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Abstract

The thrombospondin type-1 domain containing 7A (THSD7A) protein is known to be one of the 

antigens responsible for the autoimmune disorder idiopathic membranous nephropathy. The 

structure of this antigen is currently unsolved experimentally. Here we present a homology model 

of the extracellular portion of the THSD7A antigen. The structure was evaluated for folding 

patterns, epitope site prediction, and function was predicted. Results show that this protein 

contains 21 extracellular domains and with the exception of the first two domains, has a regular 

repeating pattern of TSP-1-like followed by F-spondin-like domains. Our results indicate the 

presence of a novel Trp-ladder sequence of WxxxxW in the TSP-1-like domains. Of the 21 

domains, 18 were shown to have epitope binding sites as predicted by epitopia. Several of the F-

spondin-like domains have insertions in the canonical TSP fold, most notably the coiled coil 

region in domain 4, which may be utilized in protein-protein binding interactions, suggesting that 

this protein functions as a heparan sulfate binding site.
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Introduction

Primary (also known as idiopathic) membranous nephropathy (PMN) is a kidney specific 

autoimmune disorder characterized by the accumulation of immune complexes within the 

glomerular basement membrane and the leakage of massive amounts of protein into the 

urine. Patients suffering from this condition experience signs and symptoms of the nephrotic 

syndrome as a result of this damage to the glomerular filtration barrier. Ten to twenty 

percent of patients suffering from PMN will eventually progress to end stage renal disease 
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whether treatment is undertaken or not.1 Two antigens that contribute to this disorder have 

been discovered in the last decade; the phospholipase A2 receptor (PLA2R) antigen2 and 

thrombospondin type-1 domain containing 7A (THSD7A).3 While some electron 

microscopy studies have been reported for PLA2R providing some structural information 

about this antigen,4,5 no work has been reported detailing structural information about 

THSD7A.

THSD7A is an extracellularly located type-1 transmembrane protein known to contain 

multiple thrombospondin repeat (TSR) domains.6 This 250 kDa glycoprotein has been 

discovered to contain multiple epitope-containing domains that are targeted by the immune 

system.7 This protein serves as an autoantigen in approximately 3–5% of PMN patients, and 

both human and rabbit anti-THSD7A have been shown to induce proteinuria and features of 

membranous nephropathy when passively transferred to mice.8,9 Specific residues on the 

THSD7A antigen which are being targeted by the human autoantibodies are still unknown.

THSD7A is a member of the thrombospondin (TSP) family of glycoproteins. Crystal 

structures of other members in this superfamily (Thrombospondin related anonymous 

protein (TRAP),10,11 F-spondin,12 ADAMTS13,14 have shown a characteristic 

thrombospondin repeat (TSP-1) containing a three stranded motif (Figure 1a). The three 

strands (A, B, and C) alternate in direction and have a unique conserved residue 

composition. The A strand typically contains two or three Trp residues and two Arg residues 

on the B strand.15 The Trp located on the A strand intercalates between the Arg residues on 

the B strand. The conserved A and B strand motifs, WSxWS and R*R, respectively, together 

create a Trp-ladder that typically consist of six rungs or more. These rungs are stabilized by 

cation-pi interactions between the indole portion of the Trp and the guanidinium portion of 

the Arg residues on the A and B strands, respectively.16 The ladder is held into place by a 

pair of disulfide bonds which flank the top and bottom of the Trp-ladder. A third disulfide 

bond is often present at the bottom of each domain to further stabilize this portion of the 

TSR. Two major groups of TSR domains, distinguished by the location of the Cys residues 

forming the disulfide bonds, have been described by Tan and colleagues.15 The crystal 

structure of human TSP-1 having the second and third tandem repeats showed the presence 

of jar handles, bulges stemming from the BC loop.17

The function of THSD7A in the podocyte is currently unknown. Other proteins containing 

TSR domains for which functions have been determined are involved in angiogenesis, cell 

migration, axon guidance, and cell-cell and cell-extracellular matrix interactions.17,18 The 

WSxWS motif in TSP-1 grooves have been observed to interact with heparan sulfate 

glycosaminoglycans (HSG).15,16

Knowledge of the structure and function of THSD7A antigen would be both clinically useful 

in terms of understanding the autoimmune pathogenesis of PMN, as well as instructive about 

potential biological mechanisms of this protein in the podocyte and other cells. Further 

knowledge of the specific residues involved in the epitope sites would assist in development 

of therapeutic interventions for PMN, such as epitope-specific therapies. Therefore, we 

developed a homology model of the extracellular portion of the THSD7A antigen in silico. 

Homology models have been utilized to develop novel therapeutics and explore structure of 
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proteins.19,20 Our model was used to predict which residues might specifically be targeted 

by the autoantibodies in PMN.

