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Abstract

Growth differentiation factor 8 (GDF8), a.k.a. myostatin, is a member of the larger TGFβ 
superfamily of signaling ligands. GDF8 has been well characterized as a negative regulator 

of muscle mass. After synthesis, GDF8 is held latent by a noncovalent complex between the 

N-terminal prodomain and the signaling ligand. Activation of latent GDF8 requires proteolytic 

cleavage of the prodomain at residue D99 by a member of the tolloid family of metalloproteases. 

While tolloid proteases cleave multiple substrates, they lack a conserved consensus sequence. 

Here, we investigate the tolloid cleavage site of the GDF8 prodomain to determine what residues 

contribute to tolloid recognition and subsequent proteolysis. Using sequential alanine mutations, 

we identified several residues adjacent to the scissile bond, including Y94, that when mutated, 

abolish tolloid-mediated activation of latent GDF8. Using the astacin domain of Tll1 (Tolloid 

Like 1) we determined that prodomain mutants were more resistant to proteolysis. Purified latent 

complexes harboring the prodomain mutations, D92A and Y94A, impeded activation by tolloid 

but could be fully activated under acidic conditions. Finally, we show that co-expression of GDF8 

WT with prodomain mutants that were tolloid resistant, suppressed GDF8 activity. Taken together 

our data demonstrate that residues towards the N-terminus of the scissile bond are important for 

tolloid-mediated activation of GDF8 and that the tolloid-resistant version of the GDF8 prodomain 

can function dominant negative to WT GDF8.

Introduction

Growth differentiation factor 8 (GDF8), commonly known as myostatin, is a member of the 

larger transforming growth factor β (TGFβ) superfamily of signaling ligands and functions 

as a potent negative regulator of muscle mass [1–5]. Genetic deletion of GDF8 or use 

of GDF8 inhibitors results in a drastic increase in muscle mass [1,3,6–10]. In contrast, 

overexpression of GDF8 results in muscle atrophy [11–14]. Thus, over the last two decades 
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significant effort has been put forth toward the development of therapies that can boost 

muscle mass by manipulating GDF8 signaling [8,15–21].

GDF8, like all TGFβ ligands, is synthesized as a precursor protein containing an N-terminal 

signal sequence and prodomain followed by the C-terminal component that dimerizes to 

form the signaling molecule or ligand (Figure 1A). The prodomain is essential for proper 

folding, localization, and plays an important role in the regulation of ligand activity [22–

26]. During synthesis, the prodomain component is cleaved from the mature component by 

proprotein convertases (PCs) such as furin [22,23], during which, two mature domain chains 

are linked through a disulfide bond to form the final dimeric signaling molecule. These 

dimeric ligands assemble two type I and two type II serinethreonine kinase receptors that 

when brought into proximity will activate the type I receptor via phosphorylation by the type 

II receptor, in turn activating downstream SMAD transcription factors.

In most cases, after cleavage by furin, the prodomain remains non-covalently bound to the 

mature ligand dimer forming a procomplex. For the majority of the TGFβ superfamily, 

this procomplex is non-inhibitory and may even facilitate signaling. However, a handful 

of ligands including GDF8, GDF11, and the TGFβ subclass ligands form interactions with 

the prodomain that render the ligand inactive or latent [26–28]. These latent procomplexes 

require an additional activation event to liberate the ligand to allow signaling. For example, 

the procomplex of TGFβ1 is activated by mechanical force brought about by interactions 

with αVβ6 integrins and latent TGFβ binding proteins (LTBP1–3) or glycoprotein A 

repetitions predominant (GARP) [29–32]. For GDF8 and GDF11, procomplex activation 

requires an additional proteolytic cleavage event mediated by the tolloid family of 

metalloproteases [33–37]. Activation and signaling of latent GDF8 mediated by tolloid are 

shown schematically in Figure 1B.

Tolloids are metalloproteases characterized by having an astacin domain responsible for 

the proteolytic activity. The tolloid family shares a conserved domain architecture from 

Drosophila to humans, with an N-terminal prodomain, the proteolytic astacin domain, 2 

tandem CUB (Compliment/Uegf/BMP1) domains (CUB1/2), an EGF (epidermal growth 

factor) domain (EGF1), a third CUB domain (CUB3), a second EGF domain (EGF2), and 

two more tandem CUB domains (CUB4/5) (Figure 1D). There are four members of the 

tolloid family: mammalian tolloid (mTLD), its splice form BMP1 (truncated at CUB3), 

tolloid like 1 (Tll1), and tolloid like 2 (Tll2). Tolloids are essential for the proper processing 

of extracellular matrix (ECM) components such as procollagen [34,38,39]. They also cleave 

Chordin, a BMP antagonist, to ensure proper axial patterning during embryogenesis [40–

45]. Tll1/BMP1 homozygous null mice are embryonic lethal due to cardiac failure and 

exhibit abnormal collagen maturation [46–49].

Despite several known substrates of tolloid processing, very little is known about how 

tolloid family members selectively cleave different substrates. In part, this is because 

tolloid protease sites are highly variable with limited consensus [41,50]. When comparing 

sequences of known substrates, the most common residue is an aspartic acid in the P1′ 
site, directly C-terminal of the scissile bond [50]. For GDF8, tolloid cleavage occurs 

specifically at D99, despite multiple nearby aspartates [37]. Mutation of D99 to alanine 
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abolishes tolloid activation of GDF8, resulting in increased muscle mass [35,37]. Beyond 

a preference for aspartate at position 99, little is known about the molecular mechanism 

that determines tolloid substrate recognition and processing. In terms of the tolloids, studies 

have shown that the non-catalytic domains can have a role in substrate recognition and/or 

activity [40,45,51,52]. Structural and functional studies showed that the C-terminal domains 

are involved in homodimer formation, restricting the activity of Tll1 and mTLD, but 

not in the mTLD splice form, BMP1, which lacks the domains involved in dimerization 

[40,45,52]. In contrast, removal of the CUB4 and CUB5 domains of Tll2 ablates chordin 

proteolysis suggesting, in this case, that the non-catalytic domains are important for 

substrate recognition [51].

