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Transforming growth factor 8 family ligands are neutralized
by a number of structurally divergent antagonists. Follistatin-type
antagonists, which include splice variants of follistatin (FS288 and
FS315) and follistatin-like 3 (FSTL3), have high affinity for activin
A but differ in their affinity for other ligands, particularly bone
morphogenetic proteins. To understand the structural basis for
ligand specificity within FS-type antagonists, we determined the
x-ray structure of activin A in complex with FSTL3 to a resolution
of 2.5 A. Similar to the previously resolved FS-activin A structures,
the ligand is encircled by two antagonist molecules blocking all
ligand receptor-binding sites. Recently, the significance of the FS
N-terminal domain interaction at the ligand type I receptor site has
been questioned; however, our data show that for FSTL3, the
N-terminal domain forms a more intimate contact with activin A,
implying that this interaction is stronger than that for FS. Further-
more, binding studies revealed that replacing the FSTL3 N-termi-
nal domain with the corresponding FS domain considerably lowers
activin A affinity. Therefore, both structural and biochemical evi-
dence support a significant interaction of the N-terminal domain
of FSTL3 with activin A. In addition, structural comparisons with
bone morphogenetic proteins suggest that the interface where the
N-terminal domain binds may be the key site for determining FS-
type antagonist specificity.

The transforming growth factor (TGF)> B superfamily of
ligands controls a wide array of processes that govern stem cell
fate, embryonic development, organ and tissue homeostasis,
reproduction, response to injury, and immune system function.
Thirty-three ligands can be subdivided into three branches: TGES,
activin/inhibin, and bone morphogenetic protein (BMP) (1). Each
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ligand is comprised of a disulfide-linked homo- or heterodimer
and signals by engaging a pair of type Il and type I serine-threonine
kinase receptors. Tight control of ligand signaling occurs in the
extracellular space, where a number of structurally diverse protein
antagonists attenuate or completely inhibit signaling by binding
and sequestering ligands. Antagonists include the follistatin-types,
noggin, chordin, DAN/Cerberus, gremlin, decorin, and others.
Antagonists restrict ligand activity to certain physiological envi-
ronments and will often selectively inhibit ligands from one of the
three branches. Antagonists bind multiple ligands with varying
affinities, and for the most part, the structural basis for this speci-
ficity remains unresolved (2, 3).

Follistatin-type (FS-type) antagonists, which include the well
studied splice variants of follistatin (FS), FS288 and FS315, are
potent regulators of activin A signaling (4-7). Also included is
a related protein, follistatin-like 3 (FSTL3/FLRG/FSRP), that
was originally identified in B-cell leukemia (8). FSTL3 is similar
to FS in that it is distributed among many tissues and cell types
(9-11). Mice deficient in each form exhibit drastically different
phenotypes. FS-deficient mice show retarded growth and death
within hours of birth (12), whereas FSTL3-deficient mice are
viable and normal-sized but exhibit metabolic phenotypes
characterized by changes in glucose and fat homeostasis (13).
Although both FSTL3 and FS bind activin A with high affinity
(K, ~ 30 pm), they exhibit affinity differences with other
ligands. FS exhibits broad ligand specificity, interacting at high
affinity with numerous ligands including activin B, myostatin,
and growth and differentiation factor 11 and at low affinity with
several BMPs (11, 14—-17). Recently, however, it was deter-
mined that FSTL3 is more limited than FS in the number of
ligands it antagonizes, and it lacks interaction with BMPs, spe-
cifically BMPs 2, 4, 6, and 7 (17).

Differences in the domain structures of FSTL3 and FS likely
provide a basis for ligand specificity. All of the follistatin antago-
nists possess an N-terminal domain followed by two or three fol-
listatin domains (FSD) (Fig. 1). Despite similar architecture, there
are significant differences between FSTL3 and FS288/FS315: (i)
FS288/FS315 both have three FSDs, whereas FSTL3 contains
only two; (ii) the sequences of FSD1 and FSD2 are well con-
served between FS and FSTL3, but the N-terminal domains
are significantly more divergent (24% sequence identity);
and (iii) FSTL3 lacks a cell surface heparin-binding motif
(located in FSD1 of FS) (7), which makes it the most serum
available form (18, 19).
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FIGURE 1. Domain architecture of FSTL3 and FS. FSTL3 lacks FSD3 and a
heparin-binding sequence located within FSD1. FS315 and FSTL3 both have
an extended acidic C-terminal tail. The percentage of identity is indicated for
each domain excluding the conserved cysteines.