Materials and Methods

Computational approaches

Homology modeling was performed using Protein Homology/analogy Recognition Engine 

V 2.0 (Phyre2).21 To create the THSD7A homology model smaller sections of the 

extracellularly located portion of the protein were submitted to the Phyre2 server. Residues 

59–1475 of THSD7A were successfully modeled. Residues 1476 to 1606 which make up the 

rest of the extracellular portion of THSD7A were omitted from the model. In total 20 

smaller sections containing pairs of consecutive domains (i.e., D1-D2; D2-D3; D3-D4… 

D20-D21) based on our sequence alignment were submitted to Phyre2. Overlapping regions 

in the 20 models were aligned and linked together in UCSF Chimera22 to create the full 

structure representing the majority of the THSD7A extracellular domain. Individual 

insertions (regions of primary peptide sequence interrupting the consensus TSP-1-like 

domain homology) were modeled independently then inserted back into the overall domain 

structure. Template selection was performed in Phyre2. Refinement of the THSD7A model 

was performed in UCSF Chimera. Minimization of the THSD7A homology model was 

performed using steepest descent followed by conjugate gradient to relax the structure and 

ensure good bond angles. The final model was submitted to RAMPAGE to determine quality 

assessment.23

Alignment of THSD7A domains

A Basic Local Alignment Search Tool (BLAST) search was performed to identify sequences 

which had high homology to THSD7A. Individual domains were identified using the pattern 

of six Cys residues and other landmark residues such as Trp common to the two major 

groups of TSRs, as suggested by Tan et al.15 Domain 4 could be best aligned as a TSP-1-like 

domain with a large, poly-basic insert after the first Cys residue and the omission of the 

usual disulfide bond between C2 and C6. Using sequence alignment, similar smaller 

insertions within other TSR domain structures were identified. The sequences comprising 

the identified domains were modeled to determine their individual structures.

Normal mode analysis

Conformational changes and protein flexibility of individual domains were investigated 

using normal mode analysis. PDB files were created for individual THSD7A domains, pairs 

of consecutive domains (i.e., D1-D2, D2-D3, D3-D4…), and segments containing three 

consecutive domains (i.e., D1-D3, D2-D4, D3-D5…) and submitted to ElNémo, the Elastic 

Network server24 for analysis. Default parameters were selected and low frequency normal 

modes were calculated. Modes with the lowest frequency and highest degree of collectivity 

were analyzed.

Conservation Analysis

An evaluation of the conservation of residues in THSD7A was performed to determine 

which regions were highly conserved. The THSD7A homology model was submitted to the 
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ConSurf server.25,26 Results were evaluated in Chimera. The ConSurf coloring scheme was 

used to denote degrees of conservation.

Prediction of B-cell epitope sites

B-cell epitope prediction was performed using the Epitopia server.27,28 The Epitopia server 

uses physicochemical (residue composition) and structural aspects (frequency of helices, 

surface accessibility to solvent and antibody CDR loops, and curvature) of the submitted 

antigen to determine which residues are the most immunogenic. 27 File formatting for the 

Epitopia server was completed using the in house script Epitopia_prep3.1.py. The completed 

THSD7A homology model was submitted to the Epitopia server. Results were visualized 

with the Epitopia coloring scheme in Chimera.

Results and Discussion

THSD7A model validation

The Ramachandran plot produced using RAMPAGE showed that 75.3% of the phi and psi 

angles were in the favored region, and 18.6% of residues were found in the allowed region. 

Only 87 residues out of 1417 (6.1%) were shown to be in the outlier region. Thus 94% of the 

residues in the model were shown to have phi and psi angles in allowed regions. Taken 

together this model represents an excellent example of a large system homology model.

Overall structure of THSD7A extracellular portion

1417 residues (amino acids 59–1475) of the extracellular portion of THSD7A were 

successfully modeled. Our model of this region demonstrates 21 tandem extracellular 

domains (Figure 1b) with the potential for a 22nd domain that begins similarly to the other 

domains but degenerates after strand A (see Figure 2). This model, which was developed 

before the recent publication by Seifert and colleagues,7,29 shows that the first 21 domains 

are indeed a mixture of TSP-1-like (Figures 1c, 3a) and F-spondin-like (Figures 1c, 3b) 

domains (or “C6-like,” as in Seifert).

Tan and colleagues present two major groups of TSR domains: TSP-1 is the prototype for 

the group 1 TSRs, while F-spondin serves as the prototype for the group 2 TSRs.15 We will 

refer to these group 2 TSRs as “F-spondin-like” (instead of C6-like) following this initial 

classification and due to the fact that the third strand of the F-spondin-like TSRs are more 

similar to their counterparts in THSD7A than are the analogous domains in C6 

(Supplementary Figure 1). Similar to Seifert et al., we found that domains 1 and 2 of 

THSD7A were the only tandem repeating TSP-1-like domains. Our work here shows that 

domains 4, 6, 8, 10, 12, 14, 16, 18, and 20 are TSP-1-like domains, whereas domains 3, 5, 7, 

9, 11, 13, 15, 17, 19, and 21 are F-spondin-like domains. Like Seifert et al. we show that the 

structure of THSD7A contains alternating TSP-1-like and F-spondin-like domains. This 

change from TSP-1-like to F-spondin-like is the result of a disulfide bond pattern shift from 

a late to early cysteine (Figure 3c).

