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SUMMARY 
 

A major cause of visual impairment, corneal dystrophies (CDs) result from accumulation of protein 
deposits in the cornea. One of the proteins involved is transforming growth factor β-induced protein (TGFBIp), 
an extracellular-matrix component that interacts with integrins but also produces corneal deposits when mutated. 
Human TGFBIp is a multi-domain 683-residue protein, which contains one CROPT domain and four FAS1 
domains. Its structure spans ~120 Å and reveals that vicinal domains FAS1-1/FAS1-2 and FAS1-3/FAS1-4 
tightly interact in an equivalent manner. The FAS1 domains are sandwiches of two orthogonal four-stranded β-
sheets decorated with two three-helix insertions. The N-terminal FAS1 dimer forms a compact moiety with the 
structurally novel CROPT domain, which is a five-stranded all-β cysteine-knot solely found in TGFBIp and 
periostin. The overall TGFBIp architecture discloses regions for integrin binding and that most dystrophic 
mutations cluster at both molecule ends, within domains FAS1-1 and FAS1-4. 
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INTRODUCTION 
 
 Human transforming growth factor β-induced protein (TGFBIp) is a multi-domain extracellular matrix 
protein first identified in a screen of genes induced by transforming growth factor β in cancer cell lines (Skonier 
et al., 1992), It has since been detected in the extracellular matrix of most tissues (Escribano et al., 1994; 
Lakshminarayanan et al., 2015). It is also present in the circulation at ~300 ng/ml and in platelets. 
Approximately 60% of the protein is disulfide-linked to insoluble extracellular matrix components (Andersen et 
al., 2004). Through its interaction with integrins, TGFBIp is engaged in several cell processes, and thus 
participates in physiopathological conditions such as wound healing, angiogenesis, cancer and inflammatory 
diseases (Han et al., 2016; Lakshminarayanan et al., 2015). 
 Among its body locations, TGFBIp is best known for being a major component of the human cornea 
(Escribano et al., 1994; Klintworth et al., 1994), where it is associated with postnatal corneal development and 
maturation (Karring et al., 2010). TGFBIp is normally produced by epithelial cells and keratocytes of the corneal 
epithelium (Han et al., 2016), and it may contribute to corneal layer adhesion (Escribano et al., 1994). 
Pathologically, mutations of the protein have been associated with corneal dystrophies (CDs), which are 
autosomal, dominant genetic eye diseases. CDs result from abnormal accumulation of insoluble protein, which 
causes corneal opacification and loss of vision, and are very painful and socially stigmatizing (Han et al., 2016; 
Klintworth, 2009; Weiss et al., 2015). 
 In particular, TGFBIp-associated corneal dystrophies (TGFBIp-CDs) are mostly bilateral and symmetric 
and result from abnormal accumulation in the corneal epithelium and stroma of insoluble mutated TGFBIp as 
amorphous and/or amyloid material. TGFBIp-CDs are the most common, widespread, heritable forms of corneal 
dystrophy worldwide (Lakshminarayanan et al., 2014; Munier et al., 2002) and a total of 70 mutations have been 
clinically described (Table S1). Depending on the corneal layer affected and the shape of the insoluble deposits, 
TGFBIp-CDs are divided into stromal amyloidogenic lattice CDs (LCD) and stromal non-amyloidogenic 
(GCD1) or mixed amorphous and amyloid granular lattice CDs (GCD2); Reis-Bücklers CD (RBCD), which 
affects the subepithelial Bowman's layer and the stroma; and Bowman's-layer-associated Thiel-Behnke CD 
(TBCD) (Han et al., 2016; Weiss et al., 2015). Currently, there is no efficacious therapy to heal CDs 
(Lakshminarayanan et al., 2014).  
 While the genetic etiologies of TGFBIp-CDs have been thoroughly studied, their molecular mechanisms 
are mostly unknown (Lakshminarayanan et al., 2014). To date, only isolated domain FAS1-4 has been the object 
of three-dimensional structural studies (Basaiawmoit et al., 2011; Underhaug et al., 2013; Yoo et al., 2007), but 
no detailed information is available on the entire protein and the arrangement of the domains. To close the gap, 
we crystallized and solved the structure of TGFBIp, and analyzed it in the light of the pathophysiologically 
relevant residues. 
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RESULTS AND DISCUSSION 
 