The individual contribution of each FS domain to ligand
binding and antagonism has been debated, especially with
respect to the N-terminal domain. In one case, deletion or dis-
ruption of the N-terminal domain of FS prevented both binding
toactivin A and suppression of activin A activity (20). However,
other studies have questioned the importance of the N-termi-
nal domain to binding. For example, a FS derivative only con-
taining FSD1 and FSD2 was shown to form a stable complex
with activin A and was able to suppress elongation of Xenopus
animal caps (21). However, the K, for this form was ~400 nm or
10,000 times higher than for native FS. Similar experiments
showed that activin A binding could be achieved through use
the same two FSDs of FSTL3 (9, 22). Furthermore, mutations of
activin A residues near the N-terminal domain interface did not
affect affinity; however, certain activin A residues were difficult
to interpret (23).

To understand the structural features that could account for
the differences in ligand specificity between FS and FSTL3 and
clarify the role of the N-terminal domain in binding, we have
solved the x-ray structure at 2.5 A of FSTL3 in complex with
activin A. The FSTL3-activin A structure illustrates that a com-
mon binding mechanism exists for FS-type antagonists where
FSD1 and FSD2 block the type II receptor surface and the
N-terminal domain interacts at the type I receptor interface.
Comparison with the previously determined FS-activin A struc-
tures (24, 25) indicates that significant conformational differ-
ences occur within the N-terminal domain-ligand interface,
thus pointing to a structural basis for ligand specificity. Domain
exchange experiments were performed to validate our struc-
tural observations.

EXPERIMENTAL PROCEDURES

Production and Purification of FSTL3 and Activin A—Human
FSTL3 and activin A were each cloned into the pcDNA3.1/
myc-His expression vector (Invitrogen) as described previously
for FS (20, 26) and co-expressed in HEK293F cells using the
Freestyle™ 293 transient transfection system (Invitrogen).
The native stop codon was maintained for activin A and there-
fore did not include the myc-His tag. Conditioned medium was
collected 48 h after transfection. Protein was extracted using a
histidine affinity column and eluted with a stepwise imidazole
gradient: activin A and FSTL3 eluted together between 150 and
300 mm imidazole. The complex was treated with thrombin
protease to remove the C-terminal myc-His tag and passed
through a Superdex 75 fast protein liquid chromatography gel
filtration column in 100 mm Tris/HCI buffer, pH 7.2. The pre-
dominant protein peak was observed at an elution position con-
sistent with a 2:1 complex of FSTL3 and activin A.

Crystal Structure Determination—The FSTL3-activin A
complex was concentrated to 7.5 mg/ml and mixed 1:1 in a
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TABLE 1
Crystallographic data and refinement statistics

Native (collected at 100 K)
33.02-2.48 (2.59-2.48) )
a=636A,b=714A,c=100.2A,
a =985 3 =906 vy=0901°

Data collection
Resolution (A)
Crystallographic cell - P1

Observations 255,677
Unique reflections 61,295
Completeness (%) 98.6 (98.3)
Redundancy 4.2 (3.6)
Rierge (%) 8.5 (44.8)
<I/ol> ) 15.0 (2.3)
Wilson plot B factor (A?) 48.8

Model refinement

Reflections (total/free) 61,224/3,144

R cror (Rpeo), (%) 22.6 (27.8)
Atoms (total/protein) 9,730/9,508
Root mean square deviation from ideal
Bonds (A) 0.010
Angles (°) 1.26
(B) factors, all atoms (A?) 45.3
Complex 1
Activin A (chain A/chain B) 33.3/32.8
FSTL3 (chain C/chain D) 48.1/41.1
Complex 2
Activin A (chain E/chain F) 32.6/32.9
FSTL3 (chain G/chain H) 48.1/41.0
Other molecules (number, (B) factor)
Water 214 (45.6)
Sulfate 1 (80.0)
N-acetylglucosamine 2 (74.1)
Ethylene glycol 3(65.4)
Ramachandran plot statistics (number)
Most favored 90.5% (963)
Additionally allowed 8.6% (92)
Generously allowed 0.5% (5)

