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Abstract
Background: Deficiency in blood coagulation factor VIII (FVIII) results in life- threating 
bleeding (hemophilia A) treated by infusions of FVIII concentrates. To improve disease 
treatment, FVIII has been modified to increase its plasma half- life, which requires un-
derstanding mechanisms of FVIII catabolism. An important catabolic actor is hepatic 
low density lipoprotein receptor- related protein 1 (LRP1), which also regulates many 
other clinically significant processes. Previous studies showed complexity of FVIII site 
for binding LRP1.
Objectives: To characterize binding sites between FVIII and LRP1 and suggest a 
model of the interaction.
Methods: A series of recombinant ligand- binding complement- type repeat (CR) frag-
ments of LRP1 including mutated variants was generated in a baculovirus system and 
tested for FVIII interaction using surface plasmon resonance, tissue culture model, 
hydrogen– deuterium exchange mass spectrometry, and in silico.
Results: Multiple CR doublets within LRP1 clusters II and IV were identified as al-
ternative FVIII- binding sites. These interactions follow the canonical binding mode 
providing major binding energy, and additional weak interactions are contributed by 
adjacent CR domains. A representative CR doublet was shown to have multiple con-
tact sites on FVIII.
Conclusions: FVIII and LRP1 interact via formation of multiple complex contacts 
involving both canonical and non- canonical binding combinations. We propose 
that FVIII- LRP1 interaction occurs via switching such alternative binding combi-
nations in a dynamic mode, and that this mechanism is relevant to other ligand 
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1  |  INTRODUC TION

Blood coagulation factor VIII (FVIII) is a large heterodimeric protein 
(~300 kDa) consisting of a heavy chain (HCh, A1- A2- B domains) and a 
light chain (LCh, A3- C1- C2 domains). It circulates in complex with von 
Willebrand factor (VWF), which stabilizes FVIII in plasma.1,2 At coagu-
lation sites, FVIII is site- specifically cleaved by thrombin into activated 
FVIII (FVIIIa) (Figure S1 in supporting information), which serves as co-
factor to activated factor IX in reactions of blood clotting.3 Congenital 
FVIII deficiency results in life- threatening bleeding (hemophilia A) 
treated by infusions of therapeutic FVIII. To reduce infusion frequency, 
extended plasma half- life FVIII variants are being generated,4 and opti-
mal designs require understanding FVIII catabolic mechanisms.

Plasma clearance of FVIII involves several receptors5– 14 with 
hepatic low density lipoprotein receptor- related protein 1 (LRP1) 
playing a major role.7,9,15– 19 In a pathway with direct FVIII– LRP1 in-
teraction, it occurs via a small FVIII fraction (~5%) unbound to VWF 
and preconcentrated on cell surfaces.20– 22 In FVIII clearance, LRP1 
acts in concert with the hepatic low density lipoprotein receptor 
(LDLR).5 Both belong to the LDLR family of endocytic receptors23– 26 
associated with many processes with clinical significance.27– 31 Other 
members of the LDLR family, very low density lipoprotein receptor 
(vLDLR) and megalin, can also interact with FVIII with unknown func-
tional relevance.32,33

LRP1 is ubiquitously expressed in many tissues where it inter-
acts with numerous ligands to regulate many processes of which 
pathology may cause type 2 diabetes, obesity, and Parkinson's and 
Alzheimer's diseases.27,28,30,31 In circulation, LRP1 internalizes di-
verse structurally unrelated ligands including triglyceride- rich parti-
cles, proteases and their complexes with inhibitors, and coagulation 
proteins.34,35 The ligand- binding moiety of LRP1, as well as other 
LDLR family members, is presented by clusters of highly homologous 
complement- type repeats (CR; Figure S2 in supporting information) 
forming autonomous domains. The domain structure is enforced 
by three disulfide bonds and Ca2+ coordination via four conserved 
acidic residues.16,36,37 During ligand binding, these acidic residues 
and a conserved aromatic residue interact with a ε- amino group and 
an aliphatic chain of a ligand's lysine (termed “critical”), respectively, 
while other interface residues also contribute to interaction. This 
mode (termed “canonical”) was described for interaction of LDLR 
with receptor- associated protein (RAP), a folding chaperone of the 
receptor's family,38 and was proposed as a common mechanism for 
ligand recognition by these receptors.39,40 Based on the chaperone 
function and ability to interact with all receptors of LDLR family, RAP 
has been considered a model ligand of the family.41– 43

In the RAP– LRP1 interaction, a doublet of adjacent CR domains 
of LRP1 binds two critical lysine residues of RAP providing canonical 
interaction (termed “bivalent”) via switching contacts dynamical-
ly.44– 46 In FVIII– LRP1 interaction, at least two charged FVIII residues 
were also proposed to bivalently interact with LRP1 suggesting sim-
ilarity of the mechanism.46 While multiple lysine residues on FVIII 
were shown to be important for binding,47 extensive mutagenesis 
of lysines on FVIII did not abolish its interaction with LRP17,47 indi-
cating its complexity. In LRP1, among the four clusters with 31 CR 
domains in total (Figure 1A and Figure S2), clusters II and IV were 
shown to bind the isolated FVIII LCh.48– 50 Together, these data in-
dicate complexity of the interactive determinants on both proteins.

Here, we aimed to characterize the minimal bivalent binding sites 
of LRP1 for FVIII, verify their relevance to the canonical binding 
mode, and elucidate a relationship between the relative simplicity 
of the bivalent mechanism and complexity of the interactive de-
terminants on both proteins. Our experimental approaches include 
expressing LRP1 fragments and determining their interactions with 
FVIII in purified systems, tissue culture, and in silico.

