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Transforming growth factor (TGF)-B1, -B2, and -B3 are
25-kDa homodimeric polypeptides that play crucial nonover-
lapping roles in embryogenesis, tissue development, carcino-
genesis, and immune regulation. Here we report the 3.0-A res-
olution crystal structure of the ternary complex between human
TGF-B1 and the extracellular domains of its type I and type II
receptors, TBRIand T BRII. The TGF- 1 ternary complex struc-
ture is similar to previously reported TGF-33 complex except
with a 10° rotation in TBRI docking orientation. Quantitative
binding studies showed distinct kinetics between the receptors
and the isoforms of TGF-f. T BRI showed significant binding to
TGF-B2 and TGF-B3 but not TGF-B1, and the binding to all
three isoforms of TGF-3 was enhanced considerably in the pres-
ence of TBRIIL The preference of TGF-B2 to TPBRI suggests a
variation in its receptor recruitment iz vivo. Although TGF-f31
and TGF-$3 bind and assemble their ternary complexes in a
similar manner, their structural differences together with differ-
ences in the affinities and kinetics of their receptor binding may
underlie their unique biological activities. Structural compari-
sons revealed that the receptor-ligand pairing in the TGF-
superfamily is dictated by unique insertions, deletions, and
disulfide bonds rather than amino acid conservation at the
interface. The binding mode of TBRII on TGF- is unique to
TGEF-Bs, whereas that of type II receptor for bone morphoge-
netic protein on bone morphogenetic protein appears common
to all other cytokines in the superfamily. Further, extensive
hydrogen bonds and salt bridges are present at the high affinity
cytokine-receptor interfaces, whereas hydrophobic interactions
dominate the low affinity receptor-ligand interfaces.

Transforming growth factor (TGF)-S? isoforms regulate the
growth and differentiation of many cell types involved in nor-
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mal development, immune function, and carcinogenesis (1-3).
TGE-Bs are the founding members of a highly diversified family
of signaling ligands and receptors, known as the TGF- 3 super-
family. To date the superfamily consists of more than 30 growth
factors and cytokines, including TGEF-3s, bone morphogenetic
proteins (BMPs), activins, inhibins, nodal, Millerian inhibiting
substance, growth differentiation factors, and others (4).
TGEF-Bs and related factors signal through two single-pass
transmembrane receptors, known as the type I and type II
receptors. These two receptor types have the same overall
domain structure, including an extracellular ligand-binding
domain displaying a three-finger toxin fold, a single transmem-
brane helix, and a cytosolic serine-threonine kinase domain.
Signaling is initiated by the ligand, which binds the receptor
extracellular domains, bringing them together and triggering a
phosphorylation cascade, whereby the type II phosphorylates
the type I, and the type I phosphorylates Smads, the cytoplas-
mic effectors of the pathway (3).

Specificities have been determined based on cell-based affin-
ity labeling studies with radiolabeled ligands and have enabled
the identification of major ligands for most receptors of the
superfamily, including those specific for BMPs, TGF-fs,
activins, and Millerian inhibiting substance (4). Structural
studies of the BMP and TGEF-f3 receptor extracellular domains
complexed to their cognate ligands have revealed that although
ligands and receptors of the different subfamilies share the
same overall fold, they nevertheless bind and assemble their
receptors in ways that are entirely distinct (5-9). The distinct
mode of ternary complex assembly for BMP-2 and TGEF-f3
underscores the complexity governing the ternary complex
assembly. That also raises the question about which mode of
type II receptor binding is realized for other cytokines in the
superfamily and what are the critical factors determining recep-
tor specificity and promiscuity. In addition, the cytokines out-
number their receptors in the family with at least 29 ligands in
mammals signaling through seven type I and six receptors (3,
10-12), raising the question of combinatorial ligand recogni-
tion in the superfamily. Further, little is known regarding the
underlying mechanisms by which ligands of particular subfam-
ilies induce their specific activities. Although the three TGF-f3
isoforms, TGF-B1, - 32, and -3, signal through the same recep-
tors and share significant sequence (71-79% identity) and
structural similarity (backbone root mean square deviations
(r.m.s.d.) < 1.5 A) (13-16), they nevertheless carry out unique
functions in vivo as shown by the severe yet distinct phenotypes
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of the isoform-specific TGF-B null mice (17-20). These differ-
ences have been attributed to distinct patterns of expression
(17-19, 21), yet some evidence suggests that it might also be
due to differences in the ligands themselves. For example, the
addition of purified exogenous TGF-Bs has been shown to lead
to different outcomes in a bilateral palatal shelf closing assay,
with TGF-B3 promoting complete fusion and TGF-£1 and -32
promoting only partial fusion (22). The application of purified
TGF-B1 and -B3 has been further shown to lead to dramatic
differences in cutaneous wound healing, with TGF-33 prevent-
ing and TGF-B1 promoting scarring (23). The objective of this
study was to investigate the mechanism by which TGF-s bind
and assemble TBRI and TBRII into a signaling complex, to
define the structural principles that underlie TGF-S isoform-
specific function through comparison with the TGF- 83 ternary
complex, and to define the structural principles governing the
combinatorial ligand recognition among TGF-f superfamily
receptors.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Recombinant human
TGF-B1 (residues 279-390 of the mature sequence) was
expressed in Chinese hamster ovarylec3.2.8.1 cells as described
previously (40). For surface plasmon resonance experiments
recombinant human TGF-B2 and TGF-33 were expressed in
Escherichia coli and refolded (41). The extracellular domains of
human TBRI (residues 7-91) and TBRII (residues 15-130)
were expressed in E. coli, refolded, and purified as previously
reported (31, 42).

