BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

Structure of the Alk1 Extracellular Domain and Characterization of Its
Bone Morphogenetic Protein (BMP) Binding Properties

Pardeep Mahlawat, " Udayar Ilangovan,T Tanuka Biswas,” Lu-Zhe Sun,* and Andrew P. Hinck*"

"Department of Biochemistry and Cancer Therapy and Research Center, and *Department of Cellular and Structural Biology and
Cancer Therapy and Research Center, University of Texas Health Science Center at San Antonio, San Antonio, Texas 78229-3900,
United States

© Supporting Information

Alk3 Positioning Alk1 Positioning Alk1:BMP-9

—

ABSTRACT: Bone morphogenetic proteins (BMPs) are secreted signaling proteins — they transduce their signals by
assembling complexes comprised of one of three known type II receptors and one of four known type I receptors. BMP-9 binds
and signals through the type I receptor Alkl, but not other Alks, while BMP-2, -4, and -7 bind and signal through Alk3, and the
close homologue Alk6, but not Alkl. The present results, which include the determination of the Alkl structure using NMR and
identification of residues important for binding using SPR, show that the $-strand framework of Alk1 is highly similar to Alk3, yet
there are significant differences in loops shown previously to be important for binding. The most pronounced difference is in the
N-terminal portion of the $4-8S loop, which is structurally ordered and includes a similarly placed but shorter helix in Alkl
compared to Alk3. The altered conformation of the f4-f5 loop, and to lesser extent 1-$2 loop, cause clashes when AlkI is
positioned onto BMP-9 in the manner that Alk3 is positioned onto BMP-2. This necessitates an alternative manner of binding,
which is supported by a model of the BMP-9/Alkl complex constructed using the program RosettaDock. The model shows that
AlK1 is positioned similar to Alk3 but is rotated by 40 deg. The alternate positioning allows Alkl to bind BMP-9 through a large
hydrophobic interface, consistent with mutational analysis that identified several residues in the central portion of the $4-/S loop
that contribute significantly to binding and are nonconservatively substituted relative to the corresponding residues in AIk3.

B one morphogenetic proteins (BMPs) are small secreted receptors.” This initiates a phosphorylation cascade in which
signaling proteins that regulate embryonic patterning and the constitutively active type II receptor phosphorylates
organ development and maintain and regenerate tissues.' ™ conserved serines within a negative regulatory domain of the
They are present in both invertebrates and vertebrates and are type 1 receptor.’ Activated type I receptor in turn
the ancestors of an extended family of signaling proteins, phosphorylates downstream signaling messengers called
known as the TGE-f3 superfamily.* The other members of the receptor-regulated Smads, or R-Smads, to relay the signal
superfamily include the closely related growth and differ- from cell membrane to the nucleus.” There are seven type I and
entiation factors (GDFs), which regulate cartilage and skeletal five type II receptors in humans and other higher vertebrates.
development, the activins and inhibins, which regulate cell The type I receptors, which include activin-like kinases 1—7 (or
growth and the release of pituitary hormones, and the TGF-fs, Alk1-7), can be further divided into subgroups based on the

which regulate cellular growth and differentiation. The ligand they bind and the R-Smad th.ey activate. The type I
superfamily has expanded as eukaryotes have diversified, with receptors Alklr_ Alk2, Alk3, and Alk6 principally bind BMPs and
three known ligands in Caenorhabditis elegans, seven in GDFs and activate R-Smads 1, 5, and 8, whereas Alk4, AlkS,

Drosophila melanogaster, and more than 30, including more and Alk7 bind ligands such as activins, myostatin, and TGF-s

than 15 known BMPs and GDFs, in humans. and activate R-Smads 2 and 3. Activated R-Smads form a
BMPs and other proteins of the TGF-# superfamily

transduce their signals by binding and bringing together two Received: March 21, 2012

serine/threonine kinase receptors, known as type I and type 1I Published: July 16, 2012
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Figure 1. Sequence alignment of the Alkl extracellular domain with the extracellular domains of the BMP type I receptors Alk2, Alk3, and Alk6 and
the TGF-# type I receptor, AlkS. Conserved cysteines (vertical red boxes) and disulfide bonds (horizontal black bars) in the Alk3,"?° Alks,**° and
Alk6*" structures that define the receptor three finger toxin fold are highlighted. Functionally important residues in the helical region of Alk3 and
Alk6 are highlighted in red, while those in the prehelical extension of AIkS are highlighted in cyan. Proposed functionally important residues in Alkl
are highlighted in green. Unbound and bound secondary structural elements shown above the Alkl, Alk2, Alk3, and Alk6 sequences correspond to
those from the solution structure of Alk3 (PDB 2K3G) and the crystal structure of Alk3 bound to BMP-2 (PDB 1REW); those above the AlkS
sequence correspond to those from the solution structure of AlkS (2LSS) and the crystal structure of AlkS bound to the TGF-f3/TSR-II complex
(PDB 2PJY).

complex with a common partner, Smad4, and translocate to the suggests that the distinct specificity of Alkl and Alk3 for
nucleus where they regulate transcription of target genes.” R- different BMPs might arise from these amino acid differences.
Smads 2 and 3 and 1, S, and 8 assemble distinct transcriptional To investigate the underlying specificity differences between
complexes and target distinct genes, segregating the activities of Alkl and Alk3, the structure of the unbound form of the Alkl
BMPs and GDFs from activins, myostatin, and TGE-fs.® extracellular domain was determined using nuclear magnetic

Alkl and endoglin, an unrelated cell surface proteoglycan resonance (NMR) spectroscopy. The secondary structure and
with a large ectodomain and a short noncatalytic cytoplasmic overall fold of Alkl were found to be highly similar to Alk3;
domain, are expressed mainly by endothelial cells and have however, in contrast to Alk3, the helix in the binding region was
been linked to hereditary hemorrhagic telangiectasia (HHT), a shown to be both preformed and largely rigid on the
disease caused by the fragility of blood vessels.” Alkl and nanosecond—picosecond time scale. The preformed helix and
endoglin null mice have been further shown to have major rigidity in this region of Alkl could account for its restricted
defects in vasculogenesis and are embryonic lethal.'%™'* Alk1 is binding compared to Alk3, with its Glu-Leu motif serving as a
required for the inhibition of endothelial cell proliferation and critical specificity determinant. This was evaluated by
migration and balances the activity of factors which stimulate generating chimeras in which the Glu-Leu motif from Alkl
endothelial cell proliferation and migration.”> Alkl was was swapped with the homologous Phe-Gln motif from Alk3.

considered an orphan receptor for many years, although

recently BMP-9, as well as the closely related ligand BMP-10, B EXPERIMENTAL PROCEDURES

have been identified as high affinity ligands for both Alk1'* and Chemicals and Other Reagents. Tris(hydroxymethyl)-
endoglin.'® Isolated preparations of the Alkl and endoglin aminomethane (Tris), 4-(2-hydroxyethyl)-1-piperazineethane-
extracellular domains have been further shown to non- sulfonic acid (HEPES), ethylenediaminetetraacetic acid
competitively bind BMP-9,'!” suggesting a common mecha- (EDTA), sodium chloride, and oxidized and reduced
nism (ie, BMP-9 binding) by which mutations in Alkl and glutathione were purchased from Sigma-Aldrich (St. Louis,
endoglin lead to HHT. MO). Tween 20, 1l-ethyl-3-[3-dimethylaminopropyl]-

Alkl binds BMP-9 with higher affinity than other Alks, carbodiimide hydrochloride (EDC), N-hydroxysuccinimide

including Alk3 and its close homologue, Alk6.'*'® AIk3, in (NHS), and CM-S sensor chips were purchased from GE
contrast, binds ligﬁnl%s such as BMP-2, -4, and -7 with greater Healthcare (Piscataway, NJ). Human BMP-2 and human BMP-
aﬂinlty than Alkl ! ThlS suggests that these otherwise Similar 9 were Purchased from Peprotech (Rocky HIH, NJ) All Other

receptors have acquired local amino acid or structural chemicals were reagent grade or better and were purchased
differences that underlie their unique specificity. Structural from ThermoFischer Scientific (Waltham, MA).

