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Abstract 

 

 

 

While enzymes can be easily categorized by their catalytic function, the functions of non-

enzymatic proteins can be much more subtle. In the absence of experimental data, protein 

functions are often assigned based on sequence or domain conservation, but this can be 

misleading. Beginning with the human guidance protein Netrin-4, to the pit viper venom 

constituent Rhodocetin and its interaction integrin α2β1, a blood clotting protein, and finishing 

with Right Handed Coiled-Coil, a surface layer component of microorganisms that live in the 

harshest environments, this thesis brings to light new knowledge on three extracellular systems 

where structural characterization and subsequent validation were used to clarify their functions 

or their mechanism of action.   
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Chapter 1: Non-enzymatic Extracellular Proteins and Their Role 

in Growth, Defence, and Metabolism 

 

 

Introductory Remarks 

The ability to interact with the environment and respond to stimuli is a hallmark of living things. 

These responses are often effected by secreted molecules, such as proteins; in this thesis I will 

present my work on three such systems where the knowledge of the structure of these proteins, 

either alone or in complex with other molecules, allows us to better understand their 

functionality. This introductory chapter will serve to provide an overview of the three systems in 

question; more details will be presented in their respective chapters. The first system I will 

discuss is the secreted guidance protein Netrin-4 (Net4), which plays a role in remodeling the 

basement membrane (BM) of tissues, angiogenesis, and BM permeability1,2,3. In this thesis I will 

present the high resolution structure of Net4 in combination with lower resolution complex 

structures, binding assays, and mutagenesis, which allows us to describe the role and mechanism 

of action for this protein where there was previously none. I will also discuss Rhodocetin (RC), a 

snake venom toxin from the Malayan pit viper4, in complex with the I domain of Integrin α-2, 

essential for the blood clotting response5, where the gross conformational changes between free 

and bound RC are not only academically interesting, but may have important practical 
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applications. Finally, Right Handed Coiled-Coil (RHCC), a portion of the surface layer (S-layer) 

protein tetrabrachion of the archaea Staphylothermus marinus6, where the structure of the protein 

in complex with elemental sulfur has shed new light on the metabolism of the archaea.  

 

An Overview of Netrins and the Netrin Family of Proteins 

Laminins and the Basement Membrane 

Compartmentalization is a key aspect of all biology; on the most basic level, membranes separate 

organelles from the rest of the cytoplasm and each higher level of organization comes with a 

corresponding increase in exclusion and boundaries. The separation of the epithelium from the 

underlying tissues in higher level organisms is accomplished by the basement membrane (BM), a 

specialized extracellular matrix (ECM) present under the skin and around the respiratory tract, 

gastrointestinal tract, kidney, etc7. The two major structural components of the BM are collagen 

IV and laminin; nidogens, agrins, and perlecans are less abundant, but are also required for 

structural integrity. Structural similarity between laminins and collagens exists only at the most 

superficial level; both are trimeric proteins that crosslink to from larger superstructures which 

provide mechanical support to the BM8. Collagen IV is composed of subunits α1 through α6, 

with the most common variant in BMs being α1α1α2. All collagen subunits have an extended 

helical structure permitted by the incorporation of a glycine in every third position and a high 

proportion of proline and hydroxyproline7. These subunits assemble into the collagen triple helix, 

which self-associate to form longer fibrous structures that lend structural stability to much of the 
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basement membrane. Laminins are composed of an α, β, and γ subunit that associate through a 

coiled-coil domain near the C-termini of the proteins. Though there exists five α, four β, and 

three γ variants, only 16 mammalian isoforms have been isolated to date9. Laminins adopt a 

cruciform arrangement, where the coiled-coil domain forms the base and the N-terminal domains 

of the subunits constitute the short arms of the cross. Polymerizing laminins, such as laminin-111 

or laminin-511, can associate via the Laminin N-terminal (LN) domain. A triple complex is 

formed through the LN domains of an α, β, and γ subunit, each from a separate laminin trimer. 

This results in a 2-dimensional network of laminin that associates with the cellular membrane on 

the C-terminal end8. Non-polymerizing laminins such as laminin-411 lack the α-chain short arm, 

and resemble more closely a Y than a cross10.     

  

Laminin Domain Topology 

With the exception of a few variants, laminins maintain a conserved domain topology. 

Exceptions include α3A, α4, and γ2, which exhibit a truncated N-terminus. The N-terminal 

domain, aptly named the LN or laminin N-terminal domain, is responsible for laminin 

polymerization. It is a 7-stranded β-sandwich jellyroll domain of approximately 250 residues. 

Mutation of this domain results in a number of dystrophic genetic conditions, as the incorrectly 

formed BM is unable to function correctly. Following the LN domain are several repeated LE or 

laminin-EGF-like domains. These are ~60 residue domains formed of irregular coils held 

together by 4 disulfide bridges. These rigid domains result in the extension of the short arms 

away from the coiled-coil domain and serve as binding sites for other BM proteins, such as 
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nidogen11. Laminin short arms also contain the laminin B domain of unknown function. 

Following the multi-domain short arm is the ~500 residue coil region, which mediates the 

association of the laminin heterotrimer. α-laminins have additional C-terminal laminin globular 

(LG) domains that interact with sulfatides in the cell membrane, as well as α-dystroglycan, 

integrins, and other basement membrane proteins8–10.  

 

A Brief Overview of the Netrins 

The short arm domain topology of the laminins is reflected in another class of proteins, the 

netrins. A class of molecules involved in regulating tissue growth, netrins are, with exceptions,  

composed of an LN domain, followed by 3- 3.5 LE domains, and terminated by a netrin (NTR) 

domain12. In humans, the netrin family consists of the soluble netrins 1, 3, 4, 5, and the GPI 

anchored G1 and G213. The most thoroughly studied member of this family is netrin-1 (Net1). 

Net1 plays an important role in many cellular pathways; it has been implicated in cell survival, 

angiogenesis, tumour growth, and axon guidance14. The binding of Net1 to its dependence 

receptors can cause axon repulsion (Unc5), or attraction (DCC, neogenin)15–17, and its role in a 

number of cancers, as well as neurodegenerative disorders such as multiple sclerosis and 

alzheimers, is the focus of many research groups. Recent data suggests that Net1 interacts with 

its dependence receptors through its LE domains, specifically the LE-2 domain14,18,19. Netrin-3 is 

expressed in the peripheral nervous system and is thought to regulate its development, while 

netrin-5 resides in the neurogenic regions of the adult brain. However, the modes of action of 

these two proteins is unclear. Interestingly, netrin-5 lacks the LN domain found in all other 
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netrins13. The membrane anchored netrins G1 and G2 lack the NTR domain, as their interaction 

with the cell membrane is much more immediate. They are localized at synaptic interfaces, and 

are postulated to modulate synaptic activity through interaction with the aptly named netrin G 

ligands 1 and 2 through their LN domain20. Interestingly, netrin G1 knockout in mice results in 

the loss of either the anxiety or fear response, depending on whether the knockout is localized in 

cortical excitatory neurons (former) or inhibitory neurons (latter)21.  

 

Netrin 4 

As all of the other members of the netrin family are closely associated with nervous tissue 

function, it is unsurprising that the relatively smaller body of literature of Net4 contains a 

number of papers examining a potential interaction between it and the canonical Net1 

dependence receptors. However, it has been found to regulate tissue vascularization and has 

abnormal expression levels in a number of cancers, such as gastrointestinal and breast1,3,22–24. 

Net4 was initially designated β-netrin, due to its homology with β-laminin12. In contrast, all other 

human netrins bear a closer resemblance to γ-laminin. Our work in Structural decoding of netrin-

4 reveals unique non-enzymatic disruptive forces towards mature basement membranes provides 

evidence that the regulatory function of Net4 is not due to interactions with DCC or Unc5, but 

rather to a novel pathway involving direct interaction with the basement membrane25.  
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Haemostasis and its Antagonism by Calloselasma rhodostoma 

Mammalian Haemostasis 

For larger organisms such as mammals, direct diffusion from the environment is insufficient for 

the metabolic needs of the cell; we rely on a closed loop circulatory system to carry metabolites 

to and catabolites away from cells and tissues of the body. As the circulatory system is essential 

for our survival, we have evolved a complex regulatory system to ensure holes in the vasculature 

are plugged as efficiently as possible, but the blood in our bodies remains fluid. A central part of 

the blood clot response, or haemostasis, is the platelet. Much smaller than red or white blood 

cells, the average platelet count in humans is between 150,000 and 400,000 per microliter of 

blood. Platelets interact both directly and indirectly with damaged areas and, upon activation, 

undergo cytoskeletal rearrangement and adhere to neighbouring platelets5,26. Accompanying this 

change in morphology is the release of pro-clotting compounds such as ADP from the platelet, 

which activates more platelets, resulting in a cascade of activation and the formation of a blood 

clot27. Further signalling pathways result in the cleavage of fibrinogen by thrombin to form 

fibrin, which results in a more structurally sound mature blood clot.   

The interaction of platelets at the site of injury follows two main pathways. When endothelial 

cells are damaged, they release a number of pro-clotting chemical cues. Among these is the ~270 

kDa glycoprotein von Willebrand Factor (vWF), which is associates into multimers upwards of 

250 MDa in size. The importance of vWF is evidenced by numerous genetic blood disorders 

centred on vWD mutations, many of which have a high mortality rate if left untreated28. One of 
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the primary functions of vWF is to interact with collagen exposed by tissue damage via the vWF 

type A domain. Once collagen has bound, vWF can activate platelets through platelet 

glycoprotein Ib (GPIb)5. Platelets can also directly bind to exposed collagen through the integrin 

α2β1. Integrin α2 also contains a vWF type A domain that undergoes a conformational change 

upon collagen binding that ultimately results in platelet activation29.  

 

Venom of the Malayan Pit Viper  

The Malayan Pit Viper (Calloselasma rhodostoma) is a venomous snake native to Southeast 

Asia. Though untreated bites are rarely fatal, they often result in permanent damage or even loss 

of function in the affected limb4. Envenomation may also cause a prolonged coagulation defect, 

which can not be treated by antivenom30. The snake venom itself is a cocktail of proteins and 

glycoproteins designed to damage the tissue of the bite victim, and to neutralize the blood 

clotting response, resulting in severe hemorrhage. It is composed of several classes of molecules. 

Rhodostoxin, a hemorrhagin, acts by destroying collagenous basement membranes and 

connective tissues, thereby weakening blood vessel walls and promoting hemorrhage. L-amino 

acid oxidase, 30% of the venom dry weight, catalyzes the formation of ammonia, hydrogen 

peroxide and an α-keto acid from an amino acid and water. The primary cause of tissue damage 

is thought to be the highly reactive oxygen, which damages membranes, proteins, and nucleic 

acids. Thrombin-like enzymes such as ancrod comprise 7.5% of the venom dry weight; these 

enzymes activate fibrinogen outside of the normal haemostatic cascade. The fibrin formed 

through ancrod activation forms microclots that are quickly dissolved by the native enzyme 
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plasmin. This results in the depletion of fibrinogen in the vicinity of the bite, thereby inhibiting 

normal clot formation. A platelet aggregation inducer, rhodocytin, interacts with CLEC-2 on the 

platelet surface, inducing platelet activation outside of the normal blood clotting cascade and 

results in a depletion of platelets at sites of tissue damage.  Fibrinolytic factors degrade fibrin and 

inhibit the maturation of blood clots4,31. The final haemostatic inhibitor of the C. rhodostoma 

venom is RC. A heterotetramer, the bifunctional RC separates into αβ and γδ dimers upon 

recognition of their targets on the platelet surface32–34. The αβ heterodimer recognizes GPIb and 

blocks vWF mediated platelet aggregation while the γδ heterodimers recognize the A domain of 

α2β1 integrin and blocks vWF independent aggregation. In Dramatic and concerted 

conformational changes enable rhodocetin to block α2β1 integrin selectively, we compare the 

previously crystallized RC tetramer with the complex of RCγδ and the A domain of integrin α2 

and explore the conformational changes required to release the αβ subunits and bind integrin35.  

 

The Surface Layer and Metabolism of Staphylothermus marinus  

Archaeal Surface Layers 

Unlike bacteria, archaea lack a peptidoglycan layer and require other means to protect the 

integrity of the cell; instead, this is accomplished with a membrane associated glycoprotein 

surface layer (S-layer) which assembles to form a proteinaceous shell on the exterior of the 

organism36.  The composition of the S-layer varies widely in archaea; predicted molecular 

masses of the individual subunits range from as little as 26kDa to over 250kDa, and have a 
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varying number of glycosylation sites37. S-layers are membrane anchored, and self-assemble to 

form monocrystalline layers with varying symmetry. This self-assembly process has been noted 

in a number of isolated S-layer proteins, and has potential in applications such as molecular 

sieving and immobilization of functional molecules in affinity membranes, biosensors, and 

immunoassays38. Though the assembly and structure of these proteins has been examined 

thoroughly, there is a dearth of knowledge on the functions of these structures besides thermal, 

mechanical, and osmotic stabilization. S-layers are not unique to archaea; in bacteria, S-layer 

proteins have been implicated in virulence, avoidance of the immune system, and even to 

selective biomineralization39, but parallel data is lacking for archaea.  

 

Surface Layer of Staphylothermus marinus 

One of the most interesting S-layer systems is that of Staphylothermus marinus; a 

hyperthermophilic sulfur-reducing archaea isolated both at deep sea hydrothermal vents 

(>2000m depth) and at shallow water marine hot springs (10m). The optimal growth conditions 

of S. marinus is around 94°C and a pH of 6.5 respectively. S. marinus is a member of the 

Desulfurococcaceae family, and grow in small, ‘grape-like’ clusters40. It uses peptides as carbon 

and energy sources and remains metabolically active even in the absence of sulfur, though it 

requires sulfur for growth41. The S-layer of S. marinus is composed of 3 subunits, the light chain 

(85 kDa), the heavy chain (92 kDa), and a unique enzymatic component, the protease STABLE 

(150 kDa). The heavy chain is predicted to be mostly α-helical in nature, and it is membrane 

anchored at the C terminus with 4 copies coming together to form a parallel coiled-coil stalk. 
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The N-terminus of the heavy chain contains a hinge region where the 4 chains diverge before 

interacting with the β-stranded light chain. This complex is known as the tetrabrachion, and it 

associates with adjacent tetrabrachia in a carbohydrate-dependant manner via the light chain to 

form a network that coats the surface of the cell. The coiled-coil domain is roughly 70nm in 

length and appears almost completely straight in electron micrograph images. This, in 

combination with the networked canopy of light chains, gives rise to a pseudo-periplasmic 

space42,43. Roughly halfway up the α-helical stalk resides 2 copies of the subtilisin-like protease, 

STABLE. Thus far, STABLE is the only identified stoichiometric enzymatic component in an S-

layer; it is suspected that STABLE provides peptides for metabolism44. Though the interaction 

between tetrabrachion subunits is relatively easily broken, the tetrabrachion itself is incredibly 

difficult to disassemble, they resist denaturation even while boiling in 6M guanidinium 

hydrochloride. The tetrabrachion is also the source of the first discovered naturally occurring 

right handed coiled-coil. This motif appears about halfway up the stalk, possibly forming a 

portion of the STABLE binding site6,43,45.  

 

Elemental Sulfur Metabolism in Desulfurococcales 

A common theme in extremophilic organisms, particularly hyperthermophiles, is the absence of 

oxygen as the terminal electron acceptor in the electron transport chain (ETC). Though the half 

reaction of oxygen has a very large reductive potential, increasing the ATP yield of the ETC, the 

solubility and therefore availability of oxygen in aqueous solutions decreases with increasing 

temperature, necessitating the use of alternative, non-gaseous, electron acceptors46,47. The order 
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Desulfurococcales span a number of diverse organisms, both autotrophs and heterotrophs, that 

can use nitrate, nitrate, thiosulfate, hydrogen, or even oxygen as terminal election acceptors48. S. 

marinus, like several other members of this order, is a heterotrophic sulfur reducer, which uses 

organic acids, such as peptides, as a carbon source. Elemental sulfur (S8 is the most common 

allotrope) is used in the place of oxygen, and hydrogen sulfide is produced49,50. Though sulfur 

respiration is present in many extremophiles, little is known about the proteins that sequester 

sulfur from the environment or catalyze the reaction. Currently, only a single structure has been 

deposited in the protein database with elemental sulfur bound, that of a sulfur quinolone 

reductase (PDB 3HYW). Although the resolution of this structure is very good (2.0Å), the sulfur 

ring is poorly defined51. There is also currently no structural data available for the proteins that 

carry sulfur into the cell, and in many obligate sulfur reducers, this protein has not even been 

identified. In The Right Handed Coiled-Coil nanotube in complex with elemental cyclo-

octasulfur (S8), the structure of  RHCC with S8 along with computational support provides 

perhaps the first atomic resolution structural information of how a sulfur reducer sequesters 

elemental sulfur from its environment52.  
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Chapter 2: Instrumentation and Methods 

 

 

Preparation of RHCC-6His E. coli 

Due to low expression levels and difficulty of culturing native organisms, many proteins are 

recombinantly expressed. In the case of RHCC, Escherichia coli (E. coli) strain BL21 from New 

England Biolabs was used as an expression system due to its rapid growth rate and well 

characterized nutrient requirements. A previously designed RHCC construct (kindly gifted by 

Suat Ӧzbek of the University of Heidelberg, Germany) containing a thrombin cleavable N-

terminal 6His tag in an IPTG inducible ampicillin resistant pET15b vector was transformed into 

E. coli by mixing ~5ng of plasmid with ~1011 cells in 50 μL 15% glycerol and subjecting the 

mixture to 1800V in a 0.1cm gap electroporation cell. Cells were then allowed to recover in SOC 

media for 1 hour at 37°C prior to plating onto LB agar containing 100 μg/mL ampicillin. The 

plates were incubated at 37°C overnight. 50 mL of LB broth was inoculated with a single colony 

picked from the plate and allowed to grow at 37°C for 12 hours with aeration. The resulting cells 

were collected and centrifuged at 3000xg to pellet the cells which were then resuspended in 50% 

glycerol and frozen at -70°C. These cells form the stock for all subsequent RHCC expression 

experiments. 
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Expression and Purification of RHCC 

A pre-culture of RHCC-6His E. coli inoculated into 50mL of LB broth with 100 μg/mL 

ampicillin (LB +amp) was grown overnight at 37°C with aeration; this culture was then added to 

1.6L of LB +amp and grown for approximately 2 hours until the optical density at 600nm 

reached 0.6. IPTG is added to a final concentration of 0.5mM and the cells are allowed to grow 

for a further 3 hours. Cells were then harvested and pelleted at 12 000xg and frozen at -70°C to 

begin the lysis process. Cells were then thawed on ice and resuspended in a buffer containing 

20mM phosphate, 2mM imidazole pH=7, 6M guanidine hydrochloride. Cell lysis was furthered 

on ice in a dounce style homogenizer and completed by 2 minutes of sonication at 50% 

amplitude in a Fisher Scientific Model 500 Sonic Dismembrator. The resulting lysate was then 

centrifuged at 70 000xg at 6°C to remove insoluble cellular components. The 6His tag on the 

RHCC construct has a high affinity to bivalent colbalt or nickel ions1, and was used to separate 

the tagged RHCC from the other cellular components. The soluble lysate was passed through a 

Talon cobalt column (GE healthcare) and washed first with the denaturing resuspension buffer, 

then with a buffer containing 20mM phosphate, 2mM imidazole pH=7 to allow the protein to 

refold on the column. Purified RHCC-6His was then eluted from the column with 150mM 

imidazole, pH=7, 300mM NaCl. All column purification was done at 4°C. RHCC-6His is then 

dialyzed into a buffer containing 20mM Tris, pH= 8.4, I=154mM (NaCl) before cleavage with 

bovine thrombin (GE healthcare). Thrombin was removed from the solution by passage through 

a benzamidine serine protease affinity column (GE healthcare). Purity and homogeneity of the 
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thrombin digested protein was assayed by SDS-PAGE and DLS and the pure RHCC was stored 

at 4°C until required.  

 

Dynamic Light Scattering 

Dynamic Light Scattering (DLS) is a non-destructive method used to measure the hydrodynamic 

radius (rH) of a particle in solution, and can be used to determine solution monodispersity or 

monitor particle size as a function of temperature or concentration2. We performed DLS on Net4 

at concentrations between 0.5 and 6 mg/mL, and on RHCC at different temperatures to 

determine if oligomerization changed with these variables, or if aggregation occurs. Solution 

monodispersity is key for a number of structural biology techniques. Data was collected in a 12 

μL quartz cuvette using a Zetasizer Nano S system (Malvern Instruments), which utilizes a 4mW 

633nm laser and a scattering angle of 173°. The Zetasizer software calculates the diffusion 

constant using an autocorrelation function, which is then used to calculate a hydrodynamic radius 

using the Stokes-Einstein relationship. It is important to note that the hydrodynamic radius does 

not necessarily match any physical dimension of the scattering particle, it is merely the radius of 

an ideal sphere that moves with the same diffusion constant of the particle in solution3.  
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Circular Dichroism 

Circular Dichroism Spectroscopy (CD) is a technique used to determine the secondary structure 

of a protein. Chiral chromophores will differentially absorb left- and right- handed circularly 

polarized light. Aside from the intrinsic chirality of the individual amino acids, higher order 

protein folds such as α-helices and β-strands have degrees of chirality that differ from an 

unfolded or random coil structure. As peptide bonds absorb strongly at ~200nm, the absorbance 

difference between 180 and 260nm has been determined for many secondary structure elements, 

and so it is possible to deconvolute a CD spectrum and determine the contribution from each 

secondary structural element to the overall fold4. Though RHCC is known to be entirely α-helical 

from previous unpublished CD experiments at 20°C, it was important to ascertain if RHCC 

maintains its folded state at the elevated temperatures used for the sulfur incorporation. 

Therefore, CD spectra were collected in triplicate on a J-810 spectropolarimeter (Jasco) at 20 and 

81°C on 0.2mg/mL RHCC in 12mM phosphate, pH 7.0, 200 mM NaF in a 0.1 cm quartz cuvette 

(Hellma) with a scan speed of 7.5nm/min. 
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X-ray Crystallography 

 

Introduction to Macromolecular Crystallography 

The function of biological macromolecules depends less on their chemical composition and more 

on the 3 dimensional structure and how that structure interacts with other molecules in a 

biological context. Determination of the 3D structure can be done using Nuclear-Magnetic 

Resonance Spectroscopy (NMR), Cryo-Electron Microscopy (Cryo EM) or X-ray diffraction 

(XRD); each technique has its own advantages and disadvantages5,6. XRD has no theoretical size 

limitations, does not require labels, and has many well polished software suites with very active 

communities behind them. The main disadvantage is that XRD requires a crystalline substrate, 

and it can be very difficult to induce crystallization in biological molecules. As a consequence, 

XRD does not work well with intrinsically disordered or extremely dynamic systems. 

 

Preparation and Crystallization of RHCC-S8 

Initial attempts to prepare RHCC-S8 involved solubilization of the extremely hydrophobic 

elemental sulfur (Fisher Scientific) using sodium dodecyl sulfate (SDS) (Anachemia), followed 

by incubation with 11mg/mL RHCC for 3 days. Removal of SDS by dialysis failed, as did 

passage through a Superdex 75 size exclusion column (GE healthcare). DLS results yielded a 

particle dimension too large to be attributed to RHCC alone. Instead, a new protocol was 
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developed where ~15 mg of sublimed sulfur was added to 370 μL of 8.15 mg/mL RHCC in 10 

mM bicine buffer (pH=8.0, I=154 mM (NaCl)) (Fisher Scientific) and heated to 80°C with 

constant stirring. The solution was held at this temperature for 4 days, followed by removal of 

excess sublimed sulfur by centrifugation and filtration. DLS analysis of the resulting supernatant 

yielded an rH consistent with that of an RHCC tetramer. The protein was concentrated to 

11mg/mL and crystals were grown by hanging drop vapour diffusion at 4°C. Specifically, 2 μL 

of protein and 2 μL of the reservoir solution were mixed and suspended over a 1 mL reservoir. 

The reservoir solution that yielded crystals was composed of 1.6M ammonium sulfate (Fisher 

Scientific) and 0.1M Tris pH=8.0 (Fisher Scientific). Crystals appeared after 1 week.  

 

Crystallization of Netrin-4ΔC 

Net4ΔC was crystallized by hanging drop vapour diffusion at 20°C. 2 μL of 1.2 mg/mL of 

Net4ΔC in 50mM Tris pH=7.5, 200mM NaCl was mixed with 1.6 μL reservoir solution (20% 

PEG 3350, 0.2M calcium acetate, 0.1M sodium cacodylate pH=6.5) and 0.4 μL NDSB-256 from 

the HR2-428 additive screen (Hampton Research). Crystals appeared after 1 week.  

 

Data Collection, Processing and Structure Solution of RHCC-S8  

All crystal data was collected at 100K to reduce radiation damage to the protein. To prevent ice 

crystal formation from damaging the protein crystal and degrading the signal to noise ratio, 

crystals were soaked in a 4°C solution of mother liquor with 20% glycerol v/v prior to flash 
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freezing in liquid nitrogen. Images were collected from 0-110° in 1° wedges with 10 minutes 

exposure on a Rigaku MM-007HF diffractometer with an X-ray wavelength of 1.54178Å using 

an R-axis IV++ detector. No radiation damage was observed during data collection. Data was 

indexed integrated, and scaled with MOSFLM7 and the CCP4-package8,9. Phases were calculated 

with rigid body refinement in Refmac510,11 using a polyserine RHCC model based on a 

previously solved RHCC structure12 (PDB code 1YBK). Rfree flags were transferred from the 

model dataset to minimize model bias. The structure was built and refined using Coot13, 

Refmac5, and the Phenix software package14. Chemical restraints for the S8 ring were generated 

using JLigand15 and eLBOW16.  

 

Anomalous Sulfur Signal 

To obtain experimental phase information and to confirm the presence of sulfur in the structure, 

anomalous data was collected at the 08B1-1 beamline at the Canadian Light Source with a 

wavelength of 1.77123Å. At this wavelength Friedel’s Law is broken for sulfur; inverted 

reflections no longer have the same amplitude and the difference in amplitude is entirely from 

the anomalous diffracting elements5. Crystals were again cryoprotected with a 20% glycerol 

solution prior to collection of 0.5° wedges with 5.0s exposures at 100K. 5 datasets from 3 

different crystals were indexed and integrated with XDS17,18, then scaled together with the 

CCP4-package9. Anomalous difference maps were calculated using phases from a previously 

solved RHCC structure19 (PDB code 1FE6) without sulfur (ϕcalc) and experimental amplitudes 

(Fano) determined by subtracting F- from F+. 
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Data Collection, Processing and Structure Solution of Net4ΔC 

Net4ΔC crystals were soaked with 10% ethylene glycol in mother liquor for 10 minutes prior to 

flash freezing in liquid nitrogen. A full cohort of 360 1° images were collected with 9 minutes 

exposure each on a Rigaku MM-007HF diffractometer with an X-ray wavelength of 1.54178Å, 

using an R-axis IV++ detector. Data was indexed, integrated, and scaled using the HKL200020 

software suite. Phases were determined by molecular replacement with Phaser21 using a 

polyserine homology model generated by Swiss-model22 based on the previously solved laminin 

β structure23 (PDB code 4AQS). The model was built and refined using Coot13, the Phenix 

software package14, and Refmac510,11. 

