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Abstract 

  

Degenerative diseases of major internal epithelial organs such as liver, lung and kidney account for 

more than one third of mortality worldwide. The huge demand for drugs able to limit epithelial tissue 

degradation and eventually restore its functionality, place mimics of the hepatocyte growth 

factor/scatter factor (HGF/SF), the physiological ligand for the MET receptor tyrosine kinase, at the 

forefront of potential drug candidates. HGF/SF is a growth and motility factor with essential 

physiological roles in development and regeneration of epithelial organs. Unfortunately, HGF/SF itself 

is unsuitable for therapy because naturally the factor acts only locally as a morphogen and 

chemoattractant and has poor in vivo distribution and shelf life profile. We have therefore designed, 

produced, solved the crystal structure and characterized the biochemical and biological properties of 

K1K1, a new engineered fragment of HGF/SF for applications in tissue/organ regeneration. K1K1, a 

covalent dimer of the first kringle domain of HGF/SF, is recombinantly produced in bacterial cells, 

shows superior stability at physiological pH and ionic strength and is a potent receptor agonist as 

demonstrated in a wide range of biological assays with cells in culture and initial in vivo studies. K1K1 

has broad potential in regenerative medicine with diseases such as acute liver failure, non-alcoholic 

steatohepatitis, chronic obstructive pulmonary disease and acute kidney injury. 
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Introduction 

 

 The degree of control that mankind has achieved over a number of infectious diseases, 

combined with increased food supply, has more than doubled life expectancy in less than two hundred 

years and caused a dramatic shift in mortality towards cancer and degenerative diseases1. The 

consequences of this major epidemiological transition are far reaching and, in the words of the latest 

WHO report on Noncommunicable Diseases: the human, social and economic costs of degenerative 

diseases of the central nervous system and major internal organs will continue to grow and overwhelm 

the capacity of countries to address them unless more effective preventable measures and treatments 

will be developed2. The development of effective therapies for tissue/organ regeneration thus clearly 

constitute both an urgent need and a major challenge, which can be met through greater 
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understanding and control of the cellular dynamics of tissue regeneration and the molecules that 

control such processes.  

 Cell-based therapies for several degenerative diseases can be safe and effective but cannot 

extend to diseases affecting millions of individuals. Alternative approaches are needed for common, 

degenerative diseases of major, internal epithelial organs such as alcoholic and non-alcoholic fat liver 

disease (AFLD and NAFLD) leading to chronic liver failure, chronic obstructive pulmonary disease 

(COPD) and acute kidney injury (AKI) leading to chronic renal failure. These diseases affect millions of 

patients worldwide, are major causes of mortality3 and impact dramatically on the financial resources 

of the health systems of rich as well as developing countries. 

 Regardless of initial cause of cell/tissue damage: virus, alcohol or dietary fat in the case of 

liver disease, tobacco and/or air pollution for COPD, chemicals or drugs for AKI, the response to 

damage of different epithelial organs display remarkable similarities: when regeneration fails to 

compensate for the loss of parenchymal cells, this imbalance triggers a chronic inflammatory tissue 

response and the proliferation/activation of non-epithelial cell populations - fibroblasts and 

myofibroblasts - responsible for the synthesis of extracellular matrix and fibrosis leading to loss of 

organ function4. The key to the control of chronic diseases of epithelial organs therefore, short of 

removing initial causes of damage (alcohol, tobacco, chemicals) or targeting therapeutically other 

causes of damage (viruses) is to promote regeneration of parenchymal cells in early disease stages 

prior to the onset of chronic inflammation and fibrosis. Complementary, the prospect of enhancing 

therapeutically the regenerative capabilities of epithelial organs thus preventing the onset of chronic 

inflammation and fibrosis by harnessing the full regenerative potential of endogenous, tissue 

progenitor or differentiated cells is promising and may reach large patient populations.  

 We propose to implement this paradigm by reshaping - by protein engineering - the 

polypeptide growth/motility factor and potent epithelial morphogen hepatocyte growth 

factor/scatter factor (HGF/SF)5,6 for regenerative medicine. HGF/SF is produced by fibroblasts and 

other mesenchymal cells that acts in a paracrine manner on target epithelial cells through binding to 

MET, a receptor tyrosine kinase7,8. The evidence for a physiological role of HGF/SF-MET signalling in 

development and regeneration of liver, lung and kidney is extensive and compelling. HGF/SF-MET is 

required for lung9 and kidney10 development, for survival and regeneration of kidney tubular cells after 

injury11 and above all HGF/SF inhibits both lung12,13 and kidney14 fibrosis after injury. These data 

establish HGF/SF as a key effector of epithelial morphogenesis and a protein with unique therapeutic 

potential for regeneration of epithelial tissues and organs.  

 There are several drawbacks, however, in using HGF/SF, the natural MET ligand, for therapy. 

HGF/SF has a very short half-life15 and is unstable in physiological buffers16. Moreover, it has a high 

affinity for heparan sulphate proteoglycans (HSPG)17, thereby limiting its tissue/organ penetration and 

distribution. These properties reflect the nature of HGF/SF as a potent, locally acting chemoattractant, 

growth factor and morphogen, but constitute appreciable limitations in a therapeutic setting. Here we 
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overcome these limitations by reshaping HGF/SF for therapy through design and synthesis of a novel, 

ligand-based, minimal MET agonist.  

 HGF/SF is structurally related to the blood proteinase plasminogen. Its signalling-active two-

chain conformation consists of a larger -chain containing five protein domains, an N-terminal (N) 

domain homologous to plasminogen activation peptide and four kringle (K) domains, and a smaller -

chain containing the C-terminal domain homologous to the catalytic domain of serine proteinases 

(SPH). The evolutionary conserved proteolytic mechanism of activation of the complex blood 

proteinases and HGF/SF provides a powerful link between the coagulation/fibrinolytic pathways and 

organ regeneration. Pro-HGF/SF is activated by several of enzymes of the coagulation cascade, as well 

as by two membrane serine proteinases (matriptase and hepsin)18. Thus, in embryogenesis, in tissue 

remodelling and at sites of tissue damage, activation of the clotting/fibrinolytic pathways causes 

activation of pro-HGF/SF promoting survival and regeneration of parenchymal cells. 

 MET is also synthesised as a single chain precursor and is cleaved by furin in the endoplasmic 

reticulum yielding an N-terminal -chain and a larger -chain. The large ectodomain of the MET 

tyrosine kinase consists of two main parts: a large N-terminal SEMA domain responsible for ligand 

binding on the top of a stalk structure that includes a small cystine-rich (CR) domain and four copies 

of immunoglobulin-like (IG) domains19. Activation of MET results in the recruitment of scaffolding 

proteins such as Gab1 and Grb2, which activate Shp2, Ras and ERK/MAPK causing: (i) activation of cell 

survival pathways through inhibition of caspase-9 and Bad, (ii) changes in gene expression of cell-cycle 

regulators (such as pRB, Cdk6 and p27), (iii) expression and post-translational activation of matrix 

metalloproteinases (MMPs) and urokinase (u-PA) leading to alterations of the cytoskeleton necessary 

for cell migration and division, and (v) changes in expression of cadherins, Arp2/3, N-WASP, paxillin, 

integrins and focal adhesion kinase (FAK) essential for cell migration. Globally, HGF/SF-MET signalling 

causes cell survival, division, migration and a complex morphogenetic programme underlying tissue 

regeneration20,21.  