studies have shown that BMP-2 binds Alk3 through a short Expression and Purification of Alk1-ED. A DNA
solvent exposed a-helix that undergoes a disorder-to-order fragment corresponding to the full-length ectodomain of
transition upon binding.'”*° Sequence alignments show that mature human Alk1**> was inserted between the Xhol and
two residues identified as critical for binding of Alk3, Phe85, Ndel cleavage sites in pET15b (Novagen, Madison, WI). This
and GIn86,”' are replaced with a glutamate and a leucine, construct included in addition to residues 1—97 of the mature
respectively, in Alkl (Figure 1). Structural analysis of Alk3 ectodomain an N-terminal histidine tag followed by a thrombin
bound to BMP-2 has shown that the phenyl ring of Phe85 cleavage site. The construct was overexpressed in Escherichia
forms a knob that fits into a hole formed between two coli BL21(DE3) cells cultured at 37 °C in LB medium
tryptophan residues found in most ligands of the superfamily,19 containing 150 mg/L ampicillin. Protein expression was
whereas the side chain amide group of GIn86 forms a hydrogen induced by adding 0.8 mM IPTG when the absorbance at
bond to the backbone.>’ The demonstrated importance of 600 nm reached 0.6. Cells were harvested 6—8 h after
these residues for ligand binding, together with the induction. Cell pellets from 6 L of culture were resuspended
demonstrated specificity differences between Alkl and Alk3, in 200 mL of lysis buffer (100 mM Tris, 10 mM EDTA, pH 8.3
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with HCI) and sonicated. After sonication and three sequential
washes with wash buffer (one time with 100 mM Tris-Cl, 10
mM EDTA, 1 M NaCl, pH 8.3 and two times with 100 mM
Tris-Cl, 10 mM EDTA, 1% (v/v) Triton X-100, pH 8.3), the
pellet was resuspended in 200 mL of denaturing buffer (100
mM NaH,PO,, 10 mM Tris, 8 M urea, pH 8.0) and stirred
overnight at room temperature. The remaining insoluble
material was removed by centrifugation and the supernatant
was applied to 25 mL Ni-NTA resin (Qiagen, Valencia, CA)
pre-equilibrated with 100 mL of denaturing buffer followed by
washes with 10 column volumes of denaturing buffer. The
bound protein was eluted by applying 50 mL of denaturing
buffer containing 300 mM imidazole. The eluted protein was
treated with reduced glutathione (final concentration 60 mM
for SO mL of protein sample) followed by stirring for 30 min at
room temperature. The protein sample was diluted into 4 L of
prechilled refolding buffer (50 mM Tris, 5% glycerol, 0.5 mM
oxidized glutathione, pH 9.0) and stirred for 24—36 h at 4 °C.
The folding mixture was then applied to a bed of Ni-NTA
resinequilibrated with 50 mM Tris, 5% glycerol, pH 8.3. Resin
bound Alk1-ED was eluted with 50 mL of equilibration buffer
containing 300 mM imidazole. The eluted protein was
incubated overnight with thrombin (4 units/mg of Alkl-ED)
at 4 °C to cleave the His-tag. After cleavage, the protein was
applied to Source Q HPLC column and the bound protein was
eluted with a 0—0.5 M linear NaCl gradient in 50 mM Tris-Cl,
pH 8.5. Fractions were analyzed by nonreducing SDS—PAGE
and those found to contain Alkl monomers were pooled and
applied to a 10 X 250 mm C18 reverse-phase HPLC column
(Phenomenex, Torrance, CA) pre-equilibrated with 95% buffer
“A” (99.9% v/v water, 0.1% v/v trifluoroacetic acid) and 5%
buffer “B” (99.9% v/v acetonitrile, 0.1% v/v trifluoroacetic
acid). Alk1-ED was eluted by stepping the buffer “B” up to 10%
followed by a linear gradient from 10% B to 50% B at 2.5 mL/
min over 15 column volumes. Fractions were analyzed by
nonreducing SDS—PAGE, and those found to contain Alkl
monomers were pooled and lyophilized.

Expression and Purification of Alk3-ED. A DNA
fragment corresponding to residues 28—129 of the mature of
human Alk3 ectodomain (Alk3-ED) was inserted downstream
of an expression cassette that included thioredoxin, a
hexahistidine tag, and thrombin cleavage site in plasmid
pET32a (Novagen, Madison, WI). The fusion protein was
overexpressed in E. coli BL21(DE3) cells cultured at 37 °C in
LB medium containing 150 mg/L ampicillin; when the cells
reached an absorbance at 600 nm of 0.5, the temperature was
lowered to 20 °C and grown for 30 min longer before inducing
with 0.8 mM IPTG. The cells were incubated an additional 8—
10 h at 20 °C and then harvested by centrifugation. Cell pellets
from 6 L of culture were resuspended in 200 mL of lysis buffer
(25 mM sodium phosphate, 025 M NaCl and 7.5 mM
imidazole, pH 8.0 and 1 mM PMSF) and sonicated. The lysate
was centrifuged and the supernatant was loaded onto a column
containing 25 mL of Ni-NTA resin equilibrated with lysis
buffer. The column was washed with five column volumes of
lysis buffer, and the bound protein was eluted with a 0—300
mM linear gradient of imidazole in lysis buffer. The protein
containing fractions were identified by SDS—PAGE and pooled.
Solid urea was added to 6 M, and after concentrating to 30 mL,
glutathione was added to a final concentration of 30 mM. The
reduced protein sample was slowly diluted into 900 mL of
prechilled refolding buffer (100 mM Tris, 0.5 mM oxidized
glutathione, pH 8.5) and stirred overnight at 4 °C. The
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refolding mixture was concentrated to 75 mL, incubated with
thrombin (3 U/mg of protein) overnight at 4 °C, dialyzed into
25 mM Tris-Cl, pH 8.0) and loaded onto a 25 mL Ni-NTA
column that had been pre-equilibrated with Tris buffer. The
column was washed with 100 mL of Tris buffer, and the flow-
through and wash, which contained Alk3-ED, were pooled and
dialyzed three times against 4 L of 25 mM Hepes, pH 7.0. The
dialyzed protein was loaded onto a Source Q anion-exchange
HPLC column (GE Healthcare, Piscataway, NJ) and eluted
with a 0.0—0.5 M linear NaCl gradient (buffer A - 25 mM
Hepes, pH 7.0; buffer B - 25 mM Hepes, 0.5 M NaCl, pH 7.0).
Fractions were analyzed by nonreducing SDS—PAGE, and
those found to contain Alk3-ED monomers were pooled and
further fractionated on a C18 reverse phase column as for Alk1-
ED.

Cell-Based Antagonist Assays. Mouse NIH-3T3 fibro-
blasts were cultured to near confluency in DMEM and
transiently transfected with a construct encoding full-length
Alkl or Alk3 under the control of a CMV promoter. Twelve
hours post-transfection, the transfected cells were transferred to
serum free medium and cultured an additional six hours. The
AlKk1 transfected cells were then treated with 200 pM BMP-9
with increasing concentrations of the purified Alkl and Alk3
extracellular domains (40 nM, 400 nM, or 2000 nM for Alkl
and 40 nM, 400 nM, or 4000 nM for Alk3). The Alk3
transfected cells were treated with 800 pM BMP-2 with
increasing concentrations of the purified Alkl and Alk3
extracellular domains (160 nM or 1600 nM for Alkl and 160
nM, 1600 nM, or 16000 nM for Alk3). The cells were cultured
for an additional hour, isolated by centrifugation, and lysed in
buffer containing protease and phosphatase inhibitors. The
signaling activity was then assessed by subjecting 30 ug of
protein from the soluble fraction to SDS—PAGE followed by
Western blotting with a phospho-Smad1/5/8 antibody (Cell
Signaling, Boston, MA). The total protein loaded and Smad
expression levels were controlled by stripping the blot and
probing with SmadS (Abcam, Cambridge, MA) and GAPDH
(Calbiochem, San Diego, CA) antibodies.

