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(Bacl(ground: Mutations in the ALK2 kinase cause extraskeletal bone formation.
Results: We solved the structure of ALK2 in complex with the inhibitor FKBP12.
Conclusion: Disease mutations break critical interactions that stabilize the inactive ALK2-FKBP12 complex leading to kinase

Significance: We offer an explanation for the effects of mutation and a structural template for the design of small molecule

~N

J

Bone morphogenetic protein (BMP) receptor kinases are tightly
regulated to control development and tissue homeostasis. Mutant
receptor kinase domains escape regulation leading to severely
degenerative diseases and represent an important therapeutic tar-
get. Fibrodysplasia ossificans progressiva (FOP) is a rare but devas-
tating disorder of extraskeletal bone formation. FOP-associated
mutations in the BMP receptor ALK2 reduce binding of the inhib-
itor FKBP12 and promote leaky signaling in the absence of ligand.
To establish structural mechanisms of receptor regulation and to
address the effects of FOP mutation, we determined the crystal
structure of the cytoplasmic domain of ALK2 in complex with the
inhibitors FKBP12 and dorsomorphin. FOP mutations break crit-
ical interactions that stabilize the inactive state of the kinase,
thereby facilitating structural rearrangements that diminish
FKBP12 binding and promote the correct positioning of the gly-
cine-serine-rich loop and aC helix for kinase activation. The bal-
ance of these effects accounts for the comparable activity of R206H
and L196P. Kinase activation in the clinically benign mutant L196P
is far weaker than R206H but yields equivalent signals due to the
stronger interaction of FKBP12 with R206H. The presented ALK2
structure offers a valuable template for the further design of spe-
cific inhibitors of BMP signaling.

Bone morphogenetic proteins (BMPs)* are members of the
transforming growth factor-B (TGF-B) superfamily determin-
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ing embryonic patterning and tissue morphogenesis (1-3).
These dimeric ligands induce intracellular signaling by binding
to a unique family of transmembrane receptor serine/threonine
kinases that assemble as heteromeric complexes consisting of
two type II and two type I receptors. Type II receptors are
required to activate the type I receptors by phosphorylation of
their juxtamembrane glycine-serine-rich (GS) domain (4).
Activated type I receptors then phosphorylate receptor-associ-
ated Smads (R-Smads), which subsequently assemble with
Smad4 (Co-Smad) for nuclear transport and transcriptional
activation (5). Other pathways activated include the p38 MAPK
family (6).

Five different type II receptors and seven type I receptors
(also known as activin receptor-like kinases, ALK1-7) are iden-
tified in mammals. The type II receptors show constitutive
activity, demanding strict control of the substrate GS domain.
Structures of the type I TGF-f receptor ALK5 (TBR-I) show
that FKBP12 (the 12-kDa FK506-binding protein) competes for
binding to the GS domain and thereby inhibits leaky activation
in the absence of ligand (7, 8). Ligand induces a phosphoryla-
tion-dependent switch in the GS domain that dissociates
FKBP12 and facilitates docking of the R-Smad MH2 domain
(9). Structures of the R-Smad identify a Ser(P)-Xaa-Ser(P)-
binding module closely related to the Forkhead associated
domain of forkhead transcription factors (10, 11).

BMP signaling is dysregulated in the rare but devastating
bone disease fibrodysplasia ossificans progressiva (FOP) (12).
From early childhood, affected individuals suffer progressive
ectopic bone formation in skeletal muscle and connective tissue
that ultimately renders movement impossible. The effects of
FOP are accelerated by inflammation and trauma, precluding
surgical intervention, and there is an urgent need for an effec-
tive treatment (13). Linkage analysis led to the identification of
a recurrent heterozygous mutation (617G — A; R206H) in the
type I BMP receptor ALK2 (ACVRI) (14). Additional FOP
mutations have since been identified in both the GS and kinase
domains of ALK2 that differentially affect the age of onset of
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ossification, as well as the extent of skeletal malformation
(15-20).

The FOP condition is recapitulated in animal models by
transgenic overexpression of BMP4 (21) or caALK2 (22), a clas-
sic constitutively active ALK2 receptor containing the artificial
mutation Q207D (23). Both proteins can induce osteogenic dif-
ferentiation in mesenchymal progenitor cells, potentially
explaining the origin of heterotopic ossification in FOP (24).
Analyses of a subset of ALK2 FOP mutants, including L196P,
R206H, and G356D, suggest that FOP mutations are more
weakly activating than caALK2 but show similar potential to
induce osteogenic differentiation through reduced FKBP12
binding and increased Smad1/5/8 phosphorylation (25-30).