 In earlier studies, we defined the structures of an N-terminal fragment of HGF/SF (NK1) that 

shows good agonist activities and harbours the high-affinity binding site for MET (27). Building upon 

our earlier crystallographic and protein engineering studies19,22–28 and recent insights on the role of 

kringle 1 domain (K1) in agonistic activity29, we hypothesized that two K1 domains in tandem forming 

the covalent K1K1 dimer could behave as a minimal receptor agonist endowed with appropriate 

properties for acting in vivo. Here we report the design of K1K1 protein, its expression in bacterial cells 

and its extensive structural, biochemical and biological characterization. These studies pave the way 

for more extensive testing of K1K1 in vivo specific models for application in acute and chronic 

degenerative diseases of liver, lung and kidney as well as application in neurodegenerative disorders 

such as ALS and MS30–32.  
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Material and Methods 

Cloning of K1K1 and K1K1 variants 

The cDNA encoding K1K1 and K1K1H6 was generated using a fusion PCR reaction after separate PCR 

amplification of two K1 domains from a wild-type human NK1 template. The forward primer, 

ATCATCCCATGGCCATTAGAAACTGCATCATTGGTAAAGGACG, was used to amplify the first kringle 

domain introducing a 5’ NcoI restriction site. The reverse primer for the first K1, 

TTCAACTTCTGAACACTGAGGA, was used to introduce the linker sequence S E V E placed in-between 

the two K1 domains. S E V E is naturally found in HGF/SF in between K1 and K2 domains. The forward 

primer for the second K1 domain, TCAGAAGTTGAATGCATCATTGGTAAAGGACG, introduces the fusion-

overlap with the SEVE linker sequence. A reverse primer with or without a six-histidine tag, 

ACAGCGGCCGCTCATCAATGATGATGATGATGATGTTCAACTTCTGAACACTGAGGA and 

ACAGCGGCCGCTCATCATTCAACTTCACTACACTGAGGAAT respectively, introduced two stop codons 

followed by a NotI restriction site. Following the fusion PCR reaction, the product was digested with 

NcoI and NotI and ligated into the pET45b(+) expression plasmid (Novagen/EMD Millipore). 

Integration in the pET45b(+) MCS introduced the additional amino acid sequence M A I R N upstream 

of the first cysteine of K1 domain, as naturally found in HGF/SF. 

The heparin mutants S2 and S4 were based on existing kringle-variant NK1 templates. These templates 

introduced the reverse-charge amino acid substitutions K10E, R12E, K93E, R95E for K1K1S2 and K10E, 

R12E, K48E, R59E, K93E, R95E, K131E, R142E for K1K1S4. 

 

Protein expression 

Recombinant human NK1 protein (residues 28-209) was expressed in Pichia pastoris and purified as 

described in Chirgadze et al., 199923. Recombinant human MET567 was expressed in CHO Lec 3.2.8.1 

cells and purified as described in Gherardi et al., 200319. Human HGF/SF was stably expressed in NS0 

myeloma cells and purified as described in Gherardi et al., 200633. 

For the expression of K1K1 and K1K1 variants, a single colony of freshly transformed E. coli BL21(DE3) 

was used to inoculate an overnight 5 mL Luria broth (LB) culture containing 100 g/mL of ampicillin. 

This culture was used to inoculate 500 mL of LB with ampicillin shaking at 250 rpm and grown to an 

optical density (600 nm) of 0.6-0.8 at 37 °C. The culture was then cooled down to 18 °C while shaking 

after which IPTG was added to a final concentration of 0.1 mM. The culture was grown at 18 °C with 

shaking for 24 h after which the bacterial cells were harvested by centrifugation for 30 min at 10,000 

rcf at 4 °C and the cell pellet was stored at -80 °C. 

 

K1K1 extraction from inclusion bodies 

The frozen bacterial cell pellet was thawed on ice and resuspended in 25 mL 50 mM Tris pH 8.5, 500 

mM NaCl, with the addition of one tablet of cOmplete EDTA-free Protease Inhibitor Cocktail (Roche), 

1 unit of Pierce Universal Nuclease and 10 g of lysozyme. The suspension was incubated rotating at 
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4 °C for 30 min before being placed on ice and sonicated using ten pulses of 30 s with 60 s pause in 

between using a Sonic Ruptor 400 (Omni International) with a OR-T-750 tip at 100% power output. 

The suspension was centrifuged at 10,000 rcf for 10 min, the supernatant discarded, and the pellet 

resuspended in 25 mL 50 mM Tris pH 8.5, 500 mM NaCl with 0.4% Triton X-100 using a glass Potter-

Elvehjem tube and PTFE pestle. The suspension was incubated at 4 °C rotating for 30 min after which 

it was centrifuged at 10,000 rcf for 10 min, the supernatant discarded, and the pellet resuspended in 

25 mL 50 mM Tris pH 8.5, 500 mM NaCl with 0.025% NP40 using the Potter-Elvehjem tube and pestle. 

The suspension was again incubated at 4 °C rotating for 30 min, centrifuged for 10 min at 10,000 rcf, 

the supernatant discarded, and the pellet resuspended in 25 mL 50 mM Tris pH 8.5, 500 mM NaCl 

using the Potter-Elvehjem tube and pestle. The suspension was once more incubated at 4 °C rotating 

for 30 min, centrifuged at 10,000 rcf for 10 min, and the supernatant discarded. The final pellet was 

resuspended in 20 mL 50 mM Tris pH 8.5, 500 mM NaCl, 2 M arginine, 0.5 mM GSSG, 5 mM GSH. This 

suspension was incubated for three days at 4 °C on a rotary wheel. 

 

K1K1 purification 

After three days of incubation in Tris buffer with arginine, the inclusion body suspension was 

centrifuged at 20,000 rcf for 30 min at 4 °C. The supernatant was transferred to a new centrifuge tube 

and centrifuged again at 20,000 rcf for an additional 30 min at 4 °C. Unless a pellet was visible, in which 

case a third centrifugation was performed in a new tube, the cleared supernatant was diluted 100 

times in 2 L of 50 mM Tris pH 7.4, 150 mM NaCl and filtered. The diluted supernatant was loaded onto 

a 5 mL Heparin HiTrap column (GE Healthcare) and eluted with a gradient up to 1 M NaCl, in 50 mM 

Tris pH 7.4. Peak fractions were pooled, concentrated and loaded on a HiLoad 16/600 Superdex 200 

pg column (GE Healthcare) equilibrated in 50 mM Tris pH 7.4, 500 mM NaCl. Peak fractions were 

pooled and concentrated to 5 mg/mL before being used or stored after flash freezing. For K1K1S2 and 

K1K1S4, instead of Heparin HiTrap™ column, the first step purification was done on a 5 mL HisTrap™ 

HP column (GE Healthcare). 

