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BASIC SCIENCES

GPVI (Glycoprotein VI) Interaction With 
Fibrinogen Is Mediated by Avidity and the 
Fibrinogen αC-Region
Rui-Gang Xu ,* Julia S. Gauer ,* Stephen R. Baker, Alexandre Slater , Eleyna M. Martin , Helen R. McPherson ,  
Cédric Duval , Iain W. Manfield , Arkadiusz M. Bonna , Steve P. Watson, Robert A.S. Ariëns

OBJECTIVE: GPVI (glycoprotein VI) is a key molecular player in collagen-induced platelet signaling and aggregation. Recent 
evidence indicates that it also plays important role in platelet aggregation and thrombus growth through interaction with 
fibrin(ogen). However, there are discrepancies in the literature regarding whether the monomeric or dimeric form of GPVI 
binds to fibrinogen at high affinity. The mechanisms of interaction are also not clear, including which region of fibrinogen is 
responsible for GPVI binding. We aimed to gain further understanding of the mechanisms of interaction at molecular level 
and to identify the regions on fibrinogen important for GPVI binding.

APPROACH AND RESULTS: Using multiple surface- and solution-based protein-protein interaction methods, we observe that 
dimeric GPVI binds to fibrinogen with much higher affinity and has a slower dissociation rate constant than the monomer due 
to avidity effects. Moreover, our data show that the highest affinity interaction of GPVI is with the αC-region of fibrinogen. We 
further show that GPVI interacts with immobilized fibrinogen and fibrin variants at a similar level, including a nonpolymerizing 
fibrin variant, suggesting that GPVI binding is independent of fibrin polymerization.

CONCLUSIONS: Based on the above findings, we conclude that the higher affinity of dimeric GPVI over the monomer for 
fibrinogen interaction is achieved by avidity. The αC-region of fibrinogen appears essential for GPVI binding. We propose that 
fibrin polymerization into fibers during coagulation will cluster GPVI through its αC-region, leading to downstream signaling, 
further activation of platelets, and potentially stimulating clot growth.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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GPVI (glycoprotein VI), expressed by platelets and 
megakaryocytes, is widely accepted as an activation 
receptor for collagen, playing a critical role in platelet 

activation and thrombus initiation,1,2 as well as in preven-
tion of inflammation-induced hemorrhage.3 The impor-
tance of GPVI in thrombus formation is emphasized by 
observations that absence of GPVI impairs experimen-
tal thrombosis in mouse models, including no occlusive 
thrombus formation observed in knockout mice following 

FeCl3 injury.4–6 Conversely, absence of GPVI in mice 
has minor effects on haemostasis, and GPVI-deficient 
patients present with a mild bleeding diathesis.7–9 These 
observations suggest that GPVI is a promising anti-
thrombotic target with a minor impact on hemostasis.10 
Upon vessel injury, GPVI interacts with exposed suben-
dothelial collagen, resulting in platelet signaling, activa-
tion, and thrombus formation.11 The extracellular region 
of GPVI consists of 2 IgG-like domains (D1 and D2) and 
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is closely related to FcαR and natural killer receptors of 
the immunoglobulin superfamily.12,13

Fibrinogen is essential for platelet aggregation and 
blood coagulation. It contains 2 distal D-regions and a 
central E-region, connected by 2 α-helical coiled-coils. 
Each fibrinogen molecule has 2 αC-regions, composed 
by the C-terminal two-thirds of the Aα-chains14 (Figure I 
in the Data Supplement). It has been suggested that the 
αC-region folds back from the distal end and interacts 
with the E-region via its relatively compact C-terminal 
domain.15,16 Initiation of fibrin polymerization is triggered 
by thrombin, through knob-hole interactions between the 
D- and E-regions of adjacent molecules. Polymerized 
fibrin is strengthened by FXIIIa (factor XIIIa)-mediated 
intermolecular cross-linking of the αC- and D-regions. 
Early-stage fibrinogen degradation products by plasmin 
or trypsin include X-fragment (truncated αC-region)16 
and Y-fragment  (truncated αC-region and one of the 
2 D-regions). Later-stage degradation products D- and 
E-fragments are released during prolonged proteolysis 
time. D-dimer is a final degradation product of polymer-
ized fibrin that has been cross-linked by FXIIIa (Figure I 
in the Data Supplement).17,18

Recently, a role for GPVI in thrombus growth inde-
pendent of its interaction with collagen has been 
reported, with several studies indicating that GPVI binds 
fibrin(ogen).19–24 Although one study showed binding of 
monomeric GPVI extracellular domain to immobilized 
fibrinogen19 and another detected low levels of dimeric 
GPVI (extracellular domain fused by IgG-Fc, also called 
GPVI-Fc or GPVI-Fc2) binding to fibrinogen,22 all of the 
other reports focused on GPVI binding to fibrin.20,21,23 The 
breakdown product of fibrin, D-dimer, has been shown 
to bind GPVI in 2 reports22,23 and to act as a competi-
tive inhibitor in displacement studies.19,23 Collagen and 
CRP-XL (cross-linked collagen-related peptide) also dis-
place D-dimer/D-fragment binding, suggesting that the 
binding site of collagen and fibrin(ogen) on GPVI may 
overlap.22 All previous interaction studies used immobi-
lized fibrin(ogen) or its fragments. Whether fibrinogen 
and fibrin also interact with GPVI in solution is unclear 
as immobilized fibrin(ogen) may adopt a different con-
figuration. Another unresolved question is whether other 
regions of fibrinogen interact with GPVI. Finally, there 

are discrepancies in the literature as to whether mono-
meric or dimeric GPVI (Figure II in the Data Supplement) 
shows higher affinity for fibrin(ogen).25

Here, we investigate the molecular interaction mecha-
nisms of GPVI and fibrin(ogen), using a combination of 
4 different protein-protein interaction methods, that is, 
ELISA, microscale thermophoresis (MST), surface plas-
mon resonance (SPR), and atomic force microscopy 
(AFM), to gain detailed understanding of the binding 
affinity and kinetics while also identifying the GPVI bind-
ing regions on the fibrinogen molecule. We also investi-
gate the effects of fibrin polymerization on GPVI binding 
using a novel recombinant fibrinogen mutant that is 
unable to polymerize on conversion to fibrin by thrombin, 
called nonpolymerizing (previously also called double-
Detroit in Duval et al26) fibrinogen. Our data show that 
both monomeric and dimeric GPVI bind the αC-region 
of fibrinogen and that their affinities and kinetic profiles 
are distinct from each other based on avidity. Binding is 
independent of fibrin polymerization as similar binding 
profiles were observed for recombinant wild-type, non-
polymerizing, and plasma-purified fibrin.

MATERIALS AND METHODS
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Enzyme-Linked Immunosorbent Assays
ELISAs were performed based on previously described meth-
ods,23 with slight modifications. In brief, 96-well Maxisorp Nunc-
immuno plates were coated with 10 nmol/L BSA, purified 
fibrinogen, type 1 collagen fibrils or CRP-XL, or 100 nmol/L 
GPVI-Fc/GPVI monomer, in duplicates overnight at 4 °C. 
Immobilized fibrinogen was converted to fibrin by addition of 
0.1 U/mL thrombin for 20 minutes at room temperature. Plates 
were washed to remove excess protein and blocked with 3% 
BSA-PBS for 1 hour at room temperature. After washing, plates 
were incubated with purified GPVI constructs at 100 nmol/L, 
or BSA control, for 1 hour. For concentration-dependent experi-
ments, 0 to 400 nmol/L GPVI constructs were used, and 100 

Nonstandard Abbreviations and Acronyms

AFM atomic force microscopy
CRP-XL cross-linked collagen-related peptide
FITC fluorescein isothiocyanate
GPVI glycoprotein VI
MST microscale thermophoresis
SPR surface plasmon resonance

Highlights

• Fibrinogen interacts with monomeric and dimeric 
GPVI (glycoprotein VI) with distinct affinities and 
kinetic profiles. The higher affinity of dimeric GPVI 
for fibrinogen is due to increased avidity.