NMR Samples and NMR Data Acquisition. Alkl-ED
samples isotopically labeled with N or '*N and "*C for NMR
were prepared by growing bacterial cells in M9 media
containing 0.1% (w/v) "NH,CI or 0.1% (w/v) “NH,CI and
0.03% (w/v) C labeled glucose. All NMR samples were
prepared in 25 mM sodium phosphate, 5% *H,0, 0.02% w/v
sodium azide at a protein concentration of 0.4—0.7 mM, pH
5.5. All NMR data were acquired at a sample temperature of 32
°C.

Backbone and Side Chain Assignment. Backbone
resonance assignments of Alkl-ED were obtained by collecting
and analyzing sensitivity-enhanced triple-resonance data sets,
including HNCACB,” CBCA(CO)NH,** C(CO)NH,*
HNCO,”® and HN(CA)CO.” Aliphatic 'H and C assign-
ments were obtained by collecting and analyzing HBHA(CO)-
NH,** (H)CC(CO)NH,* and H(CC)H-TOCSY ** data sets.

Measurement of Backbone '°N Relaxation Parame-
ters. Backbone amide N T,, N T,, and {"H}-"*’N NOE
relaxation parameters were measured in an interleaved manner
at 300 K at a '*N frequency of 60.8 MHz using 'H-detected
pulse schemes previously described.”” The T, and T, data sets
were each collected using 8—10 delay times, varying between
16—3200 ms and 16—192 ms, respectively. The T, and T,
relaxation times were obtained by fitting relative peak
intensities as a function of T, or T, delay time to a two-
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Figure 2. Isolation and characterization of the Alk1 extracellular domain. (A) Nonreducing SDS gel from different stages of purification: Lane 1 —
total lysate from noninduced cells, Lane 2 — solubilized inclusion bodies from induced cells, Lane 3 — refolded protein, Lane 4 — refolded protein
after cleavage of the histidine tag, Lane S — monomer peak from ion exchange run (peak “a” from panel B), Lane 6 — monomer peak from reverse
phase chromatography run (peak “c” from panel C), Lane 7 — multimer peak from ion exchange run (peak “b” from panel B). Asterisks in lanes 3
and 4 identify disulfide-linked multimers that formed during the refolding reaction. (B) Fractionation of refolded thrombin-cleaved Alk1-ED on high
resolution anion exchange column (Source Q, GE Healthcare) eluted with a linear 0—0.5 M NaCl gradient; peak “a” corresponds to Alkl-ED
monomers; peak “b” corresponds to disulfide-linked multimers. (C) Fractionation of peak “a” from the ion-exchange run on a C18 reverse-phase
HPLC column. The bound protein was eluted with a linear gradient (10—50%) of buffer B (acetonitrile + 0.1% TFA) at 2.5 mL/min over 15 column

«

volumes. Fractions eluted under peak “c” were collected and lyophilized.

parameter decaying exponential. {'H}-'’N NOE values were 35 pL ethanolamine. One of the flow cells was activated and
obtained by taking the ratio of peak intensities from blocked without injecting any ligand as a reference surface. All
experiments performed with and without 'H presaturation injected samples were dialyzed against HBS-EP buffer (10 mM

and by applying a correction factor to account for the Hepes, 3 mM EDTA 500 mM NaCl, 0.002% surfactant P20,
incomplete recovery of both "N and 'H magnetization.*® All pH 7.4), centrifuged for 10 min at 50000g, passed through a 0.2

relaxation data were collected in duplicate and merged into a mm filter prior to injection into the SPR instrument. Protein
single data set by averaging each value; error estimates were concentrations were determined based on the calculated
obtained from the corresponding standard deviations. extinction coefficient at 280 nm and the measured absorbance
Analysis of Backbone Relaxation Data. The overall at this wavelength immediately prior to injection. Six or more
rotational correlation time was determined by first using the concentrations of 2-fold serial dilutions of the wild type and the
criterion described by Barbato to identify any residues variants of Alkl and Alk3 were injected over the chip surface at
undergoing large amplitude motion on the nanosecond— a flow rate of 5—10 pL/min. All the injections performed at
picosecond time scale or exchange.®’ The trimmed data set room temperature were preceded by a brief injection of 2.5 M
(with these residues removed) was then analyzed using a guanidine hydrochloride (20 yL/min for 12 s) to regenerate
conjugate gradient minimization procedure to identify the the surface. Instrument noise was removed by referencing the
rotational correlation time by minimizing the difference data against three or more buffer blank injections, while
between the calculated and experimental T, /T, ratio.”” Internal background signal was eliminated by referencing the data
dynamics were assessed by analyzing the experimental "N against a blank flow cell. Ky's were determined by fitting the
relaxation parameters using the extended Model-Free formal- equilibrium binding response, R, as a function of the injected
ism*>7>* with the overall correlation time derived from the receptor concentration, [R], to Reg = (Ryax X [R])/(Ky + [R])
analysis described above. Internal motional parameters were using the program Kaleidagraph (Synergy Software, Reading,
derived using the program ModelFree4, which employs F- PA).
statistics for model selection.>® Five different models for Model of Alk1-BMP9 Complex. A model of Alkl-BMP9
internal motion were considered, S$* (model 1), S% 7, (model complex was generated using the program RosettaDock.**~>*
2), S2, R, (model 3), s2, 7,, R,, (model 4), and s2, 529 T, Alk1 was initially positioned onto BMP-9 using the structure of
(model 5). the Alk3/BMP-2 complex as a template, followed by the

Alk1 and Alk3 Variants and Characterization of Their introduction of a gap of 10—12 A between Alkl and BMP-9 to
Binding Properties. Alkl-ED and Alk3-ED variants were eliminate any bias in the initial steps of the docking. Alkl was

generated by site directed mutagenesis of the corresponding docked by performing an initial rigid body search, followed by
expression plasmids using PCR (Quikchange, Stratagene, optimization of side chain contacts. Alk3 was docked onto
LaJolla, CA). All variants were expressed and purified as BMP-2 in a similar manner to evaluate the accuracy.

described for the corresponding wild type protein. Biacore 3000 Data Deposition. Chemical shifts assignments for Alkl ED
biosensor instrument was used for quantitative measurement of have been deposited under BMRB 17628. Ten lowest energy
the receptor—ligand interactions. BMP-9 and BMP-2 were structures satisfying all the experimental distances, dihedral
diluted in 0.1 M acetic acid to a final concentration 2—6 pg/mL angles, and RDC restraints have been deposited under PDB

and coupled to the carboxymethylated dextran chip surface 2LCR.
(CMS, GE Healthcare, Piscataway, NJ) using amine-coupling

methods. The chip surface was first activated by injecting 35 yL B RESULTS

of N-hydroxysuccinimide (NHS) and 1-ethyl-3'-(3-diethylami- Isolation of Recombinant Alk1-ED and Alk3-ED and
nopropyl) carbodiimide hydrochloride (EDC) followed by Initial Characterization by NMR. The seven type I receptors
injection of 5—15 uL of the ligand to achieve the desired of the TGF-f superfamily include a conserved pattern of 10
surface density (600—800 RU for BMP-9 and 2500 RU for cysteines (Figure 1). These cysteines form an identical pattern
BMP-2). Remaining activated groups were blocked by injecting of five disulfide bonds in the three type I receptor structures
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Figure 3. SPR binding analysis of bacterial recombinant Alk1-ED and Alk3-ED. (A) SPR sensorgrams of serial 2-fold dilutions of Alk1-ED and Alk3-
ED over a BMP-9 surface. Sensorgrams shown have been corrected for background binding to a surface with no coupled ligand. (B) SPR
sensorgrams as in panel A, except over a BMP-2 surface. (C) Saturation plots obtained by fitting the maximal binding response (circular data points)
as a function of injected receptor concentration, [R], to R = (Rpu[R]/(Ky + [R]). Data for Alkl binding to BMP-9 and for Alk3 binding to BMP-2

are shown in the upper and lower panels, respectively.

which are known, Alk3,'”%*° AIks,***° and Alk6,*! suggesting
that all type I receptors of superfamily share this common set of
disulfides. The previously reported binding studies with the
Alkl extracellular domain were performed using protein
produced in either CHO or HEK-293 cells.'"*”'*** Though
these recombinant forms of Alkl bound BMP-9 with high
affinity, they could not be used for the proposed NMR studies
due to the difficulty of producing fully °N, *C labeled samples
for NMR. Thus, the bacterial expression and refolding
procedure previously used to obtain the AlkS extracellular
domain® was used.