Crystallization and Structure Determination—TGF-B1 was
first mixed with TBRII and then with TBRI at a molar ratio of
~1:4:4. The ternary complex was separated from the excess of
TPBRI and TPRII by size exclusion chromatography in 50
mMm NaCl, 20 mm Tris-HCl, pH 8.0. Crystals of the TGE-
B1-TBRI-TPRII ternary complex were obtained by vapor diffu-
sion in hanging drops at room temperature in 8 —15% polyeth-
ylene glycol 4000 -8000 at pH 6.0 —8.0. The complex crystals
diffracted to 3.0 A resolution, belonged to a triclinic space
group P1 with cell dimensions a = 37.70 A b=9935A,¢c=
102.7 A, @ = 64.01°, B = 84.47°, and y = 84.34°. The x-ray data
sets were collected at the Southeast Regional Collaborative
Access Team 22-ID Beamline at the Advanced Photon Source,
Argonne National Laboratory. Supporting institutions are
listed at the Southeast Regional Collaborative Access Team
website. The data were processed and scaled with HKL2000
(43).

The structure was solved by the molecular replacement
method using the structures of TGF-B2 (Protein Data Bank
code 2TGI), the extracellular domains of TBRII (Protein Data
Bank code 1M9Z), and BMPR-Ia (Protein Data Bank code
1REW) as search models. The solutions for TGF-B1 and T BRII
were obtained with the program Phaser, and the solution for
TBRI was obtained using Evolutionary programming for
molecular replacement (44, 45). There are two ternary com-
plexes in each asymmetric unit that were modeled using the
programs O and COOT (46, 47). The structure was refined
using a maximum likelihood target function of CNS v1.1 (48)
with a 2-fold noncrystallographic (NCS) constraint between
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the two ternary complexes. Final rounds of the refinement were
carried out with phenix.refine (49) without NCS constraints.
Several programs from CCP4 program suite were used
throughout model building and refinement (50).

Surface Plasmon Resonance—Binding studies were per-
formed with a BIAcore 3000 instrument (GE Healthcare) and
were analyzed using the software package Scrubber2 (Biologic
Software). TGF-Bs were biotinylated and captured on car-
boxymethyl dextran (CM5) chips to which 5000 response units
(RU) streptavidin had been covalently attached to all four flow
cells using an amine coupling kit (GE Healthcare). TGF-32 was
biotinylated in 25 mm MES, pH 4.8, by first activating it with a
10-fold molar excess of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (GE Healthcare) in the presence of
a 25-fold molar excess of N-hydroxysuccinimide (GE Health-
care) and then by adding a 100-fold molar excess of amine-
PEO,-biotin (Pierce). TGF-B1 and -3 were biotinylated by
first complexing the protein with an excess of TBRII (4 equiv-
alents) or TBRI and TBRII (4 equivalents each) followed by the
addition of a 10-fold molar excess of sulfo-N-hydroxysuccinim-
ide-LC-LC-Biotin (Pierce). Singly biotinylated TGF-S1 and -33
were separated from doubly and multiply biotinylated forms by
applying them to a Source S cation exchange column (GE
Healthcare) in the presence of 30% isopropanol at pH 4.0. To
ensure the reliability of the results, surface densities of captured
TGEF-Bs were kept at 50-300 RU. TBRII binding data for
TGF-B1 and -B3 were collected using ligands that had been
modified in the presence of TBRIL, whereas TBRI binding data
(both alone and in the presence of 4 um TBRII) were collected
using ligands that had been modified in the presence of both
TBRI and TPRIL

Binding assays were performed by injecting 2-fold serial dilu-
tions of the receptor in duplicate or triplicate in HBS-EP buffer
(GE Healthcare) at a flow rate of either 5 ul/min (equilibrium
experiments for interactions with slow association times) or
50-100 pl/min (equilibrium experiments for interactions with
fast association times and kinetic experiments). The surfaces
were regenerated by a brief injection of 10 mwm glycine, pH 2.5
(30-s contact time at a flow rate of 50 —100 wl/min). Instrument
noise was removed by referencing the data against at least three
blank buffer injections. A very small background signal, caused
by the nonspecific absorption of the receptors to the surfaces,
was removed by referencing the data against a flow cell contain-
ing only immobilized streptavidin. Equilibrium analyses were
performed on steady state measurements using the equilibrium
binding response near the end of the injection. Kinetic analyses
were performed by global fitting with a simple 1:1 model.
Standard errors were obtained from the variation among the
derived parameters from independent measurements using
Origin Software.

RESULTS AND DISCUSSION

Structure of TGF-BI'TBRI'TBRII Ternary Complex—The
structure of a human TGF-B1-TBRI'-TBRII ternary complex
was determined to 3.0-A resolution (Table 1). One TGF-B1
homodimer binds to two TBRI and two TBRII receptors form-
ing a 2:2:2 complex (Fig. 1). Each asymmetric unit contains two
complexes related by a NCS 2-fold symmetry. Electron densi-
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TABLE 1
Data collection and refinement statistics

Data collection
Space group P1

Unit cell (A) a =37.70,b = 99.35, c = 102.7,
. o = 64.01°, B = 84.47°, y = 84.34°

Resolution limit (A) 3.0

Unique reflections 23,426 (1223)4

Redundancy 1.9(1.6)

Completeness (%) 87.9 (44.9)

R, (%) 8.0 (24.5)

<lfor> 9.2 (2.0)
Refinement

Resolution (A) 46.0-3.0

No. reflections 22,145

No. protein atoms” 9062

No. solvent atoms 93

Reryet (%) 21.7 (30.0)

Ry, (%)° ) 26.8 (38.8)

r.m.s.d. bond lengths (A) 0.003

r.m.s.d. bond angles (°) 0.63

“Ryym = 100 X 3|, — <I,>|/SI,, where <I,> is the mean intensity of multiple

sym

measurements of symmetry equivalent reflections.