 

Data Collection, Processing and Structure Solution of Rhodocetin-γδ in complex 

with the Integrin α2A domain 

The triple complex of RC-γδ subunits and the Integrin α2A domain was crystallized by hanging 

drop vapour diffusion with 2 μL of 10 mg/mL RCγδ-α2A and 2 μL of reservoir solution (2.65M 

ammonium sulfate, 0.1M Tris pH=8.0) over 1 mL reservoir. Crystals appeared after 6 weeks at 

20°C and were soaked in mother liquor with 20% glycerol prior to flash freezing in liquid 

nitrogen. Data was collected in 0.5° wedges with 1.0s exposure for 194° at the 08ID-1 beamline 

at the Canadian Light Source. The wavelength used was 0.97949Å. Data was indexed, 

integrated, and scaled using XDS17,18 and the CCP4-package8,9. Phases were obtained by 
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molecular replacement using Phaser21 with a polyserine model based on a previously solved 

rhodocetin structure24 (PDB code 3GPR). The structure was built and refined using Coot13 and 

the Phenix software package14.  

 

References 

1. Hochuli, E., Bannwarth, W., Döbeli, H., Gentz, R. & Stüber, D. Genetic Approach to 

Facilitate Purification of Recombinant Proteins with a Novel Metal Chelate Adsorbent. Nat. 

Biotechnol. 6, 1321–1325 (1988). 

2. Stetefeld, J., McKenna, S. A. & Patel, T. R. Dynamic light scattering: a practical guide 

and applications in biomedical sciences. Biophys. Rev. 8, 409–427 (2016). 

3. Harding, S. E. & Jumel, K. Light Scattering. in Current Protocols in Protein Science 

7.8.1-7.8.14 (John Wiley & Sons, Inc., 1998). doi:10.1002/0471140864.ps0708s11 

4. Whitmore, L. & Wallace, B. A. Protein secondary structure analyses from circular 

dichroism spectroscopy: Methods and reference databases. Biopolymers 89, 392–400 (2008). 

5. Rupp, B. Biomolecular crystallography : principles, practice, and application to structural 

biology. (Garland Science, 2010). 

6. Czarnocki-Cieciura, M. & Nowotny, M. Introduction to high-resolution cryo-electron 

microscopy. Postepy Biochem. 62, 383–394 (2016). 



28 

 

 

7. Battye, T. G. G., Kontogiannis, L., Johnson, O., Powell, H. R. & Leslie, A. G. W. 

iMOSFLM: A new graphical interface for diffraction-image processing with MOSFLM. Acta 

Crystallogr. Sect. D Biol. Crystallogr. 67, 271–281 (2011). 

8. Winn, M. D. et al. Overview of the CCP4 suite and current developments. Acta 

Crystallogr. Sect. D Biol. Crystallogr. 67, 235–242 (2011). 

9. Evans, P. Scaling and assessment of data quality. Acta Crystallogr. Sect. D Biol. 

Crystallogr. 62, 72–82 (2006). 

10. Vagin, A. A. et al. REFMAC5 dictionary: Organization of prior chemical knowledge and 

guidelines for its use. Acta Crystallogr. Sect. D Biol. Crystallogr. 60, 2184–2195 (2004). 

11. Murshudov, G. N., Vagin, A. A. & Dodson, E. J. Refinement of macromolecular 

structures by the maximum-likelihood method. Acta Crystallogr. Sect. D Biol. Crystallogr. 53, 

240–255 (1997). 

12. Özbek, S., Müller, J. F., Figgemeier, E. & Stetefeld, J. Favourable mediation of crystal 

contacts by cocoamidopropylbetaine (CAPB). Acta Crystallogr. Sect. D Biol. Crystallogr. 61, 

477–480 (2005). 

13. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development of Coot. 

Acta Crystallogr. Sect. D Biol. Crystallogr. 66, 486–501 (2010). 

14. Adams, P. D. et al. PHENIX: A comprehensive Python-based system for macromolecular 

structure solution. Acta Crystallogr. Sect. D Biol. Crystallogr. 66, 213–221 (2010). 



29 

 

 

15. Lebedev, A. A. et al. JLigand: A graphical tool for the CCP4 template-restraint library. 

Acta Crystallogr. Sect. D Biol. Crystallogr. 68, 431–440 (2012). 

16. Moriarty, N. W., Grosse-Kunstleve, R. W. & Adams, P. D. Electronic ligand builder and 

optimization workbench (eLBOW): A tool for ligand coordinate and restraint generation. Acta 

Crystallogr. Sect. D Biol. Crystallogr. 65, 1074–1080 (2009). 

17. Kabsch, W. Xds. Acta Crystallogr. Sect. D Biol. Crystallogr. 66, 125–132 (2010). 

18. Kabsch, W. Integration, scaling, space-group assignment and post-refinement. Acta 

Crystallogr. Sect. D Biol. Crystallogr. 66, 133–144 (2010). 

19. Stetefeld, J. et al. Crystal structure of a naturally occurring parallel right-handed coiled 

coil tetramer. Nat. Struct. Biol. 7, 772–6 (2000). 

20. Otwinowski, Z. & Minor, W. Processing of X-ray diffraction data collected in oscillation 

mode. Methods Enzymol. 276, 307–326 (1997). 

21. McCoy, A. J. et al. Phaser crystallographic software. J. Appl. Crystallogr. 40, 658–674 

(2007). 

22. Biasini, M. et al. SWISS-MODEL: Modelling protein tertiary and quaternary structure 

using evolutionary information. Nucleic Acids Res. 42, 252–258 (2014). 

23. Carafoli, F., Hussain, S.-A. & Hohenester, E. Crystal Structures of the Network-Forming 

Short-Arm Tips of the Laminin β1 and γ1 Chains. PLoS One 7, e42473 (2012). 



30 

 

 

24. Eble, J. a et al. The alpha2beta1 integrin-specific antagonist rhodocetin is a cruciform, 

heterotetrameric molecule. FASEB J. 23, 2917–2927 (2009). 

 



31 

 

 

Chapter 3: Structural decoding of netrin-4 reveals unique non-

enzymatic disruptive forces towards mature basement 

membranes  

 

 

Raphael Reuten1,2±, Trushar R. Patel3,4±, Matthew McDougall5±, Nicolas Rama6, Denise 

Nikodemus1,2, Benjamin Gibert6, Jean-Guy Delcros6, Carina Prein7,8,9, Markus Meier5, Stéphanie 

Metzger10, Zhigang Zhou11,12, Jennifer Kaltenberg1,2, Karen K. McKee13, Tobias Bald14,15, 

Thomas Tüting14,15, Paola Zigrino16, Valentin Djonov17, Wilhelm Bloch18, Hauke Clausen-

Schaumann7,9, Ernst Poschl11, Peter D. Yurchenco13, Martin Ehrbar10, Patrick Mehlen6*, Jörg 

Stetefeld5*, and Manuel Koch1,2* 

 

 

±co-first authors 

*co-senior authors 

 



32 

 

 

1Institute for Dental Research and Oral Musculoskeletal Biology, Medical Faculty, University of 

Cologne, Joseph-Stelzmann-Str. 52, 50931 Cologne, Germany. 

2Center for Biochemistry, Medical Faculty, University of Cologne, Cologne, Joseph-Stelzmann-

Str. 52, 50931 Cologne, Germany. 

3Alberta RNA Research and Training Institute, Department of Chemistry and Biochemistry, 

University of Lethbridge, 4401 University Drive, Lethbridge, Alberta T1K 3M4, Canada. 

4School of Biosciences, University of Birmingham, Edgbaston, B15 2TT, United Kingdom. 

5Department of Chemistry, University of Manitoba, 144 Dysart Road, Winnipeg, R3T 2N2, 

Canada. 

6Apoptosis, Cancer and Development Laboratory, Equipe labellisée ‘La Ligue’, LabEx 

DEVweCAN, Centre de Recherche en Cancérologie de Lyon, INSERM U1052-CNRS 

UMR5286, Université de Lyon, Centre Léon Bérard, 69008 Lyon, France. 

7Center for Applied Tissue Engineering and Regenerative Medicine – CANTER, Munich 

University of Applied Sciences, Lothstrasse 34, D-80335 Munich, Germany. 

8Laboratory of Experimental Surgery and Regenerative Medicine – ExperiMed, Department of 

Surgery, Clinical Center University of Munich, Nussbaumstrasse 20, D-80336, Munich, 

Germany. 

9Center for Nanoscience – CeNS, Geschwister-Scholl-Platz 1, D-80539 Munich, Germany. 



33 

 

 

10Laboratory for Cell and Tissue Engineering, Department of Obstetrics, University Hospital 

Zurich, Schmelzbergstr. 12, 8091 Zurich, Switzerland. 

11School of Biological Sciences, University of East Anglia, Norwich Research Park, Norwich 

NR4 7TJ, United Kingdom. 

12Norwich Medical School, University of East Anglia, Norwich Research Park, Norwich NR4 

7TJ, UK. 

13Department of Pathology, Robert Wood Johnson Medical School, Piscataway, New Jersey 

08854, USA. 

14Department of Dermatology, University Hospital Magdeburg, 39120 Magdeburg, Germany. 

15Laboratory of Experimental Dermatology, Department of Dermatology and Allergy, University 

of Bonn, 53105 Bonn, Germany.  

16Department of Dermatology and Venerology, University of Cologne, 50931 Cologne, 

Germany. 

17Institute of Anatomy, University of Bern, Baltzerstrasse 2, 3000 Bern, Switzerland. 

18Institute of Cardiovascular Research and Sport Medicine, Department of Molecular and 

Cellular Sport Medicine, German Sport University Cologne, 50933 Cologne, Germany. 

 

First Published in Nature Communications, 7, Article 13515 (2016) 



34 

 

 

DOI 10.1038/ncomms13515 

As per the Publication Ethics statement of the Nature Publishing Group, all material from this 

publication may be freely reproduced in an academic thesis. 

 

Preface 

 

In a monumental collaboration between 25 researchers from 18 institutes in Europe and North 

America, this article describes the structure, function, and the physiological consequences of the 

function of a previously under-examined extracellular matrix protein. Solution as well as 

crystallographic structural data provided a basis for further study into the functionally significant 

epitopes of Netrin-4, ultimately providing evidence that non-enzymatic basement membrane 

modulation produces the angiogenic and axon outgrowth effects that were previously and 

incorrectly attributed to the binding of Netrin-4 to canonical netrin receptors. The manuscript 

was accepted by Nature Communications on October 9, 2016. 

 

Contributions of Authors 

Matthew McDougall (University of Manitoba) collected the X-ray data and solved the structure 

of Netrin 4 with protein provided by Raphael Reuten (University of Cologne), who produced 
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recombinant proteins. In collaboration with Carina Prein (Munich University of Applied 

Sciences, University of Munich, and Center for Nanoscience-Munich) and Hauke Clausen-

Schaumann (Munich University of Applied Sciences, Center for Nanoscience-Munich) Raphael 

Reuten also collected AFM data of the Matrigel matrix. Tumor treatment assays were performed 

by Tobias Bald (University Hospital Magdeburg, University of Bonn), Thomas Tüting 

(University Hospital Magdeburg, University of Bonn), and Paola Zigrino (University of 

Cologne).  Trushar R. Patel (University of Lethbridge, University of Birmingham) and Matthew 

McDougall collected and analyzed the SAXS data and performed AUC experiments along with 

Markus Meier (University of Manitoba). Denise Nikodemus (University of Cologne) performed 

and analyzed SPR measurements. Jean-Guy Delcros (Centre de Recherche en Cancérologie de 

Lyon) performed Octet binding analysis. Zhigang Zhou (University of East Anglia) and Ernst 

Poschl (University of East Anglia) performed the EC/PVC co-culture assay. Valentin Djonov 

(University of Bern) performed TEM analyses. Karen K. McKee (Robert Wood Johnson Medical 

School) and Peter D. Yurchenco (Robert Wood Johnson Medical School) performed the 

basement membrane assembly assay. Wilhelm Bloch (University of Cologne) performed the EM 

analysis. The manuscript was written by Matthew McDougall, Raphael Reuten, Trushar R. Patel, 

Markus Meier, Patrick Mehlen, Manuel Koch, and Jörg Stetefeld.  

 

Abstract 

Netrins form a family of laminin-related molecules that have been proposed to act as guidance 

cues either during nervous system development or the establishment of the vascular system. This 



36 

 

 

guidance function has been clearly demonstrated for netrin-1 via its interaction with the 

transmembrane receptors DCC and UNC5 (i.e., UNC5A, B, C, and D). However, mainly due to 

shared homologies with netrin-1, netrin-4 was proposed to play a role in neuronal outgrowth and 

in developmental and pathological angiogenesis via interactions with netrin receptors. Here, we 

present the high-resolution structure of netrin-4 which shows unique features in comparison to 

netrin-1. Using a structure-function analysis, we show that netrin-4 disrupts laminin networks 

and basement membranes on the cell surface through high-affinity binding to the laminin γ1 

chain. We hypothesize that this laminin-related function is essential for the previously described 

effects on axon growth promotion and angiogenesis. Our study characterizes netrin-4 as a non-

enzymatic extracellular matrix protein actively disrupting pre-existing basement membranes. 

 

Introduction 

The netrin protein family is comprised of six members, the secreted netrins -1, -3, -4, -5 and the 

glycosylphosphatidylinositol (GPI)-anchored netrins-G1 and -G2 in mammals and exhibit 

homology to the N-terminal domains (LN-LEa1-3) of laminin short arms1-8. Secreted netrins-1,-3 

and -5 are homologous to the laminin 1 chain, whereas netrin-4 (Net4) shares a higher identity 

to the 1 chain (50%). Netrin-1 (Net1) has been studied in detail and the name netrin, from “the 

one who guides” in Sanskrit, was given to this family of laminin-related molecules because of 

Net1 activity2. Net1, one of the first studied secreted guidance factors, plays a major role in 

promoting both axon outgrowth and axon orientation during nervous system development9, as 
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well as in developmental angiogenesis. Given the structural and functional similarities between 

the axon growth cone and the endothelial tip cell10 in both systems netrin-1 function is due to its 

ability to engage the receptors DCC and UNC5H (i.e., UNC5A, UNC5B, UNC5C and 

UNC5D)11-13 and possibly other receptors such as neogenin, A2b, some integrins or DSCAM14-

17. Due to the similarity of Net1 and Net4, the majority of studies of Net4 have been focused on 

describing functions of Net4 based on an assumed interaction of Net4 with DCC or UNC5 with a 

guidance function. Works include reported neuronal guidance function3 and pro- as well as anti-

angiogenic activity18-20. The most prominent in vitro function of Net4 is the inhibition of 

endothelial tube-like structure formation when Net4 is applied to endothelial cells seeded on 

Matrigel20. In addition, different cancer cells transfected with Net4 form less vascularized solid 

tumors18,19. In most cases, it was speculated that Net4 acts mainly via binding to Net1 receptors 

of the DCC/neogenin family and UNC5 family members19-21. Recently, the binding epitopes of 

Net1 for DCC, neogenin, and UNC5B were identified22-24; however, the proposed binding sites 

are not conserved within Net4. Of interest, even though these studies have received little 

attention, it was proposed that Net4 binds to the laminin 1 chain25,26. Together with the fact that 

most in vitro effects shown with Net4 were obtained from culture in reconstituted matrix such as 

Matrigel mainly composed of laminin 111, we hypothesized that the Net4 by interacting with 

laminin γ1 could impact on the Matrigel in vitro and on the BM in vivo. 

The BM is a specialized extracellular matrix mainly composed of laminin and collagen IV 

polymers27 as well as a number of additional proteins. This matrix provides a substrate for cell 

attachment, serves as a barrier, and is a source of growth factors. As an example, in the 
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vasculature the BM is located at the basal side of the endothelium. The vascular BM (vBM) 

assembles from proteins produced by endothelial as well as perivascular cells (PVCs)28. 

Continuous formation of the vBM along the endothelium stabilizes newly formed vessels and 

promotes their maturation28,29. Ablation of the BM core component collagen IV leads to vascular 

defects, hemorrhages, and embryonic lethality at E10.5 in mouse30. However, these mice still 

contain BM-like sheets assembled through laminins30. Although, the ultrastructural morphology 

of BMs is similar between different tissues, variations in protein composition are seen depending 

on location and during development. Laminins 411 and 511 are the predominant isoforms in the 

vBM formed by the 1, 1, and either the 4 or the 5 chain. Laminin 411 is expressed in the 

vasculature during early developmental stages and deficiency of the laminin 4 chain leads to a 

vascular phenotype with transient perinatal hemorrhages31. In contrast, laminin 511 is found in 

the vBM of adult mice32. Laminin 511 is distinct from laminin 411 in that it contains laminin N-

terminal globular (LN) domains on each of its short arms allowing its assembly into a network 

that is bound to endothelial cell surfaces through integrins, sulfatides, and -dystroglycan. 

Following laminin assembly at cell surfaces, collagen IV is integrated into the BM33-35.  

Here, we present the high-resolution structure of Net4 showing unique features that are absent in 

Net1 as well as in the N-terminal laminin structures and identify the binding epitopes required 

for a stable Net4/laminin 1 heterodimeric complex. Based on this high-resolution structure, we 

designed Net4 mutants that negatively impede interaction with laminin 1, possibly explaining 

previously observed ex vivo effects on axon outgrowth modulation, and angiogenic activity. Our 

data also elucidate a mechanism by which Net4 influences the laminin network and play a vital 
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role in angiogenesis. We also propose that the anti-angiogenic property of Net4 in vivo is directly 

related to its impact on BM rearrangement. 

 

 Results 

 

Net4 has unique structural features absent in other netrins 

In order to establish the structure-function relationship of Net4, we solved the crystal structure of 

Net4 lacking the C-terminal domain (Net4-C) at 3.07 Å, revealing a head to stalk arrangement 

of 175 Å in length (Figure 3-1a, b). The globular shaped N-terminal domain (LN) forms the 

head and the three and a half rod-like consecutive LE domains make up the stalk (Figure 3-1a, 

b). The LN domain forms a -sandwich jelly-roll motif with a front face composed of sheet S5-

S2-S7 and a dorsal face composed of sheet S4-S3-S6-S1. The topology of this domain is similar 

to the N-terminal domain of Net122-24; however, the closest structural homologue is the short arm 

of laminin 1 (Appendix 1, Figure I-1a, b). Significant structural features make this structure 

unique among netrins. The LN domain is stabilized by a complex pattern of disulfide bridges 

composed of 12 cysteine residues (Figure 3-1a, b). Two disulfide bridges between cysteine 

residues 72-236 and 191-234, absent in any current netrin or laminin structure, hold the S6-S7 

loop in place (Figure 3-1b). This loop is adjacent to loop rS1-rS2, which contains the conserved 

Ser65 (Appendix 1, Figure I-2a). Interestingly, in laminin 1 (Lm1), the replacement of this 

conserved serine by an arginine allows for the formation of a binary complex between 1 and 1 
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laminins; however, the ternary complex formation with the laminin  chain is abolished. 

Furthermore, there is clear electron density for glycan additions at three asparagine-linked 

glycosylation sites, Asn56, Asn163, and Asn353. The first two glycan chains are located at 

opposite edges of the LN domain, while Asn353 is located at the loop b helix of LE2 and extends 

towards the bottom of the LN domain (Figure 3-1a, b). Remarkably, Net4 is the first member of 

the netrin family with no N-linked glycan attachment at the dorsal face of the N-terminal 

domain. Net4-C has a total accessible surface area of about 28,000 Å2 and reveals extensive 

inter-domain contacts between the LN domain and subdomain LE1 (Figure 3-1a, b). Loop b of 

the LE1 domain has a large buried surface area of ~1,700 Å2 with the lateral edge of the LN 

domain (Figure 3-1c). In addition, loop d of the LE1 domain is flanked by the Asn353-linked 

glycan attachment and trapped between the N-terminal segment and the basal helix of the LN 

domain (Figure 3-1d). Together, these extensive contact areas may limit the rotational freedom 

of the LN domain in comparison to other netrins. Each of the individual LE-subdomains adopts 

the classical LE-fold36 consisting of irregular coil segments and forms a linear extended 

structure. 
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Figure 3-1. Overall Structure of Net4. 
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(a) Ribbon model of Net4-ΔC viewed in the “open face” orientation. The domains LN (teal), LE1 

(orange) LE2 (magenta) and LE3-31/2 (green) are colored accordingly. N-linked glycans are drawn 

as red sticks, disulfide bridges are drawn as yellow sticks, and the calcium ion as a red sphere. (b) 

Secondary structure diagram. Disulfide connectivity in domains LN and LE are indicated by 

yellow dotted lines, visible N-linked glycans by green stars with the Asn residues N56, N163 and 

N353 highlighted. -strands are depicted as arrows and the -helices as cylinders, each labelled 

with the first and last residue. Domain LN contains 12 cysteines, which form a unique disulfide 

pattern in the order of 1-2, 3-7, 4-6, 5-12, 8-9 and 10-11. The cysteine residues 1-3, 2-4, 5-6, and 

7-8 in subdomains LE1 to LE3 are bridged together forming the loop segments a-d accordingly. 

The individual loop segments are shown in different colour codes. (c) Interface between domains 

LE1 and LN. The unique loop b segment between Cys271 and Cys295 of subdomain LE1 is 

leaning towards the calcium-binding edge. The KAPG motif is free in solution and not visible in 

the structure. (d) Secondary interface between domains LE1 and LN. The loop d segment between 

Cys307 and Cys329 of subdomain LE1 is in contact with the N-terminus and the loop S5-H3 of 

domain LN. (e) Complex of Net1 (marine) (PDB 4OVE) and DCC (orange) (PDB 4URT) at site 

1 with interacting residues shown at full opacity and the same complex with Net4 (green) replacing 

Net1. Though many interacting residues are conserved between the netrins, F441 of Net4 (red) 

occludes M933 from a hydrophobic binding pocket important for complex formation. Note also 

L456 (red) of Net4 clashes with DCC. (f) Complex of Net1 (marine) and DCC (orange) (PDB 

4URT) at site 2 with interacting residues shown at full opacity and the same complex with Net4 

(green) replacing Net1. Again, many interacting residues are conserved between the netrins, but a 

positive patch on Net1 composed of R348, R349, R351, and R372 that interacts with DCC both 

directly and indirectly through a sulfate ion is absent in Net4. (g) Complex of Net1 (marine) and 

neogenin (pink) (PDB 4PLN) at site 1 with interacting residues shown at full opacity and the same 

complex with Net4 (green) replacing Net1. Similar to site 1 of the DCC-Net1 complex, F441 (red) 

of Net4 occludes Met959 of neogenin from the hydrophobic pocket. L456 (red) of Net4 again 

clashes with the binding partner. (h) Net1 (marine) in complex with neogenin (pink) at site 2. The 

buried surface area of this interaction is ~680Å2, and covers a large portion of the LN domain of 

Net1. None of the residues from Net1 that interact with neogenin are conserved in Net4. Note the 

difference in the surface charge at the neogenin binding site (indicated by a box) of Net1 (left) and 

the corresponding site on Net4 (right). 

 

Net4 does not interact with Net1 receptors 

As the DCC and UNC5B binding epitopes of Net1 are absent in the Net4 structure22-24, we 

examined whether Net4 could interact with the ectodomains of DCC, UNC5B, A, C, D and more 

generally A2b, neogenin, as well as DSCAM that have been previously reported to interact with 
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Net1 using solid-phase binding assays and Octet technology. Structural analysis of Net4 and 

previously published Net1 complex structures reveals incompatibility between the binding 

residues of Net1 and equivalently positioned residues of Net4 (Figure 3-1e-h). For example, 

Phe441 of Net4 occludes the conserved Met from the hydrophobic pocket in both DCC and 

neogenin (Figure 3-1e, g), and Leu458 of loop b in the terminal LE domain of Net4 would 

preclude interaction with the netrin receptor. The absence of the positively charged residues of 

Net1 (Arg348, Arg349, Arg351, and Arg372) necessary for a sulfate-mediated interaction with 

DCC in Net4 would hinder interaction between DCC and Net4 (Figure 3-1f). The binding of 

neogenin to the LN domain involves 10 residues of Net1, which are completely non-conserved in 

Net4, as presented by the electrostatic surface potential of Figure 3-1h. Figure 3-2a reveals that 

while Net1 interacts in the nanomolar range with DCC and UNC5B, Net4 does not show any 

interaction with any of the proposed Net1 receptors including DCC/neogenin, UNC5 and 

integrins (Figure 3-2a and Appendix 1, Figure I-3). Sequence alignments of netrin family 

proteins further highlight that almost all residues involved in Net1 interaction with the canonical 

netrin receptors are not conserved in Net4 (Appendix 1, Figure I-4). Together these 

observations support the view that Net4 does not interact directly with the known Net1 receptors, 

though it is possible in some specific settings that a protein complex may include Net4 and Net1 

receptors. 
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Figure 3-2. Binding comparison of Net4 and Net1 to netrin receptors and laminin. 
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(a) Biolayer interferometry binding kinetic analysis of DCC, neogenin, and UNC5B to Net4 

(red) as well as Net1 (green). AHC sensors were coated with the Fc chimera proteins. 

Association (from 0 to 300 s) and dissociation (from 300 to 600 s) phases are shown for 50 nM 

of both netrins.  (b) The SAXS model for the Net4-FL-1LN-LEa1-4 complex was generated by 

first calculating models for Net4-∆C-1LN-LEa1-4 complex (Appendix 1, Figure I-5d) 

followed by the addition of the LE and globular domain C. This model highlights the role of N-

terminal globular domains in the interaction. The agreement between experimentally collected 

SAXS data and model derived SAXS data is presented in Appendix 1, Table I-1. (c) Rotary-

shadowing electron microscopy image of Net4-∆C-1LN-LEa1-4 clearly showing a 1:1 complex 

mediated via the globular domains. (d) Microscale thermophoresis binding analysis of different 

Net4 mutants to labeled 1LN-LEa1-4. Binding of Net4 lacking the netrin-specific C domain 

(Net4-∆C). Binding of full-length Net4 (Net4-FL). Analysis of the binding of a Net4 mutant 

(Net4-∆CΔKAPGA) in which the specific loop b (KAPGA) within LE1 was deleted. Binding of a 

combined Net4 mutant (Net4-∆CE195A,R199A,ΔKAPGA). Error bars, s.d. (n = 3 independent technical 

replicates). KD values are shown in the graph (n.b., no binding). (e and f) Laminin-binding 

epitopes within Net4 (green) compared to the equivalent positions in Net1 (marine). Note loop b 

of LE1 of Net4 has an extensive contact area with the LN domain, and the KAPGA motif (shown 

in stick notation) is highly flexible. (g) Sequence alignment of Net4, Net1, and netrin-3 showing 

the laminin binding region. (h) Solid-phase binding study of Net4 and Net1 to immobilized 

laminin 1 (1LN-LEa1-4). Error bars, s.d. (n = 3 independent technical replicates). Scale bar, (c) 

100 nm. 