For GDF8, preliminary evidence suggests that all tolloids can remove latency through 

the processing of the prodomain [35,37]. However, it is not known what the role of the 

additional domains of the tolloid proteins play in the recognition of the GDF8 prodomain 

or if residues near scissile bond are important for tolloid-mediated GDF8 activation. To 

investigate this, we modified residues surrounding the scissile bond of GDF8 to determine 

their impact on tolloid-mediated activation. Our results indicate that residues toward the 

N-terminus of the scissile bond are important for tolloid-mediated activation. Furthermore, 

we demonstrate that the astacin domain alone is a potent activator of GDF8 latency, 

indicating that the additional domains of tolloids are not required for recognition of the 

GDF8 prodomain substrate.

Materials and methods

HEK293-(CAGA)12 luciferase-reporter assay

Luciferase assays were conducted, in large part, as previously described [35,53–57]. In 

short, HEK293-T cells stably transfected with a firefly luciferase-reporter gene under the 

control of the SMAD3-responsive (CAGA)12 promoter were seeded in growth media at 20 

000 cells per well in a 96- well, poly-D lysine coated plate. Cells were then treated 24 h after 

seeding. Transfection-based luciferase assays in Figure 2 were conducted by transfecting 50 

ng of full length, human Furin cloned into a pcDNA4 vector, 50 ng of the appropriate human 

tolloid, cloned into a pcDNA3 backbone and 100 ng of GDF8 DNA in pRK5. After 24 h 

growth media was swapped for serum-free media. Data were collected 24 h after the media 

swap and plotted using GraphPad Prism 5 software.

EC50 curves in Figures 3B and 5B were generated using exogenous protein. Twenty-four 

hours after seeding, serum-free media containing a constant concentration of latent GDF8 

(0.62 nM) was combined with the Tll1 astacin domain. Data were collected 24 h later and 

fit to a non-linear regression with variable slope via GraphPad Prism 5 software to generate 

the EC50 curves; 95% confidence intervals (C.I.) are reported in the text. Data in figure 

2C were generated by treating cells with 0.62 nM of latent GDF8 (GDF8L), acid-activated 

GDF8, or mature GDF8 mixed with 1.86 nM of bacterially produced GDF8 prodomain with 

or without 175 nM of the Tll1 astacin domain. The EC50 curve in Figure 5A was generated 

by transfecting 100 ng of GDF8 DNA and 50 ng of furin. After 24 h growth media was 

swapped with serum-free media containing the Tll1 astacin domain. The resulting EC50 

curve was fit using GraphPad Prism 5 software as before. The data shown in Figure 5C 
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were generated by transfecting 50 ng of tolloid DNA and 50 ng of furin DNA. After 24 h 

media was replaced with serum-free containing 0.62 nM of latent recombinant GDF8 and 

plotted using GraphPad Prism 5 software. The data shown in Figure 6 were generated by 

transfecting in 50 ng furin and Tll2 DNA, with 50 ng of GDF8 DNA with either 50 ng of 

empty vector or 50 ng of the WT GDF8. Media was swapped 24 h later for serum-free and 

measured 24 h after media swap. In each applicable experiment, GDF8 concentrations refer 

to the dimeric protein.

HEK293t expression test of GDF8 prodomain mutants

A 1.5 μg of GDF8 DNA, and 0.75 μg furin DNA was transfected into HEK293T cells 

in a 6-well format with 0.75 μg of empty vector or Tll2 DNA to replicate 96-well 

conditions. Media was swapped 24 h later and conditioned media (CM) was harvested 24 

h after the media swap. CM was then concentrated and analyzed by western blots under 

reducing conditions using antibodies for GDF8 prodomain antibody (AF1539 RnD, Lot 

UTG0119091) and Sheep IgG (HAF016 RnD, Lot XDP1319051).

Tll1 astacin domain production and refolding from Escherichia coli

The astacin domain of Tll1 was produced and refolded as previously described [58]. 

In short, the astacin domain of Tll1, residues 148–347, was cloned into the pET28a(+) 

expression vector without N- or C-terminal tags and used to transform Rosetta™ (DE3) 

competent cells. Cells were cultured until an OD of 0.8 at 600 nm then subjected to 

induction where cells are placed in an ice bath and EtOH is added to a final concentration 

of 2% (v/v). After approximately10 min cells are induced with 0.5 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) for culture at 20°C overnight. Cells were harvested by 

centrifugation and suspended in 5 mM EDTA, 5 mM benzamidine, and 50 mM Tris–HCl 

pH 8.0 (lysis buffer) before sonication for cell lysis. The inclusion body containing the 

astacin domain was then isolated by centrifugation and washed three time with lysis buffer 

followed by a final wash with 4 M urea, 1% (v/v) Triton-X100, 5 mM EDTA, 50 mM 

Tris–HCl pH 8.0. Inclusion bodies were solubilized to a final concentration of ~5 mg/ml 

in 8 M guanidinium chloride, 100 mM DTT, and 50 mM Tris–HCL pH 8.0 as previously 

described [58]. The solubilized astacin domain was then refolded by rapid dilution in 50 

mM Tris–HCl pH 8.5, 0.8 M l-arginine, 125 mM NaCl, 1 mM CaCl2, 10 mM ZnCl2, 1 mM 

reduced glutathione, 0.25 mM oxidized glutathione to a final concentration of 50 μg/ml and 

stirred at 4°C for 14 days. The refolded astacin domain was then extensively dialyzed into 

20 mM Hepes pH 8.0, 125 mM NaCl, 1 mM CaCl2, 10 mM ZnCl2 at 4°C. Dialyzed material 

was then concentrated, filtered to remove misfolded material and tested for activity using the 

RnD systems fluorogenic peptide (Cat#: ES007).