0.4% (4) (Asn® in all
activin A chains)

Disallowed

hanging drop experiment with a well solution containing 25%
(w/v) polyethylene glycol 3350, 200 mm ammonium sulfate, and
100 mm Tris, pH 8.5. Thin hexagonal crystals grew to 300 um
within 2—-3 weeks. The diffraction experiments were performed
at the Argonne National Laboratory Advanced Photon Source
19BM beam line. The data were integrated and scaled to 2.5 A
resolution using HKL2000 (27). The position of two complexes
in the asymmetric unit were resolved through molecular
replacement with the program PHASER (28), and the
FS288-activin A complex (Protein Data Bank identifier 2BOU)
with FSD3 removed from the search model (24). The atomic
coordinates were refined using CNS (29) and REFMAC (30)
along with repeated rounds of model building with COOT (31).
Positional displacement of each chain was described by eight
translation/libration/screw groups that were identified by the
TLSMD server (32, 33). Translation liberation and screw rota-
tion parameters were then further refined against the x-ray data
with REFMAC and subsequently held constant while isotropic
B-factor contributions and atomic coordinates were refined
(34). During refinement with REFMAC, noncrystallographic
symmetry restraints with medium weight were utilized. The
two complexes of FSTL3-activin A showed a root mean square
deviation of 0.40 A. The final models for activin A monomers
are missing various N-terminal residues near the 6 -8 region
and in the region from 49 -53. FSTL3 models are missing resi-
dues 1-6 and 218 -237. Data collection and refinement statis-
tics are shown in Table 1, and an example of the electron den-
sity map of the complex interface is shown in Fig. 5.
Coordinates and structure factors have been deposited in the
Protein Data Bank with the identifier 3B4V. Analysis of inter-
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FIGURE 2. Overall comparison of the FSTL3-activin A complex with FS288-activin A.Both FSTL3 and FS bind
activin Ain asimilar fashion. a, two molecules of FSTL3 (transparent surface, orange and yellow) bind the central
activin A homodimer as compared with the FS288-activin A structure in b. The third FS domain, which is not
present in FSTL3, is colored gray. ¢, schematic depicting the blockade of both type | and type Il receptor
interfaces (N = ND, D1-3 = FSD1-FSD3). In FS, an interaction is observed between the N-terminal domain of
one FS with FSD3 of the adjacent FS (noted by three cyan lines).
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FIGURE 3. Buried surface area differences on activin A at the type | interface. a, schematic depicting
the distribution of buried surface area on each activin A subunit by interactions with the N-terminal
domain of FSTL3 (yellow) and FS (red). The type | interface consists of both monomers (monomer 1, green;
monomer 2, blue). FSTL3 buries more surface on monomer 1, whereas FS buries more surface on monomer
2 through interactions with the prehelix loop, which adopts a novel helix conformation termed «'. b, sur-
face of activin A representing the difference in buried surface area for individual activin A atoms from
interaction with FSTL3 and FS (ABSA = FSTL3g;s — FSgsa)- The surfaces are colored with a three-step
(yellow/white/red) gradient from 25 to —25 A2 The yellow surfaces depict where FSTL3 buries more activin
surface than FS, and the red surfaces depict where FS buries more than FSTL3. The white surfaces indicate
that either no interaction occurs with antagonists, or the difference in buried surface area upon binding
FSTL3 versus FS is minimal.

Structure of FSTL3-Activin A

solution phase assay (20). Binding of
altered FSs to labeled activin A was
determined by competition assay as
described (20). Relative potencies
were calculated by comparison of
half-maximal inhibition of labeled
activin A binding by domain-ex-
changed and wild-type FSTL3.

RESULTS

Overview of Structure—The x-ray
crystallographic structure of FSTL3-
activin A has been determined to 2.5
A resolution, and an overview of the
complex is shown in Fig. 2a. The
previously determined structure of
FS288-activin A is shown for com-
parison in Fig. 2b. Similar to FS$288
and FS315, two molecules of FSTL3,
each forming a C-shape, completely
surround the activin A dimer. Con-
sequently, the two FSTL3 molecules
bury one-fourth of the activin A
dimer surface or a total of 3,403 A2,
which is similar to FS288 (3,074 A%).
As observed with FS, FSTL3 mole-
cules contact activin A at two dis-
continuous surfaces, interfering
with both type I and type II recep-
tor-binding sites (Fig. 2c). One
interface is formed when the N-ter-
minal domain of FSTL3 interacts at
the activin A dimer interface. Here
FSTL3 interacts with the concave
portion of the B-strands on one
activin A monomer and the long
helix or “wrist” of the adjacent
activin A monomer (type I inter-
face). The other interface is formed
by FSD1 and FSD2, which interact
on the convex ligand surface or
“knuckle,” and extends toward the
tip of one activin A monomer (type
I interface). For clarity, the two FS-
type contact points will be referred
to generically as type I and type II,
corresponding to the respective

