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Supplementary Figure 1. Structural features of the human procollagen Il C-propeptide trimer. (a,b)
Stereo view of chain A from the 3.5 A structure (form I11) in the corresponding 2Fo-Fc electron density
map contoured at 1.56. (c,d) Stereo view of the 1.7A structure (form 1l1; backbone trace) showing the
three polypeptide chains as well as bound Ca?* ions (light blue). Side (e) and top (f) views of the base
region (form I1; residues 30-76; Fig. 1b) showing bound Ca®* ions, intra- and inter-chain disulfide bonds
(yellow) and secondary structural elements. (g,h) Stereo view of the Ca** binding site (form 11) in the
2Fo-Fc electron density map contoured at 1.50. Octahedral coordination involves Asp59, Asn61, GIn62,
Cys64 and Asp67 in one chain as well as a water molecule (red) hydrogen bonded to Asp43 in a
neighboring chain. Also shown is the inter-chain disulfide bond involving Cys47 and Cys64. All
structures drawn using PyMOL, Version 1.4.1, Schrodinger, LLC.



Chain A Chain B
strand1-2 loop | ASN 61 PRO 30 [helix 1-2 loop
strand1-2 loop | GLN 62 ARG 39 |helix 2
strand1-2 loop | GLY 63 ASN 40 |helix 2
strand1-2 loop | CYS 64 — ARG 42 |helix 2
strand1-2 loop | LYS 65 T/~ ASP 43 |helix2
strand1-2 loop | LEU 66 PHE 46 |helix 2
strand1-2 lcop | ASP 67 CYS 47 |helix 2
helix 3-4 loop | GLN 116 GLN 62 |strand 1-2 loop
helix 3-4 loop | LEU 124 PHE 135 |helix 4
helix 3-4 loop | PRO 125 LEU 138 |helix 4
helix 3-4 loop | GLU 126 LEU 139 |helix 4
helix 4 | ASP 127 SER 140 | helix 4 - strand 5 loop
helix 4 | VAL 128 ~ —| SER 141 |helix 4 - strand 5 loop
helix 4 | ASP 130 = ARG 142 | helix 4 - strand 5 loop
helix 4 | VAL 131 LYS 186 |strand 7-8 loop
helix 4 [ ALA 134 PHE 187 | strand7-8 loop
helix 4 | PHE 135 ARG 213 | strand 9-10 loop
helix 4 | ARG 137 LYS 214 |strand 9-10 loop
helix 4| LEU 138 ARG 217 [ strand 9-10 loop
helix 4 [ LEU 139 LEU 245 |C-term

strand 6-7 loop | SER 174
strand 6-7 loop | ASN 175
strand 6-7 loop | GLU 176

Supplementary Figure 2. Residues involved in stabilizing the interface between adjacent chains in the
procollagen Il C-propeptide trimer (excluding the stalk region). The inter-chain disulfide bond is
indicated by the thick line, salt bridges by thin lines and hydrogen bonds by dotted lines. The remainder
are interfacing residues. Corresponding secondary structure elements are also indicated. Residues in the
chain recognition sequence are highlighted in wheat color (long stretch) and deep teal (short stretch).
Interactions calculated using the PDBePISA** server at the European Bioinformatics Institute
(http://www.ebi.ac.uk/pdbe/prot_int/pistart.html).
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Supplementary Figure 3. Globular domains in fibrous protein trimerization and structural similarity
with angiopoietin-2. (a-e) Different types of globular domain including (a) fibrillar procollagen C-
propeptides (procollagen I11; buried surface area ~ 3800 A?), (b) fibrinogen domains (L-ficolin®*; PDB
code 2J3G; buried surface area ~ 2900 A?) (c) C1q family*® (collagen X NC1 trimer*’; PDB code 1GR3;
buried surface area ~ 5600 A?) (d) collagen IV NC1 region*®*° (PDB code 1LI1; buried surface area ~
13400 A?) and (e) collectins®®>* (mannan binding lectin; PDB code P30B; buried surface area ~ 900 A?).
In all cases, views are from the C-terminal end of the molecule looking down the principal axis, with only
the globular regions shown (i.e. omitting underlying collagen-like or a-helical coiled-coil regions).
Bound Ca®" ions are shown in light blue. Among these structures, only the procollagen C-propeptide
trimer is stabilized by inter-chain disulfide bonds. Buried surface areas calculated using the PDBePISA**
server at the European Bioinformatics Institute (http://www.ebi.ac.uk/pdbe/prot_int/pistart.html). (f)
Structural alignment of chain A of the proa1(I11) C-propeptide trimer (1.7A structure; wheat color; Ca®*
ion in light blue) with the receptor binding domain of angiopoietin-2°2 (PDB code 1Z3S; deep teal color;
Ca®* ion in green), obtained using DALI®®. Note that the equivalent of helix 4 in the C-propeptide
structure is interrupted by a large loop (arrowhead) in angiopoietin-2. Structural similarity in the base
region includes a conserved intra-chain disulfide bond. (g) Sequence alignment of the C-propeptide of
human procollagen 111 (CPIIl) with the receptor binding region of angiopoietin-2 (ANG-2). Sequence
identity is less than 15 %. Sequence alignment and rendering done using CLUSTALW?** and ESPript®,
respectively. All structures drawn using PyMOL, Version 1.4.1, Schrodinger, LLC.
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Supplementary Figure 4. Alignment of the proal(l), proa2(l), proal(ll), proal(lll) and proal(V) C-
propeptides showing the locations of all known naturally occurring missense mutations (green boxes; see
Supplementary Table 1). Different regions and secondary structure elements found in the procollagen 111
C-propeptide are also indicated, as are predicted secondary structures (obtained using PsiPred®®) for the
other C-propeptides. Also shown are the positions of Cys residues (numbered according to the sequence
and also as Cys 1 to 8) with intra-chain disulfide bonds identified as color-matched pairs. Residues
involved in Ca®* coordination are indicated by e and the single N-linked glycosylation site by * (note
Asn146 was mutated to Gln in the structure presented here). The long (12 residue) and short (3 residue)
stretches of the discontinuous 15 residue chain recognition sequence are highlighted in wheat and deep
teal color, respectively. Numbering refers to the C-propeptides of the proal(lll) chain. Sequence
alignments and rendering were done using CLUSTALW?** and ESPript®, respectively.