2  |  MATERIAL S AND METHODS

2.1  |  Proteins

Recombinant full- length FVIII products A and B, and a B domain- 
deleted FVIII (BDD– FVIII) product C were obtained from ASD 
Healthcare and National Institute of Health Pharmacy. These 
products were used interchangeably as a source of FVIII with no 
difference in results: product A was used in most experiments, while 
products B (Figure S6D in supporting information) and C (Table S1 
and Figure S3 in supporting information) were used in experiments 
in indicated figures. Plasma- derived FVIII (pdFVIII) was prepared 

interactions of the low- density lipoprotein receptor family members including 
LRP1.
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Essentials

• Factor VIII (FVIII) is catabolized by low density lipopro-
tein receptor- related protein 1 (LRP1).

• Multiple LRP1 sites for binding FVIII were identified and 
characterized.

• Multiple FVIII sites for binding a particular LRP1 frag-
ment were identified.

• We propose a model of FVIII– LRP1 interaction based on 
dynamically alternating complex contacts.
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as described.51 A B domain– truncated FVIII bearing 21 amino acids 
of the B domain52 was kindly provided by Novo Nordisk and used 
in hydrogen– deuterium exchange mass spectrometry (HDX- MS) 
experiment. Recombinant FVIII LCh and scFv iKM33 were 
prepared as described.53 LRP1 was isolated as described,54 and 
its CR fragments were generated using DNA synthesis (GenScript) 
and Bac- to- Bac Baculovirus Expression System (Thermo Fisher 
Scientific) as described.51 CR fragments used in experiments 
shown in Figures 2A– D, 4C and 5 and Figure S4A in supporting 
information were generated using RAP co- expression.45 RAP 
was purchased from R&D Systems. Protein concentrations were 

determined by measuring the UV absorbance at 280 nm based on 
extinction coefficients calculated using ProtParam (Expasy).

2.2  |  Antibodies, cell lines, reagents, and 
polyacrylamide gel electrophoresis

Anti- LRP1 (1:5000) and LDLR antibodies (1:2000) were purchased 
from Abcam. Secondary antibodies (IRDye 680RD Goat anti- 
Rabbit and IRDye 800CW Donkey anti- Mouse, 1:10 000) and 
anti- β- actin antibody (1:5000) were purchased from LI- COR 

F I G U R E  1  The complement- type repeat (CR) domain structure of lipoprotein receptor- related protein 1 (LRP1) and expressed CR 
fragments. (A) CR domain structure of LRP1. (B) Expressed CR fragments of LRP1: individual CR domains are depicted by rectangles, where 
the conserved aromatic residues homologous to W1080 in CR.8 (position 1 in Figure S2) are indicated by circles (pink for tryptophan and 
blue for phenylalanine). (C) Analysis of purified clusters II– IV and CR fragments overlapping clusters II and IV by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (non- reducing condition) gels stained with Coomassie Brilliant Blue. Line numbering corresponds to the 
numbering of the protein samples; M, molecular weight markers.
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Biosciences. For flow cytometry, polyclonal anti- FVIII antibody 
(Enzyme Research Laboratories) was conjugated to Alexa Fluor 
647 dye (Thermo Fisher Scientific). HepG2, Hep3B, and SK- HEP1 
cells were purchased from American Type Culture Collection 
(ATCC), and Huh- 7 cells were purchased from Sekisui XenoTech. 
Cells were cultured according to manufacturer's instructions. 
Cells were transfected with siRNAs purchased from Dharmacon 
using DharmaFECT. Protein lysates (40 μg) were prepared as 
described55 from HepG2, Hep3B, Huh- 7, and SK- HEP1 cells and 
separated on a 4%– 12% NuPAGE Bis- Tris Protein Gel (Thermo 
Fisher Scientific). Chameleon Duo Pre- Stained Protein Ladder (LI- 
COR) was used as control. For quantification of LRP1 and LDLR 
expression, immunoblot band intensities were determined by 
Image Studio Lite (LI- COR Biosciences).56

2.3  |  Circular dichroism

Far- UV circular dichroism (CD) spectra were measured using a 
Jasco J- 815 Spectropolarimeter equipped with a PTC 423S/15 
Peltier temperature controller (Jasco) at 25 ± 0.2°C. The protein 
concentration in the samples was adjusted to 30 μM in HBS buffer 
(10 mM HEPES pH 7.4, 150 mM NaCl) containing 5 mM CaCl2. 
Ethylenediaminetetraacetic acid (EDTA) titration of samples was 
conducted as described.45,57 Measurements were conducted be-
tween 180 and 260 nm using a 0.5- mm path length quartz cuvette at 
a scan speed of 20 nm/min, bandwidth of 1.0 nm, and resolution of 
0.2 nm, and accumulated in triplicate.

2.4  |  Surface plasmon resonance

LRP1 and its fragments were immobilized on CM5 sensor chips 
using an amine coupling kit (Cytiva) at indicated level (RU). Binding 
assays were performed in HBS- P buffer (Cytiva) supplemented 
with 5 mM CaCl2 (HBS- P/Ca) using a Biacore 3000 or T200 in-
strument (Cytiva). Association and dissociation of analytes were 
recorded at 30 μl/min for 2 and 3 min, respectively. Sensor chip 
regeneration was conducted with 0.1 M H3PO4 (50 μl/min). For the 
competitive binding assay shown in Figure 5A , CR.7– 8 was bioti-
nylated using EZ- Link Sulfo- NHS- Biotin (Thermo Fisher Scientific) 
and purified by Zeba Spin Desalting Columns, 7 K MWCO (Thermo 
Fisher Scientific). Biotinylated CR.7– 8 (50 nM) was captured by 
pre- immobilized streptavidin- oligonucleotide on a CAP sensor 
chip (Cytiva). FVIII (25 nM), in presence and absence of cluster 
II fragments (125 nM) in HBS- P/Ca buffer, was injected over the 
chip. Binding signals were recorded upon increasing FVIII concen-
trations for four repeat sets. To assess the FVIII affinities upon 
the LRP1 sites mapping, a 1:1 Langmuir model fit was applied on 
the surface plasmon resonance (SPR) signals using BIAevaluation 
v4.1.1 software (Cytiva). For fitting other binding data, the steady- 
state affinity and bivalent analyte models were used with T200 
v3.2 software (Cytiva).

