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Supplemental Figures

Figure S1. Construction and characterization of GPVI loop truncation mutants. (A) Previously solved GPVI-structure (PDB ID code: 
2GI75; cyan cartoon representation) highlighting two loops in the D2-domain (res. 99-107 and 130-137) that are visible in molecule A 
(left, yellow sticks), but invisible in molecule B due to high mobility (right, dashed lines). (B) Expression yields of wild type GPVI and eight 
loop truncation mutants showing moderate reductions for all mutants with respect to wild type protein (7.1 mg/L culture). The highest 
yield (5.6 mg/L culture) was obtained for the ∆PAVS-∆PAPYKN mutant (red box). (C) Unfolding temperatures (Tm) of wild type GPVI and 
loop truncation mutants. The highest unfolding temperature was obtained for the ∆PAVS-∆PAPYKN mutant (red box), which is about 2.5 
0C more thermostable than wild type GPVI. (D-E) CRP- (D) and Collagen I-binding (E) of wild type GPVI (black) and the ∆PAVS-∆PAPYKN 
mutant (red) as measured in a solid-state assay. Data measured as A450 is normalized to the binding of wild type protein. All data points 
represent the mean ± SD of at least three independent experiments. Binding curves are fitted to the equation Abs = (Bmax × c) / (KD,app 
+ c) for 1 to 1 binding using non-linear regression in SigmaPlot, where c is the GPVI concentration (μM).
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Figure S2. Crystal structure of GPVI ∆PAVS-∆PAPYKN. (A) 1.9 Å-resolution structure of the GPVI ∆PAVS-∆PAPYKN mutant showing a 
dimer-of-dimers arrangement with two GPVI-dimers (yellow-green and blue-red) that are related by a non-crystallographic 2-fold 
rotation. (B-C) Conformation of the truncated ∆PAVS- (B) and ∆PAPYKN-loops (C) as observed in GPVI-monomers A (panel 1) and C 
(panel 2) of the unbound structure, as well as in GPVI-monomers A (panel 3) and B (panel 4) of the GPVI-(GPO)5 complex. Truncated 
loops are depicted as blue sticks together with the 2Fo-Fc electron density map contoured at 1.2σ. Each panel shows for comparison 
the structure of the non-truncated loop of wild type GPVI (PDB-ID: 2GI75) in yellow and gray sticks.
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Figure S3. Model building of collagen peptides in the GPVI-(GPO)5 and GPVI-(GPO)3 complexes. (A) Fo-Fc difference electron 
density map contoured at 2σ (green) obtained after positioning of two GPVI molecules (cartoon representation; marine-blue) in the 
asymmetric unit of the GPVI-(GPO)5 crystals by molecular replacement. (B) Structure of one 72-helix turn of the infinite structure of 
(GPO)n (PDB- ID: 1V4F6). (C) Initial model of the one-residue staggered (GPO)5 trimer constructed from the (GPO)n-asymmetric unit in 
panel B. (D) (GPO)5 triple helix (panel C) manually positioned in the difference electron density map (panel A). (E) 2Fo-Fc (blue, 1.2σ 
contour) and Fo-Fc (green, 2σ contour) electron density maps after rigid body refinement of the GPVI-(GPO)5 complex against the 
diffraction data of the GPVI-(GPO)3 complex. The positive (green) difference density at either end of the triple helix is consistent with 
the presence of a (GPP)2 sequence at either end of the (GPO)3 sequence, causing the length of what we refer to as the (GPO)3 peptide 
to exceed the length of the (GPO)5 peptide (also see Table 1). (F-G) Final model and 2Fo-Fc electron density map (1.2σ contour) 
obtained after crystallographic refinement of the GPVI-(GPO)5 (F) and GPVI-(GPO)3 complexes (G). The electron density map is only 
drawn within a distance of 1.6 Å from the collagen peptide. Each peptide chain is shown in a different color for the GPO containing 
regions; in panel G the (GPP)2 sequences at either end of the (GPO)3 peptides are shown in white. (H) Superposition of the initial 72-helix 
model (yellow) and refined model (tricolor) of (GPO)5. (I) Superposition of a (GPO)7 trimer with 72 helical symmetry (yellow) and refined 
model of (GPO)3 (tricolor; white (GPP)2-termini).
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Figure S4. Crystallographic back-to-back interactions of GPVI D2-domains. (A) Crystal packing of the GPVI-(GPO)5 crystal structure 
shown in the xz-plane of the crystal. The asymmetric unit (A.U., blue dashes) and unit cell (black dashes) are indicated. GPVI-molecules 
are shown in ribbon representation differently colored to facilitate discrimination between overlapping molecules; the collagen peptide 
is magenta. (B) GPVI- and (GPO)5-trimers in the z-direction show an alternating arrangement of two GPVI-molecules bound to the same 
collagen trimer through their D1-domain and two GPVI-molecules contacting each other through their D2-domain that we refer to as 
back-to-back interaction. The amino to carboxy-terminal direction of the collagen peptides is indicated by black lines labeled the ends 
of which are labeled N and C. Coloring as in panel A. (C) Molecular details of the back-to-back D2-interactions as observed in the 
structures of the GPVI-(GPO)5 complex (left panel), the GPVI ∆PAVS-∆PAPYKN mutant (middle panel), and the previously solved 
structure of GVPI (PDB-ID: 2GI75; right panel). Back-to-back interaction appears to be stabilized by the formation of an extended 
intermolecular β-sheet arising from the interaction between strand G’ of each molecule. GPVI-molecules (blue and salmon) are shown 
as cartoon representations. Strand G’ of each molecule is also shown in sticks representation in the bottom zoom-in panels. Inter- and 
intramolecular hydrogen bonds between backbone atoms are indicated by dashed lines.
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Figure S6
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Figure S6. Mutational analysis of GPVI-residues outside the 
collagen-binding site. Collagen I-binding of wild type GPVI (black) 
and point mutants of residues located in the groove between 
β-strands C’-E (colored series) as measured in a solid-state assay. 
Data measured as A450 was normalized to the binding of wild type 
protein. Of all tested mutants, only Lys59Ala showed a significant 
but small decrease in binding, about 2.5-fold, which is a similar 
decrease as previously measured for the Lys59Glu mutant17. 
Because of the small effect of Lys59 mutation on collagen binding 
combined with similar effects reported for other residues, including 
Arg60 and Arg16618,19 that are located outside the binding site 
observed in our crystals, we cannot exclude the presence of a 
secondary low affinity binding site altogether. Data points represent 
the mean ± SD of at least three independent experiments. Binding 
curves are fitted to the equation Abs = (Bmax × c) / (KD,app + c) using 
non-linear regression in SigmaPlot, where c is the GPVI 
concentration (μM).