SupplementaryTable 1. Positions and consequences of known missense mutations in the C-propeptides
of the proal(l), proa2(l), proal(ll), proal(lll) and proal(V) chains. Numbering starts from the
methionine at the translation initiation site, with corresponding positions in the procollagen Il C-
propeptide (CPII1) numbered from the BMP-1 cleavage site. Note that the disorders caused by the PLSD-
T/SPD mutations in the proa1(I1) chain are specific to the C-propeptide region®.

Gene Mutation and | CPI1II equivalent | Phenotype Ref Region Probable
position conseguence
COL1A1 | Asp1219Glu 1 (Asp) Ol type I (mild) > stalk prevents BMP-1
cleavage
COL1A1 | Aspl219Asn 1 (Asp) Ol type I (mild) t© stalk prevents BMP-1
cleavage
COL1A1 | Alal256Thr 38 (Ala) Ol type | (mild) > base destabilizes base
COL1A1 Leul262Arg 44 (Leu) Ol type |1 (lethal) a base disrupts S-S bond
COL1AL | Aspl277His 59 (Asp) Ol type |1 (lethal) * base disrupts Ca“* binding
COL1ALl | Aspl277Glu 59 (Asp) Ol type |1 (lethal) > base disrupts Ca“* binding
COL1A1 | Cys1299Trp 81 (Cys) Ol type | (mild) > petal disrupts S-S bond
COL1A1 | Trp1312Cys 94 (Trp) Ol type 11 (lethal) = petal disrupts S-S bond
COL1A1 | His1323Tyr 104 (His) Ol type | (mild) > petal disrupts surface
interactions
COL1A1 Gly1340Ser 121 (Asn) Ol type | (mild) a petal disrupts CRS
COL1A1 Argl1356His 137 (Arg) Ol type 11/111 (lethal) a petal disrupts inter-chain
interactions
COL1Al Glul361Lys 142 (Arg) Ol type IV (moderate) a petal disrupts CRS
COL1A1 | Alal1387Val 168 (Ala) Ol type I1C (lethal) > petal disrupts packing
COL1A1 | Leul388Arg 169 (Leu) Ol type I (lethal) i petal disrupts hydrophobic
core
COL1A1 Asn1394Ser 175 (Asn) Ol type | (mild) a petal disrupts inter-chain
interactions
COL1A1 | Aspl413Asn 194 (Asp) Ol type 11 (lethal) >42559 1 petal disrupts S-S bond
COL1A1 | Leul437GIn 218 (Leu) Ol type 11 (lethal) o0 petal disrupts hydrophobic
core
COL1A1 | Aspl441His 222 (Asp) Ol type | (mild) ol petal disrupts surface
interactions
COL1A1 | Aspl441Tyr 222 (Asp) Ol type 11 (lethal) o2 petal disrupts surface
interactions
COL1A1 Gly1448Asp 229 (Gly) Ol type I/IV (moderate) a petal disrupts surface
interactions
COL1Al | Leul464Pro 245 (Leu) Ol type Il (severe) ° petal disrupts S-S bond
COL1A2 Aspl120Ala 1 (Asp) Ol type | (mild) a stalk prevents BMP-1
cleavage
COL1A2 | Thr1148Pro 26 (Ser) Ol type Il (severe) ° stalk disrupts coiled coil
COL1A2 | Cys1163Arg 41 (Cys) Ol type IV (moderate) o3 base disrupts S-S bond
COL1A2 Aspl1165Glu 43 (Asp) Ol type | (mild) a base disrupts Ca“* binding
COL1A2 | Glyl1176Val 54 (Gly) Ol type IV (moderate) o3 base disrupts surface
interactions
COL1A2 | Cys1195Tyr 73 (Cys) Ol type | (mild) > base disrupts S-S bond
COL1A2 Asn1262Ser 141 (Ser) Ol type I (mild) a petal disrupts CRS
COL1A2 | Aspl3i5Val 194 (Asp) Ol type IV (moderate) 63 petal disrupts surface
interactions
COL1A2 Gly1350Ser 229 (Gly) Ol type I (mild) a petal disrupts surface
interactions
COL1A2 | Phel365Leu 244 (Phe) Ol type | (mild) > petal disrupts S-S bond
COL2A1 | Tyr1298Asn 56 (Tyr) SEDT (moderate) o base destabilizes base




