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The single transmembrane domain serine/threonine kinase
activin receptor type IIB (ActRIIB) has been proposed to bind
key regulators of skeletal muscle mass development, including
the ligands GDF-8 (myostatin) and GDF-11 (BMP-11). Here we
provide a detailed kinetic characterization of ActRIIB binding
to several low and high affinity ligands using a soluble activin
receptor type IIB-Fc chimera (ActRIIB.Fc). We show that both
GDF-8 and GDF-11 bind the extracellular domain of ActRIIB
with affinities comparable with those of activin A, a known high
affinity ActRIIB ligand, whereas BMP-2 and BMP-7 affinities
for ActRIIB are at least 100-fold lower. Using site-directed
mutagenesis, we demonstrate that ActRIIB binds GDF-11 and
activin A in different ways such as, for example, substitutions in
ActRIIB Leu”® effectively abolish ActRIIB binding to activin A
yet not to GDF-11. Native ActRIIB has four isoforms that differ
in the length of the C-terminal portion of their extracellular
domains. We demonstrate that the C terminus of the ActRIIB
extracellular domain is crucial for maintaining biological activ-
ity of the ActRIIB.Fc receptor chimera. In addition, we show
that glycosylation of ActRIIB is not required for binding to
activin A or GDF-11. Together, our findings reveal binding
specificity and activity determinants of the ActRIIB receptor
that combine to effect specificity in the activation of distinct
signaling pathways.

The cytokine transforming growth factor g (TGF-8)* and its
homologs, including bone morphogenic proteins (BMPs),
activins, and growth and differentiation factors (GDFs), com-
prise a large superfamily that controls many major cellular pro-
cesses, including proliferation, differentiation, apoptosis,
angiogenesis, and steroid synthesis (1-4). TGF-B superfamily
members (ligands) form covalently and non-covalently linked
homo- and heterodimers that bind two type I and two type II
serine/threonine kinase receptors at the same time. Both recep-
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tor types consist of an extracellular ligand-binding domain, a
single transmembrane span, and a cytoplasmic serine/threo-
nine kinase domain. Formation of the hexameric receptor-li-
gand complex causes the constitutively active type II receptor
kinase to phosphorylate type I receptor. Thus, activated type I
receptors phosphorylate Smad proteins, which subsequently
translocate into the nucleus and control expression of different
genes (2, 5, 6). Five type II receptors have been identified:
ActRITA, ActRIIB, BMPRII, TGFBRII, and MISRIL. The
ACctRIIB receptor is of particular interest because it binds mul-
tiple ligands from the activin, GDF, and BMP subgroups.

ActRIIB extracellular domain (ECD) sequence is exception-
ally conserved, with only one amino acid difference between
mice and humans and ~90% identity between species as diver-
gent as chickens and humans. Although ActRIIB-deficient mice
develop to term, most animals (~70%) die shortly after birth
(4). Disruption of ActRIIB expression leads to cardiac and kid-
ney malformation, defects in axial patterning, and disturbance
of left-right asymmetry in mice (7).

Four different isoforms of ActRIIB were found in mice and
humans (ActRIIB,, ActRIIB,, ActRIIB;, and ActRIIB,). The
ECDs of ActRIIB; and ActRIIB, contain an insertion in the
C-terminal portion of the ECD that is absent in isoforms
ActRIIB; and ActRIIB,. The biological significance of the dif-
ferent isoforms remains unclear. The ActRIIB, isoform is most
predominant in humans. It was previously suggested that the
longer isoforms are the most potent. For example, the longer
isoforms ActRIIB; and ActRIIB, have been shown to have a
3—4-fold higher affinity for activin A than the shorter isoforms
ACctRIIB, and ActRIIB, (8).

ActRIIB binds to a diverse group of TGE-3 family members,
including activin A, BMP-2, BMP-7, GDE-8 (growth and differ-
entiation factor 8 or myostatin), and GDF-11. Activin A, one of
the most abundant proteins of the TGF-B/BMP family, is
thought to be a negative regulator of bone formation and other
tissues (9); BMP-2 has been associated with ectopic bone for-
mation and periarticular ossification (10); BMP-7 has been
associated with bone homeostasis (11) and kidney development
(12); and GDF-8 and GDF-11 are associated with negative reg-
ulation of skeletal muscle mass (13). Moreover, activins and
BMPs are known also to use different signaling pathways. Thus,
recruitment of BMPs or activins leads to activation of different
Smad signaling events. For example, activin binding to ActRIIB
leads to activation of the Smad2/3 pathway, whereas binding to
BMP-2 results in activation of the Smad1/5/8 pathway (14).
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GDEF-8 (myostatin) and the closely related GDF-11 are essen-
tial for proper regulation of skeletal muscle growth. For exam-
ple, mice lacking GDF-8 show a dramatic increase in skeletal
muscle mass (15), and naturally occurring mutations in the
Gdf-8 gene show increased muscle mass in cattle (16). Mice
carrying a targeted mutation in the Gdf-8 gene have about
twice the normal muscle mass as a result of a combination of
muscle fiber hyperplasia and hypertrophy. Similar inactivating
mutations have been shown to cause increased muscle mass in
other species, including cattle (16 -18), sheep (19), dogs (20),
and humans (21). Blocking GDF-8 activity may therefore be
effective for treatment of various muscle-wasting diseases.
Indeed, loss of GDF-8 function has been shown to have benefi-
cial effects in degenerative muscle and metabolic disease mod-
els (22-24). GDEF-11 is highly related to GDF-8 in the mature
region of the protein and is also expressed in skeletal muscle
(25-27). Moreover, there is compelling biochemical and
genetic evidence suggesting that GDF-11 signals through the
same type II receptors as GDF-8. Co-immunoprecipitation
studies carried out with Xenopus embryo have shown that, sim-
ilar to GDF-8, GDF-11 is capable of binding to ActRIIA and
ActRIIB, and, as in the case of GDF-8, GDF-11 appears to bind
more strongly to ActRIIB than to ActRIIA (28). In addition, the
phenotype of GDF-11 knock-out mice (25) is remarkably simi-
lar to that of mice deficient in activin type II receptor (7, 29).

In this paper, we performed a systematic analysis of several
deletions in the C-terminal region of ActRIIB.Fc ECD and
examined the effect of such truncations on the biological activ-
ity of the receptor. To answer key questions concerning speci-
ficity of signaling, we determined the binding affinities of dif-
ferent ligands to ActRIIB and assessed various residues on the
interface and in the ligand binding pocket of ActRIIB ECD. We
further investigated the contribution of glycosylation and iso-
form differences on the biological activity with GDF-11 and
activin A. Finally, we identified a point mutation in ActRIIB
that abrogates binding of the receptor to activin A without
appreciably affecting its interaction with GDF-8 or GDEF-11.