Molecular structure of TGFBIp 

Human TGFBIp spans 683 residues, is monomeric ex vivo and lacks post-translational modifications 
(Andersen et al., 2004; Escribano et al., 1994; Skonier et al., 1992). It is widespread and highly conserved across 
animals, at least down to the coelomata node. The protein consists of a 23-residue signal peptide for secretion 
(M1-A23), a flexible linker (G24-R42), an N-terminal cysteine-rich domain (Q43-P102), four consecutive FAS1 
domains (FAS1-1, L103-T238; FAS1-2, I239-K377; FAS1-3, T378-P500; and FAS1-4, P501-N637) with ~20% sequence 
identity to Drosophila fasciclin-1, and a 46-residue C-terminal segment (CTS; R638-H683), which includes a 
"classic" integrin-recognition motif (RGD, residues R642-D644; (Clout and Hohenester, 2003; Skonier et al., 
1992)). The protein presently studied included residues G24-A657, which is the most abundant form produced by 
mammalian cells (Andersen et al., 2004). In the crystal structure (see Table 1), the protein was defined for 
residues Q43-N637, was monomeric, and had an elongated banana shape maximally spanning ~120 Å (Figure 1A), 
which is in accordance with low-resolution SAXS studies (Basaiawmoit et al., 2011). Its five domains are 
arranged like pearls on a bent string and cross-connected by three intra-domain and two inter-domain disulfide 
bonds, as previously suggested (Lukassen et al., 2016). 
 The N-terminus starts on the surface of the 60-residue cysteine-rich domain, which contains six 
cysteines. This domain was previously grouped into the emilin domain family (Colombatti et al., 2000) but more 
recent analyses revealed that the overall domain length and the disulfide pattern of TGFBIp do not match those 
of emilins (see Fig. 9 in (Lukassen et al., 2016)). Past (Lukassen et al., 2016) and current searches found that 
similar cysteine-rich domains are present in several hundreds of (potential) TGFBIp orthologs from animals. 
Similar domains were also detected in (potential) animal orthologs of human periostin, alias osteoblast-specific 
factor 2 (Takeshita et al., 1993). which is a paralog of TGFBIp that has the same domain organization for its first 
~685 residues but lacks the RGD motif. Thus, we hereby propose the name CROPT (from cysteine-rich domain 
of periostin and TGFBIp) for this novel domain family.  
 The TGFBIp CROPT domain consists of a central antiparallel twisted three-stranded β-sheet (strands 
CR-β3, CR-β1, CR-β2), with a "wide loop" connecting CR-β2 with CR-β3 and covering one face of the sheet 
(Figure 1B,C). After C-β3, the chain enters a small β-ribbon (CR-β4+CR-β5) that is perpendicular to the central 
β-sheet and laterally attached to its lower edge. CROPT is cross-connected by two intra-domain disulfide bonds 
(C49-C85 and C84-C97). In addition, C65 is unpaired and placed at the beginning of the wide loop, which is surface-
located and partially disordered in the structure, so it may account for the covalent linking of TGFBIp with 
insoluble extracellular matrix components in vivo (Andersen et al., 2004; Lukassen et al., 2016). Finally, C74 is at 
the end of the wide loop and linked to C339 from domain FAS1-2. Structural similarity searches did not identify 
any structure in the Protein Data Bank (PDB) similar to TGFBIp CROPT, so it likely represents a novel fold. 
 Downstream domain FAS1-1 consists of a central β-sandwich with a front (see Figure 1D) four-stranded 
mixed β-sheet (strands F1-β2, F1-β1, F1-β8, F1-β7; Figure 1D,E). The back sandwich sheet is also four-stranded 
but antiparallel (strands F1-β3, F1-β4, F1-β5, F1-β6), and its strands are almost perpendicular to those of the 
front sheet. Strands F1-β6 and F1-β7 are fused in a continuous, strongly bent strand. Into this scaffold, three 
helices are inserted before strand F1-β1 (F1-α1, F1-α2, F1-α3), and three more helices connect strands F1-β1 and 
F1-β2 (F1-α4, F1-α5, F1-α6). In addition, the loop connecting F1-β2 and F1-β3 contains an extra helix, F1-α'. 
Downstream domains FAS1-2, FAS1-3 and FAS1-4 lack the latter helix but conform to this general α1—
α3+β1+α4—α6+β2—β8 architecture (Figure 1Α,D,E). In particular, the structure of FAS1-4 within the full-
length protein agrees well with the isolated domain structures previously reported (PDB codes 2LTB, 2LTC, 
1X3B and 2VXP; (Underhaug et al., 2013; Yoo et al., 2007)). The common architecture of the FAS1 domains is 
not mirrored at sequence level, as identities only span 18—33% (Figure 1F). In addition, superposition of the 
four domains (Figure 1D,E) revealed relatively high rmsd values (1.4—3.3 Å). In particular, FAS1-3 diverges 
most from the other three domains and lacks helix α5, which is replaced with a segment in extended 
conformation (Figure 1D) that may participate in protein-protein interactions or be targeted by endopeptidases. 
Moreover, FAS1-3 is the only domain in which strands β6 and β7 are not joined (Figure 1F). Overall, the crystal 
structure of TGFBIp is compatible with the reported cleavage points in vivo (reviewed by (Lakshminarayanan et 
al., 2015)), which all coincide with accessible segments. 
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 The overall structure of TGFBIp is divided into an upper moiety encompassing CROPT, FAS1-1 and 
FAS1-2, and a lower moiety spanning FAS1-3 and FAS1-4. The upper moiety contains three mixed 
hydrophobic/hydrophilic interfaces (Figure 2A and Table S2): (i) the CROPT/FAS1-1 interface results from the 
lateral attachment of CROPT to the front sheet of FAS1-1, so that strand F1-β7 and the loop connecting F1-α1 
with F1-α2 (L_F1-α1_F1-α2) and L_F1-β4_F1-β5 from FAS1-1; and CR-β2, L_CR-β2_CR-β3 and L_CR-
β3_CR-β4 from CROPT contribute to the buried surface. (ii) The FAS1-1/FAS1-2 interface is asymmetrically 
shaped by the surface-exposed lower edge of the β-sandwich of FAS1-2 and the exposed surface of the back 
sheet of FAS1-1. Mainly FAS1-1 segment encompassing F1-β4 to F1-β6 are involved. This interface also 
contains a disulfide bond between C214 of FAS1-1 and C317 of FAS1-2. In addition, FAS1-2 further contributes to 
the interface through L_F2-α3_F2-β1, F2-β7, L_F2-β7_F2-β8 and F2-β8. (iii) Finally, the CROPT/FAS1-2 
interface results from contact between the top of the three-stranded β-sheet of CROPT and the lowermost end of 
the back sheet of FAS1-2. It also features an inter-domain disulfide bond (C74-C339). Further regions shaping the 
interface are CR-β2 and CR-β3 of CROPT and L_F2-β2_F2-β3 and L_F2-β4_F2-β5 of FAS1-2. If the three 
interfaces are taken together, the upper moiety is covalently cross-linked by two disulfide bonds and 
characterized by an overall buried area of ~2,430 Å2 and a calculated solvation free energy gain upon formation 
of the assembly (ΔiG; see legend to Table S2) of -12.9 kcal/mol. The buried area is delimited by 19 residues of 
CROPT, 30 residues of FAS1-1 and 23 residues of FAS1-2 (see Table S2). These values indicate that the upper 
moiety is very compact. 