faces and buried surface calculations were performed with the
PISA server (35).

N-terminal Domain Swap—Residues 1-70 of FSTL3 were
replaced with the sequence 1-63 of FS288 in the pcDNA3.1/
myc-His expression vector as described (26) and designated
NDgFSD1,2.g115- A second construct spliced the third FS
domain (residues 212-288) into the C terminus of the
NDyFSD1,2. 1 5 Vector to generate NDpcFSD1,2 o1 ;FSD3 .
The respective myc-His-tagged proteins were expressed in
HEK293F cells as described above and isolated by histidine affinity
chromatography. Protein was quantified by a C-terminal myc tag
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receptor-binding sites that they block.

In both FS-activin A structures, the N-terminal domain of one
FS interacts with FSD3 of the other FS, hereafter referred to as
FS(ND)=FS(FSD3) (Fig. 2¢). Because FSTL3 does not have a third
follistatin domain, this interaction is absent. In fact, there are no
interactions between the two FSTL3 molecules throughout the
whole complex. The significance of the N-terminal domain inter-
action with activin A (20) has been questioned by recent evidence
(21, 23). However, the structure of FSTL3-activin A (Fig. 2, 2 and b)
shows that, even in the absence of FS(ND)=FS(FSD3) contacts,
the N-terminal domain is still positioned at the type I interface.
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FIGURE 4. Comparison of FSTL3 and FS N-terminal domain interactions with activin A. g and b, the N-ter-
minal domain of FSTL3 is oriented more closely than that of FS to activin A monomer 1 (green). The prehelix
loop region on activin A is disordered when bound to FSTL3, whereas in FS it forms the a” helix (pink). There are
also significant structural differences in the C-terminal loop segment on FSTL3/FS following the helix (cyan).
¢, superposition of only activin A monomer 1 in both complexes, which depicts the position of the each
N-terminal domain relative to activin A. The N-terminal domain of FSTL3, including the helix, is closer to activin
A by 3.5 and 2.9 A, respectively. The distances were calculated from the center of mass (COM) of activin A
backbone residues 25-28 to the COM of each N-terminal domain or the COM of each helix (FSTL3 residues
51-63 and FS residues 42-53). The asterisk indicates where FSTL3 would clash with the o’ of activin A from the
FS structure. d, superposition of only the N-terminal domains. The FSTL3 domain is much more compact with
reference to the main helix. The distance between the helices was measured from the COM of FSTL3 (residues
51-63) to the COM of FS (residues 42-53). All of the COM calculations were performed with the program
CALCOM (50). In e and f, the structure is rotated 180° from a-c and shows differences in how the N-terminal
helices interact with the two conserved tryptophan residues (at positions 25 and 28) of activin A. A significant
difference in the orientation of Trp?® is observed in the two structures; this permits Leu>” of FSTL3 to wedge
between Trp?® and Trp?® of activin A.

Comparison of Other Activin A Structures to the FSTL3:
Activin A Complex—Unlike BMP ligands, which exhibit
minor fluctuations in the relative position of each monomer,
structures of activin A, alone and in complex, have displayed
significant flexibility at the dimer interface, resulting in
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dimers that range from compact
or “V-shaped” to fully extended (21,
24, 36, 37) (supplemental Fig. S1).
The flexibility of the activin A dimer
is a result of numerous glycine and
serine residues located in the loop
(at positions 45-57) preceding the
long a-helix at the dimer interface,
referred to as the prehelix loop. This
region is disordered in activin A
structures (supplemental Fig. S1)
that display more compact configu-
rations (21, 36, 37). In all complexes
with FS-type antagonists, including
FSTL3, the activin A dimer is
extended. This is likely a result of
the N-terminal domain binding in
the type I interface.

