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Transforming growth factor-f1 (TGF-p1) is secreted as part
of an inactive complex consisting of the mature dimer, the
TGF-B1 propeptide (latency-associated peptide (LAP)), and
latent TGF-B-binding proteins. Using in vitro mutagenesis, we
identified the regions of LAP that govern the cooperative assem-
bly and stability of the latent TGF-B1 complex. Initially, hydro-
phobic LAP residues (Ile®?, Leu®*, Leu®’, and Leu®”), which form
a contiguous epitope on one surface of an amphipathic a-helix,
interact with mature TGF-f1 to form the small latent complex.
TGF-pB1 binding is predicted to alter LAP conformation, expos-
ing ionic residues (Arg*®, Arg®®, Lys®®, and Arg®®) on the other
side of the a-helix, which form the binding site for latent TGF-
B-binding proteins. The stability of the resultant large latent
complex is dependent upon covalent dimerization of LAP,
which is facilitated by key residues (Phe'®®, Asp'®®, Val*®°,
Leu%, Phe?!”, and Leu?"®) at the dimer interface. Significantly,
genetic mutations in LAP (e.g. R218H) that cause the rare bone
disorder Camurati-Engelmann disease disrupted dimerization
and reduced the stability of the latent TGF-f31 complex.

Transforming growth factor-B1 (TGF-B1)? is the prototypi-
cal member of a large family of structurally related proteins,
with well documented roles in cellular proliferation, differenti-
ation, apoptosis, adhesion, and extracellular matrix deposition
(1, 2). Like other family members, TGF-B1 is synthesized as a
large precursor molecule consisting of an N-terminal prodo-
main (latency-associated peptide (LAP)) and a C-terminal
mature domain. Within this precursor, LAP acts as a multi-
functional peptide capable of regulating the crucial roles
TGEF-B1 plays throughout development and in the mainte-
nance of tissue homeostasis in adult life (3-5).

Initially, hydrophobic residues near the N terminus of LAP
bind to mature TGF-B1 (6), and this interaction is necessary to
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maintain the molecule in a conformation competent for dimer-
ization. Two precursors are then covalently linked at sites
within both the mature growth factor and LAP to form the
small latent complex (SLC) (7-10). The SLC can be cleaved by
proprotein convertases (11, 12), but LAP remains non-co-
valently associated with the mature TGF-B1 dimer (13, 14).
During the secretory process, LAP also interacts covalently
with latent TGF-B-binding proteins (LTBPs) to form the large
latent complex (LLC), and it is in this form that TGF-B1 is
secreted from the cell (7, 15). In the absence of LTBPs, the
reactive cysteine (Cys®>®) within LAP forms an incorrectly
paired disulfide bond with a free cysteine in mature TGF-£1,
ensuring the SLC is secreted in an inactive form (10).

Extracellularly, LAP confers latency to TGE-1 by shielding
the type II receptor-binding epitope on the outer convex sur-
face of the mature dimer (16, 17). Lacking additional secreted
antagonists, this is the major point of regulation of TGF-B1
biological activity. Interestingly, of the 33 TGE-f3 ligands, only
TGEF-B1, -B2, -B3, myostatin, and GDF-11 (growth and differ-
entiation factor-11) bind their propeptides with high enough
affinity to confer latency (16, 18 —21). For other family members
(e.g. activins and bone morphogenetic proteins), affinity for
receptors is greater than affinity for propeptides, and they are
secreted in an “active” form (6, 22).

LTBPs associate with LAP via signature 8-Cys domains,
which are unique to these proteins and the structurally related
molecules, fibrillin-1 and fibrillin-2 (23-25). Once secreted,
LTBPs target latent TGF-1 to fibrillin microfibrils within the
extracellular matrix. TGF-f1 signaling is dependant upon lib-
eration of the mature ligand from the LLC, a process mediated
by activators, such as thrombospondin-1 and integrins, that
bind to specific residues in LAP (**LSKL and ***RGD, respec-
tively) (4, 26—28). By altering the conformation of LAP, these
activators permit TGF-S1 to engage its signaling receptors.

Perturbation of the extracellular control of TGF-B1 signaling
has been implicated in many human diseases, including Marfan
syndrome, geleophysic dysplasia, Loeys-Dietz syndrome, and
Camurati-Engelmann disease (CED) (29-34). Instructively,
missense mutations in LAP underlie the pathology observed in
the rare bone disorder, CED. These mutations lead to up-regu-
lation of TGF-p1 signaling via increased ligand activation or
secretion of the mutant protein (35, 36). Interestingly, most of
the identified CED mutations are in the vicinity of the cysteine
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FIGURE 1. Formation of the large latent TGF-B1 complex. TGF-31 is syn-
thesized from a larger precursor protein, comprising a signal peptide (SP),
LAP, and a C-terminal mature domain (A). During assembly, two TGF-B1 pre-
cursors are covalently linked at sites within both the mature growth factor
and LAP to form the SLC (B). The SLC then binds to LTBPs to form the LLC (C).
Studies have indicated that the assembly and stability of the LLC is governed
by three key regions in LAP (7-3).

223 and Cys**°) required for covalent dimerization

residues (Cys
of LAP (10).