 The lower moiety consists of tandem domains FAS1-3 and FAS1-4, which tightly interact through an 
interface shaped by the surface-exposed lower edge of the β-sandwich of FAS1-4 with the exposed surface of the 
back sheet of FAS1-3 (see Figure 2C and Table S2). The buried surface and the participating segments of each 
domain are very similar to those observed in the FAS1-1/FAS1-2 interface, which results in the two dimers 
being structurally equivalent (Figure 3A). Only, the inter-domain disulfide of FAS1-1/FAS1-2 is missing in 
FAS1-3/FAS1-4. In its place, an intra-domain disulfide bond within FAS1-3 (C473-C478) contributes to 
hydrophobic contacts between domains (Figure 2C). The FAS1-3/FAS1-4 interface is made up of 17 residues of 
FAS1-3 and 21 of FAS1-4, has a ΔiG of -3.5 kcal/mol and a buried area of 524 Å2. These values are comparable 
to those of the FAS1-1/FAS1-2 interface (see Table S2) but substantially lower than those of the entire interface 
of the upper moiety. Consequently, the lower moiety is not as compact as the upper one.  
 Placed between the upper and lower moieties, the interface between FAS1-2 and FAS1-3 is mainly 
electrostatic and shaped by the residues flanking the inter-domain linker plus F2-α5 and L_F2-α5_F2-α6 of 
FAS1-2 and the end of F3-β7 and L_F3-β7_F3-β8 of FAS1-3. The buried area spans ~350 Å2, involves ten 
residues of FAS1-2 and eight of FAS1-3, and has a ΔiG of -1.1 kcal/mol (Figure 2B and Table S2). These values 
are notably lower than those of the interfaces within the upper and lower moieties. This suggests that the 
interface is more prone to flexibility and may act as a hinge, which would enable alternative conformations of 
the whole protein in response to functional requirements. Consistently, superposition of the upper moieties of the 
two molecules within the asymmetric unit of the crystal (see Materials and Methods) revealed that they differed 
at their lowermost tips by up to ~14 Å (Figure 3B). Finally, computational analysis of the molecular flexibility of 
TGFBIp based on the elastic network model (Emekli et al., 2008) also suggested the presence of two 
independent rigid bodies featuring the upper and the lower moieties and P373 as a hinge residue (scores 0.98 and 
0.98, respectively), around which major rearrangement through rigid-body rotation would occur (Figure 3C). 
  
Structural implications of integrin binding and other functions 

Several conserved regions may directly or indirectly participate in the protein-protein binding functions 
of TGFBIp (Clout and Hohenester, 2003; Moody and Williamson, 2013). These regions include the RGD-motif 
at the beginning of the CTS; the FRa, H-Box, FRb, H1, H2 and YH18 motifs within each FAS1 domain, and 
motifs NKDIL and EPDIM from FAS1-2 and FAS1-4, respectively (Figure 1F). 
 The CTS domain is predicted to contain two helices and one β-strand spanning segments L651-Q656, A671-
M681 and R669-L670, respectively (data not shown). In the absence of structural information, the prediction 
suggests that the CTS might be folded in the full-length protein, which could mean that the RGD motif is 
occluded. Physiological cleavage after A657 has been described to yield the most abundant form produced by 
mammalian cells (Andersen et al., 2004). This processing removes 26 C-terminal residues and reduces the CTS 
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to an eicosapeptide encompassing the RGD motif exposed for physiological interactions. Accordingly, 
processing at A657-S658 may be a means of functional activation of one of the integrin-binding activities of 
TGFBIp (Andersen et al., 2004).  
 Analysis of the other aforementioned motifs reveals that three main segments of each FAS1 domain are 
involved: α3+L_α3_β1+α4, α6+L_α6_β2+L_β2_β3 and β6+L_β6_β7+β7+L_β7_β8 plus the C-terminal loop 
after β8. Visual inspection of these regions on the structure reveals that they are mostly on the surface (Figure 
3D,E), and quite evenly distributed across the front and back surfaces in the case of H1/FRa. In contrast, residues 
from motifs YH18 and H-Box are mainly scattered throughout the front surface of the molecule, and those from 
H2, EPDIM/NKDIL and FRb chiefly concentrate on two patches of the back surface, at roughly half the height 
of the upper and lower moieties. Overall, these findings suggest that binding functions, which target many 
different partners (Andersen et al., 2004), are carried out by the entire molecule. 
 