 

 

 

Protein crystallization and x-ray diffraction 

For protein crystallization, K1K1 and K1K1H6 were dialyzed in 10 mM Tris pH 8.5, 100 mM NaCl and 

concentrated to 12 mg/mL and 11.8 mg/mL respectively. A pre-crystallization screen (PCT, Hampton 

Research) was performed to confirm these concentrations were favorable for crystallization after 

which 48-well sitting-drop plates (Hampton Research) were set up using Crystal screen 1 (Hampton 

Research), JCSG-plusTM (Molecular Dimension) and Morpheus (Molecular Dimensions) crystallization 

screens. After overnight incubation at 17 °C, the first crystals appeared in the Morpheus screen in 

condition C11 consisting of 100 mM Tris/Bicine pH 8.5, 90 mM sodium nitrate, 90 mM sodium 

phosphate dibasic, 90 mM ammonium sulphate, 20% v/v glycerol, 10% w/v PEG4000. Further 
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optimization was performed with different protein to crystallization solution ratios (1:2, 1:1, 2:1) in a 

24-well plate using hanging drop. After 24 h, good crystals were obtained in a 2:1 protein-to-solution 

ratio condition. In addition to the cryo-protection intrinsic to the Morpheus screen, additional 

glycerol was added up to 25% of the final volume before crystals were collected using a CryoLoop 

(Hampton Research) and flash frozen and stored in liquid nitrogen. Data was collected at the ESRF in 

Grenoble, France, at beamline at ID23-1 and was solved by molecular replacement using the NK1 

kringle domain as a search model resulting in a structure with a resolution of 1.6A and an R/Rfree of 

20.8/24.3% for K1K1 and a structure with a resolution of 1.8A and an R/Rfree of 18/22% for K1K1H6. 

Both proteins crystalized in space group P21.  

 

SAXS 

Solution scattering data were collected at ESRF BM29 using a sec-1 frame rate on Pilatus 1 M detector 

located at a fixed distance of 2.87 m from the sample, allowing a global q range of 0.03-4.5 nm with a 

wavelength of 0.01 nm. SEC-SAXS experiments were carried out using Nexera High Pressure 

Liquid/Chromatography (HPLC; Shimadzu) system connected online to SAXS sample capillary. For 

these experiments, 35 L of each sample at the concentrations indicated in the Table were injected 

into a Superdex 200 PC 3.2/300 Increase column (GE Healthcare), pre-equilibrated with 25 mM Tris pH 

7.4, 150 mM NaCl. Frames corresponding to protein peaks were identified, blank subtracted and 

averaged using CHROMIXS2. Radii of gyration (Rg), molar mass estimates and distance distribution 

functions P(r) were computed using the ATSAS package3 in PRIMUS. Modelling of flexible loops and 

glycosylation were carried out using COOT, CORAL and SASREF. Comparison of experimental SAXS data 

and 3D models from structural models was performed using CRYSOL. A summary of SAXS data 

collection and analysis results is shown in Table 1. 
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Table 1. Summary of SAXS data analysis. 

 K1K1 MET567 K1K1+MET567 

Data Collection    

BeamLine ESRF BM29 ESRF BM29 ESRF BM29 

Beam energy (keV) 12.5 12.5 12.5 

Sample-detector distance (m) 2.867 2.867 2.867 

Exposure time (s) 1 1 1 

Sample cell thickness (mm) 1 1 1 

Sample concentration (mg/mL) 8.5 mg/mL 7.6 mg/mL 12.4 mg/mL 

Temperature (°C) 20 20 20 

Final q range (nm-1) 0.01 - 4 0.01 - 4 0.01 - 4 

Data Analysis    

Points used for Guinier analysis 1-94 11-48 2-28 

Guinier qRg limits 1.30 0.97 0.99 

Guinier Rg (nm) 2.22 3.23 3.78 

I(0) (mm-1) 14.8 ± 0.01 64.9 ± 0.04 69.9 ± 0.08 

Dmax (nm) 6.6  11.5 14.2 

MW estimation (Vc based) (kDa) 16.5 66.2 83.4 

 

 

AlphaScreen™ MET binding assay.  

Saturation assays for binding of K1K1H6 to recombinant MET-Fc protein were performed in 384-well 

microtiter plates (OptiPlate™-384, PerkinElmer©, CA, USA, 50 µL of final reaction volume). Final 

concentrations were 0-300 nM for K1K1H6, 0-10 nM for hMET-Fc (8614-MT-100, R&D Systems), 10 

µg/mL for Ni-NTA coated donor beads and protein A-conjugated acceptor beads. The buffer used for 

preparing all protein solutions and the bead suspensions was PBS (10 mM phosphate buffer pH 7.4, 

148 mM NaCl, 2mM KCl), 5 mM HEPES pH 7.4, 0.1% BSA. K1K1H6 (10 µL, 0-1.5 µM) was mixed with 

solutions of MET-Fc (10 µL, 0-50 nM). The mixture was incubated for 10 min (final volume 15 µL). 

Protein A-conjugated acceptor beads (10 µL, 50 µg/mL) were then added to the vials. The plate was 

incubated at 23°C for 30 min in a dark box. Finally, Ni-NTA coated donor beads (10 µL, 50 µg/mL) were 

added and the plate was further incubated at 23°C for 60 min in a dark box. The emitted signal intensity 

was measured using standard Alpha settings on an EnSpire® Multimode Plate Reader (PerkinElmer). 
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Measurements are expressed as technical duplicates (mean+/- SD, n=2). The data corresponding to 

the 3 nM MET condition was subjected to a non-linear regression analysis using four-parameter 

sigmoidal equation using Sigmaplot software (version 13).   

 

 

Cell culture 

Madin-Darby Canine Kidney (MDCK, kind gift of Dr Jacqueline Jouanneau, Institut Curie, Paris, France) 

and Human cervical cancer HeLa cells, purchased from ATCC® (American Type Culture Collection, 

Rockville, MD, USA), were cultured in DMEM medium (Dulbecco’s Modified Eagle’s Medium, Gibco, 

Karlsruhe, Germany), supplemented with 10% FBS (Fetal Bovine Serum, Gibco®, Life technologies, 

Grand Island, NY, USA) and 1/100 of ZellShieldTM  (Minerva Biolabs GmbH, Germany). Twenty-four h 

before treatment, the medium was exchanged with DMEM containing 0.1% FBS, and cells were then 

treated for subsequent experiments. SKOV-3 cells were cultured in RPMI 1640 medium supplemented 

with 10% FBS and Penicillin-Streptomycin all purchased from Gibco/ThermoFisher Scientific. 