• The αC-region of fibrinogen is crucial for high-affin-
ity GPVI binding and plays a more important role 
than other fibrinogen regions in the interaction.

• Fibrin polymerization is not required for GPVI bind-
ing, as similar binding profiles of GPVI monomer and 
dimer to various fibrinogen and fibrin variants were 
observed.
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nmol/L CRP-XL was preincubated with matching concentra-
tions of GPVI constructs for 15 minutes in competition assays. In 
addition, for GPVI displacement experiments 0 to 100 nmol/L of 
either GPVI construct was preincubated with 100 nmol/L of the 
alternative construct for 15 minutes before addition to the plate. 
After incubation with GPVI constructs, plates were washed and 
incubated for 1 hour at room temperature with either 1:10 000 
goat anti-human IgG-Fc HRP (horseradish peroxidase)-conju-
gated antibody to detect binding of dimeric GPVI-Fc or 1:10 000 
rabbit anti–6-His HRP-conjugated antibody to detect mono-
meric His-tagged GPVI. After washing, the binding of GPVI to 
immobilized substrate was visualized using 3,3’,5,5’-tetrameth-
ylbenzidine. The reaction was stopped by addition of 1 mol/L 
H2SO4 and the optical density was read at 450 nm. All binding 
values obtained were normalized to their corresponding BSA 
controls to account for background binding levels. Results were 
expressed as an average of 3 repeats ±SEM.

Microscale Thermophoresis
Each of the 16 binding reactions was prepared by mixing 10 
μL of 50 nmol/L fluorescein isothiocyanate (FITC)-labeled 
GPVI monomer or dimer in buffer containing 20 mmol/L 
HEPES pH 7.5, 50 mmol/L NaCl with 10 μL of the respec-
tive fibrin(ogen) or their proteolytic fragments serially diluted 
using the same buffer. The reactions were incubated at 4 °C 
for 5 minutes, followed by centrifugation at 17 000g to remove 
protein aggregates that may interfere with the measurement. 
The supernatants were loaded into standard treated capil-
laries before data collection using a Monolith NT.115 Series 
microscale thermophoresis instrument. The excitation/emis-
sion wavelength was set at 493/521 nm (blue channel). The 
LED (light-emitting diode) power was set at 75%, whereas 
10% MST power was used for each binding experiment. Data 
were collected at 23 °C in 2 to 3 replicates. KD was obtained 
by fitting the binding curve with the quadratic solution for the 
fraction of fluorescent molecules that formed the complex, cal-
culated from the law of mass action (1:1 binding model).27 KD 
was presented as mean±SD. When the binding curve was not 
saturated, the KD was estimated as greater than the GPVI con-
centration that generates half of the maximum binding signal.

GPVI-Fibrinogen/αC Fragments Binding and 
GPVI Intermolecular Interaction by Surface 
Plasmon Resonance
All SPR binding experiments were conducted using a Biacore 
3000 instrument (GE Healthcare, Piscataway, NJ) using a 
binding buffer containing 10 mmol/L HEPES, pH 7.4, and 
140 mmol/L NaCl, 0.05% tween 20. Biotinylated fibrino-
gen, monomeric, and dimeric GPVI were prepared by add-
ing EZ-link NHS-LC-biotin dissolved in anhydrous dimethyl 
sulfoxide (DMSO) to the proteins dialyzed in PBS at a molar 
ratio of 2:1. The reactions were left on ice for 1 hour, followed 
by purification using NAPTM-5 desalting column, equilibrated 
with PBS, to remove excess unreacted biotin. Before ligand 
immobilization, streptavidin chips were conditioned with 3 con-
secutive 1-minute injections of 1 mol/L NaCl in 50 mmol/L 
NaOH at 30 μL/min. Biotinylated proteins were then diluted to 
10 nmol/L and immobilized on streptavidin sensor chips at 5 
μL/min in PBS buffer. Biotinylated fibrinogen, monomeric, and 

dimeric GPVI were immobilized on flow cell 2 (1500 response 
units [RU]), 3 (140 RU), and 4 (600 RU) respectively, whereas 
flow cell 1 was left without immobilized protein. The density 
of immobilized molecules on flow cell 3 and 4 are equivalent, 
given their different molecular weights. Monomeric and dimeric 
GPVI were flowed over at concentrations up to 20 μmol/L at a 
flow rate of 40 μL/min at 25 °C, by injecting 8 to 10 samples 
of the 2 proteins made from 2-fold serial dilutions plus 2 buffer 
injections. For GPVI-αC fragments interaction, the experiment 
was performed as detailed above, except that biotinylated αC 
fragments Aα 221 to 391, 368 to 610, and 221 to 610 were 
immobilized on flow cell 2 (80 RU), 3 (120 RU), and 4 (180 
RU), respectively, and that only dimeric GPVI was used as ana-
lyte. The density of immobilized molecules on flow cell 2, 3, 
and 4 are equivalent, given their different molecular weights. 
Response signals obtained from flow cell 1 and buffer injec-
tions were subtracted in the data processing to obtain the final 
response curves. The data obtained from 5 lowest analyte con-
centrations where binding was observed were selected and fit-
ted with 1:1 Langmuir model where association rate constant 
(ka), dissociation rate constant (kd), and dissociation constant 
(KD) were obtained.28 ka, kd, and KD values were presented as 
mean±SD; N=3 for GPVI-fibrinogen interaction and N=2 for 
GPVI-αC fragments interaction. For GPVI-fibrinogen interac-
tion, the highest analyte concentration curves were omitted in 
the fitting because they are less likely to follow the 1:1 interac-
tion model than the lowest ones.

AFM Imaging of GPVI/Fibrinogen Interactions
AFM images were taken using a surface of freshly cleaved mica 
that was treated with 50 μL of 2 mmol/L NiCl2 for 5 minutes. 
Following treatment, the surface was rinsed with deionized water 
and dried with nitrogen gas. For imaging of GPVI/fibrinogen 
interactions, GPVI monomer or dimer was incubated with fibrino-
gen at a 1:1 molar ratio for at least 2 hours in HBS. The solution 
was diluted to a final concentration of 2.5 μg/mL (8 nmol/L, 
fibrinogen) in HBS, added to the pretreated mica surface 
for 10 s, diluted with 50× deionized water for 10 s, and dried 
under nitrogen gas. High-resolution imaging was done using a 
Nanoscope IIIa Multimode AFM (Bruker, Santa Barbara, CA) in 
tapping mode with a scan rate of 0.8 Hz. All measurements were 
done in air using silicon cantilevers (TESPA-V2, Bruker Santa 
Barbara, CA) with a typical radius of 7 nm. Three to 5 images 
were taken from each sample and samples were repeated at 
least 3×. Standard flattening of images was performed.

For expression and purification of recombinant GPVI and 
fibrinogen/αC fragments, purification of plasma fibrinogen/αC 
fragments, preparation and purification of X-, D-, E-fragment 
and D-dimer, FITC labeling of GPVI, SD (sodium dodecyl sul-
fate-dithiothreitol) test, and additional SPR experiments, see 
supplemental methods.

Statistical Analysis
For ELISA assays, all data were checked for normality by a 
Shapiro-Wilk test (alpha=0.05). Comparisons between related 
groups were performed by paired t test. Differences between 
samples and control (BSA or 0 nmol/L of GPVI-Fc/GPVI mono-
mer) were compared using one-way ANOVA or Kruskal-Wallis 
test for multiple group comparisons, followed by Tukey-Kramer 
post hoc test of Dunn-Bonferroni to determine significance. 
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Data analysis was performed using OriginPro 2017/2018 and 
Prism 8 GraphPad 2020. P<0.05 were considered to indicate 
statistical significance.