The recent discovery of dorsomorphin, the first chemical
inhibitor of BMP receptor signaling, provides hope for future
FOP therapies (31). Indeed, the more potent derivative LDN-
193189 reduced the effects of FOP in a mouse model expressing
caALK2 (22). Both compounds inhibit BMP-induced phosphor-
ylation of Smad1/5/8 but not the TGEF-B-induced phosphor-
ylation of Smad2/3.

Here, we investigated a large panel of FOP mutants affecting
both the GS and kinase domains to compare their relative acti-
vation and sensitivity to FKBP12. To further understand the
molecular basis for these effects, we determined the crystal
structure of ALK2 in complex with FKBP12 and dorsomorphin.
All FOP mutations are predicted to destabilize the inactive
receptor conformation promoting a shift toward kinase
activation.

EXPERIMENTAL PROCEDURES

Expression Vectors—Constructs were prepared by ligation-
independent cloning. Full-length human FKBP12 (Uniprot ID,
P62942) was cloned into pNIC28-Bsa4 for bacterial expression.
The GS and kinase domains of ALK2 (residues 172—499; Uni-
prot ID, Q04771) were cloned into pFB-LIC-Bse for baculoviral
expression. Full-length human ALK2 was cloned into
pcDNA3.1, and mutations were engineered using the
QuikChange site-directed mutagenesis kit (Stratagene). HA-
FKBP12 plasmid was a gift of C. R. Bertozzi (Addgene plasmid
20220). All constructs were verified by sequencing.

Luciferase Reporter Gene Assay—C2C12 cells were co-trans-
fected using Lipofectamine 2000 with BRE-luciferase (51),
Renilla luciferase pRLTK (Promega), and the indicated ALK2
constructs, following the manufacturer’s instructions. 16 h
after transfection, cells were starved for 7 h in DMEM contain-
ing 1% ECS. Cells were then incubated overnight untreated or
treated with 1 um FK506 or 10 ng/ml BMP4 or 50 ng/ml BMP6
before lysis. Luciferase activities were determined according to
the Dual-Luciferase® reporter assay system (Promega) using
Renilla for normalization of transfection efficiency. Results are
the means = S.E. of at least three independent experiments,
each performed in triplicate. Statistical analyses for determina-
tion of p values used the Student’s ¢ test. p < 0.05 was consid-
ered significant.

Immunoprecipitation—C2C12 or HEK293 cells were trans-
fected with FLAG-tagged ALK2 and HA-tagged FKBP12 by
FuGENE (Promega), following the manufacturer’s protocol.
The following day, cells were lysed for 1 h at 4 °C in buffer
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containing 150 mm NaCl, 20 mm Tris-HCI, pH 7.5, 0.1% Triton
X-100, and protease inhibitors (Roche Applied Science).
Lysates were clarified by centrifugation, and the protein con-
centration was measured using the BCA assay (Pierce). 1 mg of
lysate was incubated with anti-HA-agarose beads (Sigma) for
2 h at 4 °C before the beads were washed thoroughly in lysis
buffer and resuspended in 20 ul of SDS-PAGE loading dye.
Samples were run on a 4—12% BisTris pre-cast gel (Criterion),
transferred onto PVDF or nitrocellulose (GE Healthcare) and
probed with the relevant antibody; anti-FLAG-HRP (Sigma), or
anti-HA (12CAS5, Roche Applied Science). Bands were detected
by ECL (Pierce) and images acquired on a LAS-4000 image
analyzer. Band intensities were quantified using the Kodak ID
program.

Protein Expression—The FKBP12 plasmid was transformed
into Escherichia coli strain BL21(DE3)R3-pRARE2 for expres-
sion. Cultures in LB media were induced with 0.5 mM isopropyl
1-thio-B-p-galactopyranoside overnight at 18 °C, and the cells
were harvested and lysed by ultrasonication. ALK2 was
expressed in Sf9 insect cells grown at 27 °C. Some 48 h post-
infection, cells were harvested and lysed using a C5 high pres-
sure homogenizer (Emulsiflex). Both proteins were initially
purified separately by nickel affinity chromatography. The
ALK2-FKBP12 complex was prepared by size exclusion chro-
matography mixing an excess of FKBP12. The eluted complex
was stored in 50 mm HEPES, pH 7.5, 150 mm NaCl, 10 mm DTT.
The hexahistidine tags of ALK2 and FKBP12 were cleaved using
tobacco etch virus protease.