 

Western Blots  

The assay was performed according to Simonneau et al., 201534. Hela cells were collected by scraping 

and lysed on ice with a lysis buffer (20 mM HEPES pH 7.4, 142 mM KCl, 5 mM MgCl2, 1 mM EDTA, 5% 

glycerol, 1% NP40 and 0.1% SDS) supplemented with freshly added protease inhibitor (1/200 dilution, 

#P8340, Sigma Aldrich) and phosphatase inhibitor (1/400 dilution, #P5726, Sigma Aldrich). Lysates 

were clarified by centrifugation (20,000 × g, 15 min) and protein concentration was determined (BCA 

protein assay Kit, Pierce®, Thermo scientific, IL, USA). The same protein amount (usually 20-30 µg) of 

cell extracts was separated by NuPAGE gel electrophoresis (4-12% Midi 1.0 mm Bis-Tris precast gels, 

Life technologies) and electrotransferred to polyvinylidene difluoride (PVDF) membranes (Merck 

Millipore). Membrane was cut between 80 and 110 kDa marker and at 50 kDa to probe simultaneously 

phospho or total MET, Akt and ERK. Membranes were probed overnight at 4 °C with primary antibodies 

diluted to 1/2000 in 5% BSA and 0.1% sodium azide in PBS using specific total MET (#37-0100 

Invitrogen), total ERK2 (#SC-154 Tebu-bio), phospho-MET (Y1234/1235, clone CD26, #3077 Cell 

Signaling), phospho-Akt (S473, clone CD9E, #4060 Cell Signaling), phospho-ERK (T202/Y204, clone E10, 

#9106 Cell Signaling). After extensive wash with PBS-0.05% Tween 20 followed incubation with anti-

mouse (#115-035-146) or anti-rabbit (#711-035-152) peroxidase-conjugated IgG secondary antibodies 

(Jackson ImmunoResearch) diluted to 1/30000 in PBS-casein 0.2%. Protein-antibody complexes were 

visualized by chemiluminescence with the SuperSignal® West Dura Extended Duration Substrate 

(Thermo scientific) using a LAS-4000 imaging system (GE HeathCare Life Sciences) or X-ray films (CL-

XposureTM Film, Thermo scientific).  
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AlphaScreen™ phosphorylation assay 

Measurement of ERK1/2 (T202/Y204) and Akt1/2/3 (S473) activation were performed on HeLa cells 

using AlphaScreen SureFire Kits (#TGRES500 and #TGRA4S500) according manufacturer protocol with 

minor modifications. Into a 96 well plate (#353072, Flacon, Corning), 10 000 HeLa were seeded in 200 

µL of DMEM supplemented with 10% FBS and let attached and grown for 24 h. Cells were next starved 

in DMEM supplemented with 0.1% FBS for 2 h. Cells were treated for 8 min with MET agonist from 0.3 

to 300 pM with HGF/SF, K1K1 or K1K1H6 and from 3 to 3000 pM with K1H6. Cells were quickly washed 

in cold PBS and AlphaScreen lysis buffer was added for 15 min under middle shaking (600 rpm on 

orbital rocker, MixMate, Eppendorf). 5 µL of lysate in analyzed by addition of acceptor and donor bead 

mixes for 2 h at 23 °C. The emitted signal intensity was measured using standard Alpha settings on an 

EnSpire® Multimode Plate Reader. Measured are expressed has experimental duplicates (mean+/- SD, 

n=2). The data were subjected to a non-linear regression analysis using four-parameter sigmoidal 

equation using Sigmaplot software (version 13).  

 

SKOV-3 cell migration assays. 

Agonist-induced cell migration was measured by seeding 50,000 SKOV-3 cells resuspended in serum-

free RPMI supplemented with 0.1% BSA (BioFroxx) in each of the upper wells of a 96-well Boyden 

chamber (AC96, Neuro Probe). HGF/SF, K1K1, K1K1S2, and K1K1S4 was loaded in the lower 

compartment and cells were left to migrate in a humidified 37°C incubator with 5% CO2 for six hours. 

Afterwards, non-migrated cells were removed, the cells migrated over the collagen coated (100 µg/mL 

Purecol, Nutacon) 8 m pore-size membrane (Neuro Probe) were fixed in 4% paraformaldehyde in PBS 

and stained using HCS CellMask™ Green stain (ThermoFisher Scientific). Fluorescent intensity was 

measured using an Azure C600 (Azure Biosystems) and migration was quantified after control-

adjustment and charted in Prism (Graphpad). 

 

Madin-Darby canine kidney (MDCK) scatter assay  

The assay was performed according to Simonneau et al., 201534 and Stoker et al., 19876. MDCK cells 

were seeded at low density (2,000 cells/well on a 12-well plate, #353043 Falcon, Corning) in DMEM 

supplemented with 10% SVF to form compact colonies. After treatment, when colony dispersion was 

observed and the cells were fixed and colored by Hemacolor® stain (Merck, Darmstadt, Germany) 

according to the manufacturer’s instructions. Representative images were captured using a phase 

contrast microscope with 40× and 100× magnification (Nikon Eclipse TS100, Tokyo, Japan). 

 

Morphogenesis Assay  

Wells of a black thin clear bottom 24-well plate (#4ti-0241,Brooks Lifesciences) were coated with 200 

µL of 2 mg/mL type 1 rat tail collagen (354249, Corning/BD Biosciences) diluted in DMEM equilibrated 

in 1/10 v/v of 7.5% sodium bicarbonate solution (#25080-060, Gibco, ThermoFisher). Cells (500-700) 
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were seeded into a 500 µL layer of a 1:1 collagen/Growth Factor Reduced MatrigelTM (#354230, 

Corning/BD Biosciences) mixed in DMEM balance with bicarbonate and were treated twice a week for 

one month. The cells were then fixed for 24 h with 4% paraformaldehyde in PBS, colored for 3 h with 

0.1 mg/L Evans Blue in PBS (#E2129, Sigma Aldrich), extensively wash in PBS and finally nuclei stained 

with 3 nM DAPI is PBS. Cell were observed using inverted microscope observed and confocal 

microscope (LSM880 Zeiss) with long distance 10× objective using 488 nm excitation Argon laser and 

LP 500-750 nm emission filter. 3D reconstitutions (14 µm slices) and maximum intensity projections of 

z-stack were realized with Zen (v8.1) software. 

 

Survival Assay 

In a clear bottom 96-well plate (#353072, Flacon, Corning), 12,500 MDCK cells were seeded and 

incubated for 24 h in DMEM supplemented with 10% FBS. The culture media was next added with 

increasing concentrations of the HGF/SF, K1K1, K1K1H6 and NK1 agonists together with the apoptosis 

inducer anisomycin (1.4 µM) for 15 h. The cells were then washed with PBS to eliminate dead cells and 

then incubated for 1 h in 200 µL of HBSS (#14025092, Gibco, ThermoFisher) containing 100 µM of 

Resazurin (#B21187, Sigma Aldrich). Fluorescence was then measured with Envision multimode reader 

(Ex: 560 nm, Em: 590 nm) with maximal signal gain set (90%) on control cells wells and on top/top 

reading configuration. The data were subjected to a non-linear regression analysis using four-

parameter sigmoidal equation using Sigmaplot software (version 13). 