Astacin domain processing of fluorogenic peptide (MCA-YVADAPK(DNP)-OH)
—A commercially available fluorogenic peptide from RnD systems (Cat#:ES007) was used 

to analyze astacin domain activity and conducted via manufacturer protocol. The fluorogenic 

peptide consists of an Mca fluorophore linked by a short peptide (YVADAPK) to a DNP 

(OH) quencher. The peptide can be cleaved by tolloid, releasing the Mca from the quencher 

allowing fluorescence with an excitation/emission of 320/405. In short, 250 nM of Tll1 

astacin domain was mixed with 2.5 μM of the fluorogenic peptide with or without increasing 
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amounts of bacterially produced GDF8 prodomain using the following buffer conditions: 25 

mM Hepes, 0.1% Brij-35 (w/v), pH 7.5. Fluorescence was then measured continuously for 5 

min following the mixing of each component. Specific activity was then calculated using the 

below equation and plotted as a bar graph using graph pad Prism software:

Specific Activity =
V max RFU/min × Conversion Factor* pmol/RFU

Amount of Enzyme μg

*Calibration standard MCA-P-L-OH (Bachem Catalog#: M-1975)

Production and purification of GDF8 prodomain from Escherichia coli

The production and purification of the GDF8 prodomain from E. coli was conducted as 

previously published [35]. In short, GDF8 prodomain mutants were cloned into a modified 

pET28a expression vector containing an N-terminal 6x-His-tag, a maltose-binding protein 

(MBP), followed by an HRV-3C protease cleavage site. The four cysteine residues within 

the GDF8 prodomain (C39/C41/C137/C138) were mutated to serine residues to improve 

solubility. E. coli Rosetta™ (DE3) cells transformed with the corresponding WT or mutant 

GDF8 prodomain construct were grown to an OD of 0.8 at 600 nm and induced with 0.5 

mM IPTG at 20°C overnight. Cells were lysed via sonication and soluble 6xHis-MBP-GDF8 

prodomain was applied to a nickel affinity column (GE Lifesciences) followed by elution 

with 20 mM Tris pH 7.5, 500 mM NaCl, 500 mM imidazole. The eluates were dialyzed into 

20 mM Tris pH 7.5, 500 mM NaCl, 1 mM DTT, 4% ethylene glycol (v/v) and subsequently 

treated with HRV-3C protease. Following cleavage, the protein was dialyzed into 10 mM 

HCl and applied to a C4 reverse-phase column (Sepax) and eluted with a linear acetonitrile 

gradient (0–95% in 0.1% TFA) over 30 column volumes. Prodomain containing fractions 

were identified through SDS–PAGE and pooled.

Production and purification of recombinant latent WT GDF8 and mutants

Latent GDF8 featured in Figure 2 was purified from a stably transfected CHO cell line. 

Latent GDF8 and GDF8 mutants were transiently co-transfected with furin into expi293 

cells (Life Technologies) and purified from CM. Purification from CHO CM is as follows: 

CM was concentrated 10-fold and dialyzed into 50 mM Tris, pH 7.4, and 500 mM NaCl 

and applied to Lentil Lectin Sepharose 4B (Amersham Biosciences). Elution was conducted 

using the same buffer with 500 mM Methyl Mannose. The procomplex was then separated 

using size-exclusion chromatography with a running buffer consisting of 20 mM Hepes, 

pH 7.4, 500 mM NaCl. Purification of GDF8 from expi293 cells was conducted using the 

same method as CHO CM without the initial concentration. Quantification was conducted 

as previously described using western blot analysis and quantified using a GDF8 mature 

standard under non-reduced conditions [35,53,56,59,60].

Western blot processing of the GDF8 prodomains

Western blot analysis of astacin domain processing of the GDF8 prodomain was conducted 

by mixing 50 ng of GDF8 prodomain, alone or in complex, with 50 ng of the astacin domain 

for prodomain alone experiments or 100 ng for prodomain complexes, 1.2 : 1 or 2.4 : 1 

molar ratio (protease : prodomain), respectively, in 25 mM HEPES pH 7.5, 0.1% Brij-35. 
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For the experiments in Figure 1D, 100 ng of prodomain was used with a 2.4 : 1 molar ratio 

of astacin : prodomain. Processing via BMP1 was conducted in the same manner as the 

Tll1 astacin domain. The mixture was incubated at 37°C for 1 h. For fully latent complexes 

overnight incubation with BMP1 and the astacin domain was needed to observe processing. 

SDS–PAGE gels were analyzed under non-reducing conditions and detected by western blot 

using the anti-GDF8 prodomain antibody, AF1539 (RnD, Lot UTG0119091). Western blot 

signal was measured using the C-DiGit blot scanner (Li-COR).

Acid activation

Acid activation of latent complexes was conducted as previously described [35]. In short, 

latent GDF8 was rapidly acidified through the addition of 100% HCl to a concentration of 1 

M and incubated for 10 min; 10 M NaOH was then added to a final concentration of 1 M to 

neutralize the solution. The acid-activated material was then used for western blot analysis 

of astacin processing and luciferase assays.

Results

Recent structural studies have revealed the GDF8 procomplex adopts a different 

conformation relative to that of TGFβ1, giving insight into tolloid-mediated processing. 