Structural implications of TGFBIp in CDs 

TGFBIp-CDs result from the aberrant accumulation of mutant protein as amyloid and/or granular 
deposits. Notably, TGFBIp deposits have been reported from cornea, but not from anywhere else in the body (El 
Kochairi et al., 2006), and they contain either the entire mutant protein or large cleavage fragments as putatively 
generated by the serine endopeptidase HtrA1 (Karring et al., 2012). Short peptides such as Y571-R588 of FAS1-4 
have also been described (Sørensen et al., 2015). Wild-type TGFBIp has not been implicated in deposits in vivo, 
possibly due to the low effective concentrations of free TGFBIp in the cornea of healthy individuals (Andersen 
et al., 2004). However, the protein has an intrinsic propensity to form large fibrils in vitro, as shown for 
recombinant truncated forms (Kim et al., 2002). The origin of the protein deposits may be misfolding, variations 
in structural flexibility, altered proteolytic susceptibility and protein turnover, and changes in electrostatics that 
impair extracellular-matrix interactions (Stenvang et al., 2014).  
 A review of the current clinical literature revealed 70 TGFBI genotypes hitting 53 positions of the 
protein sequence associated with TGFBIp-CDs, but no other non-corneal manifestations (Kannabiran and 
Klintworth, 2006). Mutations involve >1800 patients in more than 30 countries on 4 continents 
(Lakshminarayanan et al., 2014) and include one-to-four-residue deletions; a three-residue insertion; single- and 
double-point missense mutations; two oligopeptidic missense mutations after positions 103 and 626 leading to 
truncation after residues 129 and 669, respectively; and a truncation after position 469. Some genotypes include 
combinations of mutations (Table S1). In general, when mutants target the surface of a protein, they affect 
specific binding capacities. When they occur in the core of a protein domain, they impair folding or secretion, 
thus altering structure and stability of proteins and causing insoluble protein aggregates (Kannabiran and 
Klintworth, 2006; Runager et al., 2011). However, in the case of multi-domain proteins mutations on the surface 
of a domain may likewise influence protein stability if they touch domain interfaces. Finally, mutations may also 
hamper protein degradation pathways if they target specific cleavage sites, in this way contributing to 
aggregation (Han et al., 2016).  
 Analysis of the distribution of the mutated sites (Figure 1F) revealed that they are mainly concentrated in 
FAS1-4 (43 positions) and FAS1-1 (seven positions). FAS1-3 and CTS harbor two and one positions, 
respectively, while none has been reported for FAS1-2 and CROPT (see Table S1). Notably, all but ten of these 
positions correspond to neutral or hydrophobic residues, which generally are found stabilizing hydrophobic cores 
(see Table S1). Mapping these mutations onto the structure showed that most cluster at the edges of the protein, 
within domains FAS1-1 and FAS1-4, and that all positions of FAS1-1, FAS1-3 and 24 of the 43 FAS1-4 
positions are at least partially on the surface (Figure 4A-D and Table S1). As to the sites of FAS1-1, FAS1-3 and 
CTS, V113 is close to the CROPT/FAS1-1 interface, and N470 and R496 are close to the FAS1-3/FAS1-4 interface, 
so they may affect overall protein stability by targeting inter-domain surfaces (Figure 4A). In addition, the side 
chain of V113 points to the inner of the protein, thus potentially also participating in the core stability of FAS1-1. 
In turn, N470 is at the tip of L_F3-β4_F3-β5, which protrudes from the surface. This position is engaged in a C-
terminal deletion mutant lacking half FAS1-3 and all of FAS1-4, which may be highly prone to aggregation. In 
turn, R496 is a key actor at the interface keeping the lower moiety together (see above), so its mutation probably 
impairs overall protein stability. The six remaining positions of FAS1-1 occur on the top surface of the protein 
(Figure 4C), so they may be engaged in protein-protein interactions. In addition, T125 and R124 (see the next 
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paragraph) may further contribute to hydrophobic core stabilization and E131 to electrostatic intra-domain 
stabilization. In the absence of structural information on CTS, R666 was predicted to be in a loop region (data not 
shown), so it might also be on the protein surface. Inspection of the 43 positions of FAS1-4 enabled us to cluster 
them into those potentially participating in hydrophobic-core stabilization (28 positions, surface-mediated 
interactions with other proteins (13 positions), and inter-domain interactions (one position) (see Figure 4A,B,D 
and Table S1). 
 Among all these residues, mutations of R555 and R124 account for ~50% of all TGFBI-CDs (Munier et al., 
2002). R555 is located within the first turn of surface-located helix F4-α5. While its aliphatic side-chain part 
contributes to a hydrophobic cushion that keeps the helix attached to the domain, its guanidinium group slightly 
protrudes from the surface at the lowermost tip of the molecule (Figure 4B,D), so it likely has a dual role in 
domain stability and interactions with other proteins. The same holds for R124, at the end of surface-located helix 
F1-α2, on the opposite end of the molecule (Figure 4C). Finally, peptide Y571-R588 of FAS1-4, which is enriched 
in amyloid deposits (Karring et al., 2013), results from a protein segment that spans two β-strands (F4-β2 and 
F4-β3) in the full-length structure. This may explain its amyloidogenic propensity as amyloid fibers are mostly 
β-strand-like arrangements (Toyama and Weissman, 2011). 
 
Conclusions and outlook 

Given that the cornea is the only transparent connective tissue in the human body, accumulation of 
TGFBIp leads to opacity and deleterious effects on vision that are currently incurable. The X-ray structure of 
TGFBIp revealed the underlying molecular determinants of the associated dystrophic mutations, which target 
mainly surface residues involved in protein stability and protein-protein interactions, located at the ends of the 
elongated multi-domain protein. 
 The structure further revealed the architecture of the novel CROPT domain and the four FAS1 domains 
in tandem. The CROPT and the first two FAS1 domains form a compact, covalently linked upper moiety, in 
which the latter two domains interact asymmetrically. The two C-terminal FAS1 domains form the lower 
moiety, in which the two domains are arranged like those of the upper moiety. Accordingly, a possible origin of 
the four tandem domains could be a first duplication event giving rise to two domains, followed by subsequent 
duplication of these two domains. This hypothesis is supported by the finding that the equivalent domains of 
TGFBIps across orthologs are more similar to each other than the domains within each protein (Clout and 
Hohenester, 2003). FAS1 domains are further found in periostin, which may share the same overall structure 
with TGFBIp. 
 Finally, the present study revealed the structural basis of the regions engaged in the physiological 
binding functions of TGFBIp, which are spread over the entire surface of the molecule. Overall, this work has 
laid the ground for novel therapeutic approaches to tackle CDs by counteracting aberrant protein accumulation 
through the structure-based design of small molecules to obstruct deleterious protein-protein interactions. 
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Figure 1 — Overall structure of TGFBIp and its domains. (A) Ribbon plot of TGFBIp in reference 
orientation with CROPT in yellow, FAS1-1 in magenta, FAS1-2 in blue, FAS1-3 in green and FAS1-4 in white. 
The three intra-domain disulfide bonds (C49-C85 and C84-C97 within CROPT; C473-C478 within FAS1-3), the two 
inter-domain disulfide bonds (C74-C339 between CROPT and FAS1-2; C214-C317 between FAS1-1 and FA1-2) and 
unbound C65 are depicted as red sticks and labeled with encircled numbers (1 to 6, respectively). See also 
(Lukassen et al., 2016). (B) Topology scheme of CROPT depicting its five β-strands (β1-β5). (C) Ribbon plot of 
CROPT in cross-eye stereo oriented as in (B). (D) Superposition of the four FAS1 domains in the chosen domain 
orientation of reference colored as in (A). FAS1-3 lacks α5 and α' is only present in FAS1-1. (E) Same as (E) but 
viewed from the back. The β-strands, the helices of the second insert plus α2 and α' (of FAS1-1) are labeled. (F) 
Structure-based sequence alignment of the four FAS1 domains (FAS1-1, 136 residues; FAS1-2, 139 residues; 
FAS1-3, 123 residues; and FAS1-4, 137 residues). For each domain, the residues are numbered. The percentages 
of sequence identity of each domain with FAS1-1 (first sequence block), FAS1-2 (second block) and FAS1-3 
(third block) are given in parenthesis. Residues identical in at least three domains are in bold blue, those in 
regular secondary structure elements (labeled above each block) are over an orange (helices) or green (β-strands) 
background. Conserved sequence motifs discussed in the text include EPDIM of FAS1-4 and NKDIL of FAS1-
2, as well as H1, H2, YH18, FRa, FRb and H-box of all FAS1 domains. Residues involved in mutations reported 
in corneal dystrophies are topped with an asterisk (see also Table S1). 