2.5  |  Cell- based FVIII internalization assay

Seventy percent of confluent Huh- 7 cells cultured in 6- well tissue 
culture plates coated with poly- D- lysine (Sigma) in Dulbecco's modi-
fied Eagle's medium (DMEM) with low glucose and 10% fetal bovine 
serum were exposed to serum- free DMEM containing 10 mM HEPES, 
5 mM CaCl2, and 150 mM NaCl for 2 h. Media was changed to fresh 
pre- warmed serum- free DMEM containing 1% bovine serum albumin 
(BSA), 10 mM HEPES, 5 mM CaCl2, 150 mM NaCl, and then FVIII, LRP1 
fragments, iKM33, or RAP were added as indicated. After 1 h incuba-
tion at 37°C, cells were washed with PBS and detached by treating 
with Accutase. Cells were collected by centrifuging at 100 g at 4°C 
for 6 min, incubated with phosphate- buffered saline (PBS) containing 
LIVE/DEAD fixable Aqua dead cell stain for 405 nm excitation (Thermo 
Fisher Scientific) at 4°C for 30 min, washed with PBS, and treated with 
4% paraformaldehyde (Thermo Fisher Scientific) for 15 min. Washed 
cells were treated with the staining solution (0.1% saponin and 1% 
BSA) for 20 min followed by incubation with the labeled FVIII antibody 
(1:100) at room temperature for 20 min. Collected cells were sequen-
tially washed with the staining solution and PBS, resuspended in PBS, 
and analyzed using a FACS Canto II Flow Cytometer (BD Biosciences 
Systems). Internalized FVIII levels were quantified after subtracting 
non- treated sample (5000– 10 000 cells per sample) by analyzing mean 
fluorescence intensities in viable cells.

2.6  |  Hydrogen deuterium exchange- mass 
spectrometry

Sequence coverage determination and HDX- MS experiments were 
performed as described58,59 with the following conditions. FVIII and 
CR.7– 8 samples were buffer exchanged into 20 mM imidazole pH 7.3, 
10 mM CaCl2, and 500 mM NaCl. For the FVIII sequence coverage map, 
0.5 μl of 25 μM FVIII was added to 39.5 μl of ice- cold quench (50 mM 
glycine, pH 2.5, and 6 M guanidine- HCl) before diluting in 100 mM gly-
cine. Two hundred μl of the solution was injected into a Waters HDX 
system (Waters) with in- line Enzymate BEH Pepsin Column (Waters). 
HDX- MS reactions of FVIII and FVIII/CR.7– 8 complex were performed 
in triplicate at 25°C for 10 s, 1, 10, and 60 min using a LEAP autosam-
pler as follows: reactions were initiated by combining 2 μl of 20 μM pro-
tein with 18 μl of 2H2O buffer (pD 7.3, 20 mM imidazole, 10 mM CaCl2, 
and 111 mM NaCl) resulting in a 150 mM final NaCl concentration fa-
voring FVIII/CR.7– 8 complex formation. The reactions were quenched 
by adding 50 μl of ice- cold quench (50 mM glycine, 6 M guanidine, and 
100 mM tris [2- carboxyethyl]phosphine). The solution was then diluted 
in 180 μl of 100 mM glycine and injected after 2 min incubation.

2.7  |  Structural modeling and docking simulation

The structural model for CR.7– 8 was generated by multi- template 
homology modeling with MODELER60 with template structures for 
CR.7 (PDB ID 1J8E) and CR.8 (PDB ID 5B4X). Based on the previous 
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findings38,44 and our experimental data, it was assumed that both 
CR.7 and CR.8 interact with FVIII lysines through the conserved 
calcium- coordinating acidic residues (Figure S2) on CR.7– 8. Thus, 
the two aspartic acid residues and one tryptophan in the CR cal-
cium binding pocket was used to define distance- based constraints 
during the subsequent docking simulations to FVIII (PDB ID 6MF2). 
The ideal lysine interaction distances to W144, D147, and D151 (NZ 
atom in lysine and CG atom in tryptophan or aspartic acid) were set 
to 4.2, 3.4, and 3.5 Å, respectively, by referring to the X- ray crystal 
structure of RAP complexed with LDLR (PDB ID 2FCW).38 For the 
10 lysines found in FVIII LCh by HDX- MS, docking simulation was 
performed by Rosetta FastRelax61 with constraints for 250 times, 
and the model with the lowest binding energy was finally selected.

2.8  |  Statistics

Statistical significance was determined using one- way or two- way anal-
ysis of variance followed by Tukey's post hoc test in GraphPad Prism, 
v7.04 (GraphPad Software). All data are presented as mean ± standard 
deviation (SD), and p < .05 were considered statistically significant.

3  |  RESULTS

3.1  |  Testing FVIII interactions with LRP1 and its 
clusters II– IV

To examine the structure– function relationship of FVIII- binding re-
gions of LRP1, we compared FVIII binding to LRP1 and its recombinant 
clusters II– IV (Figure 1A,B) by SPR. Here and further, we used LRP1 
fragments generated in insect cells proven to produce functional CR 
fragments of the LDLR family.45,51,57 FVIII bound in similar fashion to 
LRP1 and its clusters II and IV (Figure 2A– D), consistent with previous 
studies.46,48,50 The assessed affinities were comparable (KDs ~ 20 nM, 
Table 1) indicating functional equivalency of these interactions.

Specificity of interactions was tested using iKM33, a single- chain 
variable antibody fragment (scFv) recognizing FVIII C1 domain.53,62 
In a dose- dependent manner, iKM33 strongly inhibited FVIII binding 
to the tested proteins (Figure S4A) indicating an involvement of FVIII 
C1 domain or its proximal regions in these interactions.