? Total number of atoms in one asymmetric unit, which contains two complexes.
The second complex was generated by NCS operator. Refinement was carried out
using strict NCS constraints.

€ Ry Was calculated using a test set of 5%.

4 The values in parentheses are for highest resolution shell 3.11-3.00 A.

TBRI  TGF-B1,

~_ B1-f2 loop in
#j0°  TGF-p1 complex

/

B1-B2 loop in
TGF-3 complex

FIGURE 1. Ribbon drawing of the TGF-B1 ternary complex. A, top view of
the complex. B, side view rotated ~90° compared with A. TGF-B1 monomers
TGF-B1, and TGF-B1; are colored cyan and pale cyan, respectively. TBRI and
TBRIl are colored red and yellow, respectively. C, relative positions of type |
receptors from TGF-B1 (red) and TGF-B3 (salmon) ternary complexes. This
figure and all subsequent ribbon drawings are prepared using the PyMOL
molecular graphics system.
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A B

FIGURE 2. Detailed views of the receptor/ligand interfaces in TGF-f31 ter-
nary complex. A, TBRII/TGF-B81 hydrogen bonding network. B, TBRI/TGF-1,
interface. C, TBRI/TBRIl interface. D, TBRI/TGF-B1g interface. The central inset
is placed as a reference to show location of different interfaces. All of the
detailed interfaces are shown as Ca traces. Major residues involved in the
interactions are shown in stick representation, colored according to the mol-
ecule and labeled. Hydrogen bonds are shown as dotted lines.

ties for all 112 residues in both chains of TGF-B1 homodimer,
for residues 20126 of TBRII, and for residues 9—85 of TBRI
were well defined except for two loop regions of T BRI between
residues 36 and 38 and between residues 64 and 71 that corre-
spond to the tips of finger 2 and finger 3 of the three-finger
toxin fold. All interface residues between the three components
of the complex were well resolved. The overall assembly of the
ternary complex is very similar to the reported structure of
TGF-B3-TBRI-TRRII complex (Protein Data Bank code 2PJY)
with an r.m.s.d. of 1.14 A for 357 Ca atoms (supple-
mental Fig. S1) (7). In the center of the complex, butterfly-like
shaped TGF-B1 homodimer (TGF-B1, and TGF- 1 subunits)
interacts with two TBRII and two T BRI receptors (Fig. 1). The
structure of the TGF-B monomer was originally described as a
slightly curved left hand with o1 and a3 helixes forming the
thumb and the heel of the hand and two antiparallel 3-sheets
forming its four fingers (13). Both receptors TBRI and TSRII
demonstrate three-finger toxin fold with some differences in
the shape, length, and secondary structure of their first and
third fingers. The ternary complex defines three pairwise inter-
action interfaces between TGF-B1 and TBRI, TGF-B1 and
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FIGURE 3. Structural superposition between TGF-31 and TGF-£33 ternary complexes. A and B, interface
contacts between TBRI and TGF-£1, (A) and between TSRl and the helix a1 of TGF-B1g (B). TGF-B1 complex is
colored in light and dark blue for TGF-B1, and TGF-B15 monomers and red for TBRI, whereas TGF-B3 complex
is in gray. C and D, the TBRII/TGF-B interface (C) and the TBRI/TBRIl interface region (D) with TGF-B1 complex
colored in light blue for TGF-B1, red for TBRI, and yellow for TSRII, whereas the TGF-33 complex is in gray.

TBRIL and between T BRI and TBRIL burying 1518-, 940-, and
740-A2 solvent-accessible areas, respectively. There are no sig-
nificant conformational changes in TGF-$ and TBRII upon
complex formation. Superposition of the current receptor with
the unbound T BRII (Protein Data Bank code 1IM9Z) resulted in
an r.m.s.d. of 0.5 A for 100 Cx atoms. Similarly, the receptor-
bound TGF-B1 can be superimposed with unbound TGF-S1
(minimized average NMR structure, Protein Data Bank code
1KLC), TGF-B2 (Protein Data Bank code 2TGI), and TGF-3
(Protein Data Bank codes 1TGK and 1TG]J), resulting in an
r.m.s.d. of 0.9-1.5 A for 100-109 Ca atoms.

Recognition of TGF-B1 by the Type I Receptor—The type I
receptor contacts both monomers of TGF-B1, generating two
primarily hydrophobic patches of the interface burying 370 and
1150 A? of accessible-solvent area with TGF-B1, and TGE-
B1y, respectively (Fig. 2 and supplemental Table S1). The inter-
face between TGF-B1, and TBRI consists of Trp°, Trp?,
Tyr®®, and Leu'®! of the “palm” side of TGF-B1, fingers and
Ile®*, Pro°°, and Phe® from TBRI. This interface is well con-
served in the structure of TGF-B3 ternary complex as well as
among the sequences of three TGF-f isoforms (Figs. 34 and
4A). The second patch consists of Ala’, Leu®, Asn®, and Tyr®
from a1-helix and Ile**, GIn®”, and Lys®° from a3-helix of TGE-
B1; contacting His'?, Leu'®, Lys'?, Phe®!, Ile®*, and Val®' from
TBRIwith one hydrogen bond between the side chain of Tyr® of
TGF-B1 and His'® of TBRI. Interestingly, in the TGF-B3 ter-
nary complex structure, TBRI is rotated ~10° away from
TGEF-B as calculated by program HINGE (Fig. 1C and
supplemental Fig. S1B) (24), resulting in a partial solvent expo-
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sure and a 400-A? reduction of bur-
ied solvent-accessible area at this
interface between TBRI and TGE-
B3;. There is, however, one hydro-
phobic interaction between Thr®” of
TGF-B3; and Val”* of TBRI, which
is absent in current TGF-B1 com-
plex because of a partial disorder of
B4-B5 loop around Val”* of TBRI