The numerous studies that have elucidated the mechanism
of latent TGF-B1 assembly, secretion, matrix deposition, and
activation have highlighted three functionally important re-
gions in LAP: (i) a TGF-B1 binding site at the N terminus; (ii) an
LTBP-1 binding epitope in the vicinity of Cys*; and (iii) a LAP
dimerization interface at the C terminus (Fig. 1). Together,
these sites coordinate the assembly and stability of the large
latent TGF-B1 complex. In this study, using in vitro mutagen-
esis and functional analyses, we have identified the residues in
LAP that mediate these functions. Importantly, despite low
sequence homology (~15%) between propeptides of TGF-f3
ligands, these structurally significant regions are broadly
conserved.

EXPERIMENTAL PROCEDURES

Production of TGF-B1 Mutants—Mutations were intro-
duced in full-length TGF-B1 using the QuikChange Light-
ning site-directed mutagenesis kit (Stratagene, La Jolla, CA).
A pCDNA3.1 (Invitrogen) vector containing full-length human
TGF-B1 served as the template in these reactions. For each
construct, the mutated region was confirmed by DNA sequenc-
ing. Wild type and mutant TGF-B1 were produced by transient
transfection in HEK-293T cells using Lipofectamine 2000
(Invitrogen). Briefly, HEK-293T cells were plated at 8.0 X 10°
cells/well in a 6-well plate. Wild type or mutant TGF-B81 DNA
(5 mg) was combined with Lipofectamine according to the
manufacturer’s instructions. After a 20-min incubation, DNA-
Lipofectamine complexes were added directly to the plated
cells and incubated in serum-free Opti-MEM medium (Invitro-
gen) for a further 48 h at 37 °C in 5% CO,,

The transfected HEK-293T culture medium and cell lysates
for the TGF-B1 mutants were assessed by Western blotting. At
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48 h post-transfection, the culture medium was removed and
concentrated 50-fold using Nanosep microconcentration
devices with a 10 kDa molecular mass cut-off (Pall Life Sci-
ences). The cells were lysed in 1% Triton X-100 in phosphate-
buffered saline (pH 7.4). Non-reduced samples were loaded
onto 10% SDS-PAGE and subjected to Western blotting. After
electrophoresis, samples were transferred onto ECL Hybond
membranes (GE Healthcare). TGF-B1 was detected using an
R&D Systems TGF-B1 monoclonal antibody (MAB240, R&D
Systems (Minneapolis, MI)).

TGF-B1 ELISA—A TGEF-B1 ELISA (R&D Systems) was em-
ployed to measure the amount of TGF-g1 in HEK-293T condi-
tioned medium. Conditioned medium was diluted in 1.4%
bovine serum albumin in phosphate-buffered saline (pH 7.4)
prior to the assay. The sensitivity of the assay was 2 pg/ml.

Assessment of the Stability of TGF-B1 Latent Complexes—To
assess TGF-1 latent complex stability, a time course activation
assay was developed. In order to release the mature growth
factor from the latent complex, conditioned medium contain-
ing TGF-p1 variants was incubated with 1 M HCI for 10 min at
room temperature and then neutralized with 1.2 M NaOH in
0.5 M HEPES. Neutralized samples were incubated at room tem-
perature for 0.25, 0.5, 1, 2, and 4 h prior to assay. Active and
total levels were measured for each time point in the TGF-B1
ELISA, as described above. The ability of wild type LAP to reas-
sociate with mature TGF-1 relative to CED variants was ana-
lyzed using one-phase decay parameters in the Prism Program
(version 5; GraphPad Software (San Diego, CA)).

Production of Wild Type and Mutant LAP—Wild type and
mutant LAP were generated by PCR (antisense primer
5 -CTAGGAATTCCTATTTGTCGTCGTCGTCTTTGT-
AGTCGGAGCTTTGCAGATGCTGGGCCCTCTC-3') and
cloned into the HindIIl and EcoRI sites of a pCDNA3.17"
vector (Invitrogen). The primers incorporated a 3" FLAG
tag. LAP variants were produced by transient transfection in
HEK-293T cells using Lipofectamine (Invitrogen) as de-
scribed above. LAP expression was analyzed by Western
blotting using the FLAG M2 monoclonal antibody (Sigma).
The membranes were then probed with a sheep anti-mouse
serum conjugated to the fluorescent dye IR800 (Rockland
Immunochemicals (Gilbertsville, PA)). The membranes
were scanned on an infrared imaging system (Odyssey IR
imaging scanner; Li-Cor Biosciences (Lincoln, NE)), and rel-
ative LAP concentrations were determined.

TGF-B1 in Vitro Bioassay—LAP variants were assessed for
their ability to suppress TGF-B1 bioactivity in a luciferase assay.
Briefly, HEK-293T cells were plated in poly-Dp-lysine-coated
48-well plates at 75,000 cells/well. After a 24-h incubation, cells
were transfected with the TGF-B1-responsive A3-Lux reporter
construct (37) and FAST?2 transcription factor (37) as described
previously (38). Each well was transfected with A3-Lux (25 ng),
FAST-2 (50 ng), and empty vector (425 ng of pcDNA3.17")
using Lipofectamine according to the manufacturer’s protocol
(Invitrogen). At 24 h post-transfection, cells were treated with
100 pm TGEF-B1 (Peprotech) and increasing doses of condi-
tioned medium containing either wild type or mutant LAP.
After a 16-h incubation, cells were harvested in solubilization
buffer (1% Triton X-100, 25 mm glycylglycine, pH 7.8, 15 mm
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MgSO,, 4 mm EGTA, and 1 mm dithiothreitol), and the TGF-
B1l-induced luciferase activity was determined.