Crystallization—Crystallization was achieved at 4 °C using
the sitting-drop vapor diffusion method. The ALK2-FKBP12
complex was preincubated with 1 mm dorsomorphin (Calbi-
ochem) at a protein concentration of 10 mg/ml and crystallized
using a precipitant containing 30% PEG3350, 0.25 M ammo-
nium sulfate, and 0.1 M BisTris, pH 6.0. Viable crystals were
obtained when the protein solution was mixed with the reser-
voir solution at 2:1 volume ratio. Crystals were cryoprotected
with mother liquor plus 20% PEG400, prior to vitrification in
liquid nitrogen.

Data Collection—Diffraction data were collected at the Dia-
mond Light Source, station 102 using monochromatic radiation
at wavelength 0.9050 A.

Phasing, Model Building, Refinement, and Validation—Data
were processed with MOSFLM (32) and subsequently scaled
using the program SCALA from the CCP4 suite (33). Initial
phases were obtained by molecular replacement using the pro-
gram PHASER (34) and the structures of FKBP12 (Protein Data
Bank code 1A7X) and ALK5 (Protein Data Bank code 1B6C) as
search models. Density modification and NCS averaging were
performed using the program DM (35), and the improved
phases were used in automated model building with the pro-
gram ARP/wARP (36) and Buccaneer (37). The resulting struc-
ture solution was refined using REFMACS5 from the CCP4 suite
(38) and manually rebuilt with COOT (39). Appropriate TLS
restrained refinement using the tls tensor files calculated from
the program TLSMD (40) was applied at the final round of
refinement. The complete structure was verified for geometric
correctness with MolProbity (41). Data collection and refine-
ment statistics are shown in Table 1.
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FIGURE 1. FOP mutations induce gain of function. A, schematic representation of the ALK2 protein showing the domain organization. FOP mutations map
to the cytoplasmic GS and kinase domains. B, BRE-luciferase reporter assay for constitutive ALK2 activity. C2C12 cells were either left untreated (white bars),
treated with 1 um FK506 (light gray bars), or 10 ng/ml BMP4 (dark gray bars). y axis displays the ratio of Firefly/Renilla activity for transfected ALK2 constructs
relative to vector control. Error bars represent standard error of at least three independent experiments performed in triplicate. In comparison with the
untreated cells, FK506 significantly enhanced signaling by WT, R206H, G328E, G328R, and G356D (asterisk indicates significance at p < 0.05), whereas L196P,
P197_F198delinsL, R202l, and Q207D were little affected (p > 0.6; ns indicates not significant). The remaining samples had intermediate p values (R258S and
R375P were p < 0.1). Statistical analyses indicated no significant difference between FK506-treated FOP mutant samples and untreated caALK2 (p values >0.1).
Additional data determined in parallel for BMP6 are shown in supplemental Fig. S1. C, representative expression levels for transfected ALK2 constructs. Control
represents an endogenous protein bound by the anti-FLAG antibody. Numbers below indicate the band intensities for anti-FLAG normalized to control and
shown relative to wild type.

RESULTS

FOP Mutants Show Gain of Function—To investigate the
effects of FOP mutation (Fig. 14), we tested the functional con-
sequences of these receptors in a Smad-dependent luciferase
reporter assay. For this, a BRE-luciferase construct was
co-transfected with indicated receptor constructs in C2C12
cells. Signaling from the wild-type ALK2 receptor was observed
only upon stimulation with BMP4 (Fig. 1B) or BMP6 (supple-
mental Fig. S1), whereas the activity of the artificial constitu-
tively active mutant caALK2 was induced independently of

36992 JOURNAL OF BIOLOGICAL CHEMISTRY

added ligand (Fig. 1B). In comparison, the basal activity of FOP
mutants was more moderate, demonstrating that their gain of
function was weaker (Fig. 1B, white bars). Overall, BMP6 sig-
naling was strongly enhanced by ALK2 transfection, consistent
with its preferential signaling through this receptor (supple-
mental Fig. S1) (42, 43). In contrast, BMP4 signaling was lower
in wild-type ALK2-transfected cells than the vector control
(Fig. 1B). We speculate that there is some competitive interfer-
ence of ALK2 with the preferred endogenous BMP4 receptors
ALK3 (BMPR1A) and ALK6 (BMPRI1B).