Figure S5. Structural comparison of GPVI-(GPO)5 and GPVI-(GPO)3 complexes and the position of the truncated N-linked glycan. 
(A) Superposition of the GPVI-(GPO)5 and GPVI-(GPO)3 complexes. The two GPVI molecules in each complex are shown as ribbons (blue 
and salmon); overlayed molecules, shown in the same color, have nearly identical structures except for a very small difference in the 
orientation of the D2-domains with respect to the D1-domains that does not affect the interaction of D1 with the collagen peptide. The 
(GPO)5 triple helix is shown in sticks representation with the L, M and T chains colored pink, magenta, and orange, respectively and 
presents its M+T chains to the first (blue) and L+M chains to the second (salmon) GPVI-molecule. Also shown in sticks representation is 
the (GPO)3 triple helix. Coloring of its three GPO-repeats is identical to (GPO)5, whereas the two (GPP)2-sequences included for peptide 
stability at either end of (GPO)3 sequence are displayed as white sticks. The (GPO)3 triple helix is rotated like a corkscrew (counter-
clockwise) relative to (GPO)5 and presents its L+M chains to the first and T+L chains to the second GPVI-molecule. (B) Position and 
orientation of the EndoH-truncated N-linked glycan attached to GPVI-residue Asn72 relative to the collagen binding site in the GPVI-
(GPO)5 complex. Asn72 and attached GlcNac monosaccharide are shown in blue sticks together with their 2Fo-Fc electron density 
contoured at 1.2σ and part of the GPVI D1-domain (blue ribbon). The viewing direction is along the (GPO)5 triple helix depicted as pink 
(L), magenta (M), and orange (T) ribbons and interacting with the collagen-binding site underneath (blue cartoon). (C) Modelling of an 
oligo-mannose glycan antenna on Asn72 (gray sticks) illustrates the size of an intact glycan. Although Asn72 is in the F-F’ loop not far 
from the collagen binding site its side chain and attached glycan point away from the (GPO)5-peptide site suggesting it may not play a 
direct role in collagen binding.
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Figure S7. Analysis of interaction energies in the GPVI-collagen complexes using FoldX12. (A-B) Binding energy contribution of 
individual collagen peptide residues located in the N-terminal (left) and C-terminal (right) GPVI binding site on (GPO)5 depicted as a 
graph (A) and on a (GPO)5-surface rendering (B) in which surface patches of residues are colored according to the size of their 
contribution to binding energy from blue (large contribution) to white (no contribution). The C-terminal GPVI binding site on (GPO)3 is 
unique in the sense that it contains two Pro residues (red residue labels) at positions occupied by Hyp in the other three binding sites 
and arising from the presence of a (GPP)2-sequence at its C-terminus. In all complexes a large contribution to binding energy is provided 
by a central Pro-Hyp-patch (T:Pro5-M:Hyp6 in (GPO)5), followed by somewhat smaller contribution of surrounding residues (M:Hyp3, 
T:Hyp6 and T:Pro8 in (GPO)5). Residues at the extremes of the binding site (M:Pro2 and T:Hyp9 in (GPO)5) contribute minimally.
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Figure S8. Analysis GPVI-binding sites in Toolkit-III peptides. (A) Pearson’s correlation coefficients (r) calculated for sequence 
patterns of various length starting with hydroxyproline (O; blue) or proline (P; red) as in supplemental methods, specifying the correla-
tion between (non-overlapping) pattern frequency in Toolkit-III peptides and GPVI-Fc binding to these peptides (data taken from Jung 
et al.11). For each sequence pattern, also the total occurrence in Toolkit-III peptides is indicated on the right axis. The correlation 
obtained for the full POGPOGPO-sequence forming the GPVI contact site in our crystals is only 0.42, indicating that not all residues in 
the observed contact site are required for binding. The highest correlation (0.73) was found for an OGPOGP-pattern, suggesting it to 
be a primary recognition sequence in Toolkit-III peptides. (B) Previously obtained data on GPVI-binding to Toolkit-III peptides, CRP and 
(GPP)10