Unlike latent TGFβ1, GDF8 adopts a more elongated ‘open’ conformation resembling a ‘V’ 

(Figure 1B) [27,28]. The tolloid cut for the GDF8 prodomain is positioned at the center 

of the procomplex, in a crevice adjacent to the ligand (Figure 1B,C). Using the crystal 

structure of the astacin domain alone, which is unbound by substrate protein, it is clear 

that this open conformation would be necessary for tolloid to gain access to the scissile 

bond (Figure 1E,F). However, the structure of the GDF8 procomplex lacks electron density 

for the scissile bond, including the adjacent residues spanning from V96-L106 indicating 

that this region is solvent exposed and likely flexible. Sequence alignments show that the 

residues adjacent to the D99 (P1′) cut site are highly conserved across different species 

(Supplementary Table S1). Thus, we wanted to investigate whether these residues were 

important for tolloid-mediated activation of GDF8.

Luciferase assays screening GDF8 alanine mutations

In previous studies, we established a cell-based assay where plasmids containing GDF8, 

furin and tolloid could be transfected into HEK293 cells and shown to produce a GDF8-

mediated luciferase signal via the SMAD2/3 responsive (CAGA)12 promoter [35]. Using a 

similar assay format, we tested whether residues adjacent to the D99 (P1′) are important 

to GDF8 activity. For this, we made individual alanine mutations from D92 and D110 and 

measured their activity in the HEK293T (CAGA)12 GDF8-responsive transfection luciferase 

assay using different Tolloid family members, Tll1, Tll2, or mTLD (Figure 2A). Results of 

the point mutations are plotted as fold activation compared with wild type (WT) GDF8 in 

Figure 2B–D. For clarity, all luciferase assays within this study include a legend in the top 

left denoting what genes were transfected (Trx) or what proteins were added exogenously 

(Exo). As expected, mutating the P1′ site, D99, to an alanine completely abolishes GDF8 

activity [35,37]. Interestingly, residues N-terminal to D99, including D92A, Y94A, D95A, 

V96A, and Q97A, significantly reduced GDF8 activity when co-transfected with Tll1, Tll2, 
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or mTLD (Figure 2B–D). On the other hand, residues C-terminal to the cut-site had less 

of an impact. Four C-terminal mutants E107A, D108A, D109A, and D110A had reduced 

GDF8 activity, while D100A, S101A, S102A, and S105A had little effect with a modest 

increase when co-transfected with mTLD. Curiously, two mutants R98A and D103A had 

significantly increased GDF8 activity across all three tolloids. To ensure the impact of 

signaling was not a result of differences in expression, WT, D92A, Y94A, D95A, V96A, 

Q97A, and D99A DNA were transfected into HEK293T cells with furin and analyzed by 

an anti-GDF8 prodomain western blot (Supplementary Figure S1). These results show that 

loss of GDF8 signaling is not from loss of protein expression. Since Tll2 was previously 

shown to yield the highest activation of GDF8 compared with other tolloids [35] we also 

monitored the processing of each GDF8 prodomain mutation (Supplementary Figure S1). 

Cleavage of the prodomain by tolloid at D99 results in an 8.8 kDa N-terminal fragment and 

18.9 kDa C-terminal fragment (Figure 1A). The latter fragments are detectable by Western 

blot analysis and can be used to monitor the cleavage of the GDF8 prodomain by tolloid. 

These results show that a reduction in Tll2 mediated prodomain processing occurred as 

noted by a reduction in the C-terminal fragment occurred for several of the point mutations, 

including D92A, Y94A, Q97A, and D99A when compared with WT GDF8 (Supplementary 

Figure S1). On the other hand, the R98A and D103A mutation generated prodomains more 

susceptible to tolloid processing (Supplementary Figure S1), consistent with the increase in 

activity observed in the transfection assay (Figure 2).

The proteolytic astacin domain is sufficient for latent GDF8 activation

The consistent results across the different tolloids for both WT and the GDF8 mutations 

tested suggested that the astacin domain alone might be sufficient for processing the 

prodomain and activating GDF8. Using previously established refolding protocols, we 

generated an active Tll1 astacin domain and showed it was capable of processing the 

commercially available Mca-YVADAPK(Dnp)-OH fluorogenic substrate with a specific 

activity of 35.3 ± 6.96 pmol/min/μg [58]. Using a similar assay format, we first wanted 

to determine if the prodomain alone could serve as a competitive substrate against the Mca-

YVADAPK(Dnp)-OH fluorogenic substrate. Prodomain (ProWT) was produced in bacteria 

as previously published [35] and titrated against a constant concentration of the fluorogenic 

peptide (2.5 μM) and the astacin domain (250 nM) (Figure 3A). The addition of ProWT 

shows a clear reduction in fluorescence indicating that the astacin domain activity for the 

fluorogenic peptide is being inhibited.

Next, we wanted to determine if the astacin domain could activate latent GDF8. Previously, 

we were able to produce and purify latent GDF8, which has minimal activity when 

administered to (CAGA)12-luc cells [35,53,55,56,59]. To test this, we titrated latent GDF8 

(GDF8L) with increasing amounts of the astacin domain and measured GDF8 signaling 

(Figure 3B). GDF8L was activated in a concentration-dependent manner by the astacin 

domain yielding an EC50 of 29.6 nM (C.I. 23.6–33.2 nM). This result indicates that the 

astacin domain is sufficient for latent GDF8 activation.

Previous studies by our laboratory and others have shown that the procomplex of GDF8, 

in addition to the fully latent state, can also exist in a partially active state [35]. This was 
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shown by incubating the latent procomplex under acidic conditions to activate signaling. 