Type II Interface Blockade (FSD1
and FSD2)—Similar to the FS:
activin A structures, one of the two
FSTL3-activin A interfaces is lo-
cated where the type II receptors
bind ligand. Here, FSD1 and FSD2
cover a large portion of the convex
surface of activin A. Residues that
interact with activin A at the type II
interface are well conserved be-
tween FSTL3 and FS (19/26 residues
conserved). FSTL3 and FS effec-
tively bind matching activin A resi-
dues utilized by type II receptors
(supplemental Figs. S2 and S3). At
this interface, FSTL3/FS cover
~820 A? of activin A as compared
with the activin type II receptor
(ActRIIB), which has been shown to
cover ~600 and ~730 A2 (36, 37)
(supplemental Fig. S3). In addition
to most of the type Il receptor inter-
face, FSTL3/ES extend toward the
outer tip of activin A (supplemental
Fig. S3). Here FSTL3/FS form addi-
tional contacts with Asp®’, Asp®®,
GIn®%, and Asn®® of activin A, which
are contacts not present in the
receptor complex. At this interface,
a conserved arginine (Arg'®? in FS
and Arg'®® in FSTL3) bridges the
two activin A loops at the ligand fin-
gertips, forming a salt bridge with
Asp?” and GIn®® and a hydrophobic
interaction with Y94 of activin A.

Mutation of Arg'®? in a truncated version of FS (FSD1-FSD2)
considerably reduces activin A affinity (21). At the other end of
the interface, the type II receptors interact with activin A resi-
dues that do not contact either FSTL3 or FS (Lys®®, Pro®, and
Glu''") (supplemental Fig. S3). These differences in activin A
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binding, which are conserved across both receptors and antag-
onists, may be attractive sites for modification that would selec-
tively block either antagonist or receptor binding.

Type I Interface Blockade (N-terminal Domain)—Consistent
with the FS-activin A structures, the N-terminal domain of
FSTL3 binds at the activin A dimer interface, or the type I
receptor site (Fig. 2, 2 and c¢). This interface is formed by the
curved B-strand portion of one monomer (colored green and
referred to as monomer 1 in Figs. 3 and 4) and the central helix
and surrounding loops (“wrist”) of the other monomer (colored
blue and referred to as monomer 2). Largely, the N-terminal
domains of both FSTL3 and FS bind in a similar location and
bury a comparable amount of activin A surface (865 and 805 Az,
respectively). But unlike their similarity in binding at the type II
interface, we observed significant structural differences
between the FSTL3 and FS N-terminal domains. The two
N-terminal domains have a Ca root mean square deviation of
2.2 A, which mirrors the divergence seen in sequence identity
(Fig. 1) and is significantly greater than differences in FSD1 (1.3
A) and FSD2 (1.0 A) (38). Moreover, marked differences were
observed in how each N-terminal domain interacts with activin
A. FSTL3 interacts to a greater extent with monomer 1,
whereas FS has additional interactions with the prehelix loop of
monomer 2 (Fig. 3a). The variations in buried surface area of
the two complexes have been plotted on the ligand surface in
Fig. 3b. FSTL3 interacts to a greater degree with the hydropho-
bic surface on monomer 1, whereas FS interacts substantially
more with the prehelix loop of monomer 2.

A helix in the N-terminal domain (residues 53— 61 in FSTL3
and residues 42-53 in FS; Fig. 4, a and b) comprises a major
portion of the interface with the activin A dimer. Differences in
surface residues allow the helix of FSTL3 to pack closer to the
activin A dimer crevice, especially toward the concave surface
of monomer 1 (Fig. 4, a and b). In fact, this helix in FSTL3 buries
200 A% more surface area than the corresponding FS helix (for
residue details see supplemental Fig. S2). Superimposing
activin A monomer 1 of each complex reveals that the N-ter-
minal domain of FSTL3, including its helix, is wedged closer to
the activin A dimer interface (Fig. 4c).