3.2  |  Identification of LRP1 CR doublets binding FVIII

Previous studies indicated that a minimal binding site of LRP1 for FVIII 
is formed by a pair of adjacent CR domains similarly to RAP binding.51,57 
To identify those within clusters II and IV, we generated a series of CR 
doublets overlapping both clusters (Figure 1B). By PAGE, some proteins 
showed two bands (Figure 1C) attributed to differential glycosylation 
based on previous studies.50,51,57 By SPR, CRs 6– 7, 7– 8, 24– 25, and 
28– 29 showed the strongest binding (Figure 2E,F and Figure S3) with 
KDs of 40– 70 nM to various FVIII species (Table S1). Specificity of the 

interactions was tested using iKM33 as a competitor, where its 5- fold 
molar excess suppressed all interactions (Figure S4B,C). This indicates 
an importance of FVIII C1 and/or its adjacent domains for the binding.

To ensure proper folding of the CR doublets, secondary struc-
tures of selected “weak binders” (CR.3– 4 and 4– 5) and “strong bind-
ers” (CR.6– 7 and 7– 8) were assessed by far- UV CD as described.45 
All proteins exhibited similar spectra, and their titration with EDTA 
to remove bound Ca2+ important for the folding showed comparable 
reduction of the major negative extremum at ~200 nm (Figure S5 in 
supporting information). This indicates similar folding of all CR dou-
blets and supports validity of the SPR results.

3.3  |  Mutational analysis of FVIII interactions with 
LRP1 fragments

Previous studies showed the importance of the conserved aromatic 
residues in the LDLR family for ligand interactions.38– 40,57 To verify 
this for FVIII and LRP1, we generated a series of LRP1 fragments 
carrying substitutions of the conserved tryptophan (Figure S2) to 
serine, which does not affect CR domain folding but disrupts the 
canonical binding.51,57,63 The mutations were introduced to strong 
and moderate FVIII- binding CRs within the clusters (CRs 5– 9 in clus-
ter II, and CRs 24– 29 in cluster IV) and their doublets CR.7– 8 and 
CR.28– 29, but not to other CRs showed low FVIII binding (Table S1) 
or lacking the conserved tryptophan (Figure S2).

By SPR, the mutant proteins exhibited reduced binding to both 
RAP and FVIII (Figure 3). These results indicate the significance of 
the conserved tryptophan residues similar to that previously shown 
for RAP and other ligands of the LDLR family members38– 40,63 and 
support relevance of the canonical binding mode to FVIII interac-
tions. Notably, the reduced binding of mutant proteins was more pro-
nounced for RAP compared to FVIII, and for CR doublets compared 
to the clusters. This is in line with previous studies showing that RAP 
binding is predominantly dependent on the canonical interactions of 
its critical lysine residues,45,64 whereas FVIII binding involves addi-
tional determinants within both mutated and non- mutated CR do-
mains, mitigating the mutational effect. The results also show that 
non- mutated CR domains within the clusters may contribute to FVIII 
binding (Figure 3F,H) consistent with the ability of these CRs within 
isolated CR doublets to weakly bind FVIII (Figure 2).

3.4  |  Development of LRP1- mediated FVIII 
internalization tissue culture model

To confirm the role of CR doublets in FVIII- LRP1 interaction, we 
developed a tissue culture model of LRP1- mediated FVIII inter-
nalization. For cell line selection, we compared LRP1 and LDLR 
expression levels in human hepatic cell lines HepG2, Hep3B, Huh- 
7, and SK- HEP1 as both receptors are expressed in liver where 
they contribute to FVIII clearance and Huh- 7 showed the high-
est abundance of LRP1 over LDLR (Figure S6A). Then, time-  and 
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temperature- dependent FVIII internalization by the cells were 
measured using polyclonal anti- FVIII antibodies and flow cytom-
etry (Figure S6B,C), and the highest level of internalized FVIII was 
observed in Huh- 7 cells (Figure S6D).

Relative contributions of LRP1 and LDLR for FVIII internaliza-
tion in Huh- 7 cells were tested using small interfering RNA (siRNA). 
Compared to cells treated with non- targeting siRNA, depletion of 
either LRP1 or LDLR resulted in ~70% or ~30% reduction in FVIII in-
ternalization, respectively, whereas the depletion of both receptors 
did not further decrease FVIII internalization compared to LRP1 de-
pletion only. In control experiments, additional treatment with either 
RAP or iKM33 showed reduced FVIII internalization comparable to 
the LRP1- depleted condition (Figure 4A,B). Altogether, the results 
show that LRP1 is the major endocytic receptor of FVIII under the 
tested conditions.

3.5  |  Testing LRP1- mediated FVIII internalization 
in the presence of LRP1 fragments

We next ascertained significance of CR fragments for FVIII interac-
tion using our tissue culture model. Various molar ratios of cluster II, 
III, or IV were pre- incubated with FVIII and treated to Huh- 7 cells fol-
lowed by internalized FVIII quantitation. Clusters II and IV inhibited 
FVIII internalization dose dependently (Figure S7 in supporting infor-
mation), and at 10- fold molar excess, lowered internalization by ~40% 
and ~30%, respectively, in contrast to cluster III showing no significant 
effect (Figure 4C). The results are consistent with SPR data (Figure 2B– 
D) and indicate the overlapping FVIII binding sites within clusters II 
and IV, and their independent role within LRP1 in FVIII internalization.