EXPERIMENTAL PROCEDURES

Materials—The Biacore 3000, Biacore T100, research grade
CMS5 chips, amine coupling reagents, HBS-EP buffer, and anti-
hFc IgG capture kit were purchased from Biacore (GE Health-
care). The Infinite M200 luminometer was obtained from
Tecan. Activin A, BMP-2, BMP-7, GDF-11, and GDF-8 were
obtained from R&D Systems. FUGENE6 transfection reagent
was obtained from Roche Applied Science. Goat anti-human
IgG and goat anti-human IgG-AP for the enzyme-linked immu-
nosorbent assay were from Southern Biotech. Novex 4-12%
gels and other electrophoresis reagents were from Invitrogen.
Restriction enzymes were purchased from New England
Biolabs.

Construction of ActRIIB Plasmids and Mutants—Human
ActRIIB cDNA was obtained from GeneCopoeia, and human
IgG1l cDNA was from Invitrogen. The plasmid pAID4T-
ActRIIB.Fc encoding the fusion molecule containing the ECD
region of ActRIIB (residues 19-134; see Fig. 1A) was con-
structed as follows. The ECD ActRIIB region was made using
ActRIIB ¢cDNA as the template and primers (supplemen-
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tal Table 1A4) incorporating a 5" Sfol site on the N terminus of
ActRIIB and a 3" Agel site on the C terminus. The Fc domain
was cloned by PCR using human IgG cDNA as the template and
primers encoding a 5" Agel and 3’ EcoRI endonuclease site. A
three-way ligation was set up using the vector pAID4T cut with
Sfol and EcoRI. When ligated into pAID4T, ActRIIB is pre-
ceded by the tissue plasminogen activator signal sequence and
fused in-frame to the human IgG1 Fc domain.

All ActRIIB mutants were made by PCR-based site-directed
mutagenesis (BD Biosciences Advantage-HF2). C terminus
truncations of the molecule were made using primers as shown
in supplemental Table 1B. Mutations within the mature
ActRIIB sequence were introduced by utilizing an overlapping
PCR approach and incorporating a 5’ Sfol site and a 3" Agel site
(supplemental Table 1C). These unique sites were used to sub-
clone the PCR product into pAID4T-ActRIIB.Fc, which had
been cut with Sfol and Agel to remove the wild-type ActRIIB
insert. This resulted in the ActRIIB mutants ligated in-frame to
the human IgG Fc domain. All constructs were confirmed by
DNA sequencing analysis.

COS Expression of ActRIIB.Fc Molecules—SV40-transformed
green monkey kidney (COS-1) cells (ATCC) were seeded at 3 X
10° cells/10-cm? plate in Dulbecco’s modified Eagle’s medium
(high glucose; supplemented with 10% fetal calf serum) and
incubated overnight at 37 °C, 5% CO,. The cells were trans-
fected with 10 ug of experimental plasmids or vector control
using FUGENEG6 reagent. After an overnight incubation, the
cells were washed once in phosphate-buffered saline, and 4 ml
of serum-free Dulbecco’s modified Eagle’s medium was added
to each plate. Approximately 48 h post-transfection, the serum-
free conditioned medium (CM) was harvested and centrifuged
to remove cellular debris. The expressed fusion proteins in the
CM were quantified by an enzyme-linked immunosorbent
assay, using goat anti-human IgG as the capture antibody and
detection with goat anti-human IgG-AP. A standard curve was
run using purified ActRIIB.Fc.

Purification of ActRIIB.Fc and Variants—Conditioned
medium containing expressed receptor was purified using
MAB SelectSure (Protein A) and Q-Sepharose column chroma-
tography (GE Healthcare Life Sciences). The purified receptor
was dialyzed into 10 mm Tris-buffered saline, pH 7.2. Protein
purity was analyzed by SDS-PAGE under reducing and non-
reducing conditions. Size exclusion chromatography on a
Superose 12 10/300 GL (GE Healthcare Life Sciences) column
was performed to determine the purity of the protein and to
check for aggregation.

Deglycosylation of ActRIIB.Fc—PNGase F, O-glycanase, and
sialidase A (PROzyme enzymatic deglycosylation kit GK80115)
were used for the enzymatic removal of oligosaccharides on
ActRIIB.Fc. The digests were performed under non-denaturing
conditions and incubated for 3 days at 37 °C. To assess the
removal of carbohydrates, ActRIIB.Fc treated with different
deglycosylation enzymes was evaluated on a silver-stained SDS-
polyacrylamide gel under reducing conditions and compared
with untreated and mock-treated (digest buffer minus enzyme)
ActRIIB.Fc. The activity of the deglycosylated samples was also
evaluated in the A204 (human rhabdomyosarcoma cell line)
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reporter gene assay and Biacore surface plasmon resonance
(SPR) binding assay.

Reporter Gene Assay—A204 cells (ATCC) were seeded in
48-well plates at 1 X 10° cells/well in McCoy’s 5A medium
(Invitrogen) supplemented with 10% fetal calf serum and incu-
bated overnight at 37 °C, 5% CO.,. The next day, each well was
transiently co-transfected with experimental luciferase
reporter plasmid pGL3(CAGA)12 (200 ng) and control lucifer-
ase reporter plasmid pRL-CMV (10 ng). In separate plates,
serial dilutions of the COS CM containing 0.0014-3 ug/ml
ActRIIB.Fc or corresponding mutant receptor were incubated
with 5 ng/ml GDEF-11 or activin A (R&D Systems) for 45 min at
37 °C, 5% CO,. The dilutions of COS CM and ligands were
made in serum-free McCoy’s 5A medium containing 0.1%
bovine serum albumin. The mix was then added to the trans-
fected A204 cells and incubated for 6 h at 37 °C, 5% CO,. The
cells were lysed and assayed using the Dual-Luciferase Reporter
Assay System (Promega) according to the manufacturer’s
instructions. Chemiluminescence was measured using the Infi-
nite M200 plate reader. The luciferase activity of the experi-
mental reporter was normalized by the luciferase activity
obtained from control reporter.

SPR Assay—Receptor-ligand binding affinities were deter-
mined by SPR using the Biacore 3000 and Biacore T100. Goat
anti-human Fc antibody (anti-hFc IgG) was immobilized onto
four flow cells of research grade CM5 chip using standard
amino coupling chemistry. 100 —150 RU of the ActRIIB.Fc and
variants were captured on the experimental flow cells by inject-
ing either purified receptor or CM expressing corresponding
receptor. Another flow cell was used as a reference (control) to
subtract for nonspecific binding, drift, and bulk refractive
index. For kinetic analysis, a concentration series of different
ligands (activin A, BMP-2, BMP-7, GDF-11, or GDF-8) was
injected over experimental and control flow cells at either room
temperature or 25 °C at a flow rate of =40 ul/min to minimize
mass transport limitations. The antibody surface was regener-
ated between binding cycles by injection of 3 m MgCl,. HBS-
EPS buffer (0.01 m HEPES, 0.5 M NaCl, 3 mm EDTA, 0.005%
(v/v) surfactant P20, pH 7.4) containing 0.5 mg/ml bovine
serum albumin was used as running buffer. All sensograms
were processed by double referencing. To obtain kinetic rate
constants, the corrected data were fitted to a 1:1 interaction
model with mass transport term using BiaEvaluation software
(Biacore). The equilibrium binding constant K, was deter-
mined by the ratio of binding rate constants k,/k,.