 
In vivo MET activation in liver 

All experimental procedures were conducted with the approval of the Ethics Committee for Animal 

Experimentation of the Nord Pas de Calais Region (CEEA 75). For kinetic analysis, 8-week old FVB mice 

weighing 19-21 g (Charles River) were intraperitoneally injected with K1K1 (5 µg/mouse) and sacrificed 

after 10, 30, 60 or 90 min of treatment. For dose-response analysis, 8-week old FVB mice weighing 19-

21 g (Charles River) were intraperitoneally injected with 0.1, 0.5, 1 and 5 µg of K1K1 diluted in 100 µL 

of PBS and sacrificed per cervical dislocation 10 min after injection. To analyze the effect of the route 

of administration, 12-week old C57BL/6 NRJ mice weighing 19-21 g (Janvier Labs) were 

intraperitoneally or intravenously injected with K1K1 (5 µg/mouse) and sacrificed after 10 min of 

treatment.  Livers were immediately perfused with PBS supplemented with protease and phosphatase 

inhibitors, collected and then rapidly frozen in liquid nitrogen for subsequent protein extraction and 

Western blot analysis.  
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Results 

Rational for the design of K1K1. The generation of a recombinant covalent dimer of two HGF/SF 

kringle 1 domains, designated K1K1, was based on our observation that streptavidin-induced 

multimerization of a single HGF/SF kringle 1 domain (biotinylated synthetic kringle 1, K1B) resulted in 

a complex with potent biological activities similar to HGF/SF34 which we combined with our profound 

understanding of ligand-receptor binding based on structural information on complexes of the MET 

receptor fragment with NK1 and full-length HGF/SF, obtained in our lab (manuscripts in preparation, 

35). The design of recombinant K1K1 was aimed at reproducing the spatial positions of the two HGF/SF 

kringle 1 domains as observed in the crystal structure of the NK1 dimer23,36. Consequently, the 

resulting covalent kringle 1 dimer no longer dependents on dimerization for its biological activity, as 

is the case for wild-type NK137,38. Furthermore, expression in bacterial inclusion bodies offers an 

inexpensive and abundant source of recombinant protein with relatively few contaminants. 

HGF/SF is a large protein with a complex domain structure similar to plasminogen39. It has an N-

terminal domain (N), four copies of the kringle domain (K) and a proteolytically inactive C-terminal 

domain homologous to a serine protease (SPH) (Fig. 1A). HGF/SF is produced as an inactive single-

chain precursor protein that, although able to bind the MET receptor, needs proteolytic cleavage to 

become biologically active. The -chain remains disulfide-linked to the -chain which comprises the 

SPH domain. The main, high-affinity receptor binding site is located within the first kringle domain (K1) 

while a second receptor binding site is present in the serine SPH domain33,39,40.  

The crystal structure of NK1 presented a head-to-tail homodimer of two NK1 monomers in which the 

receptor binding sites of the two kringle domains are exposed on opposite sides of the dimer23,36. 

Within this NK1 dimer structure, the distance between the carboxyl carbon of the last cysteine in one 

kringle and the nitrogen of the first cysteine in the other kringle is only 9 angstroms. Moreover, within 

the kringle domain, one of the three characteristic disulfide bonds is formed between the first and the 

last cysteine, the two residues that define the start and end of the kringle domain sequence and 

therefore the C- and N-terminus of the domain are locked in close proximity on the opposite side of 

the MET-binding interface. We could therefore design a linker that was sufficiently long to bridge the 

distance between both NK1-dimer kringle domains and chose the naturally occurring, four-amino acid 

long linker, SEVE, present between kringle 1 and kringle 2 in HGF/SF. This sequence was also repeated 

at the C-terminus as it is present in native NK1. A poly-histidine tagged variant, designated K1K1H6, 

was produced to facilitate binding assays together with a single kringle domain with poly-histidine tag 

(K1H6) produced as a “monovalent” control. We finally generated two variants with reduced affinity 

for heparin (K1K1S2 and K1K1S4).  

Upon expression in Escherichia coli, K1K1 was abundantly present in inclusion bodies. Expression at 

lower temperature and induction with a low IPTG concentration (0.1 mM) did not favor soluble 

expression but instead allowed the production and extraction of folded protein from the inclusion 

bodies using a mild arginine-based extraction method which is based on the work of Jevševar and 
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colleagues41 and subsequent work by Singh et al.42. Since the intrinsic heparin binding affinity of the 

kringle domain is dependent on the proper fold of the domain, heparin Sepharose® affinity 

chromatography provided an effective single-step purification of folded protein after extraction from 

the inclusion bodies (Figure S1A). After size exclusion chromatography, UPLC-MS analysis confirmed 

the purity and the congruence between predicted and observed molecular mass for each protein as is 

shown in Figure S1B and S1C for K1K1 and K1K1H6 respectively. Figure S1D shows all purified 

recombinant proteins used in this study on Coomassie-stained gel in reducing condition. 

 

Crystallization and overall structure. Purified proteins were used to set up crystallization experiments 

using commercial sparse matrix screens and several conditions resulted in the growth of protein 

crystals at 17°C within days. Crystals were taken for X-ray diffraction experiments using a microfocus 

beam at the ESRF in Grenoble, France, and resulted in the collection of complete datasets and 

determination of the molecular structures at 1.6 Å resolution (Figure 1B) and 1.8 Å for K1K1 and 

K1K1H6 respectively. Both proteins crystallized in space group P 1 21 1 with K1K1 having two molecules 

per asymmetric unit and K1K1H6 only one. In addition, in K1K1H6 both kringle domains had a HEPES 

molecule bound to a groove which is analogous to the lysine binding pockets found in proteins such 

as plasminogen (Figure 1C). This HEPES molecule originates from the crystallization condition and was 

also found in crystal structures of NK1 obtained in our lab and in several obtained by others25,36,43,44. 

Structurally, K1K1 with and without poly-histidine tag are very similar, having a backbone root mean 

square deviation (RMSD) of 0.9 or 1.8 Å (Figure 1C), depending on which of the two molecules in the 

asymmetric unit of K1K1 is used for alignment with K1K1H6 excluding the six additional histidines. 

Both proteins show an elongated “stretched-out” conformation with the MET binding sites exposed 

at opposite ends and the N- and C-terminus located at the center. In K1K1H6, good electron density 

was also observed for the poly-histidine tag as His172, His173, His175, and His177 make polar contacts 

with residues Ala4, Asn5, and Thr17 of the N-terminal kringle domain.  