 

Net4 forms a high affinity complex with laminin γ1 

Although full-length Net4 is reported to exist as a dimer3 possibly bridging two laminin 

heterotrimers, our crosslinking experiments as well as hydrodynamic studies reveal that full-

length Net4 (Net4-FL) forms a high-affinity complex with laminin 1 (Lm1) in a 1:1 molar ratio 

(Appendix 1, Figure I-5a-e). The hydrodynamic radius (rH) from dynamic light scattering 

(DLS, 5.77 ± 0.02 nm) and the sedimentation coefficient from analytical ultracentrifugation 

(AUC, 5.15 ± 0.01 S) confirm unambiguously the existence of an equimolar heterodimeric 

complex with a molecular mass of 116 kDa. The rotary shadowing experiments reveal a central 

globular structure with two elongated rods oriented in opposite directions, consistent with a LN 
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domain-mediated major binding interface with both elongated LE subdomains oriented in an 

antiparallel fashion (Figure 3-2c). Small Angle X-ray Scattering (SAXS) studies of 1LN-LEa1-

4 in complex with full-length Net4 (Net4-FL) yield an extended conformation with a maximum 

particle size (Dmax) of 19 nm (Table 1 and Appendix 1, Figure I-5d). Rigid body fitting allows 

the reconstruction of the assembly of full-length Net4 and laminin 1 (Net4-FL-1LN-LEa1-4) in 

contact through the LN domains, with the C-terminal domain of Net4 (domain C) curling back 

over the LE domains. As presented in Figure 3-2b, both N-terminal -sandwiches are oriented 

like the palms of two hands with the open face sheets S5-S2-S7 (Net4) and S6-S3-S8 (laminin 

1) in contact with each other (Figure 3-2b). The models were validated extensively by 

comparing experimentally determined hydrodynamic properties with model derived 

hydrodynamic properties as presented in Appendix 1, Table I-1. The comparison of Net4-C and 

Net4-FL binding to laminin 1 indicated equal affinities in the range of KD = 2 nM, validating 

the exclusion of domain C of Net4 in complex formation (Figure 3-2d). To decipher individual 

amino acid residues responsible for Net4-laminin 1 interactions, we designed mutants based on 

the three-dimensional structure of Net4 as well as the phylogenetic conservation (Appendix 1, 

Figure I-1a, b). A structure-guided deletion of the unique Net4 loop b (KAPGA) resulted in a 

25-fold reduction of KD from 2 nM (Net4-C) to approximately 50 nM (Net4-CΔKAPGA) 

(Appendix 1, Figure 3-6a, b). Thus, Net4-CΔKAPGA emphasizes the importance of the KAPGA 

loop in complex formation and gives a rationale for the lower affinity of laminin 1, which lacks 

the KAPGA motif, to laminin 1 (KD of 5 µM)33,35. Moreover, we identified two residues (E195 

and R199) within the LN domain of Net4 involved in laminin 1 binding. Mutation of these two 
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residues results in a decreased KD from 2 nM to 66 nM (Appendix 1, Figure I-6c). Additionally, 

mutation of E195 as well as R199 together with deletion of loop b (Net4-CE195A,R199A,ΔKAPGA) 

completely abolishes binding in all performed binding assays (Figure 3-2d and Appendix 1, 

Figure I-6a, b). Cross-linking experiments confirm that full-length Net4 (Net4-FL) exists as a 

monomer and dimer, because increasing cross-linker concentration results in an increase in 

dimeric and multimeric Net4-FL (Appendix 1, Figure I-5a). The rH of Net4-FL was determined 

to be 5.76 ± 0.02 nm which is very similar to that of Net4-FL-1LN-LEa1-4 (5.77 ± 0.02 nm) 

and Net4-∆C-1LN-LEa1-4 (5.40 ± 0.10 nm) complexes, but significantly higher than Net4-∆C 

(4.60 ± 0.20 nm), implying that full-length Net4 (Net4-FL) behaves as a mixture of monomer 

and dimer in solution (Table 1 and Appendix 1, Figure I-5e). The maximum particle size (Dmax) 

calculated from SAXS data for Net4-FL is significantly higher than the Dmax of Net4-∆C, but 

similar to both complexes. The AUC studies of Net4-FL provided two peaks corresponding to a 

monomer and to a dimer for Net4-FL, while Net4-∆C37 and complexes of Net4-FL and Net4-∆C 

with 1LN-LEa1-4 yield only a single peak (Appendix 1, Figure I-5e). These experiments 

provide evidence that full-length Net4 (Net4-FL) exists as a mixture of monomer and dimer in 

solution and that laminin 1 is capable of destabilizing the Net4-FL dimer. Taken together, our 

results establish that full-length Net4 binds to laminin 1 in a 1:1 stoichiometry. Additionally, 

biochemical studies identified different epitopes within Net4 responsible for laminin interaction. 

Our Net4 laminin-binding mutants can now be used to determine the specific role of the Net4-

laminin complex in functional studies because these mutants do not affect cell adhesion 

properties of Net4 (Appendix 1, Figure I-6d) indicating their exclusive role in laminin binding. 

Moreover, comparing the structure of Net4 and Net1 reveals that the laminin-binding epitopes 
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are not conserved within Net1 (Figure 3-2e-g) and indeed Net1 does not interact with laminin 

111 (Figure 3-2h). 

 

Net4 disrupts pre-existing laminin networks 

Net4 has been proposed to block laminin polymerization25. However, due to its nanomolar 

binding to the laminin 1 chain, we hypothesized that Net4 not only blocks laminin 

polymerization but also disrupts the pre-existing laminin network. First, we analyzed whether 

Net4 and the identified laminin-binding mutant (E195A, R199A), which still binds in a 

nanomolar range to the laminin 1 chain, are able to block laminin polymerization (Figure 3-3a 

and Appendix 1, Figure I-7a). Interestingly, Net4-∆C as well as the laminin-binding mutant 

Net4-∆CE195A,R199A blocked laminin polymerization to the same extent as the N-terminal 

fragments of laminin 1 and 1 (Figure 3-3b). To address our hypothesis that Net4 is able to 

disrupt pre-existing laminin networks, we performed a comprehensive series of experiments, 

including (i) laminin network disruption (Appendix 1, Figure I-7b), (ii) size-exclusion 

chromatography, and (iii) atomic force microscopy of a polymerized Matrigel matrix. Net4 is 

able to disrupt pre-existing laminin 111 networks and the ternary node complex formed by the 

laminin 1, 1, and 1 chain (Figure 3-3c-e). Moreover, Net4 treatment dramatically weakens 

the stiffness of the Matrigel matrix (Figure 3-3f). Thus, all approaches clearly highlight that 

Net4 is able to disrupt pre-existing laminin networks. Though the laminin-binding mutant Net4-

∆CE195A,R199A can block laminin polymerization, it is unable to disrupt pre-existing laminin 

networks (Figure 3-3c, d, f). Our results clearly demonstrate that N-terminal laminin fragments 
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and Net4, as proposed previously25,33 as well as the laminin-binding mutant, are able to block 

laminin polymerization due to their binding capacity to the N-terminal laminin  (LN) domain 

(Figure 3-3g). These results establish that Net4 is able to disrupt pre-existing laminin networks 

in a non-enzymatic manner, whereas its respective laminin-binding mutant cannot (Figure 3-3g). 
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Figure 3-3. Net4 disrupts pre-existing laminin network 

(a) Inhibition of laminin 111 polymerization (Lm111) by human laminin 1 (1LN-LEa1-4), 

mouse laminin 1 (1LN-LEa1-4), mouse Net1 (Net1-∆C), mouse Net4-∆C, and the laminin-

binding mutant mouse Net4-∆CE195A,R199A. SDS-PAGE analysis of the pellet (P) and the 

supernatant fraction (S). The position of the laminin chains (arrow heads) and the recombinant 

proteins (stars) are indicated. (b) Densitometric analysis of three independent polymerization 

experiments and the percentage of the pellet fraction are displayed. (mean ± s.d.; n = 3; ****P < 

0.00006 (ctrl vs. 1LN-LEa1-4, Net4-∆C, and Net4-∆CE195A,R199A) and ***P = 0.0004 (ctrl  vs. 

1LN-LEa1-4); ns, not significant. P- values from two sided t-test). (c) The resulting fractions 

(supernatant of laminin polymerization (S), supernatant after addition of different proteins (S+), 

and polymer (P+)) were separated by SDS-PAGE, followed by Coomassie Brilliant-Blue 

staining. Different laminin chains are colour labelled (1 (yellow), 1 (green), and 1 (blue)) and 

added recombinant proteins are indicated with asterisks. (d) The ratio between polymer (P+) and 

supernatant (S+) was determined by densitometric analysis of at least three independent 

experiments (mean ± s.d.; n = 3; ****P = 0.00005). (e) N-terminal laminin fragments (LN-LEa1-

4) of 1 (yellow), 1 (green) and 1 (blue) as well as MBP-Net4-C (red) single proteins were 

analyzed using analytical size-exclusion chromatography (top). SEC profile of the laminin 

fragment 1LN-LEa1-4 (1) in complex with MBP-Net4-C (green, middle). Complexes [1-

1-1 (blue) and 1-1-1 + MBP-Net4-C (red)] were analyzed by SEC (bottom) revealing 

that the MBP-Net4-C is able to disrupt the 1-1-1 complex. Asterisks indicate the single 

proteins within the complex. (f) Atomic force microscopy anaylsis of a polymerized Matrigel 

matrix treated with Net4-∆C or with the laminin-binding mutant Net4-∆CE195A,R199A. (g) Model 

depicting inhibition of laminin polymerization via laminin 1 (1LN-LEa1-4), laminin 1 

(1LN-LEa1-4), mouse Net4-∆C, and the laminin-binding mutant mouse Net4-∆CE195A,R199A but 

not via mouse Net1 (Net1-∆C). The pre-existing laminin network can only be solubilized 

through Net4. Error bars, s.d. (n = 3 independent technical replicates). 

 

Net4 interferes with BM assembly on the cell surface 

As Net4 has a high-affinity interaction with laminin γ1, a key component of the BM, we 

investigated whether Net4 affects BM assembly. As an in vitro model we used Schwann cells, 

which are normally involved in the myelination of the peripheral nervous system. It has 

previously been shown that BM components assemble on Schwann cell surfaces only if laminin 
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111 heterotrimers interact via their LN domains34. Therefore, the stable heterodimeric complex 

of Net4 with laminin 1 may prevent efficient BM assembly on Schwann cell surfaces similar to 

LN domain truncated laminin 111. Schwann cells were incubated with laminin 111, collagen IV, 

and nidogen-1, which normally results in a BM assembly on the cell surface34. Deposition of BM 

components was then monitored via immunofluorescence staining for collagen IV (Col-IV) and 

laminin (Lm1) (Figure 3-4a). First, laminin 111 binds to cell surface integrins via its C-

terminal LG domains and assembles via the LN domains of the 1, 1, and 1 chain. Both 

interactions are necessary for laminin deposition34. We observed strong laminin as well as 

collagen IV staining when treating cells with only laminin 111, collagen IV, and nidogen-1 (ctrl) 

(Figure 3-4a, b). After addition of wild-type Net4 (Net4-FL) together with BM components, we 

could neither detect laminin nor collagen IV deposition by immunofluorescence, whereas 

treatment with Net4-FLE195A,R199A showed laminin as well as collagen IV stainings similar to the 

control situation (Figure 3-4a, b). Moreover, we analyzed the influence of different molar ratios 

of laminin 111 to Net4-FL as well as Net4-FLE195A,R199A (1:0.4, 1:1.8, 1:7, and 1:28). Net4 

significantly decreased laminin as well as collagen IV levels on the cell surface at ratios 1:7 and 

1:28, whereas the laminin-binding mutant (Net4-FLE195A,R199A) had no influence on laminin and 

collagen IV staining intensities (Figure 3-4c). In summary, these results indicate that Net4 can 

destabilize the polymerization of laminins containing the laminin 1 chain followed by 

disassembly of the BM.  
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Figure 3-4. Net4 blocks laminin assembly on the cell surface. 

(a) Within untreated (ctrl), Net4-FL-, and Net4-FLE195A,R199A-treated (in 28-fold molar excess of 

laminin) Schwann cell extracellular matrix assembly assay BM components collagen IV (Col-IV, 

green) and laminin 111 (Lm1, red) were stained. Cells were counter-stained for DAPI (blue). 

(b) Staining intensities are displayed relative to the DAPI signal [relative Lm1 intensity/cell 

(left) and relative Col-IV intensity/cell, (right)] (mean ± s.d.; n = 5; ****P < 0.00001. P- values 

from two sided t-test). Error bars, s.d. (n = 5 independent cell cultures). P values were calculated 

by one-way Anova followed by a pairwise comparison using the Holm-Sidak method. (c) 

Concentration dependent effect of Net4-FL and Net4-FLE195A,R199A on BM formation indicated 

through measurement of the relative Lm1 intensity/cell (left) and relative Col-IV intensity/cell 

(right). Net4 proteins were added together with the BM components laminin 111, collagen IV, 

and nidogen-1 with increasing molar ratios to laminin 111 (0.4, 1.8, 7, 28-fold excess). Scale 

bars, (a) 200 µm.  
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Net4 may affect axon outgrowth through matrix reorganization 

Net4 has been postulated to play similar roles as Net1, mainly due to their conserved domain 

features38-40. Furthermore, it has been proposed that Net4 acts as an outgrowth promoting cue in 

ex vivo models such as the olfactory bulb neurite outgrowth3. We revisited this axon outgrowth 

function in the light of Net4’s impact on the extracellular matrix. Olfactory bulb explants from 

E15 embryos were cultured in collagen I in the presence of the N-terminal laminin 1 fragment, 

Net4-∆C, Net4-∆C together with the N-terminal laminin 1 fragment, and the laminin-binding 

mutant Net4-∆CE195A,R199A, which does not interact with laminin (Figure 3-5a). As shown in 

Figure 3-5b, while wild-type Net4 presence is associated with neurite outgrowth, the 

combination of Net4 with the N-terminal laminin 1 fragment as well as the laminin-binding 

mutant was unable to promote axon outgrowth (Figure 3-5b, c). These data support the view 

that, unlike Net1, the axon outgrowth activity of Net4 is not only due to guidance cue 

functionality per se. It may additionally be due to Net4 ability to disrupt the BM surrounding the 

olfactory bulb through interactions with laminin aiding axons in branching through this physical 

barrier, though we cannot exclude other interpretations. To further analyze this indirect function, 

we also explored the described role of Net4 on angiogenesis. 
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Figure 3-5. Net4 induces neurite outgrowth in a laminin dependent manner. 

(a) Diagram depicting the olfactory bulb (OB) explants assay procedure. (b) Representative 

images of untreated (ctrl), laminin 1 (1LN-LEa1-4)-, Net4 (Net4-∆C)-, Net4 in combination 

with laminin 1 (Net4-∆C + 1LN-LEa1-4)-, and Net4 laminin-binding mutant (Net4-

∆CE195A,R199A)-treated OB explants. (c) Quantification of neurite growth of OB explants (mean ± 
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s.e.m.; n = 19; ****P < 0.0001, ns, not significant). Error bars, s.e.m. (n = 19 independent cell 

cultures). P values, two sided t-test. Scale bar (b) 200 µm. 

 

Endothelial tubes require a functional basement membrane 

Most studies investigating the role of Net4 in angiogenesis in vitro or ex-vivo are using artificial 

matrix for the culture in vitro19,20,41-44. The role of a functional laminin network within artificial 

matrix such as Matrigel for the formation of tube-like structures has so far not been addressed. A 

recent study revealed that Net4 inhibits the formation of endothelial tube-like structure at high 

concentrations (1000 nM); significantly higher than used in our neurite outgrowth assay20. This 

is difference in concentration dependence is likely due to the degree of basement membrane 

disruption required to observe the requisite effect.  To confirm the results of the previous study, 

HDMECs were seeded on Matrigel and different concentrations (0, 200, and 1000 nM) of Net4 

(Net4-ΔC) were added after cell attachment on Matrigel (Appendix 1, Figure I-8a). Untreated 

HDMECs formed cell clusters connected by honeycomb-like network structures after 14 h. Upon 

addition of 200 nM Net4 (Net4-ΔC), endothelial cells were able to form networks, whereas 

treatment with 1000 nM Net4 completely abolished tube-like structure formation (Figure 3-6a 

and Appendix 1, Figure I-8a, b). In addition, HDMEC tube-like structure formation was 

monitored for 14 h; upon Net4 treatment (1000 nM) cell morphology was dramatically changed 

and no network was established. Instead, cells moved together and formed pronounced 

aggregates within 5 h and remained clustered over the 14 h period (Appendix 1, Figure I-8c). 

On the basis of our hypothesis that Net4 disrupts laminin-laminin complexes, we further 

investigated whether Net4 alters tube-like structure formation in a cell-type independent manner. 



57 

 

 

Upon Net4 treatment, tube-like structure formation in microvascular (HDMEC), macrovascular 

(HUVEC), and lymphatic (HDLEC) endothelial cell lines was inhibited compared to control 

(Appendix 1, Figure I-8d). In addition, Net4 also destabilizes an already established vessel-like 

network on Matrigel 7 h post-treatment followed by increased cell aggregation after 14 h 

(Appendix 1, Figure I-8e). In a subsequent step, we further examined whether the exchange of 

the LN-LEa1 domains within the laminin 1 chain fragment with the respective laminin-binding 

domains of Net4 LN-LE1 might lead to gain of function. Both chimeric fragments (chimera 2: 

Net4LN-LE1-2 - 1LEa3-4 and chimera 3: Net4LN-LE1 - 1LEa2-4) inhibited endothelial tube-

like structure formation in the same way as Net4-C, whereas the chimeric fragment (chimera 1: 

1LN-LEa1 - Net4LE2-31/2) did not show any alteration of endothelial tube-like networks at the 

concentrations tested (Appendix 1, Figure I-8f). 

To determine whether alterations in the laminin network are the trigger of Net4 mediated 

inhibition of tube-like structures, we performed the Matrigel assay with the structure-guided 

Net4 laminin-binding mutants (Net4-CE195A, Net4-CR199A, and Net4-CΔKAPGA, Net4-

CE195A,R199A). HDMECs treated with these laminin 1 binding mutants established cell clusters 

with filamentous interconnections in the same manner as untreated and laminin 1LN-LEa1-4 

fragment treated endothelial cells (Figure 3-6a, left; Appendix 1, Figure I-9a, b). Net4 

significantly decreased cell cluster interconnections (tube number), whereas tube numbers in 

1LN-LEa1-4- and Net4 laminin-binding mutants-treated endothelial cells were equal to 

untreated endothelial cells (Figure 3-6a, right; Appendix 1, Figure I-9a, b). The inhibition of 

tube-like structure formation through Net4 was rescued via pre-incubation of Net4 together with 
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the laminin-binding domain of the laminin 1 chain (1LN-LEa1-4). Analysis of endothelial tube 

numbers showed no difference between untreated, treatment with 1LN-LEa1-4, and combined 

treatment of 1LN-LEa1-4 together with Net4 (Figure 3-6b and Appendix 1, Figure I-9a, b). 

This finding demonstrates that the laminin 1 fragment competes with the interaction of Net4 to 

the laminin 1 chain of the laminin 111 heterotrimer. Net4 can also block the formation of tube-

like structures (Appendix 1, Figure I-10a, b) made by the mouse melanoma B16-F1 cell line45, 

confirming the cell-independent activity of Net4 . To exclude that the observed activity of Net4 

is only mediated when Net4 is deposited within the laminin network of the Matrigel matrix, we 

designed a Net4 protein fused to the N-terminal agrin domain (Agrin-Net4-ΔC). First, we tested 

the binding activity of Agrin-Net4-ΔC to the laminin 1LN-LEa1-4 fragment and found it binds 

with the same affinity as wild-type Net4 (Appendix 1, Figure I-6c). Moreover, we tested the 

binding activity of the N-terminal agrin domain to laminin 111. Here, we took advantage of a 

previously generated laminin 111 construct lacking the N-terminal domains (LN-LEa1-4) of the 

laminin 1 chain (Lm111Δ1LN-LEa1-4)34. As expected, Net4 does not bind to Lm111Δ1LN-

LEa1-4 (Appendix 1, Figure I-11a), whereas Agrin-Net4-ΔC and the laminin-binding mutant 

fused to the N-terminal agrin domain (Agrin-Net4-ΔCE195A,R199A) interact in the nanomolar range 

with Lm111Δ1LN-LEa1-4 (Appendix 1, Figure I-11b). Treatment of HDMECs with Agrin-

Net4-ΔC abolished tube-like structures to the same extend as wild-type Net4 (Net4-ΔC and Net4-

FL, Appendix 1, Figures I-9a and I-11c). However, the laminin-binding mutant fused to the N-

terminal agrin domain as well as the combination of Agrin-Net4-ΔC together with the laminin 

1LN-LEa1-4 fragment significantly blocked the activity of Net4 (Appendix 1, Figure I-11c). 
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Thus, our data support the view that a formed laminin network within the Matrigel matrix is 

essential to generate tube-like structures and that the reported inhibitory activity of Net4 is 

mediated through binding to the LN domain of the laminin 1 chain and disruption of the BM. 
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Figure 3-6. Net4 activity on angiogenesis is dependent on Net4/laminin interaction. 

(a) Analyses of tube-like structure inhibition by Net4-C mutants (Net4-CE195A, Net4-CR199A, 

and Net4-CΔKAPGA) impaired in laminin 1 binding (protein concentrations: 1 µM). Statistical 

analyses of tube formation via determining the number of cell cluster connections (tube number) 

(mean ± s.d.; n = 3; ***P = 0.0007. P- values from two sided t-test) (right). Error bars, s.d. (n = 3 

independent cell cultures). (b) Blocking of Net4-C inhibited tube formation through equimolar 

addition of 1LN-LEa1-4 (1 µM, molar ratio of Net4-C:1LN-LEa1-4, 1:1). The laminin 

fragment 1LN-LEa1-4 competes with Net4 binding to laminin (mean ± s.d.; n = 3; *P = 0.035; 

ns, not significant. P values calculated by two sided t-test.). Error bars, s.d. (n = 3 independent 

cell cultures). (c) Treatment of VEGF-A induced spheroid sprouting of HDMECs embedded in 

collagen I by Net4-C (1 µM). Analysis of sprouting events (ns, not significant). (d) Tube 

formation analyses of co-cultured endothelial and perivascular-like cells from untreated and 

Net4-FL- or Net4-FLE195AR199A-treated cultures (30 nM). Representative images of CD31 

staining are shown. The tube length [mm/mm2] was quantified through the CD31 staining (mean 

± s.d.; n = 5; ****P < 0.00005). (e) Apotome images of Col-IV, Lm1, and CD31 stained tubes 

from control (ctrl), Net4-FL, and Net4-FLE195AR199A treatment are displayed. Error bars, s.d. (n = 

3, (a-c); n = 5, (d,e) independent cell cultures). Scale bars, (a-d) 100 µm; (e) 50 µm. 

 

To unravel the physiological significance of our findings we performed a more physiologically 

relevant angiogenesis assay, where endothelial cells were co-cultured with pericytes to form 

tubes within a laminin-free collagen I matrix28. Here, endothelial cells and pericytes form a 

continuous basement membrane formed by laminin 511 and collagen IV. Treatment of the co-

culture with Net4 completely abolished tube formation, whereas the laminin-binding mutant 

showed no effect (Figure 3-6d). Staining of endothelial tubes highlight that laminin as well as 

collagen IV is absent along the tubes in the Net4 treated set up (Figure 3-6e). These results not 

only suggest that Net4 disrupts the laminin network resulting in the decline of endothelial tubes 

but also emphasize that the laminin network is the key component of the vBM essential for 

vessel formation. 
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Net4 inhibits tumor growth through laminin binding 

To determine how Net4 affects capillary networks an ex ovo chicken CAM angiogenesis assay46 

was performed. Established capillary networks were treated with full-length Net4 (Net4-FL) and 

the laminin-binding mutant (Net4-FLE195A,R199A); blood and micro-capillaries were visualized 

using FITC-dextran injection 48 h post-treatment. In the untreated (ctrl) CAMs, a micro-vascular 

network appeared 48 h post-treatment. Upon addition of Net4, the capillary network dramatically 

changed as the observed vascularized area was significantly decreased (Figure 3-7a). Treating 

the CAMs with the laminin-binding mutant Net4-FLE195A,R199A had no significant effect. 

Histological staining (hematoxylin, eosin; H&E) of CAMs to detect the capillary density of 

untreated and Net4-FLE195A,R199A-treated CAMs displayed a dense capillary lining, whereas Net4-

treated CAMs revealed fewer and more rounded capillaries (Figure 3-7b). 
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Figure 3-7. Laminin polymers are essential to maintain capillary networks and tumor 

progression. 

(a) Visualization of capillaries via FITC-dextran injection of untreated (ctrl), Net4-FL-, and 

Net4-FLE195A,R199A-treated CAMs after 48 h. The vascularized area from different protein 

treatments (left) was determined (see Methods) at 48 h (mean ± s.d.; n = 5; ****P < 0.0001. P- 

values from two sided t-test). Error bars, s.d. (n = 5 independent cell cultures). (b) H&E staining 

of untreated (ctrl) and Net4-FL-, and Net4-FLE195A,R199A-treated CAMs after 48 h. Red lines and 

red arrow heads indicate the capillary density (capillaries are labelled with C). (c) Diagram 

showing the tumor treatment regimen. (d) Macroscopic images of melanoma treated daily with 1 
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µM of control protein (mouse serum albumin, left), Net4-FL (middle), Net4-FLE195A,R199A (right). 

(e) Progression of melanoma treated with Net4-FL and the laminin 1 binding mutant Net4-

FLE195A,R199A (mean ± s.d.; n = 5; ****P < 0.0001). Error bars, s.d. (n = 5 animals, female 

C57BL/6). P values, two sided t-test. Scale bars, (a) 100 µm; (b) 20 µm; (d) 5 mm. 

 

One of the key pathophysiological roles of Net4 associated with its angiogenic activity is its 

inhibitory effect on tumor progression. Subcutaneously injected cancer cells overexpressing Net4 

in mice establish tumors with fewer vessels than tumors established by untransfected cells18,19. 

Therefore, we investigated whether the tumor-suppressive activity of Net4 is mediated through 

binding to laminin. HCMel12 mouse melanoma cells were injected in mice and, upon 

macroscopic detection, tumor growth was monitored and daily injection of either a control 

protein (mouse serum albumin), Net4 or its laminin-binding mutant was administered (Figure 3-

7c). The size of tumors treated with Net4 was reduced by 50% of the size in comparison to the 

control-treated animals. Moreover, our data establishes that the interaction of Net4 with laminin 

is essential for its tumor-suppressive activity as the laminin binding mutant (Net4-FLE195A,R199A) 

had no impact on tumor growth (Figure 3-7d, e). 

We then reexamined the ex ovo CAM model to further dissect the impact of Net4 on capillaries. 

In CAMs treated with Net4 or its laminin-binding mutant, the branching pattern is highly altered 

only in the Net4 treated CAM. Radial graph analysis of the capillary branching hierarchy clearly 

indicates that diameters of vessels within Net4-FLE195A,R199A-treated CAMs span the full range of 

diameters found in an established vessel hierarchy. In contrast, vessels in Net4-FL-treated CAMs 

showed an altered distribution of diameters as large vessels exhibited smaller diameters and 

small capillaries were not present (Figure 3-8a, left). Net4-FLE195A,R199A-treated CAMs display a 
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distinct established hierarchy pattern, starting with large vessels (1., 45-60 µm diameter) from 

which smaller capillaries branch with decreasing diameter (2., 30-45 µm; 3., 15-30 µm; and 4., 

3-6 µm). The altered vessel hierarchy in Net4-treated CAMs is clearly demonstrated by 

decreased diameters as large vessels (1., 28-37 µm) as well as small capillaries (2., 10-20 µm and 

3., 7-10 µm) exhibit reduced calibers (Figure 3-8a, right). Thus, the laminin-laminin interaction 

is required to maintain proper capillary networks in vivo. 