RESULTS

Production, Purification, and Characterization of ActRIIB.Fc
Fusion Protein—The ActRIIB.Fc fusion protein, composed of
two disulfide-linked monomers, each containing the ECD of
ActRIIB and human Fc (Fig. 14), was produced by transient
transfection of the expression construct in COS cells and puri-
fied from conditioned medium by sequential column chroma-
tography as described under “Experimental Procedures.” A
Coomassie-stained SDS-polyacrylamide gel showed a broad
protein band (due to glycosylation) with a molecular mass of
~100 kDa under non-reducing conditions and of ~60 kDa
under reducing conditions (Fig. 1B). Size exclusion chromatog-
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raphy showed that under non-reducing conditions, the purified
protein contained ~98% ActRIIB.Fc dimer, and no aggregation
was observed (Fig. 1C).

The binding affinity of purified ActRIIB.Fc for GDF-11,
activin A, BMP-2,and BMP-7 as determined by SPRis shown in
Fig. 1D. In order to mimic native conditions and to allow the
receptor molecule to adopt a homogeneous orientation, puri-
fied ActRIIB was captured on an anti-hFc IgG Biacore chip to a
low density of ~140 response units, and different concentra-
tions of ligand were injected over captured receptor. A 1:1
interaction model with mass transport term provided an excel-
lent fit to the data, as shown by the overlay of the simulated
binding responses (Fig. 1D, red lines). Activin A is known to
bind to ActRIIB with high affinity. Accordingly, the apparent
equilibrium dissociation constant K, measured by SPR was
determined to be 35.7 pm (Table 1). Moreover, ActRIIB.Fc
complexed with activin A is extremely stable, with k, of 1.48 X
107*s™

It was previously suggested that ActRIIB also has a high affin-
ity for myostatin (GDF-8) and the highly related ligand GDF-11.
Using SPR, we showed that GDF-11 forms a very stable com-
plex with ActRIIB.Fc, with an affinity of 30.3 pm (Fig. 1D and
Table 1). Myostatin and GDF-11 share a high degree of homol-
ogy (~90%) and are thought to have similar functions. Thus, it
is not surprising that GDF-8 also binds to ActRIIB.Fc with pico-
molar affinity (Table 1) and kinetic parameters comparable
with those of GDF-11.

According to the literature, BMP-2 and BMP-7 have low
binding affinities for the ECD of ActRIIB (30). Our SPR studies
indicated that binding of BMP-2 to ActRIIB.Fc was 270- and
230-fold weaker compared with the high affinity ligands
GDEF-11 and activin A, respectively. Although there was only
~3-fold difference in the rate of receptor-ligand complex for-
mation, we observe a striking difference in the stability of the
complex. Thus, k, for the BMP-2/ActRIIB.Fc interaction was
0.12 s~ ', whereas k, for the high affinity ligands GDF-11 and
activin A was 1.38 X 107 *s™ ! and 1.48 X 10~ *s™ ", respec-
tively. We also found that BMP-7 binds to ActRIIB.Fc with
much higher affinity than BMP-2, mainly due to a slower off-
rate (4.38 X 107 3s71).

The kinetic parameters that we provide in this paper should
be considered apparent because they have been obtained for the
ECD of human ActRIIB fused to an immunoglobulin Fc domain
expressed in mammalian cells. Nevertheless, we show selectiv-
ity of ActRIIB for different ligands under the same experimental
conditions.

To evaluate the ability of ActRIIB.Fc to antagonize Smad
signaling induced by GDF-11, GDF-8, or activin A, we per-
formed a reporter gene assay using a human rhabdomyosar-
coma cell line (A204) transfected with pGL3(CAGA)12-luc, a
Smad2/3-responsive construct, and pRL-CMV-lug, as internal
control. The cells were treated with corresponding ligand in the
presence or absence of ActRIIB.Fc and assayed for luciferase
activity after 6 h. ActRIIB.Fc inhibited signaling by GDF-11
(Fig. 1E), GDF-8 (data not shown), and activin A (Fig. 1E) in a
dose-dependent manner with an inhibitory concentration
(ICy,) of 54.0 ng/ml for GDEF-11, 26.0 ng/ml for GDF-8 (data
not shown), and 42.3 ng/ml for activin A. These data demon-
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TABLE 1
Analysis of ActRIIB.Fc binding to different ligands by SPR

Purified ActRIIB.Fc was captured on a Biacore sensor chip by immobilized anti-
human Fc antibody. Different concentrations of ligands were injected over captured
ActRIIB.Fc in duplicates. Kinetic analysis of activin A, GDF-11, BMP-2, and BMP-7
was performed on a Biacore T100 instrument at 25 °C. Kinetic analysis of binding to
GDE-8 was performed on a Biacore 3000 instrument. Data were globally fit to a 1:1
binding model with mass transfer term using BIAevaluation software. Representa-
tive sensograms and fits are given in Fig. 1D.

Ligand k, k, K,
mts! s! §2%

Activin A 4.14 X 10° 1.48 X 107* 35.7
GDEF-8 3.69 X 10° 345X 10°° 93.5
GDEF-11 4.55 X 10° 1.38 X 107* 30.3
BMP-2 1.47 X 107 12X 107! 8215
BMP-7 1.05 X 107 4.38 X 1072 418

strate that the ActRIIB.Fc chimeric fusion protein inhibited sig-
naling by GDF-11, GDF-8, and activin A via the Smad pathway.
Additional testing using a BMP-specific cell-based reporter
assay (i.e. T98G cells containing the BRE-luciferase reporter
gene) did not show inhibition of BMP-2 and BMP-7 signaling
by ActRIIB.Fc (data not shown).

Due to the similarity of the above results for GDF-8 and
GDEF-11, which is consistent with their high degree of homol-
ogy and similarity of function, in addition to the consistent
quality of commercially available GDF-11 compared with
GDEF-8, we chose to use GDF-11 alone for the subsequent stud-
ies described below.

Effect of Deglycosylation on the Activity of ActRIIB.Fc—The
ActRIIB.Fc protein contains three potential N-glycosylation
sites: two in the extracellular domain of ActRIIB and one in the
Fc portion of the fusion molecule. In order to assess the role of
carbohydrates in the activity of ActRIIB.Fc, we performed enzy-
matic deglycosylation of the protein. SDS-PAGE analysis of
ActRIIB treated with deglycosylation enzymes is presented in
Fig. 2A. Upon PNGase F digestion, the band corresponding to
ActRIIB.Fc migrated faster compared with the untreated
ActRIIB.Fc due to removal of N-linked carbohydrates (Fig. 24,
lane N-Gly). No band indicative of incomplete digestion of
ActRIIB.Fc was observed. Peptide mapping of PNGase
F-treated ActRIIB.Fc allowed for the assignment of the three
tryptic peptides containing Asn*?, Asn*®, and Asn'??, confirm-
ing the predicted location of N-linked oligosaccharides (data
not shown).

