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Supplementary Text 

 

Material and Methods 

 

Scanning electron Microscopy 

Samples of collagen fibrils were deposited on glass coverslips, air dried, mounted on aluminium 

stubs, coated with gold/palladium in a sputter-coater and observed with a Jeol JMS-7200F Field 

Emission Scanning Electron Microscope. 

 

Production and purification of recombinant tensilin 

The coding sequence for Hf-(D)Tensilin was codon optimized and prepared by GeneArt gene 

synthesis (Thermo Fisher Scientific) for expression in Escherichia coli. The full-length sequence 

and sequences coding for N-terminal truncated protein (lacking the first 15 amino acids) or for C-

terminal truncated proteins (lacking the terminal 15 and 40 amino acids) were amplified by PCR 

using Q5 High-Fidelity DNA polymerase (New England Biolabs, Ipswich, MA, USA), generating 

a NdeI site with the forward primer (Tensilin_NdeI_F: 5’-ATCATATGTGTGGTCAGTGTCC-3’; 

Tensilin-15Nterm_NdeI_F: 5’- TATCATATGAGCGATTTTGTTGTGCGC-3’) and a XhoI site 

with the reverse primer (Tensilin_XhoI_R: 5’-TGCTCGAGATAAAACGGGATTTC-3’; 

Tensilin-15Cterm_XhoI_R: 5’- TGCTCGAGCTGTTTAATACGTTTACGAC-3’; Tensilin-

40Cterm_XhoI_R: 5’- TGCTCGAGTGCAAATGCACCGCTATC-3’). The obtained PCR 

products were then cleaved by NdeI and XhoI (Thermo Fisher Scientific) and ligated using T4 

DNA ligase (Thermo Fisher Scientific) into the pET-28a (+) expression plasmid in frame with C-

terminal 6×His-tag coding sequence. The sequence of the inserts was confirmed by Sanger 

sequencing (Eurofins Genomics). The corresponding recombinant proteins were named rTensilin, 

rTensilin-15N, rTensilin-15C, and rTensilin-40C. 

The plasmids were transformed in E. Coli C2566 strain (New England Biolabs). A single 

colony from a freshly prepared agar plate with 50 µg/mL kanamycin was grown in Luria-Bertani 

broth (LB) containing 50 µg/mL kanamycin at 37°C, with shaking at 250 rpm until the OD600 

reached 0.6. Protein expression was then induced by the addition of 0.5 mM of isopropyl-β-D-

thiogalactopyranoside (IPTG). Three hours after induction, cells were harvested by centrifugation 

at 5,000 rpm for 10 min at 4°C and the pellet was stored at -20°C. The proteins were purified from 

bacterial inclusion bodies as follows. Bacterial pellets were resuspended in 20mM Tris, 500mM 

NaCl buffer, pH 8.0 (Tris/NaCl buffer) containing 1 mg/mL of lysozyme and kept on ice for 30 

min. Cells were lysed by ultrasound with a IKA U50, IKA Laboratory (10 cycles of 10 s at 40 % 

of amplitude, 30 s interval, on ice). Inclusion bodies were separated by centrifugation at 15,000 g 

for 10 min at 4°C and resuspended overnight in Tris/NaCl buffer supplemented with 8 M urea 

(Tris/NaCl/urea buffer), with shaking, at room temperature. This suspension was centrifuged again 

at 15,000 rpm for 20 min to remove insoluble debris. The cleared supernatants were loaded on a 
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His GraviTrap Ni Sepharose 6 Fast Flowcolumn (GE Healthcare) pre-equilibrated with 

Tris/NaCl/urea buffer. Unbound proteins were washed away with Tris/NaCl/urea buffer with 

30mM imidazole and bound proteins were eluted from the column by applying Tris/NaCl/urea 

buffer with 250mM imidazole (pH 8.0). The eluate was slowly dialyzed against Tris/NaCl buffer 

containing decreasing molarity of urea (from 8M to 0M) in order to refold progressively the 

proteins. Protein concentrations were determined after centrifugation by UV spectroscopy using 

the following calculated extinction coefficients (protparam, www.expasy.org): 36,741 M-1 cm-1 

for rTensilin, 35,005 M-1 cm-1 for rTensilin-15N, 35,255 M-1 cm-1 for rTensilin-15C, and 35,130 

M-1 cm-1 for rTensilin-40C. The identity and purity of recombinant proteins was verified using 

SDS-PAGE, Western blot (using anti-DGMKLGRKKTGKTI and anti-NPHKSREFSEIEDC 

antibodies as described in the main text) and mass spectrometry as previously described 60.  