“BSEpEN
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The most active FOP mutant contained a deletion in the GS
domain, replacing Pro-197/Phe-198 with a single leucine resi-
due that removes part of the FKBP12 interaction site. To assess
whether the activity of other FOP mutants was generally
restricted by endogenous FKBP12, we treated the cells with the
FKBP12 ligand FK506 (also known as the immunosuppressant
Tacrolimus). FK506 competes with the GS domain for binding
to FKBP12 and thereby dissociates FKBP12 from receptors
(44). Under these conditions, the signaling from the wild-type
receptor was increased 2.5-fold (Fig. 1B, light gray bars) but
remained relatively low, indicating that the mechanism of acti-
vation in FOP extends beyond the simple disruption of FKBP12
binding. In comparison, the activity of some FOP mutants was
generally increased to a level similar to caALK2, revealing an
inherent gain of function in their catalytic domain in the
absence of added BMP ligand (Fig. 1B). Significantly, the signal-
ing by R206H was increased by FK506 to a far greater extent
than other GS domain mutants, such as L196P (Fig. 1B).

The different responses of L196P and R206H to FK506 may
be explained by their different affinities for FKBP12. To test this
hypothesis, we transiently co-transfected HA-tagged FKBP12
with wild type, L196P, and R206H ALK2 constructs into C2C12
cells and performed an HA immunoprecipitation. In agreement
with their responses to FK506 in the luciferase reporter assay,
wild-type ALK2 and the R206H mutant showed significant
binding to FKBP12, whereas the interaction of L196P was
essentially lost (Fig. 24). All FKBP12 interactions were inhib-
ited by FK506 (Fig. 2A4). Similar results were obtained in
HEK293 cells (Fig. 2B), although under less saturating condi-
tions the FKBP12 binding of R206H was notably weaker than
wild type. Together, the BRE-luciferase and immunoprecipita-
tion data suggest that FKBP12 remains an important modulator
of receptor function in the majority of FOP cases where muta-
tions fall outside the core FKBP12-binding site.

Overview of the ALK2-FKBP12 Structure—To understand the
structural consequences of FOP mutation, we co-purified the
cytoplasmic region of ALK2 containing the GS and kinase
domains (residues 172—499) with FKBP12 and determined the
crystal structure of the complex at 2.35 A resolution (Fig. 34). Parts
of the activation loop (A loop) and L45 loop were disordered and
excluded from the model. A summary of statistics for data collec-
tion and refinement is reported in Table 1. Overall, ALK2 adopts
the typical bilobal kinase architecture with a pattern of specific
insertions that define the TGF-B/BMP receptor family (8). These
include the L45 loop, the E6 loop, insertions flanking the oF helix,
and an insertion in the substrate pocket preceding the aG helix.

The GS domain extends at the start of the N-lobe in a helix-
loop-helix motif that binds FKBP12 similarly to ALK5 (8). Bind-
ing is dominated by insertion of the «GS2 helix into the central
FK506-binding pocket of FKBP12. Here, the ALK5 residues
Leu-195-Leu-196 are replaced by ALK2 Phe-198-Leu-199
resulting is a subtle shift in the packing of the interface and the
position of FKBP12 (Fig. 3B). However, the overall structures of
the two complexes are highly conserved (Ca root mean square
deviation of 1.5 A).