RESULTS
Surface-Based Fibrinogen and GPVI Interaction
The binding of monomeric and dimeric GPVI to immo-
bilized fibrinogen was analyzed by ELISA. Both forms 
showed concentration-dependent binding to fibrinogen 
(Figure 1A), although the GPVI monomer appeared to 
bind at lower concentrations than the dimer in this assay. 
It was further observed that binding between monomeric 
GPVI and fibrinogen could be displaced by preincuba-
tion with CRP-XL (Figure 1B), indicating that CRP-XL 
and fibrinogen likely share an overlapping binding site on 
GPVI. We next compared the ability of fibrinogen variants 

to bind GPVI, including plasma-purified, recombinant 
wild-type, nonpolymerizing-fibrinogen, and fibrin.26 Simi-
lar binding profiles to GPVI monomer and dimer were 
observed for all fibrinogen variants, suggesting that fibrin 
polymerization is not required for GPVI binding (Figure 1C 
dimer and 1D monomer). Indeed, when these fibrinogen 
variants were converted to fibrin through thrombin treat-
ment, their binding profiles to GPVI remained similar (Fig-
ure 1C dimer and 1D monomer). We also observed that 
the dimeric form of GPVI appeared to partially displace 
the binding of GPVI monomer to immobilized fibrinogen, 
whereas addition of GPVI monomer had no impact on 
dimeric GPVI binding (Figure III in the Data Supplement). 
Binding of different types of fibrinogen to immobilized 
GPVI dimer and monomer was also observed (Figure III 
in the Data Supplement), confirming interaction of GPVI 
with fibrinogen in both orientations.

Figure 1. Interaction of GPVI (glycoprotein VI)-Fc and GPVI monomer with immobilized fibrinogen measured by ELISA.
A, Concentration-dependent (0-400 nmol/L) binding of immobilized plasma-purified (IF-1) fibrinogen to GPVI-Fc (blue) and GPVI monomer 
(orange); (B) Immobilized CRP-XL (cross-linked collagen-related peptide) and IF-1 fibrinogen binding to 100 nmol/L GPVI monomer (black) 
and displacement of binding by 100 nmol/L CRP (gray); Binding of (C) GPVI-Fc dimer and (D) GPVI monomer to collagen, immobilized IF-1, 
recombinant wild-type (WT) and recombinant nonpolymerizing (NP) fibrinogen and fibrin (immobilized fibrinogen followed by cleavage by 
thrombin). Differences in optical density (OD) were compared between groups (B) or between immobilized ligand and BSA control (C and D); 
*P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001.
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GPVI Binds to Fibrinogen and CRP-XL in 
Solution
We next performed solution-based MST experiments 
by titrating fibrinogen to FITC-labeled GPVI mono-
mer and dimer, respectively (Figure 2A and 2B). A 
saturable profile was observed for fibrinogen binding 
to dimeric GPVI, with a KD1:1 of 99±2 nmol/L. Inter-
estingly, no saturation of binding was observed when 
titrating up to 10 μmol/L fibrinogen into monomeric 
GPVI. The KD1:1 of the latter interaction was estimated 
at >4 μmol/L (Table I in the Data Supplement). These 
data indicate that fibrinogen is able to bind both 
dimeric and monomeric GPVI in solution but with at 
least an order of magnitude higher affinity for dimeric 
than monomeric GPVI.

To analyze if GPVI binds to CRP-XL in solution by 
MST, we titrated CRP-XL into FITC-labeled monomeric 

and dimeric GPVI, respectively. As the CRP-XL concen-
tration increased, the initial fluorescence intensity was 
reduced (Figure 2C and 2D), suggesting that CRP-XL 
interacts with both monomeric and dimeric GPVI, induc-
ing quenching of the fluorescence. The fluorescence 
signal changes are specific to the binding of CRP-XL 
and were not caused by experimental artifacts, such as 
loss of fluorescent molecules due to surface absorp-
tion in which the fluorescence intensities of all samples 
were measured again after protein denaturation (see SD 
test and Figure IV in the Data Supplement). The binding 
data were fitted to a 1:1 stoichiometry model, resulting 
in a KD1:1=5±0.8 μmol/L and 603±207 nmol/L (hypo-
thetical KD calculated using the molar concentration of 
CRP-XL, monomeric equivalent), for the interaction of 
CRP-XL with monomeric and dimeric GPVI, respectively 
(Table I in the Data Supplement). Our observations that 

Figure 2. GPVI (glycoprotein VI)-CRP-XL (cross-linked collagen-related peptide)/fibrinogen interaction analysis using 
microscale thermophoresis.
A, Fibrinogen binds to fluorescein isothiocyanate (FITC)-monomeric GPVI at KD of >4 μmol/L, estimated as greater than the GPVI 
concentration that generates half of the maximum binding signal; (B) fibrinogen binds to FITC-dimeric GPVI at KD of 99±2 nmol/L; (C) CRP-XL 
binds to FITC-monomeric GPVI at KD of 5±0.8 μmol/L; (D) CRP-XL binds to FITC-dimeric GPVI at KD of 603±207 nmol/L. Data were plotted 
using 3 independent replicates from which KD values were obtained through fitting all the data with 1:1 interaction model using NanoTemper 
Analysis Software. KD values are presented as mean±SD; N=3.
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CRP-XL binds to dimeric GPVI more tightly than mono-
meric GPVI is in good agreement with the affinity data 
reported in the literature.29–31

Surface Plasmon Resonance Analysis of 
Fibrinogen-GPVI Interaction
To gain further insight into the kinetic profiles of GPVI-
fibrinogen interactions, we performed SPR by immobiliz-
ing biotin-labeled fibrinogen as ligand on a streptavidin 
sensor chip with preimmobilized streptavidin. Monomeric 
and dimeric GPVI were flowed at various concentrations 
as analytes over the low-density fibrinogen surface at 
up to 20 μmol/L. Consistent with the MST data, distinct 
KD1:1 values of 2.4±0.3 μmol/L for monomeric and 46±5 
nmol/L for dimeric GPVI (Figure 3A and 3B, Table II in 
the Data Supplement) were observed. Compared with 
monomeric GPVI, dimeric GPVI showed faster asso-
ciation rate constant than the monomer (8.5±0.2×103 
versus 5.7±0.2×102 M-1S-1) and slower dissociation rate 
(6.1±0.1×10-4 versus 2.2±0.05×10-3 S-1; Table II in the 
Data Supplement). When GPVI dimer was flowed as ana-
lyte at 20 μmol/L, the response units were higher than 

that expected for 1:1 interaction (observed at 803 RU 
versus theoretical 1:1 interaction at 507 RU, Figure V 
in the Data Supplement). This observation suggests that 
dimeric GPVI interacts with >1 site on fibrinogen. To con-
firm the findings in ELISA that GPVI-fibrin(ogen) binding 
is not affected by fibrinogen polymerization, we immo-
bilized nonpolymerizing-fibrinogen and converted it to 
fibrin using thrombin and determined their binding affini-
ties with GPVI dimer using SPR. As observed for plasma-
purified fibrinogen, nonpolymerizing-fibrinogen, and fibrin 
bound to GPVI dimer at a similar scale of KD1:1 (127±57 
nmol/L and 86±21 nmol/L, respectively, Figure VI in the 
Data Supplement), which supports the above findings 
using ELISA. The observed slight decrease of binding 
affinity for nonpolymerizing compared with plasma-puri-
fied fibrinogen is possibly due to an observed slight α-
chain degradation for nonpolymerizing-fibrinogen during 
expression in mammalian cells (Figure VII in the Data 
Supplement). Note that our data below have shown that 
this region of fibrinogen is crucial for GPVI binding (See 
Mapping Fibrinogen Regions for GPVI Binding Using 
Recombinant αC Fragments).