 



66 

 

 
 



67 

 

 

Figure 3-8. Impact of Net4 on disruption of the laminin network and its effect on vascularization. 

(a) Diagram indicates vessel diameter distribution (left) within Net4-FLE195A,R199A-treated CAMs 

(blue squares), and the Net4-FL group (red triangle). Model showing the common established 

capillary hierarchy formed within the CAM. Numbers indicate sizes of different vessels in the 

common established hierarchy (middle). The table displays the diameter of different hierarchical 

vessels from Net4-FLE195A,R199A- (blue) and Net4-FL-treated (red) experiments (right) (n.p., not 

present). (b) Ultrastructural analyses of Net4-FLE195A,R199A- (blue) and Net4-FL-treated (red) 

CAMs using transmission electron microscopy. Images show the capillary endothelium 

surrounded by perivascular cells. The endothelium E is shown and perivascular cells (PVCs) are 

indicated as P. Electron microscopy images highlight the vascular basement membrane (vBM, 

red) arrow heads (middle) and red asterisks (bottom) between the endothelium and PVCs, which 

are surrounded by a vBM layer. (c) Model of Net4 effect on capillary cell types (endothelium 

(Endoth.) and pericyte (Pericyte)) and the vBM. Scale bars, (b) top: 2 µm; middle: 1 µm; 

bottom: 0.5 µm. 

 

As Net4 appears to disconnect the laminin network ex ovo, we hypothesized that the disruption 

of the laminin network may affect the whole vBM thereby influencing the interaction of 

pericytes with the endothelium. Therefore, endothelial and perivascular cell distribution was 

studied in CAMs treated with the laminin-binding mutant (Net4-FLE195A,R199A) or Net4. 

Ultrastructural analyses of Net4-FLE195A,R199A-treated CAMs suggested that endothelial cells are 

closely surrounded by pericytes, whereas Net4 treatment leads to detachment of pericytes from 

the endothelium with altered pericyte morphology (Figure 3-8b, top). Embedding of pericytes 

into the vBM stabilizes newly-formed vessels. Net4-FLE195A,R199A-treated CAMs exhibited a 

continuous vBM along the endothelium and surrounding pericytes. Upon Net4 treatment, the 

vBM almost disappeared on endothelial cell surfaces as well as along pericytes (Figure 3-8b, 

middle and bottom). These results indicate that Net4 dissociates laminin heterotrimers from the 

vBM and disturbs the endothelial/perivascular cell interaction in vivo. 
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Discussion 

Far from its expected role as a guidance cue, a combination of structural, in vitro and in vivo 

experiments demonstrate that Net4 behaves in a completely different manner than its well-

studied family member Net1. Our data demonstrate that Net4 not only strongly binds to laminin 

γ1 and blocks laminin polymerization, but also actively disrupts pre-existing laminin networks in 

a non-enzymatic manner. Net4 is clearly a unique member among the netrin family, showing 

non-enzymatic disruptive forces in matured basement membranes. 

It has been reported that Net4 demonstrates axonal growth activity3 and anti-angiogenic activity 

in vitro by inhibiting endothelial tube-like structure formation18-20. Furthermore, Net4 

overexpression in different cancer cells reveals a decreased vascularization in vivo18,19. Though 

we cannot exclude an alternative function via unknown receptor, we propose that the basis of the 

effects reported on axonal growth, angiogenesis, and tumor progression by Net4 is due to the 

disruption of pre-existing laminin networks resulting in the disruption of the entire BM. 

Endothelial assemblies need to form a continuous vBM together with pericytes28. Our treatment 

studies with Net4 confirm this, as the disruption of the vBM results in the decline of endothelial 

tubes. In terms of the effect of Net4 on neurite outgrowth in the olfactory bulb assay the role of 

the BM is different. Here, axons need to branch through the BM as a physical barrier and the 

disruption of this barrier with Net4 supports axonal outgrowth. Interestingly, most of the cellular 

effects reported on Net4 have been performed using an artificial matrix such as Matrigel that 

contains mainly laminin 11119,20,47,48. As the LN domain of the 1 chain is the major binding 
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partner of Net4, we hypothesized that it affects the laminin network within the Matrigel matrix 

instead of directly affecting cell-signaling pathways. Similarly, inhibition of blood vessel 

formation by Net4 is believed to be triggered through binding to the Net1 receptors DCC (DCC, 

neogenin) and UNC5 (UNC5A-D)18,19. However, we could not detect direct interactions of Net4 

with any of these receptors. Comparison of the high-resolution structures of Net122-24 and Net4 

explains in detail this absence of interaction (Figure 3-1e-h and Appendix 1, Figure I-1a). 

Structure based mutations of Net4 in combination with in vivo and ex vivo assays allowed 

assignment of Net4 functionality to its laminin-binding capability rather than Net4’s interaction 

with Net1 receptors. Thus, our hypothesis is that Net4 is not a classic ligand activating a 

membrane receptor with a downstream signaling but rather a regulator of basal membrane 

maintenance, which indirectly impacts key functions such as axonal growth and angiogenesis. 

Our study supports the view that Net4 is a unique protein able to disrupt laminin 1 containing 

BMs, and this could act as a useful tool in investigating the pivotal role of laminin-laminin 

interactions in biological processes, e.g., muscle formation, somitogenesis, and neural tube 

formation. 

In the vasculature, laminin disassembly destabilizes three-dimensional endothelial tubes in an 

endothelial/pericyte-like cell co-culture via interference with the formation of a continuous BM 

along endothelial cell surfaces. Vessel maturation is affected by establishing a continuous BM 

along endothelial tube-linings. Cooperation between endothelial (ECs) and perivascular cells 

(PVCs) induces the production of pivotal matrix components such as nidogen-1, linking the 

collagen IV structure to the laminin network, and the 5 chain shaping laminin 511, which is the 



70 

 

 

predominant laminin heterotrimer in mature capillaries28. The finding that treatment of an 

EC/PVC co-culture and chicken CAMs with Net4 results in decreased vascularized areas further 

highlights the essential role of vascular laminin networks in angiogenic processes. Furthermore, 

the Net4 laminin-binding mutant showed no effect on angiogenesis. Remarkably, Net4 disrupts 

the entire vBM lying between the endothelium and pericytes as well as the BM surrounding 

pericytes inhibiting stabilization of the capillary network and formation of the common vessel 

hierarchy ex ovo. Mural cells embedded in the vBM are defined as pericytes29, and upon vBM 

loss, as demonstrated by ultrastructure analyses of Net4-treated CAMs, the phenotype of 

pericytes is altered to a more mural cell character. These findings are of potential importance in 

modulation of cancer progression where blood vessels are not always well organized, but appear 

destabilized and are often leaky, which hampers drug delivery and increases tumor cell spread49-

51. The complex between laminin 1 and Net4 clearly hinders the formation of, or even disrupts, 

the laminin network. Interestingly, disruption of the vBM leads to detachment of pericytes from 

the endothelium resulting in the collapse of the entire capillary network (Model pictured in 

Figure 3-8c), which may also help to reduce tumor progression. A recent study showed 

increased permeability in lymphatic vessels upon Net4 overexpression21, which fits with the 

proposed model. Of interest, this model supports the view that the impact of Net4 depends highly 

on its ability to “titrate” laminin and thus an important aspect that remains to be investigated 

further in animal models is how physiological levels of Net4 actually modulates basal 

membranes and how in pathological conditions, up- or down-regulation of Net4 directly affects 

the BM and thus the cell behavior in this Net4 high/low environment. Several studies have 

shown that Net4 expression is modulated in cancer and as an example is inversely associated 
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with cancer progression52 suggesting that Net4 could represent an important modulator of 

tumoral matrix and thus a putative therapeutic target. Finally, our study not only highlight the 

key role of laminin networks within the vBM but also shows that Net4 disrupts pre-existing 

laminin networks and BMs in a non-enzymatic manner. 
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Tables 

 

Table 3-1. Data collection and refinement statistics 

 

†Values in parentheses are for highest-resolution shell. 
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Methods 

 

Recombinant protein expression and purification 

Net4-FL, 1LN-LEa1-4, and serum albumin from Mus musculus, (Net4: NP_067295, aa: 20-628, 

1LN-LEa1-4: NP_034813, aa: 34-492, serum albumin: NP_033784, aa: 1-608) and 1LN-

LEa1-4, 1LN-LEa1-4 from Homo sapiens (1LN-LEa1-4: NP_005550, aa: 18-453, 1LN-

LEa1-4: NP_002282, aa: 31-509) were cloned into a modified pCEP vector with an N-terminal 

double Strep II-tag. Net4-C from Mus musculus (NP_067295, aa: 20-462) was cloned into a 

modified pCEP vector with an N-terminal octa-histidine (His8) tag or with an N-terminal double 

Strep II-tag. HEK293 cells were stably transfected followed by screening for subclones with a 

high level of protein expression. Net4-C, Net4-FL, 1LN-LEa1-4, 1LN-LEa1-4, and 1LN-

LEa1-4 were purified by streptactin-sepharose (IBA) and Net4-C by metal-affinity 

chromatography using nickel TALON beads (Clontech) followed by the removal of the double 

Strep II-tag and His8-tag by thrombin digestion. The purified proteins were then dialyzed against 

1 x PBS. Affinity purified proteins were further processed by size-exclusion chromatography 

(SEC) in TBS buffer (50 mM Tris-HCl, pH 7.5; 200 mM NaCl) on a Superdex 200 column using 

the ÄKTA FPLC system (GE Healthcare Life Sciences USA) equipped with UV absorbance 

detector and UNICORN v5.11 software as previously described. The complex of Net4-FL-1LN-

LEa1-4 and Net4-∆C-1LN-LEa1-4 was purified using SEC by mixing the peak fractions for 
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individual species. Protein concentrations were measured using extinction coefficient and 

molecular weight values derived from the ProtParam utility53 available on the ExPASy server54. 

 

Design of chimeric constructs and site-directed mutagenesis 

To design Net4 containing LN1 binding domains we generated chimeric molecules by overlap 

PCR using the Q5 (New England Biolabs) polymerase. The domains from Net4 (Net4: 

NP_067295) were replaced by the corresponding laminin 1 sequences (laminin 1: 

NP_034813). The following constructs were amplified, cloned (with an N-terminal double Strep 

2-tag), verified by sequencing, expressed, and purified: Net4LN-LE1-2 - 1LEa3-4 (Net4 aa: 20-

394 fused to laminin 1 aa: 396-492), Net4LN-LE1 - 1LEa2-4 (Net4 aa: 20-331 fused to 

laminin 1 aa: 340-492), 1LN-LEa1 - Net4LE2-31/2 (Laminin 1 aa: 44-339 fused to Net4 aa: 

332-462), and Net4-C - N-term agrin (NP_067295, aa: 20-462, E195A, R199A, fused to 

NP_067617, aa: 33 – 164). Furthermore, the following mutated Net4 molecules were generated: 

Net4-FL: (NP_067295, aa: 20-628, E195AR199A), Net4-CE195A,R199A,ΔKAPGA: (NP_067295, aa: 

20-462, E195A, R199A, and 281KAPGA285), Net4-CE195A,R199A: (NP_067295, aa: 20-462, 

E195A, R199A, and 281KAPGA285), and Net4-CE195A,R199A - N-term agrin (NP_067295, aa: 

20-462, E195A, R199A, fused to NP_067617, aa: 33 - 164). All produced proteins are shown in 

Appendix 1,  Figure I-11. 
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Structure determination of Net4 

Net4-C was applied to a Superdex 200 SEC column (GE Healthcare) equilibrated with 50 

mMTris/Tris-HCl, pH 7.5, 0.2 M NaCl at room temperature and the collected peak fractions 

were immediately concentrated to 1.2 mg ml-1 and used for crystallization. Net4-C crystals 

were grown by hanging-drop vapour diffusion at 293 K by mixing 2 µL of protein solution, 1.6 

µl of reservoir solution (20% PEG3350, 0.2 M calcium acetate, and 0.1 M sodium cacodylate pH 

6.5), and 0.4 µl of 1 M NDSB-256 from the Hampton HR2-428 additive screen (Hampton 

Research). Crystals appeared after 1 week and were soaked in mother liquor containing 10% 

ethylene glycol for 5-10 min before flash freezing in liquid nitrogen. Diffraction data was 

collected on a Rigaku MM-007HF (λ=1.54178Å) at 100 K. The dataset was indexed, integrated 

and scaled with the HKL2000 suite. The phases were determined by molecular replacement 

using a polyserine laminin  homology model (PDB 4AQS55) from Swissmodel in Phaser56. The 

model was built and refined using Coot57, the Phenix Refine and Autobuild programs58, and 

Refmac59,60.  

 

Octet binding studies 

Binding of Net4 or Net1 to DCC, neogenin, and UNC5H2 was analyzed by biolayer 

interferometry using the Octet RED96 system (Pall ForteBio). Recombinant human DCC/Fc, 

mouse neogenin/Fc, and rat UNC5H2/Fc chimera were obtained from Bio-Techne. Proteins were 

stored frozen and diluted into binding buffer (PBS, 0.1% BSA, 0.02% Tween 20). Binding 
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assays were performed in 96-well microtiter plates at 30°C with orbital sensor agitation at 1000 

rpm. Fc chimera proteins (2 µg ml-1) were loaded onto anti-human Fc (AHC) biosensors for 10 

min. Biosensors were washed with binding buffer for 60 s and placed in wells containing the 

various netrins (50 nM in binding buffer). Association was observed for 10 min, then biosensors 

are incubated in binding buffer for additional 10 min to observe dissociation of the complex. 

Uncoated biosensors were run in parallel for non-specific binding. Binding curves were analyzed 

by Octet User software (ForteBio). Three independent technical replicates were performed. 

 

Microscale thermophoresis binding assay 

Binding of the labeled Laminin 1 short arm fragment (1LN-LEa1-4) to Net4 variants and its 

respective mutants were measured using microscale thermophoresis. A range of concentrations 

of the required ligands (from 0.08 to 1000 nM for Net4 and from 0.45 to 4000 nM for Net4 

mutants) were incubated with 2 nM of 1LN-LEa1-4 in the assay buffer (50 mM Tris-HCl, pH 

7.4, 150 mM NaCl, 2 mM CaCl2 supplemented with 3% BSA) for 10 min. Samples were loaded 

into NanoTemper glass capillaries and microscale thermophoresis was carried out using 10% 

LED power and 80% MST power on a NanoTemper monolith NT.11561. KD values were 

calculated from independent technical triplicate experiments using the mass action equation via 

the NanoTemper software. 
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Laminin network disruption assay 

The laminin polymerization blocking assay was performed as described in the Appendix 1, 

Figure I-9b and the laminin polymer disruption assay set up is described in the Appendix 1, 

Figure I-9c. Mouse laminin 111 (Sigma-Aldrich, Germany) was diluted to 0.35 µM in 50 mM 

Tis-HCl, pH 7.4; 150 mM NaCl; 0.1% Triton-X100; 1mM CaCl2 and incubated at 37°C for 3 h 

to polymerize. Afterwards, polymerized laminin was centrifuged (10,000 g; 15 min) to separate 

formed laminin polymer from non-polymeric laminin. Different proteins (Net4-C, Net4-

CE195A,R199A) were added at a concentration of 2.1 µM respectively to the laminin polymer at 

37°C for an additional 3 h. Samples were centrifuged and all three fractions (supernatant (S), 

supernatant+ (S+), pellet+ (P+)) were analyzed by SDS-PAGE followed by fast Coomassie Blue 

staining (Thermo Scientific, Germany). Band intensities were determined using the ImageJ 

software and ratios between the polymer fraction (P+) and supernatant (S+) are displayed. 

 

Laminin assembly on Schwann cell surface 

Rat Schwann cells were cultured in Dulbecco’s Eagle medium, 10% fetal calf serum (Atlanta 

Biological), neuregulin (0.5 µg ml-1, Sigma), forskalin (0.2 µg ml-1, Sigma) and penicillin-

streptomycin. Cells at passage 22-29 were seeded onto 24-well dishes (Sigma) and incubated 

with collagen IV, nidogen-1, and different laminin constructs. Additionally, cells were treated 

with 28-fold excess compared to laminin of Net4-FL, Net4-FLE195A,R199A at 37oC for 1 h. 

Schwann cells were rinsed with phosphate-buffered saline (PBS) and fixed in 3% 



78 

 

 

paraformaldehyde for 20 minutes followed by blocking with 5% goat serum in PBS overnight at 

4oC. Cells were incubated with anti-laminin 1 (1:200, Millipore, MAB1920) and anti-collagen 

IV (10 µg/mL, Millipore, AB756P) at room temperature for 1 h. Alexa Fluor 647 goat anti-

mouse and Alexa Fluor 488 goat anti-rabbit secondary antibodies (Molecular Probes) were used 

at 1:100 and counterstained with 4’,6-diamindino-2-phenylindol. Digital images of protein 

immunofluorescene levels were recorded with IPLAB 3.5 software (Scanalytics) and quantified 

with ImageJ. Validation information for commercial antibodies is available on the 

manufacturers’ websites. All experiments were performed in groups of five independent cultures 

and repeated at least twice. 

 

Neurite outgrowth assay 

Olfactory bulb (OB) explants were isolated from rat embryos E15 (n = 19 Embryos at E15 were 

collected from a pregnant Sprague Dawley female rat). OB explants were embedded in Collagen 

I isolated from rat tail and cultured with 28 nM of Net4-FL or Net4-FLE195A,R199A for 24 h. 

Explants were then fixed in 4% PFA at room temperature for 1h and permeabilized with PBST 

(PBS, 0.1% Triton-X100) for 10 min. Next, explants were blocked with PBST, 1% normal 

donkey serum (Jackson immunoresearch) at room temperature for 2 h and incubated with mouse 

polyclonal Tuj1 antibody, 1/500 (babco, MMS435P) diluted in PBST at 4°C overnight. After 

washing 3 times with PBST, explants were incubated with Alexa488 donkey anti mouse (1/500; 

Life Technologies, A21202) at room temperature for 1 h, followed by 3 washes in PBST and 

mount with mowiol. Explants were imaged with an Axiovert200M light microscope (Zeiss). 
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Neurite and explant area were analysed with FIJI in order to determine neurite density (neurite 

area/explant area). Validation information for commercial antibodies is available on the 

manufacturers’ websites. All experiments were performed in groups of five independent cultures 

and repeated at least twice. 

 

Cell culture 

HEK293 EBNA cells as well as the mouse melanoma B16-F1 cell line were obtained from 

ATCC. Human dermal microvascular endothelial cells (HDMEC) and human lymphatic 

endothelial cells (HDLEC) were obtained from Promocell, human umbilical vain endothelial 

cells (HUVEC) from Lonza. The endothelial cells were cultured in Vasculife VEGF-Mv 

Medium Complete Kit (Cell Systems) according to the manufacturer´s instructions. The mouse 

melanoma cell line (HCMel12) was kindly provided by T. Tüting (University of Magdeburg)62. 

The mouse melanoma cell lines HCMel12 and B16-F1 as well as HEK293 EBNA cells were 

cultured in Dulbecco´s Modified Eagle Medium (Gibco) supplemented with 10% fetal bovine 

serum (FBS). Pericyte-like vascular cells (PVCs) were isolated from meninigi of the Anxa5-

LacZ reporter mouse strain63. PVCs were cultured in DMEM supplemented with 10% FCS and 

used at passages 28-40. 
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Tube-like formation assay 

Cells were seeded at a density of 25,000 cells per well onto chamber slides (Labtek) or ibidi 

slides (ibidi) previously coated at 37°C with Matrigel™ BM matrix (Corning, New York, United 

States) for 30 min to allow polymerization. For the tube formation assay, the indicated proteins 

were added directly after seeding the cells. Cells were incubated for 14 h. For the tube regression 

assay proteins were added 7 h after seeding the endothelial cells, which had established a tubular 

network. Recombinant proteins were added at the concentrations indicated and in terms of 

endothelial cells treatment PDGF as well as VEGF (Biomol) was added at final concentrations of 

10 ng ml-1. Tube formation was documented by bright-field microscopy using a Nikon Eclipse 

TE2000-U microscope. In order to investigate the time course of tube formation, we performed 

time-lapse microscopy using an Olympus IX81. All experiments were performed in groups of 

five independent cultures and repeated at least three times. 

 

Three-dimensional culture in collagen I matrix 

Endothelial and pericyte-like cells (HUVECs/PVCs) were co-cultured in 2% collagen I gel as 

described previously64. Cultures were incubated in ECGM2 medium supplemented with PDGF-

BB and VEGF (10 ng ml-1 each) for 6 days. Recombinant Net4-FL and Net4-FLE195AR199A were 

added to the 3D gel solution at indicated concentration. Medium (supplemented with PDGF-BB, 

VEGF, and Net4-FL or Net4-FLE195AR199A) was replaced every 48 h. Samples were fixed with 

Dent’s fixative and immunostained for collagen IV (AB769, Chemicon), laminin 1 (kind gift 
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from U. Mayer, University of East Anglia), and human CD31 (555444, BD Biosciences)65. DNA 

was stained by Hoechst 33258. Overview pictures were taken from each sample by using a Zeiss 

Axioplan microscope and average tube length was calculated by the Volocity software. Optical 

section images were taken by a Zeiss Apotome microscope and processed by Axiovision 

program. All experiments were performed in groups of five independent cultures and repeated at 

least three times. Validation information for the laminin 1 antibody is presented in the work of 

Mayer et., al.66. 

 

Chick Chorioallantoic Membrane angiogenesis assay 

The ex ovo culture of the chicken embryos was adapted from Auerbach et al.46. Briefly, fertilized 

Ross chicken eggs (Wüthrich Brüterei AG, Switzerland) were incubated at 37°C for 3 days in 

humidified atmosphere. On day 3, the eggs were carefully opened and their content was 

transferred into 100 x 20 mm Petri dishes (Corning, Switzerland). The chicken embryos were 

incubated in the same conditions for 6 more days. On day 9, the PEG hydrogels containing no 

protein and different proteins (Net4-FL, Net4-FLE195A,R199A) were placed on the surface of the 

Chick Chorioallantoic Membrane (CAM). 15 µL PEG hydrogels were formed by Factor XIIIa-

catalyzed cross-linking of two 8-arm PEG components (8-PEG–Gln and 8-PEG–MMPsensitive–

Lys) in 50 mM Tris pH 7.6, 50 mM CaCl2 buffer to a final PEG concentration of 2% (w/v). Each 

hydrogel contained 4.25 µg of recombinant Net4-FL, or Net4-FLE195A,R199A, which were added to 

the hydrogel mixture before polymerization. After 48 h of treatment, 100 µl of 2.5% FITC-

dextran (MW 20,000, Sigma-Aldrich, Switzerland) in 0.9% NaCl solution were injected 
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intravenously in the CAM. The vasculature was visualized by fluorescence microscopy and 

images around the treatment site were collected. All experiments were performed in groups of 

five independent cultures and repeated at least twice. 

The images collected by fluorescence microscopy were analyzed using the ImageJ software 

(ImageJ 1.48, http://imagej.nih.gov/) using a script based on the quantification method developed 

by Blacher et al.67. The background of each image was evened out and the contrast enhanced. 

Then the threshold was adjusted manually to discriminate the vascularized area from the non-

vascularized area, and the image was transformed into a binary image. A series of filters were 

applied then to refine the capillary structures. ROIs were set manually to exclude second-order 

and higher-ranking blood vessels and regions with underlying blood vessels. The vascularized 

areas within the ROIs, as well as the total ROI area, were measured. The obtained values were 

used to determine the distribution vascularized areas in the capillary network. All experiments 

were performed in groups of five independent cultures and repeated at least three times. 

 

Immunohistochemistry of the CAM 

After live imaging, the CAMs were fixed with 4% para-formaldehyde solution by applying the 

solution both on top and beneath the CAM membranes and incubated at room temperature for 1 

h. The area around the treatment site was carefully cut out and placed between cellulose sheets 

before being processed for paraffin embedding. Tissue sections of 4 µm were cut with a 

microtome and mounted on glass slides for hematoxylin and eosin staining. 

http://imagej.nih.gov/
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Transmission electron microscopy analyses of CAM capillaries 

After live imaging, CAMs were fixed with 2.5% glutaraldehyde (buffered with 0.1M sodium-

cacodylate, pH 7.4, 540 mOsm.) by applying the solution both on top and beneath the CAM 

membranes. They were post-fixed in 1% OsO4 (0.1M sodium-cacodylate, pH 7.4, 340 mOsm), 

dehydrated in ethanol, and embedded in Epon 812 (Fluka, Buchs, Switzerland). Semi-thin 

sections were prepared, stained with toluidine blue, and analyzed with a light microscope68,69. 

Representative areas were selected and further imaged by transmission electron microscopy. 

Tissue samples from groups of three of three independent biological replicates were analyzed. 

 

Therapeutic treatment of melanoma 

The melanoma HCmel12 cell line, which spontaneously develops lung metastases after 

intracutaneous injection in immunocompetent C57BL/6 mice, was established from a primary 

Hgf-Cdk4R24C melanoma62. For tumor transplantation 2 x 105 cells in 100 µl 1 x PBS were 

injected intracutaneously into the flanks of C57BL/6 mice (female, n = 5, 8 weeks of age) and 

tumor development was monitored by visual inspection and palpation. When tumors exceed 2 

mm groups of five mice were peritumorally injected daily with 1 µM of mouse albumin (ctrl), 

Net4-C, Net4-FL, and Net4-FLE195A,R199A for ten consecutive days. Tumor sizes were measured 

every second day and recorded as mean diameter in mm. Mice with tumors exceeding 20 mm 
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diameter were sacrificed. All experiments were performed in groups of five mice and repeated 

independently at least twice. 

 

Statistics 

Statistical analysis was performed using the GraphPad Prism software (GraphPad Prism 5.00). 

The two sided t-test was used for statistical analysis, statistical analyses of the Schwann cell 

assay was performed using the one-way Anova followed by a pairwise comparison using the 

Holm-Sidak method. Results are displayed as mean ± s.d. except the one of the neurite 

outgrowth assay, in which the results are displayed as ± s.e.m..  
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Preface 

Although X-ray diffraction yields static images of a crystallized protein, it can give insight into 

the structural reorganizations that accompany macromolecular function. In the original 

rhodocetin structure, the 4 subunits are in a cruciform arrangement, but the αβ and γδ 

heterodimers have distinct targets and must dissociate for these interactions to occur. The crystal 

structure of the γδ heterodimer of rhodocetin in complex with the vWF A domain of α2 integrin 

reveals that the snake venom protein undergoes dramatic conformational changes to bind its 

target and block the blood clotting response.  

 

Author Contributions 
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performed the binding assays and titration curves. Simone Karrasch crystallized the  RC-2A 
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purification of the 2A mutants. Augusto Martins Lima, along with Maria-Inacia Estevão-Costa, 

helped with the purification of 2A mutants and with the chemical modification of RC. Gottfried 

Pohlentz indentified the epitope of IIIG5 by mass spectrometry. The manuscript was prepared by 

Matthew McDougall, George L. Orriss, Jörg Stetefeld, and Johannes A. Eble. 