Upon combined treatment with three deglycosylation
enzymes (PNGase F, O-glycanase, and sialidase A), the diffuse
band of ActRIIB.Fc collapsed into a single band whose mobility
was consistent with the theoretical molecular mass of ~39 kDa,
suggesting complete deglycosylation of the protein (Fig. 24,
lane N-Gly/O-Gly/SiaA). The deglycosylated ActRIIB.Fc was
able to bind both activin A and GDF-11 with the same kinetic
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parameters as untreated and mock ActRIIB.Fc (Fig. 2B). We
also tested the effect of deglycosylation on the ability of
ActRIIB.Fc to inhibit activation of promoters responsive to
GDEF-11 and activin A. In the A204 reporter gene assay,
enzyme-treated ActRIIB.Fc retained its ability to inhibit sig-
naling by GDF-11, suggesting that the carbohydrate side chains
are not required for binding to this ligand (data not shown).

Effect of C-terminal Deletions—In order to characterize the
role of the C terminus of the ECD, we created an ActRIIB.Fc
variant with the 15 C-terminal amino acids deleted from the
ECD of the receptor. The relative potencies of ActRIIB.Fc (full-
length ECD chimera) and ActRIIBA15.Fc mutant with activin A
and GDF-11 were investigated. We found that the biological
activity of the A15 mutant was dramatically decreased for both
activin A and GDF-11 (Fig. 3). Thus, in the A204 assay with
GDF-11, ActRIIBA15.Fc showed ~10% activity (i.e. inhibited
~10% of the signaling by GDF-11 compared with 100% inhibi-
tion by non-truncated ActRIIB.Fc). In the A204 assay with
activin A, no activity of ActRIIBA15.Fc was detected (Fig. 3B).
SDS-PAGE analysis indicated that the quality of the chimeric
truncated version of ActRIIB and the quality of the full-length
ECD chimera were comparable (Fig. 3C). In order to confirm
that the observed effect was not due to misfolding of the pro-
tein, we further tested the ability of purified ActRIIBA15.Fc to
bind both GDF-11 and activin A using SPR (Fig. 3D). The equi-
librium binding constant (K,) of the truncated protein
ActRIIBA15.Fc was compared with the K, of ActRIIB.Fc (i.e.
the chimera containing the full-length ECD). Fig. 3D presents
the relative binding data, expressed as Kpuy/Kpacris)-
ActRIIBA15.Fc showed ~16-fold increased K, compared with
ActRIIB.Fc. Moreover, the percentage of correctly folded pro-
tein, as estimated from the theoretical maximum response term
(Rmax) Obtained from SPR, was significantly decreased for
ActRIIBA15.Fc (data not shown).

To investigate systematically the role of the C terminus of
ActRIIB, we prepared several mutants whose C termini are
truncated: ActRIIBA11.Fc, ActRIIBA9.Fc, ActRIIBAG6.Fc,
ActRIIBA3.Fc, and ActRIIBA2.Fc (Fig. 34). The biological
activity of these proteins as well as their kinetic properties were
tested in conditioned medium without purification. We found
that deletion of 2 and 3 amino acids from the C terminus of the
protein resulted in a 2-fold difference in K, between truncated
ActRIIBA3.Fc, ActRIIBA2.Fc, and ActRIIB.Fc with respect to
activin A and GDF-11 binding. The ligand-receptor interac-
tions weakened dramatically upon further truncation of the C
terminus. This effect is attributable both to impaired recogni-
tion of the complex, as judged by decreased k,, and to the
decreased stability of the receptor-ligand complex, as attested

FIGURE 1. Construction, purification, and activity of ActRIIB.Fc chimera. A, schematic representation of ActRIIB.Fc featuring (from left to right) the tissue
plasminogen activator signal sequence (SS), the ActRIIB extracellular region (ActRIIB ECD) (residues 19-134) or a mutant thereof, and the human IgG1 Fc
domain, including the hinge, CH2, and CH3 subdomains (HulgG1Fc). B, SDS-PAGE of purified ActRIIB.Fc under reducing and non-reducing conditions. 10 ug of
ActRIIB.Fc was diluted in NuPAGE gel-loading buffer with or without B-mercaptoethanol and boiled for 5 min. The eluates were run on a NUPAGE 4 -12% BisTris
gel in MES SDS running buffer. The gel was stained with SimplyBlue (Invitrogen). C, size exclusion chromatography of ActRIIB.Fc performed on a Superose 12
10/300 GL column. D, kinetic characterization of GDF-11, activin A, BMP-2, and BMP-7 binding to ActRIIB.Fc measured by SPR. The experiment was performed
on the Biacore T100 instrument at 25 °C. Purified receptor was captured on the anti-hFc IgG chip at ~140 response units (RU), and different concentrations of
ligands were injected over captured receptor. Experiments were performed in duplicate. Sensograms (black lines) are overlaid with fits to a 1:1 interaction
model with mass transport limitations (red lines). Kinetic data are presented in Table 1. E, activity of ActRIIB.Fc in dual luciferase reporter assay in A204 cells.
Luciferase activity was measured at each concentration of ActRIIB.Fc (n = 2) tested in the presence of either GDF-11 or activin A. The experimental sample value
was normalized to the control value and expressed as the ratio of relative luciferase units (RLU). The IC,, for each curve was calculated using XLfit.
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5 to inhibit signaling by activin A in

$ § the A204 assay (Fig. 5A, left)),

A éb ¥ & & 3 \A\? whereas inhibition of GDF-11 sig-
e T ¥ ¥ T & naling was observed in the presence

) of three of the four ActRIIB.Fc vari-

6~ ants (Fig. 5A, right). Approximately

75" - . 50% activity was observed with the

i -.. . L7‘9D‘ and 1779E variants. Even sub‘-
stitution with a large, charged resi-

due (L79K) did not fully eliminate

inhibition of GDF-11 signaling,

B whereas a substitution expected to
. Activin A GDF-11 induce strain on the polypeptide

Frotein ﬂV[I_CIaS_I) (f_‘}) (Kll\)/[) (M'fs") (:‘_‘{) (KI\D/[) chain conformation (L79P) effec-
ACtRIIB Fc control 230x 10 139 0] 168 [ 0 1B e 172 ] Gy eliminated inhibition. SDS-
ACtRIIB Fe mock 815x10° [138x10°] 170 [ 110x10" [213x 107 | 193 | DAGE analysis demonstrated that