This entailed expression of the mature human Alkl
extracellular domain (residues 1-97) in E. coli, folding in a
nondenaturing buffer in the presence of a glutathione redox
couple, and purification by HPLC-based ion-exchange and
reverse phase chromatography (Figure 2A—C). The identity of
the isolated Alkl extracellular domain (Alkl1-ED) was
confirmed by electrospray ionization mass spectrometry,
which yielded a mass just 0.2 Da greater than that calculated
for the fully oxidized (ie., five disulfide) form of the protein
(Supporting Information, Figure 1A).

The Alk3 extracellular domain (Alk3-ED) was obtained using
the previously reported E. coli expression and purification
procedure™ but modified to include a denaturation and
renaturation step. This improved the recovery of native
monomers and led to a highly homogeneous sample suitable
for NMR and binding studies (n.b., following the prior
procedure, residues 1—27 of the AIk3 extracellular domain
were excluded from the expression construct since this region is
structurally disordered and not required for BMP binding®®).
The identity of the isolated Alk3 extracellular domain was
confirmed by electrospray ionization mass spectrometry, which
yielded a mass just 0.1 Da greater than that calculated for the
fully oxidized (i.e, five disulfide) form of the protein
(Supporting Information, Figure 1B).
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The Alk1 extracellular domain was subsequently analyzed by
NMR to assess folding and homogeneity. This was
accomplished by recording a two-dimensional 'H—'N
heteronuclear single quantum shift correlation (HSQC)
spectrum of a '*N-labeled sample in phosphate buffer at pH
5.5 and 32 °C. The spectrum recorded under these conditions
included 90 of the 91 expected backbone amide signals
dispersed over a broad range of "H chemical shifts (6.4—10.0
ppm) (Supporting Information, Figure 2). The Alk3 extrac-
ellular domain was analyzed in a similar manner, though in this
case the spectrum was recorded at a somewhat higher pH (pH
6.3) and lower temperature (25 °C) to match the solution
conditions under which it was previously studied’® The
spectrum recorded under these conditions had 94 of the 95
expected backbone amide signals (94/95) and closely matched
that previously reported (Supporting Information, Figure 2).
These data show that bacterial recombinant Alk1-ED and Alk3-
ED are structurally ordered and homogeneous.

Characterization of the BMP-2 and BMP-9 Binding
Properties of Alk1-ED and Alk3-ED. The prior SPR binding
studies showed that the monomeric Alkl extracellular domain,
as well as Fc-Alkl, a constitutive Alkl dimer in which the Alkl
extracellular was fused to the Fc region of antibody, bound
BMP-9 with Kj's of 20—45 nM and 2—3 nM, respectively'®'®**
(the higher affinity of the dimeric Alk1 is a result of multivalent
binding, which has been previously observed with other
receptors of the TGE-f superfamily*’). This differs from
other Alks, which appear to be incapable of binding BMP-9
either as Fc-Alk chimeras in SPR binding studies* or as
receptors expressed on the cell surface of cultured cells.'*
Moreover, this pattern is the opposite of BMP-2 and BMP-4,
which bound Alk3 and Alké6 with high affinity, but not Alkl.'*

The functional activity of the bacterial recombinant Alk1-ED
was evaluated by performing an equilibrium binding SPR
experiment in which increasing concentrations of Alk1-ED were
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injected over either a control surface with no coupled ligand or
over surfaces with BMP-2 and BMP-9 at a surface density of
roughly 500 resonance units (RU) each. This yielded a robust
concentration-dependent SPR response relative to the control
when the bacterial recombinant Alk1-ED was injected over the
BMP-9 surface, but not the BMP-2 (Figure 3AB). The
bacterial recombinant Alk3-ED yielded the opposite result with
a robust concentration-dependent response relative to the
control when injected over the BMP-2 surface, but not the
BMP-9 (Figure 3A,B). The maximal response could be fitted as
a function of concentration to derive the dissociation constant,
K4 and maximal response, R, for Alk1-ED binding to BMP-9
and Alk3-ED binding to BMP-2, but not Alkl-ED binding to
BMP-2 or AIk3-ED binding to BMP-9 due to the weak
response (Figure 3C, Table 1). The K; values for Alk1-ED and

Table 1. Binding of Alkl and Alk3 Variants to BMP-2 and
BMP-9

analyte injected concentration range (xM) Ky (uM)“
Binding to BMP-9
Binding of Alkl Variants Carrying Alanine Substitution
Alk1-WT 0.009-0.312 0.029 + 0.005
Alk1-R26A 0.009-0.312 0.031 + 0.002
Alk1-NSOA 0.009—5.000 0.26 + 0.01
Alk1-HS2A 0.009—5.000 0.25 + 0.01
Alk1-RS53A 0.009-2.500 0.087 + 0.004
Alk1-ES4A 0.039-5.000 0.49 + 0.06
Alk1-LS5A 0.009—5.000 0.21 £ 0.01
Alk1-R59A 0.009—5.000 0.30 £+ 0.01
Binding of Alkl and Alk3 Variants with Residues Swapped
Alk1-R53D 0.039—5.000 0.43 + 0.06
Alk1-ES4F 0.039—0.156 0.020 + 0.010
Alk1-L55Q 0.039—5.000 0.38 + 0.020
Alk1-DFQ 0.009—5.000 5.7 +£34
Alk3 WT 0.009-2.50 nd?
Alk3-REL 0.019-10.00 nd?
Binding to BMP-2

AI-WT 0.009-3.0 nd?
Alk1-DFQ 0.009—-5.0 nd?
Alk3-WT 0.009-0.312 0.33 £ 0.062
Alk3-REL 0.019-10.0 nd®

“The SPR-derived Kj's and associated errors are the mean and
standard deviations of two to three independent measurements for all
the variants, except NSOA, RS3D, and L55Q, which were only
measured once. "Not determined due to weak binding.

AIK3-ED for their respective ligands fall in the low to mid
nanomolar range (29 + 5 nM and 330 + 60 nM, respectively),
indistinguishable from the SPR derived Ky for binding of
monomeric HEK-293-derived Alk1-ED to immobilized BMP-9
(20—45 nM) '° and comparable, though a bit higher than the
SPR derived K; for binding of monomeric bacterially derived
AIK3-ED to immobilized BMP-2 (48 + 20 nM).* This
indicates that Alk1-ED and Alk3-ED are functionally active and
native. To confirm this, the bacterially derived Alkl1-ED and
Alk3-ED were evaluated in terms of their ability to compete
against endogenously expressed Alkl and AIk3 in cultured
NIH-3T3 fibroblasts. The results showed that Alkl-ED
diminished the BMP-9 stimulated activation of phosphoS-
madl/5/8 in a dose-dependent manner, whereas Alk3-ED did
not, while Alk3-ED diminished the BMP-2 stimulated
activation of phosphoSmad 1/5/8 in a dose-dependent manner,
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whereas Alk1-ED did not (Supporting Information, Figure 3).
The Alk1-ED was further shown to fully attenuate the BMP-9
induced activation at a concentration of 2 ug/mL, which is
roughly S-fold lower than that reported by Alt et al.'® This
confirms that the bacterially derived Alk1-ED and Alk3-ED are
native and functionally active.

NMR Assignments and Analysis of Secondary Shifts.
The backbone resonances of Alkl-ED were assigned by
uniformly labeling it with *C and "N and by acquiring
sensitivity-enhanced triple-resonance data sets with 0.4—0.7
mM samples in 25 mM sodium phosphate at pH S.5
(Experimental Procedures). This enabled the sequence-specific
assignment of all the backbone amide signals of Alkl-ED,
except for the first five residues on the N-terminus (four of
which correspond to a GSHM tetrapeptide derived from the
vector) and LeuS1 (Figure 4A). The side chain 'H and "°C side
chain assignments were obtained by extending from the
backbone using established methods (Experimental Proce-
dures).