Based on our sequence analysis shown in Figure 2, we determined that each of the A strands 

of the TSP-1-like domains in THSD7A follows a YxWxxxxWxxC consensus pattern. We 
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were only able to observe this unusual TSP-1-like sequence in the 8th domain of 

ADAMTS13. While all TSP-1-like domains begin with a Tyr residue, the F-spondin-like 

domains begin with a charged residue with the exception of domain 19.

Trp-ladders in TSP-1-like versus F-spondin-like domains

Trp-ladders have been suggested to be sulphate/glycosaminoglycan-binding motifs.16 

Twenty of the 21 modeled TSR domains of THSD7A were shown to have a recognizable 

Trp-ladder of some sort (Figure 3a, 3b). The TSP-1-like domains were found to have 

truncated ladders usually containing only one Trp and one Arg residue with the exception of 

domain 8. It is the latter WS in the typical WSxWS ladder motif which is maintained. This 

structural feature is similar to the 8th TSR domain of ADAMTS13 and in the CCN TSR 

family models30 which were also shown to have only one Trp and one Arg residue present in 

the TSR domains. In our model THSD7A domain 20 was found to be the only TSP-1-like 

domain containing a Tyr residue that participates in the WSxWS Trp-ladder sequence 

(YGQWS).

Further evaluation of these TSP-1-like domains demonstrated that, while the WSxWS 

sequence was not present in many of these TSP-1-like domains, a YxWxxxxW consensus 

sequence was consistently present instead (Figure 2). Domains 1, 2, 6, 10, 12, 16, 18, 20, 

and 22 all have this same basic sequence homology. In domain 18, a Tyr residue replaces the 

first Trp and domain 20 has an additional Tyr residue present. We evaluated the models to 

determine if any ladder structure was possible. We found that structurally a Trp-ladder was 

still able to form having a novel Trp-ladder sequence of WxxxxW and, in one case, utilizing 

the entire YxWxxxxW sequence. Domains 1, 6, 16, 18, and 20 were shown to form similar 

Trp-ladder structures using this WxxxxW sequence. These domains are the only TSP-1-like 

domains having more than one aromatic residue present in the Trp-ladder. This extended 

Trp-ladder is formed by the A strand creating a small bulge to allow for the more distant Trp 

residue to participate as a rung. In domain 20 there is an extended ladder having a sequence 

of YxWxYxxW, which also contains the WxxxxW sequence. This could constitute a new 

Trp-ladder consensus sequence. It is interesting to note that group 1 TSRs typically have all 

three Trp residues participating in the ladder. In THSD7A six of the eleven TSP-1-like 

domains only include one Trp residue. This disparity may be due to a divergence in function.

Domain 8 does not seem to form a true Trp-ladder but does utilize the first Trp residue of the 

WxxxxW consensus sequence as a rung in the incomplete ladder. This ladder does not 

produce any cation-pi interactions at all, but does create hydrophobic interactions between 

the Trp and the Leu residue located on the B strand. This is interesting since it has been 

previously thought that the cation-pi interactions in the Trp-ladder were important for 

maintaining the fold of the TSR domain.10,15 This suggests that the disulfide bonding 

pattern may actually be more important for maintaining the TSR fold than the stabilization 

through cation-pi interactions.

In each TSP-1-like domain except 18 and 20 a Gln residue replaces one of the Arg residues 

in the ladder. This substitution of a Gln residue in the Trp-ladder scaffold is sometimes seen 

in TSR domains, although this is primarily seen in the group 2 (F-spondin-like) not group 1 

(TSP-1-like) domains.15 However the truncation of the ladder in addition to the substitution 
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of the polar uncharged Gln residues in place of a positively charged Arg residue would 

produce a much less positively charged binding grove. It is the positively charged groove 

that is thought to be the glycosaminoglycan binding site in the TSR domain, thus these 

TSP-1-like domains may have weaker binding to glycosaminoglycans or serve as binding 

partners for other types of macromolecules.