N-Gly ActRIIB Fe 702x10° [ 128x10°] 183 [ 103x10 [160x10°] 156 | the quality of all of the variant and
O-Gly ActRIIB Fc 783x 10° [ 139x10° | 17.7 | 911x10° [189x10°| 208 | Wild-type ActRIIB.Fc proteins was

SiaA ActRIIB.Fc 930x 10° |135x10°| 146 | 1.07x10 |1.63x10°| 158 comparable (data not shown). The
N-Gly/O-Gly/SiaA ActRIIB.Fc [ 7.26x 10° [1.06x 10" | 147 | 980x10° [1.57x 10*] 16.1 kinetic rate constants for activin A

FIGURE 2. Effect of deglycosylation of ActRIIB. A, SDS-PAGE (reduced) analysis of ActRIIB.Fc treated with
deglycosylation enzymes. ActRIIB.Fc was treated by PNGase F (lane N-Gly); O-glycanase (lane O-Gly), sialidase A
(lane SiaA), or the combination of all three enzymes (lane N-Gly/O-Gly/SiaA) at 37 °C. Control ActRIIB.Fc (lane
ActRIIB.Fc) and ActRIIB.Fc incubated at 37 °C without the addition of the enzymes (lane Mock) are shown for
comparison. B, effect of deglycosylation on the activity of ActRIIB.Fc. Purified ActRIIB.Fc was treated with
deglycosylation enzymes as described under “Experimental Procedures.” Deglycosylated proteins along with
the control ActRIIB.Fc were captured on a Biacore sensor chip by immobilized anti-human Fc antibody; differ-
ent concentrations of activin A and GDF-11 were injected over captured receptors in duplicates. Analysis was
performed on a Biacore 3000 instrument at room temperature. Data were globally fit to a 1:1 binding model

with mass transfer term using BlAevaluation software.

by increased k, (data not shown). These data correlate well with
cell-based activity measurements (Fig. 3B). Deletions have a
more pronounced effect on the biological activity of activin A
than GDEF-11. In order to confirm that these differences were
not due to decreased stability of the mutant proteins, we per-
formed additional experiments to verify the level of expression.
Fig. 3C shows an SDS-PAGE analysis of the mutants, which
suggests that the quality of all of the mutant and wild-type
ActRIIB.Fc proteins was comparable.

Ligand Binding Pocket Mutations—The crystal structure of
the truncated ECD domain of ActRIIB in complex with activin
A and BMP-2 provided information about the residues
involved in the interactions with the high affinity ligand activin
A and the low affinity ligand BMP-2 (30, 31). The activin A/
ActRIIB interface involves hydrophobic, charged, and polar
residues on both ActRIIB and activin A (Fig. 4). The concave
ActRIIB interface consists of residues on fingers 1, 2, and 3 and
comprises an ~634 A surface (Fig. 44). Leu”® (shown in red in
Fig. 4A) accounts for approximately one-sixth (96/634 A?) of
the total ActRIIB surface buried in the complex with activin A
(31). Substitution of this residue with proline previously was
reported to reduce dramatically the binding of ActRIIB to
activin A and to a lesser extent substitution with alanine (30).
To determine the relative contributions of Leu”” to binding of
activin A and GDF-11, a series of ActRIIB.Fc mutants contain-
ing amino acid substitutions at position 79 were constructed
and tested in the A204 assay for their ability to inhibit signaling
by these ligands (Fig. 5A4). Unexpectedly, all substitutions at this
site effectively eliminated activity (i.e. the ability of ActRIIB.Fc
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and GDF-11 binding to these vari-
ants are presented in Table 2. We
observed a dramatic effect of the
substitutions on the activin A inter-
actions with mutated receptors.
Thus, the K, for negatively charged
substitution in the ActRIIB(L79D).Fc
mutant was ~13,500 pm, and K, for
positively charged substitution in
ActRIIB(L79K).Fc was ~5920 pMm, compared with 35.7 pMm for
wild-type ActRIIB.Fc. This difference in the equilibrium disso-
ciation constants is mainly due to the striking differences in the
dissociation rate constants between Leu’® variants and wild-
type ActRIIB.Fc receptors. Due to limitations of Biacore instru-
mentation, accurate determination of the k, for Leu”® mutants
was not possible; however we could estimate that they were
faster than 0.1 s™', compared with k, of 1.48 X 10~ * s~ for
ActRIIB.Fc. This suggests that Leu”® plays a significant role in
the stability of the receptor-activin A complex. No measurable
binding of ActRIIB(L79P).Fc to activin A was observed. In con-
trast, the K, for GDF-11 was modestly (1.5—4.3-fold) affected
by the substitutions at Leu’”, mainly due to an increase in the
k, rate. In order to assess the importance of Leu”® for the
ActRIIB.Fc interactions with other ligands, we have chosen
the ActRIIB(L79D).Fc variant, which was purified and fur-
ther characterized by SPR. Fig. 5B shows that the affinity of
ActRIIB(L79D).Fc mutant relative to wild-type ActRIIB.Fc
for activin A, GDF-11, and BMP-7 was decreased ~850-, 3-,
and 83-fold, respectively, and binding to BMP-2 was entirely
abolished.

A cluster of three aromatic amino acids, Tyr®®, Trp’®, and
Phe'®, lie at the center of the receptor-ligand (ActRIIB-activin
A) interface and contribute ~20-25% of the total buried sur-
face of the receptor (Fig. 44). These residues are highly con-
served between ActRIIB and another activin A binding recep-
tor, ActRIIA, with Trp”® and Phe'®! being 100% conserved and
Tyr®® being replaced by phenylalanine in ActRIIA. Individual
mutations of Tyr®, Trp’®, and Phe'®" in the ECD of ActRIIA
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FIGURE 3. Effect of ActRIIB C-terminal deletions. A, nomenclature of ActRIIB.Fc fusion proteins containing ActRIIB ECD C-terminal truncations. B, effect of
C-terminal truncations on biological activity of ActRIIB.Fc on activin A (left) and GDF-11 (right) signaling measured in the A204 reporter gene assay. The average
of the IC,s from at least three independent experiments was calculated for each experimental protein. The experiment was performed with proteins
expressed in COS CM without additional purification. The percentage activity was defined as relative activity of each protein in the presence of deletion variant
versus ActRIIB.Fc. C, SDS-polyacrylamide gel analysis of ActRIIB.Fc mutants under reducing conditions. Concentration of mutants in COS CM was quantified by
an enzyme-linked immunosorbent assay. 8 ug of each protein was precipitated by Protein A-Sepharose, washed, and eluted by NuPAGE gel-loading buffer
with B-mercaptoethanol and boiled for 5 min. The eluates were run on a NUPAGE 4-12% BisTris gel in MES SDS running buffer. The gel was stained with
SimplyBlue. D, effect of C-terminal truncations of ActRIIB on binding activity to activin A (left) and GDF-11 (right) measured by SPR. Mutant proteins were
captured by anti-hFc IgG on a CM5 chip, and different concentrations of activin A or GDF-11 were injected over captured receptors at room temperature.
Equilibrium binding constants were obtained by fitting the data to 1:1 binding model with mass transport term. Data are presented as ratios of