TBRI and BMPR-Ia dock to their
ligands at a closely related site (Site
I) with a 10-30° difference in their
receptor orientations (Fig. 5A).
However, both the identity and
position of interface residues vary
considerably between the type I
receptors (Fig. 4), suggesting a pro-
miscuous recognition at Site I. Nev-
ertheless, no cross-reactivity was
observed between BMPR-la and
TBRI(1,25). Previously (7), a prehe-
lix loop region (between the B4-35
strands) was suggested to be par-
tially responsible for TBRI specific-
ity. The current structure points to
the new area of interactions be-
tween the N-terminal loop of TBRI
(B1-B2 loop) and the al-helix of
TGEF-B1. The corresponding loop in
BMPR-Ia contains insertions that potentially would hinder
BMPR-Ia binding to the al-helix of TGF-B (Fig. 54). This
al-helix is stabilized by a Cys”—Cys'® disulfide bond in TGF-8s
but is either absent or disordered in the structures of all BMPs,
activin, and growth differentiation factor 5 (5- 6, 26 —29). Inter-
estingly, ALK1 and ALK2 also have a short 81-82 loop that
correlates with their permissive recognition of both TGF-Ss
and BMPs.

Recognition of TGF-B1 by the Type II Receptor—The interac-
tions between TGF-B1 and TBRII involve five TGF-B1 residues
(Arg®®, His**, Tyr”", Gly”®, and Arg®*) at the tips of its fingers
and seven T BRII residues (Phe>°, Asp3?, Ser®, Ile®°, Ser®?, Ile”3,
and Glu''®) on the base of the toxin-fold fingers of the receptor
(Fig. 2 and supplemental Table S1). Although Arg®* and Tyr”'
of TGF-B1 form hydrophobic contacts with Ile*°, Ile®3, and
Phe?° of TBRII, the majority of the interactions at this interface
are either salt bridges or hydrogen bonds (Fig. 2 and
supplemental Table S1). In particular, Arg?® and Arg®* of
TGF-B1 form salt bridges with Glu''® and Asp®? of TBRII,
respectively, that are also conserved in TBRII'-TGF-£3 binary
and TBRI-TBRII'TGF-B3 ternary complexes (Fig. 3C).

A major structural difference between the TGF-B and BMP
receptor complexes is the association with their respective type
II receptors. TBRII and ActRII not only bind to different sites
on their ligands, Site IIa and IIb, respectively, they also use dis-
tinct residues for their ligand recognition (Figs. 4 and 5B).
TPBRII contacts TGF-B via residues from B1- and (2-strands.
The secondary structure conformation of this receptor region
is stabilized by a disulfide bond between Cys>® and Cys** that is

(0
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A al B1 p2, a2 3
—C D & &

1 7 16 * 54
TGF-bl ALDTNYCFSS| TEKNCCVRQL YIDFRKDLGH K-WIHEPKGY HANFCLGECP YEWS----- L
TGF-b2 ALDARYCFRN| VODNCCLRPL YIDFKRDLGW K-WIHEPKGY NANFCAGACP YLWS----- s
TGF-b3 ALDTNYCFRN| LEENCCVRPL YIDFRQDLGW K-WVHEPKGY YANFCSGPCP YLRS----- A
ACtA RRRGLECDG-| KUNICCKKQF FVSFK-DIGW NDWIIAPSGY HANYCEGECP SHIAGTSGSS
Nodal - -~ QVDEN-LIGW GSWIIYPKQY NAYRCEGECP NPVG--EEFH
BMP-2 YVDFE- DJ8y NDZIVAPZGY HAFYCHGECP JFAA--IJHLN
BMP-4 - YVDFS-DVGW NDWIVAPPGY QAFYCHGDCP FPLA--DHLN
BMP-6 SSASDYNSSE| LKTACRKHEL YVSFQ-DLGW QDWIIAPKGY AANYCDGECS EFPLN--AHMN
BMP-7 ANVAENSSSD| QROACKKHEL YVSFR-DLGW QDWIIAPEGY AAYYCEGECA FPLN--SYMN
GDES TROGKRPSKN| LKARCSRKAL HVNFK-DMGW DDWIIAPLEY EAFHCEGLCE FPLR--SHLE

= oy nli)—— anlind—alin)-

55 84 * 98 111
TGF-bl DTQYSKVLAL YNQHNEG--A SAAPCCVEQA LE[PLPIVE¥V SNMIVRSCKC
TGF-b2 DTQHSRVLSL YNTINPE--A SASPCCVSQD LEPLTILYYI SNMIVKSCKC
TGF-b3 DTTHSTVLGL YNTLNPE--A SASPCCVPQD LEPLTILYYV SNMVVKSCKC
ACtA LSFHSTVINH YRMRGHSPFA NLKSCCVPTK LR[PMSMLYYD ONMIVEECGC
Nodal PTNHAYIQSL LKRYQPH--R VPSTCCAPVK TK[PLSMLYVD KDMIVEECGC
BMP-2 sTYHARVOTY VNEN-J--K IPKACCVPTE Lis[EISURMLD oDMVVEGCGe
BMP-4 STNHAIVQTL VNSVN-S$--S IPKACCVPTE ISMLYLD QEMVVEGCGC
BMP-6 ATNHAIVQTL VHLMNPE--Y VPKPCCAPTK LNAISVLYED RNMVVRACGC
BMP-7 ATNHAIVQTL VHFINPE--T VPKPCCAPTQ LNAISVLYED RNMVVRACGC
GDES PTNHAVIQTL MNSMDPE--S TPPTCCVPTR LS[PISILFID EDMVVESCGC
B p1 B1’ p1” p2 al B3