The secondary shifts of Alkl-ED were analyzed using the
program PECAN, which provides secondary structure proba-
bilities on a residue-by-residue basis*’ (Figure 4B). This
showed that the secondary structure of Alkl-ED is comprised
of five f-strands. The PECAN analysis also identified a short
region with helical propensity (residue 54—56), although this
was with reduced probability compared to the regions of f-
strand. The positioning and length of the predicted S-strands
coincide closely with those based on unbound and bound Alk3-
ED structures (Figure 4C). The positioning and length of the
helical region also closely coincides with that observed in Alk3,
though as already noted, this a-helix was only observed in the
BMP-2 bound form of Alk3-ED determined by crystallog-
raphy,"® not the unbound form determined by NMR.*® The
close correspondence of Alkl’s predicted secondary structure
with that of Alk3 suggests that Alkl shares the same disulfide-
bonded three-finger toxin fold. The fact that the helical region
can be detected based on the secondary shifts, though with
reduced probability, suggests that this helix is at least partially
formed in the unbound form of Alkl-ED.

Solution Structure of Alk1-ED. The solution structure of
Alkl-ED was determined using simulated annealing with
torsion angle dynamics, as implemented in the program Aria
2.3.*® The input data for the calculation consisted of 1816
experimental restraints, including 1612 NOE distance re-
straints, 88 TALOS-derived ¢ and y restraints,” 24 ¥, e
restraints, and 67 "H—"°N residual dipolar coupling restraints
(RDCs) (Table 2). The 10 lowest energy structures consistent
with the experimental restraints are shown in Figure SA. The
regions of secondary structure — f1 (residues 12—14), 2
(residues 24—26), 33 (residues 30—36), 34 (residues 42—48),
310 (residues 54—56), and S (residues 66—69) — correspond
closely to those predicted based on the secondary shifts and
were well-defined, with an overall backbone root-mean-square
deviation (rmsd) of 0.33 A. The structurally ordered core,
which extends from residues 10—82 and includes several loop
regions, had an overall backbone rmsd of 0.73 A (Table 2). The
terminal regions, residues 1—9 and 83—97, had no medium and
long-range NOEs and were disordered in the ensemble of
calculated structures. The stereochemical quality, as assessed by
the program PROCHECK,* was typical of a well-refined
structure, with 94% of the residues in the most favored or
additionally allowed regions of the Ramachandran plot (Table
2). The residues in the generously allowed and disallowed
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Biochemistry

A
105
R G96 Gs3 G22
E 4 G93, o, 6 0T24
110 — o i '/Gsrm .
G270 G39 o o
_ : Ga9 Tooe ;"29
1 o
§ G47 O H1g
= 15 025}(369 /4 ¥ Y "3
& 1 ciao M5 : Dse9
= N
é 1 E54 © R25(° 8.72 Q?X)MRM
£ 420 ] g9 L1076 .
: ] V110 o, %&l g Nvea o
w \’ 544 A
- iy oS £y
L73 @ 7] S17
] RS 3506@?‘ A28
125 C130 33! B~ RO, 3
| Y670 o B asa
V35 K40 fe)
LG Lo o
® R36 QL34
] Qc15
130 — © W29-He-Ne
T T T T T T T T T
10 9 8 7
H Chemical shift (ppm)
B 1.2 1 1 1 ] ] 1 1 1 ]
31 3 E
=] 1.03 -
e Bl o
© | 0.8 -
=2 3] E
21 0.6 -
Q ] E
x| 045 =
) ] E
T | 0.23 =
0.0 -
£ 0.2 3
o 3 E
E 0.4 2
g 0.6 —
o | 083 -
& 1.0 E
= ] E
. 1.2 il i i i il ol el b bbbl Wi -
10 20 30 40 50 60 70 80 90
Residue Number
C Prediction for Alk1 based on unbound and bound AIk3 structures
B1 B2 B3 p4 B5
* unbound
Bl B2 B3 B4 3 BS
bound

LU LY L) LAY LU LU LAY LU UL L

10 20 30 40 50 60 70 80 90
Residue Number

Figure 4. Assigned "H—"N HSQC spectrum and secondary structure
probabilities of Alkl1-ED. (A) 'H-"N HSQC spectrum of 0.4 mM
N Alk1-ED in 25 mM sodium phosphate, 0.02% sodium azide, 5%
H,0 (pH 5.5) recorded at 32 °C at a magnetic field strength of 16.4
T (700 MHz 'H). Peaks are labeled according to their resonance
assignments (residues are number as in Figure 1). Horizontal dashed
bars designate the side-chain amide groups of asparagine and
glutamine. (B) Secondary structure probabilities based on an analysis
of the NMR secondary shifts using the program PECAN.* (C)
Secondary structure predictions for Alkl based on the structures of the
unbound and bound forms of Alk3 (PDB 2K3G and 1REW,
respectively) and an alignment of the Alkl and Alk3 amino acid
sequences.
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Table 2. Structural Statistics for Alkl-ED”

Restraints
NOE distance restraints

intraresidue ((li —jl = 0) 533
sequential (li — jl = 1) 440
short range (2 < 1i —jl <5) 177
long range (li — jl > S) 462
dihedral restraints

¢ 44
74 44
RDC restraints

'Dyn 67
coupling restraints

Teinra 47
total restraints 1814

Deviation Among Ensemble

bonds (A) 0.0054 + 0.0003

angles (degrees) 0.72 + 0.04
impropers (degrees) 2.1 +02
dihedral restraints (degrees) 0.71 = 0.22
RDC 'Dyy (Hz) 0.58 + 0.12
Jiing Testraints (Hz) 0.71 + 0.10
Ramachandran plot”
most favored (%) 60.1
additionally allowed (%) 339
generously allowed (%) 4.1
disallowed (%) 1.9
precision
secondary structure® backbone” 0.33

heavy? 0.73
ordered residues® backbone? 0.75

heavy? 125

“Structural statistics are calculated for the ensemble of 10 lowest
energy structures; backbone atoms 1nclude N¥, Ca, and C°; heavy
includes all non-hydrogen atoms. Calculated using the program
PROCHECK.*® “Ordered corresponds to residues 10—82 and
secondary structure corresponds to 12—14, 24-26, 30—36, 42—48,
54—56, and 66—69. “Backbone atoms include N, C% and C°; heavy
includes all non-hydrogen atoms.

regions of the Ramachandran plot were all in the terminal
regions or loops.

The helical region of Alk3 bearing the Phe85-GIn86 motif
important for binding to BMPs 2, 4, and 7 resides in the
extended segment connecting f-strands 4 and S. The Alkl
ensemble has increased disorder in this segment, yet analysis of
the calculated structure using the program DSSP*' detects a 3,
helix from residue 54—56 over all members of the ensemble
(Figure SA,B). Though the extended segment bearing this 3,
helix is clearly disordered over its length, the N-terminal
portion is evidently less so as backbone overlays of this segment
up to CysS6 have a considerably lower rmsd (0.47 A) than
overlays of the C-terminal portion (1.14 A, respectively)
(Figure SC). The structural basis for the apparent order in the
N-terminal portion (hereafter designated L4) is probably a
result of restrictions imposed by disulfide-bonded cysteines on
the N- (Cys48) and C-terminal (CysS56) ends and the intrinsic
propensity of residues 54—56 to form a 3, helix. The disorder
in the C-terminal portion (hereafter designated LS) is probably
the result of the absence of an anchoring cysteine on the C-
terminal end coupled with the lack of any internal structure or
interactions with the underlying structured core.

dx.doi.org/10.1021/bi300942x | Biochemistry 2012, 51, 6328—6341
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L4 aligned

L5 aligned

Figure S. Solution structure of Alkl. (A) Stereoview of the
superimposition of the backbone atoms of the eight lowest energy
structures consistent with the experimental restraints. f-strands are
depicted in dark blue, the single 3, helix in red, and the loops in
yellow. Disulfide bonds are depicted in magenta. Structures were
aligned based on the regions of regular secondary structure. (B)
Ribbon diagram of Alkl-ED highlighting the secondary structural
elements and the five disulfide bonds that stabilize the receptor three-
finger toxin fold. Secondary structural elements and disulfide bonds are
colored as in panel A. (C) Segment from residue 49—63 bridging /-
strands 4 and S aligned based on the backbone atoms of the N-
terminal (residues 49—56, left panel) or C-terminal (residues 57—63)
half. Residues in the N-terminal half are shaded cyan and red (3,
helix); residues in the C-terminal half are shaded blue.