TGF-B1-LTBP-1 Binding Experiments—A vector expressing
the cDNA for the long isoform of LTBP-1 was kindly provided
by Dr. Mark Gibson (University of Adelaide, Australia). PCR
was used to isolate the 8-Cys domain of LTBP-1 and its two
flanking epidermal growth factor domains (EGF-12 and EGEF-
13) (39). The generated PCR product (LTBP-1 trunc) served as
a template in subsequent rounds of PCR, to enable the incor-
poration of a rat serum albumin leader sequence at the N ter-
minus of LTBP-1 trunc, and three hemagglutinin epitope tags
(YPYDVPDYA) at the C terminus.

To assess LTBP-1 interactions with TGF-B1 variants, the
LTBP-1 trunc construct was co-expressed with equivalent
amounts of either wild type or mutant TGF-B1 variants in
HEK-293T cells by transient transfection (as described above).
Binding of the TGF-B1 variants to LTBP-1 trunc was deter-
mined by Western blot analysis. Conditioned medium was con-
centrated 50-fold using Nanosep microconcentration devices
with a 10 kDa molecular mass cut-off (Pall Life Sciences). Non-
reduced samples were loaded onto 5% SDS-PAGE and analyzed
by Western blot. The LTBP-1 fragment was detected using an
anti-hemagglutinin high affinity monoclonal antibody (Roche
Applied Science). TGF-B1 LAP was detected using LAP mono-
clonal antibody MAB246 (R&D Systems). Expression of
TGF-B1 was determined using a TGF-1 monoclonal antibody
(MAB240, R&D systems), specific for the mature domain of
TGE-B1.

Statistical Analysis—Significance (p < 0.05 or p < 0.01) was
determined using one-way Student’s ¢ tests for independent
groups. All error bars shown represent S.D.

RESULTS

Hydrophobic Residues at the N Terminus of LAP Govern For-
mation of the Small Latent TGF-B1 Complex—Previously, we
identified a hydrophobic motif within the prodomain of inhibin
A that governs the biosynthesis and secretion of the mature
ligand (6). Conservation of the hydrophobic residues in the
prodomains of other TGF-f ligands suggested that a similar
assembly mechanism may exist across the family. For TGF-f1,
the identified motif lies within a stretch of 24 amino acids
(Lys**~GIn®®) that is highly conserved between the TGF- iso-
forms and has previously been implicated in binding the mature
growth factor (4, 14). All residues throughout this region were
substituted with alanine using in vitro mutagenesis (Fig. 24).
Western blot analysis on a panel of these TGF-f1 variants indi-
cated that conditioned medium from cells transfected with wild
type TGF-B1 contained both mature (25 kDa) and precursor
(95 kDa) TGF-B1 forms (Fig. 2B). As anticipated, mutation of
residues within the hydrophobic motif (Ile>%, Leu®*, Leu®’, and
Leu®®) as well as Ile*® resulted in a significant reduction (>70%)
in the amount of total TGF-B1 produced and secreted (Fig. 2B
and Table 1). An analysis of lysates from the transfected cells
indicated that the decrease in TGF-B1 production was not due
to aloss of TGF-B1 precursor expression because it was present
at similar levels for all variants tested (Fig. 2B, bottom).

TGE-B1 is secreted as a latent complex, consisting of the
mature growth factor non-covalently associated with LAP. We
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FIGURE 2. Effects of LAP mutations on TGF-B1 biosynthesis. Target resi-
dues in TGF-B1 LAP were substituted with alanine using in vitro mutagenesis
(A). To determine the effects of amino acid substitutions on TGF-B1 produc-
tion, conditioned media (top panels) and cell lysate (bottom panel) from HEK-
293T cells transfected with either wild type (WT; lane 1) or mutant TGF-£1
were analyzed by Western blot (B). Samples were detected with a TGF-B1
mAb, specific for the mature domain. The 95-kDa TGF-B1 precursor and
25-kDa mature dimer are noted. SP, signal peptide.

TABLE 1
Effect of LAP mutations on TGF-B1 biosynthesis

TGE-B1 levels were determined in the ELISA for each variant in triplicate; values
represent mean * S.D. ND, not determined.