In similar testing conditions with CR doublets overlapping clusters 
II and IV, CRs 7– 8, 24– 25, and 28– 29 suppressed FVIII internalization 

F I G U R E  2  Testing factor VIII (FVIII) interactions with lipoprotein receptor- related protein 1 (LRP1) fragments by surface plasmon resonance 
(SPR). LRP1 (A) and its clusters II, III, and IV (B– D) were immobilized at ~250 RU and tested for binding with FVIII (2.5, 5, 10, 20, 40, and 
80 nM for LRP1, and 0.5, 1.9, 7.5, 30, and 120 nM for LRP1 clusters) using a Biacore T200 instrument. The representative graphs of the three 
independent experiments are shown. RU, resonance units. (E,F) Binding FVIII to complement- type repeat (CR) doublets of LRP1 clusters II 
(E) and IV (F). The CR doublets were immobilized on a sensor chip at ~1000 RU and tested for binding with FVIII (125 and 200 nM) using a 
Biacore 3000 instrument. The maximum responses during 3 min of association were normalized per RU of the CR doublet immobilization level 
(RU/RU) multiplied by 10 for convenience of data visualization and further normalized to the average of the four independent experimental 
data to adjust scales. The experiments were conducted with 2- fold serial dilutions of each ligand, while the bars presented are for a 
selected concentration of each ligand. Data are presented as mean ± standard deviation from four independent SPR experiments using two 
independently expressed and purified sets of CR doublets. Values with one different letter are significantly different from each other (p < .05; 
one- way analysis of variance, Tukey's post hoc test).
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(Figure 4D,E), consistent with their strong FVIII binding in SPR 
(Figure 2E,F). CR.22– 23 (a weak FVIII binder) also inhibited FVIII in-
ternalization, while CR.6– 7 (a strong FVIII binder) did not affect FVIII 
internalization. Notably, as LRP1 accounts for ~70% of FVIII uptake 
in Huh- 7 cells, 20%– 25% reduction in the FVIII internalization corre-
sponds to 30%– 36% decrease of LRP1- mediated internalization.

We next verified whether the CR fragments compete for FVIII 
binding with endogenous LRP1, but not other cellular entities. CR.6– 8 
triplet comprised of strong binders CRs 6– 7 and 7– 8, and its (CR.6– 8) 
tripple mutant (W→S) were tested with FVIII in cultures pretreated 
with respective siRNAs. CR.6– 8 markedly inhibited internalization of 
FVIII by cells pretreated with non- targeting or LDLR- targeting siRNA, 
while CR.6– 8 mutant exhibited lower suppression; no further effects 
were observed when LRP1 was depleted (Figure S8 in supporting in-
formation). This supports that inhibition of FVIII internalization by CR 
fragments depends on competition with cellular LRP1 for FVIII bind-
ing. Taken together, these results further support that CRs 7– 8, 24– 25, 
and 28– 29 are major LRP1 sites for FVIII binding.

3.6  |  Testing avidity effects of CR domains on 
interactions with FVIII

Previous studies to assess affinity of FVIII and LRP1 determined a KD 
within 18– 116 nM.7,9,47,49 We assessed this value as ~23 nM, which was 
comparable to isolated clusters II and IV (Table 1), whereas the strong 
binding CR doublets showed lower affinities (Table 1 and Table S1). To 
investigate whether the number of CR domains affects FVIII binding, 
we assessed FVIII affinity for a series of cluster II fragments: CR.7 sin-
glet, CR doublets 6– 7 and 7– 8, CR triplet 6– 8, and CR octet 3– 10 (the 
full- length cluster II). Similar to clusters II– IV, these fragments were 
generated with RAP co- expression to ensure protein folding.45

By SPR, FVIII did not bind CR.7, in line with previous reports 
showing no or poor interaction between a CR singlet and RAP.44,45 
Other CR fragments showed a direct relationship between the 

fragment length and FVIII binding affinity, based on consecutive 
moderate decrease of the KD values upon the increase of the do-
mains number (Table 1 and Figure S9 in supporting information).

To verify the additive (avidity) effects of CR domains, we tested 
the same CR fragments as competitors of FVIII interactions. CR.6– 7 
had no effect on FVIII binding to immobilized CR.7– 8, implying that 
FVIII sites for binding these doublets are distantly located. Upon in-
creasing the number of domains, other CR fragments led to progres-
sive inhibition of binding with the strongest effect being of cluster II 
(Figure 5A). Similar effects of the fragments on FVIII internalization 
were observed in the tissue culture model (Figure 5B). Collectively, 
the results demonstrate that during FVIII interaction with cluster II, 
a CR doublet predominantly contributes to the binding energy with 
an additional input of other CR domains.

3.7  |  Identification of CR.7– 8 binding sites on FVIII 
by HDX- MS

To characterize FVIII- binding sites for a minimal binding unit of 
LRP1, HDX- MS was employed to analyze the complex of CR.7– 8 
and a B domain- truncated FVIII, which is less heterogenous than 
full- length FVIII while functionally equivalent to it. The analysis of 
FVIII in presence and absence of CR.7– 8 detected a total of 264 
peptides covering 78% of FVIII primary sequence. In presence of 
CR.7– 8, overlapping peptides encompassing FVIII residues 19– 27, 
185– 198, 222– 225, 369– 388, 404– 410, 442– 445, 487– 497, 649– 
663, 1689– 1700, 1705– 1718, 1743– 1752, 2034– 2050, 2088– 2096, 
2109– 2113, 2130– 2134, 2146– 2150, 2210– 2228, 2236– 2251, 
2269– 2274, and 2284– 2294 displayed decreased deuterium uptake, 
indicating that these regions are protected or changed conforma-
tional dynamics (Figure 6A). When mapped onto the FVIII crystal 
structure, the non- contiguous nature of protected regions revealed 
multiple areas located throughout the molecule, prevalently on the 
LCh (Figure 6B). These areas include surface- exposed lysine resi-
dues, of which locations were highly comparable to those previously 
observed in FVIII complex with cluster II by HDX- MS.47 This sug-
gests that within LRP1, CR.7– 8 interacts with multiple regions on 
FVIII that is similar to the cluster II interaction.