15 71
TBRII VTDNNGAVKE BOECKECBVR FsTEDNOKsE! MSNCESETSEC EKP---QEVC VAVWRKNDEN
ACTRII SSGAILGRSE TQECLEFNAN WEKD------ RTNQTGVEPC YGDKDJRRHC FAZWKNISGS
ACTRIIB  CAGSGRGEAE TRECIYYNAN WELE------ RTNQSGLERC EGEQDKRLHC YASWRNSSGT
BMPRII VSTAAASQNQ ERLCAFKDPY QODLGIGESR ISHENGTILC SK----GSTC YGLWEKSKGD

pd a2 a3 B5 B6 87

72 TBRIl “hook” o5 n13 127
TBRII ITL-ETVCHD PK[LPYHDFIL|EDAA-SPKCI MKEKKKP--G ETFEMCSCSS DECNDNIIFS
ACTRII IEIRQGC DDF------- INCYDRTDCV EKKDSP---- -EVYJCCCEG NMCNEKFSYF
ACTRIIB  IELVKKGCWL DDf-------- FNCYDRQECV ATEENP---- -QVYFCCCEG NFCNERFTHL
BMPRII INLVKQGCWS HI[GDP----- QECH-YEECV VTTTPPSIQN GTYRFCCCST DLCNVNETEN
C 1 2 3 4

3 14 1q
TBRI LLPGATALQC Ecn--ﬁx- ~DNFTEVTDG ECEVSVTETT -DKVIHNSMC IAEIDLY
BMPRIA PEDTLPFLKC YCS-GICIIDD AINNTEITNG HCFARIEEDD QGETTLASGY MEEZGS|---
BMPRIB PTPRPKVLRC KCH-HHC[PED SVNNIESTDG YCFTMIEEDD SGLBVVTSGC
ACtRIB GPRGVQALLC ACT--SC[LQ- -ANYTCETDG ACMVSIENLD -GMEHHVRTC
ALK-1 KPSRGPLVTC TCESPHC[K-- --GPTCRG-A WCTVVLVREE GRHPQEHRGC
ALK-2 PKVNPKLYMC VCEGLSCGN- --EDHEEG-Q QCFSSLSIND -GFHVYQKGC
ALK-7 ARELSPGLKC VCL--LCS- - SNETEQTEG ACWASVMLTN -GKEQVIKSC

E5 EG

58 62 03 96
TBRI RBEVCAPSSK TGSVTTTYEE MQ-DHCNKIE LPTTVKSSPG
BMPRIA -CTTY AJLRITIECC RT-NLCNQYL QPTLEEVVIG
BMPRIB -DFQCRDTPI PHQRRSIECC TERNECNKDL HPTLPPLKNR
ACtRIB KPFYCLSSE- --DLRNTHCC YT-DYCNRID LRVPSGHLKE
ALK-1 -RELCRGRP- -TEFVNHYCC DS-HLCNHNV SLVLEATQPP
ALK-2 GKMTCKTPPS P--GQAVECC QG-DWCNRNI TAQLPTKGKS
ALK-7 -QVECHSS-- -NNVTKTECC FT-DFCNNIT LHLETASENA

FIGURE 4. Structure guided sequence alignment of several ligands and
receptors of TGF-f3 superfamily. A, sequence comparison of several mamma-
lian TGF-Bs, BMPs, activin, nodal and growth differentiation factor 5 (GDF5). The
numbering is consistent with the sequence of TGF-B1. B, sequence comparison
of several type Il receptors. The numbering is according to the TBRIl sequence.
G, sequence alignment of several type | receptors. The numbering is consistent
with the TBRI sequence. The secondary structure elements are illustrated as
arrows and cylinders for B-strands and a-helices, respectively. The residues
involved in interactions in the TGF-B81 and BMP-2 ternary complexes are high-
lighted cyan and magenta, respectively. Disulfide bonds critical for receptor/Ii-
gand specificity and compatibility and highlighted yellow, numbered, and con-
nected by thick yellow lines. Secondary structure elements crucial for receptor/
ligand pairing are boxed. Arg> and Arg® are marked by stars.

unique to TBRIL The corresponding region in all other type II
receptors, including BMPRII and ActRI], lacks both B1’, B1"-
strands and the Cys®**~Cys** disulfide bond. It would result in a
conformation that would sterically clash with their cytokines at
SiteIla (Fig. 5, Cand E). Therefore, we can conclude that Site ITa
at the “tip of cytokine fingers” is unique and restricted only to
TGF-B complex assembly. On the other hand, BMPs use their
“knuckle site” of their fingers, Site IIb, to bind the B4 and 85
strands of their receptors. This region in TBRII contains a
unique 5—8-amino acid insertion forming a hook blocking its
B4 and 5 strands from binding to Site IIb (Figs. 4B and 5D).
Except TBRIL, other known type II receptors have significantly
shorter B4-B5 loops that adopt similar conformation (Fig. 4B),
suggesting knuckle site on cytokine is a common type II recep-
tor binding site in TGF-B superfamily. Moreover, the $4-35
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region on type II receptors is responsible for their specificity.
Here, as in the above mentioned type I receptor recognition, the
shorter 84-B5 loop is characteristic for promiscuous type II
receptors, such as ActRII and ActRIIB, whereas the 34-35 loop
in BMPRII, which is 3 residues longer, restricts its recognition
to BMPs only.