 

Mechanical testing 

Pieces of body wall of H. forskali (4 x 4 x 30 mm) were dissected from the dorsal region of one 

individual previously cold anaesthetized for 1h at 4°C, their long axis corresponding to the long 

axis of the animals. The pieces of dermis were incubated for 90 min at room temperature in 1.3 ml 

of calcium free artificial sea water (10 mM MOPS, 0.5M NaCl, 50 mM MgCl2, 10 mM KCl, 4 

mM EGTA, pH 7.8; ASW-EGTA) to induce their soft state 19. Then, rTensilin was added at a final 

concentration of 12.5 µg/ml and the pieces of body wall were incubated overnight in this solution. 

Control samples were kept in ASW-EGTA for the same duration. Tensile tests were performed at 

room temperature with a Mecmesin AFG 10 N electronic force gauge fitted on a Mecmesin 

VersaTest motorized stand (Horsham, UK) and connected to a computer collecting the data. The 

force gauge was accurate to the nearest 0.002 N 59. Pieces of dermis were attached on the stand 

and force gauge by two cotton threads tied around their ends and were pulled at a constant rate (25 

mm min-1) until failure. Failure never occurred at the knots. Before pulling, the initial length of 

the piece of dermis (distance between the 2 knots) was measured at the point at which the force 

started to increase and reached 0.003 N. The initial length of the piece of dermis, together with the 

time required to break the piece of dermis at a constant extension rate, was subsequently used to 

calculate the final length at failure. During the mechanical tests, data were continuously recorded 

as force–extension curves, which were then converted into stress–strain curves 58,59. True values 

of strain and stress were used instead of nominal values because of the high extensions (more than 

10%) observed 61. The cross-sectional area of the pieces of dermis (4 mm2) was used for the 

calculation of the true stress. Several material properties of the body wall, i.e. extensibility, 

strength, stiffness and toughness, were calculated according to the formulae of Vogel 2. The true 

strain ε expresses the deformation of the dermis in response to a certain stress and, at the point at 

which the piece fails (at final length), it is a measure of the material’s extensibility. Similarly, the 

maximum value of true stress σ is an indicator of the body wall tensile strength. The tangent 

modulus of elasticity E is a measure of the dermis stiffness. It was measured as the highest slope 

of the stress–strain curve and thus corresponds to the maximum stiffness of the dermis. Finally, 

we calculated the strain energy storage, which is the energy needed to extend and break the dermis 
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per unit of volume (product of the initial length of the dermis and the connective tissue cross-

sectional area). This is a measure of the dermis toughness. The mechanical tests were performed 

on 6 pieces of body wall for each solution, all collected from a same individual.  
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Fig. S1. 

Alignment of Hf-(D)Tensilin with published tensilins from the dermis of C. frondosa, from 

A. japonicus, and from the Cuvierian tubules of H. forskali. Black frames: HPQ motif 

characteristic of TIMPs 27, and positive charge cluster characteristic of tensilins 19. Amino acids 

are highlighted in color regarding the polarity: polar neutral (green), polar negatively charged 

(red), polar positively charged (blue) and non-polar neutral (yellow) amino acids. 
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Fig. S2. 

Protein sequence of native and recombinant tensilin from the dermis of H. forskali. The 

NTR_TIMP_like functional domain is highlighted in red. The HPQ sequence, characteristic of 

TIMPs, and the positive charge cluster, characteristic of tensilins, are highlighted in grey. The 

peptides highlighted in orange and yellow correspond to the peptides selected for polyclonal 

antibodies production in rabbits. The signal peptide of the native protein is highlighted in italics. 

In the native protein, the underlined amino acids correspond to the putative GAG-binding motif 

[XBBBXXBX] where B is a basic residue and X is a hydropathic residue. In the recombinant 

protein, the underlined amino acids correspond to the methionine (M), the linker (LE) and the 

6xHis-tag added to the sequence for its production. Peptide sequences in bold denote peptides 

retrieved by MS analyses. The first 15 amino acids removed from the N-terminal part and the 15 

and 40 last amino acids removed from the C-terminal part for the production of truncated proteins 

are boxed in the rTensilin sequence in blue (rTensilin-15N), purple (rTensilin-15C) and green 

(rTensilin-40C), respectively. The positively charged, negatively charged, and aromatic amino 

acids are highlighted in the last 40 amino acids of the protein. 
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Fig. S3. 

Hf-(D)Tensilin localization in the dermis of H. forskali. (A-E) Longitudinal section labelled 

with antibodies directed against the peptide NPHKSREFSEIEDC (red). The images were taken in 

layers in the same area of the section. (F) Stack of A-E. Blue: DAPI staining of the nucleus. 
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Fig. S4. 

Ultrastructure of juxtaligamental-like cells (JLCs) in the dermis of H. forskali. (A) Overview 

of the distribution of collagen fibres (CF) and JLCs in the dermis. (B) Immunocytochemical 

localization of Hf-(D)Tensilin in the granules of type 2 JLCs and (C) control reaction performed 

by saturating the antibodies with the corresponding peptide. 
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Fig. S5. 

