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The assembly and secretion of transforming growth factor 3
superfamily ligands is dependent upon non-covalent interac-
tions between their pro- and mature domains. Despite the
importance of this interaction, little is known regarding the
underlying regulatory mechanisms. In this study, the binding
interface between the pro- and mature domains of the inhibin
a-subunit was characterized using in vitro mutagenesis. Three
hydrophobic residues near the N terminus of the prodomain
(Leu®®, Phe®’, Leu™!) were identified that, when mutated to ala-
nine, disrupted heterodimer assembly and secretion. It is postu-
lated that these residues mediate dimerization by interacting
non-covalently with hydrophobic residues (Phe®”!, Ile**,
Pro®3, Leu®3®, and Val®*°) on the outer convex surface of the
mature a-subunit. Homology modeling indicated that these
mature residues are located at the interface between two
B-sheets of the a-subunit and that their side chains form a
hydrophobic packing core. Mutation of these residues likely dis-
turbs the conformation of this region, thereby disrupting non-
covalent interactions with the prodomain. A similar hydropho-
bic interface was identified spanning the pro- and mature
domains of the inhibin f8,-subunit. Mutation of key residues,
including I1e®?, Leu®®, Phe3?®, and Pro®*!, across this interface
was disruptive for the production of both inhibin A and activin
A. In addition, mutation of Ile®? and Leu®® in the 8,-propeptide
reduced its ability to bind, or inhibit the activity of, activin A.
Conservation of the identified hydrophobic motifs in the pro-
and mature domains of other transforming growth factor 8
superfamily ligands suggests that we have identified a common
biosynthetic pathway governing dimer assembly.

Inhibin A and B, members of the transforming growth factor
B (TGEPB)? superfamily, negatively regulate the production and
secretion of follicle-stimulating hormone from the anterior
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pituitary (1, 2), control ovarian follicle development and steroi-
dogenesis (3), and act as tumor suppressors in the gonads (4).
Outside the hypothalamic pituitary gonadal axis, inhibins con-
tribute to the endocrine regulation of bone metabolism (5) and
play critical roles in adrenal gland growth and function (6, 7). It
is recognized that inhibins regulate these processes by inhibit-
ing the stimulatory actions of the structurally related proteins,
activins (8). Inhibins are heterodimers of an 18-kDa a-subunit
disulfide linked to one of two 13-kDa B-subunits (8, and Bg),
resulting in inhibin A or inhibin B, respectively. Activins are
composed of two B-subunits: B,-B, (activin A), B,-Bg (activin
AB), and Bg-By (activin B). Inhibin antagonism of activin-re-
lated ligands is dependent upon interactions with betaglycan, a
cell surface proteoglycan that also acts as a TGF[32 co-receptor
(9). Betaglycan binds inhibin A directly and promotes the
formation of a stable high affinity complex involving activin
type Il receptors (10). Sequestration of type Il receptors in this
way prevents their interactions with signaling ligands such as
activin A or activin B.

Analogous to other members of the TGESB superfamily,
inhibin subunits are synthesized as large precursor molecules.
The inhibin a-subunit precursor is divided into three regions
by two polyarginine cleavage sites (see Fig. 1A): the 43-amino
acid proregion; the 171-amino acid aN region; and the 134-
amino acid C-terminal («C) mature region (11). The B,-sub-
unit precursor consists of a 290-amino acid prodomain, sepa-
rated by a polyarginine cleavage sequence from a 116-amino
acid C-terminal mature domain (11). During the secretory
process, the a- and 8, -subunit mature domains fold into a dis-
ulfide-linked dimer. The large inhibin precursors are proteo-
lytically cleaved by furin-like proprotein convertases at an
RXRR consensus sequence, which separates the prodomains
from the mature domains, and the mature inhibin dimers are
secreted.

It has been postulated that the prodomains of the «- and
Ba-subunits are necessary for the correct folding, disulfide
bond formation, export, and biological activity of inhibin A (12,
13). Similar regulatory functions have been ascribed to the
prodomains of other TGFf ligands. For example, the prodo-
main of TGFpB1 (termed latency-associated protein; LAP) rep-
resents a functional binding partner for the mature protein (14).
The N-terminal region of LAP binds mature TGFB1 during
homodimer assembly and secretion and remains associated fol-
lowing proteolytic cleavage (15-19). LAP binding not only
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blocks TGF1 access to its signaling receptors but also seques-
ters the growth factor to the extracellular matrix (via interac-
tions with latent TGFB-binding proteins) (20-24). Further
proteolysis or conformational changes within LAP are required
to release active TGFB1 (25, 26). The other TGFp isoforms
(TGFB2 and -B3), myostatin, and GDF11 also form latent com-
plexes with their prodomains (27, 28).