3.8  |  Modeling interactions between FVIII and 
CR.7– 8 in silico

To assess details of FVIII- CR.7– 8 interaction, structural modeling was 
performed by docking CR.7– 8 to lysine residues located on the surface 
of LCh identified by HDX- MS (Figure 7A), which resulted in selection 
of 90 docking pairs. Upon applying limitation criteria such as a binding 
energy (ΔΔG) threshold and the distance- based constraints between 
the acidic pockets of CR domains and FVIII lysines, 10 of the lowest 
binding energy docking models were selected as representative 
(Figure 7B) and superimposed (Figure S10 in supporting information). 
One of these models showing CR.7– 8 docking to FVIII K1694 (A3 

TA B L E  1  Equilibrium binding constants for FVIII interactions 
with LRP1 and its recombinant fragments

LRP1/fragment KD (nM)

LRP1 22.8 ± 5.2

Cluster II 11.3 ± 0.8

Cluster III NBD

Cluster IV 19.6 ± 3.3

CR.6– 8 28.4 ± 8.9

CR.6– 7 65.2 ± 12.9

CR.7– 8 81.5 ± 26.3

CR.7 NBD

Note: Binding experiments were performed using SPR. The KD values 
were calculated by fitting the data to a steady- state affinity model. 
Values are average ± SD from three different experiments.
Abbreviations: CR, complement- type repeat; FVIII, factor VIII; LRP1, 
lipoprotein receptor- related protein 1; NBD, no binding detected; SD, 
standard deviation; SPR, surface plasmon resonance.
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domain) and K2092 (C1 domain) (Figure 7C) revealed: (i) electrostatic 
interactions between both lysines and the conserved aspartic acid 
residues of the CR doublet, and (ii) hydrophobic interactions between 
these lysines and the conserved W1032 (CR.7) and W1080 (CR.8) of 
the doublet, similar to that found for RAP– LDLR interaction.38 The 
diverse low- energy docking combinations found here suggest that 
multiple FVIII sites bind CR.7– 8 during the LRP1 interaction.

4  |  DISCUSSION

The importance of LRP1 as the major FVIII clearance receptor has 
been well recognized, but the molecular details of this interaction 
have not been fully understood. In this study, we characterized 
FVIII binding sites of LRP1, demonstrated their multiplicity, and 
showed relevance of FVIII– LRP1 interaction to the canonical mode 

F I G U R E  3  Binding receptor- associated protein (RAP) and factor VIII (FVIII) to mutated lipoprotein receptor- related protein 1 (LRP1) 
clusters II and IV, and CR.7– 8 and CR.28– 29. In surface plasmon resonance, indicated wild- type and mutant LRP1 fragments were 
immobilized at ~2000 resonance unit (RU) for clusters or ~1000 RU for complement- type repeat (CR doublets, and tested for binding with 
RAP (0.625– 10 nM; A– D and I– L) and FVIII (25– 400 nM; E– H and M– P) using 2- fold serial dilutions for each ligand) and a Biacore 3000 
instrument. For mutated fragments, the conserved tryptophan residues corresponding to W1080 in CR.8 (position 1 in Figure S2) were 
substituted to serine residues in CR.5– 9 within cluster II (CR.3– 10), CR.24– 29 within cluster IV (CR.21– 31), and in each CR domain within 
CR.7– 8 and CR.28– 29 doublets. (Q) The bars represent the maximum responses of indicated mutants at 3 min of association normalized to 
responses of corresponding wild- type fragments with each concentration of RAP or FVIII shown in panels (A– P).
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of ligands recognition by the LDLR family receptors. Meanwhile, the 
complexity of interaction and relative simplicity of the canonical 
mechanism requires explanation.

To summarize, we showed that clusters II and IV represent inde-
pendent units of LRP1 for binding FVIII, of which the major interactive 
sites involve the C1 and/or surrounding domains due to iKM33 inter-
ference (steric hindrance) with respective interactions. Our results in-
dicate a major role of cluster II based on its higher affinity to FVIII and 
stronger inhibition of FVIII internalization in tissue culture. Notably, 
due to the more distant location of cluster II from the transmembrane 
region of LRP1 and flexibility of the molecule, cluster II has a higher ca-
pacity to spatially probe pre- concentrated FVIII on cell membranes20 
and heparan sulfate proteoglycans.21 However, our results are in con-
trast to data of Young et al.,46 who showed that cluster IV represents 
the major FVIII binding site, possibly due to difference in experimental 
conditions, in particular using recombinant protein expression ensured 
the protein folding by co- expressing RAP in our study.

In each cluster, we identified a series of minimal FVIII- binding 
sites, of which the most prominent were CRs 7– 8, 24– 25, and 28– 29, 

showed strong binding to FVIII by SPR and inhibition of FVIII inter-
nalization in tissue culture. We also observed that: (i) a strong FVIII 
binder CR.6– 7 did not affect FVIII internalization, consistent with 
possibly distant location of its binding site from others on FVIII 
(Figure S11 in supporting information), and (ii) a weak FVIII binder 
CR.22– 23 showed strong inhibition of FVIII internalization, con-
sistent with possible steric hindrance of its FVIII- binding site upon 
immobilization on solid phase, as described for relatively small li-
gands.65 Thus, the doublets 6– 7 and 22– 23 presumably also serve as 
LRP1 binding sites for FVIII. Our mapping results are partially con-
sistent with data of Meijer et al.,50 who assessed cluster II and IV 
sites for binding isolated LCh using CR triplets and found ~100- fold 
lower affinities.