TGF-B1 variant Active TGF-B1 Total TGF-$1

Percentage active

ng/ml ng/ml %

Wild type 242 *+ 0.29 218.5 + 12.8 1.11 +0.13
K42A 1.14 + 0.16 121.7 + 3.9° 0.94 +0.13
K43A 2.60 = 0.14 264.8 + 2.7 0.98 *+ 0.05
K44A 2.14 + 0.07 141.9 + 5.0° 1.51 *+ 0.05”
R45A 1.64 + 0.14 65.6 + 2.2° 2.50 = 0.21¢
146A 0.63 = 0.15 58.4 + 0.8” 1.09 + 0.26
E47A 1.55 + 0.16 194.4 + 6.8° 0.80 * 0.08
A48G 1.14 + 0.21 109.9 + 7.5 1.04 + 0.19
149A 0.64 = 0.16 102.8 * 4.1° 0.62 = 0.15
R50A° 1.23 70.2 1.75
G51A 1.55 + 0.16 180.5 + 1.7° 0.86 * 0.09
Q52A 1.46 + 0.29 125.4 + 7.2° 1.16 + 0.23
153A <0.6 <0.6 ND
L54A <0.6 <0.6 ND
S55A 2.10 = 0.08 108.8 * 6.6 1.93 + 0.07¢
K56A 3.54 = 0.09 10.4 + 0.30* 33.8 = 0.82¢
L57A <0.6 1.75 + 0.09* ND
R58A 4.42 + 0.30 279.8 + 9.8” 1.58 +0.11
L59A 1.35 + 0.09 64.6 = 6.7 2.08 + 0.14°
A60G 1.65 + 0.18 236.4 + 21.7 0.70 = 0.08
S61A 1.70 = 0.00 259.7 +9.3° 0.65 + 0.00”
P62A 1.80 + 0.23 210.7 + 6.4 0.85 = 0.11
P63A 1.85 + 0.26 835 + 24" 221 +0.31°
S64A 2.15 *= 0.65 261.8 + 7.0 0.82 = 0.25
Q65A 2.45 = 0.40 221.0 + 6.6 1.11 +0.18

“p <0.01.

b p < 0.05.

‘n=2.

next sought to establish whether the hydrophobic LAP residues
(Ile*®, Ile**, Leu®*, Leu®’, and Leu®®) important for assembly
also confer latency. HEK-293T cells were transfected with a
TGEF-B1-responsive luciferase reporter and treated with re-
combinant TGF-B1 and increasing doses of conditioned
medium containing either wild-type or mutant LAP (Fig. 3, A
and B). Wild-type LAP was able to suppress the TGF-B1-in-
duced luciferase response in a dose-dependant manner (Fig.
3C). In contrast, the LAP variants carrying mutations in the
hydrophobic motif had a reduced ability to suppress TGF-S1
signaling (Fig. 3C). Indeed, the I53A and L54A mutants dis-
played an 80-fold reduction in affinity for mature TGF-B1 com-
pared with wild type LAP. These results extend previous find-
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FIGURE 3. Analysis of the interaction between LAP and mature TGF-£31.
Wild type and mutant LAP variants (boldface type and underlined) were gen-
erated by site-directed mutagenesis (A), and relative expression levels in
transfected HEK-293T cells were determined by Western blot using the FLAG
M2 mAb (B). The ability of wild type (WT) and mutant LAP variants to bind
mature TGF-B1 and block TGF-B1 signaling was assessed in an in vitro bioas-
say (C). SP, signal peptide. Error bars, S.D.

ings (4, 6, 14) that demonstrated that the N terminus of LAP
interacted with the TGF-B1 dimer to mediate growth factor
assembly, secretion, and latency.

Ionic Residues at the N Terminus of LAP Govern Formation
of the Large Latent TGF-B1 Complex—Our site-directed mu-
tagenesis strategy also identified ionic LAP residues (Arg*®,
Arg®®, Lys®®, and Arg®®) in the vicinity of the hydrophobic motif
that affected TGF-B1 production (Fig. 2B and Table 1). Cells
transfected with the R58A variant secreted higher levels
(~22%) of total TGF-B1, suggesting that this mutation im-
proved LAP-mature interactions and subsequent growth factor
processing. In contrast, cells transfected with the R45A, R50A,
and K56A variants produced significantly lower levels (<65%)
of total TGF-B1 (Fig. 2B and Table 1). The K56A variant was
particularly interesting in that cells secreted wild type levels of
precursor in the virtual absence of mature growth factor. Pre-
vious studies have indicated that, within the SLC, LAP
covalently associates with LTBP-1, and, in the absence of
LTBPs, secreted SLC contains incorrectly paired disulfide
bonds (10). For this reason, we looked more closely at the com-
position of the precursor forms secreted by cells following
transfection with the TGF-B1 variants (Fig. 4B). As a positive
control, cells were transfected with mutant TGF-B1(C33S),
which is unable to covalently link with LTBP, ensuring correct
folding of the SLC (40). For the C33S variant, the SLC dissoci-
ated into its constituent components upon SDS-PAGE (as evi-
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FIGURE 4. Amino acids involved in the formation of the large latent
TGF-B1 complex. Target residues in TGF-B1 LAP (boldface type, underlined)
were substituted with alanine using in vitro mutagenesis (the hydrophobic
residues identified to be important for LAP-mature interactions are boxed)
(A). The effect of mutating these ionic residues on formation of the SLC was
determined by Western blot using an anti-LAP antibody (B). The inability of
the R45A, R50A, and K56A variants to fold correctly suggested that they were
compromised in their ability to bind LTBPs. To verify this, cells were trans-
fected with wild type (WT) or mutant TGF-B1 variants together with a trun-
cated form of LTBP-1. The formation of the LLC was monitored by Western
blot using an anti-hemagglutinin (anti-HA) mAb, specific for LTBP-1 (C).
Expression of the TGF-B variants was verified by Western blot using a TGF-1
mADb (D).

denced by the high levels of LAP dimer and the absence of
TGEF-B1 precursor) (Fig. 4B, lane 7). Strikingly, nearly all of the
SLC secreted by cells transfected with the R45A, R50A, and
K56A variants was misfolded (Fig. 4B, lanes 2, 3, and 5). This
was partly attributable to the low levels of endogenous LTBPs in
HEK-293T cells because >50% of the SLC produced by cells
transfected with wild type TGF-B1 was also misfolded (Fig. 4B,
lane 1). However, a significant proportion of wild type TGF-B1
was able to fold correctly, given the levels of LAP dimer evident
following SDS-PAGE.

