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Abstract

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

enzymatic proteinsan 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 thehuman guidancprotein Netrin4, to the pit viper venom
consttuenRhodocetin and its interaction integrin
with Right Handed CoilecCoil, a surface layer componentmicroorganisms that live in the

harshest environments, this thesis brings to light new knowledge on thhaee#utar systems

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

or their mechanism of action.
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ChapterINo-enzymatic Extracell ul ar

Il n Gr owt h, Def ence, and Met ab

| ntroductory RemarKks

The ability to interact with the environment and respond to stimulh&lmark of living things.

These responses are often effected by secreted molecules, such as proteins; in this thesis | will
present my work on three such systems where the knowledge of the structure of these proteins,
either alone or in complex with otherlecules, allows us to better understand their

functionality. This introductory chapter will serve to provide an overview of the three systems in
guestion; more details will be presented in their respective chapters. The first system | will
discuss is th secreted guidance protein Ne#iiNet4), which plays a role in remodeling the
basement membrane (BM) of tissues, angiogenesis, and BM perméabilitythis thesis | 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. | will also discuss Rhodocetin (RC), a
snake venom toxin from the Malayan pit vihén complex with the | domain of Integri2,

essential for the blood clotting respotsehere the gross conformational changes between free

and bound RC are not only academically interesting, but may have important practical



applications. Fally, Right Handed Coile€oil (RHCC), a portion of the surface layerlé§yer)
protein tetrabrachion of the archa®taphylothermus marinfjsvhere the structure of the protein

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

An Qvieerw of Netrins and the Netrin

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 atg@amizomes 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) presentienthe skin and around the respiratory tract,
gastrointestinal tract, kidney, ét@he two major structural components of the BM are collagen

IV and laminin; nidogens, agrins, and perlecans are less abundant, but are @led fequ

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 supporttotheBM Col | agen IV is composed of
with the mostcommom ar i ant i n BMs being U101U2. AIl <col
helical structure permitted by the incorporation of a glycine in every third position and a high
proportion of proline and hydroxyproliheThese subunits assble into the collagen triple helix,

which selfassociate to form longer fibrous structures that lend structural stability to much of the

'rn



basement membrane. Laminins are composed of a
coiled-coil domainneartaGt er mi ni  of the proteins. Though t
three o9 variants, only 16 mamlamihimsadopta of or ms

cruciform arrangement, whethe coileecoil domain forms the base and théd¥minal domains

of the subunits constitute the short arms of the cross. Polymerizing laminins, such asldminin

or laminin511, can associate via the Laminirté&tminal (LN) domain. A triple complex is

formed through the LN domains of an U, b, and
This results in a-@limensional network of laminin that associates with the cellular membrane on

the Gterminal ené. Non-polymerizing laminins such as lamish1 1 | a-chkin shdrt@rmU

and resemble more closely ahan a cross.

Laminin Domain Topology

With the exception of a few variants, lanmis maintain a conserved domain topology.
Exceptions include U3A, U4 termanosdTheMerminaghi ch e xh
domain, aptly named the LN or laminintirminal domain, is responsible for laminin

polymerization. Itisa-& t r a nsdndvith jdllyroll 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
lamininrEGFlike 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 coileatoil domain and serve as binding sites for other BM proteing, &sic



nidogert. Laminin short arms also contain the laminin B domain of unknown function.
Following the multidomain short arm is the ~500 residue coil region, which mediates the
association of t hlamidinamvermdditiondl-®rmimal lamininiglobelar. U
(LG) domains that interact wit h-dystrodlyéan,t i des

integrins, and other basement membrane prétéins

A Brief Overview of the Netrins

The short arm domain topology of the laminins is reflected in another class of pribteins,
netrins. A class of molecules involved in regulating tissue growth, netrins are, with exceptions,
composed of an LN domain, followed by3®5 LE domains, and terminated by a netrin (NTR)
domairt?. In humans, the netrin family consists of the solublemet, 3, 4, 5, and the GPI
anchored G1 and G2 The most thoroughly studied member of this family is nettriilet1).

Netl plays ammportant role in many cellular pathways; it has been implicated in cell survival,
angiogenesis, tumour growth, and axon guidéhdée binding of Net1 to its dependence
receptors can cause axon repulsion (Unc5), or attraction (DCC, nedgéhiahd its role in a
number of cancers, as well as neurodegenerative disorders such as multiple sclerosis and
alzheimers, is théocus of many research groups. Recent data suggests that Netl interacts with
its dependence receptors through its LE domains, specifically tiieddfnait**®1° Netrin-3 is
expressed in the peripheral neng system and is thought to regulate its development, while
netrin5 resides in the neurogenic regions of the adult brain. However, the modes of action of

these two proteins is unclear. Interestingly, nébriacks the LN domain found in all other



netrirs'®. The membrane anchored netrins G1 and G2 lack the NTR domain, as their interaction
with the cell membrane is much more immedidteey 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 dom&ininterestingly, netrirG1 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)

Netrin 4

As all of the other members of the netrin family are closely associgtietervous 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 Netl

dependence receptors. However, it has been found taregissue vascularization and has

abnormal expression levels in a number of cancers, such as gastrointestinal ah#bféast

Net 4 was i nitnatriyn,dedu q ntad-laidnin Infcantrast] abahgr wi t h
human netrins bear -laminic. ODur wakrinStruguwakdedoding of oetrin t 0 0
4 reveals unigue neanzynatic disruptive forces towards mature basement membiznoesdes

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 merfibrane
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Mammalian Haemostasis

For larger organisms such as mammals, direct diffusion from the envirorsmesufficient 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 amplex 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 neighbouringtsidteAccompanying this
change in morphology is the release of-pi@ting compounds such as ADP from the platelet,
which activates more platgk, resulting in a cascade of activation and the formation of a blood
clot?’. Further signalling pathways resuitthe 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 nurabpro-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 mutains, many of which have a high mortality rate if left untre®ta@ne of



the primary functions of VWF is to interact with collagen exposed bydisamage via the vVWF

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

glycoprotein Ib (GPI) Platelets can also directly bind to exposed collagen throughtéugin

U2b1. Integrin U2 also contains a VWF type A

upon collagen binding that ultimately results in platelet activ&tion

Venom of the Malayan Pit Viper

The Malayan Pit ViperGalloselasma rhodosto& 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 linfo Envenomation may also cause a prolonged coagulation defect,
which can not be treated by antiveritSnThe snake venom itself is a cocktail of proteins and
glycoproteins designed to damage the tissue of the biieyiehd 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 bleeskel walls and promoting hemorrhagearhino

acid oxidase, 30% of the venom dry weight, catalyzes the formation of ammonia, hydrogen
peroxide and aktketo acid from an amino acid and water. The primary cause of tissue damage

is thought to be the highkgactive oxygen, which damages membranes, proteins, and nucleic
acids. Thrombirike 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 ancrd activation forms microclots that are quickly dissolved by the native enzyme



plasmin. This results in the depletion of fibrinogen in the vicinity of the bite, thereby inhibiting

normal clot formation. A platelet aggregation inducer, rhodocytin, intenatti<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 cldt€". The final haemostatic inhibitor of ti@& rhodostoma

venom is RC. A heterotetramer, the bifunctional RC separatefliion d o U di mer s wupo
recognition of their targets on the plateletsurfdéé The Ub het e GBldandner r ec
blocks VWF mediated plelet aggregation whiletheih het er odi mer s recogni z

U2b1 integrin and bl oc ks Dramificandcaheemped ndent aggr

conf ormational changes enabl e r lwechwoprethe n t o b
previouslycrys al | i zed RC tetramer with the complex o
and explore the conformational changed requir

Theurface Layer Stnap hiWwelt atblod n muns orhar

Archaeal Surface Layers

Unlike bacteria, archaea lack a peptidoglycan layer and require other means to protect the
integrity of the cell; instead, ithis accomplished with a membrane associated glycoprotein
surface layer ($ayer) which assembles to form a proteinaceous shell on the exterior of the
organisni®. The composition of the-Byer varies widely in archaea; predicted ncalar

masses of the individual subunits range from as little as 26kDa to over 250kDa, and have a



varying number of glycosylation sit€sS-layers are mmbrane anchored, and sasemble to

form monocrystalline layers with varying symmetry. This-ssl$embly process has been noted

in a number of isolated-ayer proteins, and has potential in applications such as molecular
sieving and immobilization ofuhctional molecules in affinity membranes, biosensors, and
immunoassay$. Though the assembly and structure of these proteins has beenaxxami
thoroughly, there is a dearth of knowledge on the functions of these structures besides thermal,
mechanical, and osmotic stabilizationla§ers are not unique to archaea; in bacteray&r

proteins have been implicated in virulence, avoidanceeoinimune system, and even to

selective biomineralizatidfy but parallel data is lacking for archaea.

Surface Layer oStaphylothermus marinus

One of the most interestingl&yer systems is that &taphylothermus marinua

hyperthermophilic sulfureducing archaea isolated both at deep sea hydrothermal vents
(>2000m depth) and at shallow water marine hot springs (10m). The optimal growth conditions
of S. marinugs around 94°C and a pH of 6.5 respectiv8lymarinuss a member of the
Desulfurococcaceak ami | y, and g rloiwk é & “dtlnses pemidestag caragqn e
and energy sources and remains metabolically active even in the absence of sulfur, though it
requires sulfur for growth. The Slayer ofS. marinuss composed of 3 subunits, the light chain
(85 kDa), the heavy chain (92 kDand a unique enzymatic component, the protease STABLE
(150 kDa). The heavy c kalicahinnatare, and ieisimembrane t o

anchored at the C terminus with 4 copies coming together to form a parallelcmilsthlk.
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The Ntermirus of the heavy chain contains a hinge region where the 4 chains diverge before
i nt er act i-strgnded lightlchaih. Ahes cdmplex is known as the tetrabrachion, and it
associates with adjacent tetrabrachia in a carbohydeggendant manner via thght chain to

form a network that coats the surface of the cell. The cebddlomain is roughly 70nm in

length and appears almost completely straight in electron micrograph images. This, in
combination with the networked canopy of light chains, gngssto a pseudperiplasmic
spacé**® Roughl y h ddlidavstaly residgs 2 topies oflhe subtilike protease,
STABLE. Thus far, STABLE is therty identified stoichiometric enzymatic componentin an S
layer; it is suspected that STABLE provides peptides for metatfligimough the interaction
between tetrabrachion subunits is relativedgily 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 coil@-coil. This motif appears about halfway up the stalk, possibly forming a

portion of the STABLE binding sit¢>*.