The small molecule inhibitor dorsomorphin binds to the ATP-
binding pocket with an ATP-mimetic binding mode, while ori-
ented parallel to the hinge (Fig. 3, A and C). The core pyrazolo[1,5-
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FIGURE 2. FOP mutations reduce FKBP12 binding. A,immunoprecipitation
(IP) to determine FKBP12 binding to ALK2 in C2C12 cells transfected with
FLAG-tagged ALK2 and HA-tagged FKBP12. Cells were either left untreated or
treated with 1 um FK506 as indicated. Proteins were detected with the indi-
cated antibodies. The amount of immunoprecipitated ALK2 in each lane was
quantified, normalized to input, and displayed relative to wild type. B, immu-
noprecipitation to determine FKBP12 binding to ALK2 in HEK293 cells treated
as in A. WB, Western blot.

a]pyrimidine ring forms a single hydrogen bond to the hinge
amide of His-286. The substituent 4-pyridine ring is accommo-
dated in a hydrophobic pocket formed by Val-222, Leu-263, Leu-
281, and Ala-353 and forms a water-mediated hydrogen bond with
Glu-248 («C). On the other side of the inhibitor, the phenyl ring
packs below the 81 strand with its plane stacking between Gly-289
and the side chain of Val-214. Further contact is made with the
hinge residue Tyr-285, whereas the piperidinyl-ethoxy group is
largely extended away into solvent.

Structural Changes Determining Receptor Activation—To
understand the structural changes between type I receptors and
constitutively active type II receptors, we compared the ALK2
structure with those of the type II activin (ActRIIB) (45) and
BMP (BMPRII) receptors (Fig. 44). Superposition shows that
the structures are closely matched with the exception of struc-
tural elements linked to the activation state of the catalytic
domain. The ALK2 structure displays an inhibited conformation
of both the GS and kinase domains (Fig. 44). The GS loop is pro-
tected from phosphorylation by coordination with Arg-258, which
buries the GS loop in the kinase N-lobe between aC and 34 (Fig.
4B). As a result, the aC helix is swung away from the catalytic
domain at its C terminus and inwards at its N terminus (Fig. 44).
This packing is stabilized by the A loop residue Arg-375 that forms
inhibitory salt bridges with the catalytic HRD (Asp-336) and DFG
(Asp-354) motifs as well as a hydrogen bond to Ser-244 (aC) (Fig.
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FIGURE 3. Structure of the ALK2-FKBP12 complex. A, secondary structure elements are labeled and shown as ribbons. Disordered parts of the L45 loop and
Aloop are indicated by a thin dashed line. Dorsomorphin is shown in gray stick representation, and Mg " ion (cyan) and sulfate molecules (purple) are displayed
as spheres. Inset box shows the specificinteractions of dorsomorphin (yellow sticks) with the ATP pocket in ALK2. Hydrogen bonds (blue dashed lines) are formed
with the hinge amide of His-286 and via a water molecule to Glu-248 (aC). The planarity of the phenyl ring is restricted by the close packing of Val-214
and Gly-289 (dashed gray lines). B, FKBP12 binding is dominated by insertion of the aGS2 helix into the central FK506-binding pocket of FKBP12. Here, the ALK5
residues Leu-195-Leu-196 are replaced by ALK2 Phe-198-Leu-199 resulting in a subtle shift in the complex interface. The hydrophobic contact surface in
FKBP12 is colored yellow. C, |F,| — |F.| omit map contoured at 3o (green mesh) for the bound dorsomorphin ligand (yellow sticks).

4C). Both aspartates are critically required in all kinases for Mg-
ATP binding and catalysis. ATP binding to ALK2 is further inhib-
ited by an inactive conformation of the phosphate-binding loop (P
loop) residue Tyr-219 (Fig. 4C).

TABLE 1
Data collection and refinement statistics
ALK2-FKBP12-dorsomorphin

PDB cod 3H9R . 2. .
Ligancd" ¢ Dorsomorphin FOP Mutations Destabilize the Inactive State—The ALK2 struc-
Space group P2,2,2, ture offers molecular explanations for the individual FOP muta-

Cell dimensions a=434,b=624,¢c=1716 A

a, B,y = 90.0°

Data collection

tions. Overall, the mutations are tightly clustered around the GS
domain and ATP pocket (Fig. 54). As shown in Fig. 4, in the wild-