The F-spondin-like domains were shown to have more rungs in the ladder. Each F-spondin-

like domain contained two aromatic rungs, usually Trp residues, and typically three basic 

residues intercalated in between them. Only four of the ten F-spondin like domains (9, 11, 

19, and 21) have a Gln or Met substitution. Even though these domains have a Gln or Met 

residue they all have a positively charged residue on the C strand which interacts with the 

base of the Trp-ladder. The only TSP-1-like domain having this additional positively charged 

residue from the C strand interacting at the base of the ladder is domain 10. This positive 

charge from the neighboring strand may serve to maintain a net charge in the groove. This 

type of interaction is seen in the modeled structure of TSP-1-like domains of the CCN 

family of proteins.30 We developed a homology model for the 8th domain of ADAMTS13 

and determined that this interaction was also present in this protein. It is notable that no F-

spondin-like domains have insertions into the fold (see below). These domains having a 

much fuller Trp-ladder in addition to fewer Gln substitutions would contain a much stronger 

and larger positively charged groove. Taken together this suggests that THSD7A creates an 

alternating weaker positive, stronger positive electrostatic gradient within the grooves.

Insertions in THSD7A are located in TSP-1-like domains

A typical TSP-1-like domain is consists of approximately 50–55 residues. We noted that 

domains 2, 4, 6, 10, 12, 14, 16 and 20 contained at least 10 more residues than the expected 

amount of residues in a typical TSP-1-like structure. Domains 4 and 6 contained up to 30+ 

residues more than are usually present. We determined that each of these domains contained 

one or two insertions in the canonical TSP-1-like fold (Figure 3a). Each domain, except for 

domain 20, contained an insertion that was found to extend from the base of the A strand 

leading into the B strand (AB-loop insertion). The AB-loop insertions are structurally 

contained between the C1 and C2 cysteines in each domain, with the exception of the poly-

basic insert in domain 4, which does not have a C2 residue. Our model suggests that domain 

6 contained 2 insertions: an AB-loop insertion and a second insertion extending from the 

first jar handle on the BC-loop. These insertions in domain 6 are located on opposite sides of 

the TSP-1-like fold. Domain 20 was shown to have 2 insertions as well. The first insertion is 

located in the BC loop similar to the second insertion in domain 6, while the second 

insertion in domain 20 protrudes out from the end of the C-strand.

We found that many of the insertions contained charged or polar uncharged residues. 

Domains 8 and 14 both have a small cluster of hydrophobic residues within the insertions. 

These insertions may be structurally relevant for the function of this protein as post-

translational modification sites or alternatively may be binding sites for other proteins 

molecules.

Since we could not find other evidence detailing distinct insertions into a TSP-1-like fold, 

we looked for other TSR domains possessing approximately 10 or more additional residues 
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and modeled them to determine the possibility that they also contained insertions. Relatively 

few TSP-1-like domains were found that had an additional 10 or more residues present in 

the sequence. However in SCO-spondin, the 11th, and 16th TSP-1-like domains were found 

to have 10 or more residues in excess of the 55 residues typical of a TSR domain. The 11th 

TSP-1-like domain has 68 residues while the 16th TSP-1-like domain was listed as having 

123 residues. After modeling the 11th TSP-1-like domain we determined that it also had an 

insertion in the jar handle region (Supplementary Figure 1). The 16th TSP-1-like domain of 

SCO-spondin (D3812-T3934) was not found to have an insertion but was actually 

determined to be two tandem TSP-1-like domains with a longer linker region between the 

domains (Figure 4b). This indicates that SCO-spondin has 25 TSP-1-like domains instead of 

24, which is consistent with work from Meiniel et al.31 Thus we suggest that sequence 

nomenclature for this protein should actually be listed as residues D3812-G3869 as the 16th 

TSP-1-like domain and E3876-T3934 is 17th TSP-1-like domain. In addition the currently 

listed 17th through 24th TSP-1-like domains should be updated as TSP-1-like domains 18 

through 25 to represent the additional TSP-1-like domain in the SCO-spondin protein. While 

structural determination of SCO-spondin was not the focus of this work, this determination 

of the location of the missing TSP-1-like domain is something worth noting.

Electrostatic and hydrophobicity considerations of domains

It is known that the jar handles characteristically contain charged residues, thus we analyzed 

the electrostatic composition of individual domains in THSD7A (Figure 4). Several domains 

were shown to have negatively charged residues near the jar handles, namely domains 2, 5, 

7, 8, 9, 11, 16, 17, 18, 20, and 21. Five domains (domains 2, 5, 16, 20, 21) seemed to have 

the greatest degree of negatively charged regions in the jar handle. Only five domains 

(domains 4, 10, 12, 13, and 15) were shown to have positively charged residues in the jar 

handle. Domains 4, 12, and 13 had the largest degree of positive charge in the jar handle. 

Domain 4 which contains the poly-basic region has the greatest surface area and number of 

positively charged residues. These localized regions of positive charge would likely attract 

very negatively charged molecules.