Expression and purification of rTensilin (A), rTensilin-15N (B), rTensilin-15C (D) and 

rTensilin-40C (D) in Escherichia coli. WN: whole-cell sample without induction, WI: whole-cell 

sample with induction, IF: insoluble fraction after lysis, S: soluble fraction after lysis, E; eluted 

fraction after purification on HisTrap HP column. Proteins were separated on 12% (A, C and D) 

or 10% (B) SDS-PAGE gels. Arrow heads indicate the protein bands corresponding to the 

produced recombinant proteins. 
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Fig. S6. 

Influence of rTensilin on the mechanical properties of the dermis in H. forskali. Pieces of 

dermis were incubated for 90 min at room temperature in 1.3 ml of ASW-EGTA to induce their 

soft state, followed by addition of 12.5 µg/ml rTensilin and subsequent overnight incubation 

(blue). Control samples were kept in ASW-EGTA for the same duration (red). (A) Stress-strain 

curves. (B-E) Boxplots for dermis stiffness (B), toughness (C), strength (D) and extensibility (E). 

For each solution, tensile tests were performed on 6 pieces of dermis, all pieces being dissected 

from a single individual. 
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Fig. S7. 

Collagen fibrils in 20 mM Tris-HCl, 0.5 M NaCl, 2 mM EGTA, pH 8.0 (buffer 2) with addition of 

55 µg/ml of rSfp1 Delta, a recombinant protein with a C-terminal 6xHis Tag 60, dialysed against 

buffer 2. 
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Fig. S8. 

Collagen fibrils extracted from the dermis of H. forskali and treated with HCl to remove sulfates 

from their surface GAG. 
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Fig. S9. 

Effect of different molecules on aggregation tests. Suspensions (100 µl) of collagen fibrils were 

pre-mixed with the test molecules and then rTensilin was added (first column) or aggregates 

obtained in the presence of rTensilin were mixed with the test molecules (second column). Test 

solutions consisted in buffer 2 supplemented with (1) 4% (wt/vol) Heparin, (2) 17 mM arginine, 

(3) 17 mM lysine, (4) 2.5 M NaCl, (5) 0.35M MgCl2, (6) 17 mM glycine, (7) 17 mM aspartic acid, 

(8) 17 mM glutamic acid, (9) 20 mM EGTA, (10) 20 mM EDTA (11) 0.21 M (2.5%) 1,6-

hexanediol, (12) 0.15 M (2.5%) TEA, (13) 25 µM of the peptide DGMKLGRKKTGKTI, or (14) 

25 µM of the peptide NPHKSREFSEIEDC. 
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Fig. S10. 

SDS-PAGE analysis of proteins co-precipitated with collagen fibrils after aggregation tests. 

After aggregation tests using full-length or truncated rTensilin, and in the presence of different test 

molecules, the collagen fibrils were centrifuged, and the pellet was resuspended in SDS sample 

buffer before separation on 12 % gels. (1) Collagen fibrils alone. (2-13) Collagen fibrils mixed 

with rTensilin (2), rTensilin-15N (3), rTensilin-15C (4), rTensilin-40C (5), rTensilin and 4% 

heparin  (6), rTensilin and 17 mM arginine (7), rTensilin and 17 mM lysine (8), rTensilin and 17 

mM aspartic acid (9), rTensilin and 17 mM glutamic acid (10), rTensilin and 2.5M NaCl (11), 

rTensilin and 0.21 M (2.5%) 1,6-hexanediol (12), rTensilin and 0.15 M (2.5%) TEA (13), rTensilin 

and 25 µM of the peptide DGMKLGRKKTGKTI (14), or rTensilin and 25 µM of the peptide 

NPHKSREFSEIEDC (15). (16) Collagen fibrils treated with HCl and mixed with rTensilin. * 

indicates the missing stacking gel, the entry of which was intensively stained by Coomassie blue 

for all the lanes, presumably corresponding to collagen which could not enter the gel. 
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Table S1. 

Similarity matrix (SIAS web tool) comparison of tensilin-like protein sequences translated 

from transcripts expressed in the body wall and Cuvierian tubules of H. forskali. Only the 

proteins belonging to the “Sea cucumber tensilins” cluster of the CLANS analysis (Fig. 2A) were 

considered. Shaded cells indicate pairs of transcripts coding for identical proteins. *The sequences 

of the proteins encoded by transcripts Unigene28564 and comp8629 are both incomplete, but they 

present a 172 amino acid overlap with 100% identity. 

 

  Cuvierian tubules 

  
Hf-(CT)Tensilin 

comp85694 

(AQR59058) 

comp80300 comp71415 comp8629 

B
o

d
y

 w
a

ll
 Hf-(D)Tensilin 

CL6864 
74.44% 99.56% 69.29% 61.62% 

Unigene31704 66.32% 69.43% 100% 62.7% 

Unigene28564 58.37% 58.37% 61.42% 82.7%* 
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Data S1. (separate file) 

Information on sequences used for the CLANS clustering analysis and Maximum-

likelihood phylogenetic tree. 

 

 

 