gesf’lmi"rg fons® 3(2).}25(32253952 ;3* (2.35-248 A) type structure these residues make critical interactions that stabi-
cgﬁﬁ;‘feiﬁnj;i‘ms 99.8% (100%) lize the inactive state. FOP mutations are predicted to break these
gedunadanCY“ leél(;;f%s 45 inhibitory interactions promoting a shift toward the active state.
1ot 74(20) The aGS2 helix forms a mutation hot spot and harbors the
Refinement most frequent FOP mutation R206H alongside the mutations
Iges‘)/l;;ti"n range ‘1%;/5;5"620}35 R202I and Q207E (Fig. 5B). All three residues bind the GS
Atoms (protein/other) 3303/357 0 domain to the kinase N-lobe and form peripheral interactions
ﬁ-fatctors (protein/ggafl‘z) bond 3%1252 1{,32 that stabilize the inhibitory complex with FKBP12. GIn-207
0ot mean square deviation bonds X
Root mean sguare deviation angles  1.5° forms hydrogen bonds with ALK2 Trp-227 (kinase domain 32)
Ramachandran® as well as Glu-55 in FKBP12 (Fig. 5B). In the Q207E FOP
i*ﬁ"’rei %660/% mutant, the juxtaposition of Glu-207 and Glu-55 would create
owe 0

“Values in parentheses represent statistics for highest resolution shells.

 Molprobity server analysis can be found on line.

36994 JOURNAL OF BIOLOGICAL CHEMISTRY

electrostatic repulsion and weaken FKBP12 binding. Similar
repulsion is expected in the caALK2 mutant Q207D. On the
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ALK2
BMPRII

ALK2
BMPRII

(O

FIGURE 4. Structural changes required for ALK2 activation. A, ALK2 (cyan, kinase; yellow, GS domain) adopts an inactive structure as shown by superposition
with the type I| BMP receptors ActRIIB (purple; Protein Data Bank 2QLU) or BMPRII (orange; Protein Data Bank 3G2F). Inset boxes and arrows highlight the
movements required for activation of ALK2 (back view, top; front view, bottom). B, specific side chain interactions from the top inset box in A are shown. Here,
the ALK2 GS loop adopts a buried conformation that is stabilized by interaction with Arg-258. C, specific side chain interactions from the lower inset box in A are
shown. Here, ATP binding is sterically inhibited in ALK2 by the conformations of Tyr-219 (P loop) and Arg-375 (A loop).

other face of the aGS2 helix, Arg-202 and Arg-206 form hydro-
gen bonds with Asp-269 (kinase domain B4), and Arg-206
forms a further hydrogen bond with the backbone oxygen of
Met-270 (Fig. 5B). FOP mutations at these positions would
break these bonds and destabilize the GS domain interactions
with FKBP12 as well as the kinase L45 loop (Fig. 5C).

At the opposite end of aGS2, a deletion in FOP replaces Pro-
197/Phe-198 with a single leucine residue, removing part of the
FKBP12 interaction shown in Fig. 3B. Together with L196P,
R258S, and G328R/G328W/G328E, this forms a mutation cluster
bordering the buried GS loop. The P197_F198delinsL substitution
would dramatically destabilize the inhibitory packing shown in
Fig. 4B. Leu-196 is packed against the kinase 4 strand in the
hydrophobic core of the GS domain (Fig. 5C). Arg-258 forms three
hydrogen bonds to the GS loop. Gly-328 is located inside the
neighboring E6 loop where no other side chain can be accommo-
dated (Fig. 5C). Mutations at all three sites break critical bonds,
providing freedom for the GS loop to move away from the kinase
N-lobe, promoting an active kinase conformation. The remaining

OCTOBER 26, 2012 +VOLUME 287 +-NUMBER 44

mutations G356D (DFG motif) and R375P (A loop) destabilize the
inhibitory A loop conformation described in Fig. 4C resulting
again in activation of ALK2. Until recently, the glycine position of
the DFG motif was considered essential and invariant, but larger
residues at this position have recently been identified in active
kinases, including Haspin, and are well tolerated (46). In fact,
G356D was the most active mutant in the presence of FK506, dem-
onstrating the significant additive effects of structural changes in
both the kinase and GS domains.

DISCUSSION

Here, we used a large panel of ALK2 constructs to show that
weak gain of function is a common and specific disease feature
shared by all FOP mutants. This was evidenced by leaky activation
in the absence of ligand as well as an enhanced BRE-luciferase
response to BMP4 and BMP6. Overall, mild constitutive activation
was higher for GS domain mutants than those in the kinase
domain. We demonstrated that the low basal signaling of FOP
mutants was partly restricted by endogenous FKBP12. Thus, the
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FIGURE 5. FOP mutations destabilize the inactive state. A, FOP mutation sites are clustered around the regulatory GS domain and ATP pocket. B, «GS2 helix
in ALK2 is a hot spot for FOP mutation. /nset shows the likely charge repulsion between Q207E and FKBP12 Glu-55. C, structural models show that FOP
mutations break inhibitory interactions in the ALK2-FKBP12 structure. Changes in the mutant structure are colored purple and overlaid onto the wild-type
residue colored yellow. Hydrogen bonds in the wild type (yellow) and clashes in the mutant structure (purple) are shown by spheres and dashed lines, respec-

tively. Models were generated using the Eris server (49).

full extent of mutant activation was only revealed upon displace-
ment of FKBP12 with FK506. For the first time, this exposed the
substantial gain of function inherent in many kinase domain
mutants, including G356D.