Both proteins show a 180-degree rotational symmetry around a central axis presenting both receptor 

binding sites, made up of residues Ile34, Glu37, Ser39, Leu41, Ser44, Arg59, Glu61, Glu62, Pro72, 

Glu73, Arg75, and Tyr76 in the first kringle and residues Ile117, Glu120, Ser122, Leu124, Ser127, 

Arg142, Glu144, Glu145, Pro155, Glu156, Arg157, and Tyr158 in the second kringle, in nearly identical 

orientation on either side of the molecule. These residues are equivalent to NK1 residues Ile156, 

Glu159, S161, Leu163, Ser166, K170, Arg181, Glu183, Glu184, Pro194, Glu195, Arg197, and Tyr198 

involved in the interaction with the SEMA domain of the MET receptor. Presuming the crystal structure 

presents us with a biologically-relevant conformation, one can envision a binding mode in which two 

MET receptor monomers are brought in close proximity to each other in a nearly identical orientation 

towards the cell surface, suggesting the most straightforward mechanism for tyrosine kinase receptor 

activation possible45. K1K1 therefore presents the most minimalistic peptide-based receptor agonist 

mimicking the binding and receptor activation mechanism proposed for wild-type NK123 but with the 

important difference that ligand dimerization is not required. This covalent “mimicry” is more evident 
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when comparing the NK1 dimer with K1K1. Alignment of the first kringle domain of K1K1 with one of 

the two kringle domains within the NK1 dimer places the second K1K1 kringle close to the other NK1 

kringle domain (Figure S2A). However, due to the straightened conformation, the second K1K1 kringle 

domain is rotated by 109.7 degrees and is moved outwards by roughly 14 Å compared to the second 

kringle domain in the NK1 dimer (Figure S2B). 

 

In vitro data. The potency of a complex consisting of streptavidin-linked biotinylated synthetic K1 

domains was well demonstrated by our laboratories in in vitro and in vivo experiments, with MET 

receptor activation and biological activities similar to HGF/SF34. To analyze MET receptor activation 

and downstream signaling of K1K1, Hela cells were incubated for 10 min with recombinant human 

HGF/SF, K1K1, K1K1H6, and monovalent K1H6 at different concentrations. MET receptor 

phosphorylation and activation of the key downstream signaling molecules Akt and ERK were analysed 

by Western blot. Figure 2A shows the resulting blot in which HGF/SF is still the most potent in 

stimulating MET phosphorylation when Akt, and ERK are already fully activated. Both K1K1 and 

K1K1H6 stimulate phosphorylation of the pathway down to the lowest tested concentration of 100 

pM with a potency similar to HGF/SF at 10 pM. As predicted, treatment with K1H6 is indistinguishable 

from the negative control treatment. We then performed an ALPHAScreen™ analysis to precisely 

quantify the activation of Akt and ERK in HeLa cells stimulated with HGF/SF, K1K1, K1K1H6, and K1H6 

by measuring phosphorylation levels. For p-Akt, both K1K1H6 and K1K1 show similar phosphorylation 

in the low nanomolar range with no significant effect caused by the presence or absence of the poly-

histidine tag. Compared to HGF/SF both variant however show lower maximum activation values of 

Akt (Figure 2B). Interestingly, activation of the Ras-Raf-MAPK pathway as measured by the 

phosphorylation of ERK showed no significant differences between the stimulation by HGF/SF, K1K1H6 

or K1K1 at the tested concentrations. Again, no activity was observed with K1H6 even at very high 

concentrations. Using the ALPHAScreen™ technology, we also confirmed the strong binding capability 

of K1K1H6 to recombinant human MET-Fc chimera, a soluble dimeric protein comprising the whole 

extracellular part of the MET receptor (MET922 fused to human IgG1). In this configuration (His-

Tag/Ni-TNA and Ig-Fc/Protein A interactions) an apparent KD of the K1K1H6/MET-Fc complex cannot 

not be calculated (Figure 2D and Fig S3A). Therefore, to determine KD, we performed a full kinetic 

analysis of K1K1 and NK1 binding to immobilized MET567 using surface plasmon resonance on a 

Biacore T200 and measured an apparent KD of 205 nM, equivalent of this of NK1 (Figure S3B).  

Having established MET receptor binding and remarkably potent activation of the MET signaling 

pathway by both K1K1 and K1K1H6, we subsequently focused on demonstrating the potency of 

inducing various biological phenotypes. We first performed a cell viability assay based on metabolic 

activity (resazuring assay, 46) on MDCK cells incubated overnight (16 hours) in the presence of 

apoptosis inducer (anisomycin) which prevents protein synthesis and leads to cell death47. We looked 

at the cell survival after the addition of HGF/SF, K1K1, K1K1H6 and NK1 at different concentrations 

during anisomycin treatment (Figure 2E). HGF/SF was most effective in preventing cell death but both 
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K1K1 and K1K1H6 were better than native NK1 in this assay. We also used this assay to validate the 

specific activities of different preparations (batches) of K1K1 and K1K1H6 showing undistinguishable 

batch-to-batch variation and similar activities when compared to HGF/SF and NK1 (Figure S4A). Finally, 

MDCK scatter assay48 is also a very sensitive assay that determines the minimal concentration at which 

a MET receptor agonist can induce an epithelial to mesenchymal transition shown as a morphological 

change and increased motility cells that under normal conditions grow in tight colonies. K1K1 was able 

to still exert an effect at a concentration ten times lower than that of native HGF/SF, down to 1 pM, a 

concentration one thousand times lower than that of NK1 (Figure S4B). 

 

In vivo activation of MET signaling. With the in vitro assays clearly demonstrating the potency of K1K1, 

superior to NK1 and in several assays, matching or even surpassing native HGF/SF, we were keen to 

start several in vivo mouse studies to look at the effects of K1K1. We first confirmed that the injection 

route, intraperitoneal (IP) versus intravenous (IV), did not affect the biological availability and activity 

in the mouse liver by establishing phosphorylation of the MET receptor, AKT and ERK by Western blot 

after only 10 minutes (Figure S5). For convenience and since no significant difference between the 

administration routes were observed, 8-week old FVB mice were IP injected with different amounts of 

K1K1 (0.1 to 5 µg) after which the animal was sacrificed 10 minutes later and proteins were extracted 

from a liver homogenate to check the phosphorylation status of the MET signaling pathway. Control 

as well as 0.1 g of K1K1 did not result in any detectable MET, AKT, and ERK phosphorylation signal 

while injection of 0.5, 1, and 5 g gave uniform activation of the pathway (Figure 3A). A second 

experiment in which 5 g of K1K1 was injected to determine the duration of the stimulation by 

sacrificing the animals at 10, 30, 60, and 90 minutes, showing a diminishing signal over time and 

detectable up to 60 min (Figure 3B). 

 

Role of heparan sulfates binding sites in K1K1. Having clearly demonstrated the remarkable potency 

of recombinant K1K1 in cell-based assays and having confirmed the potent activation of MET in the 

liver, a potential target organ, we set out to understand better the underlying receptor activation 

mechanism and potential roles of the co-receptor heparan sulphate (HS).  