KD(mutant)/KD(ActRllB) .

eliminated receptor binding to activin A (32). Substitution of
Trp”® and, to a lesser extent, substitution of Tyr®® dramatically
reduced binding of ActRIIB to low affinity ligand BMP-2 and
the high affinity ligand activin A (30). To check if the same
amino acids are involved in ActRIIB interactions with GDF-11,
we have made a series of point mutations in the ActRIIB ECD in
which residues 78 and 101 were replaced by alanine. The ability
of these ActRIIB.Fc variants to inhibit signaling through the
GDF-11 pathway was measured in the A204 assay. Fig. 64
shows that the point mutation W78A at the hydrophobic inter-
face eliminates activity (i.e. no inhibition of signaling by activin
A was observed). The same effect was observed with the F101A
mutant (data not shown). Because these mutants did not show
detectable biological activity in the A204 assay, we verified the
level of expression. Fig. 6B shows SDS-PAGE analysis of
mutants in conditioned medium, which suggests that the
quality of the W78A variant and the quality of the wild-type
ActRIIB.Fc proteins were comparable. Both mutations of Trp”®
and Phe'®" completely eliminated binding to GDF-11 and
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activin A in the Biacore binding assay (data not shown). Thus,
the same hydrophobic residues on ActRIIB are important for
binding to both activin A and GDF-11.

In addition to the hydrophobic residues in the binding pocket,
several residues (Lys®, Lys’*, and Asp®°) identified as constituents
of the ionic/polar binding interface (31) were investigated.
Replacement of Lys*® with Ala only somewhat reduced binding
affinity of the ActRIIB(K55A).Fc for GDF-11 or activin A (data not
shown). We also found that the K74A substitution decreased the
ability of ActRIIB(K74A).Fc to inhibit GDF-11 or activin A activa-
tion of the reporter gene in the A204 assay by ~35 and ~83%,
respectively, whereas substitutions of Asp®® by alanine or lysine
effectively abolished this biological activity of ActRIIB(D80A).Fc
or ActRIIB(D80K).Fc in the A204 assay. The level of protein
expression of these mutants was confirmed as shown in Fig. 6B.
Another residue of ActRIIB, Glu®>®, makes a minor (16 A?) contri-
bution to the ligand interface and also is involved in intramolecular
contacts with Lys”®. As expected, the ActRIIB(E39K).Fc variant
failed to bind either activin A or GDF-11 (data not shown).
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W 3 A
FIGURE 4. Structure of ActRIIB in complex with activin A. A, surface representation of ActRIIB ECD. ActRIIB is
colored orange, with Leu”® colored red, the cluster of aromatic amino acids (ActRIIB residues Tyr®®, Trp’®, and
Phe'®") at the center of the ActRIIB-activin A interface colored green, and the remaining interface residues
colored blue. Activin A is shown as a blue Ca trace (31). B, ribbon diagram of the ActRIIB-activin A complex (31).
This view is orthogonal to the orientation in A, with ActRIIB ECD colored orange and activin A colored blue.
Interface residues proximal to ActRIIB Leu’® are also shown. C, magnified view of B showing ActRIIB Leu”®
contributions to activin A binding. ActRIIB Leu’® combines with ActRIIB residues Tyr®® and Trp”® to orient
activin A residues Ser®®, Lys'®?, and Asp'®*, thereby generating a cluster of hydrogen bonds (green dotted line)
central to the complex interface. D, sequence alignment of activin A, activin B, GDF-11, GDF-8, and BMP-7. The
alignment was performed by ClustalW. Only amino acids corresponding to activin A residues 80-113 are

Effect of Amino Acid Substitution
at Position 64 of ECD of ActRIIB—
Residue 64, which is at the outer
edge of the ligand binding interface
also was investigated. We replaced
Arg®* in ActRIIB.Fc with alanine to
mimic the reported naturally occur-
ring human mutation and lysine in
order to preserve positive charge in
this position; asparagine was chosen
as an alternative amino acid substi-
tution. We further assessed the
effect of these mutations on the bio-
logical activity of ActRIIB.Fc using
the cell-based potency assay (Fig.
7A) and the ability of the fusion pro-
tein to bind GDF-11 using SPR (Fig.
7B). Mutation of Arg®* to alanine or
asparagine completely eliminated
the ability of ActRIIB.Fc to inhibit
both activin A (Fig. 74, left) and
GDF-11 (Fig. 7A, right) signaling in
the A204 assay. It also had a marked
effect on the GDF-11 binding affin-

shown. GDF-8 and GDF-11 sequences are divergent at positions corresponding to activin A residues Ser®°,
and Asp'%. E, ribbon diagram of activin A in its unbound state (40). Activin A is colored cyan. Residues that
,and Asp

102

Lys

form the hydrogen bond cluster in the complex, activin A Ser®®, Lys'%?

>
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FIGURE 5. Effect of mutations of Leu”® on the specificity of ActRIIB.Fc pro-
tein. A, effect of amino acid substitution of Leu’? by aspartic acid, glutamic
acid, lysine, and proline on biological activity of ActRIIB.Fc with activin A (left)
and GDF-11 (right) was measured in the A204 reporter gene assay. The aver-
age of the IC,, values from at least three independent experiments was cal-
culated for each experimental protein. The percentage activity was defined as
activity of each protein relative to ActRIIB.Fc. B, effect of mutation substitution
of Leu’? by aspartic acid on the binding of ActRIIB.Fc to different ligands was
tested by SPR. Purified ActRIIB(L79D).Fc and control ActRIIB.Fc were captured
on the anti-hFc IgG chip, and different concentrations of ligands were
injected over the captured receptors at room temperature. Data are pre-
sented as ratios of KpnutantyKpactrig)- Error bars, S.D.
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ity, with interactions weakened 24-
and 29-fold for ActRIIB(R64A).Fc
and ActRIIB(R64N).Fc, respectively
(Fig. 7B). In the related ActRIIA receptor, there is a lysyl residue
in the corresponding position. Consequently, we replaced res-
idue 64 with lysine, thereby preserving positive charge at posi-
tion 64 (ActRIIB(R64K).Fc mutant). This mutation did not have
asignificant effect on either the biological activity of the protein
in the A204 assay or the affinity of the receptor for GDF-11.

,are also shown.