The GS domain mutant L196P has raised particular interest
for its association with a comparatively benign clinical course

36996 JOURNAL OF BIOLOGICAL CHEMISTRY

(18). In agreement with Ohte et al. (30), we found that the basal
activity of L196P was surprisingly robust and similar to R206H.
However, in contrast to R206H, the activity of L196P was not
increased by FK506 and consequently fell below that of all other
FOP mutants under this condition. The lower limit for consti-
tutive L196P signaling in the absence of FKBP12 may offer one
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FIGURE 6. Schematic for ALK2 activation in FOP. The GS (yellow) and kinase
(gray) domains are in equilibrium between inactive (left) and active (right) confor-
mations. Top, in wild-type ALK2, FOP-associated residues (green sticks; Arg-206,
Arg-258, and Arg-375) form critical interactions that maintain inhibitory confor-
mations of the GS loop (purple), aC helix (blue), and A loop (red). The equilibrium
is therefore shifted to the left, promoting binding of FKBP12. Bottom, in the
R206H mutant, inhibitory GS-kinase domain interactions are broken, and the
equilibrium is shifted to the right. FKBP12 is dissociated allowing interactions
with the type Il receptor (data not shown) (50). Opening of the GS loop and ATP
pockets facilitates Smad assembly and phosphorylation.

inactive
conformation

explanation for a delayed onset of disease. In support of these data,
we observed some binding of FKBP12 to R206H, whereas there
was no binding to L196P. These data are consistent and comple-
mentary to previous BRE-luciferase assays using FKBP12 overex-
pression (28 —30) as well as in vitro binding data (47).

FOP mutations have the potential to act through multiple
(and overlapping) mechanisms, including changes to the kinase
domain activation state and changes to the GS domain that
diminish inhibition by FKBP12. A key observation from our
study is that wild-type ALK2 signaling remains low even upon
FK506 treatment. This suggests that FOP does not result from
FKBP12 disruption alone. In agreement, Song et al. (28) showed
that FK506 induced alkaline phosphatase staining in C2C12
cells stably expressing R206H but not wild-type ALK2.
Together, these data support our assertion that FOP mutations
act also to induce changes in the activation state of the catalytic
domain. The observed level of constitutive activation is then
modulated further by differences in FKBP12 affinity.

To understand the molecular basis for these effects, we
solved the structure of the ALK2-FKBP12 complex. As
observed for ALKS5 (8, 9), FKBP12 functions not only to block
access to the regulatory GS loop but also inhibits «C move-
ments required for kinase activation. Our data show that the
inactive conformation remains relatively stable in wild-type
ALK2 even in the absence of FKBP12. Residues associated with
FOP map exclusively to sites of structural change and form
critical interactions to stabilize this inactive state. FOP muta-
tions thus break bonds in the inhibited receptor that promote
activation. The inactive conformation is therefore unstable in
FOP mutant kinase domains, facilitating release of FKBP12 and
activation of Smad (Fig. 6). This model agrees with earlier pre-
dictions for loss of autoinhibition (16) and offers a common
mechanism to explain the action of all FOP mutations. The
structure of the ternary ALK2-Smad complex remains to be
determined and will be an important step to further rationalize
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the subtle differences between the artificial caALK2 mutant
Q207D and the weaker FOP mutants such as Q207E.

In this study we define the structural changes between active
and inactive BMP receptors and rationalize how this transition
is compromised by FOP mutation. The structure of the ALK2-
dorsomorphin complex also provides a new model for struc-
ture-based lead optimization of BMP inhibitors. Such inhibi-
tors have many applications in cell signaling and stem cell
biology and are proposed as potential therapeutics for hetero-
topic ossification as well as anemia of inflammation (48).
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