11, which was used for the analysis shown in panel A and arranged in order of decreasing binding capacity (left). Shown on the 
right are the corresponding peptide sequences with OGPOGP-sequences highlighted in orange if present in the collagen III derived 
region and in light-orange if partially overlapping the generic (GPP)5-terminus of the peptide. Ten of the eleven OGPOGP-containing 
peptides rank among the twelve peptides that best support GPVI-binding; the eleventh, III-10, does not display significant GPVI-
binding, which is unexpected judged from its amino acid sequence alone. Underlined are partial motifs XGPOGP and OGPOGX, with X 
being Ala, Ser, Thr, Ile, or Pro. Such a partial motif is present in seven out of 9 peptides lacking the OGPOGP-motif but supporting 
GPVI-binding better than (GPP)10 does. Also four of the five peptides that best support binding contain one or more partial motifs in 
addition to (and sometimes overlapping) an OGPOGP motif. Presence of the full and/or partial OGPOGP-motif together explains to 
considerable extent GPVI-binding capacity of the sixteen top-ranking peptides.



Figure S9. In silico analysis of all possible binding sites on collagen peptide (GPO)5 and pairs thereof that can bind GPVI 
simultaneously. (A) Distribution of eight equivalent GPVI-binding sites arising from the triple helical and repetitive nature of (GPO)n 
peptides. The top panels provide a schematic representation of triple helix (GPO)5 (left) showing the regions of the collagen chains 
involved in formation of three binding sites starting from the first GPO-triplet and a surface representation of (GPO)5 as adapted from 
our crystal structure (right), highlighting the corresponding regions involved in formation of these binding sites colored by chain: L 
(pink), M (magenta), and T (orange). The schematic representations also indicate the one residue chain stagger and the axial position 
that corresponds to the residue numbering of the leading chain. The starting position of each GPVI-binding site is assigned as the axial 
position of the first proline involved in binding and indicated by an arrow. Successive sites are positioned by a translation of one axial 
position along the helix in combination with a rotation of 103° around the helix axis. The bottom panels show the schematic 
representation of binding sites starting from the 2nd and 3rd GPO-triplet of (GPO)5. On (GPO)3, the binding site distribution follows the 
same pattern, but includes in four out of six binding sites one chain of the (GPP)2-region, indicated with a *. (B) Visualization of pairs of 
GPVI-binding sites on (GPO)5 that can bind, or likely can bind, GPVI simultaneously without causing steric hindrance. Only two relative 
arrangements of binding sites appear possible and are depicted schematically (left) and in surface representation (right) with (GPO)5 
(gray) and two bound GPVI-molecules (blue and pink) viewed along and perpendicular to the helix axis. The two arrangements are 
characterized by a difference in axial starting position of the two binding sites that is +5 or +2, respectively.  The first arrangement (+5) 
is identical to the organization in our crystal structures, the second (+2) shows some steric hindrance between GPVI molecules, which 
could be relieved by minor rearrangement of the Ser43-Arg46 and Ser74-Leu75 containing loops of GPVI, which seems feasible judging 
from the mobility of these regions in the crystal structure of GPVI (data not shown). Chain combinations of first and second site that 
would also lead to the corresponding molecular arrangements are specified in the table below.
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Figure S10. Dual binding modes of GPVI-molecules to a single 72- or 103-helix. (A) Models of two GPVI-molecules binding to a 72- 
(left) or 103-type (right) collagen-helix, as obtained by superimposition of GPVI on existing models of collagen peptides having PDB-IDs 
1V4F6 (72-helix) and 3DMW15 (103-helix; residues 6-17) as in supplementary methods. Only presented are models that are sterically 
feasible, with the GPVI-molecules shown in blue (static molecule) and salmon (mobile molecule) surface representation, and the 
collagen-helix in orange Cα-traces and surfaces. Each model is displayed in both a side-projection and a projection along the triple helix, 
of which the latter also indicates the circumferential coverage and accessibility (°). The distance in axial position between two sites on 
the triple helix is specified per model (left; see also Figure S9). (B) Table summarizing for each sterically feasible model the mutual 