Internal Dynamics of Alk1. The internal flexibility of
AIk1-ED was modeled based on the measured N T, >N T,
and {'"H}-"*N-NOE parameters using the extended model free
formalism as described in Experimental Procedures. The
derived parameters show that the regions of regular secondary
structure, including the 3;, helix in the extended segment
between f-strand 4 and S, are rigid with a mean S* of 0.89 +
0.06 (Figure 6). The N- and C-terminal regions from residues
1—10 and 82—97 are in contrast highly flexible, with S* of 0.18
+ 0.16, consistent with the lack of medium and long-range
NOEs and high degree of disorder in these regions. The loops
connecting f-strands 2 and 3 and f-strand 4 and the 3, helix
are highly rigid, with S* values of 0.89 + 0.03. The loop
connecting f-strands 1 and 2 is relatively rigid over most its
length, except at the tip, which has an S* of 0.42. This is
probably because this loop has an internal disulfide bond
(Cys15—Cys20), which restricts mobility within the loop. The
loops connecting f-strands 3 and 4 and the 3, helix and -
strand S are flexible, with minimal S* values of 0.4—0.5. The
significant differences in flexibility between the N- and C-
terminal halves of the segment connecting S-strands 4 and S are
consistent with the differences in the degree of order among
these regions in the calculated structures (Figure SC). Thus,
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Figure 6. Model free parameters for Alkl-ED backbone amides
derived by fitting *N T}, *N T, and '*N-{'"H} NOE data recorded at
5N frequency of 60.8 MHz. Lipari-Szabo S? 7., and S% values are
shown from top to bottom. Missing data points in the upper (S%)
panel indicate that these residues could not be analyzed due to
resonance overlap. Missing data points in the middle (z,) and lower
(8%) panels indicate that this parameter was not included in the model
for those residues. R,, values were not required to fit the relaxation
data for the missing residues. Secondary structure elements derived
from DSSP analysis of the lowest energy Alkl structures are shown
along the top of the figure.

the N-terminal half of the segment connecting f-strands 4 and
S, including the 3, helix from residues 54—56 is structurally
ordered and rigid on the nanosecond—picosecond time scale,
but the C-terminal half is not.

Structural Comparison of Alk1 and Alk3. The super-
position of the structure of the unbound form of Alkl with the
unbound and bound forms of Alk3 shows that the f-strand core
superimposes closely, with backbone RMSDs of 0.89 and 0.83
A, respectively (Figure 7A,B). The largest difference is in the
extended segment connecting f-strands 4 and S and is most
pronounced for the unbound form of Alk3 where this region
was shown to be flexible and structurally disordered (Figure
7A). The difference is less pronounced for the bound form of
Alk3 where this region is ordered and includes a six residue
helix, the third, fourth, and fifth residues of which, Phe8S5,
GIn86 and Cys87, are positioned similarly to the three residues
of Alkl’s 3, helix, GluS4, LeuSS, and CysS6 (Figure 7B). The
similar spatial positioning of the helices in Alkl and Alk3,
coupled with the established importance of Alk3 Phe85 and

dx.doi.org/10.1021/bi300942x | Biochemistry 2012, 51, 6328—6341
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Figure 7. Structural comparison of Alkl and Alk3 and BMP-2 and
BMP-9. (A) An overlay of an ensemble of the unbound forms of Alkl
(blue) and Alk3 (light pink) are shown. The structured 3,y-helix in
Alkl is colored brown and the corresponding disordered a-helix
region in Alk3 is colored red. (B) Cartoon representation of ligand
bound Alk3 (pink/red) superimposed on Alkl ensemble (blue). The
extent of red coloring for Alk3 corresponds to fraction of total surface
area buried in the Alk3/BMP-2 crystal structure. (C) Cartoon
representation of Alk3-bound BMP-2 (pink/red) superimposed on
unbound BMP-9 (blue). The extent of red coloring for Alk3-bound
BMP-2 corresponds to fraction of total surface area buried in the
Alk3/BMP-2 crystal structure.

GIn86 for binding of BMP-2 and other related ligands, suggests
that residue differences in this region might be responsible for
the restricted binding of these two type I receptors to their
respective ligands. The other major structural difference
between Alkl and Alk3 is the conformation of loop 1. This
loop includes an internal disulfide bond in both Alkl and AIk3,
though the two cysteines that form this disulfide are separated
by four residues in Alkl and three in Alk3 (Figure 1). This is
probably responsible for the different conformations of the two
loops as a disulfide cannot be accommodated if either of the
cysteines are shifted toward one another in the Alkl loop, or
away from one another in the Alk3 loop.

Role of Alk1 REL and Alk3 DFQ Tripeptide Motifs on
BMP Binding. To evaluate whether these residue differences
might underlie the differences in specificity, Alkl and Alk3
variants were generated in which Asp84, Phe85, and GIn86 in
Alk3 and Arg53, GluS4, and LeuSS in Alkl were swapped.
These variants, designated Alkl-DFQ_and AIk3-REL, were
isolated as before and characterized in terms their binding using
SPR. The SPR data showed that the affinity of Alk1-DFQ for its
cognate ligand, BMP-9, was diminished approximately 200-fold
compared to wild type Alkl (Figure 8A,C, Table 1). Alk3-REL
was similarly diminished in its affinity for its cognate ligand,
BMP-2, compared to wild type Alk3, though the precise
amount could not be determined due to weak binding (Figure
8E, Table 1). SPR further showed that the Alkl and Alk3
variants with swapped tripeptides did not lead to a detectable
increase in the binding of the receptors to their noncognate
ligands, BMP-2 for Alkl and BMP-9 for Alk3 (Figure 8B,D).
Although the precise kinetic parameters were not determined,
visual inspection of the sensorgrams indicates that the effects of
the substitutions are to increase to disassociation rate,
consistent with the disruption of interactions that normally
stabilize the complex.

The contribution of individual residues within Alkl’s
tripeptide motif were assessed by substituting them with the
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Figure 8. SPR binding analysis of Alk1 and Alk3 variants to BMP-9 and BMP-2. (A—C) SPR sensorgrams of serial 2-fold dilutions of Alk1-DFQ (A)
and Alk3-REL (B) over a BMP-9 surface and corresponding saturation plots (C). (D—F) SPR sensorgrams of serial 2-fold dilutions of Alkl-DFQ_
(D) and AIk3-REL (E) over a BMP-2 surface and corresponding saturation plots (F). Sensorgrams shown have been corrected for background
binding to a surface with no coupled ligand. Saturation plots were obtained by fitting the maximal binding response (circular data points) as a
function of injected receptor concentration. Binding of Alk3 and Alk3-REL over BMP-9 and Alkl, Alk1-DFQ, and Alk3-REL over BMP-2 were not

fitted due to weak responses.
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Figure 9. Model of Alkl bound to BMP-9 (A) Alkl (green) bound to BMP-9 (pink ribbon with surface). Alk3 (purple) is overlaid according to the
manner by which it binds to BMP-2 in the Alk3/BMP-2 crystal structure.'® (B) Model of Alk1 (green) bound to BMP-9 (pink) as determined using
RosettaDock (right) or by positioning Alk1 as Alk3 is positioned onto BMP-2 (left). Extent of pink shading on the ligand surface and yellow color on
the receptor ribbon corresponds to the severity of the clashes. (C) Stereoview of Alkl/BMP-9 complex in which Alkl is bound in an Alk3-like
manner (same as panel B, left). Extent of pink shading on BMP-9 and yellow color on Alkl corresponds to the severity of the clashes. Side chains of
Alkl (green labels) and BMP-9 (magenta labels) which clash are shown. (D) Interface of the RosettaDock derived Alkl/BMP-9 complex. Alkl
residues are shaded green; BMP-9 residues are shaded pink. Clashes depicted in panel B were calculated using the clash function within the program