 

Abstract 

The collagen binding integrin α2β1 plays a crucial role in hemostasis, fibrosis, and cancer 

progression amongst others. It is specifically inhibited by rhodocetin (RC), a C-type lectin-

related protein (CLRP) from the Malayan pit viper (Calloselasma rhodostoma) venom. The 

structure of RC alone reveals a heterotetramer arranged as an αβ and γδ subunit in a cruciform 

shape. RC specifically binds to the collagen binding A-domain of the integrin α2 subunit, 

thereby blocking collagen induced platelet aggregation. However, until now the molecular basis 

for this interaction has remained unclear. Here we present the molecular structure of the RCγδ-

α2A complex solved to 3.0 Å resolution. Our findings show that rhodocetin undergoes a 

dramatic quaternary reassembly upon binding to α2β1 integrin. Besides the release of the non-

binding RCαβ tandem, the RCγ subunit interacts with loop 2 of the α2A domain as result of a 

dramatic conformational change. The RCδ subunit contacts the integrin α2A domain in the 

“closed” conformation through its helix C. Combined with epitope-mapped antibodies, 
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conformationally locked α2A domain mutants, point mutations within the α2A loop 2, and 

chemical modifications of the purified toxin protein, this molecular structure of RCγδ-α2A 

complex explains the inhibitory mechanism and specificity of RC for α2β1 integrin. 

 

Introduction 

Most cellular processes depend on the formation of interactions between cells and the 

extracellular matrix (ECM). Key facilitators of these interactions are the integrins. They consist 

of two subunits,  and , each of which has multiple isoforms1,2. The different subunit 

composition between integrins determines their ligand binding specificity and functionality. 

Integrins are cell adhesion molecules, which are involved in a broad range of cell functions, such 

as proliferation, differentiation, adhesion and migration. Defect or dysfunction of integrins, in 

particular of  integrin, a prominent collagen binding receptor of many cell types3 and the 

only collagen binding integrin on platelets4 may affect vascular development and angiogenesis5, 

epithelial cell differentiation6, wound repair and fibrosis7, inflammation8,9, cancer and cancer 

therapy10, as well as collagen-induced platelet activation, hemostasis and thrombosis4,11. 

Therefore, 21 integrin has become a prominent target in drug research12-14. 

The collagen binding site is located within the 2A domain of 21 integrin which is 

homologous to the A-domain of von Willebrand factor (vWF). The 2A domain contains a metal 

ion that is required for collagen binding as it part of the binding site for the collagen triple 

helix15. In order to bind to collagen, the 2A domain undergoes a series of concerted 
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conformational changes. In short, helix C unwinds, the N-termini of helices 6 and 7 

simultaneously turn away from each other and finally helix 7 moves downward against helix 1 to 

give the collagen binding “open” conformation which contrasts with the previous “closed” 

conformation15, 16. This likely general mechanism of molecular movement of integrin A-domains 

was subsequently confirmed by introducing a disulfide bridge into the A-domain of the integrin 

L subunit such that this interconversion was blocked with the protein locked in either the 

“open” or “closed” state17. 

Integrin function can be blocked by two major classes of snake venom proteins, the 

disintegrins18,19 and the C-type lectin-related proteins (CLRPs)20,21. In contrast to the disintegrins 

which can target multiple integrins, CLRPs specifically inhibit 21 integrin activity21. The high 

selectivity and affinity of these snake venom proteins for 21 integrin makes them ideal lead 

compounds for drug development22-24. Current members of the CLRP family include the proteins 

rhodocetin, EMS16, vixapatin, sochicetin-B, lebecetin, flavocetin and rhinocetin25-31. As more 

CLRP protein structures become available it is clear that although the supramolecular structure 

can vary from the basic heterodimer of EMS1627 to the ring like ()4 structures of flavocetin 

and convulxin32,33 the underlying basic unit is a heterodimer consisting of two subunits, usually 

named  and , which dimerize via their characteristic index finger loops20,34. Interestingly, in 

the case of the rhodocetin heterotetramer () structure26, the  and  subunits form two 

heterodimeric pairs that are orientated orthogonally towards each other in a cruciform shape. 

Despite these differences, the subunits of CLRP family members are highly homologous with 

each other. Evolutionarily, the CLRP fold has developed from a carbohydrate recognizing 
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domain (CRD) into a structure which specifically targets clotting factors IX and X, 21 

integrin, and other platelet adhesion receptors20,34-36. Among the latter, the vWF receptor and the 

two collagen binding receptors, glycoprotein GPIV and 21 integrin, are targets for snake 

venom CLRPs, thereby inhibiting or activating platelet activation and aggregation37,38. 

Consequently, these snake venom proteins severely interfere with hemostasis36,39. However, the 

nature of the molecular mechanism by which CLRPs inhibit 21 integrin and by which CLRPs 

implement specificity towards 21 integrin has remained undetermined. 

Rhodocetin (RC) is a CLRP of the Malayan pit viper Calloselasma rhodostoma26 and, together 

with EMS16 from Echis multisquamatus, they are the only known CLRP family members 

proven to target the 2A domain for which atomic resolution structures are available27,40. Unlike 

the  integrin-collagen interaction, which is metal ion dependent, the binding of RC to  

integrin does not require a metal ion, which implies a different mechanism of action. In a 

previous study, we demonstrated that the RC heterotetramer binds to 21 integrin before 

releasing the  subunit (RC) from the complex40. In the current work, we present the 

molecular structure of this RC-2A domain complex and unravel the molecular mechanism of 

this interaction. The RC binding site overlaps with that of collagen including the key metal ion 

site, thereby sterically blocking collagen binding. Moreover, a comparison with the previously 

determined rhodocetin structure26 reveals that, in addition to the release of the RC subunit, the 

RCsubunit undergoes a major conformational change upon integrin binding which causes it to 

snap into a bent conformation like a mouse trap. In this final state, RC holds the 2A domain 
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in the “closed” conformation, allosterically unable to bind to collagen. The result is a highly 

efficient inhibition of 21 integrin mediated attachment and signaling in cells and platelets. 
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Results 

 

Purification and characterization of the RC-2A complex 

To isolate rhodocetin (RC) in complex with the integrin 2A domain, recombinant 2A domain 

was immobilized to Ni Sepharose resin via its His6-tag. Thereafter, a RC-rich protein fraction of 

Calloselasma rhodostoma venom was applied to this column, resulting in the formation of the 

complex of 2A with tetrameric RC (RC) which still bound to the column. Treatment with 

5 mM EGTA resulted in the dissociation of the 2A domain bound RC tetramer and the release 

of RC from the complex, which was eluted from the column. In contrast, RC remained 

firmly attached to the column bound 2A (Figure 4-1). This RC-2A complex was then 

eluted with a linear gradient of imidazole (Figure 4-1a). Its His6-tag was cleaved by 

trypsinolysis and the excess 2A was removed by size exclusion chromatography. The close 

physical contact of both partners within the RC-2A complex was proven by cross-linkage 

with 0.5 mM bis(sulfosuccinimidyl)suberate (BS3) (Figure 4-1b). 
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Figure 4-1. Isolation of the rhodocetin γδ-α2A complex on Ni Sepharose column. 

(a) Elution profile of the Ni Sepharose affinity chromatography column. The RC-2A 

complex was formed on a Ni Sepharose column by subsequently loading the oligo His-tagged 

2A domain and RC. RC and the RC-2A complex were eluted with EGTA and an 
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imidazole gradient, respectively. (b) SDS-PAGE of eluate fractions (lanes “EGTA eluate” and 

“imidazole eluate”), in comparison to isolated control proteins (lanes “2A domain” and 

“rhodocetin ”), under non-reducing and reducing conditions and stained with silver. Note that 

the trypsin-trimmed RC-2A complex showed a slightly reduced size of the 2A domain due 

to the proteolytic removal of the His6-tag. The physical contact of co-eluted rhodocetin  and 

2A domain was analytically proven by cross-linkage with 0.5 mM BS3 (lane “CL-imidazole 

eluate”). 

 

Molecular structure of the rhodocetin -2A complex  

The crystal structure of the RC-2A complex was determined at 3.0 Å resolution by molecular 

replacement using the previously determined RC structure (pdb:3GPR) as a search template 

(Figure 4-2). The RC-2A structure clearly showed that the RC subunit bound to the top of 

the 2A domain directly above the metal ion-binding site thereby sterically blocking access of 

collagen (Figure 4-2a). Both chains of RC are typical CLRP folds, characterized by a globular 

core domain inter-linked mutually by extended index finger loops. The A-domain of  

integrin assumed the “closed” conformation with its central -sheet flanked by the -helices 3, 1, 

7 and 4, 5, 6 on either side. The crystal structures contains six RC-2A complexes per 

asymmetric unit (Appendix 2, Figure II-1)  
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Figure 4-2. The molecular structure of the RCγδ-α2A complex. 

 (a) Molecular structure of the RC-2A complex reveals that RC binds on the top and lateral 

face of the 2A domain. The RC subunit covers the collagen binding crevice of the 2A 

domain, with its long axis perpendicular to the collagen ligand interaction. (b) Detailed view of 

the interaction site between the RC chain and loop 2 of 2A. (c,d) Two different views of the 

interaction site between the RC subunit and helix C of 2A. The 2A domain is shown as a 

transparent surface in (a) thru (d), with the key binding residues labelled.  

 

We determined the total interaction surface between RC and 2A in the complex to be 965 Å2. 

There were two interface areas on the surface of RC in contact with 2A (Figure 4-2b-d). 
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First, the larger interaction site (715 Å2) consisted of two adjacent patches of three residues each 

on the RC subunit, K59-Y60-K101 (Figure 4-2c), and R92-Y94-K114 (Figure 4-2d), which 

were largely hydrophilic. Second, a smaller hydrophobic site (280 Å2) on the RC subunit 

consisted of the triad L66-R109-W110 that interacted with helix 3, helix 4 and loop 2 of 2A 

(Figure 4-2b). 

Two complementary contact surfaces on the 2A domain extended down from helix C and the 

metal ion-binding site (top face) to the loop 2 sequence S214QYGGD219 (lateral face) to form an 

almost contiguous interface which interacted with the RC subunit. The top face of 2A was 

approached by the RC subunit with its larger two patches containing interface (Figure 4-2c, d). 

The first patch comprised residues K59, Y60, and K101 of RC interacting with residues D292 

and T293 together with the adjacent helix C of 2A. The side chains of K59 and Y60 were 

countered by complementary carboxylate and hydroxyl groups of D292 and T293 of 2A, while 

the amino group of K101 pointed towards the backbone carbonyl groups at the C-terminus of 

helix C. The second patch had the side chains of R92, Y94, and K114 of the RC subunit 

pointing into the collagen binding crevice of 2A. The long side chain of K114 of this 

protuberance sat at the entrance to the divalent cation binding site (Figure 4-2d) and was 

positioned 7.7 Å above the magnesium ion, whereas the positively charged guanidino group and 

the phenolic hydroxyl group of R92 and Y94 contacted the main chain carbonyl of D219 in the 

loop 2 of 2A. 
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The second contact surface is the loop 2 sequence S214QYGGD219 at the lateral face of 2A 

which interacted with the amino acid side chains of L66, R109, and W110 of the RC subunit 

(Figure 4-2b). For example, the aromatic indole ring of W110 contributed to a hydrophobic 

surface and interacted with the backbone chain of the glycine residues G217 and G218 together 

with the adjacent aspartate residue D219 within loop 2 of the 2A domain (Figure 4-2b). In 

addition, L66 of RC contacted N154 of loop 1 of the 2A domain. The final RC residue of the 

triad R109 made contacts to the S214 side chain of 2A. Taken together, the hydrophobic patch 

of the RC subunit predominantly interacted with the loop 2 sequence S214QYGGD219 of 2A. 

This loop 2 sequence immediately preceded residue T221 which was part of the metal ion 

binding site of 2A. A key residue with regard to the interface between the RC subunit and the 

2A domain in the RC-2A complex was the loop 2 D219 of 2A as it was part of both RC 

contact sites. In addition, it connected the loop 2 sequence with the collagen binding crevice and 

the helix C of 2A. The presence of helix C in the RC-2A complex structure indicated that 

RC had trapped the 2A domain in the “closed” conformation which is not capable of binding 

collagen15. 

 

Rhodocetin RC binds the “closed” conformation of 2A  

To test whether RC exclusively binds the closed conformation of 2A, we generated two 

conformationally distinct mutants, in which the A-domain was held by a disulfide bridge 

between K168C-E318C and K168C-A325C in the open and closed conformation, respectively 
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(Appendix 2, Figure II-2)17,41. Before introducing cysteine residues at these positions, it was 

necessary to replace the naturally occurring original cysteine residues at position 150 and 270 

with alanines. No change in binding affinity to rhodocetin was observed for this 2A-

C150A,C270A double mutant (data not shown). Into this cysteine free 2A domain, K168 of -

helix 1 was replaced by a cysteine residue with a second cysteine residue introduced into -helix 

7 at either position E318 or A325. As a consequence of the newly formed disulfide bridge, the 

movement of helices 1 & 7 with respect to each other that occurred when 2A shifts between the 

“open” and “closed” conformation was blocked. Thus, the 2A domain was held in the “open” 

(K168C-E318C) and “closed” (K168C-A325C) conformation, respectively. The 2A mutant 

with the “open” conformation hardly bound to RC (Figure 4-3a), while RC binding to the 

“closed” conformation of 2A (Kd-value: 0.21 ± 0.03 nM) was similar to that obtained with 

wild-type 2A (Kd-value: 0.29 ± 0.02 nM). Our structural findings revealed that the sidechain 

moiety of Lys101 is oriented towards the negatively charged dipole of helix C, stabilizing the 

closed conformation of the 2A domain (Figure 4-3b) 
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Figure 4-3. Rhodocetin recognizes the “closed” conformation, but not the “open” conformation 

of the integrin α2A domain. 

(a) Titration of different 2A conformations with RC. The disulfide-locked conformation 

mutants, 2A open () and 2A closed (), were immobilized to microtiter plates at 10 µg/ml. 
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Along with immobilized 2A wild type form (), they were titrated with RC. Bound 

rhodocetin was fixed and quantified with a rabbit RC-antiserum by ELISA with a photometric 

signal at 405 nm. The OD405 values were corrected for 2A domain free, BSA blocked controls. 

The data presented here are taken from three independent experiments, with each measurement 

made in duplicate. Means ± S.D. (n=6) are shown. The Kd values for RC binding to the disulfide-

locked conformation mutants and the wild type (wt) form of 2A are indicated at the titration 

curves. Both “open” and “closed” conformations have significantly different Kd values when 

compared to the one of the wild type form (indicated by *, p<0.05, Student´s t-test). (b) The 

crystal structure of the RC-2A complex reveals that the “closed” conformation of the 2A 

domain with its characteristic helix C is stabilized by the bound RC subunit. A stereo view of 

the Sigma-A weighted 2Fo-Fc map at 3.0Å resolution is shown at 1.5 contour level.  

 

The epitope of the monoclonal antibody IIIG5 is unmasked in the RC-2A 

complex 

Among several monoclonal antibodies raised against the RC subunit40, IIIG5 belonged to the 

subgroup that only recognized its epitope within RC after its complexation with 2A and the 

subsequent release of the RC subunit (Figure 4-4a). This became evident when the antibody 

was immobilized and its ability to capture RC, RC-2A, or RC out from solution was 

probed. IIIG5 gave a binding signal with the RC-2A complex and RC, but not with the RC 

tetramer alone. Of the two rhodocetin species capable of binding the IIIG5 antibody, the RC 

subunit gave the highest binding signal (Figure 4-4a). The most probable explanation for these 

results was that the IIIG5 epitope was fully accessible in RC and so we observed what 

approximates the maximal binding. At the other extreme, we had no binding of RC as the 

epitope was entirely masked in the tetramer. Between these two extremes was the RC-2A 
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complex, where the epitope is sufficiently exposed for IIIG5 to bind but not to the same extent as 

for RC due to the nature of the RC-2A interaction. 

The sequence epitope of IIIG5 was isolated from a tryptic digestion of RC by affinity 

chromatography on a IIIG5 column and subsequently by reversed phase-HPLC. Mass 

spectrometry identified the  chain sequence 94-106 as the IIIG5 epitope (Appendix 2, Figure 

II-3), which was mainly located within the index finger loop of RC (Figure 4-4b). This result 

can be clearly explained by comparing the native RC structure with the newly determined 

RC-2A complex structure. The IIIG5 epitope was covered by the RC subunit in the 

RC structure and only became accessible upon formation of the RC-2A complex. 

Moreover, the index finger loop of the RC underwent a major conformational change upon 

formation of the RC-2A complex, leading to increased accessibility of the IIIG5 epitope. 
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Figure 4-4.The monoclonal antibody IIIG5 recognizes its epitope within the RCγ subunit in the 

RCγδ-α2A complex but not in the tetrameric RCαβγδ. 

(a) The monoclonal antibody IIIG5 recognized an epitope of the RC subunit, which is fully 

accessible in the RC subunit (), partially accessible in the RC-2A complex (light gray 
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) and completely covered in the RC tetramer (dark gray ). IIIG5 was immobilized onto 

microtiter plates and titrated with RC RC-2A complex or RC subunit. Bound RC 

components were fixed and detected using rabbit RC antiserum with ELISA at 405 nm. The data 

presented here are taken from three independent experiments with each measurement done in 

duplicate. Means ± S.D. are shown. (b) Molecular structure of the CLRP-fold typical of all four 

rhodocetin chains. Both the  and  subunits of RC are very similar (C-RMSD 0.8Å) and 

feature a core structure with two -helices (H1 and H2) flanked by two antiparallel -sheets S1-

S2-S6 and S3-S4-S5. The amino acid residues V94-R109 of the IIIG5 epitope of RC are 

highlighted. 

 

Conformational changes within the RC-dimer after 2A binding 

The dramatic conformational changes that took place within the RC subunit were readily 

apparent upon comparing the molecular structures of the RC-2A complex with the native 

RC tetramer (Figure 4-5). The binding face of the RC changes from a flat surface into 

concave binding surface to embrace the 2A domain (Figure 4-5a, b). This was implemented 

via (i) a rigid body movement of both core segments of chains  and , (ii) a dramatic re-

orientation of the index-finger loop of the -subunit, which harbors the IIIG5 epitope, and 

consequently (iii) local re-orientations of key binding residues in both RC subunits (Figure 4-5c, 

d). 
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Figure 4-5. Conformational changes of RCγδ upon α2A binding. 

Molecular surface presentation showing the dramatic global conformational changes which occur 

within the  subunit between the RC tetramer (left panels: a, c, e) and the RC-2A 

complex (right panels: b, d, f). The RC subunits  and  and their conformations are color-

coded red () and green () for RC and blue () and orange () for the RC-2A complex, 

respectively. (a) and (b) Whereas the prospective binding face towards 2A (gray pentagon 

approaching from the bottom in b) was rather flat in RC (a), RC adopted a concave surface 

towards 2A upon formation of the RC-2A complex (b). In the RC tetramer (c) the 

loop  - core  interface is stabilized by the three tryptophan residues W116, W71 and W76 

which form a stabilizing butterfly structure together with a salt bridge between R92 and D74 

and a disulfide link between C81 and C74 which is depicted as a dotted surface. (d) In RC-

2A, the index finger loop from subunit  moves towards the antiparallel sheet S3-S4-S5 of 

subunit . The disulfide bridge between C81 and C74 is unaffected, but the stabilizing butterfly 

is destroyed and replaced by a hydrophobic cluster of W76, W89 and Y118. In addition, a 

new salt bridge between R75 and E77 and D81 is formed instead of the broken salt bridge 

between R92 and D74. (e, f) A detailed view of the loop -core  interaction as observed in 
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RC (e) and RC-2A complex (f), respectively. In both cases the interface is highly 

conserved and does not alter its conformation upon the transition from RC to RC-2A 

complex. The index finger loop residues of RC remain oriented towards the same residues of 

the bridge element between both helix 1 and helix 2 of the RC core. 

 

The rigid body arrangement can best be described as a flipping of helices 1 and 2 between the 

RC and RC subunits whilst maintaining the same relative orientation of the two helices within 

their respective core domains. An additional consequence of this rigid body movement is a 

conformational shift of the connecting finger loop to track the motion of the opposing core 

domain. As a result, the two core domains flipped over with respect to each other and bent 

towards the α2A domain to form a concave binding surface such that the RC residues involved 

in 2A binding were brought into the correct orientation for binding the 2A domain. 

The apical ends of the index finger loops were in close contact with the CLRP core element of 

the opposite subunit, forming the two interfaces: loop -core  and loop -core . Whereas the 

former hardly changed (Figure 4-5e, f), the latter showed a dramatic shift within the RC-2A 

complex as compared to the RC tetramer (Figure 4-5c, d). In the loop -core  interface of 

RC tetramer (Figure 4-5c) a tryptophan core composed of three residues W76, W71, and 

W116 together with a salt bridge between R92 and D74 stabilized the index finger loop of the 

RC subunit and oriented it towards the RC subunit core sequence connecting helices 1 and 2. 

However, in the RC-2A complex, the salt bridge between R92 and D74 found in the 

RC tetramer (Figure 4-5c) was broken. R92 now formed a hydrogen bond to the main 

chain of D219 in the 2A loop 2 and a new salt bridge was observed between R75 and E77 
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and D81 (Figure 4-5d). In addition, the RC subunit index finger loop became embedded 

within the antiparallel sheet S3-S4-S5 of the RC core such that the indole moiety of W76 now 

made van der Waals contacts to Q105 and Y118 (see inset Figure 4-5c, d). 

As a result of these enormous conformational changes, especially at the loop  core  interface, 

the rigid cores of the two RC subunits swung towards each other by about 40-50° around a 

hinge located in the center of the index finger swap domain between the cores. This global 

movement had two major consequences. First, as the RC subunit snapped into its new position 

the three key residues of RC (L66, R109, W110) underwent a local conformational change that 

transformed them into an orientation that is competent for 2A binding (Figure 4-6a). Second, 

as a consequence of the index finger loop tracking the movement of the RC subunit, the contact 

site between the RC and RC subunits changed its three-dimensional structure due to the 

formation of the new salt bridge between R75 and E77 and D81 (Figure 4-5d). 

Consequently, the previous interface between the RC subunit (K77EQQC81) and the RC 

subunit (N74KQQR78) became sterically blocked26. The movement of the RC subunit would also 

produce steric clashes with the RC subunit, and it is likely the combination of these two events 

which resulted in the dissociation of the RC subunit from its RC counterpart. In contrast, 

the contact site within the RC subunit would allow integrin binding irrespective of the 

conformational change of RC, as their local positions and orientations remained almost 

unchanged (Figure 4-6b). In fact, the distance between Y60 and Y94 within the RC contact 

sites only changed slightly from 21.7 Å to 20.4 Å (Fig. 6B), while their distances towards W110 
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of the RC contact site were reduced from 47.5 Å to 31 Å and from 28.4 Å to 18.6 Å, 

respectively when comparing the structure of RC and RC-2A complex. This illustrates 

how significant a reorganization of the RC is required to facilitate the formation of the ultimate 

inhibitory RC-2A complex. 

 

Figure 4-6. An overview of the RCγ and RCδ binding residues, depicting the local 

conformational changes which occur upon α2A binding. 

(a) A comparison of the RC subunit binding site (L66/R109/W110) between the RC 

(purple) and RC-2A complex (blue) structures. Due to the global movements within the 
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index finger swapping domain that accompany the formation of the RC-2A complex, a local 

repositioning of the key 2A interacting residues within RC takes place such that they adopt an 

orientation that is compatible for 2A binding. (b) A comparison between the two RC subunit 

binding sites (K59/Y60/K101 and R92/Y94/K114) between the RC (yellow) and RC-

2A complex (orange) structures. In contrast to RC, all the RC residues involved in 2A 

binding would be in an 2A competent orientation in both the RC (yellow) and RC-2A 

complex (orange) structures, with the exception of R92 which forms an internal salt bridge with 

D74 in the RC tetramer but interacts with D219 of 2A in the RC-2A complex. 

 

Interaction of the RC subunit with loop2 of 2A-domain is essential for RC 

binding to the integrin 

Unlike helix C, the docking site S214QYGGD219 did not change its conformation between the 

“open” and “closed” conformation of the 2A domain. To analyze its role, we challenged RC 

binding to 2A with the monoclonal antibody JA202. Its epitope had previously been mapped to 

the sequence QTS214QY42 and thus overlapped with the RC subunit docking site. Among 

different antibodies against distinct epitopes within 2A, JA202 was the only monoclonal 

antibody which sterically inhibited RC binding to the 2A domain in a dose dependent manner 

(Figure 4-7a). 

A comparison of integrin 2 chains from different species showed a high interspecies homology 

of the loop 2 sequence, S214QYGGD219LT221 (Appendix 2, Figure II-4). In contrast, this 

sequence was absent in A-domains of other integrin  subunits, suggesting that it served as a 

selective docking site for RC on 21 integrin (Appendix 2, Figure II-5). Therefore, we 

replaced the 2A sequence S214QYGGD219L for the corresponding sequence VGRGGRQ of the 
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1A-domain, and tested binding of RC to this 2A-L21 mutant. Although this 2A mutant was 

still able to bind RC, the binding affinity was reduced as indicated by an increase of the Kd-value 

from 0.76 ± 0.12 nM to 2.70 ± 0.39 nM (Figure 4-7b). In parallel to the 2A-L21 mutant, we 

exchanged residues in the loop 2 that interacted with RC (Figure 4-7c), specifically S214, Y216, 

D219 as well as the G217 and G218 that are conserved in both integrin 1 and 2 loop 2 

sequences, to see which residues were functionally important for the RC-2A binding. The 

S214G and D219A mutants which are located at the outer edges of loop 2 gave Kd values of 0.77 

± 0.32 nM and 5.2 ± 1.36 nM, respectively, while the Y216G mutant in the centre of the loop 

gave a Kd value of 1.98 ± 0.64 nM (Figure 4-7d, e). In contrast, mutating either of the conserved 

glycine residues of loop 2 by generating G217K and G218L resulted in a complete loss of RC 

binding (Figure 4-7d). This result is in agreement with our structure findings (Figure 4-7c), 

which showed that anything larger than a glycine at either position 217 or 218 would sterically 

clash with the indole side chain of W110. In addition, we chemically modified the solvent 

exposed W110of RC with 2-nitro-phenylensulfenylchloride (NPS-Cl), which introduced a 

bulky 2-nitro-phenylensulfenyl group onto the indole side chain. The modified W110 is no 

longer able to stack above the two glycines G217 and G218 causing a loss of RC binding to the 

2A domain (Figure 4-7f). Taken together, these results demonstrated that the interaction of 

W110 of RC and the loop 2 of 2A is highly specific and essential for the formation of the high 

affinity and inhibitory RC-2A complex. 
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Figure 4-7. Loop 2 of the α2A domain is the interaction site for the RCγ subunit. 