The major contribution of the canonical (bivalent) binding mode 
to FVIII– LRP1 interaction found by our mutational and in silico 
analyses agrees with the previous data showed the importance of 
FVIII lysine residues.46,47 Indeed, substituting the conserved tryp-
tophan residue in selected CR fragments resulted in reduction of 
their interactions with both FVIII and RAP (Figure 3), in line with 

F I G U R E  4  Testing lipoprotein receptor- related protein 1 (LRP1)- mediated factor VIII (FVIII) internalization in tissue culture. In control 
experiments (A,B), Huh- 7 cells grown in 6- well plates were incubated for 3 days with 50 nM of non- targeting siRNA or siRNA targeting LRP1 
or low density lipoprotein receptor expression. Then, the cells were analyzed for receptor expression by western blotting with respective 
antibodies (A) or incubated with FVIII (25 nM) for 1 h at 37°C in the presence and absence of receptor- associated protein (RAP, 125 nM) or 
iKM33 (125 nM; B). Internalized FVIII was detected using an Alexa Fluor- 647 labeled polyclonal anti- FVIII antibody and quantified by flow 
cytometry. The data were normalized to the amount of internalized FVIII in the cells treated with non- targeting siRNA and presented as 
mean ± standard deviation (SD; n = 3– 4). Values with one different letter are significantly different from each other (p < .05). ***p < .001. 
Statistics: one- way analysis of variance (ANOVA), Tukey's post hoc test. C– E, Effects of LRP1 clusters II– IV and their overlapping 
complement- type repeat (CR) doublets on FVIII internalization in tissue culture. Huh- 7 cells were incubated for 1 h with media containing 
FVIII (25 nM) in the presence and absence of 250 nM of cluster II, III, or IV (C), or indicated CR doublet of cluster II (D) and IV (E). The 
amounts of internalized FVIII were determined using flow cytometry, and the data were normalized to the amount of internalized FVIII in the 
absence of LRP1 fragments. Error bars indicate average ± SD of 3– 4 independent experiments. Statistics: **p < .01; *p < .05, one- way anova, 
Tukey's post hoc test.
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importance of this residue for RAP– LDLR interaction.38 However, in 
contrast to RAP– LRP1 interaction based on the canonical (bivalent) 
binding a CR doublet,45 FVIII– LRP1 interaction involves additional 
CR domains via a non- canonical mechanism. Indeed, addition of a 
third canonical valency by urokinase- type plasminogen activator 
(uPA) to the bivalent complex of plasminogen activator inhibitor 1 
(PAI- 1)– LRP1 dramatically elevates the receptor's affinity (~100- 
fold decrease in KD).66 Respectively, removal of a canonical valency 
from the bivalent complexes of RAP- D3- LRP1 or RAP- CR doublet 
by mutating the critical lysines of RAP led to comparable shift in KD 
(10-  to 100- fold increase).45,67 In contrast, in our study, addition of 
a third and further CR domains to the model CR doublets resulted 
in only moderate increase in binding affinity (~2.5- fold decrease of 
KD, Table 1). We propose that the additional interactions occur via 
non- canonical weak predominantly electrostatic contacts between 
the negatively charged acidic residues coordinating Ca2+ in CRs and 
positively charged residues on FVIII. This hypothesis is supported by 
results of van den Biggelaar et al.47 showed that mutations of FVIII 
lysine residues into oppositely charged glutamic acid resulted in 
more pronounced decrease in LRP1 binding compared to mutations 
into arginine unable to engage in the canonical interaction.68 Thus, 
most CR domains of a cluster (II or IV) form a real- time interactive 
site where they provide both canonical bivalent and non- canonical 
interactions. Similarly to that, the interactive site of LRP1 for the 
uPA– PAI- 1 complex was previously suggested to involve 4– 6 CR do-
mains with dominant contribution of a CR doublet.63

Our results indicate that during such interaction, a particular 
CR domain may: (i) form a pair with either of adjacent CR domains 
for alternative canonical bivalent interaction with FVIII, (ii) switch 

this role to the non- canonical (electrostatic) interaction, and (iii) 
bind multiple (alternative) sites on FVIII. Indeed, in cluster II, CR.7 
could form the canonical pair with either of adjacent CR 6 or 8 
as was within respective isolated CR doublets, whereas one of 
these domains within the isolated CR.6– 8 triplet switched its role 
to the non- canonical interaction. Importantly, in the canonical in-
teractions, CRs 6– 7 and 7– 8 were found to have distantly located 
binding sites on FVIII (Figure 5A) showing the doublets' alterna-
tive interactions with FVIII and multiplicity of CR.7 binding sites 
on FVIII, also supported by HDX- MS analysis. Notably, locations 
of the CR.7– 8 interactive regions on FVIII by HDX- MS are highly 
similar to those of cluster II also found by HDX- MS,47 indicating 
that CR.7– 8 is the major FVIII- binding site of the cluster. In turn, 
in cluster IV, the strong FVIII binders CRs 24– 25 and 28– 29 (and 
likely 22– 23) may form also alternative canonical (bivalent) binding 
combinations during the interaction.

In the resulting model of FVIII– LRP1 interaction, FVIII is initially 
recognized by an extended string of CR domains via multiple weak 
electrostatic interactions. This facilitates subsequent docking of a 
pair of CR domains of cluster II or IV to the C1 and/or its surrounding 
domains in the canonical (bivalent) binding mode that accounts for 
substantial binding energy. Then, the contacts are reestablished in 
a dynamic mode, thus multiple CR domains of the cluster engage or 
disengage in the interaction where they may change their role from 
the canonical to non- canonical interactions extending to multiple 
FVIII sites. The resulting complex is formed by alternatively switch-
ing such contacts in dynamic equilibrium (Figure 7D). Considering an 
average distance of 25 Å between the acidic pockets of adjacent CR 
domains28 and flexibility of interdomain linkers facilitating domain 