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 d oxygen has a very large reductive potential, increasing the ATP vyield of the ETC, the
solubility and therefore availability of oxygen in aqueous solutions decreases with increasing

temperature, necessitating the use of alternativegasaous, electraacceptor®4”. The order
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Desulfurococcales span a number of dieeorganisms, both autotrophs and heterotrophs, that
can use nitrate, nitrate, thiosulfate, hydrogen, or even oxygen as terminal election #8c8ptors
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 gusftingé3nost common
allotrope) is used in the place of oxygen, and hydrogen sulfide is pratid€ethough sulfur
respiration is pEsent 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 agsiifolone

reductase (PDB 3HYW). Although the resolution of this structure is very gooll)(2t@ sulfur

ring is poorly define?t. There is also currently no structural data availéii¢he proteins that

carry sulfur into the cell, and in many obligate sulfur reducers, this protein has not even been
identified. InThe Right Handed Coile@oil nanotube in complex with elemental cyclo

octasulfur (8), the structure of RHCC withg&long with computational support provides

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

elemental sulfur from its environméht
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Chapter2l nstrumentation and Met hod

Preparati-6hiEef cRHCC

Due to low expression levels and difficulty of culturing native organisms, many proteins are
recombinantly expressed. In the case of RHE€herichia col(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 ~zbek of the Uni v eantsinirgwgthronibinEleavableN ber g, G
terminal 6His tag in an IPTG inducible ampicillin resistant pET15b vector was transformed into

E. coliby mixing ~5ng of plasmid with ~¥bcells in 50sL 15% glycerol and subjecting the

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

media for 1 hour at 3T prior to plating onto LB agar containing1®0 / mL ampi ci | | i n.
plates were incubated at & dvernight. 50 mL of LB broth was inoculated with a single colony

picked fom the plate and allowed to grow3°C for 12 hours with aeration. The resulting cells

were collected and centrifuged at 3RQ@o pellet the cells which were then resuspended in 50%
glycerol and frozen a70°C. These cells form the stock for all subsent RHCC expression

experiments.
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Expression and Purification of RHC

A pre-culture of RHCG6HIsS E. coliinoculated into 50mL of LB broth with 1609 / mL

ampicillin (LB +amp) was grown overnight af°€ 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 1§ &k @en 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 byp@@s of sonication at 50%

amplitude in a Fisher Scientific Model 500 Sonic Dismembrator. The resulting lysate was then
centrifuged at 70 00@xat 6°C to remove insoluble cellular components. The 6His tag on the
RHCC construct has a high affinity to bigat colbalt or nickel iorts 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 8iM phosphate, 2mM imidazole pH=7 to allow the protein to

refold on the column. Purified RHCGEHis was then eluted from the column with 150mM
imidazole, pH=7, 300mM NaCl. All column purification was done°@./RHCGG6His is then
dialyzed into a buffer coaining 20mM Tris, pH= 8.4, 1=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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thrombindigested protein was assayed by SBYSGE and DLS and the pure RHCC was stored

at £C until required.

Dynamic Light Scattering

Dynamic Light Scattering (DLS) is a natestructive method used to measure the hydrodynamic
radius (n) of a particle in solutio, and can be used to determine solution monodispersity or
monitor particle size as a function of temperature or concenttathm performed DLS on Net4

at concentrations between 0.5 ant@'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
e L quar tuging a ZetagzertNano S system (Malvern Instruments), which utilizes a 4mwW
633nm laser and a scattering angle of°1TBe Zetasizer software calculates the diffusion
constant using an autocorrelation function, which is then used to calculate a hydrmoyathus
using the StokeEkinstein relationship. It is important to note that the hydrodynamic radius does
not necessarily match any physical dimension of the scattering patrticle, it is merely the radius of

an ideal sphere that moves with the same ddfusonstant of the particle in solutibn
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Circul ar Dichr oi sm

Circular Dichroism Spectroscopy (CD) is a technique used to determine the secondary structure
of a protein. Chiral chromophores will differentiafiipsorb left and right handed circularly

polarized light. Aside from the intrinsic chirality of the individual amino acids, higher order
protein folds such as-helices and-strands have degrees of chirality that differ from an

unfolded or random coil gicture. 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
secadary structural element to the overall folihough RHCC is known to be entirdlhelical

from previous unpublished CD experiments &t@0t was important to ascertain if RHCC
maintains it§olded state at the elevated temperatures used for the sulfur incorporation.
Therefore, CD spectra were collected in triplicate or8aQ 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 quseite

(Hellma) with a scan speed of 7.5nm/min.
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Xray Crystallography

Introduction to Macromolecular Crystallography

The function of biological macromolecules depends less on their chemical composition and more
on the 3 dimensional structure and hdwattstructure interacts with other molecules in a

biological context. Determination of the 3D structure can be done using Niviegetic

Resonance Spectroscopy (NMR), Giglectron Microscopy (Cryo EM) or -Xay diffraction

(XRD); each technique has itsyp advantages and disadvant@geXRD has no theoretit 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 crystallizatiorbimlogical molecules. As a consequence,

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

Preparation and Crystallization of RHEg

Initial attempts to prepare RHC&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)sOitsSyrelded 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 te 360 8.15 mg/mL RHCC in 10

mM bicine buffer (pH=8.0, I=154 mM (NaCl)) (Fisher Scientific)deheated to 8C 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 # consistent with that ain RHCC tetramer. The protein was concentrated to

11mg/mL and crystals were grown by hanging drop vapour diffusiotCatSpecifically, 2 L
ofprotenand2 L of the reservoir solution were miXec
The reservoir solubin 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 Netrid gpC

Net 4pC was crystallized by hanhngiofigldrRomgy anho w
Netd4mpC in 50mM Tris pH=7.5, 200mM NacCl was mi
PEG 3350, 0.2M calcium acetate, 0. 1-Rb6&omdi um c

the HR2428 additive screen (Hampton Research). Crystals aggpefter 1 week.

Data Collection, Processing and Structure Solution of RIS C

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 tgmake ratio,

crystals were soaked in 8@ solution of mother liquor with 20% glycerol v/v prior to flash
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freezing in liquid nitrogen. Images were collected frotl@ in 1° wedges with 10 minutes
exposure on a Rigaku MMO7HF diffractometer with an Xay wavelength of 1.541728using

an Raxis IV++ detectarNo radiation damage was observed during data collection. Data was
indexed integrated, and scaled with MOSFLand the CCP4ackag&®. Phases were calculated
with rigid body refinement in Refmat®'tusing a polyserine RHCC model based on a
previously solved RHCC structdfgPDB code 1YBK). Rfree flags were transferred from the
model dataset to minimize model bias. The structure was built and refined usitt) Coot
Refmac5, and the Phenix software packhgghemical restraints for the Bng were generated

using JLiganéP and eLBOW®.

Anomalous Sulfur Signal

To obtain experimental phase information and to confirm the presence of sulfur in the structure,
anomalous data was collected at the 08Bieamline at the Canadian Light Source with a
wavelength of 1.77128. Atthiswavelendgt Fr i edel 6s Law i s broken
reflections no longer have the same amplitude and the difference in amplitude is entirely from
the anomalous diffracting elemeht€rystals were again cryoprotected with a 20% glycerol
solution prior to collection of 0%5nvedges with 5.0s exposures at 100K. 5 datasets from 3
different crystals were indexed and integrated WiEi5*"18 then scaled together with the
CCP4packag@ Anomalous difference maps were calculated using phases from a previously
solved RHCC structuté(PDB code 1FEG) without sulfurdud and experimental amplitudes

(Fano determined by subtracting ffom F'.
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Data Collection, Processing and Structure Solution of ddét4

NetdqC crystals were soaked with 10% ethylene glycol in mother liquor for 10 minutes prior to
flash freezing in liquid nitrogen. A full cohort of 360itnages were collected with 9 minutes
exposire each on a Rigaku MIAO7HF diffractometer with an-Xay wavelength of 1.54178

using an Raxis IV++ detector. Data was indexed, integrated, and scaled using the HR?.2000
software suite. Phases were determined by molecular replacement witt¥ Risisgra

polyserine homology model generated by Swigslef? based on the previously solved laminin

b structuré® (PDB code 4AQS). The model was built and refined using*€,dbe Phenix

software packadé and Refmac%%

Data Collection, Processing and Structure Solution of Rhodezeincomplex

with the IntegrinCPA domain

The triple complex of R® U s u b uthe integrinUArddmain was crystallized by hanging
drop vapour diffusion with 2L of 10 mg/mL R® #4PRA and 2¢L 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 OWwedges with 1.0s exposure for 2%t the 08ID1 beamline

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

integrated, and scaled using XB%and the CCP$ackag@®. Phases were obtaid by
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molecular replacement using Pha&seiith a polyserine model based on a previously solved
rhodocetin structufé (PDB code 3GPR). The structure was built and refined using Coat

the Phenix software packdde
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Pref ace

In a monumental collaboration between 25 researchers from 18 institutes in Europe and North
America, this article describes theustture, function, and the physiological consequences of the
function of a previously undesxamined extracellular matrix protein. Solution as well as
crystallographic structural data provided a basis for further study into the functionally significant
epitopes of Netrird, ultimately providing evidence that nemzymatic basement membrane
modulation produces the angiogenic and axon outgrowth effects that were previously and
incorrectly attributed to the binding of Netidhto canonical netrin receptors.& manuscript

was accepted byature Communicationsn October 9, 2016.

Contributions of Aut hor s

Matthew McDougal(University of Manitobalollected the Xray data and solved the structure

of Netrin 4 with protein provided bigaphael Reuten (University Gologne) whoproduced
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recombinant proteins. In collaboration with Carina Prein (Munich University of Applied
Sciences, University of Munich, and Center for Nanoscidharich) and Hauke Clausen
Schaumann (Munich University of Applied Scienceenter forNanosciencéMunich) Raphael
Reutenalso collected AFM data of the Matrigel matribumor treatment assays were performed
by Tobias Bald (University Hospital Magdeburg, University of Bonn), Thomas Titing
(University Hospital Magdeburg, University of Bonajd Paola Zigrino (University of
Cologne). Trushar R. Patel (University of Letllge, University of Birmingham) and Matthew
McDougallcollected and analyzed the SAXS data and performed AUC experialentswith
Markus Meier (University of Manitoba). Dese Nikodemus (University of Cologne) performed
and analyzed SPR measurements. -I&ay Delcros (Centre de Recherche en Cancérologie de
Lyon) performed Octet binding analysis. Zhigang Zhou (University of East Anglia) and Ernst
Poschl (University of Eastiglia) performed the EC/PVC aulture 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 assdyrassay. Wilhelm Bloch (University of Colognggrformed théeM
analysis. The manuscript was writtenMgtthew McDougallRaphael Reuten, Trushar R. Patel,

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

Abstract

Netrins form a family of laminifrelated molecules that have been proposed to act as guidance

cues either during nervous system development or the establishment of the vascular system. This
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guidance function has been clearly demonstrated for Fktria its interaction with the
transmembrane receptors DCC and UNCS5 (i.e., UNC5A, B, C, and D). However, mainly due to
shared homologies with netri) netrind was proposed to play a role in neuronal outgrowth and
in developmental anpathological angiogenesisavinteractions with netrin receptors. Here, we
present the highesolution structure of netrié which shows unique features in comparison to
netrin1l. Using a structurunction analysis, we show that netdrdisrupts laminin networks

and basement mendores on the cell surface through haffinity binding to thdaminin ol

chain. We hypothesize that this lamimglated function is essential for the previously described
effects on axon growth promotion and angiogenesis. Our study characterized astamon

enzymatic extracellular matrix protein actively disrupting-@xesting basement membranes.

l ntroducti on

The netrin protein family is comprised of six members, the secreted nétri3s-4, -5 and the
glycosylphosphatidylinositol (GRBnchoré netrinsG1 and-G2 in mammals and exhibit

homology to the Nerminal domains (LN_Eal-3) of laminin short arm$. Secreted netrin$-3

and-5 are homologous to the lamirgh chain, whereas netrii(Net4) shares a higher identity

to thebl chain (50%). Netrktdk ( Net 1) has been studied in deta
one who guidesodo i n Sanskr ielatedwleculgsibecauseott o t hi
Netl activityy. Net1, one of the first studied secretedtgnce factors, plays a major role in

promoting both axon outgrowth and axon orientation during nervous system devefopment
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well as in developmental angiogenesis. Given the struaanchfunctional similarities between

the axon growth cone and the endothelial tip'€&ilboth systems netrith function is due to its
ability to engage the receptors DCC and UNC5H (i.e., UNC5A, UNC5B, UNC5C and
UNCS5D)!13 and possibly other receptors such as neogenin, A2b, some integrins or BSCAM
17 Due to the similaty of Netl 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 fufethahpre as well as anti
angiogenic activit}??°. The most promineri vitro function of Net4 is the inhibition of
endothelial tubdike structure formation when Net4 is applied to endothelial cells seeded on
Matrigef°. In addition, different cancer cells transfected with Net4 form less vascularized solid
tumorg®1® In most cases, it was speculated that Net4 acts mainlyndang to Netl receptors

of the DCC/neogenin family and UNCS5 family memB&f& Recently, the binding epipes of

Netl for DCC, neogenin, and UNC5B were identifféd; however, the proposed binding sites
are not onserved within Net4. Of interest, even though these studies have received little
attention, it was proposed that Net4 binds to the langhichairf>?%. Together with the fact that
mostin vitro effects shown with Net4 were obtainkdm culture in reconstituted matrix such as
Matrigel mainly composed of laminin 111, we hypothesized that the Net4 by interacting with

laminin 21 could impact on the Matrigeti vitro and on the BMn vivo.