DISCUSSION

ActRIIB has been proposed to be the major type II receptor
for GDF-11 and GDEF-8 signaling. ActRIIB has also been shown
to bind additional ligands with varying affinities (e.g. high affin-
ity for activin A and low affinity for BMP-2 and BMP-7) (30). To
understand the mechanism of ActRIIB selectivity, we per-
formed a detailed kinetic analysis of GDF-11, activin A, BMP-2,
and BMP-7 binding to the soluble ECD of ActRIIB and variants
thereof fused to human Fc (hFc). These constructs produced a
stable receptor dimer that could be expressed readily in COS
cells and purified to homogeneity in two simple steps. This
protein is glycosylated and thus closely represents the natural
form of the extracellularly accessible portion of ActRIIB.

Previous studies have determined affinities of ActRIIB for
different ligands (30, 33, 34); however, these studies did not
result in any consensus because data varied greatly, depending
on the assay design, experimental conditions, source of ligands
and receptors, etc. To determine the binding parameters of
different ligands and ActRIIB, we used SPR. The use of a human
Fc as part of the ActRIIB fusion protein has allowed us to use a
capture format, where receptors were captured on the chip
with covalently immobilized anti-hFc IgG. Our approach has
an advantage over the direct coupling approach, where mole-
cules of receptor or ligand are chemically cross-linked to the
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TABLE 2
Mutational analysis of the ligand binding interface measured by SPR

Activin Receptor Type IIB

ActRIIB.Fc mutants expressed in COS conditioned medium were captured on an anti-hFc IgG chip. Activin A or GDF-11 at different concentrations was injected over
captured receptors. The experiment was performed on a Biacore 3000 instrument at room temperature. Data were globally fit to a 1:1 binding model with mass transfer term

using BIAevaluation software.

Ligands
ActRIIB mutants Activin A GDEF-11
k, k, K, k, k, K,
M st st pM Mgt st § 2%
ActRIIB.Fc 4.14 X 10° 148 X 10°* 35.7 8.80 X 10° 495X 10°* 56.0
ActRIIB(L79D).Fc 13,500* 8.83 X 10° 9.96 X 10~ * 109.0
ActRIIB(L79E).Fc 9390 7.55 X 10° 1.00 X 1073 133.0
ActRIIB(L79K).Fc 5920 7.21 X 10° 8.28 X 107 * 115.0
ActRIIB(L79P).Fc No binding 6.87 X 10° 1.65 X 1073 240.0

“ Due to extremely fast dissociation, it was impossible to accurately measure the kinetic constant; thus, K, was determined using affinity fit.
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The affinity of ActRIIB for activin
A has been determined previously.
For example, the affinity of mem-
brane-bound ActRIIB was reported
as 100-380 pM (8, 35). The affinity
of mouse ActRIIB ECD for activin A
determined by SPR with receptor or
activin A being covalently coupled
on the Biacore chip varied between

GDF-11

‘QO <
'\“9

<
v&%&

>

SN RS AN o
LRI SN\ SN =

A\
e & Q8 Y \Y
& ® boe&’ P@&

p e S
ActRIIB variants

250
150 (.

100
75

50

FIGURE 6. Effect of mutations in ligand binding pocket. A, biological activity of the ActRIIB.Fc mutants with
activin A (left) and GDF-11 (right) was measured in the cell-based A204 assay. B, expression of the mutants in
COS CM was visualized by SDS-PAGE under reducing conditions. 8 ug of protein was precipitated by Protein
A-Sepharose, washed and eluted by NuPAGE gel-loading buffer with B-mercaptoethanol, and boiled for 5 min.
The eluate was run on a NUPAGE 4-12% BisTris gel in MES SDS running buffer. The gel was stained with

SimplyBlue. Error bars, S.D.

surface in random orientation, because our approach creates a
homogeneous population of receptors that have the same ori-
entation on the chip surface. Our results indicate that we pro-
duced a functional ActRIIB molecule, as measured by its ability
to bind the high affinity ligand activin A as well as the low
affinity ligands BMP-7 and BMP-2 with expected relative affin-
ities, and in addition validate our observations of high affinity
(picomolar magnitude) binding of ActRIIB.Fc to GDF-8 and
GDF-11 (i.e. comparable with ActRIIB.Fc binding to activin A).
Thus, ActRIIB.Fc is a highly specific receptor for GDF-8/
GDEF-11 as well as activin A.
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ActRIIB variants

0.244 and 6.87 nm (33). Our data
show that full-length ECD of
ActRIIB fused to Fc is capable of
binding activin A with low picomo-
lar affinity. Conjoining ActRIIB
ECD with Fc does not affect ligand
binding, as was shown previously by
del Re et al (34). Previously
reported binding affinities of
ActRIIB to activin A possibly under-
estimate the actual binding affinities
because measurements were made
between ligands and isolated ECD.
Receptors function in situ as mem-
brane-bound dimers whose orienta-
tions are thus restricted. Therefore,
affinities for activin A and GDF-11
reported here are more likely to
represent physiological values.
Glycosylation can play a signifi-
cant role in receptor ligand recogni-
tion by members of the TGF-f
receptor family. N-Glycosylation of
BMP-6 is crucial for recognition by
activin receptor type I, as shown by
total diminishment of BMP-6 signaling through this receptor
upon removal of the carbohydrate moiety (36). In another
report, unglycosylated TGFBRII-ECD showed a 1000-fold
lower affinity compared with the intact cell surface receptor
(37). The ActRIIB.Fc used in our study is glycosylated at two
N-glycosylation sites in the receptor portion and at one N-gly-
cosylation site in the Fc region. Commercial preparations of
ActRIIB available from R&D Systems produced in insect and
mammalian cells are described as having a 10-fold difference in
activity, suggesting that differences in glycosylation might
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FIGURE 7. Effect of Arg®* mutation on activin A and GDF-11 binding activ-
ity. A, effect of amino acid substitution at position 64 on the biological activity
with activin A (left) and GDF-11 (right) was measured in the A204 reporter
gene assay. B, binding of different mutants to GDF-11 (right) measured by
SPR. Mutants in COS CM were captured by anti-hFc IgG on the CM5 chip, and
different concentrations of GDF-11 were injected over captured ActRIIB.Fc.
Experiments were performed on the Biacore 3000 instrument at room tem-
perature. Equilibrium binding constants were obtained by fitting the data to
a 1:1 binding model that included mass transport term. Data are reported as

ratios of KD(mutant)/KD(ActRllB)‘

affect the biological activity of ActRIIB. We show here that
enzymatic deglycosylation of ActRIIB.Fc with PNGase F, O-gly-
canase, and sialidase A does not affect binding of the receptor to
either GDF-11 or activin A.