Figure 2 — Inter-domain interactions. (A) Close up of TGFBIp in cross-eye stereo centered at the 
interfaces between CROPT (yellow ribbons and carbons), FAS1-1 (magenta ribbons and pink carbons) and 
FAS1-2 (blue ribbons and carbons). The view results from the reference orientation (Fig. 1A) followed by a 
horizontal ~50º-rotation upwards. Selected residues are depicted for their side chains and labeled. (B) Detail of 
the interface between FAS1-2 (blue ribbons and carbons) and FAS1-3 (green ribbons and carbons) in reference 
orientation. (C) Close up view in reference orientation of the contact surface of FAS1-3 (green ribbons and 
carbons) and FAS1-4 (white ribbons and carbons). 

Figure 3 — FAS1 dimerization, TGFBIp intra-molecular flexibility, and regions involved in 
protein binding. (A) Superposition of domain pair FAS1-3 (green ribbon) plus FAS1-4 (white) onto pair FAS1-
1 (magenta) plus FAS1-2 (blue) as found in Fig. 1A. In both cases, the upper domain fits the lower one after two 
equivalent rotations. (B) Superposition of the upper moieties of the two molecules of the crystal asymmetric unit. 
The maximal displacement of the lower moieties is ~14 Å, which results from a ~12º-rotation around I372 (red 
arrow). (C) Overlay of ten TGFBIp structures resulting from theoretical elastic network model calculations, 
which reflect intra-molecular flexibility. The structures were superposed for their respective upper moieties and 
the FAS1-3+FAS1-4 modules are shown in one color for each calculated structure. The red arrow pinpoints 
hinge residue P373 and the maximal displacement resulting from hinge-point rotation is ~20 Å. (D) Surface 
representation of TGFBIp in reference view (see Fig. 1A) with CROPT in pale yellow, FAS1-1 in pink, FAS1-2 
in light blue, FAS1-3 in light green and FAS1-4 in white. Regions reported or proposed to be important for 
binding of integrins and other proteins are highlighted in purple (motifs/regions H1 and FRa, see Fig. 1F), dark 
blue (YH18 and H-Box) and red (H2, EPDIM/NKDIL and FRb). (E) Back view of (A). 

Figure 4 — TGFBIp residues involved in corneal dystrophies. (A) Surface representation of TGFBIp 
as in Fig. 3D. Pathologically relevant residues are mapped on the respective surfaces in red (residues of domain 
FAS1-1), orange (FAS1-3) and dark blue (FAS1-4). (B) Back view of (A). (C) Top view of (B). (D) Close-up of 
(B) centered on FAS1-4 after a vertical 90º-rotation. All residues reported from FAS1-1 and FAS1-3 are 
depicted and labeled, as well as the 24 surface-accessible ones from FAS1-4, see Table S1. 
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MAIN TABLES AND LEGENDS 
 
 

Table 1. Crystallographic data. 

Dataset TGFBIp (Se absorption peak) TGFBIp (native) 

Space group 
Cell constants (a and c, in Å) 
Wavelength (Å) 
No. of measurements / unique reflections 
Resolution range (Å) (outermost shell) a 

Completeness (%) 
Rmerge b 

Rmeas [= Rr.i.m.] b / CC(1/2) b 

Average intensity  c 
B-Factor (Wilson) (Å2) / Aver. Multiplicity 
 

P61 
114.1, 179.7 

0.9793 
260,775 / 45,181 e 

89.8 – 3.15 (3.33 – 3.15) 
99.8 (99.5) 

0.212 (1.027) 
0.233 (1.132) / 0.990 (0.683) 

9.8 (2.2) 
53.1 / 5.8 (5.7) 

 

P61 
114.8, 181.2 

0.9762 
377,488 / 28,689 

48.5 – 2.93 (3.11 – 2.93) 
98.5 (90.8) 

0.165 (1.112) 
0.172 (1.187) / 0.997 (0.580) 

17.0 (1.9) 
57.1 / 13.1 (8.0) 

 
Resolution range used for refinement (Å) 
No. of reflections used (test set) 
Crystallographic Rfactor (free Rfactor) b 

No. of protein residues ; atoms /  
         solvent molecules / ligands 

 
Rmsd from target values 
     bonds (Å)  /  angles (°) 
     Average B-factors (Å2) 
All-atom contacts and geometry analysis d 

     Residues 
     in favored regions / outliers / all residues 
     with poor rotamers / bad bonds / bad angles 
     Clashscore, all atoms 
     MolProbity score 