The BM is a specialized extracellular matrix migicomposed of laminin and collagen IV
polymerg’ 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 iwcated at the basal side of the endothelium. The vascular BM (vBM)
assembles from proteins produced by endothelial as well as perivascular cell{PVCs)
Continuous formation of the vBM along the endothelium stabilizes newly formed vessels and
promotes their maturatié®?®. Ablation of the BM core component collagen IV leads to vascular
defects, hemrrhages, and embryonic lethality at E10.5 in m&uséowever, these mice still

contain BMlike sheets assembled through lamidinalthough, 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 thebl, gl, and either tha4 or thea5 chain. Lanmin 411 is expressed in the
vasculature during early developmental stages and deficiency of the la#ioirain leads to a
vascular phenotype with transient perinatal hemorrfagescontrast, laminin 511 is found in

the vBM of adult mic&. 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-dgstroglycan.

Following laminin assembly at cell surfaces, collagen IV is integrated into tH&8M

Here, we present the highsolution strueire of Net4 showing unique features that are absent in
Netl as well as in the-tdérminal laminin structures and identify the binding epitopes required
for a stable Net4/laminigl heterodimeric complex. Based on this hrgisolution structure, we
designed\Net4 mutants that negatively impede interaction with langfjrpossibly explaining
previously observedx vivoeffects on axon outgrowth modulation, and angiogenic activity. Our

data also elucidate a mechanism by which Net4 influences the laminin netvebpikay a vital
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role in angiogenesis. We also propose that theaagiogenic property of Nei# vivois directly

related to its impact on BM rearrangement.

Resul t s

Net4 has unique structural features absent in other netrins

In order to establish #éhstructurefunction relationship of Net4, we solved the crystal structure of
Net4 lacking the @erminal domain (NetdC) at 3.07 A, revealing a head to stalk arrangement
of 175 A in length Figure 3-1a,b). The globular shaped-drminal domain (LNforms the

head and the three and a half-fiké consecutive LE domains make up the stkigire 3-1a,

b). The LN domain forms B-sandwich jellyroll motif with a front face composed of sheet S5
S2S7 and a dorsal face composed of shees$86-S1. Thetopology of this domain is similar

to the Nterminal domain of Ne#224 however, the closest structural haliogue is the short arm
of lamininb1 (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 residuEgy(ire 3-1a, b). Two disulfide bridges between cysteine
residues 7236 and 1949234, absent in any current netrin or laminin structure, hold tH&7S6
loop in place Figure 3-1b). This loop is adjacent to loop r8%2, which contains the conserved
Ser65(Appendix 1, Figure 1-2a). Interestingly, in laminirbl (Lmb1), the replacement of this

conserved serine by an arginine allows for the formation of a binary complex bétivaedgl
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laminins; however, the ternary complex formation with the lamanahain is abolished.
Furthermore, there is clear electron density for glycan additions at three aspanrkgite
glycosylation sites, Asn56, Asn163, and Asn353. The first two glycan chains are located at
opposite edges of the LN domain, while Asn353 ¢ated at the loop helix of LE2 and extends
towards the bottom of the LN domaiRigure 3-1a, b). Remarkably, Net4 is the first member of
the netrin family with no Ninked glycan attachment at the dorsal face of tktershinal

domain. NetdDC has a totahccessible surface area of about 28,00@rt reveals extensive
inte-domain contacts between the LN domain and subdomainfigaré 3-1a, b). Loopb of

the LE1 domain has a large buried surface area of ~1,7@@Athe lateral edge of the LN
domain Figure 3-1c). In addition, loo of the LE1 domain is flanked by the Asn3ki3ked
glycan attachment and trapped between tkierinal segment and the basal helix of the LN
domain Figure 3-1d). Together, these extensive contact areas may limit théorabfreedom

of the LN domain in comparison to other netrins. Each of the individuaubEHomains adopts
the classical LHold*® consisting of irregular coil segments and forms a linear extended

structure.
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Figure3-1. Overall Structure of Net4.

Domain LE1
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% Domain LE2
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Net4 does not interact with Netl receptors

As the DCC and UNC5B binding epitopes of Netl are absent in the Net4 sttdune
examined whether Net4 could interact with the ectodomains of DCC, UNC5B, A, C, D and more

generally A2b, neogenjias well as DSCAM that have been previousjyorted to interact with
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Netlusing solidphase binding assays and Octet technology. Structural analysis of Net4 and
previously published Netl complex structures reveals incompatibility between the binding
resicles of Netl and equivalently positioned residues of Neg(e 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 in the terminal LE domain of Net4ould

preclude interaction with the netrin receptor. The absence of the positively charged residues of
Netl (Arg348, Arg349, Arg351, and Arg372) necessary for a stifiediated interaction with

DCC in Net4 would hinder interaction between DCC and Neigufe 3-1f). The binding of
neogenin to the LN domain involves 10 residues of Netl, which are completetpnserved in
Net4, as presented by the electrostatic surface potentajurde 31h. Figure 32a reveals that

while Netl interacts in the nanomofange with DCC and UNC5B, Net4 does not show any
interaction with any of the proposed Netl receptors including DCC/neogenin, UNC5 and
integrins Figure 3-2a andAppendix 1, Figurel-3). Sequence alignments of netrin family

proteins further highlight thatimost all residues involved in Netl interaction with the canonical
netrin receptors are not conserved in Nédpendix 1, Figurel-4). Together these

observations support the view that Net4 does not interact directly with the known Netl receptors,
thoughit is possible in some specific settings that a protein complex may include Net4 and Netl

receptors.
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Figure3-2. Binding comparison of Net4 and Netl to netrin receptors and laminin.
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(a) Biolayerinterferometry binding kinetic analysis of DCC, neogenin, and UNC5B to Net4
(red) as well as Netl (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 NetBL-gLLN-LEal-4 complex was generated by
first calculating models foNet4-ae CgLLN-LEal-4 complex Appendix 1, Figure I-5d)

followed by the addition of the LE and globular domain C. This model highlightelgef N-
terminal globular domains in the interaction. The agreement between experimentally collected
SAXS data and model derived SAXS data is presentégppendix 1,Tablel-1. (c) Rotary
shadowing electron microscopy image of Ne#€glLN-LEal-4 clearly showing a 1:1 complex
mediated via the globular domaind) Microscale thermophoresis binding analysis of different
Net4 mutants$o labeledylLN-LEal-4. Binding of Net4 lacking the netrspecific C domain
(Net4-aC). Binding of fulklength Net4 (Net4-L). Analysis of the binding of a Net4 mutant
(Net4-ae @K AP §th which the specifitoop b(KAPGA) within LE1 was deleted. Binding of a
combined Net4 mutant (Negg E1OARISAPKAP § A rror bars, s.dn(= 3 independent technical
replicates)Kp values are shown in the graph (n.b., no bindiregn@f) Laminin-binding

epitopes within Net4 (green) compared to the equivalent positions in Netl (marine). Ndie loop
of LE1 of Net4 has an extensive contact area with the LN domain, and the KAPGAsmnoivn

in stick notation) is highly flexiblegj Sequence alignment of Net4, Netl, and nedrghowing

the laminin binding regionhj Solid-phase binding study of Net4 and Netl to immobilized
laminingl (gLLN-LEal-4). Error bars, s.dn(= 3 independat technical replicatesycale bar,q)

100 nm.

Net4 forms a highaffinity complex with laminirnol

Although fulklength Net4 is reported to exist as a ditypassibly bridging two laminin
heterotrimers, oucrosslinking experiments as well as hydrodynamic studies reveal that full
length Net4 (Net4L) forms a highaffinity complex with laminingl (Lmgl) in a 1:1 molar ratio
(Appendix 1, Figure I-5a-€). The hydrodynamic radiusH) 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 heteradime
complex with a molecular mass of 116 kae rotary shadowing experimeméeyeala central

globular structure with two elongated rods oriented in opposite directions, consistent with a LN
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domairmediated major binding interface with both elongatecsuBdomains oriented in an
antiparallel fashionKigure 3-2c). Small Angle Xray Scattering (SAXS) studies gELN-LEal-

4 in complex with fulllength Net4 (Net4-L) yield an extended conformation with a maximum
particle size Dmay 0f 19 nm Table 1andAppendix 1,Figure I-5d). Rigid body fitting allows
the reconstruction of the assembly of fielhgth Net4 and laminigl (Net4-FL-glLN-LEal-4) in
contact through the LN domains, with the&Zminal domain of Net4 (domain C) curling back
over the LE domains. As presentedrigure 32b, both Nterminalb-sandwiches are oriented
like the palms of two hands with the open face sheelS2557 (Netd)and S6S3-S8 (laminin

gl) in contact with each othéfiure 3-2b). The models were validated extensively by
comparing experimentally determined hydrodynamic properties with model derived
hydrodynamic properties as presentedppendix 1,Tablel-1. Thecomparison of NetdbC and
Net4-FL binding to laminingl indicated equal affinities in the rangekaf = 2 nM, validating

the exclusion of domain C of Net4 in complex formatibig@re 3-2d). To decipher individual
amino acid residues responsible f@t4laminingl interactionswe designed mutants based on
the threedimensional structure of Net4 as well as the phylogenetic conservapperidix 1,
Figure 1-1a, b). A structureguided deletiorof the unique Net4 loop (KAPGA) resulted in a
25-fold reductio of Kp from 2 nM (Net4DC) to approximately 50 nM (NetBCPK AP §A
(Appendix 1, Figure 36a, b). Thus, NetdDC®X AP Ghinphasizes the importance of the KAPGA
loop in complex formation and gives a rationale for the lower affinitgroinin b1, which lacks
the KAPGA motif, to laminirgl (Ko of 5 pM)333. Moreover, we identified two residues (E195

and R199) within the LN domain of Net4 involved in lamiginbinding. Mutation of these two
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residues results in a decreagedirom 2 nM to 66 nMAppendix 1, Figure |-6¢). Additionally,
mutation of E195 as well as R199 together with deletion of bodpet4DCE1 95 A R199A4, pKAPGA
completely abolishes binding in alerformed binding assayBigure 3-2d andAppendix 1,