This is referred to as an acid-activated (GDF8AA) procomplex where the prodomain remains 

associated but the ligand can still signal, albeit significantly reduced to that of fully liberated 

GDF8. Figure 3C shows a comparison of the activity from treating both GDF8L and 

GDF8AA with the astacin domain. As expected, without the astacin domain GDF8AA shows 

an increase in activity relative to GDF8L (Figure 3C). Treatment of either GDF8 L or 

GDF8AA with the astacin enhances activation with the GDF8AA achieving a higher level 

of activity (Figure 3C). Similar results to GDF8L were observed when reconstituting the 

procomplex by combining excess ProWT with mature GDF8 at a 3 : 1 molar ratio (Figure 

3C). Cleavage analysis by Western Blot showed that both GDF8L and GDF8AA were 

processed by the astacin domain. Interestingly, the processing of the procomplex was much 

less efficient than the prodomain alone, indicating that processing is hindered when the 

prodomain is bound by the GDF8 ligand (Figure 3D). See Supplementary Figure S2 for a 

schematic representation of different GDF8 states.

Direct comparison of astacin domain mediated processing of GDF8 prodomain mutants

We next wanted to determine if residues adjacent to the scissile bond, when mutated, had a 

direct impact on astacin-mediated proteolysis. GDF8 prodomain and select mutants, namely 

D92A, Y94A, D95A, V96A, and D99A were expressed and purified from E. coli. The 

extent of prodomain processing of just the prodomain alone was monitored by Western 

blot analysis (Figure 4A). As expected, the uncut GDF8 prodomain (ProWT) migrates at 

34 kD, while incubation with the astacin domain results in fragmentation as noted by the 

appearance of a band ~18.9 kD. The data in Figure 4A show that all mutants showed 

slight to complete reduction in processing when compared with ProWT. D92A, Y94A, 

D95A, and V96A were processed to a much lesser extent than WT prodomain, while 

D99A showed no processing. We next analyzed the processing of the prodomain after 

reconstituting with a ligand. Due to recombinant protein availability, these experiments 

were conducted with GDF11 instead of GDF8. GDF11 is 90% similar to GDF8 and binds 

both bind to the prodomain of GDF8 with high affinity. After mixing, the prodomain 

ligands complex(es) were purified through size-exclusion chromatography. The reconstituted 

procomplexes showed reduced processing by the astacin domain, indicating that the 

reconstituted procomplex is more difficult to proteolyze than the prodomain alone (Figure 

4B). Consistent with the prodomain alone results, mutants in the reconstituted procomplex 

were processed less efficiently than WT using either the astacin domain alone or (Figure 4B) 

full-length tolloid (BMP1) (Figure 4C,D). While similar trends were observed for both the 

astacin domain and BMP1, the reconstituted procomplex was less efficiently processed by 

BMP1. Collectively, these results demonstrate that residues N-terminal to the scissile bond 

directly impact astacin domain mediated processing of the prodomain, both alone and in the 

presence of the ligand, and that processing is dramatically impacted by the presence of the 

ligand.

Fully latent GDF8 mutant processing by tolloid

In a previous study, we showed that purified procomplex from mammalian cell culture is 

fully latent whereas, reconstitution of the procomplex from purified components retains 

significant activity [35]. Therefore, we wanted to investigate if the prodomain mutations had 
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an impact on the fully latent GDF8 procomplex purified from CHO cells. We first tested 

whether exogenous delivery of the astacin domain could activate GDF8 or the corresponding 

mutants when transfected in HEK293 cells. Using the (CAGA)12 reporter cell line we 

generated EC50 curves for the titration of the astacin domain for each of the following 

mutants: WT, D92A, Y94A, D95A, V96A, Q97A, and D99A (Figure 5A). While WT 

GDF8 was effectively activated by the addition of the astacin domain (EC50 137 nM (C.I. 

115–164 nM)), a significant reduction in luciferase activity was observed for the prodomain 

mutations, consistent with the data in Figure 2 where the tolloids were transfected. In fact, 

exogenous addition of increasing amounts of the astacin domain up to 1.4 μM failed to 

activate Y94A, Q97A, and D99A. Furthermore, significant reductions were observed for 

D92A (EC50 648 nM; C.I. 496–846 nM), D95A (EC50 1.97 μM; C.I. 420–530 nM) and 

V96A (EC50 462 nM; C.I. 164–23.7 μM), respectively. Analysis showed the differences are 

not a result of different levels of procomplex formed during transfection (Supplementary 

Figure S1).

These results promoted us to express and purify latent complexes from Expi293F and to 

measure their cleavage and activation by the astacin domain. As expected, the purified latent 

complexes had little to no activity in the (CAGA)12 reporter cell line. Titration of the astacin 

domain was used to activate either purified latent WT GDF8 or the mutants D92A, Y94A, 

and D99A (Figure 5B). The WT procomplex was readily activated by the astacin domain 

with an EC50 of 66.5 nM (C.I. 59–75 nM). Both Y94A and D99A were not activated by the 

astacin domain (up to 700 nM), whereas D92A had an EC50 of 201 nM (C.I. 191–212 nM). 

Furthermore, the maximum signal for D92A was approximately half that of WT. Western 

blot analysis also showed that each mutation was not processed by the astacin domain 

under conditions where the WT was readily processed (24 h at 37C in an excess of astacin) 

(Supplementary Figure S3).

We next tested if the exogenous latent complexes could be activated by full-length tolloids. 