Chen et al. (39) recently showed that LAP binds to ionic
residues (Glu'*2, Asp'®??, Asp'®**, Asp'°°%, and Glu'°*°) in the
third 8-Cys domain of LTBP-1, resulting in a disulfide exchange
between a pair of cysteines in LTBP-1 and Cys>® in LAP. We
therefore postulated that the identified cationic LAP residues
(Arg®, Arg®®, Lys*®, and Arg®®) may mediate non-covalent
interactions with LTBPs. To verify this, wild type and mutant
TGEF-B1 variants were co-transfected with a truncated frag-
ment of LTBP-1 (LTBP-1 trunc). The conditioned medium
from transfected cells was analyzed by Western blot using anti-
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bodies specific for LTBP-1 trunc (anti-HA) (Fig. 4C). When
expressed alone, LTBP-1 trunc was secreted as a 50-kDa
polypeptide (Fig. 4C, lane 1); however, in the presence of latent
TGF-B1, LTBP-1 trunc formed a covalent complex with LAP,
which was evident at 100 kDa (Fig. 4C, lane 3). In line with its
positive effect on TGF-B1 production, the R58A variant consis-
tently bound LTBP-1 with high affinity (Fig. 4C, lane 8). In
contrast, alanine substitution of Arg*®, Arg®®, and Lys®® in LAP
disrupted covalent complex formation with LTBP-1 (Fig. 4C,
lanes 4, 5, and 7). Western blot using antibodies specific for
TGF-B1 (Fig. 4D) revealed that the absence of LAP-LTBP com-
plex formation was not due to a loss of TGF-f1 expression.
LAP Residues That Mediate Assembly of the Large Latent
Complex Form Part of an a-Helix—The binding epitopes for
mature TGF-B1 and LTBP-1 overlap near the N terminus of
LAP (Arg*-Leu®®). Protein structure prediction (QuickPhyre,
Imperial College, London) indicated that this region of LAP
encompasses an a-helix, and modeling (PyMOL Molecular
Graphics System) predicted that the helical domain was
amphipathic (Fig. 5). Hydrophobic LAP residues (Ile*® Ile*3,
Leu®*, Leu®’, and Leu®®), which bind to TGF-1, formed a con-
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FIGURE 5. LAP residues (Met*®-Leu®’) form an amphipathic a-helix. The N terminus of LAP is predicted to
form an amphipathic a-helix (A). In this model, hydrophobic residues Ile*®, lle>?, Leu®*, Leu®”, and Leu>® present
along one face of the helix, to enable LAP interactions with the mature TGF-81 dimer. Charged residues, Arg*®,

Arg®®, Lys*®, and Arg®®, that mediate LAP interactions with LTBP-1, are mostly clustered on the other side of the
helix (B). Sequence alignment of the prodomains of TGF-f ligands highlighting the conservation of residues

Mutational Analysis of the TGF-31 Prodomain

tiguous epitope on one surface of
the a-helix, whereas ionic residues
(Arg®, Arg, Lys®®, and Arg>®) that
interact with LTBP-1 are mostly
clustered on the opposite surface
(Fig. 5, A and B). Interestingly,
sequence alignment indicated that
the a-helical region is almost com-
pletely conserved in the prodo-
mains of other latent human TGF-3
superfamily members (TGF-82,
TGEF-B3, myostatin, and GDF-11)
(Fig. 50).

LAP Residues Distant from the
N-terminal a-Helix Affect Stability
of the Latent TGF-f31 Complex—
Missense mutations in LAP in-
crease activation of TGF-B1 and
cause the rare bone disorder, CED
(35, 41). Cells transfected with the
CED mutants R156C and E169K
expressed substantially lower levels
of total TGF-B1 (29 and 7 ng/ml,
respectively) compared with wild
type (118 ng/ml), whereas the
R218C, R218H, H222D, and C225R
variants produced slightly lower lev-
els of total TGF-B1 (Fig. 6A and
Table 2). Each of the missense
mutations, however, resulted in
higher levels of active TGF- 1 in the
conditioned medium compared
with controls (Table 2). We sought
to understand the mechanism for
the decreased latency of these
TGF-B1 variants. Conditioned
medium from transfected cells was
treated with acid to release mature TGF-B1 from the SLC and
then neutralized. The ability of LAP to reassociate with TGF-£1
was monitored over time by TGF-B1 ELISA (Fig. 6B). The data
were analyzed using one-phase decay parameters in the Prism
program. Based on this, the half-life (i.e. time taken for 50% of
mature TGF- ligand to reassociate with LAP) was calculated.
In contrast to wild type LAP (half-life of 19 min) (Fig. 6B), the
CED LAP variants were compromised in their ability to bind
mature TGF-1, requiring longer periods of incubation for the
SLC to reform (half-life ranging from 28 min for C225R to 138
min for E169K) (Fig. 6B). These results indicate that the CED
mutations disrupt the interaction between LAP and TGF-S1
and subsequent stability of the latent complex.