Figure 1-6a, b). Crosslinking experiments confirm that fulength Net4 (Net4-L) exists as a
monomer and dimer, because increasing eiinksr concentration results in an increase in
dimeric and multeric Net4FL (Appendix 1, Figurel-5a). Thery of Net4FL was determined
to be 5.76 £ 0.02 nm which is very similar to that of NEt4gLLN-LEal-4 (5.77 £ 0.02 nm)

and Netdee CglLN-LEal-4 (5.40 = 0.10 nm) complexdsut significantly higher than Netze C
(4.60 £ 0.20 nm), implying that fulength Net4 (Net4-L) behaves as a mixture of monomer
and dimer in solutionTable 1andAppendix 1, Figurel-5€). The maximum particle siz®fay
calculated from SAXS data for NeFL is significantly higher than thBmaxof Net4aeC, b u't
similar to both complexes. The AUC studies of NEt4provided two peaks corresponding to a
monomer and to a dimer for NeF4., while Net4ae G’ and complexes of NetBL and Netdae C
with glLN-LEal-4 yield only a singt peak Appendix 1, Figurel-5€). These experiments
provide evidence that fulength Net4 Net4-FL) exists as a mixture of monomer and dimer in
solution and thataminingl is capable of destabilizing the N&t dimer.Taken together, our
results estabdh that fultlength Net4 binds to laminigl in a 1:1 stoichiometry. Additionally,
biochemical studies identified different epitopes within Net4 responsible for laminin interaction.
Our Net4 laminiAbinding mutants can now be used to determine the speaiiof the Net4
laminin complex in functional studies because these mutants do not affect cell adhesion
properties of Net4Appendix 1, Figurel-6d) indicating their exclusive role in laminin binding.

Moreover, comparing the structure of Net4 and Netgats that the laminibinding epitopes
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are not conserved within NetEigure 3-2e-g) and indeed Netl does not interact with laminin

111 Figure 3-2h).

Net4 disrupts pr&xisting laminin networks

Net4 has been proposed to block laminin polymeriz&tidgtowever, due to its nanomolar
binding to the laminirgl chain, we hypothesized that Net4 not only blocks laminin
polymerization but also disruptise pre-existing laminin network. First, we analyzed whether
Net4 and the identified laminininding mutant (E195AR199A), which still binds in a
nanomolar range to the laming chain, are able to block laminin polymerizat{gigure 3-3a
andAppendix 1, Hgure |-7a). Interestingly, Net4eC as wel | -bmdingmitant | ami ni r
Net4-ae E19ARM|ocked laminin polymerization to the same extent as theridinal

fragments of laminifbl andgl (Figure 3-3b). To address our hypothesis that Net4 is able to
disrupt preexisting laminin networks, we performed a comprehenseries of experiments
including (i) laminin network disruptiomAppendix 1, Figurel-7b), (ii) size-exclusion
chromatography, and (iii) atomic force microscopy of a polymerized Matrigeixmidet4 is

able to disrupt prexisting laminin 111 networks and the ternary node complex formed by the
lamininal, bl, andgl chain Figure 3-3c-e). Moreover, Net4 treatment dramatically weakens
the stiffness of the Matrigel matri¥igure 3-3f). Thus,all approaches clearly highlight that
Net4 is able to disrugdre-existing laminin networksThough the laminkbinding mutantNet4
aaCEI9ARIMACaN block laminin polymerization, it is unalttedisrupt preexisting laminin

networks Figure 3-3c, d, f). Our results clearly demonstrate thatéMdminal laminin fragments
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and Net4, as proposed previodsfifas well as the laminibinding mutant, are able to block
laminin polymerization due to their binding capacity to theeNminal laminin (LN) domain
(Figure 3-3g). These rests establish that Net4 is able to disruptexesting laminin networks

in a norenzymatic manner, whereas its respective laramiaing mutant cannot{gure 3-3g).
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Figure3-3. Net4 disrupts prexistinglaminin network

(@) Inhibition of laminin 111 polymerization (Lm2111) by human lamibin(b1LN-LEal-4),

mouse laminirgl (gLLN-LEal-4), mouse Netl (Net&eC) , mo #weCe Metd4d t he | ami
binding mutant mouse Net E1%°ARI9¥A SDSPAGE analysis of thpellet (P) and the
supernatant fraction (S). The position of the laminin chains (arrow heads) and the recombinant
proteins (stars) are indicate®) Oensitometric analysis of three independent polymerization
experiments and the percentage of the pebetivn are displayedmean = s.d.n = 3; *** P <
0.00006 (ctrl vsb1LN-LEal-4, Net4se C, Netd-ad AR gnd »*p = 0.0004 (ctrl vs.
0glLLN-LEal-4); ns, not significantP- values from two sidetites). (c) The resulting fractions
(supernatant daminin polymerization (S), supernatant after addition of different proteins (S+),
and polymer (P+)) were separated by SEYSGE, followed by Coomassie Brilliasitlue

staining. Different laminin chains are colour labellad (yellow),bl (green), andl (blue)) and
added recombinant proteins are indicated with asteridk3.he ratio between polymer (P+) and
supernatant (S+) was determined by densitometric analysis of at least three independent
experiments (mean * s.ch= 3; *** P = 0.00005)(€e) N-terminal laminin fragments (LNLEal-

4) ofal (yellow),bl (green) andl (blue) as well as MBRet4-DC (red) single proteins were
analyzed using analytical siexclusion chromatography (top). SEC profile of the laminin
fragmentglLN-LEal-4 (gl) in compéx with MBP-Net4-DC (green, middle). Complexeal-

bl-gl (blue) andal-b1-g1 + MBP-Net4-DC (red)] were analyzed by SEC (bottom) revealing
that the MBPNet4-DC is able to disrupt thel-b1-gl complex Asterisks indicate the single
proteins within the compie (f) Atomic force microscopy anaylsis of a polymerized Matrigel
matrix treated with Net4eC o r wi t hbinding sutdntdetdise€i*°HR1%A (g) Model
depicting inhibition of laminin polymerization vilamininbl (b1LN-LEal-4), laminingl
(gLLN-LEal-4), mouse Net4eC, an d tbimding iutamimouisenNege E19ARI®Ap ¢

not viamouse Netl (NetieC) .  TFeRigingpamiain network can only be solubilized

through Net4Error bars, s.d.n(= 3 independent technical replicates).

Net4 interferes with BM assembly on the cell surface

As Net4d hasahighffi ni t y i nt er a clfakeyrompaondntofthed8Miwvai n o
investigated whether Net4 affects BM assembly. Ama#itro model we used Schwann cells,
which are normally involved irhe myelination of the peripheral nervous system. It has

previously been shown thBM components assemble on Schwann cell surfaces only if laminin
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111 heterotrimers interact via their LN domai3 herefore, the stable heterodimeric complex

of Net4 with laminingl may prevent efficient BM assembly on Schwann cell surfaces similar to
LN domain truncated laminin 115chwann cells were incubated with laminin 111, collagen IV,
and nidogerl, which normally results in a BM assembly on the cell sutfaBeposition of BM
components was then monitored via immunofluorescence staining for collagen 1\ }j@old
laminin (Lmgl) (Figure 3-4a). First, laminin 111 binds to cell surface integrins via s C

terminal LG domains and asseniga the LN domains of theel, b1, andgl chain. Both
interactions are necessary for laminin deposifioe otserved strong laminin as well as
collagen IV staining when treating cells with only laminin 111, collagen 1V, and nigbgetnl)
(Figure 3-4a, b). After addition of wildtype Net4 (Net4~L) together with BM components, we
could neither detect laminin noollagen IV deposition by immunofluorescence, whereas
treatment with Net&LEI®ARIOAghowed laminin as well as collagen 1V stainings similar to the
control situation igure 3-4a, b). Moreover, we analyzed the influence of different molar ratios
of laminin 111 to NetdL as well as NetfFLE19ARIOA1:0 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 laminininding mutant (Net4LE%5AR1994 had m influence on laminin and
collagen IV staining intensitie§igure 3-4c). In summary, these results indicate that Net4 can
destabilize the polymerization of laminins containing the lamghinhain followed by

disassembly of the BM.
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Figure3-4. Net4 blocks laminin assembly on the cell surface.

(@) Within untreated (ctrl), NetfL-, and NetdFLE19°ARI®Areated in 28-fold molarexcesof
laminin) Schwann cell extracellular matrix assembly assay BM components collagen W (Col
green) and laminin 111 (Loh, red) were stained. Cells were courtiined for DAPI (blue).

(b) Staining intensities are displayed relative to the DAPI sige#dtjwve Lngl intensity/cell

(left) and relative CalV intensity/cell, (right)] (mean £ s.dn=5; **** P < 0.00001P- values
from two sided-tes). Error bars, s.d.n(= 5 independent cell culture$) values were calculated
by oneway Anova followedby a pairwise comparison using the HeBilak method.d)
Concentration dependent effect of N&l andNet4-FLE®SARI®Aqn BM formation indicated
through measurement of theative Lngl intensity/cell (left) and relative GdV intensity/cell
(right). Net4 proteins were added together with the BM components laminin 111, collagen 1V,

and nidogeri with increasing molar ratios to laminin 111 (0.4, 1.8, #d@& excess). Scale
bars, &) 200 um.
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Net4 may affect axon outgrowth through matrix reorgarozati

Net4 has been postulated to play similar roles as Netl, mainly due to their conserved domain
featureg®“°. Furthermore, it has been proposed that Net4 acts as an outgrowth promoting cue in
ex vivomodels such as the olfactory bulb neurite outgréwife revisited this axon outgrowth
function in the | ight of Net4d0s i mpact on the
E15 embryos were cultured in collagen the presence of the-términal laminingl fragment,
Net4CNet4eeC t o0 g e thé Mtermimal lammingl fragmentand the laminirbinding
mutantNet4-ae E19°ARI9A which does not interact with laminiRigure 3-5a). As shown in

Figure 35b, whilewild-type Net4 presence is associated with neurite outgrowth, the

combination of Net4 with the #&rminal laminingl fragment as well abe laminirbinding

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

that, utike Netl, the axon outgrowth activity of Net4 is not only due to guidance cue
functionalityper se It may additionally be due to Net4 ability to disrupt the BM surrounding the
olfactory bulb through interactions with laminin aiding axons in brandhiraugh 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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Figure3-5. Net4 induce neurite outgrowth in a laminin dependent manner.

(a) Diagram depicting the olfactory bulb (OB) explants assay proced)rBepresentative
images of untreated (ctrlgminingl (gLLN-LEal-4)-, Net4 (Netd4ae §-, Net4 in combination
with laminingl (Net4-aeC + gLLN-LEal-4)-, and Net4 laminirbinding mutant (Net4
aaCEI95ARIA tregted OB explantsc) Quantification of neurite growtbf OB explants (mean +
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s.e.m.n=19; *** P < (0.0001, ns, not significanttrror bars, s.e.mn(= 19 independent cell
cultures).P values, two sidetitest. Scale babj 200 pm.