distance between sites, possible chain combinations to form the 1st and 2nd site, separation in GPO-triplets, and circumferential helix 
coverage (°) in case of a 72 or 103 model. Consistent with panel A, models marked with * exhibit circumferential coverage of 200° or less 
(orange numbers), indicating that a particular binding mode could occur in the context of a collagen fibril.
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Figure S11. Binding site locations in Toolkit III-30 and effects of mutations and steric hindrance on GPVI-binding. (A) Schematic view 
of three copies of the amino acid sequence of the collagen III-derived region of III-30 (black) and C-terminal GPP-triplets (gray) arranged 
with a one-residue stagger as present in the collagen triple-helix. Indicated above are the possible starting positions and chain 
combinations of GPVI-binding sites constituted by the 9-AGPOGP-14 (#1, orange), 21-AGPOGP-26 (#2, blue), and 24-OGPOGP-29 (#3, 
salmon) motifs. Each motif gives rise to three overlapping binding sites, only one of which is highlighted in the scheme. Colored in red 
are residues in these sites that differ from (hydroxy)prolines occupying equivalent positions in the GPVI-binding site in our crystals. Of 
note, the sequence of the C-terminal region of the peptide (gray box; residues 19-27 and GPP-tail) with the exception of Ala20-Ala21 
is identical to (GPO)3-residues 7-21 (see Figure 1F) and therefore simultaneous binding to sites #2 and #3 is likely possible in situations 
where the full circumference of the triple helix is accessible, but not in situations when the peptide is incorporated in a fibril or 
immobilized on a surface as is the case in our solid state binding experiments to III-30 peptides and variants thereof. (B) Modeling of 
GPVI-binding by the III-30 region comprising the 9-AGPOGP-14 motif. Shown in red are the sequence differences between III-30 and 
(GPO)5 at either end of the binding site, which mainly affect interactions with GPVI-residues Leu36, Gln71 at the amino-terminal end and 
with Gln82 at the carboxyterminal end, while preserving core interactions with GPVI. (C) C-terminal sequence (residues 19-27 and 
GPP-tail) of III-30 and alanine-scanned variants, indicating per variant the strongest binding site and its binding energy expressed as 
percentage of the binding energy of III-30 as calculated using FoldX, by omitting amino acids that deviate from (GPO)5 from the 
calculations. These calculations indicate that the reduction in binding energy achieved by a single alanine substitution is expected to be 
moderate ranging from about 6 to 23%, whereas the double alanine variant is predicted to achieve a more substantial two-fold 
reduction; findings that are in-line with the results from our solid-state binding experiments (see Figure 4c). (D) Models of III-30, 
generated as in Supplemental Methods, showing the possibility of sites constituted by 9-AGPOGP-14 and either 21-AGPOGP-26 (top 
panels) or 24-OGPOGP-29 (bottom panels) motifs to independently associate with a GPVI-molecule (colors consistent with panel A). 
Models are presented in sideview (left panels) and viewed along the triple-helix axis (right panels), showing in both cases a 
circumferential coverage sterically compatible with helix incorporation in the fibril and immobilization on a surface.
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Figure S12. Alignment of GPVI and LAIR-orthologues. (A) Sequence 
alignment of the GPVI-collagen binding region of different vertebrate 
species. Conserved and non-conserved residues involved in 
collagen-binding are highlighted in purple and blue, respectively. (B) 
Sequence alignment between human GPVI and LAIR-1 orthologues 
highlighting conserved (purple) and different (blue) residues observed 
in the collagen-binding site of GPVI. Only the three GPVI-residues that 
contribute the most to collagen-binding, Arg38, Glu40, and Trp76, are 
conserved within all LAIR-1 orthologues (Arg59, Glu61, and Trp109 in 
human LAIR-1). (C-D) Superposition of the structure of human (C) and 
mouse (D) LAIR-1 (PDB-IDs: 3KGR and 4ESK)16 onto the GPVI-(GPO)5 
complex emphasizing the structural difference within the collagen 
binding site. Shown in sticks representation are the GPVI-residues 
(blue) situated in the collagen binding site, and residues at equivalent 
positions in LAIR-1 (yellow). Labels refer to the residues and 
numbering in LAIR-1. Also shown in gray are the (GPO)5-residues and 
surface.