Figure 3. GPVI (glycoprotein VI)-fibrinogen and GPVI intermolecular interaction analysis using surface plasmon resonance.
A, Monomeric GPVI binding to immobilized fibrinogen at KD of 2.4±0.3 μmol/L; (B) dimeric GPVI binding to immobilized fibrinogen at KD of 
46±5 nmol/L. No apparent binding was observed for (C) monomeric GPVI binding to immobilized monomeric GPVI and (D) dimeric GPVI 
binding to immobilized dimeric GPVI. Data shown is one of 3 independent replicates from which KD values were obtained through fitting 
individual data with Langmuir 1:1 interaction model. KD values are presented as mean±SD; N=3. Conc. indicates concentration; and RU, 
response units.
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GPVI Intermolecular Interactions
It has been reported that the 2 GPVI extracellular domains 
in GPVI-Fc (dimeric GPVI) may have a specific dimeric 
conformation that accounts for its stronger binding pro-
file to collagen compared with monomeric GPVI.29 To gain 
further understanding on whether the 2 GPVI extracel-
lular domains could dimerize to support this conformation, 
we designed SPR experiments where the intermolecular 
interactions of GPVI were measured by flowing mono-
meric and dimeric GPVI over immobilized monomeric and 
dimeric GPVI, respectively (Figure 3C and 3D). Our data 
show that no apparent binding was observed for either 
GPVI monomer to monomer or dimer to dimer. Similarly, 
the 2 proteins showed a single-peak gel filtration profile, 
with estimated molecular weights corresponding to single 
copies of their theoretical monomeric molecular weight 
(Figure VIII in the Data Supplement), indicating that they 
cannot dimerize or form stable higher oligomers in solu-
tion under these experimental conditions, consistent with 
the weak intermolecular contact observed in the crystal 
structure30 (Figure IX in the Data Supplement). Although 
intermolecular interaction is not detected under our 
experimental conditions, it is possible that at physiological 
conditions GPVI receptors on the cell surface may still 
dimerize or cluster upon platelet activation.31–33

Mapping Fibrinogen Regions for GPVI Binding 
Using X-, D-, E-Fragment or D-Dimer
To pinpoint regions of fibrin(ogen) that are responsible 
for GPVI binding, we produced proteolytic fragments of 
fibrinogen and fibrin for binding analysis with monomeric 
and dimeric GPVI (Figures IB and X in the Data Supple-
ment). Binding affinities were first analyzed using MST. 
No binding was observed when 30 to 100 μmol/L X-, 
D-, E-fragment or D-dimer were titrated into monomeric 
GPVI (Figure XI in the Data Supplement). Although all the 
fragments did bind to dimeric GPVI, the binding profiles 
were not saturable at the fragment concentrations used 
(Figure 4A through 4D). The binding affinities were esti-
mated at micromolar level (>2 μmol/L for X- fragment 
and >20 μmol/L for D-, E-fragment and D-dimer). We 
next performed SPR experiments to verify the findings 
from MST and obtain kinetic information of the interac-
tion. When X-fragment and D-dimer were immobilized as 
ligands, no clear bindings were observed for GPVI mono-
mer and dimer at 1 and 10 μmol/L, respectively (Fig-
ure XII in the Data Supplement). Binding was detected 
at a reversed orientation (immobilizing monomeric and 
dimeric GPVI as ligands and flow over fibrin(ogen), X-, D-,  
E-fragment or D-dimer as analyte). Although both mono-
meric and dimeric GPVI bound to fibrin(ogen) fragments, 
binding was not saturable at 40 μmol/L analytes con-
centration (Figure XIII in the Data Supplement, Figure 5A 
through 5D). The kinetics of binding between monomeric 

and dimeric GPVI to the fibrin(ogen) fragments differed 
from each other, with monomeric GPVI having more rapid 
association and dissociation rate constants than the 
dimer. This could explain why binding was not observed 
in MST for those proteins, as their rapid off rates suggest 
that a stable complex is not likely formed and, therefore, 
not detected in MST. The K

D was obtained for dimeric 
GPVI binding to X-fragment, D-dimer, D-fragment, and 
E-fragment at 9±1, 28±3, 26±5, and 51±15 μmol/L, 
respectively (Table II in the Data Supplement). Due to 
the very rapid association and dissociation rates, the KD 
for monomeric GPVI binding to all the fragments could 
not be determined through fitting the kinetic data. The 
affinities were estimated from a simulated SPR sensor-
gram similar to that observed by modifying the on and 
off rates for dimeric GPVI-X-fragment interaction. The 
simulation revealed that the KD for monomeric GPVI-X-
fragment interaction is at least >128-fold higher, at >1 
mmol/L (Figure XIV in the Data Supplement), than that 
observed for dimeric GPVI-X-fragment interaction (9±1 
μmol/L). These data indicate that fibrinogen fragments 
interact with monomeric and dimeric GPVI with distinct 
affinities and kinetic profiles. Compared with the binding 
data obtained using full-length fibrinogen, which showed 
nano-molar affinity for GPVI, the data indirectly show a 
major role of the fibrinogen αC-region in GPVI binding, 
which is not present in any of the proteolytic fragments, 
but normally present in full-length fibrinogen.

Mapping Fibrinogen Regions for GPVI Binding 
Using Recombinant αC Fragments
To confirm the proposed major role of fibrinogen αC-region 
in GPVI binding and identify specific binding regions on 
αC for GPVI recognition, we expressed 3 recombinant 
fibrinogen αC fragments in Escherichia coli: full-length (Aα 
221-610); N-terminal linker (Aα 221-391) and C-ter-
minal globular domain (Aα 368-610)34–37 and purified 
them to homogeneity (Figure XV in the Data Supplement). 
These fragments were immobilized, and binding affinities 
with GPVI dimer were quantified using SPR. No apparent 
binding was found when up to 20 μmol/L of GPVI dimer 
was flowed over the N-terminal linker (Figure 5E). Binding 
was observed for the full-length and C-terminal globular 
domain to GPVI dimer, at 604±89 nmol/L and 2.3±0.2 
μmol/L, respectively (Figure 5F through 5G, Table II in 
the Data Supplement). These data directly show that αC-
region is playing a more important role than other fibrino-
gen regions in GPVI-fibrinogen interaction.

Molecular Imaging of GPVI-Fibrinogen 
Interactions
To verify our observations from MST and SPR, and to 
gain further understanding of the structural regions of 
fibrinogen that GPVI may interact with, we performed 
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AFM by mixing the 2 proteins and directly visualiz-
ing the interactions occurring and the resulting protein 
complexes (Figure 6). Monomeric GPVI appeared as an 
elongated globular structure (Figure 6A through 6D). 
The dimeric GPVI particles were observed adopting 2 
different forms, single nodular or binodular (Figure 6E 
through 6H). Given that the intermolecular interaction is 
very weak as observed in SPR (Figure 3C through 3D), it 
is likely that the single and binodular forms represent top 
and side views of the GPVI dimer molecule. In the side 
view, the GPVI part and Fc domain should be visualized 
as 2 nodules closely attached. In the top view, the GPVI 
part and Fc domain should overlap, visualized as a single 
nodule. Fibrinogen on the AFM images is readily recog-
nizable as a typical trinodular protein (D-E-D) with the 
highly flexible and disordered αC-regions visibly extend-
ing from the D-region. The αC-region can extend as far 
as the E-region and interact with this part of the mol-
ecule.38,39 Both GPVI proteins generated complexes with 
fibrinogen, by apparently interacting with the αC-region 

through different topologies based on the disordered 
nature of this region of the fibrinogen molecule (Fig-
ure 6A, 6C, 6E, 6G, and 6H). These data are consistent 
with the SPR and MST data showing an order of magni-
tude drop in the affinity of GPVI when comparing bind-
ing to full-length fibrinogen with the X-fragment lacking 
the αC-region, and the direct binding of recombinant 
full-length and C terminus of the fibrinogen αC-region to 
GPVI dimer shown by SPR, indicating that the αC-region 
is critical for the interaction of GPVI with fibrinogen.