The effect of ActRIIB C-terminal deletions on the binding
affinity of the fusion protein for activin A and GDF-11 is of
interest because it has been shown that in mice alternative
splicing of mouse ActRIIB mRNA gives rise to four different
isoforms (ActRIIB;, ActRIIB,, ActRIIB;, and ActRIIB,). The
ECDs of isoforms ActRIIB; and ActRIIB, contain a three-pro-
line cluster surrounded by five flanking amino acids in the
C-terminal portion of the ECD, a feature that is absent in iso-
forms ActRIIB; and ActRIIB,. Interestingly, ActRIIB, is the
predominant isoform in mice. Although the biological rele-
vance of these isoforms remains unclear, in mice, the ActRIIB,;
and ActRIIB, isoforms were suggested to bind activin A with
higher affinity than ActRIIB; and ActRIIB, variants, indicating
that alternative splicing in the C terminus of the ECD can have
a significant effect on ligand binding (8). The structure of the
ECD of mouse ActRIIB lacking the 14 C-terminal amino acids
purified from yeast has been solved (38). Using analytical cen-
trifugation, it was concluded that the 14 C-terminal residues
are not required for complex formation with activin. However,
no information about the effect of the C-terminal portion for
the kinetics of interactions was provided. In a study of the
highly homologous ActRII protein (mouse), Greenwald et al.
(39) concluded that the C-terminal portion of the receptor does
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not affect binding to activin A. In this investigation, we demon-
strate that deletion of 15 C-terminal residues of ECD (i.e. elim-
ination of the proline cluster) dramatically reduces binding of
both GDF-11 and activin A to the receptor and also has a sig-
nificant effect on biological activity. Although a chief function
of the C-terminal portion is tethering the ECD to the cell mem-
brane, it cannot be ruled out that these residues may also
directly impact the binding interaction. Consistent with the
findings of Attisano et al. (8), even deletion of as few as 2 or 3
residues from the C terminus of the ECD caused a measurable
decrease in the potency of the ActRIIB.Fc protein as an inhibi-
tor of GDF-11 and activin A.

Analysis of the ligand binding interface from the ActRIIB-
activin A crystal structure has identified roles for the hydropho-
bic residues Trp”® and Phe'®! and the ionic/polar residues Lys”*
and Glu® of ActRIIB in binding to both activin A and GDF-11.
These findings largely corroborate those of other investigators
concerning the key role played by respective residues at recep-
tor-ligand interfaces within the TGF-$ superfamily. In addi-
tion, however, we also show that Leu”® plays an important role
in activin A binding, which is very sensitive to amino acid sub-
stitution of this residue, whereas GDF-11 binding is consider-
ably less so. The unique group of amino acid residues in GDF-8
and GDF-11 that are in close proximity to Leu”® of ActRIIB may
help distinguish their role and the dynamics of their signaling
mechanisms within the TGF-B superfamily of ligands. This
finding also demonstrates that the ligand specificity of soluble
forms of ActRIIB can readily be modified to potentially help
understand and distinguish the relative physiological effects of
its native ligands. Assessment of cell-based assays wherein the
signaling via endogenous receptors is replaced by full-length
(i.e. membrane-bound) versions of these modified forms of
ActRIIB as a means to further confirm our in vitro findings is
the subject of ongoing studies.

The ActRIIB-activin structure identifies three residues in
activin A (Pro®®, Asp'®*, and Ser®°) that are in close proximity
with Leu” of ActRIIB (Fig. 4, B and C). The Pro®® and Ser®°
residues are conserved to a high degree within the TGF-3
superfamily, although residues such as alanine, threonine, gly-
cine, and valine also are represented. Notably, only GDF-8,
GDF-11, and inhibin have an asparagine in the sequence loca-
tion corresponding to Ser”® of activin A. GDF-8 and GDF-11
also have a lysine at the site corresponding to Asp'®* of activin
A (Fig. 4D). We hypothesize that the lysyl residue at this site
may have more flexibility to accommodate the removal of the
hydrophobic Leu”® of ActRIIB, and/or the aliphatic component
of the lysine may provide additional stability to the bound ver-
sus unbound ligand states that compensates for the loss of the
hydrophobic Leu”® contribution from the receptor (see Fig. 4, C
and E, for the bound (31) versus unbound (40) conformations of
activin A). The Asn®? residue of GDF-11 also may play a role
because BMP-7, which has the corresponding lysine of GDF-11
but retains the serine similar to activin A, exhibits intermediate
affinity for the ActRIIB(L79D).Fc variant.

There are a few potential salt bridges and hydrogen bonds
between ActRIIB and activin A that surround the hydrophobic
center of the interface. Thus, Lys® is involved in hydrogen
bonding with Glu''! of activin A, and Asp®° contacts Arg®” of
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activin A. Our finding that the K55A mutation had only a rela-
tively minor effect on activin A or GDF-11 binding as judged by
SPR and cell-based assays is consistent with a previously
reported finding (32) that mutation of the corresponding resi-
due in the ActRIIA receptor did not drastically affect receptor
binding to activin A.

Asp®° was identified as a key residue contributing to binding
to activin A through both ionic and polar interactions with
Arg® of activin A (31). Although mutation of the correspond-
ing aspartyl residue in the ActRIIA receptor had a marginal
effect on activin A binding (32), it is somewhat surprising that
our mutations eliminated binding to both activin A and
GDF-11 because GDF-11 has a serine at the position corre-
sponding to the arginine in activin A. We tentatively ascribe the
loss of binding to a defect in protein folding.

A residue with amphiphilic properties, Lys”?, is involved in
hydrophobic contacts across the interface and intramolecu-
lar ionic/polar contact with Glu®**. As expected, the
ActRIIB(E39K).Fc variant failed to bind either activin A or
GDF-11, which is attributable to loss of stable orientation
required for ligand binding.

The primary sequence of ActRIIB ECD is highly conserved.
Thus, human ActRIIB ECD shares 99% sequence identity with
mouse, rat, and bovine ActRIIB and 78% sequence identity with
Xenopus ActRIIB. Nevertheless, there exists a report of a natu-
ral allelic variation of arginine or alanine at residue 64 (41). We
demonstrate that both R64A and R64N mutations have a dev-
astating effect on the biological activity of the receptor as well as
on its binding to GDF-11 but that maintaining positive charge
with either arginine (native protein) or lysine (introduced
mutation) at this position does not significantly affect the activ-
ity. These observations raise questions concerning the fre-
quency and sustainability of an Ala®* allele in the human
population.

In summary, in this investigation using soluble ActRIIB.Fc
chimeras, we have demonstrated that both GDF-8 and GDF-11
bind the extracellular domain of ActRIIB with high affinities
comparable with those of activin A, whereas the affinities of
BMP-2 and BMP-7 for ActRIIB are lower by orders of magni-
tude. The binding of ActRIIB to GDF-11 and activin A are dis-
tinguishable by substitutions in ActRIIB Leu’® that effectively
abolish ActRIIB binding to activin A but not to GDF-11. We
also have demonstrated that the C terminus of the ActRIIB
extracellular domain is required for maintaining biological
activity of the ActRIIB.Fc receptor chimera. In addition, we
show that glycosylation of ActRIIB.Fc is not required for bind-
ing to activin A or GDF-11. These findings reveal binding spec-
ificity and activity determinants of the ActRIIB receptor that
help explain specificity in the activation of distinct signaling
pathways.
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