(a) Loop 2 of 2A is an additional binding site for RC. It contains the epitope for the mAb 

JA202 which inhibits binding of RC to immobilized 2A. Bound RC was quantified by ELISA 

and values were normalized to non-inhibited controls. One set of inhibition curves out of three 

independent experiments with each measurement made in triplicate and the means ± s.d. for each 

data point shown. (b) The 2A loop 2 sequence was replaced with the homologous sequence 

VGRGGRQ of integrin 1 (2A L21 mutant). The binding irrelevant antibody JA218 was 

immobilized to capture 2A wild-type (wt) and 2A-L21. They were titrated with RC and 

bound RC was quantified as in (a). One set of titration curves out of 4 independent experiments, 

each done in triplicates, is shown with the means ± s.d. indicated. The 2A-L21 mutant (light 

gray ) significantly reduced affinity for RC compared to the wild type () (p=0.0013, two-

tailed t-test) (c) Stereo view of the 2A loop 2 sequence in contact with the RC contact site. 

The Sigma-A weighted 2Fo-Fc map is shown at 1.5 contour level. The two glycine residues, 

G217 and G218, form the bottom of a shallow dimple, which is flanked on either side by the side 

chains of Y216 and D219, in addition with residue N154 of loop 1 (not shown). The indole side 

chain of W110 stacks directly above this dimple and interacts with the main chain of the two 

glycine residues. (d) Point mutation analysis of the 2A loop 2 sequence S214QYGGD219. The 

binding activity of these mutants for RC was tested as in (b). Binding signals taken from at least 

seven independent titration curves for each mutant were normalized to the saturation signal of 

wild type 2A. Means ± s.e.m. are shown for the mutants ( of different colors) in comparison 

to wild type () and the 2A-L21 mutant (light gray ). This analysis showed that the two 

glycines at position 217 and 218 were key to the RC-2A interaction as only mutations 

abrogated 2A binding. (e) The Kd values of the loop 2 point mutations for binding to RC as 

derived from (d). At least seven titration curves were evaluated for each mutant. The Kd values 

were pairwise compared to the Kd value of the wild type 2A domain in a two-tailed Student´s t-

test. Significant difference (p<0.02) is asterisked (*). (f) Modification of tryptophan residues of 

RC with 2-nitrophenylensulfenylchlorid (NPS-Cl) showed that W110 is required for 2A 

domain binding. The wells of a microtiter plate were coated with 10 µg/ml 2A domain and 

titrated with RC (), with non-modified RC (green ) and with RC with chemically 

modified W110 (W-NPS, red ) One representative out three independent titration experiments 

done in duplicates is shown with the means ± s.d. indicated.  

 

Discussion 

Our study reveals not only the interaction sites within RC and its molecular target, the integrin 

2A domain, but also the conformational changes that take place within the RC subunit upon 



121 

 

 

2A binding and the relevance of the two contact sites within 2A for RC binding. Moreover, 

these data suggest a molecular mechanism for the avid and selective interaction of this CLRP 

and its target. 

CLRP dimers recognize other target molecules, such as factor IX/X, and the A domain of vWF 

by forming a bay region with their joint index finger loop swap domain and two flanking core 

domains. This concave face shapes the binding sites for clotting factors IX and X43,44 and the 

vWF-factor A-domain45. Due to their importance in hemostasis, clotting factors and vWF are 

valid targets for CLRPs from snake venoms. Bitiscetin and botrocetin interact with the vWF-A1 

domain without or together with the GPIb receptor27,45,46. These studies showed that these snake 

venom toxins can approach the A-domain from different orientations35,45,46. In yet another 

orientation, EMS16 approached the 2A domain of 21 integrin, which is homologous to 

vWF-A1 domain, along its top face directly above the metal binding site and collagen binding 

crevice, thus preventing collagen from binding27. EMS16 and RC are the two 21 integrin-

binding CLRPs whose crystal structures in both the unliganded and the complexed with their 

target A-domains have been resolved so far26,47. Although RC approached the 2A domain in a 

similar orientation to EMS16, our data reveal that RC, in contrast to any known CLRP 

structure27,45,46, undergoes a dramatic conformational change to form a concave binding surface. 

The heterodimeric EMS16 did not alter its molecular structure upon 2A binding27,47, as the 

concave binding surface required for 2A binding was already preformed. This difference in 

mode of 2A binding between EMS16 and RC is either determined by the distinct quaternary 

structures of the dimeric EMS16 versus the tetrameric RC and/or by the different purification 
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protocols. When we employed the same purification procedure for RC as for EMS16 and other 

CLRPs28-30,48 using reversed phase chromatography performed in 0.1 % TFA solution, the RC 

tetramer dissociated into its subunits ,  and 49. The RC subunit alone was still able to bind 

2A and to block 21 integrin-mediated platelet aggregation specifically50. Only when 

applying a milder purification protocol could we obtain a stable RC tetramer and the RC-2A 

complex whose different conformational structures are presented here. 

Our crystal structure of the RC-2A complex reveals a geometry of interaction similar to the 

2A bound EMS16, suggesting that the 21 integrin blocking CLRPs may have a more 

uniform binding mechanism than the vWF binding CLRPs (Figure 4-8). Both CLRPs share the 

same two contact sites within the 2A domain: the conformationally stable loop 2 sequence 

(Figure 4-8c) and the helix C of the “closed” conformation (Figure 4-8d). Helix C is recognized 

by the structurally robust contact area of the RC subunit or the homologous EMS16 subunit  

(or B). Apart from slight variations of the K59 side chain and the loop 2 Y216 side chain 

(Figure 4-8d) adopting an alternate conformation to form a hydrophobic interaction with L66, 

the structures of both complexes are almost identical in this region. In our studies, the role of the 

loop 2 sequence S214QYGGD219 was reinforced by the JA202 antibody, whose epitope overlaps 

with this loop 2 sequence and inhibited RC binding completely, presumably due to steric 

hindrance by the bulky antibody. More subtly, recombinant exchange of the respective loop 2 

sequence with the homologous sequence of integrin 1 showed that the loop 2 sequence changes 

the affinity of the venom component towards the integrin 2 subunit. Similar reductions in the 

affinity of RC for 2A were also observed with the loop 2 mutants Y216G and D219A. 
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However, a loss of binding was obtained with the G217K and G218L mutants. These two 

glycine residues form part of a shallow dimple on the 2A surface which is covered by W110 of 

RC subunit. In the molecular structure of the RC-2A complex, there is not any space to 

accommodate anything larger than a glycine at either of these two positions which explains the 

loss of function of these two mutants. The loop 2 sequence of the integrin 2A domain is 

evolutionary conserved between different animal species, especially the GG motif at positions 

217 and 218, but varies remarkably between other integrin  subunits. This suggests that 

rhodocetin´s specificity is mediated by the integrin 2 specific loop 2 sequence, as RC affects 

21 integrin mediated platelet blockage in various potential preys, but does not affect 

biological functions mediated by other integrins. Our conclusion, that this cluster of RC W110 

and G217/G218 of the 2A loop 2 sequence is a key to the RC-2A interaction is further 

supported by the fact that the RC binding is completely lost if the bulky chemical adduct of 2-

nitrophenylsulfenyl is introduced to the indole side chain. It is noteworthy, that the loop 2 

sequence is also relevant for collagen binding as it forms a hydrophobic contact for the 

phenylalanine side chain of the middle strand of the trimeric integrin recognition motif of 

collagen15, albeit not as close a contact as with the RC W110 side chain. 
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Figure 4-8. A comparison of the RCγδ-α2A and EMS16αβ-α2A binding interfaces. 

(a, b) The CLRP folds of both homologous subunits of RC (a) and EMS16 (b) are highly 

homologous with many of the residues involved in the 2A binding conserved between the two 

proteins. These residues have been mapped onto the CLRP fold and color coded for RC (blue 

and orange for the  and  subunits, respectively, in (a)) and for EMS16 (light blue and magenta 

for the  and  subunits, respectively, in (b)). The partnering residues of the 2A domain 

contacted by RC and EMS16 are color-coded in white and yellow, respectively. The same color 

coding scheme is used throughout the figure. (c, d) A superposition of the key residues from 

RC/EMS16 at the loop 2 binding site (c) and of RC/EMS16 at the helix C binding site (d), 

respectively, on 2A. The contact sites are largely conserved between RC/EMS16 and 2A 

although there are a couple of notable differences. For example, L66 of RC contacts Y216 of 

2A in addition to the N154 of loop 1 observed for the corresponding I66 of EMS16. In 

addition, K59 of RC forms a salt bridge to D292 of 2A whereas in EMS the corresponding 

K59 points towards helix C. 
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Based on our findings we suggest the following mode of action (Figure 4-9). RCαβγδ interacts 

with helix C of the α2A domain through the RCδ subunit, where the interacting residues are 

already in binding competent orientation. This stabilizes the “closed” conformation of α2A. As a 

consequence of the movement of RCγ, the RCαβγδ tetramer changes conformation such that 

RCαβ dissociates from the heterotetrameric assembly. Coupled to this dissociation is the 

reorganization of Leu66, Arg109 and Trp110 of RCγ to interact with loop 2 sequence 

S214QYGGD219. Having established both interaction sites, RC firmly binds to 2A and holds it 

in the “closed” conformation, thereby blocking collagen binding and antagonistically turning off 

 integrin signaling. After its release upon formation of the high affinity RC- 

complex, the RC subunit plays another important role in blocking GPIb and consequently 

vWF induced platelet aggregation49. Moreover, our biochemical data showed that the RC 

subunit is significantly more soluble than the RC subunit40. Therefore, it likely acts as a 

solubility enhancer to ensure that the RC subunit is delivered to  integrin. Once RC has 

bound to its target and the RC subunit has been released, RC effectively shuts down the two 

platelet receptors,  integrin and GPIb, thereby effectively blocking both collagen induced 

and vWF induced platelet activation and aggregation.  
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Figure 4-9. Molecular mechanism of the RCγδ-α2A interaction. 

As RC binds to 2A in its “closed” conformation, it induces the conformational change of 

2A from its “open” to “closed” conformation and thus shifts the conformational equilibrium 

(1). This interaction is mediated via the conformationally robust RC interaction site within helix 

C, which is only present in the “closed” conformation of 2A. Subsequently, the index finger 

loop of RC changes its conformation which is accompanied by a global movement of both RC 

core domains towards each other and by a release of the RC subunit (2). As the RC subunit 

diffuses away, this step is likely irreversible in nature. The global shape change of RC forms a 
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new bay region which embraces 2A and locally leads to the repositioning of RC key residues, 

which forms another binding competent interacting site in RC for the 2A loop 2 (3). 

 

In summary, a comparison of the RC-2A structure with the EMS16-2A integrin complex27 

shows that the residues involved in the binding of RC and EMS16 to 21 integrin are highly 

conserved, which suggests that the binding site is conserved at least for these two snake venom 

CLRPs even if the way by which it is formed is dramatically different. Unique to the formation 

of the RC-2A complex are the substantial conformational changes in both binding partners, 

whereby the two interaction sites between RC and 2A have a common characteristic feature. At 

both interaction sites, a conformation-dependent binding site (-helix C of 2A, and the RC 

chain contact site) interacts with a structurally robust counter-site (RC chain contact site, and 

loop 2 sequence S214QYGGD219, respectively). The conformational changes are mutually 

induced upon RC-21 complex formation suggesting a cooperative effect of CLRP and 

target receptor, which is responsible for the high affinity and specificity of the interaction. The 

proposed molecular mechanism and the key contacts reported here may be instrumental for the 

design of novel 21 integrin inhibitors. 
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Tables 

 

Table 4-1. Data and refinement statistics of the RCγδ-α2A crystal structure 

 

aStatistics of the highest resolution shell are shown in parenthesis 
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Materials and Methods 

 

Materials 

Rhodocetin (RC) and its -subunit were isolated as previously described40,51.The monoclonal 

antibodies (mAbs) against rhodocetin, among them IIIG5 from mouse and IC3 from rat, were 

generated and isolated as previously described40. The murine mAbs against the human 2A 

domain, JA202 and JA218 were a generous gift from D. Tuckwell (formerly University of 

Manchester, UK)40,42. PCR-primers were obtained from Eurofins (Eurofins Genomics, Germany) 

and are written in 5´-3´ direction. Restriction enzymes and molecular biology reagents were from 

Thermo Fisher Scientific (Germany) unless otherwise stated. Cloning products and expression 

vectors were validated by DNA sequencing (Eurofins Genomics). 

 

Tryptophan-specific chemical modification of RC 

RC, dissolved at 110 µM in 30% acetic acid solution was treated with 9.2 mM 2-

nitrophenylensulfenylchloride (NPS-Cl, TCI Chemicals, Germany) or left untreated for 1 h at 

20°C in the dark according to52, subsequently dialyzed against 0.1 % trifluoroacetic acid (RP-

solution) and separated on a Supercosil C18 column (Supelco, Germany) by reversed phase 

chromatography as described26. The RC containing fractions were pooled, lyophilized and 
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dissolved in RP-solution, containing 30 % acetonitrile. Purity was assessed by SDS-PAGE. 

Spectroscopic evaluation at 365 nm according to52 confirmed the covalent modification of RC 

tryptophan residues with 2-nitro-phenylensulfenyl (NPS)-groups.  

 

Isolation of RC-2A complex 

The His6-tagged 2A domain was generated as previously described26,53. It was loaded onto a 

HiTrap Ni Sepharose column (GE Healthcare; 5 ml) previously equilibrated with PBS/MgCl2-

buffer, pH 7.4 (20 mM sodium phosphate, pH 7.4, 150 mM NaCl, 1 mM MgCl2). After washing 

with the same buffer, the RC containing fractions from the rhodocetin isolation with MonoS 

column51 were applied to the 2A domain loaded Ni Sepharose column, after having been 

treated with 0.5 µM PMSF and 1 µg/ml aprotinin to prevent proteolytic digestion by potentially 

contaminating snake proteases. After RC had bound to the Ni Sepharose immobilized 2A 

domain, the HiTrap Ni Sepharose column was washed with PBS/MgCl2-buffer, pH 7.4. Then, 

the column was washed with PBS/EGTA-buffer, pH 7.4 (5 mM EGTA in 20 mM sodium 

phosphate, pH 7.4, 150 mM NaCl) and the RC subunit eluted. After another washing step 

with PBS/MgCl2-buffer, pH 7.4, the RC-2A-complex was eluted with a linear gradient of 0-

200 mM imidazole in PBS/MgCl2-buffer, pH 7.4 buffer from the HiTrap Ni Sepharose column. 

Protein concentration in the imidazole eluate was determined using the Bradford reagent 

(BioRad). For crystallization, the complex containing fractions were pooled and digested with 

TPCK-treated trypsin (Sigma-Aldrich) at an enzyme-substrate ratio of 1:100 at 37°C for 1 h. The 
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digest was stopped with 1 mM PMSF, concentrated and separated by gel filtration to remove 

excess 2A domain, trypsin and contaminating peptides from the RC-2A complex. The TSK 

G2000SWXL chromatography was performed in 10 mM HEPES, pH 7.4, 100 mM NaCl buffer. 

The RC-2A complex was concentrated by ultrafiltration and its protein concentration 

determined with the Bicinchoninic Acid Protein Assay (BCA, Thermo Fisher Scientific). To 

analytically prove, the physical contact of both partners, the complex was cross-linked with 0.5 

mM bi-sulfosuccinimidyl-suberate (BS3, Thermo Fisher Scientific). Its IEP was determined to be 

pH 6.5-6.8 and pH 6.7 by isoelectric focussing in precast ZOOM pH 3-10 gels (Thermo Fisher 

Scientific) and by analytical chromatofocussing on a MonoP column (GE HealthCare) in a pH 

gradient of 7.4 to 4.0, respectively. 

 

Crystallization, data processing and structure refinement 

Crystals of 10 mg of RC-2A were grown by hanging-drop vapor diffusion at 293 K by 

mixing 2 µL of protein solution with 2 µL reservoir solution containing 2.65M ammonium 

sulfate and 100 mM Tris pH 8.0. Crystals appeared after 6 weeks and were soaked in mother 

liquor containing 20% glycerol for 5-10 min before flash freezing in liquid nitrogen. Diffraction 

data was collected at the Canadian Light Source CMCF-08ID-1 beamline (=0.97949Å) at 100 

K using a Rayonix MX225 CCD detector. The dataset was indexed, integrated and scaled with 

MOSFLM54 and the CCP4-package55. The spacegroup is P41 with 6 molecules in the asymmetric 

unit (see Table 1). The phases were determined by rigid body refinement using the previously 

solved rhodocetin structure (PDB code 3GPR) in Refmac56,57. The model was built and refined 
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without NCS restraints using Coot58 and refined with the Phenix software package59. The 

crystallographic data and refinement statistics are summarized in Table 1. The final coordinates 

and structure factor amplitudes were deposited in the PDB (PDB: 5THP).  

 

Generation of integrin 2 A-domain mutants 

The human 2A domain and its mutants were produced in a bacterial expression system. The 

expression vectors encoding the disulfide-locked conformation mutants of 2A were generated 

using a previously described pET15b-His6-2A construct (residues 142 through 337 of human 

integrin 2). To replace the endogenous cysteine residues at 150 and 270, this plasmid was used 

as template for a two step-PCR with the three primer pair sets (i) 

HTfwd(CTCTCCATGGGCTCTTCTCATCATCATCATCATCATTC) and R1(C11A) 

(CATCAGCCACAACCACAAC), (ii) F2(C11A) (TTGTGGCTGATGAATCAAATAG) and 

R2(C131A) (TTGGCTTGATCAATCACAGC), and (iii) F3(C131A) 

(ATTGATCAAGCCAACCATGAC) and α2Arev 

(CGGACATATGCTAACCTTCAATGCTGAAAAATTTG), in the first set of reactions. The 

three amplicons were purified and again PCR-amplified with the outer primer pair HTfwd and 

α2Arev to a 670 bp amplicon, which after A-tailing with Taq DNA polymerase was 

intermediately ligated into pCR®2.1 TOPO-TA, excised with NdeI and NcoI and the restriction 

fragment was subcloned into the linearized, NdeI, NcoI-cleaved pET-15b expression vector. The 
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final expression plasmid pET-15b-His6-2A(C150,270A), was transformed into E. coli BL21 

(DE3). 

To generate the disulfide-locked conformation mutants of α2A, which share the same K168C 

mutation but differ in E318C (open conformation: K168C, E318C) or A325C (closed 

conformation: K168C, A325C) three rounds of PCR amplification were performed. In the first 

site-directed mutagenesis K168C was introduced by amplifying the entire plasmid with the back-

to-back primer pair K168C fw (AAGGCCTGGATATAGGCCCC) and K168C rev 

(GTACAAAGCATTCCAAAAAATTCTTTACTGC). Based on this mutation the final two 

mutants (K168C, E318C; K168C, A325C) were similarly generated using the primer pairs 

E318C fw (GTCTGATTGCGCAGCTCTACTAGAAAAG) / E318C rev 

(ACATTGAAAAAGTATCTTTCTGTTGGAATAC) and A325C fw 

(ATTAGGAGAACAAATTTTCAGCATTGAAG) / A325C rev 

(GTCCCGCACTTTTCTAGTAGAGCTG). For each site directed mutagenesis only one primer 

contained the specific mutation. The PCR products were amplified by the Phusion Hot Start II 

polymerase and covered the whole template vector (6307 bp) with the mutation. After the 

original, methylated vector had been digested with DpnI, the amplicons were purified using the 

DNA Clean & Concentrator Kit (Zymo Research), followed by 5´-phosphorylation with T4 

polynucleotide kinase and religated using T4 DNA ligase. For protein expression, E. coli strain 

BL21 (DE3) were transformed with the validated plasmid constructs encoding the 2A domain 

in its open (pET-15b-His6-2A-C150/270A-K168C/E318C) and closed (pET-15b-His6-2A-

C150/270A-K168C/A325C) conformation. 
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The 2A-L21 mutant, in which the sequence S214QYGGDL is replaced by the corresponding 

loop 2 sequence V214QRGGRDQ of the integrin 1 A-domain, was generated by two step-PCR. 

The pET15b-construct encoding the His-tagged 2A domain26 was used as a template. The 

following primer pairs: 2A fw (GGATATCTGCAGAATTCGCCCTTC) and R1_ a1insert into 

a2 (CTTTACTAACATCGTTGTAGGGTCTGTCACGTCGCGCCACCAGCGGTC), and 

F1_a1insert into a2 (GTGCAGCGCGGTGGTCGCCAGACAAACACATTCGGAGCAATTC) 

and 2A rev (AGGCCATATGCTAACCTTCAATGCTGAAAATTTG) amplified the N and C-

terminal half of the cDNA. The two amplicons were mixed and amplified with the outer primer 

pair. The resulting 680 bp-amplicon was trimmed with NcoI and NdeI, ligated into a 

correspondingly cut pET-15b vector, verified by sequencing and transformed into E. coli 

BL21(DE3). 

Point mutations within the loop 2 sequence were also generated by a two step-PCR using the 

wild-type 2A-encoding cDNA as template. First, cDNA-fragments encoding the N- and C-

terminal halves of 2A were amplified by using the two pairs of forward outer and reverse inner 

primers and of forward inner and reverse outer primers, respectively, as summarized in 

Appendix 2, Table II-1. 

The amplicons were purified and taken as template for a second PCR with the outer primer pair 

to obtain the wild-type and mutant 2A domains encoding cDNAs, which were digested with 

NdeI and BamHI and ligated into the likewise cut pET-15b vector. After verification by 
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sequencing, the expression vectors were transformed into E.coli BL21(DE3). All 2A domain 

mutants were purified using HiTrap Ni Sepharose column (GE HealthCare) as per the wild type. 

 

Binding and inhibition assays of 2A-domain with RC 

The wells of a half area microtiter plate (Costar) were coated with 10 µg/ml His-tagged 2A 

domain in TBS/Mg buffer (50 mM Tris/HCl, pH 7.4, 150 mM NaCl, 3 mM MgCl2) at 4°C 

overnight. After washing twice with TBS/Mg buffer, the wells were blocked with 1% BSA in 

TBS, pH 7.4, 2 mM MgCl2 for 1 h at room temperature. The immobilized 2A domain was 

titrated with a serial dilution of RC or RC without and with NPS-modified tryptophans in 

the blocking buffer for 1.5 h. For the mAb inhibition experiment, RC at a constant concentration 

of 2 nM was added to the wells in either absence or presence of mAb JA202 against RC. After 

washing twice with HEPES-buffered saline (HBS) (50 mM HEPES/NaOH, pH7.4, 150 mM 

NaCl, 2 mM MgCl2), bound RC was fixed with 2.5 % glutaraldehyde in the same solution for 10 

min at room temperature. After three additional washes with TBS/Mg buffer bound RC was 

quantified by ELISA using a primary rabbit antiserum against RC and a secondary alkaline 

phosphatase conjugated anti rabbit-IgG antibody, each diluted 1:2000 in 1% BSA/TBS/Mg. 

Conversion of para-nitrophenyl phosphate (pNpp) to para-nitrophenolate was stopped with 1.5 M 

NaOH and measured at 405 nm. The titration curves were evaluated as described below. The 

inhibition curves were approximated by GraphPad Prism software using the inhibition vs. log 

[inhibitor]-approximation. To compare independent inhibition and binding experiments, the 
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dynamic ranges were normalized to the mAb-free control and to the saturation value of the wild 

type 2A domain, respectively.  

Alternatively, the 2A domains, either wild type or mutants, were captured using the mAb 

JA218 at a ligand-binding irrelevant epitope, thereby avoiding any conformational changes due 

to adsorption to the plastic. To this end, 2.5 µg/ml JA218 was immobilized to a microtiter well at 

4°C overnight. After the wells were washed twice with TBS/Mg buffer, wells were blocked with 

1% BSA in the same buffer for 1 h and then the 2A domain added at 10 µg/ml for 1 h. After 

washing the wells, RC was titrated and detected as described above. 

 

Capturing ELISA with IIIG5 

The mAb IIIG5 was coated to the wells of a microtiter plate at 3 µg/ml in TBS/Mg buffer 

overnight. After two washing steps, wells were blocked with 1 %BSA in TBS/Mg buffer for 1 h 

and then titrated with either RC, RC or RC-2A complex for 1.5 h at room 

temperature. Bound RC was fixed and quantified as described above. A mathematical 

approximation of the titration curve, including determination of Kd-values, is described below. 

 

Isolation of IIIG5 epitope and mass spectrometry (MS) 

IIIG5 was immobilized to cyanogen bromide activated sepharose according to the 

manufacturer´s instruction (GE Healthcare). RC-containing fractions from the Mono S 
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purification of Calloselasma rhodostoma venom26 were reduced with 4 mM 

Tris(hydroxymethyl)phosphine (THP, Calbiochem) for 20 min at 60°C, and free thiol groups 

were alkylated with 16 mM iodoacetic acid. The protein was precipitated with trichloroacetic 

acid, washed with acetone twice, resuspended in 87.5 mM sodium bicarbonate/0.5 M urea and 

digested with TPCK-trypsin for 23 h at 37°C. After addition of 1 mM phenylmethylsulfonyl 

fluoride (PMSF), the digest was diluted with TBS/HCl buffer, pH 7.4 and loaded onto the IIIG5 

column. The RC-peptide harboring the IIIG5 epitope was eluted in a pH gradient from pH 7.5 to 

3.0 in 20 mM citrate buffer and further purified by reversed phase on a Supercosil C18 column in 

a 0-28 % acetonitrile gradient in 0.1%TFA/water. Lyophilized HPLC fractions were dissolved in 

40 % methanol containing 0.5 % formic acid and analyzed by nano electrospray ionization 

(nanoESI) MS and MS/MS. Peptide structures were deduced from the corresponding fragment 

ion spectra. NanoESI MS experiments were carried out by using a SYNAPT G2-S mass 

spectrometer (Waters, Manchester, UK) equipped with a Z-spray source in the positive ion 

sensitivity mode. Typical source parameters were: source temperature: 80°C, capillary voltage: 

0.8 kV, sampling cone voltage: 20 V, and source offset voltage: 50 V. For low energy collision 

induced dissociation (CID) experiments, the peptide precursor ions were selected in the 

quadrupole analyser, subjected to ion mobility separation (IMS; wave velocity 850 m/s, wave 

height 40 V, nitrogen gas flow rate 90 ml/min, and helium gas flow rate 180 ml/min), and 

fragmented in the transfer cell using a collision gas (Ar) flow rate of 2.0 ml/min and collision 

energies up to 100 eV (Elab). 
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Mathematical evaluation of titration curves 

In titration curves, a signal S, usually the extinction at 405 nm caused by the alkaline 

phosphatase-catalyzed conversion of pNpp, is measured in response to the total concentration c0 

of added titrant. Based on a Michaelis-Menten-like binding mechanism, we deduced the 

following equation to approximate titration curves, if the signal S and the total concentration c0 

of added ligand (RC) is known: 

Equation 4-1 

𝑆(𝑐0) = (𝑆𝑀 − 𝑆𝑚) ∙ (
(𝑐0 +  𝑐𝑅 + 𝐾) − √(𝑐0 +  𝑐𝑅 + 𝐾)2 − 4 ∙ 𝑐0 ∙ 𝑐𝑅

2 ∙ 𝑐𝑅
) + 𝑆𝑚 + 𝐵 ∙ 𝑐0 

with SM and Sm, maximum and minimum signals, respectively; cR, the concentration of ligand 

binding site (equals the receptor concentration for monovalent receptors), and K, the 

dissociations constant Kd. The term B·c0 takes into account a linear change in the signal due to 

non-specific binding of the ligand. The five parameters SM, Sm, cR, K, and B are calculated by 

non-linear regression from titration curves. 