Interestingly, four of the identified mutations lie within a
short stretch of 8 residues (Arg?'®*~Cys®?®), which encompasses
the cysteine residues (Cys*** and Cys®*®) involved in LAP
dimerization (10). The presence of monomeric TGF-S1 pre-
cursor in the medium of cells transfected with the CED variants
(Fig. 6A) suggested that these mutations affect LAP dimeriza-
tion. To address this, wild type and CED mutant LAP variants
were generated and expressed transiently in HEK-293T cells.

Latent TGFB
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FIGURE 6. Analysis of the effect of CED mutations on TGF-31 biosynthesis
and latent complex stability. Conditioned medium from cells transfected
with wild type (WT) or CED variants of TGF-B1 was initially analyzed by West-
ern blot using a TGF-B1 mAb (A). Subsequently, medium was treated with
acid to release mature TGF-B1 from the SLC and then neutralized. The ability
of LAP to reassociate with TGF-B81 was monitored over time by a TGF-31 ELISA
(B). The presence of monomeric TGF-B1 precursor in the medium of cells
transfected with the CED variants (A) suggested that these mutations affect
LAP dimerization. To address this possibility, wild type and CED mutant LAP
variants were generated and expressed transiently in HEK-293T cells (C). Error
bars, S.D.

Wild type LAP and the R156C mutant were expressed in
dimeric form (95 kDa); however, the other LAP variants were
expressed poorly and as a mixture of monomer and dimer (Fig.
6C). Thus, most CED mutations disrupt the covalent dimeriza-
tion of LAP, which, in the context of full-length TGF-1, results
in a more rapid dissociation of the small latent complex into its
constituent components.

A Hydrophobic Domain at the C Terminus of LAP Mediates
Dimerization—W e analyzed the C-terminal region of LAP to
identify residues that form the dimer interface. Sequence align-
ment of the TGF-B isoforms (Fig. 7A) identified a hydrophobic
domain (Trp'°~Leu?'?) that is highly conserved and neighbors
the cysteine residues (Cys*** and Cys**°) involved in interchain
disulfide bond formation. Alanine mutants were generated
across this region (Fig. 7B) and assessed for their effects on LAP
dimerization (Fig. 7C) and TGF-B1 production (Fig. 7D and
Table 2). Western blot analysis indicated that Phe'%®, Asp'®?,
Val*®, Leu®®, Phe'”, and Leu®'? were critical for LAP dimeri-
zation, whereas Trp'®® and Trp>°” were peripherally involved
(Fig. 7C). When these mutations were incorporated into full-
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TABLE 2

Effect of CED-causing and dimer interface mutations on TGF-f31
production and latent complex stability

TGE-B1 levels were determined in the ELISA for each variant in triplicate; values
represent mean * S.D. ND, not determined.

TGF-B1 variant Active TGF-B1 Total TGF-£1

Percentage active

ng/ml ng/ml %
CED-causing TGF-1
variants
Wild type 1.26 = 0.11 1185 £ 2.3 1.07 = 0.09
R156C 1.08 + 0.00 28.9 *+ 0.60” 3.71 £ 0.00*
E169K 1.26 = 0.17 6.83 = 0.097 18.50 * 2.43%
R218C 7.05 *+ 0.16 70.4 *+ 0.52¢ 10.01 = 0.22
R218H 4.85 +0.18 86.1 = 1.7¢ 5.64 = 0.21¢
H222D 523+ 023 68.7 + 1.7¢ 7.61 = 0.33“
C225R 3.29 =013 97.0 = 5.87 3.39 = 0.137
Dimer interface
TGF-1 variants
Wild type 3.03 = 0.12 1715 £ 1.6 1.77 £ 0.07
W195A 217 = 0.24 107.5 £ 5.3% 2.02 +0.23
F198A 1.10 + 0.09 45.8 = 0.827 241 * 0.20°
D199A 0.84 = 0.08 432 += 1.57 1.94 + 0.19
V200A 1.02 + 0.05 90.5 = 1.2¢ 1.13 = 0.05*
G203A 1.64 * 0.04 168.0 £ 5.2 0.98 * 0.03“
Q207A 212 *+0.11 1414 * 15.2 1.50 = 0.08”
W208A 1.62 + 0.08 96.5 *+ 2.87 1.68 + 0.08
L209A 2.15 = 0.08 101.2 £ 1.7 2.12 * 0.07°
S210A 2.05 *+ 0.16 150.6 * 4.2° 1.36 = 0.10°
F217A <0.6 12.14 = 0.18¢ ND
L219A 2.65 *+ 0.16 129.5 + 3.8 2.05 + 0.12°
“p <0.01.
bp < 0.05.

length TGF-B1 constructs, they reduced mature TGF-S1
expression in line with their effects on LAP dimerization
(Fig. 7D and Table 2). Mutation of non-conserved residues
within this region, Gly*°%, GIn?°¢, and Ser*'°, had little effect
on TGF-B1 production or LAP biosynthesis (Fig. 7, Cand D).
Interestingly, the hydrophobic residues involved in LAP
dimerization are conserved across the TGF-B superfamily
(Fig. 7A), suggesting that prodomain dimerization is a com-
mon phenomenon.