Recent studies have indicated that complex formation
between mature TGF S ligands and their respective prodomains
may be a general phenomenon within the family. Sengle et al.
(29) showed that numerous bone morphogenetic proteins,
including BMP-2, BMP-4, BMP-7, BMP-10, and GDF5, are
secreted as stable complexes consisting of the growth factor
domain non-covalently associated with two propeptides.
Although prodomain binding for these ligands is not sufficient
to confer latency, it is necessary to localize the growth factors to
the fibrillin microfibril network within the extracellular matrix
(29).

Despite the importance of prodomains in the synthesis and
control of TGFB ligands, little is known about the underlying
regulatory mechanisms. In the current study, the binding
interface between the pro- and mature domains of the inhibin
a-subunit was characterized. Site-directed mutagenesis identi-
fied key hydrophobic residues at this interface, which are con-
served across the TGF 3 superfamily. Based on these investiga-
tions, we predict that a common biosynthetic pathway governs
the assembly and secretion of TGF ligands.

EXPERIMENTAL PROCEDURES

Production of Inhibin Mutants—Mutations in the pro- and
mature regions of the inhibin «- and 8,-subunits were intro-
duced using the QuikChange Lightning site-directed mutagen-
esis kit (Stratagene, La Jolla, CA). pPCDNA3.1 (Invitrogen) vec-
tors containing either the full-length wild type inhibin a- or
Ba-subunits served as the templates in these reactions. The
mature region of the a-subunit also contained a mutation
(N302Q) to ensure that only a 31-kDa inhibin A was produced
(30). For each construct, the mutated region was confirmed by
DNA sequencing. Wild type and mutant inhibin A and activin
A proteins were produced by transient transfection in Chinese
hamster ovary (CHO) cells using Lipofectamine (Invitrogen).
Briefly, CHO cells were plated at 1 X 10° cells/well in a 6-well
plate. Wild type or mutant a-subunit DNA (1.6 ug) was com-
bined with B,-subunit DNA (3.3 ng), and Lipofectamine was
added according to the manufacturer’s instructions. After a
20-min incubation, DNA/Lipofectamine complexes were
added directly to the plated cells and incubated in serum-free
Opti-MEM medium (Invitrogen) for a further 48 h at 37 °C in
5% CO.,.

The transfected CHO culture medium and cell lysate for
each of the inhibin A and activin A mutants were assessed by
Western blotting. At 48 h after transfection, the culture
medium was removed and concentrated 50-fold using Nanosep
microconcentration devices with a 10-K cut-off (Pall Life Sci-
ences, East Hills, NY). The cells were lysed in 1% Triton X-100
in phosphate-buffered saline (pH 7.4). Non-reduced samples
were loaded onto 10% SDS-PAGE and subjected to Western
blotting. After electrophoresis, samples were transferred onto
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ECL Hybond membranes (GE Healthcare, Giles, Buckingham-
shire, UK). Inhibin a- and B,-subunits were detected using the
R1 and E4 antibodies, respectively.

Inhibin A ELISA—An inhibin A ELISA (Diagnostic Systems
Laboratories, Webster, Texas) was used as described (31),
employing kit reagents provided by Oxford Bio-Innovation Ltd.
(Upper Heyford, UK). The ELISA utilized the 8,-subunit anti-
body (E4) as capture antibody and « subunit antibody (R1) as
label. The sensitivity of the assay was 2 pg/ml.

Activin A Immunofluorometric Assay—To measure the con-
centration of wild type and mutant activin A in the conditioned
medium of CHO cells, an activin immunofluorometric assay
was employed (32). The working range of the assay was 0.03-3
ng/well, and the assay sensitivity was 0.03 ng/well. Activin A
assays were measured from duplicate transfections in CHO
cells.

Production of the B,-Propeptide—Wild type and mutant
(I62A or 162A/L66A) B ,-propeptides were generated by PCR
(antisense primer 5'-CTAGGAATTCCTATTTGTCGTCGT-
CGTCTTTGTAGTCGGCTCTCTCCCCTCCACTGGGTG-
3’) and cloned into the Notl and Xbal sites of a pCDNA3.1+
vector (Invitrogen). The propeptides were truncated 5’ of the
cleavage sites upstream of the mature domain so that only the
prodomains were expressed. The primers incorporated a
3'-FLAG tag. The wild type and mutant ,-propeptides were
produced by transient transfection in 293T cells (human renal
epithelial cells) using Lipofectamine (Invitrogen). 293T cells
were plated at 1.2 X 107 cells/plate in 15-cm plates. Wild type or
mutant B, -propeptide DNA (75 ug) were combined with Lipo-
fectamine according to the manufacturer’s instructions. After a
20-min incubation, DNA/Lipofectamine complexes were
added directly to the plates, which were incubated in serum-
free Opti-MEM medium for a further 48 h at 37 °C in 5% CO,,
At 48 h after transfection, the 293T conditioned medium was
collected and concentrated 30-fold using Amicon Ultra-15
concentration devices with a 10-kDa regenerated cellulose
membrane (Millipore, Billerica, MA). Concentrated protein
was diluted in phosphate-buffered saline (pH 7.4) containing
protease inhibitors (Complete protease inhibitor mixture tab-
lets, Roche Applied Science, Basel, Switzerland).