Endothelial tubes require a functional basement membrane

Most studies investigating the role of Net4 in angiogerirsigro or exvivo are using artificial
matrix for the culturén vitro!®2°4¥4 The role of a functional laminin network within artificial
matrix such as Matrigel for the formation of tulidee structures has so far not been addressed. A
recent study revealed that Net4 inhibits the formation of endothelialittéostructure at high
concentrations (1000 ni3ignificantly higher than used in our neurite outgrowth &8salyis

is difference in concentration dependence is likely due to the degree of basement membrane
disruption required to observe the requisite effda.confirmthe results of the previous stydy
HDMECs were seeded on Matrigel anéfetient concentrations (0, 200, and 1000 nM) of Net4
(Net4nC) were added after cell attachment on Matriggldendix 1, Figurel-8a). Untreated
HDMECs formed cell clusters connected by honeycdikdonetwork structures after 14 h. Upon
addition of 200 nMNet4 (Net4nC), endothelial cells were able to form networks, whereas
treatment with 1000 nM Net4 completely abolished tlikke structure formationKigure 3-6a
andAppendix 1, Figurel-8a, b). In addition, HDMEC tubdike 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 p&ppdndix 1, Figure |1-8¢).

On the basis of our hypothesis that Net4 disrupts lart@mmnin complexes, we further

investigated whether Net4 alters teide structure formation in a cetype independent manner.
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Upon Net4 treatment, tudie structure formation in miovascular (HDMEC), macrovascular
(HUVEC), and lymphatic (HDLEC) endothelial cell lines was inhibited compared to control
(Appendix 1, Figure 1-8d). In addition, Net4 also destabilizes an already established Vi&ssel
network on Matrigel 7 h podteatmenfollowed by increased cell aggregation after 14 h
(Appendix 1, Figure 1-8€). In a subsequent step, we further examined whether the exchange of
the LN-LEal domains within the laminigl chain fragment with the respective lamibinding
domains of Net4 LNLE1 might lead to gain of function. Both chimeric fragments (chimera 2:
Net4dLN-LE1-2 - glLEa34 and chimera 3: Net4LWNE1 - glLEa24) inhibited endothelial tube

like structure formation in the same way as Ne@l whereas the chimeric fragment (chimera 1:
glLN-LEal- Net4LE23'/,) did not show any alteration of endothelial tiike networks at the

concentrations testedppendix 1, Figure [-8f).

To determine whether alterations in the laminin network are the trigger of Net4 mediated
inhibition of tubelike structures, we performed the Matrigel assay with the strugtuded

Net4 lamininbinding mutants (Ne4DCE1%%A Net4DCR%A and NetdDC*®K AP SNet4
DCEL9ARI®A "HDMECS treated with these lamingh binding mutants established cell clusters
with filamentous interconnections in the same manner as untreated and roikvbEal-4
fragment treated endothelial cellidure 3-6a, left; Appendix 1, Figurel-9a, b). Net4
significantly decreased cell cluster interconnections (tube number), whereas tube numbers in
0LLN-LEal-4- and Net4 laminirbinding mutantdreated endothelial cells were equal to
untreated endothelial cellBigure 3-6a, right; Appendix 1, Figurel-9a, b). The inhibition of

tubelike structure formation through Net4 was rescued viarmrebation of Net4 together with
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the laminirbinding domain of the laminigl chain ¢LLN-LEal-4). Analysis of endothelial tube
numbers showed no difference betweatreated, treatment witgiLN-LEal-4, and combined
treatment offLlLN-LEal-4 together with Net4Higure 3-6b andAppendix 1, Figurel-9a, b).

This finding demonstrates that the lamiginfragment competes with the interaction of Net4 to
the laminingl chan of the laminin 111 heterotrimer. Net4 can also block the formation of tube
like structuresAppendix 1, Figurel-10a, b) made by the mouse melanoma BAbcell lin€>,
confirming the celindependent 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 theéekminal agrindomain (AgrirNet4-nC). First, we tested

the binding activity of AgrilNet4-nC to the laminirglLN-LEal-4 fragment and found it binds
with the same affinity as wilthpe Net4 Appendix 1, Figurel-6c). Moreover, we tested the
binding activity of the Nterminal agrin domain to laminin 111. Here, we took advantage of a
previously generated laminin 111 construct lacking titefinal domains (LN_.Eal-4) of the
laminingl chain (Lm11pglLN-LEal-4)**. As expected, Net4 does not bind to LmAg1l N-
LEal-4 (Appendix 1, Figurel-11a), whereas AgrifNet4nC and the lamim-binding mutant
fused to the Nerminal agrin domain (AgritNet4-nCESARA interact in the nanomolar range
with Lm11InglLN-LEal-4 (Appendix 1, Figurel-11b). Treatment of HDMECs with Agrin
Net4-nC abolished tubdéike structures to the same extendaalsl-type Net4 (Net4C and Net4

FL, Appendix 1, Figuresl-9aandl-11c). However, the laminhibinding mutant fused to the-N
terminal agrin domain as well as the combination of Agt@i4-nC together with the laminin

0LLN-LEal-4 fragment significantly blded the activity of Net4Appendix 1, Figurel-110.
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Thus, our data support the view that a formed laminin network within the Matrigel matrix is
essential to generate tublkee structures and that the reported inhibitory activity of Net4 is

mediated throug binding to the LN domain of the laminga chain and disruption of the BM.
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Figure3-6. Net4 activity on angiogenesis is dependent on Net4/laminin interaction.

(a) Analyses of tubdike structureinhibition by Net4DC mutants (NetdDCF%A Net4 DCRI99A
and Net4dDCPK AP § fmpaired in laminirgl binding (protein concentrations: 1 uM). 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 sidetites) (right). Error bars, s.dn(=3
independent cell cultureq)) Blocking of Net4DC inhibited tube formation through equimolar
addition ofglLN-LEal-4 (1 uM, molar ratio of NetdDC:glLN-LEal-4, 1:1). The laminin
fragmentglLN-LEal-4 competes with Net4 binding to laminin (mean = 1&:;3; *P = 0.035;

ns, not significantP values calculated biyvo sidedt-test.).Error bars, s.d.n(= 3 independent

cell cultures)(c) Treatment of EGFA induced spheroid sprouting of HDMECs embedded in
collagen | by NetdDC (1 puM). Analysis of sprouting events (ns, not significart).Tube
formation analyses of ecultured endothelial and perivasculée cells from untreated and
Net4-FL- or Net4FLE9ARI®Atreated cultures (30 nM). Representative images of CD31
staining are shown. The tube length [mm/Ahwas quantified through the CD31 staining (mean
+ s.d.;n=5; *** P <(0.00005). §) Apotome images of CdV, Lmgl, and CD31 stained tubes
from control (ctrl), Netd4FL, and NetdFLEIARI®Areatment are displayeBrror bars, s.d.n(=

3, @-c); n=5, d,e) independent cell culturesScale bars,atd) 100 um; €) 50 pum.

To unravel the physiological significance of our findings we perforanetbre physiologict
relevant angiogenesis assay, where endothelial cells wendtooed with pericytes to form

tubes within a laminisiree collagen | matr€. Here, endothelial cells and pericytes form a
continuous basement membrane formed by laminin 511 and collagen IV. Treatment ef the co
culture with Net4 completely abolished tube formation, whereas the labimdimg mutant

showed no effectKigure 3-6d). Staining of endothelial tubes highlight that laminin as well as
collagen IV is absent along the tubes in the Net4 treated sEtguypd 3-6€). These results not
only suggest that Net4 disrupts the laminin network resultitigardecline 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 networksamvochicken CAM angiogenesis aséay
was performed. Established capillary networks were treated witlefgth Net4 (Net4-L) and

the laminirbinding mutant (NetdLE®5AR199- plood and micrecapillaries were visualized

using FITGdextran injection 48 h posteatment. In the urgated (ctrl) CAMs, a micrgascular
network appeared 48 h pdastatment. Upon addition of Net4, the capillary network dramatically
changed as the observed vascularized area was significantly decfégaesl & 7a). Treating

the CAMs with the laminifbinding mutant NetdFLEL9AR99w5d no significant effect.
Histological staining (hematoxylin, eosin; H&E) of CAMs to detect the capillary density of
untreated and NetBLE9ARreated CAMSs displayed a dense capillary lining, whereas-Net4

treated CAMgevealed fewer and more rounded capillariggire 3-7b).
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Figure3-7. Laminin polymers are essential to maintain capillary networks and tumor

progression.

(a) Visualization of capillaries via FIT@extraninjection of untreated (ctrl), NetBL-, and
Net4FLE9ARIAreated CAMS after 48 h. The vascularized area from different protein
treatments (left) was determined (see Methods) at 48 h (mean &8, **** P < 0.0001 P-
values from two sidetites). Error bars, s.dn(= 5 independent cell culturegh) H&E staining

of untreated (ctrl) and NetBL-, and Net4FLE1®AR%reated CAMs after 48 h. Red lines and
red arrow heads indicate the capillary density (capillaries are labelled witt) O)agram

showing the tumor treatment regimetl) Macroscopic images of melanoma treated daily with 1
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UM of control protein (mouse serum albumin, left), NEt4(middle), Net4FLELSARIAright),
(e) Progression of melanoma treated with NEt4and tle laminingl binding mutant Net4
FLEISARI®Amean + s.d.n=5; **** P < 0.0001) Error bars, s.d.n=5 animals, female
C57BL/6).P values, two sidetttest. Scale barsa) 100 um; p) 20 um; @) 5 mm.

One of the key pathophysiological roles of Nagéociated with its angienic 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 untransfectet. cells
Therefore, we investigated whether the tisappressive 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 lamipimding mutant was administerefigure 3-

7¢). The size of tumors treated with Net4 was reduced by 50% of the size in comparison to the
controttreated animals. Moreover, our data establishes that the interaction of Net4 with laminin
is essential for its tumesuppressive activity as thanhinin binding mutant (NetgLE195AR1994

had no impact on tumor growtkigure 3-7d, €).

We then reexamined tlex ovoCAM model to further dissect the impact of Net4 on capillaries.
In CAMs treated with Net4 or its laminininding mutant, the branching pattern is highly altered
only in the Net4 treated CAM. Radial graph analysis of the capillary branching hierarchy clear
indicates that diameters of vessels within Net&%5AR%9%¢reated CAMs span the full range of
diameters found in an established vessel hierarchy. In contrast, vessels-FL.Netdted CAMs
showed an altered distribution of diameters as large Igessleibited smaller diameters and

small capillaries were not presefigure 3-8a, left). Net4FLEI9AR®Areated CAMs display a
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distinct established hierarchy pattern, starting with large vessels {80, g diameter) from
which smaller capillariebranch with decreasing diameter (2.;40um; 3., 1530 um; and 4.,
3-6 um). The altered vessel hierarchy in Neehated CAMs is clearly demonstrated by
decreased diameters as large vessels (43738n) as well as small capillaries (2.-20 um and
3., 7-10 pm) exhibit reduced caliberBigure 3-8a, right). Thus, the laminstaminin interaction

is required to maintain proper capillary netwoirksivo.
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- Net4_FLE195A.R199A
A Net4-FL

Net4_FLE‘95A.R199A

h;;f:;ﬁ:y Vessel diameter (um)
Netd-FLE'95AR199A Netd-FL
1 45 - 60 28 -37
2: 30-45 10-20
3. 15-30 7-10
Length: 100 - 500 Length: 30 - 70
4. 3-6 n.p.
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Figure3-8. Impact of Net4 on disruption of thentenin network and its effect on vascularization.