Domains 8, 11, 14, and 21 had hydrophobic patches present (Figure 5). The hydrophobic 

patches in these domains were located on the TSR side opposite the Trp-ladder. In domain 

14 the hydrophobic patch was part of the AB-loop insertion. Domain 21 has the largest 

hydrophobic patch opposite the Trp-ladder side.

Domain 4 is a TSP-1-like domain with a poly-basic insert.

The UNIPROT website currently lists the region from residues 267–315 as a coiled coil 

domain. Seifert et al. describe the region from A248 to T358 as a coiled coil region. When 

we submitted the Y253 to V355 to Phyre2 we originally did not get a TSP-1-like domain 

structure, however after submitting the Y253-V533 omitting R269-E313 (polybasic region) 

the sequence was shown to assume a perfect TSP-1-like domain architecture (Figure 3a). 

Thus this work demonstrates that this region is not a complete coiled coil as a distinct entity, 

but rather a coiled-coil insertion within the overall TSR fold which juts out from the base of 

the A strand leading into the B strand. While this poly-basic insertion is significantly larger 

than the other inserts in the TSP-1-like domains, it is consistent with the other AB-loop 
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insertions identified in this study. This larger domain, which contains only 2 disulfide bonds, 

C1-C5 and C3-C4, was also shown to form a truncated TRP ladder produced with Trp-260 

and Arg-326 residues.

Glycosaminoglycan binding sites are highly positively charged. It has been demonstrated 

that the Trp-ladder groove of TSR domains can be utilized as a HSG binding site. We 

believe that domain 4 of THSD7A, which contains this large poly-basic insert, may also be a 

glycosaminoglycan binding site for heparan sulfate or similar proteoglycans.

The extracellular, juxtamembrane portion of THSD7A

The structure of the THSD7A region C-terminal to domain 21 was not shown to have a 

complete TSR domain and instead has a largely uncharacterized structure. Sequence 

alignment suggests the potential presence of a 22nd domain that has A and B strands similar 

to those of the TSP-1-like domains, with C2, C3, and potentially C4 residues but lacking the 

first (C1) Cys residue. Seifert et al. reported that this domain was a TSP-1-like domain. 

When we attempted to model this domain we were unable to produce a model that adopted a 

TSR structure of any kind. We believe that, while this domain does have several Cys 

residues that can be forcibly aligned to match a consensus TSR sequence, it does not 

actually fold in this pattern. The C4, C5, and C6 residues, which are all utilized in creating 

the disulfide bonding pattern are positioned in the sequence in areas which disallow them to 

fold into a TSR domain properly. In a typical TSR domain, strands A, B and C all contain a 

similar number of residues (between 8 and11). In the juxtamembrane region of THSD7A 

following domain 21, the A and B strands would contain 11 residues while the appropriate 

segment of the sequence corresponding to the C strand would contain only 3 residues. This 

discrepancy in length would prevent a full TSR structure from folding.

Transmembrane and cytoplasmic region

The transmembrane region spans from W1607 to M1657. Modeling of the transmembrane 

and cytoplasmic region resulted in a single alpha helix (transmembrane portion), followed 

by a smaller coil with some alpha helix character (cytoplasmic region) (Supplementary 

Figure 3). There is a short cytoplasmic region that contains many positively charged residues 

immediately adjacent to the inner leaflet of the plasma membrane. While this may merely 

serve to anchor the protein to the negatively charged phospholipid residues of the lipid 

bilayer, sequence homology suggests that it may contain a calmodulin binding site (Figure 

6). L-selectin undergoes regulated cleavage of its ectodomain in a calcium/calmodulin 

mediated fashion.32 The sequence similarity between THSD7A, L-selectin, and several other 

transmembrane molecules known to undergo calmodulin-mediated shedding of the 

ectodomain and the finding of a large extracellular domain of THSD7A that can be shed into 

culture medium of human umbilical vein endothelial cells33 lends credence to a similar 

modus operandi in podocytes. For example, if THSD7A serves as a strong electrostatic 

mechanism of cell adhesion of the podocyte to negatively charged heparan-sulfate 

proteoglycans in the glomerular basement membrane (GBM), a calcium/calmodulin 

cleavage event might allow rapid disengagement of the podocyte foot processes from the 

GBM.
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Normal Mode Analysis

In THSD7A most of the junctions between the individual domains in were not shown to 

have more than one linker residue. Only the linker regions between domains 1 and 2, 3 and 

4, and 4 and 5 were shown to have multiple residues (6, 6, and 4 residues respectively). 

Overall protein flexibility can be impacted by residues sandwiched between domains. 

Normal mode analysis can be used to determine the flexibility of proteins. In this work we 

studied the movement of THSD7A domains. When the full THSD7A structure was 

submitted for analysis relatively little motion was observed. We believe this is due to the 

large nature of the system, which reveals an inherent limitation of normal mode analysis. In 

light of this, each individual domain was then submitted to evaluate if there was any 

potential for movement. All domains were shown to have a correlated motion between the 

AB-loop and the BC-loop of the TSR folds (Figure 7). This folding motion further exposes 

the Trp-ladder which opens due to the correlated motion of both loops forcing the Trp-ladder 

in the opposite direction. This suggests that the Trp-ladders become more accessible through 

fluctuations in the THSD7A protein.