 

Statistical analysis. 

The data from titration and inhibition curves were statistically evaluated using GraphPad Prism 

software. Values were usually compared with the values obtained for the wild type 2A or non-
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modified RC with Student´s t-test, where the significance level was set at 1%, unless otherwise 

stated. 
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Preface 

This article, published in Proteins: Structure, Function, and Bioinformatics, explores the ability 

of an extracellular protein of a unicellular organism to sequester key metabolic substrates from a 

harsh and unforgiving environment. The low solubility and spectroscopic activity of elemental 

sulfur, as well as the high temperature required for the binding event, present considerable 

challenges in examining the energetics of the incorporation experimentally. Instead, by 

combining structural data with computational analysis we could demonstrate that RHCC is not 

only capable of bind elemental sulfur, but is likely to do so in its native environment. 
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Abstract 

Elemental sulfur exists primarily as an 𝑆8
0 ring and serves as terminal electron acceptor for a 

variety of Sulfur-fermenting bacteria. The large quantities of inorganic sulfur that black smoker 

vents emit makes archaea living there an exciting research tool to advance our knowledge of 

sulfur respiration. Here we use a hybrid method approach to demonstrate that the proteinaceous 

cavities of the S-layer nanotube of the hyperthermophilic archaeon Staphylothermus marinus act 

as a storage reservoir for cyclo-octasulfur (𝑆8). Fully atomistic molecular dynamics simulations 

were performed and the method of Multi-Configurational Thermodynamic Integration was 

employed to compute the absolute free energies for transferring nine water molecules and a ring 

of eight sulfur atoms (S8) individually from an aqueous bath into one of the larger hydrophobic 

cavities of a fragment of archaeal tetrabrachion. The calculations show that the sulfur ring is 

energetically favoured in the cavity over the water cluster.  

 

Introduction 

Sulfur is an essential element of life. The use of elemental sulfur (S0) as the terminal electron 

acceptor (TEA) is a common theme in hyperthermophilic archaea, progressing through a number 
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of unique and not fully understood metabolic pathways [1-3]. Many of these microorganisms 

were discovered in volcanic environments (such as submarine hydrothermal systems, hot springs 

or terrestrial solfataric fields), which produce elemental sulfur as a key substrate in high 

concentrations at different temperature regimes [4]. The most abundant form of elemental sulfur 

is the ring-like 𝑆8 crown. However, its extreme hydrophobicity and its low solubility in water 

(only 5g/L at 25°C) makes it poorly suited as a substrate for bacterial sulfur respiration.  

Since their discovery, hyperthermophilic archaea have been under intense scrutiny due to their 

unique adaptations to the extreme environments they thrive in [5]. It is suggested that life has 

hyperthermophilic origins, and thus the study of these organisms provides insight into the 

biology of early life forms. Most known hyperthermophiles are dependent on S0 reduction and 

use either H2 or organic compounds as electron donors [6]. Staphylothermus marinus (S. 

marinus), isolated from the periphery of black smoker vents, is a strict anaerobic sulfur reducing 

archaeon that utilizes peptides as a carbon source and grows at temperatures up to 98°C [7]. S0 is 

strictly required as a TEA for its growth; it is reduced to H2S, and does not serve as physical 

support [8]. S. marinus has a proteinaceous S-layer consisting of elongated tetrabrachion units 

arranged in a 2D-network that coats the archaeon [9, 10]. Freeze-etching cuts of reconstituted S-

layers from S.marinus showed a strong red coloring after addition of ruthenium, suggesting a 

major storage space for elemental sulfur [2]. 

A 24 kDa segment of this tetrabrachion forms the tetrameric right handed coiled-coil structure 

(RHCC). RHCC is a cysteine-free protein segment with a pI value of 4.3 and four large cavities 
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in the interior of the tetrameric channel [11]. In its natural environment, RHCC is associated with 

two subtilisin-like proteases known as STABLE [12].  

To date, it is not known how elemental sulfur can be stored in a proteineacous environment and 

made accessible for biochemical reactions. Here, we present the 1.9Å crystal structure of RHCC 

in complex with 𝑆8 ring-like structures inside the large cavities of the nanotube. To our 

knowledge, this is the first study describing the structure of protein cavities complexed with 𝑆8 

crowns in a cysteine-free environment. Molecular dynamic simulations presented here reveal that 

the incorporation of 𝑆8 ring systems is energetically favorable and enhances the stability over 

clathrate-like water structures. To probe the mechanism of entry to the cavities, we performed 

thermal Dynamic Light Scattering experiments, revealing that an intact tetrameric channel 

system is flexible enough to allow access of large space filling ring structures.  

 

Results 

 

Biophysical and structural elucidation of the 𝑅𝐻𝐶𝐶 − 𝑆8 complex 

Elemental sulfur was introduced into the cavities by heating RHCC to 80ºC in the presence of 

sublimed sulfur for at least 96 hours, which mimics a black smoker environment in a laboratory 

setting (Figure 5-1). The DLS melting curves showed that RHCC-NT is monodisperse and 

homogenous in solution under these extreme conditions and does not change its tetrameric 
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assembly nor its hydrodynamic properties (Figure 5-2). CD measurements under different 

temperature regimes confirms the maintenance of -helicity (Appendix 3, Figure III-1). To 

unravel the molecular features of the 𝑆8-uptake, we determined the crystal structure of 𝑅𝐻𝐶𝐶 −

𝑆8 at 1.9Å resolution (=1.54) in comparison to a long-wavelength S-SAD experiment at 

=1.77Å (see Table 5-1 and Appendix 3, Figure III-2).  
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Figure 5-1. RHCC in complex with cyclo-octasulfur S8 crowns. 

(a) Cross section of the tetrameric RHCC channel. The molecular surface of the protein 

component is shown in white, with positively and negatively charged side chains colored red and 

blue, respectively. The individual S8-entities are highlighted as yellow spheres. (b) and (c) The 

1.9Å 2Fo-Fc map (1.2σ contour level) are shown for Cavity 3 (b) and Cavity 2 (c) perpendicular 
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to the helical axis of the tetrameric channel. The S8-crowns are highlighted in yellow. The inset 

shows the orthogonal view, along the tetrameric channel of RHCC. 

 

 

Figure 5-2. Thermostability of the RHCC tetramer. 

(a), Overlay of Dynamic Light Scattering curves which were collected in triplets at 25ºC and 

81ºC. The hydrodynamic radius (Rh) at 25ºC (b) is 2.65 ± 0.09nm, in comparison to 2.89 ± 0.26 

at 81ºC (c). RHCC exhibits minimal change in hydrodynamic radius with increased temperature, 

which is consistent with a correctly folded tetramer during the uptake of S8. 
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In the RHCC-nanotube, the cavities are connected by a narrow and continuous channel that is 

lined exclusively with aliphatic sidechains of the hydrophobic core residues in the a and h 

position of the undecad repeat [11, 13]. The diameter of the channel varies between 2Å and 8Å. 

The 1.9Å crystal structure of 𝑅𝐻𝐶𝐶 − 𝑆8 revealed that both larger cavities (named here cavity 2 

and 3) of the RHCC nanotube are occupied with ring-shaped elemental 𝑆8 sulfur (Figure 5-1).  

Cavity 2, which is confined by knobs-into-holes residues Ile19 (a) and Leu26 (h), has a volume 

of 380 Å3 and is gated by a complex ionic network surrounding the DDRYES motif[11]. The 

𝑆8 − crown occupies a total volume of 331Å3 and is only involved in van der Waals contacts 

along the C-vector between Arg22 and Tyr23, as well as -branched forks of Ile19 and Leu26 

(Figure 5-1b and Appendix 3, Figure III-2). The electron-sink of the cyclo-octasulfur is 

perpendicular to the axis of the coiled coil dipole. The sulfur 𝑆8 − crown has geometric 

parameters similar to that of crystalline 𝛼 − 𝑆8, forming a crown-shaped ring system with bond 

lengths of 2.07 Å and angles of 108.2° (see also Table 5-2). In cavity 3, which is defined by 

Ile30 (a) and Leu37 (h), the flexible sulfur ring adopts multiple conformations that occupy the 

entire 354Å3 (Figure 5-1c and Appendix 3, Figure III-1). Conformation A has a relative 

geometry similar to the twisted-ring 𝑆8, whereas Conformation B adopts the exo-endo − 𝑆8 

arrangement. Unrestrained crystallographic refinement protocols reveal an equi-molar occupancy 

where both 𝑆8 − ring systems tumble around the co-planar axis of the cavity.  

Taken together, these results illustrate that both large-size cavities of the RHCC-nanotube are 

able to uptake elemental sulfur. The sulfur rings have near ideal geometry, with bond angles 

between 99.2º and 117.8º and bond distances with an average of 2.07Å. These compare well with 
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the ideal values of 108º and 2.06Å, respectively [14]. The breathing effect present during the 

uptake of vitamin D3 in COMPcc is missing [13] as the RMSD in C-positions is less than 0.2Å 

and the overall B-factor distribution is comparable to 𝑎𝑝𝑜 − 𝑅𝐻𝐶𝐶 (PDB:1FE6). 

 

Stability of RHCC-S8 vs apo-RHCC 

In the 𝑎𝑝𝑜 − 𝑅𝐻𝐶𝐶 structure of archaeal tetrabrachion, cavity 2 is occupied by nine ordered 

water molecules whose positions correspond closely to those of the sulfur atoms in the 𝑅𝐻𝐶𝐶 −

𝑆8 structure (Figure 5-3). Remarkably, the clathrate-like nine-water cluster reveals a non-planar 

ring conformation, which is reminiscent of the geometry of the 𝛼 − 𝑆8 crown although it lacks 

the structural rigidity of the sulfur crown. Fully atomistic molecular dynamics simulations were 

performed on both the 𝑎𝑝𝑜 − 𝑅𝐻𝐶𝐶 and the 𝑅𝐻𝐶𝐶 − 𝑆8 complexes and the method of Multi-

Configurational Thermodynamic Integration (MCTI) [15-22] was employed to calculate, 

individually, the absolute free energies of transfer of nine water molecules and a crown of eight 

sulfur atoms 𝑆8 from an aqueous bath into hydrophobic cavity 2. The standard state transfer free 

energy for sulfur was determined to be ∆𝐺𝑆8

0

 
= − 55.5 ± 2.9 𝑘𝐽/𝑚𝑜𝑙 while the standard state 

transfer free energy for water was ∆𝐺[𝐻2𝑂]9

0 = −5.2 ± 4.6 𝑘𝐽/𝑚𝑜𝑙, showing that the sulfur crown 

is preferred over water by ∆(∆𝐺𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟
0 ) = ∆𝐺𝑆8

0 − ∆𝐺[𝐻2𝑂]9

0 = − 50.3 ± 5.4 𝑘𝐽/𝑚𝑜𝑙 (See 

Table 5-3). It is expected that the effect is cumulative over all the cavities.  
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Figure 5-3. Comparison of the nine-water cluster with the S8 crown in cavity 2. 

Structural models of the nine-water cluster in superimposition with the S8 crown in cavity 2 in a 

perpendicular (a) and parallel (b) view to the helical axis of RHCC. The 8 waters in the ring 

conformation are not planar; instead, they form a crown shape reminiscent of α-S8. Indeed, 

superposition of α-S8 onto these ordered waters results in an almost perfect overlap of the Van 

der Waals radii. 

 

Discussion 

In the apo-RHCC structure, all cavities of archaeal tetrabrachion were filled with water 

molecules (Figure 5-3). Yin et al. [23] examined the thermodynamic and structural properties of 

water in the large cavities of archaeal tetrabrachion as a function of temperature and solvent 

properties. By calculating the free energy of transfer of water from the bulk into the interior, Yin 
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et al found that occupied cavities are marginally favourable at 298K and 1 atm for occupancies 

6 ≤ 𝑁 ≤ 9, with a minimum in the free energy of transfer at an occupancy of 𝑁 = 8, consistent 

with the x-ray studies which reveal an occupancy of 𝑁 = 9. As the most common allotrope of 

sulfur is S8 we were led to inquire whether it may be thermodynamically more favorable for S8 to 

occupy the cavity instead of water, given that S. marinus is found around black smoker vents, an 

environment rich in sulfur. The molecular dynamics simulations and free energy calculations 

performed in this investigation show that it seems likely that RHCC in its native environment 

does not contain water within the cavities, but instead contains S8 crowns.  

Many archaea utilize sulfur compounds as electron donors or acceptors for energy production. 

However, it is currently not known, how circularized S8 sulfur is carried in these 

microorganisms. The cavities of RHCC are hydrophobic in nature and are too large in size to be 

left empty in the properly folded protein [13, 24, 25]. The ability for tetrabrachion to store sulfur 

compounds in large quantities is particularly striking because it has been shown that S. marinus 

is a strict anaerobic hyperthermophilic archeon that uses S0 as a TEA [3].  

Our findings raise the question of why the elemental sulfur is stored inside the cavities and how 

it is made accessible as a TEA. We suggest that the cavities are acting as a storage reservoir, 

which provides S8 in required quantities and sequesters S8 from nanocrystals in the environment. 

Boyd and Druschel have shown that large S0 nanoparticles hamper growth rates of sulfur-

reducing microorganisms [26]; sequestering individual sulfur molecules is likely critical for 

cellular respiration.  
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 A remaining question concerns the availability of S8-crowns inside the hydrophobic cavities as a 

TEA. S. marinus is a S0-reducing archaea with sulfur reductase activities comparable to those in 

other sulfur-reducing prokaryotes [8]. The authors propose a mechanism whereby reducing 

equivalents are generated by the oxidation of amino acids from STABLE-catalyzed peptidolysis, 

which then reduce S0 and protons to H2S and H2, respectively. Remarkably, the RHCC-STABLE 

complex is one of the most stable noncovalent protein-protein interactions described thus far, and 

STABLE is the only known enzyme that is a stoichiometric component of an archaeal S-layer. 

However, elucidation of the molecular mechanisms of S0-dependent metabolism requires further 

experimentation.  
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Tables 

Table 5-1. Crystallographic table (Sulfur-native/ S-SAD)a 

 

aStatistics of the highest resolution shell are shown in parenthesis. bRmerge = 

∑ ∑ |𝐼ℎ𝑘𝑙,𝑖 − 𝐼̅̀
ℎ𝑘𝑙|

𝑁
𝑖=1ℎ𝑘𝑙 ∑ ∑ 𝐼ℎ𝑘𝑙,𝑖

𝑁
𝑖=1ℎ𝑘𝑙⁄  cRfactor = ∑ |𝐹ℎ𝑘𝑙

𝑜𝑏𝑠 − 𝐹ℎ𝑘𝑙
𝑐𝑎𝑙𝑐|ℎ𝑘𝑙 ∑ 𝐹ℎ𝑘𝑙

𝑜𝑏𝑠
ℎ𝑘𝑙⁄  The Rfree was 

calculated by randomly omitting 10% of observed reflections from refinement. 
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Table 5-2. Geometry of individual S8 ring systems. 

 

$Deviations in bond length from crystalline S8 (2.037Å) may be due to the data resolution, or to 

the fact molecules in the cavities behave more closely to those in the gas phase than in the 

crystalline phase[24]. Bond lengths in the gas phase are predicted to be 2.08 Å. The 

nomenclature for individual S8-ring systems is according to Wong et al.[14] 
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Table 5-3. Calculated Contributions to the Absolute Free Energy of Transfer (kJ/mol). 

  

 

Methods 

 

Expression and Purification of RHCC 

The RHCC-His6 gene, which contains a thrombin cleavage site, was inserted into a pET15b 

vector and transformed into an E. coli strain BL21/DE3. Cells were inoculated into 50 mL of LB 

containing 0.1 mg/mL ampicillin. This pre-culture was allowed to grow for 12-16 hours at 37°C, 

then added to 1.8 L of LB 0.1 mg/mL ampicillin and grown to an OD600 0.6 before they were 

induced with 0.8 mM IPTG. This culture was grown for 3 hours before the cells are pelleted and 

resuspended in a 20 mM phosphate buffer at pH 7, 2 mM imidazole, 6M guanidine 

hydrochloride. The cells are then lysed, sonicated, and centrifuged to remove cellular debris. 

RHCC-His6 is then purified on a Talon cobalt affinity column followed by cleavage of the His6 

tag with thrombin. Protein quality/monodispersity is then assessed with FPLC and DLS.  
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DLS Experiments 

The thermostability of RHCC was assessed by means of the Nano-S Dynamic Light Scattering 

system (Malvern Instruments Ltd, Malvern, UK), which employs a 633 nm laser and a fixed 

scattering angle of 173°. A 150 µL sample of 2 mg/mL RHCC in 20 mM tris pH 8.0, I= 154 mM 

(NaCl) in a 12 µL quartz cuvette was allowed to equilibrate at 25°C for 5 minutes prior to 

measurement in triplicate by the DLS. The same sample was then heated to 81°C and again 

allowed to equilibrate for 5 minutes prior to data collection by DLS. 

 

CD Experiments 

CD spectra were obtained using a J-810 spectropolarimeter (Jasco Inc.) and a 0.1 cm quartz cell 

(Hellma). Spectra were collected on 0.2mg/mL RHCC in 12mM phosphate, pH 7.0, 200mM NaF 

at 20°C and 81°C, with 30 minutes of thermal equilibration. All data were measured in triplicate 

with a scan speed of 7.5 nm/min. 

 

Crystallization, Data processing and Structure refinement 

15 mg of sublimed S8 was added to 370 μl of 8.15mg/mL RHCC in a 10 mM bicine buffer 

(pH=8, I= 154 mM NaCl) and was incubated for 4 days at 80ºC. Excess sulfur was removed by 

centrifugation. Monodispersity of the resulting RHCC-S sample was confirmed by DLS prior to 
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concentration to 11 mg/mL. RHCC-S crystals were grown by hanging-drop vapour diffusion at 

293 K by mixing 2 µL of protein solution with 2 µL reservoir solution containing 1.6M 

ammonium sulfate and 100 mM Tris pH 8.0. Crystals appeared after 1 week and were soaked in 

mother liquor containing 20% glycerol for 5-10 min before flash freezing in liquid nitrogen. 

Diffraction data was collected on a Rigaku MM-007HF (λ=1.54178Å) at 100 K. The dataset was 

indexed, integrated and scaled with MOSFLM [27] and the CCP4-package [28]. The phases 

were determined by rigid body refinement using a previously solved RHCC structure (PDB code 

1YBK) in Refmac [29]. The model was built and refined without NCS-restraints using Coot and 

refined using the Phenix software package [30, 31]. Anomalous data was collected at 

λ=1.77123Å at the 08B1-1 beamline at the Canadian Light Source. Data was indexed, integrated, 

and scaled with XDS [32] and the CCP4-package. The difference map was calculated using 

experimental amplitudes (Fano) and calculated phases (φcalc) from apo-RHCC (PDB: 1FE6). The 

final coordinates and structure factor amplitudes were deposited (PDB: 5JR5). 

 

Molecular Dynamic simulations 

Molecular dynamics simulations of the apo-RHCC and RHCC-S8 complexes were performed 

with the GROMACS molecular dynamics simulation package [33] using the Gromos 43a2 force 

field with an SPC water model. The crystal structure of the apo-RHCC complex, including the 

measured coordinates of the cluster of nine water molecules in cavity 2, was previously 

determined by Stetefeld et al. to a resolution of 1.8Å and is available in the RCSB Protein Data 

Bank (PDB: 1FE6)[11]. The coordinates of the S8 crown were obtained from Eckert et al. [34]. 
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The topology of the sulfur crown was generated by PRODRG [35]. This yielded charges of zero 

on all sulfur atoms (comparable to those farthest away from nitrogen in heptasulfur imide 

(S7NH) calculated using DFT, PDFT/MM, and KRMM [36]), Lennard-Jones parameters 𝐶12 =

1.31 × 10−5 𝑘𝐽 𝑛𝑚12 𝑚𝑜𝑙−1 and 𝐶6 = 0.00998 𝑘𝐽 𝑛𝑚6 𝑚𝑜𝑙−1, equilibrium S-S bond lengths 

𝑏0 = 0.204 𝑛𝑚, equilibrium S-S-S bond angles 𝜃0 = 104.0𝑜 and force constants 𝑘𝑏 = 5.03 ×

106 𝑘𝐽 𝑚𝑜𝑙−1𝑛𝑚−2 and 𝑘𝜃 = 490.0 𝑘𝐽 𝑚𝑜𝑙−1𝑟𝑎𝑑−2. The usual combination rules were 

employed, specifically, 𝐶𝑖𝑗
(6)

= (𝐶𝑖𝑖
(6)

𝐶𝑗𝑗
(6)

)
1/2

 and 𝐶𝑖𝑗
(12)

= (𝐶𝑖𝑖
(12)

𝐶𝑗𝑗
(12)

)
1/2

. 

The RHCC complexes were solvated in a rectangular box with dimensions 5.3 nm x 5.3 nm x 

10.4 nm, to which 8681 SPC water molecules and 16 charge neutralizing Na+ ions were added. 

The closest distance between any point on the RHCC complex and the surface of the simulation 

box was 1.2 nm. Long-range electrostatic interactions were treated with the particle mesh Ewald 

method. The cut-off radius for all non-bonded interactions was 1.0 nm and the neighbour list for 

all non-bonded interactions was updated every 10 time steps. The measured structure was 

initially energy minimized to 1000 kJ/mol using the method of steepest descent and then 

minimized further to 600, 400, 200, 100, 90 and 80 kJ/mole before convergence was achieved, 

typically around 50-60 kJ/mol for S8 and 30-40 kJ/mol for the group of nine waters.  

 The energy minimized system was first heated gradually from 0 K to 50K over a 20 ps 

time period while position-restraining the non-hydrogen atoms, using velocities from a Maxwell-

Boltzmann distribution. Equilibration of all atoms was achieved within 3ps. Subsequent heatings 

to 150K and 300K were also performed over a 20 ps time period with the initial velocities at 

each new temperature taken from the final frame of the equilibrated trajectory at the previous 
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temperature. During the production run, the entire system (RHCC tetrabrachion plus cavity 

contents plus solvent bath) was maintained at a temperature of 300K and a pressure of 1 atm 

using Berendsen thermostats and barostats, respectively, with time constants of 0.1 ps. 

Production runs were performed for 2 ns in time steps of 1 fs with temperature and pressure 

scaling. Simulations of the solvated protein containing the ligand (S8 or (H2O]9) and of the 

solvated ligand alone were performed separately in periodic boxes of the same dimensions. 

Calculations of the absolute standard state transfer free energy for the S8 sulfur crown and the 

nine water molecules from the bulk into cavity 2 of RHCC tetrabrachion were based on the two 

thermodynamic paths shown in Appendix 3, Figure III-3. (It was assumed that the water 

molecules enter the cavity individually and, once inside, assemble into a cluster under the 

influence of their mutual hydrogen bonding forces). The upper path shows the removal of a 

ligand L from a bound, fully interacting, solvated ligand-protein complex (LPsol) to the gas 

phase. The free energy difference ΔG1 describes the effect of restraining the translational motion 

of the fully interacting ligand by turning on a flat bottomed harmonic well (FBHW) [19] of the 

form 𝑈𝐹𝐵𝐻𝑊(𝑟 < 𝑟0) = 0 ;  𝑈𝐹𝐵𝐻𝑊(𝑟 > 𝑟0) = 𝑘(𝑟 − 𝑟0)2 with 𝑘 = 1000 𝑘𝐽 𝑚𝑜𝑙−1 𝑛𝑚−2, 𝑟0 =

0.55 𝑛𝑚, ΔG2 describes the transformation of the ligand into a noninteracting dummy particle in 

the gas phase by gradually turning off the ligand interactions and ΔG3 converts the free energy of 

the restrained ligand to the standard state volume V0. (No conformational restraints or angle 

restraints were applied as the tetrabrachion cavities act merely as storage receptacles and do not 

contain active site binding receptors). The lower path shows the same sequence for the removal 

of a ligand L from the solvent to the gas phase in the absence of RHCC tetrabrachion. No further 
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standard state correction was necessary here as the non-interacting ligand states in the two paths 

are identical. The point symmetry group D4d of the S8 ligand corresponds to a rotational 

symmetry number σ=16 and, in principle, the existence of multiple, symmetrically equivalent 

states would lead to an additional contribution ∆𝐺𝑠𝑦𝑚𝑚 = − 𝑅𝑇 𝑙𝑛16 =  −6.9 𝑘𝐽 𝑚𝑜𝑙−1 to the 

free energy. However, as no body restraints have been applied that would break the rotational 

symmetry of the molecule by artificially restricting the molecule to a particular orientation, no 

such correction has been included in the current analysis. The absolute standard state free energy 

for the transfer of the ligand from the solvent bath to the cavity is then given by   

 

Equation 5-1 

                ∆𝐺𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟
0 = − ∆𝐺1 −  ∆𝐺2 −  ∆𝐺3 +  ∆𝐺4 +  ∆𝐺5 .  

 

The free energy differences ΔG1 and ΔG4 which describe the effect of applying the FBHW 

restraint were computed numerically using thermodynamic perturbation [19]. The terms ∆𝐺2 and 

∆𝐺5 which describe the transfer of the fully interacting ligand to the non-interacting gas phase 

were computed using the method of Multi-Configurational Thermodynamic Integration (MCTI) 

[15-22] with a single topology format. The nonbonded parameters were scaled with a coupling 

parameter whichvaried linearly from  (ligand fully interacting) to =1 (ligand non-

interacting) with both the bond lengths and bond angles of the dummy atoms fixed. The standard 
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state correction ΔG3 was calculated analytically using ∆𝐺3 = −𝑅𝑇𝑙𝑛(𝑉𝑀𝐷/𝑉0) where 𝑉𝑀𝐷 is the 

FBHW simulation volume and 𝑉0 is the standard state volume with 𝑉0 = 1.660 𝑛𝑚3  when the 

ligand is the sulfur crown and 𝑉0 = 𝑛 × 0.030 𝑛𝑚3  when the ligand is a group of n water 

molecules [19].  

The energy minimization and thermal equilibration procedures were repeated for each value of 

 before generating production runs for 2 ns. Structures were saved for analysis every 0.5 ps 

during the production runs and the resulting set of 4000 structures was used to determine 

〈𝑑𝐺/𝑑𝜆〉 for each value of . Each 〈𝑑𝐺/𝑑𝜆〉 plot was generated using fifteen values of . The 

mean value 〈𝑑𝐺/𝑑𝜆〉 was calculated separately for both the electrostatic and the van der Waals 

non-bonded contributions to the free energy using g_analyze of the Gromacs MD package and 

the errors were computed by block averaging. The statistical error in 〈𝑑𝐺/𝑑𝜆〉 was determined 

from the autocorrelation of the data over the 2ns trajectory.  

Soft-core interactions were incorporated into all simulations presented in this paper in order to 

remove the discontinuity in the non-bonded parameters as the interactions are turned off and to 

allow for proper convergence. A soft-core parameter  = 0.1 was found to produce the smoothest 

free energy curves and the best convergence.  

The sampling of configuration space is believed to be sufficiently extensive during end-state 

removals as confirmed by the low statistical error in 〈𝑑𝐺/𝑑𝜆〉 in the non-interacting limit 𝜆 → 1, 

which is typically between 0.5% and 3%. For all  steps, the values of 〈𝑑𝐺/𝑑𝜆〉 converged to a 
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time-independent constant within the first 1ns of each 2ns trajectory and the derivative 

𝑑𝐺/𝑑𝜆varied smoothly with , both of which are indicative of convergence.  