Figure S12
A
Human  VDLYRLEKLSSSRYQDQAV...RYRCSYQNGSLWSLPSDQLE
Mouse  VDLYRLEKLKPEKYEDQDF...RYRCSYQNGSHWSLPSDQLE
Bovine  VDLYRLEKLKPEKYEDQDF...RYRCSYQNGSHWSLPSDQLE
Horse  VDLYRLEKLRSGKYMDQAV...RYRCSYQNGSLWSPPSDQLE

VDLYRLEKLRSGKYKDQAV...CYRCSYQNGTRWSPPSDRLE
Wild boar  VDLYRLEELRSGKYFDQAV...RYRCSYQNGTLWSPASNTLE
White rhinoceros VDVYRLEKLRTGEYMDQAI...RYRCSYQNGTLWSPPSEQLE

VDLYRLEKLRSGTYKNQAI...RYRCSYQNGSRWSPPSDQLE

34
 |

84
 |

52
 |

65
 |

B
55
 |

117
  |

Human GPVI  VDLYRLEKLSSSRYQDQAV...RYRCSYQNGSLWSLPSDQLE
Human LAIR-1 VQTFRLERESRSTYNDTED...PYRCIYYKPPKWSEQSDYLE
Human LAIR-2 VQTFRLEREDRAKYKDSYN...LYRCLYYKPPGWSEHSDFLE
Mouse LAIR-1 YNMVRLEKDGS-TFMEKST...HYSCIYSKGITWSERSKTLE
Rat LAIR-1  YDTVRLEKEGS-TFMEKKT...YYNCIFEKNYVWSQRSNDLQ