DISCUSSION
Our study provides key molecular insights into the interac-
tion of GPVI with fibrinogen, with 2 main central findings. 
First, we found that fibrinogen interacts with monomeric 
and dimeric GPVI via 2 distinct affinities and kinetics pro-
files. The higher affinity of dimeric GPVI for fibrinogen is 
likely due to increased avidity, based on the observations 
that binding to dimeric GPVI has slower dissociation 

Figure 4. Mapping GPVI (glycoprotein VI)-fibrinogen binding sites using microscale thermophoresis.
Binding profiles of (A) X-fragment, (B) D-dimer, (C) D-fragment, and (D) E-fragment to fluorescein isothiocyanate (FITC)-dimeric GPVI at KD of 
>2 μmol/L for X-fragment and >20 μmol/L for D-, E-fragment and D-dimer. KD values were estimated as greater than the GPVI concentration 
that generates half of the maximum binding signal. All results are presented as mean±SD; N=3 for A–C and N=2 for D.
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Figure 5. Mapping GPVI (glycoprotein VI)-fibrinogen binding sites using surface plasmon resonance.
Binding profiles of (A) X-fragment, (B) D-dimer, (C) D-fragment, (D) E-fragment, (E) Aα 221-391, (F) Aα 368-610 and (G) Aα 221-610 to 
dimeric GPVI. No apparent binding was observed for Aα 221-391. Binding was observed for X-fragment, D-dimer, D-fragment, E-fragment, 
Aα 368-610 and Aα 221-610 at KD of 9±1 μmol/L, 28±3 μmol/L, 26±5 μmol/L, 51±15 μmol/L, 2.3±0.2 μmol/L and 604±89 nmol/L, 
respectively. KD values were determined through fitting individual data with Langmuir 1:1 interaction model (black lines). Each KD value is the 
mean and SD of 3 replicates for A–D and 2 replicates for F–G. Conc. indicates concentration; and RU, response units.



BASIC SCIENCES - T
Xu et al GPVI-Fibrinogen αC Binding Mediated by Avidity

Arterioscler Thromb Vasc Biol. 2021;41:1092–1104. DOI: 10.1161/ATVBAHA.120.315030 March 2021  1101

kinetics than the monomer, and that no intermolecular 
interactions were found for GPVI. Second, our data show 
the αC-region of fibrinogen as the key binding region for 
GPVI interaction, indicating that the αC-region is playing 
a more important role than any other fibrinogen regions 
for GPVI binding.

Previous studies reported similar affinities for the bind-
ing of GPVI to fibrinogen and fibrin, indicating that fibrin 
polymerization is not required for GPVI binding.20–22,25 
In agreement with this, we observed no differences in 
GPVI-fibrinogen and GPVI-fibrin binding profiles by 
ELISA. Furthermore, we obtained similar binding profiles 

Figure 6. Atomic force microscopy topography images of interactions between GPVI (glycoprotein VI) and fibrinogen.
The fibrinogen molecules are highlighted using 3 black circles for its D-E-D structure. The disordered fibrinogen αC-regions are visible as 
flexible appendices with reduced height (and therefore reduced brightness) from the D-region or close to the E-region. A–D, GPVI monomer 
are indicated with cyan circles; (E–H) GPVI dimer are indicated with magenta circles. The αC-region of fibrinogen involved in GPVI binding is 
highlighted with triangles. Two structural isoforms of GPVI dimer were observed: one as a large single-domain globular protein and the other as 
an elongated shape or as 2 domains with similar sizes closely associated with each other.
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with our new fibrin mutant that is unable to polymerize26 
when compared with polymerized fibrin preparations, 
confirming that polymerization of fibrinogen into fibrin is 
not required to elicit GPVI binding. Although GPVI is able 
to bind both fibrinogen and fibrin, we hypothesize that 
platelet activation only occurs when GPVI is clustered, 
which should happen if fibrin is polymerized into fibers 
or film,40 but not with fibrinogen in solution. Platelet acti-
vation via GPVI-fibrinogen interaction should also occur 
when platelets are interacting with fibrinogen coated to 
a plate because the close proximity of fibrinogen coated 
to the surface will support clustering of GPVI on the 
platelet. This is supported by differences observed in 
GPVI-deficient platelet spreading on fibrinogen-coated 
surfaces compared with normal platelets.19

Our MST and SPR data suggest that although both 
monomeric and dimeric GPVI can interact with fibrino-
gen, dimeric GPVI showed higher affinity for fibrinogen 
than the monomer with a slower dissociation rate. Simi-
lar observations have also been made for other recep-
tor-ligand interactions, such as Eph-ephrins (Fc-fused) 
and KIR2D-HLA-G (killer immunoglobulin-like receptor 
2D-human leukocyte antigen G; disulfide-linked), as well 
as for engineered binding protein-ligand interactions, 
such as affibodies and bispecific antibodies.41–47 The 
increased affinity for the fused dimer to their binding part-
ner accompanied by a slower dissociation rate over the 
monomer could be explained by the avidity effect. These 
findings are reminiscent of our observations for GPVI-
fibrinogen interaction, as well as those reported for GPVI-
collagen interaction.29 It is likely that the affinity increase 
with a slower dissociation rate for the GPVI dimer com-
pared with the monomer when binding to fibrinogen can 
also be attributed to the similar avidity effect mediated by 
the increased valency in the interaction.48

Our SPR analysis of GPVI intermolecular interaction 
where no self-assembly was observed implies that the 
increased affinity for dimeric GPVI binding to fibrinogen 
is more likely dominated by avidity effects than a dimeric 
GPVI conformation. Similar avidity model may also be appli-
cable to other multivalent GPVI ligands, such as collagen, 
where distinct apparent affinities were also observed when 
interacting with GPVI monomer and dimer.29 Nevertheless, 
the conditions in which the intramolecular interaction was 
analyzed in our study are different than those occurring 
physiologically, where the GPVI is presented with all parts 
of the receptor including the stalk and cytoplasmic tail. Fur-
thermore, the localization of GPVI on the platelet surface 
may facilitate dimerization, which cannot be achieved under 
solution conditions. Therefore, it cannot be ruled out that 
GPVI receptors on the platelet surface could form a spe-
cific and functional dimer conformation when interacting 
with these ligands. The GPVI dimer conformation is sup-
ported by several reports using GPVI dimeric specific anti-
bodies and Fabs showing the presence of GPVI dimers 
on the platelet surface upon platelet activation.33,49–51 More 

in-depth studies utilizing structural approaches, such as 
Cryo-EM (cryogenic electron microscopy), crystallography, 
and NMR (nuclear magnetic resonance), are needed to 
elucidate the molecular and conformational detail of the 
complete GPVI receptor on platelet surface and how this 
underpins interactions with its various biological ligands.

Whether the monomeric or dimeric GPVI binds to 
fibrin(ogen) at high affinity has been a conflicting topic 
debated in the literature.19,22,23 Several possible reasons to 
account for the apparently conflicting results have been 
proposed, such as variations in GPVI constructs and binding 
assay conditions among different labs.25 Another important 
factor that could contribute to the confliction is the limi-
tations of ELISAs.19,21,22 For example, nonspecific signals 
could be induced through cross-reactivity of the multiple 
protein components used in the assays.52 Differences in 
affinity of antibodies to either monomeric or dimeric GPVI 
could also play a role in the discrepancies by producing dif-
ferent levels of signal, which is indirectly related to both the 
affinities of the antibodies as well as the affinities of GPVI 
for the ligands. More direct methods, such as SPR and 
MST, are needed to support these results. Another reason 
for the discrepancies in previous studies is the source and 
quality of the fibrinogen used. The αC-region that appears 
to contribute most of the binding affinity is susceptible to 
protein degradation and highly variable in different fibrino-
gen preparations. All the above are likely responsible for 
some of the discrepancies reported in the literature.