. 3
Chimera.’®

corresponding residues from Alk3, yielding the Alkl variants
R33D, ES4F, and L55Q. The RS53D and L55Q variants were
diminished 15- and 13-fold compared to wild type, while the
ES4F variant was unaffected (Table 1). On the other hand,
when these residues were substituted with alanine, ES4A was
diminished to the greatest extent (17-fold), LSSA was
diminished to an intermediate extent (7-fold), and RS3A the
least (3-fold). Four residues outside the tripeptide motif were
also substituted with alanine; the first three, NS0A, H52A, and
RS59A, are within extended segment connecting f-strands 4 and
S and lie within the predicted binding interface (presuming that
Alkl binds BMP-9 in the same manner that Alk3 binds BMP-
2), while the fourth, R264, is in a loop on the opposite side of
the protein and lies outside of the predicted binding interface.
The NSOA, HS2A, and RS9A substitutions diminished BMP-9
binding between 9- and 10-fold, while the R26A substitution
had no detectable effect (Table 1). The precise kinetic
parameters were again not determined, but visual inspection
of the sensorgrams indicates that the substitutions that most
strongly disrupted binding are characterized by increased
disassociation rates, consistent with the disruption of
interactions that normally stabilize the complex (Supporting
Information, Figure 4). To determine whether any of the
substitutions might have altered the folding or overall structure,
the one-dimensional '"H NMR spectra of the variants were
recorded using a WATERGATE solvent suppression scheme
(Supporting Information, Figures S and 6). This showed that
all of the variants had similar spectral patterns compared to
their wild type counterparts in both the methyl and amide
regions, indicating that they were unperturbed in terms of their
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folding. Taken together, these results show that the tripeptide
motifs of these receptors are necessary for high affinity binding
to their cognate ligands, but that other residues and structural
features are required for high affinity binding to their
noncognate ligands.

Model of Alk1/BMP-9 Complex. The results of the
mutagenesis studies were interpreted by constructing a model
of the Alkl/BMP-9 complex using the program Rosetta-
Dock.*™%® The criteria used to assess the docking were
whether a consistent pattern of binding was observed among
the lowest energy docked structures (designated as a “docking
funnel”) and whether these were consistent with the muta-
genesis data. The accuracy of the method was assessed by
performing 1000 trial dockings to build the structure of the
Alk3/BMP-2 complex'® from its two component structures;
this yielded a pronounced docking funnel with the 10 lowest
energy structures closely clustered to one another (rmsd 0.15
A) and the Alk3/BMP-2 crystal structure (rmsd 0.29 A). The
subsequent docking runs were performed with the solution
structure of Alkl and the crystal structure of BMP-9; this
yielded a defined, though less pronounced docking funnel, with
6 of the 10 lowest energy structures clustered around a
common position (rmsd 0.76 A) with Alkl bound to BMP-9
through the extended segment bridging f-strands 4 and S.

The overall positioning of Alkl at the wrist epitope in the
modeled complex is similar to that of Alk3 in the Alk3/BMP-2
complex, but differs in that the receptor is rotated by roughly
40 deg relative to the ligand (Figure 9A). This rotation is driven
by steric clashes that prevent Alkl from binding BMP-9 in an
Alk3-like manner — this is illustrated in Figure 9B where the
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positioning of Alkl in the modeled complex is shown to have
few if any steric clashes (right panel), while Alkl positioned
onto BMP-9 in an Alk3-like manner leads to significant clashes
(left panel). The first of these occur between residues in the
putative ligand binding loop of Alkl, AsnS50, His52, LeuSS, and
ArgS7, and bulky residues in BMP-9, including Trp22, Phe43,
and Leu4S (Figure 9C). The most severe of these is between
the side chain guanidinium group of Arg57 and the indole ring
of Trp22 and occurs because of differences in the finger 1-2
loop of the ligands, which is shifted toward the wrist region by
2—3 A in BMP-9 compared to BMP-2 (Figure 7C). The clashes
are also partly caused by differences in the N-terminal portion
of the Alkl $4-$5 loop, which is shifted toward f-strand S by
about 3 A in Alkl compared to Alk3 (Figure 7B) and causes
HisS2 and LeuSS to clash with Phe43 and Leu4S on BMP-9
(Figure 9C). The second of these occurs between His19 and
Lys21 in loop 1 of Alkl and between GlyS and Leu4S5 in BMP-
9. This clash occurs because of differences in the conformation
of loop 1, which is less extended in Alkl compared to Alk3
(Figure 7A). Similar, steric clashes are also observed when
Alk1-ED is positioned onto BMP-2, or other ligands, such as
BMP-7, GDF-5, and TGF-f1, in an Alk3-like manner (not
shown), suggesting that the distinct conformation of the 1-42
and f4-p5 loops that prevents Alkl from binding BMP-9 in an
Alk3-like manner also serves to prevent interactions with other
ligands of the superfamily.

The interactions that stabilize Alkl at the alternative interface
are shown in Figure 9C. These are hydrophobic in nature and
include interactions between LeuS1, His52, LeuSS, and the
aliphatic portion of the side chains of Glu54 and Arg59 in Alk3
with Trp22 and Trp2S (from the A-monomer) and Phe43,
Pro44, and Leu63 (from the B-monomer) in BMP-9. The
interactions are consistent with the mutational data — for
example, LeuS$ is surrounded by hydrophobic residues from
the wrist region of BMP-9 (P44, L4S, and A46) and is
consistent with the greater loss in binding due to substitution
with glutamine (16-fold) compared to alanine (8-fold). The
model shows that the side chain carboxylate of GluS4 forms an
internal hydrogen-bonded ion-pair with the side chain
guanidinium group of ArgS7; this arrangement positions the
hydrophobic portion of Glu54 against BMP-9 Phe43,
consistent with the greater loss of affinity (17-fold) upon
substitution with alanine than phenylalanine (no loss). ArgS3
faces the solvent in the model, consistent with the modest
reduction in affinity upon substitution with alanine (3-fold); the
larger reduction in affinity upon replacement with aspartic acid
(15-fold) is probably a consequence of repulsion with the side
chain carboxylate of BMP-9 Asp23. Two of the other three
residues evaluated, His52 and Arg59, also engage in hydro-
phobic interactions in the wrist region, consistent with the 9—
10-fold loss in affinity upon substitution with alanine. The third
residue, AsnS0, is buried within the interface and led to a 9-fold
reduction in affinity when substituted with alanine. The
underlying basis for the reduction is not obvious, but might
be due to interactions with nearby residues on BMP-9, such as
Thr50 or Thr52. Though not tested by mutagenesis, it is
notable that LeuS1 of Alkl is positioned between Trp22 and
Trp2S of BMP-9; this closely mimics the interaction between
Phe85 of Alk3 and Trp28 and Trp31 of BMP-2 and may
therefore play a similar stabilizing role.
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B DISCUSSION

The type I receptors of the superfamily that have been
structurally characterized, Alk3,'7205253 ATk 39405 g
Alk6,*' share the same three finger toxin fold and bind using
the solvent-exposed loop bridging f-strands 4 and S. There are
nevertheless important differences in both the flexibility of the
P4-BS loop and the conformation it adopts in the bound state.
The loop is flexible in unbound Alk3 and undergoes a disorder-
to-order transition upon binding.”® The bound conformation,
which includes a 1—1/2 turn helix near the center of the loop, is
similar to that of Alk6, consistent with the similar though not
identical manner of ligand binding exhibited by the these two
otherwise closely related type I receptors."”*' The N-terminal
portion of the binding region of the TGF-f type I receptor
AIKS in contrast includes a five-residue PRDRP extension. The
extension is structurally ordered in the unbound form*® and
assumes a conformation similar to the bound form.*”** This
has been suggested to be important for AIkS’s restricted
binding to the TGF-fs, but not other superfamily ligands, such
as BMPs and activins.*® The type I receptor Alkl, which was
earlier considered as an orphan receptor, has recently been
shown to bind BMP-9 and BMP-10 with high specificity and
affinity,"* yet the underlying mechanism responsible for its
restricted binding is not known.