Table 5-3 summarizes the calculated values of all five contributions to the transfer free energy 

for both the sulfur crown and the water cluster. In order to achieve agreement with the measured 

solvation free energy of S8, it was necessary to modify the non-bonded Lennard-Jones interaction 

parameters between the sulfur atoms and the water oxygens [37, 38]. An increase in the repulsive 

parameter 𝐶12 for 𝑆 − 𝑂𝑊 by a factor of 1.4 yielded a calculated solvation free energy for S8 of 

∆𝐺𝑠𝑜𝑙𝑣𝑎𝑡𝑖𝑜𝑛
0 (𝑆8) = −∆𝐺4 − ∆𝐺5 = +11.0 𝑘𝐽 𝑚𝑜𝑙−1 which is consistent with the experimental 

estimate of ∆𝐺𝑠𝑜𝑙𝑣𝑎𝑡𝑖𝑜𝑛
0 (𝑆8) = +15.5 𝑘𝐽 𝑚𝑜𝑙−1 (standard states 1M in solution and 1 bar in the 

gas phase, solid activity =1) based on the measured solid state solubility of 1.9 × 10−8 𝑚𝑜𝑙/𝑘𝑔 

[39] and solid state vapour pressure of 10-5 bar at 39°C [40]. For purposes of consistency, the 

same factor of 1.4 was applied to the interactions between the ring-sulfurs and all atoms in the 

cavity walls (𝑆 − 𝑂, 𝑆 − 𝑁, 𝑆 − 𝐶). Similarly, in order to replicate the rigid 9-water clathrate 

cluster observed experimentally in the cavity, it was necessary to modify the non-bonded 

Lennard-Jones interaction parameters between the water oxygens and the aliphatic carbon atoms 

in the cavity walls [41]. An increase in the attractive parameter 𝐶6 for 𝑂𝑊 − 𝐶 by a factor of 1.7 

yielded a free energy of transfer for 𝑁 = 9 water molecules from the bulk into cavity 2 of 

tetrabrachion of ∆𝐺[𝐻2𝑂]9

0  = − ∆𝐺1 −  ∆𝐺2 −  ∆𝐺3 +  ∆𝐺4 +  ∆𝐺5 =  −5.2 ± 4.6 𝑘𝐽/𝑚𝑜𝑙, which 

compares favourably with the value ∆𝐺[𝐻2𝑂]9

0 = −8.19 ± 0.81 𝑘𝐽/𝑚𝑜𝑙 obtained by Yin et al. 

[23] using AMBER 6.0 with the parm94 force field and a different method of analysis. Both 

analyses indicate that the water cluster is marginally stable in cavity 2. 
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The calculations show that the water cluster is energetically preferred over the sulfur ring in 

both the aqueous solvent and the tetrabrachion cavity, ∆𝐺(𝑔𝑎𝑠 → 𝑐𝑎𝑣𝑖𝑡𝑦) = [−∆𝐺1 − ∆𝐺2 −

∆𝐺3 = −260.5 𝑘𝐽/𝑚𝑜𝑙][𝐻2𝑂]9
< [−∆𝐺1 − ∆𝐺2 − ∆𝐺3 = −44.5 𝑘𝐽/𝑚𝑜𝑙]𝑆8

 and 

∆𝐺(𝑔𝑎𝑠 → 𝑠𝑜𝑙𝑣𝑒𝑛𝑡) = [−∆𝐺4 − ∆𝐺5 = −255.3 𝑘𝐽/𝑚𝑜𝑙][𝐻2𝑂]9
< [−∆𝐺4 − ∆𝐺5 =

+11.0 𝑘𝐽/𝑚𝑜𝑙]𝑆8
. However, the net effect is a preference for the sulfur crown over the water 

cluster in the cavity due the non-polar nature of 𝑆8 which results in a low aqueous solubility and 

a more favourable transfer free energy from the gas phase into the apolar environment of the 

cavity. 
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Chapter 6: Summary and Conclusions 

 

 

Netrin-4 and Rhodocetin both act by displacing or blocking a partner in a protein complex in an 

extracellular environment; despite being catalytically inert both proteins are capable of executing 

dramatic physiological changes. For Netrin-4, the function was not immediately obvious from a 

homology perspective; structural biology and consequent validation experiments were necessary 

to elucidate the precise mechanism of action, which was resolved even in the absence of a high 

resolution structure of the netrin-4/laminin-γ1 complex. Though netrin-4 has a regulatory 

function on the basement membrane1 and it modulates of tumour development and 

angiogenesis2–4, the precise role it plays is yet unknown. It’s expression is irregular among 

netrins; instead of high expression in brain and nervous tissue, netrin-4 is found primarily in the 

kidney, eye, olfactory bulb, lung, salivary gland, mammary gland, ovary, and heart5. With the 

possible exception of the ovary and heart, the tissues where netrin-4 is found all have a degree of 

diffusivity related to their functions, i.e. oxygen and carbon dioxide in the lung and eye, urea and 

other catabolites in the kidney, etc. Further research will be necessary to determine what part 

netrin-4 plays in a healthy organism.  

In the case of rhodocetin we were able to readily understand its biological function by solving 

the structure of rhodocetin in complex with its target, integrinα2β1. The structure of the 
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rhodocetin tetramer published in 20096 (pdb 3GPR) gives no hint of the large conformational 

changes necessary for the binding of the α2A domain. Furthermore, the inhibitory complex 

between the snake venom protein and the integrinα2β1 consists of only the RCγδ dimer and the 

α2A domain, with the RCαβ dimer released. The resultant inhibitory RCγδ-α2A complex blocks 

the collagen mediated coagulation pathway by obstructing the access of collagen to its binding 

site on integrinα2β1. The need for the initial RCαβγδ tetramer is to maintain the solubility of the 

RCγδ subunit until it has interacted with the α2A domain, as in the absence of RCαβ the integrin 

binding subunit has a much lower solubility and a tendency to aggregate7,8. Thus, a single venom 

component is able to shut down two major blood clotting pathways and allow the enzymes in the 

protein cocktail to cause as much tissue damage as possible. Our study implicates a relatively 

small interaction site on α2-integrin, the loop 2 motif, in the selectivity of RCγδ. Mutation of any 

of these residues, especially G218 which is absent in α1-integrin, strongly and negatively 

impacts binding9.   

 

The S-layer of S. marinus is essential for cellular survival. Aside from its role in protecting 

against thermal and osmotic stress, it’s likely involved in procuring a peptide source for 

metabolism and a terminal electron acceptor via the unique enzyme, STABLE, and RHCC, 

respectively. Our results show that a short motif in a much larger protein forms, upon 

oligomerization, a binding pocket for the uptake of elemental sulfur. The nature of this system 

may explain why it has been difficult to determine and characterise other sulfur binding systems. 

Though our study identifies a portion of the S-layer as a potential member of the sulfur 
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sequestering machinery, the details of this process remain undetermined. Examining the protease 

STABLE may yield more information on the transport of elemental sulfur within the S-layer. 

The non-covalent complex between STABLE and the tetrabrachion is extremely strong; it 

persists at 70°C in the presence of 1% SDS10. STABLE itself is a poorly characterized protein 

that consists of 1345 residues and is heavily glycosylated11. It has very few identified 

homologues. About 250 residues are implicated in protease activity, specifically in the peptidase 

S8 family; the function of the remaining residues remains unclear to date. As the interaction site 

of STABLE on the tetrabrachion is suspected to be RHCC, a putative role in the sulfur reduction 

pathway merits further investigation.  

Aside from its possible role in sulfur respiration, RHCC is an interesting protein that merits 

additional study. With its simple fold, high stability, and robust recombinant expression, RHCC 

has many traits required for a biotech application. While it doesn’t catalyze any industrially 

useful reaction, nor does the native function of the protein immediately suggest a biomedical 

application, the small cavities may have advantages in binding ligands of interest to industry 

over other systems currently in use.  For example, due to the hydrophobic nature of the cavities, 

RHCC has significant potential as a matrix for sequestering low molecular weight polycylic 

aromatic hydrocarbons (PAHs) from the environment. These compounds are present in crude oil, 

can escape to the environment during the extraction process or during a spill, and are of 

significant concern to human health12. Industry standard methods of determining the 

concentration of these compounds relies on either live sampling of biota such as fish or 

waterfowl and extraction from the liver, or using a passive sampler with a polymer matrix. Both 
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methods have severe drawbacks; live sampling is expensive and imprecise, while the passive 

sampling devices have long equilibration times (> 14 days) and only weakly bind low molecular 

weight PAHs13,14. However, a passive sample device with a RHCC matrix is capable of much 

faster equilibration with low MW PAHS and binds in a concentration dependant manner.  RHCC 

may also have potential as a carrier in targeted drug delivery, as demonstrated in a 2015 

Nanomedicine paper by Klonisch et al., where RHCC carrying cis-platin is capable of selectively 

killing human glioblastoma cells15. 

 

While enzymes can be easily categorized by their catalytic function, the functions of non-

enzymatic proteins can be much more subtle. In the absence of experimental data, protein 

functions are often assigned based on sequence or domain conservation, but this can be 

misleading. In our case there is an excess of literature predicated on the interactions of Net4 with 

neogenin or other netrin-1 dependence receptors while our data shows that, from a structural 

perspective, these interactions are unlikely to occur. This assumed kinship between Net4 and 

Net1 is logical when looking through the lens of homology alone, but structurally conserved 

proteins can have a multitude of diverse functions and modes of action. Conversely, a simple α-

helical homotetramer can yield insights on how archaea can survive and respire under the 

harshest of conditions. This thesis brings to light new knowledge on three extracellular systems 

where either the function or mechanism were unclear prior to structural characterization and 

subsequent validation.   
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Appendix I: Additional Supporting Information for Structural 

decoding of netrin-4 reveals unique non-enzymatic disruptive 

forces towards mature basement membranes. 

 

Statement of Study Approval 

 

All animal experiments were performed in accordance with the German laws for animal 

protection and were approved by the State Office North Rhine-Westphalia (LANUV), Germany. 
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Tables 

 

Table I-1. Hydrodynamic data for Net4-ΔC, LNγ1, Net4-∆C-γ1LN-LEa1-4, and Net4-FL-1LN-

LEa1-4 

aExperimentally determined from DLS data, with error obtained from linear regression analysis 

bExperimentally determined from p(r) analysis by GNOM 

cExperimentally determined using Analytical Ultracentrifuge 

dPreviously published data1  

eModel-based parameters calculated from HYDROPRO, with errors obtained as the standard 

deviation from multiple models.  

f, gPeak 1 and 2 respectively from Sedimentation coefficient distribution 
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hGoodness of fit parameter that represents agreement between SAXS raw data and data back 

calculated from models 

iNormalized spatial discrepancy parameter representing agreement between multiple models 
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Figures 
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Figure I-1. Alignment of netrins and laminins. 

(a) 3D structure comparison of Net4-ΔC-β1LN-LEa1-4, γ1LN-LEa1-2-Net1-ΔC, and Net4-ΔC-

Net1ΔC. (b) The LN and LE1 domain without the signal peptide of mouse Net4 (mNet4, 

NP_067295), mouse laminin β1 (mLmβ1, NP_032508), mouse Net1 (mNet1, NP_032770), and 

mouse laminin γ1 (mLmγ1, NP_034813) were aligned using T-coffee2 and formatted with 

ESPRIPT. Asterisks indicate the amino acids involved in binding between Net4 and Lmγ1. 

Interestingly, the Net4 E195 and R199 are conserved in Lmβ1, thought the KAPGA loop is 

unique to Net4. 
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Figure I-2. Structural features of Net4-ΔC. 
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(a) The conserved Ser65 is held in place by 2 unique disulfide bridges. The loop between rS1 

and rS2 in the LN domain of Net4 is held in place by disulfide bridges 72-236 and 191-234, 

which are absent in all netrin and laminin structures published to date. In Lmβ1, the replacement 

of this conserved serine by arginine allows the formation of a binary complex between β1 and γl 

laminins; however, the ternary complex formation with the αl laminin is abolished. (b) Stereo 

image of electron density of Net4-ΔC. Net4-ΔC is represented in cartoon mode with secondary 

structure elements highlighted and sidechains omitted for simplicity. The 2FoFc map is 

contoured at 2.0σ. 

 

 

Figure I-3. Net4 binding to integrins. 

Solid-phase binding studies of Net4-ΔC (analyte) binding to immobilized integrin α2β1, α3β1, 

α6β1, and α6β4. The GFPGER peptide, laminin 511 (Lm511), and laminin 111 (LM111) were 

used as positive controls. Error bars, s.d. (n = 3 independent technical replicates. 
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Figure I-4. Alignment of netrins and laminins. 
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Sequence comparison between Net4 (mNet4, NP_067295), Net1 (chNetl, NP_990750), netrin-3 

(mNet3, NP_035077), and unc-6 (UNC6, NP_509165). Epitopes which are involved in 

DCC/neogenin and UNC5 binding are encircled. The non-conserved amino acids within the 

mNet4 sequence are highlighted in yellow. 

 

Figure I-5. Laminin-γ1 interferes with the Net4-FL dimer resulting in a 1:1 complex. 
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(a) Cross-linking studies of γ1LN-LEa1-4, Net4-FL, and Net4-FL in complex with γ1LN-LEa1-

4. Cross-linking studies were performed using BS3 with increasing concentrations from 0 to 500 

pM and detected by either specific Net4 or Lmγ1 antibodies. The western blot represents the 

presence of monomeric γ1LN-LEa1-4 at all cross-linker concentrations (top left). Net4-FL 

reveals dimers and tetramers upon increase in BS3 concentration (top middle). Western blot 

suggests that upon addition of γ1LN-LEa1-4, Net4-FL forms a 1:1 complex with γ1LN-LEa1-4 

over the whole concentration regime (top right). Data for Net4-ΔC suggests the presence of 

dimers at high cross-linker concentrations, whereas Net4-ΔC together with γ1LN-LEa1-4 reveals 

a stable heterodimeric complex. (b) Dynamic light scattering analysis for Net4-ΔC, Net4-FL, 

γ1LN-LEa1-4 and their complexes. Data for each species were collected at concentrations 

ranging from 0.75 to 5 mg mL-1 and the hydrodynamic radius from each concentration (y-axis) 

was plotted against concentration (x-axis). Error bars, s.d. for each concentration (n = 3 

independent technical replicates). (c) SDS-PAGE analysis for SEC purified Net4-ΔC (lane 1), γ1 

LN-LEa1-4 (lane 2 and 6), Net4-FL (lane 5) and a complex of Net4-ΔC-γ1LN-LEa1-4 purified 

from SEC (lane 3) as well as the complex of Net4-FL-γ1LN-LEa1-4 (lane 7) revealed the 

formation of stable complexes. (d) The p(r) distribution function analysis for Net4-ΔC, Net4-FL, 

γ1 LN-LEa1-4 and a complex of Net4-ΔC-γ1 LN-LEa1-4 as well as Net4-FL-γ1LN-LEa1-4 with 

raw data (inset) indicating maximum particle dimension on X-axis. (e) Sedimentation coefficient 

distribution at single concentration for Net4-ΔC (1.2 mg mL-1), γ1LN-LEa1-4 (1.9 mg mL-1), 

Net4-FL (2.0 mg mL-1), Net4-ΔC-γ1LN-LEa1-4 (1.2 mg mL-1) and Net4-FL-γ1LN-LEa1-4 (1.2 

mg mL-1) complex indicating that, with the exception of Net4-FL, all species are highly 
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monodisperse. In case of Net4-FL two species are clearly visible corresponding to monomer and 

dimer peak. The concentration dependence of the sedimentation coefficient for each species with 

standard deviation is present Table 6-1. 

 

 

Figure I-6. Identification of the Lmγ1 binding epitopes in Net4. 

(a) SPR binding studies of Net4-ΔC, Net4-ΔCΔKAPGA, and Net4-ΔCE195A,R199A,ΔKAPGA 

(concentrations: 62.5, 31.25, and 15.625 nM) to immobilized γ1LN-LEa1-4. (b) Solid-phase 
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binding studies of Net4-ΔC, Net4-ΔCΔKAPGA, and Net4-ΔCE195A,R199A,ΔKAPGA (analyte) binding to 

immobilized γ1LN-LEa1-4. (c) Solid-phase binding studies of Net4-ΔC, Net4-ΔCE195A,R199A, and 

Agrin-Net4-ΔC (analyte) binding to immobilized γ1LN-LEa1-4. (d) Cell adhesion assay of 

mouse melanoma B16-F1 cells to immobilized MBP-Net4-ΔC and MBP-Net4-

ΔCE195A,R199A,ΔKAPGA. KD values (a-c) are shown in the graph (n.b., no binding). Error bars, s.d. (n 

= 3 independent technical replicates). 
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Figure I-7. The laminin network within Matrigel is necessary to establish and maintain 

endothelial tube-like structures. 

(a) Treatment of HDMEC cells forming tube-like structures on Matrigel with different 

concentrations of Net4-ΔC (0-1000 nM). (b) Scanning electron microscopy images of untreated 

and Net4-ΔC (1 pM) treated HDMEC cells on Matrigel. (c) Tube formation images of untreated 

and Net4-ΔC -treated (1 pM) HDMEC cells at different time points (0, 1, 5. 7. and 14 h). (d) 



198 

 

 

Human dermal microvascular endothelial cells (HDMECs), human umbilical vein endothelial 

cells (HUVECs), and human dermal lymphatic endothelial cells (HDLECs) were treated with 

Net4-ΔC (1 pM) on Matrigel. (e) Preformed HDMEC tube-like structures (7 h after seeding) 

were treated with and without Net4-ΔC (1 pM) and images were taken from 0, 7, and 14 h post 

treatment. (f) Determination of the Net4 domains mediating the inhibition of HDMEC formed 

tube-like structures on Matrigel. Net4-ΔC completely inhibits the formation of tubes as well as 

Net4 domain swap mutants containing the laminin γ1 binding region LN-LE1 indicated by the 

inhibiting activity of the swap mutants Net4LN-LE2 - γ1LEa3-4 and Net4LN-LE1 - γ1 LEa2-4. 

Treatment of endothelial cells with the laminin fragment γ1LN-LEa1-4 or the swap mutant 

γ1LN-LEa1 - Net4LE2-31/2 revealed no difference compared to untreated HDMECs. Scale bars, 

(a and c-f) 100 pm, (b) 50 pm. 
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Figure I-8. Inhibition of endothelial tube-like structures through Net4. 

The concentration of all used proteins is 1 pM. (a) HDMECs were treated with Net4-ΔC, Net4-

ΔCE195A,R199A in combination with γ1LN-LEa1-4 and Net4-ΔC. Statistical analysis of the tube 

number per mm2 (mean ± s.d.; n = 3; **P = 0.0015, ****P = 0.00006. P- values from two sided 

t-test). (b) HDMECs were treated with Net4-FL, Net4-FL in combination with γ1LN-LEa1-4, 

and Net4-FLE195A,R199A. Statistical analysis of the tube number per mm2 (mean ± s.d.; n = 3; 

****P = 0.00008 (Net4-FL vs. Net4-FL + γ1LN-LEa1-4), ****P = 0.00004 (Net4-FL vs. Net4-

FLE195A,R199A)). Scale bar. (a and b) 100 pm. Error bars, s.d. (n = 3 independent cell cultures). 
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Figure I-9.  Inhibition of B16-F1 tube-like structure formation through Net4. 

(a) B16-F1 cells seeded on Matrigel were treated with 1 pM γ1LN-LEa1-4, Net4-ΔC, Net4-ΔC 

in combination with γ1LN-LEa1-4, and the laminin-binding mutant Net4-ΔCE195AR199A. (b) 

Statistical analysis of tube number per mm2 (mean ± s.d.; n = 3; ***P = 0.0008 (ctrl vs. Net4-

ΔC), ***P = 0.0008 (γ1LN-LEa1-4 vs. Net4-ΔC), **P = 0.0014 (γ1LN-LEa1-4 + Net4-ΔC vs. 

Net4-ΔC), ***P = 0.0005 (Net4-ΔCE195A,R199A vs. Net4-ΔC)). Scale bar, (a) 100 pm. Error bars, 

s.d. (n = 3 independent cell cultures). 
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Figure I-10. Inhibitory activity of Net4 is independent from matrix deposition. 

(a) Solid-phase binding studies of Net4-ΔC, Net4-ΔCE195A,R199A, and Agrin-Net4-ΔC (analyte) 

binding to immobilized γ1LN-LEa1-4. (b) Solid-phase binding studies of Net4-ΔC (analyte) 

binding to immobilized laminin 111 (Lm111) and Lm111 with a truncation of the N-terminal 

γ1LN-LEa1-4 domains (Lm111Δγ1LN-LEa1-4). KD values are shown in the graph (n.b., no 

binding). Error bars (a and b), s.d. (n = 3 independent technical replicates). (c) HDMECs were 

treated with 1 pM Agrin-Net4-ΔC, Agrin-Net4-ΔC in combination with γ1LN-LEa1-4, and 

Agrin-Net4-ΔCE195A,R199A. Statistical analysis of the tube number per mm2 (mean ± s.d.; n = 3; 

***P = 0.00013, ****P = 0.000013). Scale bar, 100 pm. Error bars, s.d. (n = 3 independent cell 

cultures). 
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Figure I-11. Overview of recombinant proteins used in this study. 
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Appendix II: Additional Supporting Information for Dramatic 

and concerted conformational changes enable rhodocetin to 

block 21 integrin selectively 
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Tables 

 

Table II-1. PCR primers used to generate integrin mutants 

Outer primers: 

Forward outer 

primer: 

(NdeI site 

underlined) 

5’-

GCAGCCATATGGGAGGTTCTCCTTCCCTCATAGATGTTGTGGTTGTG-

3’ 

Reverse outer 

primer: 

(BamHI site 

underlined) 

5’-AGCCGGATCCTCGAGCTACTAACCTTCAATGCTGAAAATT 

TGTTC-3’ 

Inner primers: (mutation sites are underlined) 

S214A-forward: 5’-GCAACATCCCAGACAGCTCAATATGGTGGGG-3’ 

S214A-reverse: 5’-CCCCACCATATTGAGCTGTCTGGGATGTTGC-3’ 
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Y216G-forward: 5’-CCCAGACATCCCAAGGTGGTGGGGACCTCAC-3’ 

Y216G-reverse: 5’-GTGAGGTCCCCACCACCTTGGGATGTCTGGG-3’ 

G217K-forward: 5’-CAGACATCCCAATATAAAGGGGACCTCACAAAC-3‘ 

G217K-reverse: 5’-GTTTGTGAGGTCCCCTTTATATTGGGATGTCTG-3‘ 

G218L-forward: 5’-GACATCCCAATATGGTCTGGACCTCACAAACAC-‘ 

G218L-reverse 5’-GTGTTTGTGAGGTCCAGACCATATTGGGATGTC-3’ 

D219A-forward: 5’-CAATATGGTGGGGCACTCACAAACACATTCGGAGC-3‘ 

D219A-reverse: 5’-GCTCCGAATGTGTTTGTGAGTGCCCCACCATATTG-3’ 
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Figures 

 

 

 

Figure II-1. Asymmetric Unit of the RCγδ-α2A crystal structure. 

(A) Overall view of the asymmetric unit showing six RC-2A complexes. Individual 2A 

domains are shown in grey, with the Mn2+ as pink spheres. RC subunits are shown in red, 

whereas RC subunits are in yellow. (B) The different heterotrimeric assemblies can be 

subcategorized in three different interaction modii. Domain-domain contacts are mediated either 
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via the core segment of the CLRP fold of RC (top), the distal end of the 2A domain (middle) 

or the index finger loop segments (bottom). Remarkably, the overall r.m.s.d. in C positions for 

all individual subdomains is 1.1Å demonstrating that the different RC2A complexes are 

identical. 

 

Figure II-2. Molecular model of the disulfide-locked conformation mutants of α2A domain. 

By introducing disulfide bridges at the respective sites, helices 1 and 7 were fixed towards each 

other. Using this approach, the the 2A domain is stabilized in either the “open” or “closed” 

conformation. (A) Model of K168C-E318C representing the open conformation. (B) Model of 

K168C-A325C showing the conformation. Residues involved in the formation of helix C are in 
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red. To highlight the difference between the two conformations, amino acid residue positions 

318 and 325 are coloured blue and green, respectively. Structures were modeled with Pymol 

using the pdb data sets of 2A domain in its “open” (1DZI) and “closed” (1AOX) conformation. 
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Figure II-3.  Identification of the IIIG5 epitope within the RC chain. 

(A) Fragmentation scheme for the tryptic fragment of the RC subunit containing the IIIG5 

epitope. (B) NanoESI fragment ion spectrum of the RCpeptide containing the IIIG5 epitope. It 
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was obtained from a CID experiment on the ion mobility-separated doubly charged peptide 

precursor ions at m/z 942.40. The labelled peaks correspond to the fragmentation ions of this 

epitope peptide, as shown in (A). 

 



212 

 

 

Figure II-4. Alignment of integrin α2A domains from different species. 

Sequence comparison of the integrin 2 A-domain from different vertebrate species. The loop 2 

sequence S214QYGGD is highlighted in yellow and shows a high degree of homology between 

different species. Multiple sequence alignment was carried out with Clustal Omega Software 

from EMBL-EBI. 
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Figure II-5. Alignment of A-domain of different human integrin α-chains. 

A comparison of A-domains from different human integrin  subunits. Integrin alpha subunits 1, 

2, 10, and 11 belong to the subset of collagen binding integrins. They possess the characteristic 

helix C (yellow box, labelled -C), which is absent in the A-domain of the leukocyte 2 

integrins with their alpha subunits L, X, M, and D. Helix C of the integrin 2 subunit is the 

primary binding site for RC and is only present in the “closed” conformation of its A domain. 

The secondary RC contact site of 2A is located within the loop 2 sequence S214QYGGD, 

(yellow box, labelled loop 2) and is specific to the integrin 2 chain. The secondary structure 

elements are indicated by the red (-helices) and the blue (-strands) boxes, respectively. The 

residue numbering refers to the integrin 2 sequence. Multiple sequence alignment was carried 

out with Clustal Omega Software from EMBL-EBI. 

 

Appendix III: Additional Supporting Information for Archaea S-

layer nanotube from a “black smoker” in complex with cyclo-

octasulfur S8 rings 
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Figures 

 

 

Figure III-1. CD experiments. 
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CD measurements of RHCC-NT at 20°C (cyan) and 81°C (orange) demonstrate that the homo-

tetrameric assembly of RHCC maintains significant -helicity at elevated temperatures. 

 

 

Figure III-2. S-SAD electron density. 

3 Sigma anomalous difference map at λ = 1.77123Å. The map was calculated using experimental 

ΔFano and φcalc from apoRHCC (pdb 1FE6). a, View inside cavity 2 with a single S8-crown. b, 

View of the tumbling S8 crown in cavity 3. 
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Figure III-3. Thermodynamic Paths for Free Energy Calculations. 

A schematic diagram showing the two thermodynamic paths used to calculate the absolute 

binding free energy for the transfer of a ligand from the solvent bath to cavity 2 of RHCC 

tetrabrachion. The ligand is either the sulfur S8 crown or the [H2O]9 water cluster. The rectangle 

represents the FBHW restraint.  
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