Analysis of the Interaction between the [3,-Propeptide and
Mature Inhibin A/Activin A—Conditioned medium from trans-
fected CHO cells expressing wild type and mutant 3,-propeptide
with a C-terminal FLAG tag was concentrated 50-fold using
Nanosep microconcentration devices with a 10-K cut-off (Pall
Life Sciences) and resuspended in Laemmli sample buffer.
Non-reduced samples were separated by 10% SDS-PAGE and
transferred onto ECL Hybond membranes (GE Healthcare).
Membranes were blocked in Tris-buffered saline (TBS) with 5%
milk. The blocking solution was removed by multiple washes in
TBS/bovine serum albumin (3% bovine serum albumin, 0.1%
Tween 20), and the membranes were probed with either **°I-
inhibin A or '**I-activin A (400,000 cpm/ml) in TBS/bovine
serum albumin. After incubation, the tracer was removed by
multiple washes with TBS, and the membranes were exposed to
film for up to 4 days at —80 °C and developed.

Immunoprecipitation—The ability of the 8 ,-propeptide and
activin type II receptors (ActRIIA and ActRIIB) to compete for
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binding to mature activin A was assessed by immunoprecipita-
tion. Increasing concentrations of ActRIIA and ActRIIB extra-
cellular domains (25 ng—4 pg; R&D Systems, Minneapolis,
MN) were added to samples containing wild type 3,-propep-
tide (400 ng) and activin A (12.5 ng). Samples were immuno-
precipitated using a FLAG M2 affinity gel (Sigma-Aldrich)
directed against the ,-propeptide. Protein complexes were
eluted from the resin using reducing sample buffer and sepa-
rated by SDS-PAGE. After electrophoresis, samples were trans-
ferred onto an ECL Hybond membrane. The activin 8, -subunit
was detected using the E4 antibody, and B,-propeptides were
identified using the FLAG M2 antibody.

In Vitro Bioassay—Wild type and mutant (I62A/L66A)
Ba-propeptides were assessed for their ability to suppress
activin A bioactivity in a mouse adrenocortical cell line (7).
Briefly, adrenocortical cells were plated in 48-well plates at
114,000 cells/well. After a 24-h incubation, cells were trans-
fected with an activin responsive luciferase reporter construct
(pGRAS) using Lipofectamine according to the manufacturer’s
protocol (Invitrogen). The cells were washed 24 h after trans-
fection with complete medium and treated with 400 pMm activin
A and increasing doses of either wild type or mutant
Ba-propeptides (0.5-30 nm) or inhibin A (0.1-3 nm). Activin-
induced luciferase activity was then determined.

Statistics—Significance (p < 0.05) was determined using
one-way t tests for independent groups. In Figs. 1, 3-5, and 7, all
error bars shown represent standard deviation.

RESULTS

Hydrophobic Residues in the Prodomain of the Inhibin o-Sub-
unit Regulate Heterodimer Assembly and Secretion—The
inhibin a-subunit prodomain comprises a 43-amino acid pro-
region and a 171-amino acid N-terminal (aN) region. Based on
previous studies (15, 17, 33), the proregion (Cys'®—Arg®") was
identified as the region most likely to be involved in non-cova-
lent interactions with the mature a-subunit. Hydrophobic res-
idues through this region were substituted with alanine using in
vitro mutagenesis. In all, a set of 10 variants mutated at 12 dif-
ferent positions was generated (Fig. 1A4).