(a) Diagram indicates vessel diameter distribution (left) within Netg'®>AR99%¢reated CAMs
(blue squares), and the N&# group (red triangle). Model showing the common established
capillary hierarchyormed 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 NetfFLEIPARIOA (hlye) and NetdFL-treated (red) experiments (rigigh.p., not
present). ) Ultrastructural analyses dfet4-FLEISARI®A (plue) and NetdL-treated (red)
CAMs using transmission electron microscopy. Images show the capillary endothelium
surrounded by perivascular cells. The endothelium E is showpenvascular cells (PVCs) are
indicated as P. Electron microscopy images highligltvascular basement membravig\],

red) arrow heads (midle) and red asterisks (bottoimgtween the endothelium and PVCs, which
are surrounded by a vBM lay€c) Model of Net4effect on capillary cell typestdothelium
(Endoth.) and pericyte (Pericytghd thevBM. Scale barsp) top: 2 um; middle: 1 um;

bottom: 0.5 pm

As Net4 appears to disconnect the laminin netvearkvo 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 lamirlrinding mutant (Net4LE195ARI%A or Net4,

Ultrastructural analyses of Nef F195AR9%reated CAMSs suggested that endothelial cells are
closely surrounded by pericytes, whereas Net4 treatment leads to detachment of pericytes from
the endothelium with altered pericyte morpholoBiggre 3-8b, top). Embedding of pericytes

into the vBM stabilizes newdformed vessels. NetBLEI®AR% reated CAMs exhibited a
continuous vBM along the endothelium and surrounding pericytes. Upon Net4 treatment, the
vBM almost disappeared on endothelial seitfaces as well as along pericytEgy(re 3-8b,

middle and bottom). These results indicate that Net4 dissociates laminin heterotrimers from the

vBM and disturbs the endothelial/perivascular cell interagtionvo.
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Di scussi on

Far from its expected rokes a guidance cue, a combination of structimalitro andin vivo
experiments demonstrate that Net4 behaves in a completely different manner than its well
studied family member Netl. Our data demonstrate that Net4 not only strongly binds to laminin
o1 and blocks laminin polymerization, but also actively disruptsepisting laminin networks in

a nonrenzymatic manner. Net4 is clearly a unigue member among the netrin family, showing

nortenzymatic disruptive forces in matured basement membranes.

It has ben reported that Net4 demonstrates axonal growth aétaity antiangiogenic activity

in vitro by inhibiting endothelial tubdike structure formatiot¥2°. Furthermore, Net4
overexpression in different cancer cells reveals a decreased vasculaiizaii@t®. Though

we cannoexcludean alternative function via unknown receptor, we propose that the basis of the
effects reported on axonal growth, angiogenesis, and tumor progregdimidis due to the
disruption of pe-existing laminin networks resulting in the disruption of the entire BM.
Endothelial assemblies need to form a continuous vBM together with peffc@es 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. Hee, 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 asMa#tg

contains mainly laminin 114204748 As the LN domain of thgl chain is the major binding
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partner of Net4, we hypothesized that it affectslain@nin network within the Matrigel matrix
instead of directly affecting cedlignaling pathways. Similarly, inhibition of blood vessel

formation by Net4 is believed to be triggered through binding to the Netl receptors DCC (DCC,
neogenin) and UNC5 (UNC5R)!*®1% However, we could not detect direct interactions of Net4
with any of theseeceptors. Comparison of the higésolution structures of Nef1?* and Net4

explains in detail this absea of interactionKigure 3-1e-h andAppendix 1, Figure I-1a).

Structure based mutations of Net4 in combination witivo andex vivoassays allowed

assignment of Net4 functionality toitslamisini ndi ng capabi |l ity rather
with Netl 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 angesnesiis.

Our study supports the view that Net4 is a unique protein able to disrupt lahcontaining

BMs, and this could act as a useful tool in investigating the pivotal role of lataminin

interactions in biological processes, e.g., muscle foomasomitogenesis, and neural tube

formation.

In the vasculature, laminin disassembly destabilizes-hiraensional endothelial tubes in an
endothelial/pericytdike cell coculture via interference with the formation of a continuous BM
along endotheliatell surfaces. Vessel maturation is affected by establishing a continuous BM
along endothelial tubknings. Cooperation between endothelial (ECs) and perivascular cells
(PVCs) induces the production of pivotal matrix components such as nidpteking the

collagen IV structure to the laminin network, and détechain shaping laminin 511, which is the
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predominant laminin heterotrimer in mature capill&fieghe finding that treatment of an

EC/PVC ceculture and chicken CAMs with Net4 results in decreased vascularized areas further
highlights the essential role of vascukaminin networks in angiogenic processes. Furthermore,

the Net4 laminirbinding 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 inhibitilg stabilization of the capillary network and formation of the common vessel
hierarchyex ovo Mural cells embedded in the vBM are defined as peri¢ytasd upon vBM

loss, as demonstrated by ultrastructure analyses ofthetted CAMSs, the phenotype of

pericytes is altered to a more mural cell character. Tiediags 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 céff spread
®1 The complex between laminii and Net4 clearly hinders the formation of, or even disrupts,

the laminin network. Interestingly, disruption of the vBMdis 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 vessepon Net4 overexpressidnwhich fits with the

proposed model. Of interest, this model supports the view that the impact of Net4 depends highly
on its ability to Atitrated | aminin and thus
further in animal models is hophysiological levels of Net4 actually modulates basal

membranes and how in pathological conditions,arlownregulation of Net4 directly affects

the BM and thus the cell behavior in this Net4 high/low environment. Several studies have

shown that Netéxpression is modulated in cancer and as an example is inversely associated
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with cancer progressiéhsuggesting 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 disrupisxmseng

laminin networks and BMs in a neenzymatic manner.
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Tabl es

Table3-1. Data collection and refinement statistics

Net4-AC

Data collection
Space group C121
Cell dimensions

a, b, c(A) 107.755, 74.049, 74.672

o, B,y (°) 90, 96.072, 90
Resolution (A) 46.00-3.07 (3.12-3.07)F
No. reflections 39327 (1952)
Rierge 194 (.776)
1/ ol 6.10 (2.0)
Completeness (%) 99.9 (99.8)
Redundancy 3.5(3.5)
Refinement
Ryork ! Rireo 2198/ .2626
No. atoms 3382

Protein 3259

Ligand/ion 96

Water 27
B-factors 45.90

Protein 4410

Ligand/ion 110.30

Water 32.60
R.m.s. deviations

Bond lengths (A) .003

Bond angles (°) 7
Ramachandran Statistics
Favoured (%) 92.2
Disallowed (%) 0.0

Avalues in parentheses are for highestolution shell.
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Met hods

Recombinant proteiaxpression and purification

Net4-FL, glLN-LEal-4, and serum albumin froMus musculugNet4: NP_067295, aa: ZP8,
0LLN-LEal-4: NP_034813, aa: 3492, serum albumin: NP_033784, as8d8)andalLN-

LEal-4, b1LN-LEal-4 fromHomo sapiengallLN-LEal-4: NP_005550, aa: 1853,b1LN-

LEal-4: NP_002282, aa: 2309) were cloned into a modified pCEP vector with ateihinal
doubleStrepll-tag. Net4DC from Mus musculugNP_067295, aa: 2062) was cloned into a
modified pCEP vector with an-Merminal octahistidine (Hig) tag or with an Neerminal double
Strepll-tag. HEK293 cells were stably transfected followed by screening for subclones with a
high level of protein expression. NeDC, Net4FL, gLLN-LEal-4, alLN-LEal-4, andb1LN-
LEal-4 were puriied by streptactisepharose (IBA) and NefdC by metalaffinity
chromatography using nickel TALON beads (Clontech) followed by the removal of the double
Strepll-tag and His-tag by thrombin digestion. The purified proteins were then dialyzed against
1 x PBS.Affinity purified proteins were further processed by séxelusion chromatography
(SEC) in TBS buffer (50 mM TrsiICl, pH 7.5; 200 mM NaCl) on a Superdex 200 column using
the AKTA FPLC system (GE Healthcare Life Sciences USA) equipped with UV ainserba
detector and UNICORN v5.11 software as previously described. The complex efiNgt4dN-

LEal-4 and Net4ee CglLN-LEal-4 was purified using SEC by mixing the peak fractions for
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individual species. Protein concentrations were measured using extinctftoient and

molecular weight values derived from the ProtParam wtfldyailable on the Ex®Sy servet”,

Design of chimeric constructs and siieected mutagenesis

To design Net4 containing Lgd 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 langinsequences (laminii.:

NP_034813 The following constructs were amplified, cloned (with atelNminal doublestrep
2-tag), verified by sequencing, expressed, and purified: Net4EN2 - glLEa34 (Net4 aa: 20
394 fused to laminigl aa: 396492), Net4LNLE1 - glLEa24 (Net4 aa: 2B31 fused to
laminingl aa: 340492),glLN-LEal- Net4LE23Y/, (Laminin gl aa: 44339 fused to Net4 aa:
332462), and NetC - N-term agrin (NP_067295, aa:-262, E195A, R199A, fused to
NP_067617, aa: 383164). Furthermore, the following mutated Net4 moleswere generated:
Net4-FL: (NP_067295, aa: 2628, E195AR199A), NetDCELARINAGKAPGA: (NP 067295, aa:
20-462, E195A, R199A, anD281KAPGAZ285), NetdDCEL®ARIOA (NP 067295, aa: 2062,
E195A, R199A, and281KAPGA285), and NetDCEIOARI®OA N-term agrin (NP_067295, aa:
20-462, E195A, R199A, fused to NP_067617, aa: 384). All produced proteins are shown in

Appendix 1, Figure I-11.
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Structure determination of Net4

Net4-DC was applied to a Superdex 200 SEC column (GE Healthcare) equiliwttiesD
mMTris/TrissHCI, pH 7.5, 0.2 M NaCl at room temperature and the collected peak fractions
were immediately concentrated to 1.2 mg'mhd used for crystallizatioNet4-DC crystals

were grown by hangirdrop vapour diffusion at 293 K by mixing 2 |df protein solution, 1.6

pl of reservoir solution (20% PEG3350, 0.2 M calcium acetate, and 0.1 M sodium cacodylate pH
6.5), and 0.4 pl of 1 M NDSR56 from the Hampton HR228 additive screen (Hampton
Research). Crystals appeared after 1 week and wekedsoamother liquor containing 10%

ethylene glycol for 8.0 min before flash freezing in liquid nitrogen. Diffraction data was
collectedonaRigakuMM O 7HF (&=1.54178j) at 100 K. The
and scaled with the HKL2000 suite. Tileases were determined by molecular replacement

using a polyserine laminin homology model (PDBRAQS®) from Swissmodel in PhasérThe

model was built and refined using Ctpthe Phenix Refine and Autobuild progra&fsind

Refmaé® 0

Octet binding studies

Binding of Net4 or Netl to DCC, neogenin, and UNC5H2 was analyzed by biolayer
interferometry using the Octet RED96 system (Pall ForteBio). RecombinararhDCC/Fc,
mouse neogenin/Fc, and rat UNC5H2/Fc chimera were obtained froifeBime. 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-9&Il microtiter plates at 30°C with athl sensor agitation at 1000
rom. Fc chimera proteins (2 pug Miwere loaded onto artiuman 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 buffeAssociation 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-apacific binding. Binding curves were analyzed

by Octet Usesoftware (ForteBio). Three independent technical replicates were performed.