When pairs of consecutive domains were analyzed, a correlated motion was still observed; 

however the BC loop of the first domain moved in correlation to the AB loop of the second 

domain. The linker region in between the two individual TSR domains was shown to be anti-

correlated with the BC loop of the first domain and the AB loop of the second domain. Thus 

the linker region moved in the same fashion as the Trp-ladder moved in with respect to the 

AB-loop and BC-loop in a single domain NMA simulation. When three consecutive 

domains were evaluated, a correlated motion was observed between the two TSR domains 

on the ends of the protein segment. As the length of the protein segment was increased a 

correlated motion between the ends of the structure was noted in addition to an anti-

correlated motion to the middle of the protein structure, whether that was the Trp-ladder, the 

linker region, or an entire domain. These motions are just as likely to occur as the motions of 

the individual domains. It is also possible that the insertions in THSD7A could contribute to 

additional motions between domains. A protein NMR study would be ideal to determine 

which of these motions is occurring to the largest degree, and how protein flexibility of TSR 

domains might change as successive TSR domains are added onto the protein structure.

While there are limitations to the normal mode analysis, as the entire THSD7A system is 

quite large, we do believe that these results taken together this data suggest that THSD7A is 

a very flexible protein. This protein flexibility might dictate exposure of regions of 

THSD7A, such as Trp-ladder to promote binding to other macromolecules. We believe that 

the decrease in motion in the individual domains as larger portions of the structure were 

evaluated could be due to a limitation of the normal mode analysis.

Domain conservation

Conservation in protein sequences can suggest essential functions of proteins, or individual 

domains in proteins. We analyzed the degree of conservation in THSD7A across other 

species to evaluate if any critical functions might be present. Our results show that there is a 

high degree of conservation in domains 1, 3, 7, 9, 13, 14, 15, and 18 (Supplementary Figure 

4). The F-spondin-like domains were much more likely to have a larger number of 
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conserved residues, as five out of the ten F-spondin-like domains were shown to have greater 

than 40 residues with more than average conservation (approximately 70–75% 

conservation): compared to only three out of eleven TSP-1-like domains having greater than 

40 residues. Domain 15 has the largest degree of conservation thus suggesting a critical 

functional role for this domain. Notably the insertions in the TSP-1-like domains were 

shown to be part of the highly variable regions, further supporting that they are indeed 

insertions into the canonical TSP-1-like fold in THSD7A. It is interesting that the less 

conserved TSP-1-like domains contain insertions while the more conserved F-spondin-like 

domains do not. An open question is whether the conserved domains are critical for 

biological function and structure, or if the more variable insertions in the TSP-1-like 

domains represent evolutionary adaptations to modulate THSD7A function. The overall 

domain structure of THSD7A is an equal and patterned mixture of both insertions (notably 

within the TSP-1-like domains) and conservation (represented by the F-spondin-like 

domains). Intriguingly, the related protein THSD7B is remarkably similar to THSD7A in 

terms of domain structure; modeling of this protein is underway.

Epitope prediction in the THSD7A extracellular domain

Epitope predication has been utilized for a variety of receptors to garner useful information 

facilitating therapeutic design.34–36 We combined epitope prediction algorithms with our 

structural model to investigate favorable epitopes in the extracellular domain of THSD7A. 

Eighteen domains (domains 1–17 and 19) were predicted to contain epitope sites, and three 

domains (18, 20, and 21) were not shown to have epitope sites (Figure 8). Experimental 

work by Seifert et al. has used serum from patients with THSD7A-associated PMN to 

investigate domains targeted by human anti-THSD7A autoantibodies.7 It should be noted 

that Seifert’s work utilizes differing domain numbers than ours due to the coiled-coil region 

being identified as a separate domains, and not as an insert within a larger TSP-1-like 

domain. Supplementary Table 1 demonstrates the corresponding domains between the two 

articles. All predicted epitope sites corresponded well to the regions identified by Seifert 

except for domains 4 and 5. Additionally domains 20 and 21 which were not predicted to 

have epitope sites also correspond well to experimental work performed by Seifert. Accurate 

prediction of epitope sites is quite challenging, however using our model we accurately 

predicted all domains which were shown to have an epitope sites by Seifert and two of the 

domains not shown to have epitope sites. The predicted residues comprising these epitopes 

are listed in Supplementary Table 2.