Wild type and mutant proteins were expressed in CHO cells
and the conditioned medium and cell lysate were collected.
Western blot analysis indicated that conditioned medium from
cells transfected with wild type a- and 3 ,-subunits contained
both mature (31-kDa) and precursor (65- and 95-kDa) inhibin
forms, together with substantial amounts of free a-subunit (50
kDa) (Fig. 1B, lane 1). Mutation of the majority of hydrophobic
residues through the proregion had little effect on the amount
or the composition of the inhibin forms produced by CHO cells
(Fig. 1, B and D). However, three residues (Leu®’, Phe®’, Leu")
were identified that, when mutated to alanine, resulted in a
significant reduction (>80%) in the amount of inhibin A pro-
duced and secreted (Fig. 1, B and D). An analysis of the cell
lysates from the transfected CHO cells indicated that the
decrease in inhibin A production was not due to a loss of a-sub-
unit expression as it was present at similar levels for all mutants
tested (Fig. 1C). Rather, the identified point mutations (L30A,
F37A, and L41A) appeared to disrupt the dimerization of the a-
and B,-subunits, as evidenced by the decrease in dimeric
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FIGURE 1. Effects of a-subunit prodomain (Pro) mutations on inhibin A
biosynthesis. A, hydrophobic residues in the inhibin a-subunit prodomain
were substituted with alanine using in vitro mutagenesis. To determine the
effects of amino acid substitutions on inhibin A production, culture medium
(B) and cell lysate (C) from CHO cells transfected with either wild type (lane 1)
or mutant a-subunit (lanes 2-11), in combination with the B,-subunit, were
analyzed by Western blot. Samples were detected with the R1T mAb, specific
for the inhibin aC (mature) domain. The 31-kDa inhibin A dimer, 52-kDa free
a-subunit, and higher molecular mass inhibin precursors forms (65 and 95
kDa) are noted. D, the effect of a-subunit prodomain mutations on inhibin A
expression in CHO culture medium was also determined by ELISA (* = p <
0.05). WT, wild type.

inhibin precursor (Fig. 1C, compare lane 1 with lanes 5, 8, and
10). Together, these results suggest that Leu®’, Phe®”, and Leu™!
are necessary to maintain the inhibin a-subunit in a conforma-
tion competent for dimerization with the 3 ,-subunit.
Conservation of the Hydrophobic Motif in the Prodomains of
TGFB Ligands—Sequence alignment (as determined using
ClustalW) of the 33 human TGFR family members indicated
that Phe®” and Leu*' of the inhibin a-subunit form part of a
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FIGURE 2. Sequence alignment of prodomains for human TGF 3 ligands.
The inhibin a-subunit (Inh «) prodomain was aligned with the prodomains of
human TGFp ligands using ClustalW. The residues are numbered according
to thefirst residue of the signal peptide. The three residues determined in this
study to be essential for inhibin dimer formation and secretion (Leu*°, Phe®’,
and Leu®') are highlighted. The identified residues lie within a conserved
hydrophobic motif (bottom of alignment). Act, activin.

hydrophobic motif (Hyd-Hyd-X-X-Hyd-X-Hyd), which is pres-
ent in most family members (Fig. 2). This conservation of hy-
drophobicity suggests that a common mechanism governing
dimer assembly may exist across the TGF 3 superfamily.

To test this, the corresponding hydrophobic residues in the
activin 3,-subunit (common to both activin A and inhibin A)
were substituted for alanine (Fig. 3). B,-subunit point muta-
tions, I62A and L66A, were disruptive for activin A expression.
Western blot analysis using an antibody directed against the
Ba-subunit (Fig. 3B), and an activin A ELISA (Fig. 3E) showed
the profound effects these mutations had on activin A produc-
tion and secretion. Interestingly, inhibin A levels (Fig. 3, C and
F), although decreased, were not suppressed to the same extent

9314 JOURNAL OF BIOLOGICAL CHEMISTRY

as activin A levels. As the precursor 3,-subunit was present in
cell lysates at comparable levels for each of the variants (Fig.
3D), decreased activin and inhibin expression likely occurred
because of a defect in folding and/or dimerization. Interest-
ingly, mutation of Val®® of the ,-subunit (corresponding to
Leu®® of the a-subunit) had no effect on inhibin A or activin A
expression. This residue is upstream of the hydrophobic motif
and is less well conserved across the TGE3 family.

The B 4-Subunit Prodomain Interacts Directly with Activin A
and Inhibin A—The nature of the conformational changes
induced by mutation of B,-subunit residues, Ile®* and Leu®®,
were then examined. Wild type and mutant (I62A and 162A/
L66A) B,-propeptides with a C-terminal FLAG tag were
expressed by transient transfection in CHO cells, separated by
SDS-PAGE, and transferred to ECL Hybond membranes. A
Western blot with the FLAG M2 mAb confirmed that all the
Ba-propeptides were loaded at equivalent concentrations (Fig.
4A). Probing membranes with '**I-inhibin A or '**I-activin A
indicated that both ligands bound strongly to the wild type
Ba-propeptide (Fig. 4A4). In contrast, no detectable binding of
inhibin A or activin A was observed with the 8,-propeptides
carrying mutations in the identified hydrophobic motif (I62A
and I62A/L66A). These results indicate that the residues within
the hydrophobic motif of the 3, prodomain interact directly
with the mature 8, domain to regulate the assembly and secre-
tion of inhibin A or activin A.