Microscale thermophoresis binding assay

Binding of the labeled Laminigl short arm fragmeng{LN-LEal-4) to Net4 variants and its
respective mutants were measured using nealeghermophoresis. 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 nMgifLN-LEal-4 in the assay buffer (50 mM T¥¢H&Cl, pH

7.4, 150 mM NaCl, 2 mM Cagsupplemented 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 NP1K5 values were

calculated from independent technittgplicate 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 describedAppeeadix 1,

Figure F9b andthe laminin polymer disruption say set up is described in tAppendix 1,

Figure F9c. Mouse laminin 111 (SigmaAldrich, Germany) was diluted to 0.35 pM in 50 mM
Tis-HCI, pH 7.4; 150 mM NacCl; 0.1% TriteK100; 1mM CaC] and incubated at 37°C for 3 h
to polymerize. Afterwards, polymeridéaminin was centrifuged (10,000 g; 15 min) to separate
formed laminin polymer from nepolymeric laminin. Different proteins (NetdC, Net4
DCE19AR19A \were added at a concentration of 2.1 uM respectively to the laminin polymer at
37°C foranadditioral 3 h. Samples were centrifuged and all three fractions (supernatant (S),
supernatant+ (S+), pellet+ (P+)) were analyzed by-8B&E 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 Dulbeccods
Biological), neuregulin (0.5 pg m| Sigma), forskalin (0.2 pg m| Sigma) and penicillin

streptomycin. Cells at passageZ2were seeded onto-2¢ell dishes (Sigma) and incubated

with collagen 1V, nidogefl, and different laminin constructs. Additionally, cells were treated

with 28-fold excess compared to laminin of N&t#, Net4FLEL95ARI®A5t 3PC for 1 h.

Schwann cells were rinsed with phospHaiéfered saline (PBS) and fixed in 3%
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paraformaldehyde for 20 minutes followed by blocking with 5% goat serum in PBS overnight at
4°C. Cels were incubated with aAtminingl (1:200, Millipore, MAB1920) and antiollagen

IV (10 pg/mL, Millipore, AB756P) at room temperature for 1 h. Alexa Fluor 647 goat anti
mouse and Alexa Fluor 488 goat aratbbit secondary antibodies (Molecular Proles)e used

at 1: 100 and c ouianingineg-phanylimdoldDigitai itndges &fqrotéin
immunofluorescene levels were recorded with IPLAB 3.5 software (S¢esalgnd quantified

with Imagel.Validation information for commercial antibodiesagailable on the

manuf act ur Al exgerimergsonvere pedosmed in groups of five independent cultures

and repeated at least twice.

Neurite outgrowth assay

Olfactory bulb (OB) explants were isolated from rat embryos BX519 Embryos at E15 we
collecedfrom apregnant Sprague Dawley female r&B explants were embedded in Collagen

| isolated from rat tail and cultured with 28 nM of Nété or Net4FLELI®ARI®OAfgr 24 h,

Explants were then fixed in 4% PFA at room temperature for 1h antepbilized with PBST

(PBS, 0.1% TritonX100) 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 Tujl antibody, 1/500 (babco, MMS435P) dilute®@BST 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. Explargt were imaged withraeAxiovert200Mlight microscope4eisy.
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Neurite and explant area were analysed with FIJI in order to determine neurite density (neurite
area/explant areayalidation information for commercial antibodies is available on the
manuf act ur Al exgerimegrsonere pedosmed in groups of five independent cultures

and repeated at least twice.

Cell culture

HEK293 EBNA cells as well as the mouse melanomaBlL@ell line were obtained from
ATCC. Human dermal microvascular endothelial cells (HDMEC) amdadn lymphatic
endothelial cells (HDLELwere obtained from Promocedfiuman umbilical vain endothelial
cells (HUVEC) from Lonza. The endothelial cells were cultured in Vasculife VEGF

Medium Complete Kit (Cell Systems) according to the manufacturestigtions. The mouse
melanoma cell line (HCMel12) was kindly provided by T. Tiiting (University of Magdetiurg)
The mouse melanoma cell lines HCMel12 andB16s well as HEK293 EBNA cells were
cultured in Dulbeco’s Modified Eagle Medium (Gibco) supplemented with 10% fetal bovine
serum (FBS). Pericytlike vascular cells (PVCs) were isolated from meninigi of the Anxa5
LacZ reporter mouse strdmPVCs were cultured in DMEM supplemented with 10% FCS and

used at passages-28.
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Tubelike formation assay

Cells wereseeded at a density of 25,000 cells per well onto chamber slides (Labtek) or ibidi
slides (ibidi) previously coated at 37AC with
States) for 30 min to allow polymerization. For the tube formation assay dibated 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 addéethe concentrations indicated and in terms of

endothelial cells treatment PDGF as well as VEGF (Biomol) was added at final concentrations of

10 ng mft. Tube formation was documented by brifjatd microscopy using a Nikon Eclipse

TE200GU microscopeln 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.

Threedimensional culture in caben | matrix

Endothelial and pericytike cells (HUVECs/PVCs) were ecultured in 2% collagen | gel as
described previousH. Cultures were incubated in ECGM2 medium supplemented with PDGF
BB and VEGF (10 ng il each) for 6 days. Recombinant Nét4 andNet4-FLEI95ARI®Ayere
added to the 3D gel solution at indicated concentration. Medium (supplemented withRBE)GF
VEGF, and Net4 L or Net4FLEI9AR199 was replaced every 48 h. Samples were fixed with

Dent 6s fixative and i mmunostai neddlkiodgiftcol | age
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from U. Mayer, University of East Anglia), and human CD31 (555444, BD Biosciéhdas)A

was stained by Hoechst 33258. Overview pictures were taken from each sample by using a Zeiss
Axioplan microscoperad 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
leastthree timesValidation information for théaminin gl antibody is presented in the work of

Mayer et., afb.

Chick Chorioallantoic Membrane angiogenesis assay

Theex ovoculture of the chicken embryos was adapted from AuerbacH®Balefly, fertilized
Ross chicken eggs (Wuthri&@riterei 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 th same conditions for 6 more days. On day 9, the PEG hydrogels containing no
protein and different proteins (NeFL, Net4FLE1%ARI9 \were placed on the surface of the
Chick Chorioallantoic Membrane (CAM). 15 uL PEG hydrogels were formed by Factar XIII
catalyzed crosinking of two &arm PEG components-BEQ GIn and 8PEG MMPsensitivd

Lys) in 50 mM Tris pH 7.6, 50 mM Cagluffer to a final PEG concentration of 2% (w/v). Each
hydrogel contained 4.25 pg of recombinant NEt4 or Net4FLE9SAR19A which were added to
the hydrogel mixture before polymerization. After 48 h of treatment, 100 pl of 2.5% FITC

dextran (MW 20,000, SigmaAldrich, Switzerland) in 0.9% NacCl solution were injected



82

intravenously in the CAM. The vasculature was visualized lwrdéiscence 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 Imaga® soft

(ImageJ 1.48http://imagej.nih.goy/using a script based on the quantification method developed

by Blacher et af’. Thebackground of each image was evenedamat the contrast enhanced.

Then theltireshold was adjusted manualbydiscriminate 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 sttuies. ROIs were set manually to exclude seamaler

and highefranking 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 determie 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% pai@maldehyde 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 piraembedding. Tissue sections of 4 um were cut with a

microtome and mounted on glass slides for hematoxylin and eosin staining.


http://imagej.nih.gov/

83

Transmission electron microscopy analyses of CAM capillaries

After live imaging, CAMs were fixed with 2.5% glutaraldehydefféred with 0.1M sodium
cacodylate, pH 7.4, 540 mOsrby applying the solution both on top and beneath the CAM
membranes. They were pdsted in 1% OsQ (0.1M sodiumcacodylate, pH 7.4, 340 mOsm),
dehydrated in ethanol, and embedded in Epon 812 (FlulahsB Switzerland)Semithin

sections were prepared, stained with toluidine blue, and analyzed with a light mict&&tope
Representative areas were selected and further imaged by transmission electron microscopy.

Tissue samples from groups of three of thnelependent 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 melanonia For tumor transplantation 2 x %€ells in 100 pl 1 x PBS were
injected intracutaneously into the flanks of C57BL/6 mice (fenmede5, 8weeks 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 uM of mouse albumin (ctrl),
Net4DC, Net4FL, and NetdFLE95AROAt0r ten consedive 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.

Statistcs

Statistical analysis was performed using the GraphPad Prism software (GraphPad Prism 5.00).
The two sided-test was used for statistical analysis, statistical analyses of the Schwann cell
assay was performed using the -aveey Anova followed by a pairwe 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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Pref ace

Although X-ray diffraction yields static images of a crystallized photit can give insight into

the structural reorganizations that accompany macromolecular function. In the original

rhodocetin structure, the 4 subunits are in a cruciform arrangement, hufsthdo U

heterodimers have distinct targets and must dissociate for these interactions to occur. The crystal
structure of the heterodimer of rhodocetin in complex with the VWF A domaitbintegrin

reveals that the snake venom protein undergoes dramatigmatifanal changes to bind its

target and block the blood clotting response.

Aut hor Contri butions

Rhodocetin and its complexed were isolated and purified by Johannes A. Eble, who also
performed the binding assays and titration curves. Simone Karrastdllagd the RQd-a2A

complex, and George L. Orriss collected the diffraction data. Matthew McDougall with J6rg
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Stetefeld and Markus Meier evaluated the structural data. Stephan Niland and Benjamin
Johanningmeier carried out the molecular biological cgsiteps and set up the expression and
purification of thea2A mutants. Augusto Martins Lima, along with Mahacia EstvacCosta
helped with the purification ai2A mutants and with the chemical modification of .Faottfried
Pohlentz indentified the @ppe of IIG5 by mass spectrometry. The manuscript was prepared by

Matthew McDougallGeorge L. Orriss)org Stetefeldand Johannes A. Eble.

Abstract

The collagen binding integricb1 plays a crucial role in hemostasis, fibrosis, and cancer
progressioramongst others. It is specifically inhibited by rhodocetin (RC):t@p€ lectin
related protein (CLRP) from the Malayan pit vip€a{loselasma rhodostoh&enom. The
structure of RC alone reveals a heterotetramer arranged_hfaads Subunit in a arciform
shape. RC specifically binds to the collagen bindirgofnain of the integri2 subunit,
thereby blocking collagen induced platelet aggregation. However, until now the molecular basis
for this interaction has remained unclear. Here we presenidtexular structure of the RCi
LRA complex solved to 3.0 A resolutio@ur findings showthat rhodocetin undergoes a
dramatic quaternary reassembly upon binding2fal integrin. Besidethe release of the nen
binding RQJ Bandem, the REsubunit interact with loop 2 of th&PA domain as result of a
dramatic conformational change. The IR&ibunit contacts the integrt®A domain in the

Acl osedd conformation t hr ou-géppedansbodies,l i x C. Co
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conformationally lockedRA domain mutants, point mutations within @A loop 2, and
chemical modifications of the purified toxin protein, this molecular structure of EA

complex explains the inhibitory mechanism and specificity of RCEbL integrin.