Our data show that the fibrinogen αC-region, which has 
not yet previously been implicated in GPVI binding, plays an 
important role in interactions with GPVI, as shown by the 
observed direct interaction of recombinant αC fragments 
with GPVI and decreased binding affinity after removing 
the αC-region from fibrinogen in the X-fragment. Our data 
further suggest that the GPVI binding region lies in the 
C-terminal globular domain of the αC-region, by compar-
ing the binding profiles of the full-length, N and C terminus 
of the αC. Interestingly, the C terminus of the αC-region 
binds to GPVI dimer at a lower affinity than the full-length 
αC fragment and fibrinogen, indicating that binding is likely 
stabilized by other parts of the fibrinogen molecule, con-
sistent with the disordered nature of the αC-region. The 
fibrinogen αC-region contains several important binding 
sites for integrin receptors such as αIIbβ3,53 αvβ3,54 and 
αvβ1.55 Moreover, it also interacts with several plasma 
proteins including FXIIIa,34 fibronectin,56 apolipoprotein,57 
plasminogen,35 tPA (tissue-type plasminogen activator),35 
and α2-antiplasmin,58 each of which plays important roles 
in hemostasis, thrombolysis and other vascular processes. 
The αC-region proves to play a key role in the interaction 
of fibrinogen with other proteins, leaving the D- and the 
E-regions available and solely accessible to drive fibrin 
polymerization through knob-hole binding. The αC-region 
extensions from the D-region thus act as long flexible teth-
ers that serve the purpose of bringing other proteins with 
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important vascular functions into close contact with the 
generating fibrin network during blood clotting.

In conclusion, our data support that avidity is responsible 
for the higher affinity of dimeric GPVI binding to fibrinogen 
over the monomer, mediated through increased valency 
of interaction. Avidity-based mechanisms have been sug-
gested for similar protein interaction systems and, therefore, 
could be utilized by other multivalent GPVI ligands, such as 
collagen and anti-GPVI antibodies when interacting with 
GPVI. These observations provide new insight into our 
understanding of the mechanism of GPVI interactions with 
its multivalent ligands and clarify some of the discrepancies 
reported in the literature, explained by the limitations of 
ELISAs. Our analysis also suggests that the αC-region of 
fibrinogen is an essential and important region for fibrino-
gen-GPVI interaction, which shed light on how the inter-
action of fibrinogen and fibrin with GPVI receptor on the 
surface of platelet impact thrombosis. When coagulation 
leads to the generation of fibrin and fibrin fibers, interac-
tion with the fibers that are being generated clusters GPVI 
on the platelet surface (Graphical Abstract), leading to 
rapid signaling, platelet activation, and sustained blood clot 
growth away from the collagen surface that initially trig-
gered clot formation at the site of injury. Future work should 
focus on pinpointing the exact binding motif for GPVI on 
the fibrin(ogen) αC-region. The outcome from such stud-
ies could contribute to the development of novel and safer 
antithrombotic inhibitor drugs targeting GPVI-fibrin(ogen) 
interaction with the fibrin(ogen) αC-region.

ARTICLE INFORMATION
Received July 14, 2020; accepted January 4, 2021.

Affiliations
Discovery and Translational Science Department, Institute of Cardiovascular and 
Metabolic Medicine (R.-G.X., J.S.G., S.R.B., H.R.M., C.D., R.A.S.A.) and School of 
Molecular and Cellular Biology, Faculty of Biological Sciences (I.W.M.), University of 
Leeds, United Kingdom. Department of Physics, Wake Forest University, Winston 
Salem, NC (S.R.B.). Institute of Cardiovascular Sciences, College of Medical and 
Dental Sciences, University of Birmingham, United Kingdom (A.S., E.M.M., S.P.W.). 
Department of Biochemistry, University of Cambridge, United Kingdom (A.M.B.).

Acknowledgments
We gratefully acknowledge the provision of GPVI (glycoprotein VI) proteins and 
expression constructs by Dr Andrew Herr, Cincinnati Children’s Hospital.

Sources of Funding
This work was supported by a joint Welcome Trust Investigator Award 
(204951/B/16/Z) to S.P. Watson and R.A.S. Ariëns. Surface plasmon resonance 
(SPR) and microscale thermophoresis (MST) binding assays were performed in 
the Biomolecular Interactions facility, Astbury Centre for Structural Molecular Bi-
ology, Faculty of Biological Sciences, University of Leeds (part-funded by the 
Wellcome Trust 062164/Z00/Z). S.P. Watson holds a British Heart Foundation 
(BHF) Chair (03/003).

Disclosures
None.

REFERENCES
 1. Nieswandt B, Watson SP. Platelet-collagen interaction: is GPVI the central 

receptor? Blood. 2003;102:449–461. doi: 10.1182/blood-2002-12-3882

 2. Nieswandt B, Brakebusch C, Bergmeier W, Schulte V, Bouvard D, 
Mokhtari-Nejad R, Lindhout T, Heemskerk JW, Zirngibl H, Fässler R. Glyco-
protein VI but not alpha2beta1 integrin is essential for platelet interaction with 
collagen. EMBO J. 2001;20:2120–2130. doi: 10.1093/emboj/20.9.2120

 3. Boulaftali Y, Hess PR, Getz TM, Cholka A, Stolla M, Mackman N, 
Owens AP 3rd, Ware J, Kahn ML, Bergmeier W. Platelet ITAM signaling is 
critical for vascular integrity in inflammation. J Clin Invest. 2013;123:908–
916. doi: 10.1172/JCI65154

 4. Bender M, Hagedorn I, Nieswandt B. Genetic and antibody-induced gly-
coprotein VI deficiency equally protects mice from mechanically and 
FeCl(3) -induced thrombosis. J Thromb Haemost. 2011;9:1423–1426. doi: 
10.1111/j.1538-7836.2011.04328.x

 5. Hechler B, Gachet C. Comparison of two murine models of thrombosis 
induced by atherosclerotic plaque injury. Thromb Haemost. 2011;105(suppl 
1):S3–S12. doi: 10.1160/ths10-11-0730

 6. Kuijpers MJ, Gilio K, Reitsma S, Nergiz-Unal R, Prinzen L, Heeneman S, 
Lutgens E, van Zandvoort MA, Nieswandt B, Egbrink MG, et al. Com-
plementary roles of platelets and coagulation in thrombus formation 
on plaques acutely ruptured by targeted ultrasound treatment: a novel 
intravital model. J Thromb Haemost. 2009;7:152–161. doi: 10.1111/j. 
1538-7836.2008.03186.x

 7. Nieswandt B, Schulte V, Bergmeier W, Mokhtari-Nejad R, Rackebrandt K, 
Cazenave JP, Ohlmann P, Gachet C, Zirngibl H. Long-term antithrombotic 
protection by in vivo depletion of platelet glycoprotein VI in mice. J Exp Med. 
2001;193:459–469. doi: 10.1084/jem.193.4.459

 8. Matus V, Valenzuela G, Sáez CG, Hidalgo P, Lagos M, Aranda E, Panes O, 
Pereira J, Pillois X, Nurden AT, et al. An adenine insertion in exon 6 of human 
GP6 generates a truncated protein associated with a bleeding disorder 
in four Chilean families. J Thromb Haemost. 2013;11:1751–1759. doi: 
10.1111/jth.12334

 9. Hermans C, Wittevrongel C, Thys C, Smethurst PA, Van Geet C, Freson K. 
A compound heterozygous mutation in glycoprotein VI in a patient with 
a bleeding disorder. J Thromb Haemost. 2009;7:1356–1363. doi: 
10.1111/j.1538-7836.2009.03520.x