AETFRLEKEGSALHKDVRN...RYRCLYNKDGTWSDRSKELQ
Horse LAIR-1 AETFRLERDADSNYTDQKI...HYYCRYHKSSSWSERSEFLE 

E

E W

73
 |

98
 |

C

Thr57

Glu61

Glu63

Asp70

Ile102

Trp109

D

Met60

Glu64

Asp66Phe70

Glu72

Ser98

Ile100

Ile105
Trp107

Thr113

Ser102

R L Y R S Q W

hLAIR-1 numbering:

hGPVI numbering:

R



Figure S13. Relative positions of binding sites for GPVI, integrin α2β1 I-domain, and VWF A3-domain in fibrillar collagen III using 
the in situ structure of collagen I20. Full length sequence of the triple helical region of collagen III (A) and side view of one D-segment 
of the full triple helical region of collagen I§ in the in situ fiber diffraction structure of collagen I20 (B), colored according to the 5 parallel 
D-segments (blue, light blue, green, orange, and red, respectively). Shown are positions of the OGPOGP-motifs and regions of 
Toolkit-peptide III-30 involved in GPVI-binding (black, underlined), sequence motifs involved in strong integrin α2β1 I-domain binding 
(light orange), and the single GPRGQOGVMGFO-motif required for binding of the VWF A3-domain (blue). GPVI-binding sites scatter 
through all segments of the triple helical region of collagen III, but, the helix packing in the fibril provokes small clusters, in which 
(different) receptor-sites are positioned in proximity. The OGPOGP-regions of peptide III-9, -22, and -49 are situated close to the 
VWF-site, and the regions of III-30 and the integrin GMOGER-site (same helix) are situated close to the other strong integrin site, 
GROGER, and OGPOGP in terminal peptide III-57 (different helices). § Of note, the triple helical regions of heterotrimeric collagen I and 
homotrimeric collagen III are equal in sequence length, and have equal positions of the VWF-binding site, but vary in the positions of 
the other receptor binding sites. To map sites on collagen III according to the Toolkit-III binding data, we used the collagen I structure 
and residue numbering, but transposed the collagen III sequence. (C) Sequence and 103 triple helical model (constructed using PDB-ID 
3DMW15, residues 6-17, as in supplementary methods) of collagen III residues 523-567 covered by Toolkit-peptides III-30 and -31, that 
include GPVI-binding regions AGPOGP and AGPOGPOGA of III-30 (blue) and α2β1-site GMOGER of III-31 (light orange). 
Collagen-complexes of GPVI (GPVI-(GPO)5) and the α2β1 I-domain (PDB-ID: 1DZI) have been superimposed onto the triple helical model 
by using the L+M, M+T, and L+M combinations of collagen chains for the first and second GPVI-molecule and α2β1 I-domain, 
respectively. This model shows the feasibility of simultaneous binding of these receptors to one side of the triple helix without steric 
hindrance and seems compatible with binding to fibrillar collagen under the assumption that the helical twist is 103 along the complete 
length of the peptide. However, though the helical twist of this region is estimated to be 103 on average, substantial local deviations 
may occur due to the presence of GPO-regions, heterogenous triplets, as well as several GG-, GA-, and AA-repeats, which would affect 
the relative orientation of these sites and prevent accurate modeling of the situation in vivo.
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Figure S14. Structural analysis of collagen binding by a domain-swapped GPVI-dimer. Superimposition of a GPVI-molecule (gray) with 
bound collagen-peptide (pink, magenta, orange) from the GPVI-(GPO)5 complex onto each of the two GPVI-molecules (blue & cyan) 
from the D2-domain swapped (GPVI-Nb2)2-dimer structure (PDB-ID: 7NMU)21, using only the D1-domains (res. 1-90) for spatial 
alignment. The Nb2-molecules were not taken into account. The putative (GPVI-(GPO)5)2-dimer viewed perpendicular to the triple helix 
axis (A) and along the triple helix axis (B) shows an anti-parallel orientation of bound triple helices, which likely arises from crystallo-
graphic packing of the domain-swapped dimer that results in an anti-parallel orientation of D1-domains and collagen-binding sites. The  
domain swapped dimer observed in the crystal can therefore not represent a situation in which two GPVI-molecules cooperatively bind 
to parallel helices in fibrillar collagen.
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