Overall the N-terminal domain of FSTL3 is more compact
than that of FS, and this contributes to differential activin A
binding, especially with the prehelix loop of activin (Fig. 4, a, b,
and d). In FS, a crevice is created between the N-terminal
domain helix and the central sheets (15 A line in Fig. 4b). Resi-
dues in the prehelix loop of activin A pack into this crevice and
stabilize the novel o’ helix. Conversely, the more compact
N-terminal domain of FSTL3 lacks this crevice (11 A line in Fig.
4a). Thus, FSTL3 does not have an equivalent interaction that
stabilizes a helical conformation of the prehelix loop in activin
A. Superposition of FSTL3 onto activin A in the FS structure
shows that if activin A adopted the o' helix conformation, a
steric clash would occur with FSTL3 (asterisk in Fig. 4c). The
structural difference in compactness of the N-terminal domain
may partially arise from variation in the loop leading out of the
N-terminal domain helix (residues 62— 66 for FSTL3 and resi-
dues 5459 for FS; cyan in Fig. 4). FS has a longer loop that
inserts into the crevice to maintain a more open configuration,
whereas the same loop in FSTL3 travels away from the domain,
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FIGURE 5. Electron density of FSTL3 N-terminal domain interaction with
activin A.Shownisa 2F, — F_electron density map contoured at 1.5 o depict-
ing the activin A tryptophan residues and their interaction with the N-termi-
nal domain helix.

allowing it to collapse (Fig. 4, a and b). In fact, the loop in FSTL3
forms at least one new contact with activin A not observed in FS
as described below. A superposition of the two domains in Fig.
4d further demonstrates that FSTL3 is more compact than FS.
The N-terminal domain helix of FSTL3 is tilted by 10°, bringing
the helix 2.1 A closer toward the center of the domain than the
corresponding FS helix.

Interface Residues Imply a Stronger Type I Interaction for
FSTL3—Although a similar amount of surface is buried by both
N-terminal domains of FSTL3 and FS, FSTL3 interacts more
substantially with the rigid portion of activin A, implying that
its interaction is stronger and more favorable. A significant por-
tion of the FSTL3 N-terminal domain interaction occurs at the
more static, hydrophobic-rich surface of monomer 1, whereas
the N-terminal domain of FS interacts mainly with small flexi-
ble amino acids in the a' helix of monomer 2 (Fig. 34 and sup-
plemental Fig. S2). At the center of the monomer 1 hydropho-
bic surface is a pair of tryptophan residues (Trp>® and Trp>®)
that are highly conserved across all TGFf family ligands. The
tryptophan side chain conformations and their corresponding
interaction with antagonist are markedly different in the two
structures (Fig. 4, e and f). When FSTL3 binds, Trp*® adopts a
side chain rotamer that creates a large gap between the trypto-
phan residues. Leu®” on the N-terminal domain packs into the
gap between the tryptophan residues, bringing the whole
N-terminal domain closer to activin A. Fig. 5 shows the electron
density of residues at this interface. On the other hand, in the FS
complex, Trp>® and Trp® are in a closed arrangement, similar
to structures of activin A alone or in complex with receptors
(21, 24, 36, 37). This restricts how closely the N-terminal
domain contacts activin A.

Additional side chain interactions suggest a stronger interac-
tion between activin A and the N-terminal domain of FSTL3
over FS. The close proximity to activin A monomer 1 enables a
charged interaction between Lys®* of FSTL3 and Asp*” of
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activin A, and another charged interaction between His®® of
FSTL3 and Asp”® of activin A. His®® lies on the loop extend-
ing distally from the N-terminal domain helix, and its inter-
action with Asp® may influence the position of this loop and
contribute further to the compactness of the N-terminal
domain. These interactions are not seen for homologous res-
idues in FS.

Domain Exchanges Support a Stronger Interaction for the
FSTL3 N-terminal Domain—The structure of FSTL3 in com-
plex with activin A has implied that the interaction between the
N-terminal domain and the type Iinterface is stronger than that
observed for the N-terminal domain of FS. To validate our
structural observation, we exchanged the N-terminal domain
of FSTL3 with FS (NDpgFSD1,2¢ 1 5). This reduced activin A
binding ~60-fold as compared with native FS (Table 2), dem-
onstrating that the N-terminal domains are not interchange-

TABLE 2
Comparative activin A binding activity of FS/FSTL3 domain swap

mutants in competitive binding assay using radiolabeled activin A
as described in Ref. 20