The results presented here have shown that the Alkl
extracellular domain binds with high affinity to BMP-9, but not
to BMP-2 (Figure 3 and Table 1). The precise affinity
differential could not be determined due to difficulty
quantifying Alkl’s weak binding to BMP-2, but is estimated
to be 1000-fold or higher based on the Kj of 29 + S nM for
binding BMP-9 and an estimated Ky of 50 uM or higher for
binding BMP-2. This is the opposite of Alk3, which binds
BMP-2 with an affinity estimated to be at least 500-fold greater
than that of BMP-9. The analysis of the Alkl structure showed
that the overall fold and secondary structure elements are
highly similar to Alk3, yet there are significant differences in the
conformations of the f1-$2 and f4-fS loops (Figure 7A,B).
The differences of the f#4-4S loop are very pronounced for the
unbound form of Alk3 where the loop was shown by NMR to
be flexible on the nanosecond—picosecond time scale and
disordered in the ensemble of calculated structures, but is also
evident for the bound form of Alk3, where this region is
ordered and assumes a longer, though similarly positioned,
central helix'® (Figure 7A,B). The $1-52 and 4-$35 loops have
been shown previously as the specificity determining elements
in Alk3 and Alk6>"*' and therefore could be significant for Alkl
binding specificity as well.

This was tested by swapping the ArgS3-GluS4-Leu5S
tripeptide from Alkl with the corresponding tripeptide from
Alk3, Asp84-Phe85-GIn86. This reduced the binding affinity of
both receptors for their respective ligands several hundred fold,
but did not engender the receptors with high affinity binding to
their noncognate ligands. This indicates that other residues and
the conformation of the $1-$2 and $4-$S loops might also be
important for determining the affinity and specificity. This is
supported by the mutational analysis that showed substitution
of residues outside of the tripeptide motif but within the $4-35
loop of Alkl reduced its affinity for binding BMP-9 (Table 1).
This is also supported by the model of the Alkl/BMP-9
complex which showed that Alk1 binds to the wrist in a manner
similar to Alk3, but is rotated by roughly 40° due to steric
clashes caused by differences in three different loops, including
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the f1-$2 and p4-pS loops in Alkl which were shown to be
largely rigid and adopt a distinct conformation relative to the
corresponding loops of Alk3 (Figure 7A,B) and the finger 1—2
loop of the ligands (Figure 7C). The alternate positioning
allows Alkl to bind BMP-9 through a large interface dominated
by hydrophobic interactions. These interactions are consistent
with the mutational analysis and place the aliphatic portion of
Glu54 and the side chains of His52 and LeuSS in the
hydrophobic pocket on the wrist region of BMP-9 and the side
chain of LeuS1 between the indole rings of Trp22 and Trp25.
The aliphatic portion of GluS4 is constrained by a hydrogen-
bonded ion pair formed between its side chain carboxylate
group, and the guandinium group of Arg57 and ArgS3
protrudes into the solvent. The importance of LeuS1, His52,
Glu54, and LeuSS for binding is further supported by the
finding that these residues are highly conserved among
mammalian Alkl sequences, whereas ArgS3 is not (Supporting
Information, Figure 7). The bound form of Alk3 is similarly
incompatible with the Alkl manner of binding — this is a result
of the longer length of the f$4-3S loop in Alk3 as well as a
displacement of the finger 3—4 loop of BMP-2 toward the wrist
(Supporting Information, Figure 8). This positioning also
places the side chain carboxylate of Glu81 between the indole
rings of Trp28 and Trp31, which is expected to further disfavor
this manner of binding.

Taken together, these results suggest that the specificity of
Alkl and Alk3 for their respective ligands arises as a
consequence of relatively minor but important structural and
residue changes in the binding regions of the receptors and
ligands that reposition the receptor relative to the ligand. This
provides distinct interfaces and stabilizing interactions and
enables the high degree of specificity for these otherwise similar
ligands and receptors. This type of repositioning and
corresponding expansion of specificity has been previously
observed for the TGF-f type I receptor, AlkS. This receptor
includes a five residue extension in the N-terminal portion of
the 4-f5 loop that is both rigid and forms a tight turn with an
N-terminal cis proline.** The extension precludes AlkS from
binding in an Alk3 manner due to clashes with underlying
hydrophobic residues in the wrist — this causes the receptor to
reposition so that it is shifted toward the fingertips where it
interacts extensively with both TGE-f and TSR-IL**** The
extension binds in the cleft between TGF-f and TAR-II and
orchestrates a number of interactions that are specifically
required for assembly of the TGF-f signaling complex.””>*
Thus, changes in the length and composition of the N-terminal
portion of the f4-8S loop — anticipated to be relatively
common mutational event — provides a mechanism for
shifting the binding interface and in turn expanding the range of
specificity between ligands and receptors that otherwise share
the same structural scaffold.

The alternative manner of Alkl binding identified through
the docking calculations is dependent on the underlying
assumption that the backbone conformation of the unbound
form of Alkl and unbound form of BMP-9 are representative of
the bound forms. This is not known with certainty, though the
fact that the structural elements involved — the $1-$2 loop and
the N-terminal portion of the $4-f5 on the receptor are both
rigid and reinforced by disulfide bonds — suggests that they
might well be. The other important point is that the docking
calculations yielded a consistent docking solution — this would
not occur unless the backbone conformations are already close
to those of the bound form as the backbone conformation of
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neither the receptor nor the ligand was adjusted in the docking
calculations. The final point is that even if the #1-$2 and $4-$5
loops were able to adapt to bind BMP-9 in an Alk-3 manner —
something that is not anticipated due to the demonstrated
rigidity of the 1-$2 and f4-pS loops — the interactions at the
interface would be far from optimal. This includes not only the
unfavorable interaction between Arg57 and Trp22 noted
earlier, but also between Alkl Arg 59 and BMP-9 Leu63 and
between Alkl Lys 21 and BMP-9 GlyS. Thus, it appears likely
that Alkl binds in an alternative manner relative to Alk3 and
this underlies the high specificity of Alkl and Alk3/6 for their
respective ligands, though to be certain, this will have to await
the determination of the structure of the Alkl/BMP-9 complex
using crystallography, which is ideally suited for this system
owing to the high affinity of Alkl for BMP-9 and the relatively
high molecular weight of the complex (S0 kDa).

The prior binding studies have shown that endoglin and Alkl
noncompetitively bind BMP-9, while endoglin and ActRIIb
competitively bind BMP-9."*'7 This suggests that endoglin
binds BMP-9 at a site that overlaps with ActRIIb — this almost
certainly includes the knuckle epitope as all BMP type II
receptors studied to date have been shown to bind to the
knuckle.*>**%° The fact that endoglin noncompetitively binds
with Alkl, together with our finding that Alkl binds on the
opposite side of the ligand at the wrist, indicates that the
endoglin binding site does not extend into the wrist. The fact
that both endoglin and Alkl noncompetively bind BMP-9
suggests that endoglin and Alk1 function together to bind and
capture BMP-9 on the cell surface. The type II receptor
BMPRII might then function to displace the bound endoglin to
form a type I/type II receptor signaling complex. This is
suggested by the fact that BMPRII has been shown to bind
BMP-9 with the highest affinity of the type II receptors that
bind BMP-9."® These biochemical observations fit nicely with
several lines of evidence that like Alkl and endoglin, BMPRII
also plays a role in normal vasculogenesis.*®

The mutations in Alkl that have been linked to HHT, a
disease caused by the fragility of the vasculature, are found
throughout the protein.” The most prominent ectodomain
mutations involve either the addition or elimination of a
cysteine residue. The cysteines are strictly conserved in all
known type I receptors of the superfamily — addition or
elimination of a cysteine would be expected to disrupt the
formation of the disulfide bonds and thus interfere with the
function of the receptor. There are 11 additional noncysteine
HHT mutations in the ectodomain (R26P, G27R, G27E, A28P,
T31A, H4SP, R46W, R46Q, GS8R, N75D, and N77S). The
majority of these mutations are nonconservative — one falls in
the predicted binding interface and would be expected to affect
BMP-9 binding (GS8R). The others fall outside the interface
and may lead to disease by disrupting the folding of the
receptor. This is suggested by the fact that many mutated
residues lie at positions in the structure that would be expected
to disrupt the fold — the R26P mutation for instance replaces
an arginine residue located directly adjacent to one of the
conserved cysteines with a constrained proline. This is further
suggested by the finding that Alkl ectodomain HHT mutants
are either not expressed on the cell surface or are expressed
poorly.”’
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