Activin A Binds Propeptide and Type II Receptors through
Overlapping Binding Sites—It has recently been demonstrated
that the BMP-7 propeptide blocks binding of mature BMP-7 to
its type I receptor (34). To determine whether the binding site
for the B ,-propeptide on activin A overlaps with that of activin
type II receptors, immunoprecipitation studies were per-
formed. Concentrated culture medium containing 3, -propep-
tide was combined with activin A (R&D Systems) and increas-
ing doses of activin type II receptors (ActRIIA and ActRIIB
extracellular domains, R&D Systems). Samples were immuno-
precipitated using the FLAG M2 affinity resin (Sigma-Aldrich)
and analyzed by Western blot using an activin A (E4) antibody.
In the absence of activin type II receptors, [3,-propeptide
formed a complex with activin A (Fig. 4, B and C). However,
increasing doses of the activin type II receptor extracellular
domains decreased the amount of activin A recovered by
immunoprecipitation. This suggested that ActRII/IIB can dis-
place B,-propeptide from binding to activin A, supporting the
concept that these proteins share an overlapping binding
epitope on the mature activin A dimer.

The B 4-Propeptide Suppresses Activin A Bioactivity in Adre-
nocorticol Cells—The adrenocortical cell system was used to
determine whether the 3,-propeptide was able to block activin
biological activity. In this assay, activin A induced a 12-fold
increase in luciferase response, which could be blocked with
increasing doses of the antagonist, inhibin A (Fig. 4D and data
not shown). High doses of wild type B ,-propeptide were also
able to suppress the activin-induced luciferase response (Fig.
4D), in a manner similar to that previously described for soluble
activin type II receptors (35). In contrast, the 162A/L66A
Ba-propeptide variant was unable to inhibit activin A signaling
in the adrenocortical cells. Together, these results suggest that,
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if present at high concentrations, the 3 ,,-propeptide may mod-
ulate activin signaling.

Characterization of the Pro- and Mature Domain Binding
Interface on the Inhibin a-Subunit—The outer convex surface
of the “finger” regions of TGF ligands bind type II receptors
(36, 37) and, based on competition studies (Fig. 4) (34), likely
provide the interface for interactions with propeptides. To
identify the binding epitope on inhibin A for the a-subunit
prodomain, residues through the finger regions of the a-sub-
unit were substituted for alanine. In all, a set of 28 variants was
generated (38). Western blot analysis of conditioned medium
from CHO cells transfected with wild type or mutant a-subunit
revealed that residues Phe?”?, 11e28°, Pro?®3, Leu®?, and Val>*°
in the finger region of the a-subunit are necessary for inhibin A
production and secretion (Fig. 5B, lanes 2, 4, 6, 7, and 9). The
identified residues are distant from the predicted inhibin o/,
dimer interface (see Fig. 84). An inhibin A ELISA confirmed
that mutation of these residues reduced inhibin A production
by >80% (Fig. 5D). The reduction could not be attributed to a
loss of expression of the a-subunit as it was easily identified
in the cell lysates of the transfected CHO cells for all mutants
tested (Fig. 5C). As these hydrophobic residues are critical for
the correct folding of the a-subunit and subsequent dimeriza-
tion with the B,-subunit, it is likely that they constitute the
binding epitope for the prodomain residues, Leu®, Phe®”, and
Leu®. In support, mutation of non-hydrophobic residues (e.g.
Tyr*®* and His>*°) through this region did not affect the forma-
tion of inhibin A (Fig. 5, B and D). Moreover, conservative sub-
stitutions at positions Leu®*® (L338M) and Val**® (V340L)
allowed for inhibin A dimer formation (data not shown).

Conservation of Hydrophobic Residues across the TGF[3
Superfamily—Sequence alignment of the 33 human TGF fam-
ily members indicated that the five hydrophobic a-subunit res-
idues required for the correct folding and dimerization of
inhibin A are highly conserved (Fig. 6). Pro*** (inhibin a-sub-
unit numbering) is invariant across the family, whereas Phe*”!
and I1e*®*® are present in most family members. At other posi-
tions in the hydrophobic motif (Leu®*® and Val**°), conserva-
tive amino acid substitutions are noted. The corresponding
hydrophobic residues in the mature region of the 3,-subunit
were substituted for alanine (Fig. 7A). As anticipated, in cells
co-transfected with wild type a-subunit, these ,-subunit
point mutations (F329A, 1338A, P341A, M398A, and M400A)
were disruptive for activin A expression (Fig. 7). Interestingly,
inhibin A expression was only significantly reduced in the
P341A and M400A B,-subunit variants (Fig. 7E), suggesting
that it is less dependent on 8, -subunit conformation.