The interface between TBRI and TBRII is the smallest of the
three and is conserved in the TGF- 33 ternary complex (Fig. 3D). It
contains predominantly hydrophobic contacts between Leu®,
Arg®®, Pro*®, Cys’®, Cys’”, Asn’®, and GIn”® of TBRI and Ala*!,
Val*?, Phe**, Pro**, Leu*, and Ile®®> of TpBRII (Fig. 2 and
supplemental Table S1).

The type I and II receptors in TGF-B superfamily share a
common three-finger toxin fold, yet have distinct binding sites,
and do not appear to cross-react. Site I binding involves the
residues on the first 81-82 loop of both TBRI and BMPR-Ia.
Thisloop is not only 7—13 residues shorter in all type I receptors
(Fig. 4) but is restrained by a conserved Cys'*~Cys'” disulfide
bond unique to type I receptors. Likewise, Site IIb binding is
supported by a conserved disulfide bond (Cys’>-Cys®*,
ACctRIIA numbering) between the 85 and 6 strands present in
all type II receptors but absent in type I receptors (Figs. 4 and
5F). The corresponding region in type I receptors assumes a
different conformation stabilized by a conserved disulfide bond
(Cys®*—Cys”®; Fig. 4C) present only in the type I receptors.
Thus, the ligand recognition by the type [ and II receptors of
TGEF-B superfamily appears to rely primarily on structural
compatibilities, such as insertions and deletions at their
receptor-ligand interfaces and unique disulfide bonds stabi-
lizing specific secondary structure conformations. In gen-
eral, insertions at the interface restrict the recognition,
whereas deletions generate promiscuity.

TGF-B1, -B2, and -B3 Exhibit Distinct Receptor Preferences
but Comparable Ternary Assembly Affinities—Despite high
sequence and structure similarity among TGEF- isoforms (Fig.
4), they often cause distinct outcomes in embryonic and adult
tissues (17, 19, 21, 30). These differences in TGF-Bs actions
might be caused by their distinct interactions with their recep-
tors. TGF-B1 and -3 have previously been shown to bind and
assemble TBRI and TBRII into complexes in an ordered man-
ner, first by forming a stable binary complex with TSRII and
then by recruiting TBRI (31, 32). Current structures of the ter-
nary complexes support this interdependent manner of
assembly (7). To examine the receptor binding properties of the
TGF-Bs, we used surface plasmon resonance with TGF-Bs
immobilized on the sensor surface between 50 and 300 RU. The
initial measurements were aimed at defining the relative affin-
ities of TBRI and TBRII for the three isoforms. The sensor-
grams obtained upon injection of TBRII over the TGF-f1, - 32,
and -B3 surfaces were characterized by relatively fast on and off
rates and could be readily fit using a simple 1:1 binding model
(Fig. 6A). The derived K}, values were consistent with expecta-
tions, with both TGF-B1 and -3 (K, values of 190 and 140 nm,
respectively) having an affinity more than a 100-fold greater
than TGF-B2 (22.4 um) (Table 2). Structurally, the TBRII inter-
face residues Arg®® and Arg®* of TGF-B1 and -33 are replaced
with lysines in TGF-82 (Fig. 4). This likely weakens TGF-82
binding to TBRII because of a shorter lysine side chain and
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FIGURE 5. Structural determinants critical for receptor/ligand recognition in TGF-g superfamily. A, align-
ment of TGF-B1 and BMP-2 and their type | receptors. TGF-S1 is colored cyan. For clarity only one monomer of
BMP-2 is shown in magenta. TBRI and BMPR-la are in red and blue, respectively. B1-B2 and B4-B5 loops as well
as disulfide bonds on receptor and ligand that are critical for receptor/ligand compatibility are marked. Recep-
tor Il binding sites in TGF-B81 and BMP-2 ternary complex (Site lla and Site lIb) are outlined as ovals. B, schematic
representation of TGF-B-type and BMP-type ternary complex with receptor | and Il binding sites marked as Site
I, Site Ila, and Site Ilb. C, TBRIl in surface representation (yellow) with TGF-B1 binding site painted cyan. BMPRII
B1-B2loop is represented as a blue ribbon that blocks the binding site, thus prohibiting BMPRII from binding to
Site lla. D, ActRIl in surface representation (gray) with BMP-2 contact area colored magenta. TBRII unique
extension of B4-B5 loop (yellow ribbon) and unique conformation of B4-B5 loop in type | receptors (red ribbon)
prevent binding of type | receptors and TBRII to Site llb. E, surface representation of TBRI (red) with TGF-£1
contact area marked cyan. ActRIl B1-B2 loop is shown as a gray ribbon that blocks one of the binding sites
illustrating impossibility of any type Il receptor to bind to Site I. F, critical differences in the conformation

between type | (red) and type Il (gray) receptors.

reduced hydrogen bond interactions (Fig. 2). Indeed, earlier
substitution of Lys*®, Ile®?, and Lys®* with the corresponding
residues in TGF-B1 and -3 (Arg®, Val??, and Arg®*) restores
high affinity TBRII binding and its ability to bind and recruit
TBRI (31, 33, 34).