Epitopia uses a 5-tier scale to rank immunogenicity probability. A value of four and five is 

suggested to be immunogenic, a value of three is average, and values of two or one are 

unlikely to be immunogenic. The d15–16 construct in Seifert et al. was recognized by 

approximately 60% of patient sera, yet corresponds to domains 16–17 in our model, which 

is the region predicted to have the lowest degree of overall immunogenicity. These two 

domains also have much smaller clusters of immunogenic residues. This suggests the size of 

the epitope cluster may not necessarily determine degree of immunogenicity in patients. We 

also noted that hydrophobic and polar uncharged residues were most likely to be involved in 

epitope sites (Supplementary Table 3). Eleven of the epitope containing domains were 

shown to have mostly hydrophobic residues in the epitope sites, five domains contained 
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mostly polar uncharged residues, and in the remaining two domains there was an equal 

mixture of both hydrophobic and polar uncharged residues. Residue composition of all 

domain is listed in Supplementary Table 4).

Seifert et al. also utilized two domain truncations of the THSD7A antigen to determine 

epitope locations. Seifert’s work shows that the d17–18 construct was immunogenic, which 

would correspond to our domains 18–19. Our results show that only domain 19 was 

predicted to have any immunogenic residue. This suggests that only d18 of Seifert is 

immunogenic. Taken together this work demonstrates an accurate prediction of epitope sites 

through the use of an in silico generated homology model of a very large antigen system. 

Homology models are quite often generated for much smaller systems.20,37–39 Typically 

when homology models are developed for large system it is in combination with cryo-

electron microscopy, and individual pieces of the model are fit into the larger overall surface 

map.4,40 In this work, even though we developed a very large scale homology model 

independently of cyro-electron microscopy data, the model proves to be useful for accurate 

prediction of epitope regions in THSD7A, as it is corroborated by the work of Seifert. Thus, 

we can suggest residues that are part of the epitope sites (Supplementary Table 2). 

Knowledge of the specific immunogenic residue in THSD7A antigen will be critical in 

advancing the quest for antigen specific therapies for IMN.

Conclusions

In conclusion we have shown that the THSD7A antigen associated with PMN contains 21 

TSR domains and an uncharacterized region between the last TSR and the transmembrane 

portion. The uncharacterized region does show features of a TSP-1 domain, but seems to 

devolve quickly. It is unclear whether this regions folds into a TSP-1 domain or not. 

Characterization of our model helps to further define the TSP-1-like fold that seems to be 

able to tolerate small to large insertions of residues jutting from the end of the AB and BC 

loops. These insertions we believe correspond to functional aspects of THSD7A. The most 

notable insertion, the poly-basic region located in domain 4, most likely acts as a HSG 

binding site. The structural aspects revealed in this in silico work should help to further 

enable essential experimental functional studies. In silico models do have some limitations 

when predicting the side chain rotamers of amino acids. However the accurate prediction of 

the epitope regions and most non-epitope regions on THSD7A support that the utility of the 

model presented in the work here. More structural aspects of THDS7A can be further 

evaluated using cryo EM, X-ray crystallography, or NMR. In addition to this work we 

determined that domain 16 of SCO-spondin as listed in the UNIPROT website is actually 

two TSP-1 domains thus, SCO-spondin has 25 TSP-1-like domains. While SCO-spondin 

was not the focus of the paper this is significant enough to note.

Antigen specific therapies can be considered the holy grail for the definitive treatment of 

autoimmune disorders. Knowledge of the antigen structure is essential for development of 

therapeutics in this class. Herein we present an in silico 3D structure of the THSD7A 

antigen. Homology modeling of the extracellular portion of this protein produced a very 

reliable model which can be utilized to further rational design of drug therapies for PMN, 

and characterization of THSD7A function in vivo. This work identifies the most probable 
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residues eliciting the immune response associated with PMN. Knowledge of these individual 

residues will greatly aid in the sought after gold standard of antigen specific therapies for 

PMN.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Structural features of the second thrombospondin repeat in Thrombospondin-1, and 
THSD7A.
(1a) Crystal structure image of the second TSR repeat in thrombospondin (created using pdb 

ID 1LSL). This TSP-1-like domain has 3 strands; strand A, demonstrating the characteristic 

ripple, and strands B and C showing the characteristic short beta sheets, and the AB and BC 

loops are indicated. The regions of the BC loop ribbon colored blue are the jar handles. 

Shown is the Trp-ladder with three Trp residues and two Arg residues and an N-terminal 

hydrophobic substitution. The disulfides bonds show the C1-C5, C2-C6, and C3-C4 bonding 

pattern of the TSP-1-like domain. (1b) complete homology of the 21 extracellular TSR 

domains of THSD7A; N-terminus (blue) and C-terminus (red). Domain numbers are shown 

for each individual TSR domain. (1c) Expanded image of domains 6 through 8 of THSD7A. 