FS/FSTL3 construct 1C;, Relative
potency
nm
ND,4-FSD1,s-FSD2.s-FSD3 ¢ (native FS) 0.30 1.0
NDygr15-FSD1pgry 5-FSD2pgr 5 (native FSTL3) 0.12 2.5
NDyg-FSD1pgry 5-FSD2pgr 5 7.50 0.04
NDy¢-FSD1 gy 5-FSD2p g 5-FSD3 g 0.05 6.0
(a) FSTL3 FS
~ J_ D : {
RS 3 |
ARy B SR
( ‘*! » |.. T -‘\-i = ".l.‘ | .Ix —
. - .
Wia
(b)
§ / T
FBO‘ )Y ?&_’) F47
f \ Vol

W25/28

) e

able. We next tested whether attaching the third follistatin
domain to the ND 4FSD1,2,¢; 5 chimera would reconstitute
strong activin A binding. The expectation was that FSD3 would
contact the N-terminal domain on the adjacent FS chimera and
secure it in the type I receptor slot as observed in the
FS288-activin A structure (24). Indeed, when the third follista-
tin domain is introduced to make NDp(FSD1,2511 sFSD3g,
strong activin A binding is restored (Table 2), indicating that
the FS(ND)=FS(FSD3) contacts enhance the ability of the
N-terminal domain of FS to effectively bind activin A. This
differs markedly from native FS, where removal of FSD3 causes
only a 40% loss in activin A binding (26). Taken together with
the structural data, we conclude that the N-terminal domain of
FSTL3 interacts more strongly with activin A, thus obviating
the need for a third follistatin domain.

Type I Receptor Antagonism through Mimicry—Multiple
x-ray structures have demonstrated that type I receptor
binding occurs at or near the dimer interface of the ligand
(39 -42). With resolution of the FS structure, we identified a
striking similarity between type I receptor (BRIA) binding
and N-terminal domain binding. Our current structure
extends this similarity to include the N-terminal domain of
FSTL3. Despite different folds, there are structural similari-
ties between the receptor and the N-terminal domains that
further imply a similar strategy for ligand binding. For exam-
ple, both utilize a single domain of similar size that consists
of mainly B-strands with a single
helix at the interface. This is in
stark contrast to the antagonist
noggin, which utilizes an extended
loop and not a domain to interact
at the type I interface (43).

The N-terminal domains and the
receptor BRIA contain a phenylala-
nine on the helix (Phr®°-FSTL3,
\ Phe?”-FS, and Phe®>-BRIA) that
projects into the hydrophobic
ligand dimer crevice (Fig. 6a). De-
spite both FSTL3 and FS sharing
this feature, the two antagonists use
a nonhomologous phenylalanine
with different side chain orienta-
tions (Fig. 6b). In FSTL3, Phe® is
located at the distal end of the
N-terminal domain helix and is bent
sharply to fit into the hydrophobic
pocket rather than lying in a central
position in the helix and adopting an
extended conformation as is seen
for Phe® in FS (Fig. 6b). The bent
conformation of Phe®® (FSTL3) ver-
sus Phe®” (FS) may also help posi-
tion the N-terminal domain helix
closer to activin A. An additional

BRIA

F85

FIGURE 6. Similarities between N-terminal domain and type | receptor ligand binding strategies. g, over-

all ligand binding position and domain size are similar among FSTL3/FS N-terminal domains and the BRIA type
| receptor with a significant contribution to the binding interface coming from a single helix. b, side view of
each domain with the common phenylalanine thatis found at the ligand interface highlighted. The direction of
the helix is indicated and runs in the reverse direction in BRIA. ¢, in each case a lysine, located in different

regions of the helix, partially buries the conserved tryptophan residues.
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resemblance among the three inter-
actions is found in a nonhomolo-
gous lysine that borders the con-
served tryptophan residues (Fig. 6¢).
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FIGURE 7. Structural differences between activin A and BMP may explain antagonist specificity. a and b,
superposition of BMP2 and BMP7 onto the FSTL3-activin A complex, aligning only monomer 1 of activin A. The
ribbon of activin A is shown, but for clarity, only the prehelix loop residues for each BMP (BMP2 (pink) and BMP7
(purple)) are depicted. The dotted lines indicate regions on BMP close enough to clash with the N-terminal
domains. These appear more extensive for FSTL3. ¢, overall scheme for FSTL3 and FS binding to activin A and
BMPs. We propose that the N-terminal domain of FS-type antagonists does not interact favorably with BMPs,
thus accounting for the decreased affinity. We propose that the low affinity still observed for FS may be a result
of the FS(ND)=FS(FSD3) interactions and/or structural variation in the antagonist N-terminal domains.