the effects of these amino acid substitutions on inhibin A and activin A pro-
duction, culture medium from CHO cells transfected with either wild type
(lane 1) or mutant ,-subunit (lanes 2-4), in combination with the a-subunit,
were analyzed by Western blot. Blots were probed with the E4 mAb, specific
for the inhibin/activin mature B, domain (B) and the R1 mAb specific for the
inhibin aC (mature) domain (C). D, Western blot analysis of the cell lysates of
CHO cells transfected with either wild type (lane 1) or mutant B,-subunit
cDNAs (lanes 2-4) is shown. The 31-kDa inhibin A dimer, 24-kDa activin A
dimer, 54-kDa free BA-subunit, and higher molecular mass precursor forms of
inhibin and activin are noted. The effect of B,-subunit prodomain mutations
on activin A (E) and inhibin A (F) expression in CHO culture medium was also
determined by ELISA (* = p < 0.05). WT, wild type.
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(WT) and mutant B,-propeptide binding to '**I-inhibin A and '?*|-activin A di-
mers. Wild type and mutant B,-propeptide (with C-terminal FLAG tag) were
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Molecular Modeling of the Inhibin A Dimer—Previously, we
constructed a homology model of inhibin A (38) based on the
activin A, BMP-3, and BMP-6 structures (7, 12, 21). Mapping of
the inhibin a- and B,-subunit residues mutated in this study
onto the modeled structure of inhibin A is shown in Fig. 8A.
The a-subunit residues Phe*”*, 1le**°, Pro®®?, Leu®*®, and Val**°
are located at the interface between two B-sheets, and the side
chains of these residues form a hydrophobic packing core. Dis-
ruption to this region could affect the folding or stability of
mature inhibin A, which may explain the low levels of mutant
proteins detected in CHO cell conditioned medium (Fig. 5).
The B,-subunit residues Phe®*?, Ile®*®, Pro®**!, Met**%, and
Met*® are similarly clustered at the interface between two
B-sheets. Interestingly, Pro®*' of the 8,-subunit is also a central
component of the activin type II receptor-binding interface (36).

DISCUSSION

The prodomains of TGF family members play an important
role in the biosynthesis of these ligands. As a consequence, nat-
urally occurring mutations within the prodomains of TGFS
ligands are often associated with disease pathologies. Muta-
tions in the proregions of GDF9 and BMP-15 have been identi-
fied in patients diagnosed with premature ovarian failure (39 —
41). Patients presenting with Camurati-Engelmann disease,
which is characterized by alterations in bone density resulting
in severe bone pain, have been found to carry mutations in the
TGFB1 prodomain (42—44). Mutations are also prevalent in the
proregion of Miillerian-inhibiting substance (MIS, or anti-Mdl-
lerian hormone), which result in persistent Mdllerian duct syn-
drome, an autosomal recessive intersex disorder (45). A greater
understanding of the mechanisms by which the prodomains
assist the formation and/or functions of TGFf ligands would
aid the development of future treatments for these conditions.

In this study, utilizing a site-directed mutagenesis approach,
we have provided a structural basis for understanding the crit-
ical role that prodomains play in facilitating the assembly and
secretion of inhibin A and related TGEp ligands. Mutagenesis
of residues in the N-terminal portion of the a-subunit prodo-
main had pronounced effects on inhibin A production. In par-
ticular, residues Phe®” and Leu®! and, to a lesser extent, Leu*°
are critical for maintaining the a-subunit in a conformation
competent for dimerization with the 3,-subunit. Crystal struc-
tures are not available for the propeptides of any TGFf3 ligands;