F I G U R E  5  Additive effects of complement- type repeat (CR) domains of cluster II on binding with factor VIII (FVIII). (A) In surface 
plasmon resonance, FVIII (25 nM) was injected over a sensor chip with captured biotinylated CR.7– 8 (50 nM, pre- injected onto the chip with 
pre- immobilized streptavidin- oligonucleotide) in the presence and absence of CR fragments (3.9– 125 nM, 2- fold dilution). Each bar height 
corresponds to the maximum response during 3 min of association normalized to the control FVIII injection without any cluster II fragment. 
Data are presented as mean ± standard deviation (SD; n = 3) and means marked with different letter superscripts are significantly different 
at p = .05 (one- way analysis of variance [anova], Tukey's post hoc test). B, FVIII (25 nM) was incubated with Huh- 7 cells in the presence and 
absence of CR fragments (250 nM) for 1 h at 37°C, and the amount of internalized FVIII was quantified using flow cytometry. The data 
were normalized to the amount of internalized FVIII only in cells and presented as mean ± SD (n = 3). Means that do not share a letter are 
significantly different each other (p < .05). Statistics: one- way anova, Tukey's post hoc test.
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motions, either cluster II or IV can interact with a large surface on 
FVIII encompassing the A3, C1, C2 domains, and beyond (>150 Å 
across the molecule).

This model considers the previously suggested model of RAP– 
LRP1 interaction exclusively dependent on switching canonical biva-
lent contacts45 and several models of FVIII– LRP1 interaction based on 
involvement of: (i) several adjacent CR domains,50,57 (ii) alternative CR 
doublets,51 and (iii) cluster II with multiple FVIII lysine residues, where 
the interaction starts from the bottom of the C1 domain and extends 
to the top of the A3 domain.47 Notably, this mode is intermedial be-
tween two well- known modes of biomolecular interactions based on: 
(i) reestablishing of the same contacts (majority of interactions) and (ii) 
consequent formation of new contacts upon unidirectional moving of 
one molecule along another (reactions of gene expression, etc.).

The proposed model may be relevant to other interactions of the 
LDLR family allowing for a deeper insight on why CRs are organized 
in clusters. Indeed, a flexible string of CR domains bearing sites with 

strong negative charge has high capacity to adapt multiple ligands 
via positively charged determinants. In this process, closed position-
ing of adjacent CR domains providing the bivalent canonical interac-
tion significantly increases its specificity and strength compared to 
the monovalent interaction of a single CR. Apparent simplicity and 
universality of this mechanism may be related to the appearance of 
the LDLR family at an early stage of evolution as appearance of mul-
ticellular organisms.23

We believe that our findings will facilitate understanding of other 
LDLR family interactions associated with pathogenesis27,28,30,31 
and improving respective therapeutics and disease treatments. 
Regarding hemophilia A, our results suggest that development of a 
longer- acting therapeutical FVIII may be based on shielding of its 
large LRP1- binding site via a fusion of a thrombin- cleavable protein, 
allowing FVIII activation during blood coagulation. Similar design 
concept resulted in significant prolongation of the FVIII therapeutic 
effect in a recent clinical trial.69

F I G U R E  6  Hydrogen– deuterium exchange mass spectrometry of factor VIII (FVIII) and CR.7– 8 complex. A, Sequence coverage and 
difference plot (Δ#D) of peptide fragments of the B domain- deleted FVIII. Δ#D is FVIII minus FVIII/CR.7– 8 for each identified peptide per 
deuterium incubation time point (color coded according to legend). The vertical gray bars are the sum of the Δ#D at each time point for a 
particular peptide. Horizontal green lines are 98% confidence intervals (CI): solid line for the sum of Δ#D, and dashed line for individual time 
point Δ#D. Two criteria used to determine a statistically significant difference in deuterium for a particular peptide: (i) at least two individual 
time points display Δ#D(t) > 98% CI (inner dashed), and (ii) sum of all Δ#D(t) > 98% CI (outer solid line). B, Surface plot of FVIII incubated with 
CR.7– 8 based on the crystal structure of FVIII (PDB ID 6MF2). Peptides displayed no changes and regions not covered by peptide following 
complex formation with CR.7– 8 are colored in blue, and peptides met the two criteria are colored in red.
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F I G U R E  7  Models of factor VIII (FVIII)- CR.7– 8 and FVIII- lipoprotein receptor- related protein 1 (LRP1) complexes. A, FVIII structure (PDB 
ID 6MF2) showing 10 lysine residues (red) on the A3, C1, and C2 domains (LCh) within regions identified by hydrogen– deuterium exchange 
mass spectrometry as possibly contacting with CR.7– 8. B, Binding energy profile for the docking combinations of CR.7– 8 and the 10 lysine 
residues on the LCh. Unit of ΔΔG values is based on Rosetta energy unit (REU). C, A particular docking combination between FVIII (blue) and 
CR.7– 8 (yellow). The canonical interactions between K2092 and K1694 of FVIII showing the “acidic pockets” and conserved W1032 on CR.7 
and W1080 on CR.8 are enlarged in the box. Calcium ions coordinated by each complement- type repeat (CR) are shown as cyan- colored 
spheres. The protein structure images were generated using PyMOL 2.5.2 program (Schrödinger). D, A proposed model of FVIII interaction 
with LRP1. Initial recognition of FVIII is provided by either CR cluster II or IV (purple) via weak non- canonical multiple interactions of 
negatively charged residues (aspartic acid and glutamic acid) within CR domains with positively charged residues (lysine and arginine) on 
FVIII (blue). This facilitates interaction of a CR doublet of the cluster with a pair of “critical” lysine residues of FVIII (Kx and Kx+1, yellow) 
on the C1 domain or surrounding area via the canonical (bivalent) binding providing a dominant binding energy. Over time, these binding 
combinations are switched to alternative CR domains of the cluster and other positively charged residues on FVIII. The resulting complex 
is formed by alternative binding combinations involving the canonical bivalent and non- canonical electrostatic interactions in dynamic 
equilibrium. Hence, the interactive region on FVIII represents the totality of its determinants involved in all binding combinations.
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