 25.0 – 2.93 
27,941 (648) 
0.219 (0.263) 
9,075 ; 1184 / 
194 / 1 acetate 

 
 

0.008 / 1.03 
71.1 

 
 

1147 (97.2%) / 3 (0.25%) / 1180 
21 (2.1%) / 0 / 0 

7.55 (97th percentile) f 
1.80 (100th percentile) f 

a Values in parenthesis refer to the outermost resolution shell.  
b Rmerge = ΣhklΣi |Ii(hkl) - <I(hkl)>| / ΣhklΣi Ii(hkl), where Ii(hkl) is the i-th intensity measurement of reflection hkl, including 
symmetry-related reflections (and the Friedel mates), and <I(hkl)> its average. Rmeas = Σhkl [n/n-1]1/2 Σi=1,n |Ii(hkl) - <I(hkl)>| / 
ΣhklΣi Ii(hkl), where n is the number of observations of reflection hkl. Rfactor = Σhkl |Fobs – k·Fcalc| / Σhkl Fobs, with Fobs and Fcalc as 
the observed and calculated structure factor amplitudes of reflection hkl; free Rfactor, same for a test set of reflections (> 700) 
not used during refinement. CC(1/2) is the correlation coefficient between intensity estimates from half data sets according to 
(Karplus and Diederichs, 2015). 
c Average intensity is <I/σ(I)> of unique reflections after merging according to the XDS program (Kabsch, 2010).  
d According to MOLPROBITY (Chen et al., 2010; Davis et al., 2007).  
e Friedel mates were kept separately.  
f Among structures of comparable resolution. 
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STAR*METHODS 
 
 
CONTACT FOR REAGENT AND RESOURCE SHARING 
 
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead 
Contact, F.X. Gomis-Rüth (xgrcri@ibmb.csic.es). 
 
 
EXPERIMENTAL MODEL AND SUBJECT DETAILS 
 
Expression of extracellular TGFPIp protein for crystallographic studies was performed in human embryonal kidney 
fibroblast HEK293 cells. Cell medium was collected over a 3 d period and stored at 253 K prior to purification (see 
below). 
 
 
METHOD DETAILS 
 
Production, purification, crystallization and data collection of TGFBIp 
Human TGFBIp (see UniProt access code [UP] Q15582) was produced and purified as described (Runager et al., 
2009). Briefly, a human placenta cDNA clone encoding the full-length protein was inserted into vector pCMV-
SPORT6, which was used for recombinant protein production with a human HEK293 cell expression system. The latter 
yielded a native protein variant truncated after A657, which is abundant in human corneas, as determined ex vivo 
(Andersen et al., 2004). The protein was subsequently purified by affinity, anion-exchange and size-exclusion 
chromatography steps. A selenomethionine derivative of TGFBIp was obtained similarly except that HEK293 cells 
were starved for methionine for 12 hours in Dulbecco's Modified Eagle Medium (DMEM) devoid of L-methionine and 
L-cysteine but implemented with 30 mg/L L-cysteine, followed by incubation in DMEM supplemented with 60 mg/mL 
selenomethionine (Anatrace, Maumee, OH) for 48 hours. Both protein variants were crystallized through the vapor 
diffusion method as described (Runager et al., 2009), by employing 4% polyethylene glycol 4,000, 0.1 M sodium 
acetate, pH 4.6 as the precipitating agent. Hexagonal crystals containing two molecules per asymmetric unit (51% 
solvent content) were diffracted at 100 K and data were collected on ADSC Q315R CCD detectors at beam lines ID29 
and ID23-1 of the ESRF synchrotron (Grenoble, France) within the block allocation group "BAG Barcelona." 
 
Data processing, structure solution and refinement 
Diffraction data were processed with the XDS (Kabsch, 2010) and XSCALE programs, and transformed with 
XDSCONV to formats suitable for the PHENIX (Adams et al., 2010) and CCP4 (Winn et al., 2011) suites of programs. 
Table 1 provides essential statistics on data processing. The structure of TGFBIp was solved by iterative likelihood-
scored molecular replacement with the PHASER program (McCoy et al., 2007) within CCP4 employing the crystal 
structure of human TGFBIp domain FAS1-4 (PDB code 2VXP, (Yoo et al., 2007)) and homology models for the other 
FAS1 domains for searches within a native dataset processed to 2.93 Å resolution. These homology models were 
obtained by threading with the LOMETS metaserver ((Wu and Zhang, 2007); 
http://zhanglab.ccmb.med.umich.edu/LOMETS) based on the experimental coordinates of FAS1-4. Once the four 
domains of each of the two molecules in the asymmetric unit (chains A and B) had been positioned, correct assignment 
of each of them was performed with the help of a selenomethionine-derivative crystal processed to 3.15 Å resolution, 
whose heavy-atom occupancy was insufficient for experimental SAD phasing (Table 1). To this aim, preliminary 
molecules A and B were refined with the REFINE routine of PHENIX and with BUSTER/TNT (Smart et al., 2012) 
against the selenium-derivative data and subsequently employed for difference-Fourier calculations following the 
MRSAD protocol of the AUTOSOL routine of PHENIX. These calculations identified 23 selenium sites, which 
corresponded to the positions of eleven out of the twelve expectable selenium atoms of each molecule, as determined a 
posteriori. The position corresponding to residue M194 was not found and that of M175 was in double occupancy in both 
molecules. The selenium sites revealed that domains FAS1-1 and -3, as well as -2 and -4, had to be swapped for one of 
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the molecules. The new model containing the correctly assigned sequence was subsequently subjected to another cycle 
of crystallographic refinement with BUSTER/TNT, first against the selenomethionine data and thereafter against the 
native data. The model was improved through successive cycles of manual model building with the COOT program 
(Emsley et al., 2010), which included tracing the CROPT domain, and crystallographic refinement with 
BUSTER/TNT. The final model of TGFBIp contained residues Q43-N637 of molecule A and N47-P635 of molecule B plus 
one tentatively assigned acetate anion and 194 solvent molecules. Only the loop connecting strands CR-β2 and CR-β3 
(C65-Q70) of both molecules was flexible and partially undefined in the final Fourier map. Table 1 provides statistics on 
the refinement and final model quality. Analysis of the crystallographic and non-crystallographic contacts indicated 
that the crystallized species was a monomer, in agreement with ex vivo studies in solution (Andersen et al., 2004). 
 