 10. Zahid M, Mangin P, Loyau S, Hechler B, Billiald P, Gachet C, Jandrot-Perrus M. 
The future of glycoprotein VI as an antithrombotic target. J Thromb Hae-
most. 2012;10:2418–2427. doi: 10.1111/jth.12009

 11. Watson SP, Auger JM, McCarty OJ, Pearce AC. GPVI and integrin alphaIIb 
beta3 signaling in platelets. J Thromb Haemost. 2005;3:1752–1762. doi: 
10.1111/j.1538-7836.2005.01429.x

 12. Clemetson JM, Polgar J, Magnenat E, Wells TN, Clemetson KJ. The plate-
let collagen receptor glycoprotein VI is a member of the immunoglobulin 
superfamily closely related to FcalphaR and the natural killer receptors. J 
Biol Chem. 1999;274:29019–29024. doi: 10.1074/jbc.274.41.29019

 13. Holm L. Benchmarking fold detection by dalilite v. 5. Bioinformatics. 2019. 
doi: 10.1093/bioinformatics/btz536

 14. Veklich YI, Gorkun OV, Medved LV, Nieuwenhuizen W, Weisel JW. Carboxyl-
terminal portions of the alpha chains of fibrinogen and fibrin. Localization 
by electron microscopy and the effects of isolated alpha C fragments on 
polymerization. J Biol Chem. 1993;268:13577–13585.

 15. Weisel JW, Litvinov RI. Fibrin formation, structure and properties. In: Squire 
JM, Parry DAD, eds. Fibrous Proteins: Structures and Mechanisms. Cham, 
Switzerland: Springer; 2017:405–456.

 16. Weisel JW, Medved L. The structure and function of the alpha C domains 
of fibrinogen. Ann N Y Acad Sci. 2001;936:312–327. doi: 10.1111/j. 
1749-6632.2001.tb03517.x

 17. Takagi T, Doolittle RF. Amino acid sequence studies on plasmin-derived 
fragments of human fibrinogen. Amino-terminal sequences of intermediate 
and terminal fragments. Biochemistry. 1975;14:940–946. doi: 10.1021/ 
bi00676a010

 18. Ferguson EW, Fretto LJ, McKee PA. A re-examination of the cleavage of 
fibrinogen and fibrin by plasmin. J Biol Chem. 1975;250:7210–7218.

 19. Mangin PH, Onselaer MB, Receveur N, Le Lay N, Hardy AT, 
Wilson C, Sanchez X, Loyau S, Dupuis A, Babar AK, et al. Immobilized fibrin-
ogen activates human platelets through glycoprotein VI. Haematologica. 
2018;103:898–907. doi: 10.3324/haematol.2017.182972

 20. Mammadova-Bach E, Ollivier V, Loyau S, Schaff M, Dumont B, Favier R, 
Freyburger G, Latger-Cannard V, Nieswandt B, Gachet C, et al. Platelet gly-
coprotein VI binds to polymerized fibrin and promotes thrombin generation. 
Blood. 2015;126:683–691. doi: 10.1182/blood-2015-02-629717

 21. Alshehri OM, Hughes CE, Montague S, Watson SK, Frampton J, Bender M, 
Watson SP. Fibrin activates GPVI in human and mouse platelets. Blood. 
2015;126:1601–1608. doi: 10.1182/blood-2015-04-641654

 22. Induruwa I, Moroi M, Bonna A, Malcor JD, Howes JM, Warburton EA, 
Farndale RW, Jung SM. Platelet collagen receptor Glycoprotein VI-dimer 



BA
SI

C 
SC

IE
NC

ES
 - 

T
Xu et al GPVI-Fibrinogen αC Binding Mediated by Avidity

1104  March 2021 Arterioscler Thromb Vasc Biol. 2021;41:1092–1104. DOI: 10.1161/ATVBAHA.120.315030

recognizes fibrinogen and fibrin through their D-domains, contributing to 
platelet adhesion and activation during thrombus formation. J Thromb Hae-
most. 2018;16:389–404. doi: 10.1111/jth.13919

 23. Onselaer MB, Hardy AT, Wilson C, Sanchez X, Babar AK, Miller JLC, 
Watson CN, Watson SK, Bonna A, Philippou H, et al. Fibrin and D-dimer 
bind to monomeric GPVI. Blood Adv. 2017;1:1495–1504. doi: 
10.1182/bloodadvances.2017007732

 24. Zhang D, Ebrahim M, Adler K, Blanchet X, Jamasbi J, Megens RTA, 
Uhland K, Ungerer M, Münch G, Deckmyn H, et al. Glycoprotein VI is not 
a functional platelet receptor for fibrin formed in plasma or blood. Thromb 
Haemost. 2020;120:977–993. doi: 10.1055/s-0040-1710012

 25. Slater A, Perrella G, Onselaer MB, Martin EM, Gauer JS, Xu RG, 
Heemskerk JW, Ariëns RAS, Watson SP. Does fibrin(ogen) bind to mono-
meric or dimeric GPVI, or not at all? Platelets. 2019;30:281–289. doi: 
10.1080/09537104.2018.1508649

 26. Duval C, Profumo A, Aprile A, Salis A, Millo E, Damonte G, Gauer JS, 
Ariëns RAS, Rocco M. Fibrinogen αC-regions are not directly involved in 
fibrin polymerization as evidenced by a “Double-Detroit” recombinant fibrin-
ogen mutant and knobs-mimic peptides. J Thromb Haemost. 2020;18:802–
814. doi: 10.1111/jth.14725

 27. Mueller AM, Breitsprecher D, Duhr S, Baaske P, Schubert T, Längst G. 
Microscale thermophoresis: a rapid and precise method to quantify protein-
nucleic acid interactions in solution. In: Kaufmann M, et al, eds. Functional 
Genomics. Springer; 2017:151–164.

 28. Oshannessy DJ, Brighamburke M, Soneson KK, Hensley P, Brooks I. Determi-
nation of rate and equilibrium binding constants for macromolecular inter-
actions using surface plasmon resonance: Use of nonlinear least squares 
analysis methods. Anal Biochem. 1993;212:457–468. doi: 10.1006/ 
abio.1993.1355

 29. Miura Y, Takahashi T, Jung SM, Moroi M. Analysis of the interaction of plate-
let collagen receptor glycoprotein VI (GPVI) with collagen. A dimeric form of 
GPVI, but not the monomeric form, shows affinity to fibrous collagen. J Biol 
Chem. 2002;277:46197–46204. doi: 10.1074/jbc.M204029200

 30. Horii K, Kahn ML, Herr AB. Structural basis for platelet collagen responses 
by the immune-type receptor glycoprotein VI. Blood. 2006;108:936–942. 
doi: 10.1182/blood-2006-01-010215

 31. Jung SM, Moroi M, Soejima K, Nakagaki T, Miura Y, Berndt MC, Gardiner EE, 
Howes JM, Pugh N, Bihan D, et al. Constitutive dimerization of glycopro-
tein VI (GPVI) in resting platelets is essential for binding to collagen and 
activation in flowing blood. J Biol Chem. 2012;287:30000–30013. doi: 
10.1074/jbc.M112.359125

 32. Arthur JF, Shen Y, Kahn ML, Berndt MC, Andrews RK, Gardiner EE. Ligand 
binding rapidly induces disulfide-dependent dimerization of glycoprotein VI 
on the platelet plasma membrane. J Biol Chem. 2007;282:30434–30441. 
doi: 10.1074/jbc.M701330200

 33. Jung SM, Tsuji K, Moroi M. Glycoprotein (GP) VI dimer as a major col-
lagen-binding site of native platelets: direct evidence obtained with 
dimeric GPVI-specific Fabs. J Thromb Haemost. 2009;7:1347–1355. doi: 
10.1111/j.1538-7836.2009.03496.x