We first performed small angle x-ray scattering (SAXS) experiments to establish the solution behavior 

of K1K1 alone, in complex with heparin, and in complex with the MET567 receptor fragment in the 

presence or absence of heparin. In solution, K1K1 was homogenous and well-folded as judged by the 

radius of gyration (Rg), the size-exclusion (SEC) profile, and the Kratky plot. Interestingly, while the 

SAXS envelope is compatible with the K1K1 crystal structure volume-wise, it does not support the 

straightened conformation but instead shows a bent conformation (Figure 4A). This is also evident 

from comparing the experimental scatter curve with one generated based on the crystal structure 

using CRYSOL (Figure S6). MET567 alone also gave excellent SAXS data collection with a mass 

corresponding to a monomer (69.3 kDa as measured) in solution. K1K1 in complex with MET567 

presents two different peaks on SEC, the first of which contains very large species and possibly 
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aggregates while the second presents a homogenous species with a molecular mass of 86.8 kDa, 

matching a 1:1 complex. The SAXS envelope presents a globular object with a “panhandle” protruding 

which perfectly accommodates K1K1 bound to MET567 (Figure 4B). A model based on the alignment 

of K1K1 with the crystal structure of NK1 in complex with MET567 obtained by our lab, produced a 

scatter curve that matched the experimental scatter curve remarkably well (Chi2=3.6) (Figure S5). As 

several glycosylation sites are present in MET567 which could not be included in the model building 

process, we believe the overall structure presents a very reliable model for the K1K1-MET567 complex. 

In a previous study in which we investigated the kringle domain interaction with heparin and heparan 

sulphates, four important positively charged residues were identified; K132, R134, K170, and R181 (31) 

(Figure 4C). These are equivalent to the NK1 kringle residues K132, R134, K170, and R181. 

 The reverse charge mutations of K132 and R134 (i.e. K132E and R134E) in wild type NK1 resulted in 

an agonist, 1K1, with a biological activity superior to NK1 and in some assays approaching native 

HGF/SF25. While the underlying molecular mechanism remains to be understood and might be related 

to the complex role the HS co-receptor plays on the cell surface, we introduced the reverse charge 

mutations in both kringles generating two mutant K1K1 variants: K1K1S2, comprising K10E, R12E, 

K93E, R95E, and K1K1S4 comprising K10E, R12E, K48E, R59E in the first monomer and K93E, R95E, 

K131E, and R142E in the second one. These are the residues equivalent to HGF/SF residues K132, R134, 

K170, and R181. 

 

In order to determine the consequences of the heparin binding site mutation, a scattering assay was 

performed on MDCK cells with HGF/SF, K1K1 and the two variants, allowing a qualitative comparison. 

In this assay there was still observable scattering activity down to 10 pM for K1K1 while K1K1S2 lost 

activity as a ten times higher concentration (100 pM) and K1K1S4 only showed activity in the low 

nanomolar range (Figure 5A). This completely unexpected result indicated that the low-affinity 

heparin-binding site (as opposed to the high-affinity heparin-binding site located in the N-terminal 

domain of HGF/SF and NK1) present in both kringle domains, does play a role in MET receptor-

mediated signaling. To confirm these results obtained with the scatter assay, we also performed a 3D 

morphogenesis assay using the same MDCK cells (Figure 5B and Figure S7A and B) and confirmed the 

results obtained with the scatter assay indicating that the reverse-charge mutations affecting the 

heparin-binding site reduce the biological activity of K1K1S2 and K1K1S4 (Figure S7A). This loss of 

biological activity was quantitatively confirmed by a migration assay on SKOV3 cells (Figure 5C). 

 

To confirm this loss of biological activity on the level of the MET receptor, we investigated the 

phosphorylation status of MET, AKT, and ERK. In agreement with observed phenotypes, K1K1S2 and 

K1K1S4 are weaker agonists that K1K1 by one and two orders of magnitude respectively (Figure S7C). 
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Discussion 

At the end of the 19th century, Italian pathologist G Bizzozero described remarkable differences in cell 

turnover among different tissues and organs and proposed a straight correlation between cell 

turnover and regenerative potential: maximum in bone marrow, spleen and intestine, negligible in the 

heart and brain. More than a century after Bizzozero, the cellular basis of regeneration remains 

incompletely understood. The majority of post-natal tissues contain populations of ‘adult 

stem/progenitor cells’ that are capable of renewing differentiated cells of the tissue and are confined 

to specific micro-domains: the cell niche49.  In an alternative strategy, tissue regeneration involves the 

de-differentiation of parenchymal cells, followed by expansion and re-differentiation.   

 

The choice between these two types of regenerative responses is not clear. For example, the limited 

regenerative response of the mammalian myocardium to injury is mediated by cardiac 

stem/progenitor cells50 whereas the response to injury of the newt or zebrafish myocardium involves 

de-differentiation of mature cardiomyocytes followed by expansion and re-differentiation51. 

Significantly the ability of both stem/progenitor and differentiated cell populations to respond to 

tissue damage is modulated by extracellular signals. Thus, if the crucial signals involved in the 

mobilisation and expansion of stem/progenitor or differentiated cells are understood, the prospect of 

enhancing tissue regeneration in response to tissue damage is considerable because the ‘physiological’ 

concentration of such signals limits, in several tissues, the regenerative response to damage.   
 

While death rates from a number of major diseases have steadily decreased over the last ~50 years, 

liver mortality has increased dramatically52. The hepatitis B vaccine53,54 and the recently-developed 

treatments for hepatitis C55 constitute major breakthroughs, but there are half a billion people 

worldwide with active hepatitis B or C56 and it may take decades to bring the burden of viral liver 

disease under control. Further, nearly half the deaths due to liver cirrhosis and cancer are caused by 

alcohol, fat or drugs and not by viruses3. The next challenge in liver disease, therefore, is 

fibrosis/cirrhosis57, the convergent outcome of long-term liver damage, the prevention of which is a 

major unmet medical need. 

 

Thus, short of removing the primary cause of liver damage, rational therapy of liver fibrosis/cirrhosis 

should aim to limit hepatocyte death and promote hepatocyte regeneration, thus inhibiting 

inflammation and activation of stellate cells and myofibroblasts. There are no therapies on the market 

targeting specifically the pathogenetic mechanisms underlying liver fibrosis/cirrhosis but a number of  

therapeutic approaches are under development, including: (i) inhibitors of cell death pathways58 and 

of RIP1-3, such as necrostatin-111,59, (ii) galectin inhibitors60,61, (iii) inhibitors of TGF-, a key inducer of 

extracellular matrix synthesis by stellate cells/myofibroblasts62 and, (iv) inhibitors of collagen synthesis 

or cross-linking including inhibitors of prolyl 4-hydroxylase63 or antibodies blocking Lysyl oxidase 
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homolog 2 (LOXL2) and, (v) liver transplantation, the only curative treatment for liver cirrhosis that 

was available to less than 15,000 people worldwide in 201064,65, a year in which more than one million 

people died because of the disease3. 

