cells were then trans-

fected with the pGL3 CAGA12 firefly luciferase reporter plasmid and a control pRL-CMV renilla luciferase

reporter plasmid using X-tremeGENE 9 (Roche) in serum free medium with 0.1% BSA. 24 h post transfec-

tion, cells were treated with a constant ligand (ActA, GDF11) concentration (0.192nM) and a threefold serial

dilution of either monomeric ActRIIB-FC (0.07 – 153nm), homodimeric (ActRIIB)2-Fc (0.0009 – 1.9nM) or

ActRIIB-Alk4-Fc (0.006 – 13.2nM) for 6 h. Cells were then lysed and assayed for luminescence using the

Dual-Luciferase Reporter Assay System (Promega) and a Synergy H1 Hybrid plate reader (BioTek).

QUANTIFICATION AND STATISTICAL ANALYSIS

For SPR, kinetic analysis was conducted using the Biacore� T200 Evaluation Software using a 1:1 fit model

with mass transport limitations. Each experiment was performed in triplicate and the kinetic parameters

were averaged and reported in Table S1.

For Luciferase Reporter Assays, data was plotted using GraphPad Prism. Pooled data from N = 3 separate

experiments and Standard Deviation is shown. For inhibition assays (Figures 1C and S1), data was fit with a

nonlinear regression with variable slope.
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