Bioinformatics and miscellaneous analyses 
Structural similarity searches and sequence alignments were performed with the DALI (Holm and Rosenström, 2010) 
and MULTALIN (Corpet, 1988) programs, respectively, and figures were prepared with the CHIMERA program 
(Pettersen et al., 2004). Structure superpositions were performed with the SSM routine (Krissinel and Henrick, 2004) 
within COOT. Structure-based sequence alignments were automatically performed with MAMMOTH (Lupyan et al., 
2005) and thereafter manually curated. Analysis of inter-domain and inter-molecular surfaces was performed with the 
PISA program ((Krissinel and Henrick, 2007); http://www.ebi.ac.uk/pdbe/pisa). Inter-domain flexibility was calculated 
with HINGEPROT with standard settings ((Emekli et al., 2008); http://bioinfo3d.cs.tau.ac.il/HingeProt). Secondary 
structure predictions were performed with JPRED4 ((Drozdetskiy et al., 2015); 
http://www.compbio.dundee.ac.uk/jpred). The final structure of TGFBIp was validated with MOLPROBITY (Chen et 
al., 2010).  
 
 
DATA AND SOFTWARE AVAILABILITY 
 
The X-ray structure reported in this study has been deposited with the Protein Data Bank (www.pdb.org) under code 
5NV6. 
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Table S1. TGFBIp mutations in corneal dystrophies. Related to Figure 4. 

Mutant Type of corneal 
dystrophy a 

Protein domain b Structural function 
of wild-type residue c 

Reference 

V113I GCD 1 FAS1-1 HC+IE (Zenteno et al., 2006) 
D123H Atypical GCD FAS1-1 SX (Ha et al., 2003) 
R124C LCD I FAS1-1 HC+SX (Munier et al., 1997) 

R124C/G470X d LCD I FAS1-1 / FAS-3 HC+SX / HC+SX+IE (Sakimoto et al., 2003) 
R124H GCD 2 FAS1-1 HC+SX  (Munier et al., 1997) 

R124H/N544S GCD 2-LCD FAS1-1 /FAS1-4 HC+SX / SX (Yamada et al., 2009) 
R124H/130X e GCD 2 FAS1-1 HC+SX / HX+SX+IE (Yam et al., 2012) 

R124L RBCD FAS1-1 HC+SX   (Okada et al., 1998) 
R124L+ΔT125-ΔE126  Atypical GCD FAS1-1 HC+SX / HC / SX (Dighiero et al., 2000a) 

R124S GCD 1 FAS1-1 HC+SX   (Stewart et al., 1999b) 
E131D Unknown FAS1-1 IA (Foja et al., 2016) 
R496W LCD IV FAS1-3 IE (Kawasaki et al., 2011) 
P501T LCD IIIA FAS1-4 IE (Yamamoto et al., 1998) 
M502V Unknown FAS1-4 SX (Zenteno et al., 2009) 

M502V/R555Q Atypical TBCD FAS1-4 SX / HC+SX (Niel-Butschi et al., 2011) 
V505D LCD I FAS1-4 HC (Tian et al., 2005) 
L509P GCD 2 / LCD I FAS1-4 HC (Gruenauer-Kloevekorn et 

al., 2009) 
L509R EBMD / LCD FAS1-4 HC (Boutboul et al., 2006) 

R514P/F515L LCD I FAS1-4 SX / HC (Zhong et al., 2010) 
S516R Atypical GCD 1 FAS1-4 SX (Paliwal et al., 2010) 
L518P LCD I FAS1-4 HC (Endo et al., 1999) 
L518R LCD I/IIIA FAS1-4 HC (Munier et al., 2002) 
I522N LCD I FAS1-4 HC (Zhang et al., 2009) 
L527R LCD IV FAS1-4 HC (Fujiki et al., 1998) 
T538P LCD I FAS1-4 HC (Yu et al., 2006) 
T538R LCD I/IIIA FAS1-4 HC (Munier et al., 2002) 
V539D LCD I FAS1-4 HC (Chakravarthi et al., 2005) 
F540S LCD IIIA FAS1-4 HC (Stix et al., 2005) 
ΔF540 RBCD / LCD I/IIIA FAS1-4 HC (Rozzo et al., 1998) 
P542R Variant LCD FAS1-4 HC (Cho et al., 2012) 
N544S Variant LCD FAS1-4 SX (Mashima et al., 2000) 
A546D Atypical LCD FAS1-4 HC (Eifrig Jr. et al., 2004) 

A546D/P551Q LCD I FAS1-4 HC / SX (Klintworth et al., 2004) 
A546T LCD IIIA FAS1-4 HC (Dighiero et al., 2000b; 

Dighiero et al., 2001) 
F547C GCD FAS1-4 HC (Foja et al., 2016) 
F547S Variant LCD FAS1-4 HC (Takacs et al., 2007) 
R548P Variant LCD FAS1-4 SX (Chae et al., 2016) 



A549T/R555W GCD 1 FAS1-4 SX / HC+SX (Frising et al., 2006) 
L550P GCD 2 FAS1-4 HC (Zenteno et al., 2009) 