 

Lineage tracing experiments have recently revealed that liver regeneration is due primarily to 

proliferation of surviving hepatocytes66. At least in mice, this process depends on HGF/SF and MET 

and cannot be compensated by other signalling pathways. Further, HGF/SF-MET signalling inhibits 

Fas-dependent hepatocyte apoptosis/necroptosis by sequestering/ inactivating the Fas receptor67, 

inhibits synthesis of TGF-, the key mediator of liver fibrosis, and induces apoptosis in both stellate 

cells69 and myofibroblasts70, the sources of TGF- in damaged liver and the cells responsible for the 

synthesis of extracellular matrix. In essence, the large body of available mouse genetic data, 

combined with experimental studies of liver damage in both wild-type and knock-out mice have 

demonstrated unequivocally the essential physiological roles in development and regeneration and 

the severe organ pathology induced by failing HGF/SF-MET signalling, namely: hepatocyte death, 

lack of hepatocyte regeneration, inflammation and fibrosis. These data provide a strong rationale 

for MET agonists in liver disease, a concept now validated both at preclinical and clinical levels (see 

below).  

 

Experimental evidence for therapeutic efficacy in disease model. In acute toxic liver disease HGF/SF 

- the physiological MET ligand - enhances survival and reduces hepatocyte death. If administered 

at the time of liver surgery, HGF/SF enhances liver size and liver function71. In cirrhotic animals it 

enhances both regeneration and survival after partial hepatectomy72,73and can both prevent and 

reverse fibrosis74–76, pointing to a therapeutic role in prevention or amelioration of chronic liver 

disease. 

 

Current evidence for therapeutic effect in man: In the west HGF/SF has not been used 

therapeutically in man, but observations have been made in Asia. Cui and colleagues identified 21 

trials enrolling nearly 6000 patients, all reported in Chinese journals, on the use of HGF/SF in liver 

failure77 (Fig 3e). Whilst the need for further trials remains, it is striking that overall mortality in the 

Chinese patients was significantly reduced when recombinant HGF/SF was administered daily and 

intra-venously for one month (treatment reduced the risk ratio of death by nearly half, from 1.0 - 

no effect - to 0.62, 95% CI 0.59-0.66). Reductions were seen in acute liver failure, sub-acute liver 

failure, acute-on-chronic liver failure (mainly in sub-acute liver failure) and in patients treated at 

an early stage of liver failure. Reported adverse effects were mild (rash, headache and fever) and 

non-critical. The available data therefore strongly indicate that HGF/SF constitutes an effective 

approach for the treatment of liver fibrosis/cirrhosis. 
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Outside China, a Phase I/II study of recombinant HGF/SF in fulminant liver failure reported 5 

patients treated without significant side-effects, at the start of a dose-escalation study78. 
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Figure Legends: 

Figure 1. Domain architecture of MET agonists and crystal structure of K1K1 and K1K1H6. 
(A) Schematic representation of HGF/SF, NK1, K1K1, K1K1 variants and MET receptor full length or MET567. 
Amino-acid position of functional domains are indicated above boxes. CR: cysteine rich, Ig: immunoglobulin like, 
SPH: serine protease homology, S-S: disulphide bonds, TK: tyrosine kinase, TM: transmembrane domain. (B) The 
overall structure of K1K1 showing the straightened conformation of the two kringle domain and the N-terminus 
(blue) and C-terminus (green) located centrally with the linker. (C) Alignment of K1K1 (green) and K1K1H6 (cyan) 
showing a nearly identical overall structure (RMS=1.8 Å) with the C-terminal poly-histidine tag making contacts 
with the N-terminal kringle domain. 
 
Figure 2. In vitro activity of the HGF/SF, K1K1, K1K1H6, and K1H6. 
(A) Phosphorylation analysis by Western blot on Hela cell lysates after stimulation with ligands for 10 min at 
concentrations indicated above each lane. Loading controls are based on total MET, total Akt, and total ERK 
present in each lane. (B) AlphaScreen™ measurement of p-Akt and (C) p-ERK activation in HeLa cells after 10 min 
stimulation with K1K1, K1K1H6, HGF/SF and K1H6. (D) Binding determination using the ALPHAScreen™ saturation 
binding assay. Seven concentrations of K1K1H6 were tested on several different concentrations of MET-Fc (AA 
25-922) (Suppl. Fig S3A). Shown is the binding of K1K1H6 to 3 nM MET-Fc. (E) Ligand induced MDCK survival after 
overnight treatment with the apoptotic inducer anisomycin. Indicated is the percentage of viable cells compared 
to no-anisomycin treatment after exposure to HGF/SF, K1K1, K1K1H6, and NK1 at different concentrations.  
 
Figure 3. Dose response and MET pathway activation kinetics after intraperitoneal injection. 
(A) 8-week old FVB mice were injected with PBS (Ctrl) or different amounts of K1K1 after which MET, AKT, and 
ERK phosphorylation in liver homogenate was determined using Western blot. Mice were sacrificed 10 minutes 
after injection. Results are presented as experimental duplicate (n=2). (B) MET, AKT, and ERK phosphorylation 
were detected by Western blot at different time points after injection of 5 µg of K1K1. Results are presented as 
experimental duplicate (n=2) except for control and 10 min conditions. Both blots present total MET, Akt and ERK 
proteins as loading controls.  
 
Figure 4. SAXS-guided models for K1K1 alone and in complex with MET567.  
(A) The computed ab initio SAXS envelope is not compatible with the elongated K1K1 crystal structure (pink), but 
can accommodate a bent K1K1 conformation (cyan). To fit the SAXS envelope, the two kringle domains are rotated 
around the linker region by roughly 60°. (B) The ab initio SAXS envelope of the 1:1 complex of K1K1 and MET567 
shows a “pan-handle” extension, which accommodates K1K1. The PSI domain is partially protruding from the 
bottom of the envelope. (C) Single kringle domains of K1K1 showing the location of the residues involved in MET 
binding, as defined by Lokker et al., 1994 40 shown in blue while the reverse charge mutations affecting the heparin 
binding in K1K1 S2, (K10E, R12E) and those in K1K1S4, (K10E, R12E, K48E, R59E), are shown in orange. 
 
Figure 5. Effects on cell motility, migration and morphology. 
(A) MDCK cell scattering at different concentrations K1K1, K1K1S2 and K1K1S4 showing the lowest concentration 
at which each protein is still active and the subsequent dilution at which no more scattering is observed. HGF/SF 
is used as positive control to generate maximum scattering. For complete half-log dilution of agonist series, see 
Data Source Image File. (B) 3D reconstruction by z-stacking of fluorescence microscopy images taken of large 
MDCK cell colonies stimulated with 100 pM HGF/SF or 10 nM K1K1 and mutants for four weeks. The combined 
fluorescence of DAPI (red) and Evans blue staining (grey scale) shows the extensive morphological change and 
tubulogenesis induced by both proteins. (C) Boyden chamber migration assay using SKOV3 cells. Cells were 
treated for 6 hours with indicated concentrations of HGF/SF, K1K1, K1K1S2 and K1K1S4 after which the migrated 
cells were detected with CellMaskTM Green stain. Migration is presented as fold increase over 
control/background. Error bars represent mean +/- SD based on quadruplicates (n=4). 
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