DISCUSSION

TGEF-B1is secreted as part of an LLC consisting of the mature
growth factor, the TGF-B1 prodomain (LAP), and a molecule of
LTBP (7, 15). After secretion, the LLC binds to the extracellular
matrix via the N-terminal domain of LTBP, and this interaction
is essential for latent TGF- 3 activation (25, 26). The absence of
LTBPs leads to cardiac (LtbpIL ’'"), craniofacial (Lthp3~'"),
and pulmonary and myocardial (Lthp4 '~) defects, which
highlights the importance of these multifunctional proteins in
normal TGF- signaling (42— 46). Furthermore, disruption of
the covalent association between LAP and LTBPs in vivo
(Tgfb1<°3%<335 mice) recapitulates most aspects of the
Tgfbl '~ mouse phenotype, including multiorgan inflamma-
tion, lack of skin Langerhans cells, and a shortened life span
(40). Thus, formation of the LLC is critical for regulating TGF-3
bioavailability.

In this study, we characterized the residues in LAP that coor-
dinate the formation and stability of the large latent TGF-B1
complex. Using in vitro mutagenesis, we identified a hydropho-
bic domain at the N terminus of LAP (Ile>*~Leu®®) that is essen-
tial for formation of the SLC. This domain encompasses the
**LSKL motif that was previously shown to be important for
LAP induction of latency and binding of the TGF-f1-activating
molecule, thrombospondin-1 (4, 47). LAP residues Ile®3, Leu®®,
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FIGURE 7. Characterization of the LAP dimerization interface. Se-
quence alignment of the prodomains of TGF-f ligands highlighting con-
served residues near the C terminus (shaded gray) (A). In addition, the
genetic mutations in LAP associated with CED are highlighted (boldface
type), as are the cysteine residues that form interchain disulfide bonds
(boxed). Conserved residues (boldface type, underlined) were mutated to
alanine by in vitro mutagenesis (B), and their effect on LAP dimerization (C)
and TGF-B1 production (D) was determined by Western blot analysis using
the FLAG M2 mAb or a TGF-B1 mAb, respectively. SP, signal peptide. WT,
wild type.

Leu®’, and Leu® mediate high affinity binding to TGF-f1,
which shields the type II receptor binding sites in the mature
growth factor and maintains TGF-B1 in a latent form. The
>3ILSKLRL*® domain is almost completely conserved in the
propeptides of other latent human TGEF-f superfamily mem-
bers (TGF-B2, TGF-£3, myostatin, and GDF-11), with the only
divergence being the substitution of the arginine for a lysine in
TGF-B2. Thus, the **ILSKLRL*® domain probably represents
the optimal high affinity binding site for mature TGF-S ligands,
and propeptides that contain this sequence remain complexed
with their respective growth factors, even in the presence of
signaling receptors. In contrast, although the hydrophobic
nature of this domain is maintained in the other 28 TGF-f3
ligands (6), they invariably lack one or both of the ionic residues
corresponding to Lys®® and Arg®® of LAP. Thus, variation of
these key ionic residues presumably reduces the affinity of
activin, bone morphogenetic protein, and growth and differen-
tiation factor propeptides for their mature growth factors and
ensures that these ligands are secreted in an “active” form.

pCEEYE
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Within the large latent complex, LAP and LTBPs are linked
by covalent bonds between Cys>? in each of two LAP chains and
a pair of cysteine residues in LTBP (24, 25). Chen et al. (39)
identified the five negatively charged residues in LTBP-1
(Glu'®?2, Asp'©?°, Asp'®**, Asp'©®®, and Glu'°®®) that mediate
initial non-covalent interactions with LAP. In the current
study, we identified the corresponding positively charged resi-
dues on LAP (Arg*, Arg™, Lys®®, and Arg®®) that form the
binding epitope for LTBP-1. These results explain the previous
findings of Young and Murphy-Ulrich (4), who showed that
Lys®® is essential for TGF-B1 complex formation and secretion.
Interestingly, LAP could only associate with LTBP-1 in the
presence of mature TGF-1 (data not shown), suggesting that
the LLC assembles cooperatively through recruitment of
LTBPs to the SLC. In support, an earlier study showed that
extensive conformational changes occurred in LAP upon for-
mation of the SLC (48). The identified LTBP-1 binding motif on
LAP is highly conserved among latent TGF- ligands (i.e. Arg*
and Lys®® (TGF-B1 numbering) are invariant, Arg® is substi-
tuted for a Lys in myostatin and GDF-11, and Arg®® is a Lys in
TGF-B2). The importance of LTBPs as extracellular regulators
of TGF-p activity has been well described (25, 49 -51); how-
ever, little is known about interactions between LTBPs and
other superfamily members. A recent study indicated that
LTBP-3 associates non-covalently with latent myostatin and
that this interaction sequesters myostatin within the extracel-
lular matrix (52). Our data would indicate that this interaction
is mediated by ionic residues in the N-terminal region of the
myostatin propeptide. Based on sequence conservation, latent
GDF-11 would also be anticipated to bind LTBPs via its propep-
tide. The LTBP-1 binding motif is poorly conserved among
other TGF-B ligands, and, although LTBP-1 has been shown to
synergize with activin and nodal to induce mesoderm in Xeno-
pus (53), it is unlikely that this activity is mediated via a direct
interaction.