COL2A1 | Gly1305Ala 63 (Gly) VEPD (moderate) & base disrupts Ca** binding
loop
COL2A1 | Thr1383Met 141 (Ser) ANFH (mild) o petal disrupts CRS
COL2A1 | Thr1390Asn 148 (Thr) ACGII-HCG (PLSD-T) 257 | petal disrupts S-S bond
(lethal)
COL2A1 | Tyrl1391Cys 149 (Tyr) PLSD-T/SPD 08| petal disrupts S-S bond
(lethal/severe)
COL2A1 Thr1439Met 197 (Thr) SEDC/PSACH (severe ; % petal disrupts S-S bond
double mutant
COL2A1/COMP)
COL2A1 | Thrl448Pro 206 (Thr) PLSD-T (lethal) & petal disrupts secondary
structure
COL2A1 11e1450Thr 208 (Phe) SEDC-M-like (mild) o4 petal disrupts hydrophobic
core
COL2A1 [le1450Asn 208 (Phe) SEDC-M-like (mild) o4 petal disrupts hydrophobic
core
COL2A1 | Aspl469His 227 (Asp) PLSD-T (moderate) = petal disrupts surface
interactions
COL2A1 | Cys1485Gly 243 (Cys) PLSD-T (lethal/severe; = petal disrupts S-S bond
mother and child)
COL3A1 Pro1258Ser 37 (Pro) EDS type IV ( vascular b base disrupts secondary
form, mild) structure
COL3A1 Lys1273Arg 52 (Lys) EDS type 1V (vascular b base disrupts surface
form, mild) interactions
COL3A1 | Lys1313Arg 92 (Lys) EDS type IV/TSAH 0 petal disrupts surface
(vascular form, lethal interactions
following traumatic injury)
COL5A1 | Cys1639Ser 41 (Cys) EDS type | 32 base disrupts S-S bond
(hyperextensible skin, joint
laxity)

& Unpublished, see https://oi.gene.le.ac.uk

® personal communication (X. Jeunemaitre, Paris Cardiovascular Research Centre, INSERM U970, Paris, France).

Other sources : https://eds.gene.le.ac.uk, http://bioinf.umbc.edu/dmdm

Abbreviations: ACGII-HCG = achondrogenesis type Il — hypochondrogenesis; ANFH = avascular necrosis of the femoral
head; COMP = cartilage oligomeric matrix protein; CPIII = C-propeptide of procollagen Il1; EDS = Ehlers-Danlos syndrome;
CRS = chain recognition sequence; Ol = osteogenesis imperfecta; PSACH = pseudoachondroplasia; PLSD-T = platyspondylic
lethal skeletal dysplasia Torrance type (N.B. despite its name, this syndrome is not always lethal); PSACH =
pseudoachondrodysplasia; SEDC = spondyloepiphyseal dysplasia congenita; SEDC-M = spondyloepiphyseal dysplasia
congenita mild; SEDT = spondyloepiphyseal dysplasia tarda; SPD = spondyloperipheral dysplasia; TSAH = traumatic sub-
arachnoid haemorrhage; VPED = vitreoretinopathy and phalangeal epiphyseal dysplasia.
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