Here, we transfected full-length Tll1, Tll2, and mTLD and added purified latent GDF8 

procomplexes to the HEK293 (CAGA)12 reporter cell line (Figure 5C). WT latent complex 

was activated by all three tolloids, with Tll2 resulting in the strongest activation. Y94A and 

D99A remained latent and were not activated by the different tolloids whereas D92A was 

only activated by Tll2 (Figure 5C). Again, of the fully latent complexes only WT showed 

significant processing via western blot when using recombinant BMP1 (Tll1, Tll2, or mTLD 

are not yet available commercially) (Supplementary Figure S3). To rule out the possibility 

that lack of signaling was a result of improper folding, we acid-activated the purified 

latent complexes and tested their activity in (CAGA)12 cells (Figure 5D). As expected, acid-

activation of WT latent procomplex resulted in robust signals. Furthermore, acid-activation 

of D92A, Y94A, and D99A similarly resulted in robust activation, demonstrating that 

the GDF8 procomplex are indeed latent and can be activated, but are resistant to tolloid-

mediated activation

GDF8 mutants defective in tolloid activation can suppress WT GDF8

Since GDF8 is dimeric, we next wanted to investigate what would happen if the WT 

construct was co-expressed with a mutant version of the prodomain that lacked the ability to 
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be activated by tolloid. We hypothesized that the mutant prodomain GDF8 would function in 

a dominant-negative manner and suppress WT signaling. This hypothesis was partly based 

on previous results which showed that human mutations in the furin cleavage site of GDF11 

could suppress WT GDF11, giving rise to orofacial clefting [63]. For this experiment, we 

selected D99A and Y94A, both of which exhibit significant disruption in tolloid cleavage. 

In addition, we tested mutants D108A, D109A, and D110A which had a modest decrease 

in activity in Figure 1B,D but not to the extent of Y94A or D99A. For the analysis, we 

transfected WT GDF8 and mutant GDF8 DNA into HEK293T cells, individually or in a 

1 : 1 ratio and measured activation of the (CAGA)12 promoter. As expected, WT GDF8 

without mutant DNA was able to signal while both Y94A and D99A did not produce a 

signal. D108A, D109A, and D110A had approximately half the signaling of WT (Figure 

6). WT GDF8 was transfected with D108A and D110A there was no significant change in 

signaling while transfection with D109A resulted in a significant increase. In contrast, when 

WT GDF8 was transfected with Y94A or D99A a ~50% reduction in signaling was observed 

(Figure 6). Titration of transfected Y94A demonstrated that this observed dominant-negative 

effect was dose dependent, where wt GDF8 signaling was abolished with 4-fold excess 

Y94A plasmid DNA (Supplementary Figure S4). Thus, co-expression of WT with mutations 

in the prodomain that are resistant to tolloid activation can suppress WT GDF8 signaling.

Discussion

Tolloids are essential for the proper maintenance of ECM components and regulate the 

activity of different TGFβ superfamily ligands. Despite the prevalence of tolloid activity 

in vivo, little is known about the molecular mechanisms that dictate substrate selection. 

Previous studies have shown that the non-catalytic domains of Tll1 and mTLD serve 

a negative regulatory role while in contrast, Tll2 non-catalytic domains were shown to 

enhance binding and cleavage of the BMP antagonist, chordin [45,52,61]. Examining 

different substrate cut sites reveals no concrete consensus sequence, outside of the regular 

occurrence of an aspartic acid in the P1′ site, however, tolloid cleavage is highly specific 

[41,50]. Thus, individual substrates require a more focused analysis to ascertain the 

molecular requirements for specific tolloid-mediated cleavage. In this study, we investigated 

the molecular requirements of tolloid-mediated cleavage of the GDF8 prodomain, and the 

subsequent activation from latency.

Unlike other substrates, latent GDF8 can be activated by all four tolloid family members, 

Tll1, Tll2, mTLD, and BMP1. Sequence alignment of 21 different species reveals that 

residues near the tolloid cut site (aa89–aa112) are 87% identical (Supplementary Table S1). 

Recent structural analysis of the GDF8 procomplex shows that this region is disordered. 

Given the high sequence conservation of the residues near the tolloid cut site implies 

a functional role, especially given that they are solvent exposed and more likely to be 

prone to substitution. Thus, we hypothesized that residues in the vicinity of the scissile 

bond are important for tolloid recognition and activation of latent GDF8. High-throughput 

transfection-based luciferase assays revealed that mutants made N-terminal of the tolloid 

cut site abolished activation by all three family members tested, Tll1, Tll2, and mTLD 

(Figure 2B,D). Due to the proximity of the cut site and that single point mutations were 

able to disrupt activation by all family members suggests that mutants likely impaired 
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processing by the astacin domain. In support, mutations in the prodomain were less 

efficiently processed by the astacin domain alone. It is possible that these mutations could 

disrupt direct interactions with the astacin domain or possibly alter the conformation of the 

prodomain loop making it less prone to proteolysis. Interestingly, mutation of R98A, and 

to a lesser extent D103A, increased tolloid processing, resulting in enhanced activation of 

GDF8 signaling. This suggests these residues are not optimal for tolloid recognition. For 

example, comparison across tolloid substrates indicates that at the P1 position (R98), alanine 

and glycine have a higher occurrence frequency [50]. Interestingly, the closely related 

ligand, GDF11, which also undergoes a similar tolloid dependent activation, has a glycine 

in the P1 position. This implies that GDF8 and GDF11 might exhibit significant differences 

in susceptibility to tolloid-mediated activation. This indicates that residues around the tolloid 

consensus sequence can impact the sensitivity to tolloid processing, consistent with the high 

variation observed across tolloid substrates.