The juxtaposition of mature TGF-S1 and LTBP-1 binding
sites on LAP led to an analysis of the secondary structure of this
region of the molecule. Protein structure prediction indicated
that LAP residues (Met**~Leu®”) form an amphipathic a-helix.
The helix probably orientates such that key hydrophobic resi-
dues (Ile”?, Leu®®, and Leu®’) contact residues in the “finger”
domains of the mature dimer to facilitate ligand folding and
complex formation, as previously observed for inhibin and ac-
tivin (6). The exposed cationic surface of the a-helix would
then be predicted to contact anionic residues in LTBPs and
mediate covalent bond formation. Disruption of LAP binding
to mature TGF-B1 by mutation of Ile®3, Leu*, or Leu®” inhib-
ited formation of the SLC. In contrast, TGF-1 variants (R45A,
R50A, and K56A) unable to bind LTBP-1 formed the SLC, but it
was misfolded due to an aberrant covalent bond between Cys®?
of LAP and a cysteine in the mature growth factor. Together,
these results highlight the importance of the N-terminal a-he-
lix of LAP in coordinating the assembly of the large latent
TGEF-B1 complex. Secondary structure analysis of the N-termi-
nal region of all other TGF-B prodomains indicated that an
a-helix is likely to be present. The conserved hydrophobic sur-
face of these helices would govern the assembly and secretion of
the mature growth factors, whereas the opposite exposed sur-
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face could be involved in interactions with accessory proteins.
In support, preliminary studies in our laboratory suggest that
this region of the BMP-7 (bone morphogenetic protein-7)
prodomain mediates interactions with fibrillin (54, 55), an
LTBP-related extracellular matrix protein required for elastic
fiber formation.

Surprisingly, the N-terminal a-helix alone is not sufficient to
maintain stability of the latent TGF-B1 complex. Brunner et al.
(10) showed that mutation of Cys*?* and Cys**° involved in LAP
dimerization resulted in the secretion of bioactive TGF-B1.
Moreover, naturally occurring mutations that involve these
cysteines (C225R) or surrounding residues (R218C, R218H, and
H222D) lead to increased TGF-1 signaling and cause the rare
bone disorder CED (29, 41). We showed that these CED muta-
tions disrupted the covalent dimerization of LAP, which, in the
context of full-length TGF-1, resulted in a more rapid disso-
ciation of the small latent complex into its constituent compo-
nents. Interestingly, the TGF-B isoforms are the only family
members in which prodomains are covalently linked. It is pos-
tulated that this adaptation was necessary to increase the affin-
ity of LAP for mature TGF-B1 above that of the TGF-f receptor
complex. Myostatin and GDEF-11, which have significantly
lower affinity for their signaling receptors than the TGF-8 iso-
forms (20, 56, 57) remain associated with their prodomains
even in the absence of covalent bonds.

Given the importance of LAP dimerization for TGF-S1
latency, we sought to identify the residues that form the dimer
interface and thereby facilitate covalent bond formation.
Within the vicinity of Cys*** and Cys>*°, protein structure anal-
ysis predicted the presence of two B-strands (Trp'®°—Val®>*®®
and Gly*'°~His**?) separated by an a-helix (Thr**'-Ser>??).
Because these structural elements often mediate protein inter-
actions, we performed site-directed mutagenesis across this
region and showed that Phe'?%, Asp'®?, Val*°°, Leu®®®, Phe*"’,
and Leu®'? are essential for LAP dimerization. The character-
ization of the LAP dimer interface enhances our understanding
of the molecular etiology of Camurati-Engelmann disease, par-
ticularly in relation to Arg>'®, which lies between two critical
hydrophobic residues and is a CED mutation hot spot (repre-
senting 60% of all mutations) (58). Interestingly, the residues
involved in LAP dimerization are highly conserved across the
TGE-B superfamily, suggesting that prodomain dimerization is
a common phenomenon required for growth factor assembly.
In support, mutations across this region in GDF-9 (V216M and
T238A) and BMP-15 (A180T, N196K, and R206H) have been
associated with premature ovarian failure (59 - 61).

Our comprehensive structure-function analysis of the
TGEF-B1 prodomain has identified two distinct regions that
coordinate assembly of the latent complex. Residues at the N
terminus of LAP mediate formation of the large latent complex
by binding to TGF-B1 (Ile**~Leu®®) and LTBPs (Arg*®, Arg®,
Lys®®, and Arg®®). At the opposing C terminus, hydrophobic
residues (Trp'®’~Cys**°) promote LAP dimerization. Impor-
tantly, despite low sequence homology (~15%) between prodo-
mains of TGF-B ligands, these structurally significant regions
are broadly conserved. Future studies will seek to understand
how mutations in LAP (Y81H, R156C, and E169K) outside the
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regions defined in this study affect the assembly, secretion, and
activation of TGF-B1 and cause Camurati-Engelmann disease.
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