TBRIL to our surprise, yielded detectable signals when
injected over the TGF-B2 and -B3 but not TGF-B1 surfaces
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(Fig. 6B). The TGF-B2 sensorgrams
could be readily fit to a simple 1:1
binding model with a K, 0of 11.2 um,
whereas the TGF-$3 sensorgrams
could not. The steady state fitting of
TGEF-B3 sensorgrams yielded a K,
of 24 um (Table 2 and sup-
plemental Fig. S2). Interestingly,
TGE-B2 binds TBRI with 2-fold
higher affinity than TBRIL To
attempt to quantify the weak inter-
action between TBRI and TGF-S1,
an equilibrium experiment was per-
formed with a higher density
TGF-B1 surface (686 RU). However,
the response was barely detectable
over the range of TBRI concentra-
tions sampled (0—-16 um). An esti-
mate based on equilibrium response
indicates a K, greater than 70 um
(35). In addition to the type I recep-
tor affinity differences between
TGF-B1 and - B3, the kinetic associ-
ation and disassociation rates for
TGF-B3 are also slower (Fig. 6).
This could contribute to the
functional difference between the
TGEF-B isoforms. Thus, TBRI also
displays ligand preferences with
TGE-B3 > TGE-B2 > TGF-BL.
Although TBRI binds TGEF-B3
tighter than TGEF- 1, the interface
between TBRI and TGF-B3 is 400
A% smaller than that between
TBRI and TGF-B1 because of a 10°
difference in TBRI docking orien-
tation. The structure shows that 8
of 13 TGF-B residues are con-
served at the TPBRI interface
among the three isoforms. Asn®,
Ile®’, GIn®?, Lys®, and GIn®” vary
with Ile®* and GIn®’ unique to
TGF-B1 and thus may contribute
to its weaker TBRI binding (Figs.
2D and 4A). Despite the fact that
TBRI forms a larger interface area
than TBRII with TGF-B1 and -3,
it binds both TGF- s weaker com-
pared with TPBRIL Structurally,
TGEF-B1 interacts with its type II
receptor mostly through hydrogen
bonds and salt bridges but with its type I receptor via primar-
ily hydrophobic contacts (Fig. 4 and supplemental Table S1).
A smaller interface yet higher affinity interaction between
TBRII and TGF-B1 suggests the importance of hydrogen
bonds in achieving high receptor-ligand affinity. Similarly,
BMP-2 forms 16 hydrogen bonds and salt bridges with its
high affinity receptor BMPR-IA but mostly hydrophobic

BMP-2 contact
) area

[34-B35 loop
in type |
receptor
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FIGURE 6. Surface plasmon resonance sensorgrams and kinetic fits for binding of the TBRI and TBRII extracellular domains to TGF-31, -2, and -33.
A, sensorgrams obtained as TBRIl was injected. The traces correspond to triplicate measurements of 2-fold serial dilutions of the receptor over the concentra-
tion ranges shown. The surface densities were 185, 339, and 165 RU for TGF-31,-82, and -3, respectively. The red curves correspond to global fits of each data
setto a 1:1 binding model using Scrubber 2 software. B, sensorgrams and kinetic fits obtained as TBRI was injected. Surface densities were 242, 339, and 595
RU for TGF-B1, -B2, and -3, respectively. Sensorgrams obtained for TGF-B3 indicated heterogeneity that could not be fit to a simple 1:1 model, and hence no
fit is shown. C, sensorgrams and kinetic fits obtained as TBRI was injected in the presence of 4 um TBRII. The surface densities were 498, 339, and 595 RU for

TGF-B1, -B2, and -B3, respectively.

contacts with the low affinity ActRIl. Because hydrogen
bonds, in general, provide more specific receptor/ligand rec-
ognition than hydrophobic interactions, the dominance of
hydrogen bonding interactions at the TGF-B1/TBRII and
BMP-2/BMPR-IA interfaces is consistent with their higher
affinity and thus the preferential recognition of type Il recep-
tor for TGF-Bs and type I receptor for BMPs. Hydrogen
bonds and salt bridges also dominate the high affinity recep-
tor « chain binding to hematopoietic cytokines, such as
interleukin-2 and -4, and van der Waal’s contacts primarily
occupy low affinity receptor-cytokine interfaces (36 —38).
The subsequent binding studies were aimed at quantifying
the extent to which one receptor type potentiated the bind-
ing of the other. To accomplish this, TBRII was included in
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the buffer at a concentration of 4 uMm, whereas TBRI was
injected over a range of concentrations. The sensorgrams
obtained were characterized by slow association and disso-
ciation rates and could each be easily fit to a simple 1:1 bind-
ing model (Fig. 6C). The derived K, values were 70, 16, and
14 n™m for TGF-B1, -B2, and - B3, respectively (Table 2). Thus,
higher TBRI binding affinities were observed for all three
TGEF-B in the presence of TBRII, reflecting their similar effi-
ciencies in assembly of the ternary complexes. Except for the
case of TGF-B2 where 4 um TBRII is 5-fold lower in concen-
tration than their K}, the K, values measured for TGF-B1
and TGF-B3 reflect the binding of TBRI to the TRRII*'TGE-f3
binary complex. Structurally, the cooperative receptor bind-
ing reflects the favorable contacts between TBRI and TBRII
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TABLE 2
Dissociation and rate constants for binding of TGF-f receptors to TGF-B1, -2, and - 33
Saturating
Analyte receptor TGE-B1 TGE-B2 TGE-B3
Surface plasmon resonance kinetic analysis TPBRI None Ky, (um) ND“ 11.2 = 0.4 NQ?
using a 1:1 binding model k, (M~ ts™h ND 9.6 £0.3 X 10* NQ
k, (s ND 1.08 + 0.03 NQ
TBRII None Ky, (um) 0.19 = 0.01 224 *0.5 0.14 = 0.01
k, (M~ 's™h 1.16 = 0.05 X 10° 4.9 0.1 X 10* 1.8 £ 0.1 X 10°
kp(s™h) 0.22 = 0.01 1.10 = 0.02 0.24 = 0.01
TBRI TPBRII (4 um) Ky, (um) 0.070 = 0.008 0.016 * 0.002 0.014 * 0.002
(M~ tsTh 9.7 £ 0.8 X 10* 1.8 £0.1 X 10° 9.6 £ 0.3 X 10*
ky (s 6.8+ 06Xx1072 29+01x107% 13x01x103
K, (um) values for surface plasmon resonance TBRI None >70 11.1 = 0.4 24 *02
equilibrium analysis TBRIL None 0.30 + 0.01 20.0 = 0.8 0.17 £ 0.01
Receptor preference® >200 0.5 14

“ND, not detectable.