 34. Smith KA, Adamson PJ, Pease RJ, Brown JM, Balmforth AJ, Cordell PA, 
Ariëns RA, Philippou H, Grant PJ. Interactions between factor XIII and the alphaC 
region of fibrinogen. Blood. 2011;117:3460–3468. doi: 10.1182/blood- 
2010-10-313601

 35. Tsurupa G, Medved L. Identification and characterization of novel tPA- and 
plasminogen-binding sites within fibrin(ogen) alpha C-domains. Biochemis-
try. 2001;40:801–808. doi: 10.1021/bi001789t

 36. Tsurupa G, Tsonev L, Medved L. Structural organization of the fibrin(ogen) 
alpha C-domain. Biochemistry. 2002;41:6449–6459. doi: 10.1021/ 
bi025584r

 37. Matsuka YV, Medved LV, Migliorini MM, Ingham KC. Factor XIIIa-catalyzed 
cross-linking of recombinant alpha C fragments of human fibrinogen. Bio-
chemistry. 1996;35:5810–5816. doi: 10.1021/bi952294k

 38. Protopopova AD, Litvinov RI, Galanakis DK, Nagaswami C, Barinov NA, 
Mukhitov AR, Klinov DV, Weisel JW. Morphometric characterization of fibrino-
gen’s αC regions and their role in fibrin self-assembly and molecular orga-
nization. Nanoscale. 2017;9:13707–13716. doi: 10.1039/c7nr04413e

 39. Litvinov RI, Yakovlev S, Tsurupa G, Gorkun OV, Medved L, Weisel JW. Direct 
evidence for specific interactions of the fibrinogen alphaC-domains with the 
central E region and with each other. Biochemistry. 2007;46:9133–9142. 
doi: 10.1021/bi700944j

 40. Macrae FL, Duval C, Papareddy P, Baker SR, Yuldasheva N, 
Kearney KJ, McPherson HR, Asquith N, Konings J, Casini A, et al. A fibrin 
biofilm covers blood clots and protects from microbial invasion. J Clin Invest. 
2018;128:3356–3368. doi: 10.1172/JCI98734

 41. Pabbisetty KB, Yue X, Li C, Himanen JP, Zhou R, Nikolov DB, Hu L. Kinetic 
analysis of the binding of monomeric and dimeric ephrins to Eph recep-
tors: correlation to function in a growth cone collapse assay. Protein Sci. 
2007;16:355–361. doi: 10.1110/ps.062608807

 42. Garousi J, Lindbo S, Borin J, von Witting E, Vorobyeva A, Oroujeni M, 
Mitran B, Orlova A, Buijs J, Tolmachev V, et al. Comparative evaluation of 
dimeric and monomeric forms of ADAPT scaffold protein for targeting of 
HER2-expressing tumours. Eur J Pharm Biopharm. 2019;134:37–48. doi: 
10.1016/j.ejpb.2018.11.004

 43. Fan QR, Long EO, Wiley DC. A disulfide-linked natural killer cell recep-
tor dimer has higher affinity for HLA-C than wild-type monomer. Eur J 
Immunol. 2000;30:2692–2697. doi: 10.1002/1521-4141(200009)30: 
9<2692::AID-IMMU2692>3.0.CO;2-0

 44. Shiroishi M, Kuroki K, Ose T, Rasubala L, Shiratori I, Arase H, Tsumoto K, 
Kumagai I, Kohda D, Maenaka K. Efficient leukocyte ig-like receptor sig-
naling and crystal structure of disulfide-linked hla-g dimer. J Biol Chem. 
2006;281:10439–10447. doi: 10.1074/jbc.M512305200

 45. Müller KM, Arndt KM, Plückthun A. A dimeric bispecific miniantibody 
combines two specificities with avidity. FEBS Lett. 1998;432:45–49. doi: 
10.1016/s0014-5793(98)00829-1

 46. Pack P, Plückthun A. Miniantibodies: use of amphipathic helices to produce 
functional, flexibly linked dimeric FV fragments with high avidity in Esche-
richia coli. Biochemistry. 1992;31:1579–1584. doi: 10.1021/bi00121a001

 47. Lindborg M, Dubnovitsky A, Olesen K, Björkman T, Abrahmsén L, 
Feldwisch J, Härd T. High-affinity binding to staphylococcal protein A by an 
engineered dimeric Affibody molecule. Protein Eng Des Sel. 2013;26:635–
644. doi: 10.1093/protein/gzt038

 48. Vauquelin G, Charlton SJ. Exploring avidity: understanding the potential gains 
in functional affinity and target residence time of bivalent and heterobivalent 
ligands. Br J Pharmacol. 2013;168:1771–1785. doi: 10.1111/bph.12106

 49. Loyau S, Dumont B, Ollivier V, Boulaftali Y, Feldman L, Ajzenberg N, 
Jandrot-Perrus M. Platelet glycoprotein VI dimerization, an active process 
inducing receptor competence, is an indicator of platelet reactivity. Arterioscler 
Thromb Vasc Biol. 2012;32:778–785. doi: 10.1161/ATVBAHA.111.241067

 50. Herr AB. Direct evidence of a native GPVI dimer at the platelet surface. 
J Thromb Haemost. 2009;7:1344–1346. doi: 10.1111/j.1538-7836. 
2009.03502.x

 51. Poulter NS, Pollitt AY, Owen DM, Gardiner EE, Andrews RK, Shimizu H, 
Ishikawa D, Bihan D, Farndale RW, Moroi M, et al. Clustering of glycopro-
tein VI (GPVI) dimers upon adhesion to collagen as a mechanism to regu-
late GPVI signaling in platelets. J Thromb Haemost. 2017;15:549–564. doi: 
10.1111/jth.13613

 52. Sakamoto S, Putalun W, Vimolmangkang S, Phoolcharoen W, Shoyama Y, 
Tanaka H, Morimoto S. Enzyme-linked immunosorbent assay for the quan-
titative/qualitative analysis of plant secondary metabolites. J Nat Med. 
2018;72:32–42. doi: 10.1007/s11418-017-1144-z

 53. Sánchez-Cortés J, Mrksich M. The platelet integrin alphaIIbbeta3 binds to 
the RGD and AGD motifs in fibrinogen. Chem Biol. 2009;16:990–1000. 
doi: 10.1016/j.chembiol.2009.08.012

 54. Springer TA, Zhu J, Xiao T. Structural basis for distinctive recognition of 
fibrinogen gammaC peptide by the platelet integrin alphaIIbbeta3. J Cell 
Biol. 2008;182:791–800. doi: 10.1083/jcb.200801146

 55. Kazuhisa S, Jun M, Kiyoto N, Sadaaki I, David H, Sachiya O. Fibrinogen 
binds to integrin α5β1 via the carboxylterminal rgd site of the a-chain. J Biol 
Chem. 2000;128:705. doi: 10.1093/oxfordjournals.jbchem.a022804

 56. Makogonenko E, Tsurupa G, Ingham K, Medved L. Interaction of fibrin(ogen) 
with fibronectin: further characterization and localization of the fibro-
nectin-binding site. Biochemistry. 2002;41:7907–7913. doi: 10.1021/ 
bi025770x

 57. Tsurupa G, Ho-Tin-Noé B, Anglés-Cano E, Medved L. Identification and 
characterization of novel lysine-independent apolipoprotein(a)-binding sites 
in fibrin(ogen) alphaC-domains. J Biol Chem. 2003;278:37154–37159. doi: 
10.1074/jbc.M305154200

 58. Tsurupa G, Yakovlev S, McKee P, Medved L. Noncovalent interaction of 
alpha(2)-antiplasmin with fibrin(ogen): localization of alpha(2)-antiplasmin-
binding sites. Biochemistry. 2010;49:7643–7651. doi: 10.1021/bi1010317