Given that all tolloids had similar responses to the panel of mutations, suggests that the 

astacin domain, which is 88% identical across the different tolloids, is the primary factor 

driving proteolysis. This is supported by the recent structure of the GDF8 procomplex, 

which shows a conformation that could accommodate astacin domain binding [27]. Thus, 

we asked whether the astacin domain alone was sufficient for processing the prodomain 

and activating latent GDF8. Using purified astacin domain from Tll1 we demonstrated 

that indeed the astacin domain is sufficient for not only GDF8 prodomain cleavage but 

latent GDF8 activation (Figure 3B,D). While the non-catalytic domains might fine-tune 

cleavage, they are not required for latent GDF8 recognition and activation. Interestingly, 

the prodomain alone was cleaved more efficiently than either the latent procomplex or 

the acid-activated form implying that the prodomain in complex with the ligand dampens 

tolloid proteolysis. Since the astacin domain can process the prodomain alone suggests 

that the procomplex is not required for tolloid activation, and the recognition might be 

more dependent on the primary sequence. However, it is also possible that the prodomain 

alone retains necessary structural elements for astacin recognition and cleavage even in the 

absence of ligand.

Using recombinant prodomains expressed and purified from E. coli. we showed that the 

mutants with reduced GDF8 activity also displayed a decrease in sensitivity to astacin 

domain proteolysis. As expected, complete loss of processing occurred when D99 (P1′ site) 

was altered to an alanine. Other mutations, D92A, Y94A, D95A, and V96A all showed 

a significant decrease in astacin domain processing when not in complex with the GDF8 

ligand (Figure 4). Again, indicating that these residues directly impact the ability of the 

astacin domain to cleave the prodomain even in the absence of ligand.

Comparison of the astacin domain to the full-length BMP1 showed even a reduction in 

processing, indicating that the non-catalytic domains attenuate processing. This is similar to 

other studies that show BMP1 is less efficient at processing the collagen prodomain when 

compared with the astacin domain alone [61]. Nevertheless, prodomain mutants D92A, 

Y94A, D95A, and V96A still resulted in less proteolysis by BMP1 than the WT prodomain 

either alone or in complex with the ligand. In addition, these results consistently show that 
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the WT or prodomain mutants alone are more readily processed than the corresponding 

procomplexes, and that the astacin domain is more potent than BMP1.

To further investigate the activation of the GDF8 procomplex we determined that exogenous 

delivery of the astacin domain could readily activate HEK293T (CAGA)12 cells transfected 

with WT GDF8 (Figure 5A). Consistent with previous results, transfection of Y94A, Q97A, 

and D99A GDF8 could not be activated by the exogenous astacin domain. Other mutants, 

D95A and V96A could be activated but with a higher EC50 than WT. To further characterize 

select prodomain mutants, D92A, Y94A, and D99A we purified recombinant versions of 

the fully latent complex and assessed their ability to be activated by the astacin domain. 

Titration of recombinant procomplexes with astacin domain resulted in GDF8 signaling 

activity with an EC50 similar to transfected WT GDF8. However, the astacin domain could 

not activate Y94A or D99A, and was significantly less effective in activating D92A. In 

addition, all mutant versions displayed a reduced sensitivity to proteolysis by the astacin 

domain. These results further support that mutations in the prodomain hindered activation 

by suppressing tolloid proteolysis. Most importantly, we observed a significant reduction 

in signaling when treating HEK293T (CAGA)12 cells with recombinant versions of the 

procomplexes transfected with different tolloid family members. Critically, we show that the 

purified mutant procomplexes can be acid-activated, indicating that a lack of signaling is not 

a result of improperly folded GDF8. While previous work has described the importance of 

D99, this is the first time that additional residues in the prodomain have been identified to 

render the procomplex tolloid resistant.

A current strategy for a therapeutic strategy for boosting muscle mass has been through the 

inhibition of tolloid-mediate activation of GDF8 [21,62]. Studies show that administering 

D99A alone, without the mature domain, results in muscle growth [63,64]. Recently, an 

antibody has been developed that binds the GDF8 procomplex and prevents prodomain 

cleavage by tolloid [62]. Interestingly, the antibody does not bind directly to the tolloid cut 

site, but on the top of the prodomain proximal to the ligand. Antibody binding appears 

to either inhibit tolloid-mediated processing through the exclusion of the protease or 

allosterically by restricting the conformation of the prodomain. Thus, it appears that the 

conformation of the loop that harbors the scissile bond might be sensitive to conformational 

disruption and is consistent with our findings that the conservation of these residues is 

important.

While most strategies rely on inhibiting GDF8 post-translationally, recent studies have 

implied that non-functional variants of GDF11 can have a dominant-negative effect on 

WT GDF11 [65]. Because TGFβ ligands are covalent dimers, this is likely due to the 

non-functional copy combining with the WT version, forming a less functional procomplex. 

In this study, we wanted to test if WT GDF8 could be inhibited when co-expressed 

with a tolloid-resistant GDF8. Indeed, our results show that co-transfection of the GDF8 

prodomain mutations that are tolloid resistant with WT GDF8 suppressed GDF8 signaling 

activity. This might provide another option for suppressing GDF8 in vivo which could target 

endogenously produced GDF8 before secretion.
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Prior to this study only D99 of the GDF8 prodomain was known to be required for 

tolloid-mediated activation. Since a tolloid consensus sequence is not known we investigated 

the conserved residues near the scissile bond and identified additional residues important 

for proteolysis and activation. We show that the astacin domain alone is sufficient for 

processing the prodomain and activating GDF8 procomplex. Further evidence suggests 

that the prodomain processing is attenuated when bound to the ligand and, further, that 

the astacin domain is more effective in activating GDF8 procomplex than the full-length 

tolloids. Due to the widespread roles of tolloids in ECM maintenance, wound healing, and 

controlling the activity of other TGFβ ligands, it is important to understand how individual 

substrates are recognized and processed by the tolloid family [34,42,66]. Collectively, this 

study provides insight into the specific mechanism of GDF8 activation by the tolloid family 

of proteases.
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Figure 1. Latent GDF8 activation and Tll1 astacin domain structure.
(A) Domain architecture of GDF8, signal sequence (SS), prodomain and mature domain. 