®NQ, Not quantifiable, because sensorgrams exhibited complex kinetics and could not be adequately fit to a simple 1:1 model.
¢ Receptor preference is the ratio of the dissociation constants between the TBRI and TSRII binding separately to TGF-B. Numbers >1 indicate a preference for the type II

receptor, and numbers <1 indicate that the type I receptor is preferred.

(740 A% observed in both TGF-B1 and -B3 ternary
complexes.

The close resemblance between the TGF-B1 and TGF-33
ternary complex structures is consistent with their similar
binding affinities. However, there are some important differ-
ences with regard to assembly. Although TGF-S1 and TGF-£3
both bind TBRII with high affinity, TGF-B1 binds TBRI much
more weakly than TGF-B3. This difference in TBRI binding
also persists in the context of the binary complexes, with the
TBRIIFTGF-B3 complex having a 5-fold greater affinity for
binding and recruiting TBRI compared with the TBRII'TGF-
B1. To better describe the receptor preference and the cooper-
ative contribution of individual receptors in TGF-S signaling
complex assembly, we define the receptor preference as the
ratio of the dissociation constants between the TBRI and TBRII
for each TGF-B. For example, TGF-B3 binds to TBRI and
TBRII with 2.4.and 0.17 um affinities, respectively, resulting in a
14-fold receptor preference for TBRIL This T BRII preference is
estimated to be greater than 200 for TGF-B1 and vanished com-
pletely (i.e. 0.5) for TGF-B2. In other words, there is no prefer-
ential binding to the type II versus type I receptor in TGF-£32
receptor recruitment. These results demonstrate that although
all three TGF-Bs can effectively assemble their ternary com-
plexes, their receptor preferences and the contribution of each
receptor to the cooperative assembly appear distinct. TGF-£1,
because of its strong preference for binding TBRII over TSR],
assembles ternary complex in a prototypical manner, first bind-
ing TBRII with high affinity (K, = 190 nm) and then and only
then binding and recruiting TBRI (K, = 70 nm). TGF-B3 also
preferentially binds TBRII over TBRI, although with less pref-
erence compared with TGF-B1 (Table 2). Therefore, TGF-33
also likely binds and assembles its receptors in a largely proto-
typical manner. In contrast, TGF-32 displays no receptor pref-
erence, and both receptors contribute nearly equally to the
assembly of its ternary complex. This suggests that TGF-S2,
instead of following the sequential receptor recruitment para-
digm, engages either TBRI or TBRII and then recruits the com-
plementary receptor or requires additional co-receptors to sta-
bilize the binary cytokine-receptor complex. It is also possible
that TBRI and TPRBRII associate into a preformed dimer,
although no direct binding can be detected in solution between
the two receptors. These results could explain the 100-1000-
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fold lower potency of TGF-£2 in inducing functional responses
in cells lacking the TGF- co-receptor betaglycan, because the
fraction of ligand initially captured on the surface would
expected to be lower for TGF-B2 compared with TGF-B1 and
TGF-B3 (primarily because of its lower affinity for TBRII).
Based on this, betaglycan likely functions as enhancer of cellular
sensitivity to TGF-f2 by its demonstrated ability to promote
binding of TGF-B2 to TBRII (39); this in turn should endow
TGEF-B2 with the capacity to bind and recruit TBRI in a manner
comparable with that of TGF-B1 and -£33.

In summary, the structure of TGF-31-TBRI-TBRII ternary
complex and its comparison with the TGF-B3 ternary com-
plex showed a common ligand recognition mode in the
TGEF-B family of cytokines by their receptors. In particular,
the low affinity type I receptor interacts with both TGF-B
and TBRII but with slightly different orientations at site I in
the two structures. Among the type I receptors, their ligand
specificity appears to correlate with the lengths of their
B1-B2 ligand binding loops, with receptors with shorter
B1-B2 loop being more promiscuous. The high affinity
TBRII binds to a conserved site (Ila) at the tip of TGF-B1 and
TGEF-B3. The TBRII binding site at the tips of the cytokine
fingers is restricted to TGF-B only. All other type II recep-
tors in TGF-B superfamily bind to the common site IIb at the
knuckles of cytokine. As with type I receptors, the length of
the B4-B5 region is a determining factor for type II receptor
specificity and promiscuity, whereby the receptors with
shorter B4-B5 loop display promiscuous ligand recognition.
Hydrogen bonds and salt bridges rather than hydrophobic
interactions appear to be critical for the high affinity recep-
tor recognition, in this case TBRII and TGF-B1. Unlike TGE-
B1, both TGF-B2 and TGF-B3 exhibited significant affinities
to TBRI. Although all three TGF-Bs form their ternary
receptor complexes equally well, the variations in the type I
and II receptor preferences among the TGF-Bs likely modu-
late the kinetics of ternary complex assembly. As a result,
TGEF-B2 likely recruits the type I and II receptors simulta-
neously rather than sequentially. The differences in the
kinetic assembly of the type I and II TGF- receptors suggest
a potential functional variation among TGF- s with respect
to cellular and tissue distributions of their receptors.
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