loaded at equivalent concentrations (as determined by Western blotting with
the FLAG M2 mAb, top panel) onto SDS-PAGE and transferred to an ECL
Hybond membrane. Membranes were probed with either '*I-activin A (mid-
dle panel) or '**I-inhibin A (bottom panel). B and C, the ability of the activin
type Il receptors (ActRIIA and ActRIIB) to compete with the B,-propeptide
(proBA) for binding to mature activin A was assessed by immunoprecipita-
tion. Increasing concentrations of ActRIIA (B) and ActRIIB (C) extracellular
domains (ECD) (25 ng-4 ug; R&D Systems) were added to samples containing
wild type B-propeptide (400 ng) and activin A (12.5 ng). Samples were
immunoprecipitated (/P) using FLAG M2 affinity resin and detected by immu-
noblot (/B) using the activin 8, subunit mAb (E4). To ensure that equal
amounts of activin and B,-propeptides were present in each of the samples,
immunoblots using the FLAG M2 and E4 antibodies were also performed
prior to immunoprecipitation. D, in vitro bioassay to assess the ability of wild
type and mutant B,-propeptides to block activin signaling. Adrenocortical
cells were transfected with an activin responsive luciferase reporter and
treated with 400 pm activin A (Act A) and increasing doses of either wild type
or mutant 3,-propeptides (0.5-30 nm) (* = p < 0.05).
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FIGURE 5. Effects of aC mutations on inhibin A biosynthesis. A, hydropho-
bic residues in the inhibin aC (mature) domain were substituted with alanine
using in vitro mutagenesis. Pro, prodomain. To determine the effects of amino
acid substitutions on inhibin A production, culture medium (B) and cell lysate
(C) from CHO cells transfected with either wild type (lane 7) or mutant a-sub-
unit (lanes 2-9), in combination with the ,-subunit, were analyzed by West-
ern blot. Samples were detected with the R1 mAb, specific for the inhibin aC
domain. The 31-kDa inhibin A dimer, 52-kDa free a-subunit, and higher
molecular mass inhibin precursors forms are noted. D, the effect of aC
mutagenesis on inhibin A expression in CHO culture medium was also deter-
mined by ELISA (* = p < 0.05). WT, wild type.

however, the three identified hydrophobic residues are pre-
dicted to lie within an «a-helix (determined using NNpredict,
data not shown) and likely provide a binding surface for non-
covalent interactions with the mature a-subunit.

Sequence alignment of the proregions of the 33 human
TGFp family members revealed that a-subunit residues Phe®”
and Leu"! lie within a conserved hydrophobic motif (*”Hyd-
Hyd-X-X-Hyd-X-Hyd"?). The conservation of hydrophobicity
suggests that this region serves a common role in governing the
assembly and secretion of TGFf ligands. Several pieces of evi-
dence support this concept. (i) Mutation of the corresponding
hydrophobic residues in the 8,-subunit (Ile®> and Leu®®) dis-
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FIGURE 6. Sequence alignment of the mature domains for the human
TGFB ligands. Residues comprising finger 1 (Ser?’°-le*®’) and finger 2
(Met***~Tyr*>?) of the mature inhibin a-subunit (Inh &) were aligned with the
mature domains of human TGFp ligands using ClustalW. The residues deter-
mined in this study to be essential for inhibin dimer formation and secretion
(Phe?”", 11e?8°, Pro?®3, Leu3®, and Val**°) (highlighted) lie within the finger
regions of the aC mature domain. Act, activin.

rupted both inhibin A and activin A dimerization (Fig. 3); (ii)
deletion of residues within the identified hydrophobic motif of
TGEB1 blocked the association between the pro- and mature
domains and inhibited the secretion of mature TGFB1 (17); (iii)
the TGEB1 physiological activator, thrombospondin 1, binds to
residues (°*LSKL>”) within the identified motif (46); and (iv)
Jiang et al. (33) have mapped the inhibitory domain of the myo-
statin propeptide to residues 42—115, which encompasses the
hydrophobic motif identified in the inhibin subunits.

Recent studies on TGFB1, myostatin, and BMPs have indi-
cated that after cleavage, propeptides retain the capacity to
interact non-covalently with their respective dimeric growth
factors (27, 28, 34). Immunoprecipitation and ligand blot stud-
ies demonstrated that this was also the case for the inhibin and
activin isoforms. Isolated B,-propeptide was able to bind
directly to inhibin A and activin A. Importantly, mutation of
11e* or Leu®® within the 8,-propeptide completely abrogated
interactions with the mature ligands, confirming that these res-
idues are central to the non-covalent interactions between the
pro- and mature domains. For some family members, including
the TGEB isoforms, myostatin and GDF11, high affinity inter-
actions with isolated propeptides is sufficient to confer latency
(17, 27, 28). This fact has been utilized successfully for the in
vivo inhibition of myostatin and, hence, muscle growth (47—
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FIGURE 7. Effects of mutations in the mature domain of the inhibin/activin A
Ba-subunit on biosynthesis. A, key hydrophobic residues in the mature domain
of the inhibin/activin B,-subunit were substituted with alanine using in vitro
mutagenesis. To determine the effects of these amino acid substitutions on
inhibin A and activin A production, culture medium from CHO cells transfected
with either wild type (lane 7) or mutant B,-subunit (lanes 2-6), in combination
with the a-subunit, was analyzed by Western blot. propA, B-prodomain. Sam-
ples were detected with the E4 mAb specific for the inhibin/activin mature 8,
domain (B) and the inhibin aC-specific R1 mAb (C). The 31-kDa inhibin A dimer,
24-kDa activin A dimer, 54-kDa free BA-subunit, and higher molecular mass pre-
cursor forms of inhibin and activin are noted. The effects of B,-subunit mutations
on activin A (D) and inhibin A (E) expression in CHO culture medium was also
determined by ELISA (* = p < 0.05). WT, wild type.
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FIGURE 8. Homology model of inhibin A. A, a homology model of the
mature inhibin A dimer was generated in a previous study (38). The inhibin
a-subunit is colored orange, whereas the inhibin B,-subunit is green. The
hydrophobic residues identified in the mature domains of the inhibin a-
(magenta) and B,-subunits (blue) that are required for inhibin biosynthesis
were mapped onto the model. The identified residues lie on the outer convex
surface of the finger regions, and the side chains of these residues form a
hydrophobic packing core. Note that these residues are distant from the
inhibin o/BA dimer interface. B, a model for the correct folding, dimerization,
secretion, and activation of inhibin A.