L550P/H626R Atypical GCD FAS1-4 HC / HC (Zenteno et al., 2009) 
R555Q TBCD FAS1-4 HC+SX (Munier et al., 1997) 
R555W GCD 1 FAS1-4 HC+SX (Munier et al., 1997) 
L558P Atypical LCD FAS1-4 HC (Pampukha et al., 2009) 
L558R Variant LCD FAS1-4 HC (Dudakova et al., 2016) 
L559V Atypical GCD FAS1-4 SX (Paliwal et al., 2010) 
L565P Variant LCD FAS1-4 HC (Oldak et al., 2014) 
L569Q Variant LCD FAS1-4 HC (Chae et al., 2016) 
L569R LCD I FAS1-4 HC (Warren et al., 2003) 
H572R LCD I FAS1-4 HC (Atchaneeyasakul et al., 

2006) 
ΔH572 Variant LCD FAS1-4 HC (Aldave et al., 2006) 
G594V LCD IV FAS1-4 SX (Chakravarthi et al., 2005) 
V613G Variant LCD FAS1-4 HC (Niel-Butschi et al., 2011) 

ΔV613-ΔA614-ΔE615-
ΔP616 

Variant LCD FAS1-4 HC / SX / SX / HC (Yang et al., 2010) 

M619K Variant GCD 2 FAS1-4 HC (Aldave et al., 2008) 
A620D LCD I/IIIA FAS1-4 HC (Lakshminarayanan et al., 

2011) 
A620P LCD IIIA FAS1-4 HC (Jung et al., 2014) 
T621P LCD IIIA FAS1-4 SX (Lee et al., 2016) 
N622H LCD I/IIIA FAS1-4 HC (Stewart et al., 1999a) 
N622K LCD IIIA FAS1-4 HC (Munier et al., 2002) 
G623D RBCD / LCD FAS1-4 HC (Afshari et al., 2001) 
G623R Variant LCD FAS1-4 HC (Gruenauer-Kloevekorn et 

al., 2009) 
V624M Atypical LCD FAS1-4 HC (Afshari et al., 2008) 

ΔV624-ΔV625 Atypical LCD FAS1-4 HC / HC (Chakravarthi et al., 2005) 
V625D LCD I FAS1-4 HC (Tian et al., 2007) 
H626P RBCD-TBCD / 

LCD 
FAS1-4 HC (Munier et al., 2002) 

H626R LCD I/IIIA FAS1-4 HC (Stewart et al., 1999a) 
V627Sx f LCD IIIA FAS1-4 HC+SX+IE (Munier et al., 2002) 

NVP-Insertion after T629 LCD I/IIIA FAS1-4 SX (Schmitt-Bernard et al., 
2000) 

V631D Variant LCD FAS1-4 HC (Munier et al., 2002) 
R666S EBMD CTS unknown (Boutboul et al., 2006) 

a EBMD, epithelial basement membrane dystrophy; GCD, granular corneal dystrophies; LCD, lattice corneal variants; RBCD, 
Reis-Bücklers corneal dystrophy; and TBCD, Thiel-Behnke corneal dystrophy. In addition, mutations I200F and R496G have 
been identified but not yet described, see (Lakshminarayanan et al., 2014).  
b TGFBIp domains: FAS1-1 (L103-T238), FAS1-2 (I239-K377), FAS1-3 (T378-P500), FAS1-4 (P501-N637) and CTS (R638-H683). 
c IE, inter-domain surface interaction; HC, hydrophobic core stabilization; SX, surface interaction with other proteins; IA, 
intra-domain surface interaction.  
d Truncation mutant after residue 469. 
e This mutant contains point mutation R124H plus a one-base deletion within the codon for residue 103, which produces an 
erroneous downstream sequence and truncation of the protein after position 129 (Yam et al., 2012).  
f This mutant results from a one-base deletion within the codon for residue 627, which produces an erroneous sequence from 
this residue onwards and truncation of the protein after position 669 (Munier et al., 2002). 
See also http://databases.lovd.nl/shared/genes/TGFBI for upgrades. 

	



	

Table S2. Domain interfaces in TGFBIp. Related to Figure 1A. 

Nº of 
atoms 

(domain 1 
/ domain 

2) 

Nº of 
residues 

(domain 1 / 
domain 2) 

Buried 
area (Å2) 

ΔiG 
(kcal/mol) a 

Most relevant hydrophilic interactions 
(atom domain 1 — atom domain 2) 

 

CROPT — FAS1-1 interface  
U 
P 
P 
E 
R 
 

M 
O 
I 
E 
T 
Y 

42 / 45 11 / 14 393 -4.0 N58 Nδ2 — E146 Oε2; K60 O — R216 Nη1 

FAS1-1 — FAS1-2 interface 

57 / 47 16 / 15 569 -7.6 Q201 Nε2 — A359 O; Q201 Nε2 — T360 O 
Y205 Oη — A315 O; Y205 Oη — C317 N 
N207 Nδ2 — A320 O; T211 Oγ1 — C317 Sγ 
R216 Nε — E319 Oε1; K234 Nζ — E319 Oε2 

CROPT — FAS1-2 interface 

27 / 27 8 / 8 251 -1.3 R59 Nη1 — G341 O; R59 Nη2 — D342 Oδ1 
R59 Nη2 — D342 Oδ2; C74 N — V322 O 

FAS1-2 — FAS1-3 interface H 

I 

N 

G 

E 

43 / 40 10 / 8 353 -1.1 T292 Oγ1 — E381 Oε2; R295 Nη1 — E381 Oε2 
R295 Nη2 — E381 Oε1; D299 Oδ1 — R487 Nη2 
D299 Oδ2 — R487 Nε; E301 Oε1 — R487 Nη2 
S375 N — R485 O; K377 O — R487 N 

FAS1-3 — FAS1-4 interface L 
O 
W 
E 
R 
 

M 
O 
I 
E 
T 
Y 

60 / 56 17 / 21 524 -3.5 R464 Nη2 — A620 O 
Y468 Oη — V579 N 
S471 Oγ —G581 O 
R496 Nη1 — S580 Oγ 

a Theoretic solvation free energy gain upon formation of the interface, calculated according to (Krissinel and 
Henrick, 2007).  

	

 