These similarities are preserved even though the helix from the
antagonist is antiparallel to the helix from the receptor.

DISCUSSION

Neutralization of TGE family ligands by means of binding
extracellular antagonists is a vital mode of signal regulation.
Antagonists fall into structurally distinct classes that bind cer-
tain ligands with different affinities (44). The structure of
FSTL3 in complex with activin A and its comparison with pre-
viously determined FS structures provide a system to examine
the similarities and differences in specificity and affinity within
a class of structurally related antagonists. Our discussion will
largely center on the significance of the N-terminal domain and
structural differences between FSTL3 and FS.

The Role of the N-terminal Domain in Antagonism—An
unexpected result from the FS-activin A structure was that in
addition to the type II receptor site, FS also blocks the type I
receptor site through interactions of its N-terminal domain
(24). This observation is now supported through resolution of
the structure of the FSTL3-activin A complex. In fact, the inter-
action of the FSTL3 N-terminal domain with activin A appears
stronger. In the FS-activin A complex, the N-terminal domain
interacts with FSD3 of an adjacent FS molecule, which may
hold the N-terminal domain at the type I interface. No such
interaction is observed in the FSTL3-activin A structure
because there is no FSD3; yet the N-terminal domain of FSTL3
still binds activin A. To better interact with the hydrophobic
surface of activin A and possibly compensate for not having
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the FS(ND)=FS(FSD3) interaction,
the N-terminal domain of FSTL3
adopts a more compact conforma-
tion. In particular, Leu®” of FSTL3 is
sandwiched by the two tryptophan
residues conserved in all TGF3 fam-
ily ligands. This observation is sup-
ported by our domain exchange
experiments that demonstrate that
the N-terminal domain of FS cannot
replace the N-terminal domain of
FSTL3 for full activity. The implica-
tion is that the N-terminal domains
in both FS and FSTL3 form a unique
but significant interaction at the
ligand interface.

Implications for Ligand Specificity—
The molecular basis for why FS and
FSTL3 both bind activin A tightly
but have either reduced or no affin-
ity for BMP ligands has not been
resolved (14, 17, 45). To investigate
this we superimposed BMPs 2 and 7
onto activin A in the structures of
the FS288 and FSTL3 complexes. In
both cases, the N-terminal domains
would clash with the prehelix loop
of the BMP ligands (Fig. 7,  and b).
The molecular overlap (Fig. 7, 2 and
b, dotted lines) appears more exten-
sive for the N-terminal domain of FSTL3 than FS. In contrast to
the flexibility of activin A, the rigid nature of the BMP ligands in
the prehelix loop suggests that N-terminal domain binding
would be significantly, if not completely, disrupted (39, 40, 43,
46, 47).

Therefore, we propose a model where a significant reduction
in affinity for BMPs is a result of impaired N-terminal domain
binding (Fig. 7c). The low affinity interactions of FS for BMPs
may be a consequence of the additional FS(ND)=FS(FSD3)
interaction not observed for FSTL3 or may result from struc-
tural differences in the N-terminal domains. In support of this
model, ligands discriminate type I receptors effectively through
structural variation in the prehelix loop (40, 48, 49). This is
consistent with our current results showing that N-terminal
domains, in several respects, mimic type I receptors. Further-
more, activin A can be converted to a BMP-like ligand by swap-
ping the major a-helix and flanking loops, including the prehe-
lix loop (48, 49). Therefore, we expect FS-type antagonists to
also utilize the type I interface for ligand specificity, much like
type I receptors.

The physiological basis for multiple FS-type molecules with
varying affinities for heparin/cell surfaces has not been
resolved. Evidence supports the trend that antagonist-ligand
specificity tightens as the serum availability of the FS-type
antagonist increases. This is logical, because releasing a broad
activin/myostatin/BMP antagonist into the serum would likely
have dramatic effects on multiple systems. Our x-ray structure
of FSTL3-activin A complex and its comparison with the previ-
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ously determined FS-activin A structures provides an explana-
tion for how this ligand discrimination occurs. The insights
gained through our structural studies will aid in the modifica-
tion and adaptation of antagonists for potential therapeutic
applications, because ligand specificity is an important factor in
targeting.
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