Shown are the disulfide bonds of consecutive TSP-1-like (domains 6 and 8) interrupted by a 

F-spondin-like domain (domain 7) in THSD7A. In domain 6 important structural features of 

note are the AB loop insertion, the jar handle insertion (insertions shown in pink), and the 

WxxxxW Trp-ladder. In domain 7 the Trp-ladder comprising three positively charged 

residues and two Trp residues is demonstrated. Both domains 7 and 8 have negatively 

charged residues in the BC loop. Domain 8 has a relatively small BC loop insertion (shown 

in pink) and no Trp-ladder forming cation-pi interactions.
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FIGURE 2. Sequence alignment of THSD7A.
FASTA sequence alignments for the TSP-1-like (group 1) and F-spondin-like (group 2) 

domains of THSD7A is shown. The sequence alignment for a hypothetical domain 22 is 

added to show similarities in the A and B strands, but a degenerate strand C. shown with the 

shortened strand C. Conserved residues that define the structural features of the two groups 

of TSRs are shown at the top. Basic residues are shown in blue and acidic residues are in 

red. Note the variability and length of the insertions within the AB loop (especially in 

Domain 4) and the BC loop (Domain 6) in the TSP-1-like domains.
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FIGURE 3. Homology models of (a) TSP-1-like domains and (b) F-spondin-like domains.
Individual domain homology models of the eleven TSP-1-like domains (1, 2, 4, 6, 8, 10, 12, 

14, 16, 18, and 20) and the ten F-spondin-like domains (3, 5, 7, 9, 11, 13, 15, 17, 19, 21). In 

each domain the residues participating in disulfide bonds and those forming the Trp-ladder 

are shown. Insertions into the canonical fold (AB loop insertion, the jar handle insertion) of 

the TSP-1-like domains are shown in pink. Domain 8 has a relatively small BC loop 

insertion (shown in pink) and no Trp-ladder forming cation-pi. (3c) Disulfide bonding 

pattern switch is shown. The consecutive second and third TSP-1 domains of 
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thrombospondin are shown in light blue ribbon structure, (pdb ID: 1LSL). TSP-1-like 

domain (domain 6) followed by a F-spondin-like domain (domain 7) in THSD7A are shown 

beneath the thrombospondin structure in gold. The C6 Cys is colored in navy blue of the 

first TSR repeat. It can be seen that the C1 Cys residue (purple) of the following tandem 

repeat shifts from a late position in thrombospondin to an early position in THSD7A. This 

alternating late then early C1 Cys results in the TSP-1 like followed by F-spondin like 

pattern of THSD7A.
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FIGURE 4. Electrostatic potential maps of TSR domains in THSD7A.
(5a) Charge density maps of the eleven TSP-1-like domains of THSD7A. (5b) Charge 

density maps of the ten F-spondin-like domains in THSD7A. Blue color indicates region of 

positive charge, red color indicates regions of negative charge, and white color indicates 

regions of neutral charge.
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FIGURE 5. Hydrophobicity plot of domains containing hydrophobic patches in THSD7A.
Hydrophobicity plots of domains found to have hydrophobic patches. Blue color indicates 

hydrophilic regions, tan color indicates hydrophobic regions, and white color indicates 

regions with average hydrophobicity. Panels 6a (domain 8), 6b (domain 11), and 6c (domain 

21) show the hydrophobic patches observed on the side opposite the Trp-ladder, while 6d 

shows the hydrophobic patch found in domain 14 within the insertion. For purposes of 

comparison, the sides opposite the Trp-ladder for domains 2 and 15 are shown in panels 6e 

and 6f.
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FIGURE 6. Sequence alignment of regions C-terminal to domain 21.
The transmembrane (gray box) and cytoplasmic region of THSD7A bears a striking 

resemblance to the corresponding domains of other proteins, such as L-selectin, known to 

undergo calcium-dependent shedding of the ectodomain. The residues in bold, which extend 

into the transmembrane region and include a series of basic amino acids in the cytoplasmic 

juxtamembrane region, are sites of known or proposed (for THSD7A) calmodulin binding. 

Modified from Gifford et al 2012.
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FIGURE 7. Normal mode fluctuations in THSD7A TSR domains and tandem segments.
The lowest frequency and highest collectivity mode (mode 7) of THSD7A domain 1 is 

shown as a representative example of individual domain protein motions. Red arrows are 

vectors representing the direction and magnitude of individual motions in the protein 

structure. It can be seen that the AB loop (*) and the BC loop (**) move in a correlated 

fashion both regions of the protein moving together and in an anti-correlated motion with 

respect to the Trp-ladder.
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FIGURE 8. Predicted epitope sites on THSD7A.
Homology model of THSD7A with residues predicted to have higher than average 

probability of immunogenicity shown in sphere conformation. Magenta residues = 5, Pink 

residues = 4 in immunogenicity on 5-tier scale.
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