49). For other ligands (e.g. BMP-7 and BMP-9), propeptides
bind with lower affinity and are unable to suppress biological
activity (34, 50). In the current study, bioactivity assays indi-
cated that the 3,-propeptide could inhibit activin activity, but
only at high concentrations. Thus, the affinity of the
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Ba-propeptide for activin is presumably less than the affinity of
LAP for TGFB1 but greater than the affinity of the BMP-7
propeptide for mature BMP-7.

The B-propeptide reduced activin signaling because at high
concentrations, it was capable of displacing activin A from
binding to type II receptors (ActRII/IIB). In similar experi-
ments, Sengle et al. (34) recently demonstrated that the BMP-7
propeptide competes with BMPRII for binding to the mature
ligand. In addition, the sequence **RKPK®’ in the receptor-
binding region of mature TGFS1 has been implicated in bind-
ing LAP (17). Together, these studies suggest that the binding
epitopes for prodomains and type Il receptors overlap on TGFf3
ligands (i.e. both bind to the outer convex surface of the finger
regions). Using this information as a guide, we set out to iden-
tify the residues in the mature domains of the inhibin A sub-
units that form non-covalent interactions with their respective
prodomains. After extensive mutagenesis, it was found that ala-
nine substitution of a number of hydrophobic residues (Phe*”",
[e*®°, Pro®®*?, Leu®®®, and Val**°) in the finger regions of the
a-subunit were disruptive for the formation of inhibin A dimers
in vitro. The identified residues are located at the interface
between two -sheets of the a-subunit, and the side chains of
these residues form a hydrophobic pocket (Fig. 8). It is likely
that mutation of some of these residues (Phe?”?, I1e?*°, and
Leu®®®) perturbs the local conformation of the mature domain,
thereby hindering the ability of the prodomain to bind. How-
ever, for the surface-exposed residues, Pro*** and Val**°, muta-
tions may directly disrupt hydrophobic interactions with the
prodomain. In support, mutation of these residues has previ-
ously been shown to disrupt inhibin A binding to its co-recep-
tor, betaglycan (38).

Mutations of the corresponding residues within the 8,-sub-
unit were also found to abrogate the expression of activin A.
Interestingly, these mutations were significantly less disruptive
for inhibin A expression, suggesting that the a-subunit drives
inhibin production. Sequence alignment of the mature
domains of the 33 human TGEF ligands revealed that the iden-
tified hydrophobic residues are highly conserved across the
family, suggesting that this region plays a common structural
role in the formation of these ligands. In support, a naturally
occurring mutation (V477A) in the mature region of MIS,
which corresponds to Ile*®* in the inhibin a-subunit, has been
identified in patients with persistent Miillerian duct syndrome.
The V477A mutation in MIS disrupts protein production,
reducing the circulating levels of MIS by 90% (45).

In conclusion, our data indicate that a common biosynthetic
pathway governs the production and secretion of TGES
ligands. In this model (Fig. 8B), hydrophobic residues within
the N-terminal portion of the prodomain and the finger regions
of the mature domain interact non-covalently, maintaining the
molecule in a conformation competent for dimerization (the
actual dimerization interface for the two monomers, close to
the cysteine knot motif, is well removed from this prodomain-
binding site). Dimeric precursors are cleaved by furin-like pro-
convertases at RXXR sites that separate the propeptides from
the mature domains. The dimeric, mature ligands are then
secreted from the cell non-covalently associated with their
respective prodomains. For inhibin A, the a- and B,-propep-

APRIL 3, 2009VOLUME 284+NUMBER 14

Assembly and Secretion of TGF 3 Ligands

tides are readily displaced by betaglycan and activin type II
receptors, respectively, ensuring that this hormone is secreted
in an active state. Other ligands (e.g. TGFB1 and myostatin)
have higher affinities for their prodomains and are secreted in a
latent form.
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