Tolloid and furin cut sites indicated with size in kDa of each fragment after furin and tolloid 

processing shown. (B) Schematic of latent GDF8 activation, including tolloid cleavage, 

mature domain release, and receptor binding. (C) Structure of the GDF8 procomplex [27]. 

Mature domain monomers in pale cyan and blue, prodomain monomers in light brown and 

brown. Dotted lines indicated resides not in density. Right panel is rotated 90° about the 

vertical axis. (D) Domain architecture of the tolloid family including the prodomain, astacin 

domain, CUB and EGF domains. (E) Structure of the Tll1 astacin domain, active site cleft 

shown [58]. (F) GDF8 prodomain structure shown in (c) superimposed with the astacin 

domain active site cleft positioned toward the scissile bond.
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Figure 2. Transfection-based luciferase of GDF8 alanine screen.
(A) Sequence of the GDF8 tolloid cut site with P3–P3′ residues denoted, and the essential 

D99 residue shown in red. (B) 100 ng of GDF8 WT or mutant DNA transfected with 50 

ng of furin and Tll1 DNA. (C) Similar to (B) but with Tll2 DNA transfected. (D) Similar 

to (B,C) with mTLD DNA transfected. The DNA transfected (Trx) and exogenous (Exo) 

protein added (if applicable) is denoted in the top left each graph. Data plotted as mean ± 

SD and were conducted at least three times with experimental triplicate. Bar graphs were 

compared using one-way ANOVA with Bonferroni correction against WT GDF8 (*P < 0.05, 

**P < 0.01, ***P < 0.001).
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Figure 3. Analysis of Tll1 astacin domain activity vs GDF8 prodomain states.
(A) Fluorogenic peptide incubated with the astacin domain and treated with a titration 

GDF8 prodomain, plotted as fold specific activity. (B) Latent GDF8 treated with a titration 

of the Tll1 astacin domain. Data were fit by non-linear regression with a variable slope 

to generate the EC50 curve. (C) Luciferase assay of latent GDF8 (GDF8L), acid-activated 

GDF8 procomplex (GDF8AA), and a mixture of GDF8 prodomain:mature domain in a 3 : 

1 molar ratio, respectively, treated with or without the Tll1 astacin domain. The DNA 

transfected (Trx) and exogenous (Exo) protein added (if applicable) are denoted in the top 

left of each luciferase assay. (D) Anti-GDF8 prodomain western blot of GDF8L, GDF8AA, 

or GDF8 prodomain alone (ProWT) treated with the Tll1 astacin domain for 30 min or 1 h. 

Experiments a–c were conducted at least three times with experimental triplicate.
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Figure 4. Western blot analysis of GDF8 prodomain mutant processing by astacin domain and 
BMP1.
All westerns are anti-GDF8 prodomain blots (A) Bacterially produced GDF8 prodomain 

treated with astacin domain in a 1.2 : 1 molar ratio (astacin : prodomain) for 1 h. (B) 

Reconstituted complexes, of bacterially produced GDF8 prodomain and GDF11 treated with 

astacin domain in a 2.4 : 1 molar ratio (astacin:prodomain) for 1 h. (C) Bacterially produced 

GDF8 prodomain treated with BMP1 in a 1.2 : 1 molar ratio (BMP1:prodomain) for 1 h. 

(D) Reformed complexes of bacterially produced GDF8 prodomain and GDF11 treated with 

BMP1 in a 2.4 : 1 molar ratio (BMP1:prodomain) for 1 h.
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Figure 5. Analysis of fully latent GDF8 mutants.
(A) 100 ng of GDF8 DNA and 50 ng Furin DNA were transfected into HEK293T (CAGA)12 

cells and treated with a 1 : 2 serial dilution of the Tll1 astacin domain. (B) 0.62 nM 

of purified GDF8 procomplexes treated with a serial dilution of the Tll1 astacin domain, 

similar to (A) and added to HEK293T (CAGA)12 cells. Data from (A) and (B) were fit 

by non-linear regression with a variable slope to generate EC50 curves. (C) Transfection 

based luciferase assay were full-length Tll1, Tll2 or mTLD were transfected into (CAGA)12 

cells. Cells were then treated with 0.62 nM of purified GDF8 procomplex. Bar graphs were 

compared using one-way ANOVA with Bonferroni correction against WT GDF8 (*P < 0.05, 

**P < 0.01, ***P < 0.001). (D) 20 nM GDF8 procomplex was acid activated by adding HCl 

and neutralized by NaOH addition. The acid-activated (AA) procomplex was then added to 

(CAGA)12 cells and plotted as fold-over serum-free background. The DNA transfected (Trx) 

and exogenous (Exo) protein added (if applicable) are denoted in the top left of each graph. 

Experiments were conducted at least three times with experimental triplicate and plotted as 

mean ± SD.
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Figure 6. Transfection-based luciferase assay of dominant-negative GDF8.
50 ng of furin and Tll2 DNA was transfected into HEK293 T (CAGA)12 cells with 50 ng 

of WT and/or 50 ng of mutant full-length GDF8 denoted under the X-axis. For wells not 

containing 100 ng of GDF8 DNA, an empty vector was used to normalize the total amount 

of DNA transfected into cells. Data plotted as mean ± SD and were conducted at least two 

times with experimental triplicate. Bar graphs were compared using one-way ANOVA with 

Bonferroni correction against WT GDF8 (*P < 0.05, **P < 0.01, ***P < 0.001). The DNA 

transfected (Trx) and exogenous (Exo) protein added (if applicable) are denoted in the top 

left of each graph.
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