Introducti on

Mostcellular processes depend on the formation of interactions between cells and the
extracellular matrix (ECM)Key facilitatos of these interactions atkeintegrins Theyconsist

of two subunitsa andb, each of which Famultiple isoform&2. The differentsubunit
compositionbetween integrindeterminsg their ligand binding specificity and fictionality.

Integrins are cell adhesion molecules, which are involved in a broad range of cell functions, such
as proliferation, differentiation, adhesion and migration. Defect or dysfur@itiotegrins, in

particular ofa2bl integrin a prominentollagen binding receptaf many cell typesand the

only collage binding integrin on platelétsnay affect vascular development and angiogenesis
epithelial cell differentiatiof) wound repair and fibrosisinflammatior§*°, cancer and cancer
therapy®, as well as collageimduced platelet activatiohemostasis and thrombosts

Thereforea2b1l integrinhas become a prominent target in drug reséatth

The collagen binding site is located within #2A domain ofa2bl integrin which is
homologous to the Alomain ofvon Willebrand factory\WF). Thea2A domain contains a metal
ion that is required for collagen bindingiapart ofthe binding site forthe collagen triple

helix®®. In order tobind to collagen, tha2A domain undergoes a series of concerted
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conformational changes. In short, helix C unwints, Xitermini of helices 6 and 7

simultaneouslyurn away from each other and finally helix 7 moves downward against helix 1 to
givethecollagemi ndi ng Aopeno conformatevnowbhi édbl oserd
conformation® € This likely general mechanism of molecular movement of integritoiains

was subsequently confirmed by introducing a disulfide bridge into tHemain oftheintegrin

aL subunit such that this interconversion visdscked with the protein locked in eghthe

fopeno or Yiclosedo state

Integrin function can be blocked by twajor classes of snake venom proteins, the
disintegrind®!® and the Ctypelectin-related proteins (CLRPEFL. In contrast tahe disintegrins
which can target multiplstegrins,CLRPs specifically inhibian2b1 integrin activity®. The high
selectivity and affinity of these snake venom proteingirl integrin makes them ideal lead
compoundsdr drug developmeft?4. Current members of the CLRP family include the proteins
rhodocetin, EMS16, vixapatin, sochicefn lebeetin, flavocetin and rhinocefin®t. As more

CLRP protein structures become available clear that althougthe supramolecular structure
can vary fronthe basic heterodimer of EMS4@o the ring like &b)4 structures of flavocetin

and convulxid®33the underlying basic unis a heterodimer consisting tbfo subunits, usually
nameda andb, which dimerize via their @racteristic index finger loofs* Interestingly, in

the case ofherhodocetinheterotetrarar (abgd) structuré®, theab andgd subunits form two
heterodimeric pes 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 X a@a@iX],

integrin, and other platelet adhesion recepfcfs®. Among the latter, the vWFeceptorand the
two collagen binding receptqrglycoproteinGPIV anda2bl integrin are targets for snake
venomCLRPs thereby inhibiting or activating platelet activation and aggregtidn
Consequently, theseake venom proteins severely interfere with hemosfa8isHowever, the
nature of the molecular mechanism by which CLRPs inhi#fitl integrin and by which CLRPs

implement specificity towards2bl integrin has remained undetermined.

Rhodocetin (RC) is a CLRP of the Malayan pit vigalloselasma rhodostonftd and, bgether
with EMS16 fromEchis multisquamatyshey arethe only known CLRPamily members
proven to target tha2A domainfor which atomic resolution structures are avail&fe Unlike
thea2bl integrincollagen ineraction which is metal ion dependent, the binding of R@2b1
integrin does not require a metal jovhich implies a different mechanism of actiéma
previous study, we demonstrated that theaB&l heterotetramebindsto a2b1 integrin before
releasng theab subunit (R@b) from the comple¥. In the current work, wpresent the
molecula structure of thiRCgd-a2A domaincomplex and unravehe moleculamechanisnof
this interactionThe RC binding site overlaps with that of collageludingthe key metal ion
site, thereby sterically blocking collagen bindiiMpreover, acomparison with the previously
determined rhodocetin structé?eeveals thatin addition to theelease of th&Cab subunit the
RCgd subunit undergoes a major conformational change upon integrin bindioly causes it to

snap into a bent conformation like a mouse.tmaghis final stateRCgd holdsthea2A domain
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int h e A cdnformatiahallostericallyunable to bind to collagefhe result is a highly

efficient inhibition ofa2bl integrinmediatedattachment andignaling in cells and platelets.
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Resul t s

Purification and characterization of tR€gd-a2A complex

To isolate rhodocetin (RGh complex with the integria2A domain, recombinard2A domain
was immobilized to Ni Sepharose resin via itssHiag). Thereafter, a RGch protein fraction of
Calloselasma rhodostomeenom was applied to this column, resulting in the formation of the
complex ofa2A with tetrameric RC (R&bgd) which still bound to the column. Treatment with
5 mM EGTA resulted in the dissociation of #@2A domain bound RC tetramer and the release
of RCab from the complex, which was eluted from the column. In contrasidR&nained

firmly attached to the column bou@A (Figure 4-1). This RQd-a2A complex was then

eluted with a linear gradient of imidazoledure 4-1a). Its His-tag was cleaved by
trypsinolysis and the exceaA was removed by size exclusion chromatography. The close
physical contact of both partners within thedd@2A complex was proven by creiekage

with 0.5 mM bis(sulfosuccinimidyl)suberate (B$Figure 4-1b).
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Figure4-1. Isolation of the rhodocetin LRA complex on Ni Sepharose column.

(a) Elution profile of the Ni Sepharose affinity chromatography column. ThgdRQA
complex was formed on a Ni Sepharose column by sulesély loading the oligo Hitagged
a2A domain and R€@€bgd. RCab and the R@d-a2A complex were eluted with EGTA and an
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imidazole gradient, respectivel0)(SDSPAGE of el uate fractions (I
Ai mi dazole eluateodo)gontnr cclo npra?thAesidrosna(olna rsesh dft
Ar hodgddc ket i mnrddeding and reducing conditions and stained with silver. Note that

the trypsintrimmed R@d-a2A complex showed a slightly reduced size ofd& domain due

to the proteolytic removalfdhe His-tag. The physical contact of -®uted rhodocetigd and

a2A domain was analytically proven by credisskage with 0.5 mM B%( | a n émidazole
eluateo) .

a
e

Molecular structure of the rhodocetid-a2A complex

The crystal structure of the R&a2A complex was determined at 3.0 A resolution by molecular
replacement using the previously determinedB@l structure (pdb:3GPR) as a search template

(Figure 4-2). The R@d-a2A structure clearly showed that the &Gubunit bound to the top of

thea2A domain directly above the metal idnnding site thereby sterically blocking access of

collagen Figure 4-2a). Both chains of R@ are typical CLRP folds, characterized by a globular

core domain intetinked mutually by extended index finger loops. Thel@main ofa2bl
integrinassumed the Acl osedo Eshaetfflankedthlaythe-felices8,ilt h it s
7 and 4, 5, 6 on either side. The crystal structures contains gkd&Z& complexes per

asymmetric unitAppendix 2, Figurell -1)
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Figure4-2The mol ecul ar s-URActompl ekx.the RColi

(a) Molecular structure of the Rf3-a2A complexreveals that R@l binds on the top and lateral
face of thea2A domain. The R@ subunit covers the collagen binding crevice ofdRé
domain, with its long axis perpendicular to the collagen ligand intera¢hipbetailed view of
the interaction site between the g&hain and looj2 of a2A. (c,d) Two different views of the
interadion sitebetween the R@&€subunitand helix C oa2A. Thea2A domain is shown as a
transparent surface ia)(thru d), with the key binding residues labelled.

We determined the total interaction surface betweegdR@da2A in the complex to b&65 A2,

There were two interface areas on the surface @fiRCcontact witha2A (Figure 4-2b-d).
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First, the larger interaction si{@15 A%) consisted of two adjacent patches of three residues each
on the R@ subunit, K59Y60-K101 (Figure 4-2¢), and R92Y94-K114 (Figure 4-2d), which

were largely hydrophilic. Second, a smaller hydrophobic(886 A?) on the R@ subunit

consisted of the triad LBR109W110 that interacted with helix 3, helix 4 and loop 22A

(Figure 4-2b).

Two complementary contact surfacestbea2A domainextended down from helix C and the
metal iorbinding site (top face) to tHeop 2 sequence®*QYGGD?! (lateral fac to form an
almost contiguous interface which interacted with thedtibunit Thetop faceof a2A was
approached by theCd subunitwith its larger two patches containing interfaBeg(re 4-2c, d).
The first patch comprised residues K59, Y60, and K101 af iRtéracting with residues D292
and T293 together with the adjacent helix G2A. The side chais of K59 and Y60 were
countered by complementary carboxylate and hydroxyl groups of D292 and Ta28 ,of/hile
theamino group of K101 pointed towards the backbone carbonyl groups attéhmi@us of

helix C. The second patch had the side chains of R®2, and K114 of the R€subunit

pointing into the collagen binding crevicea?A. The long side chain of K114 of this
protuberance sat at the entrance to the divalent cation bindir{gigitee 4-2d) and was
positioned 7.7 A above the magnesium ioneweas 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 a2A.
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The second contact surface is khep 2 sequenceZ'QYGGD?*? at the lateral face Gf2A

which inteacted with the amino acid side chaofd .66, R109,andW110 ofthe RCg subunit
(Figure 4-2b). For example,tte aromatic indole ring &v110contributed to a hydrophobic
surface and interacted with the backbone chain of the glycine residues G217 aridgefis
with the adjacent aspartatesidue D219 within loog of thea2A domain(Figure 4-2b). In
addition,L66 of RCgcontacted N154 of loop of thea2A domain. The final RGresidue of the
triad R109 made contacts to the S214 side chaa2af Takentogether, the hydrophobic patch
of the R@ subunit predominantly interacted with the Idpequence®*QYGGD?*® of a2A.

This loop2 sequence immediately preceded residue T221 which was part of the metal ion
binding site ofa2A. A key residue with regar the interface between the Biubunit and the
a2A domain in the R@-a2A complex was the loop D219 ofa2A as it was part of both RC
contact sites. In addition, it connected the I@gequence with the collagen binding crevice and
the helix C ofa2A. The presence of helix C in the BEa2A complex structure indicated that
RChadtrappedt®@ A domain in the ficlosedod conformatic

collagert®.

Rhodocetin R@d binds theficlosed conformation oa2A

To test whether RC exclusively binds the closed conformatiar2Af we generated two
conformationally distinct mutants, in which theddmain was held ba disulfide bridge

between K168€E318C and K168&\325C in the open and closed conformation, respectively
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(Appendix 2, Figure 11-2)1741 Before introducing cysteine residues at these positions, it was
necessary to replace the naturally occurring original cysteine residuesitadn 150 and 270

with alanines. No change in binding affinity to rhodocetin was observed fa2his

C150A,C270A double mutant (data not shown). Into this cystein@fAedomain K168 of a-

helix 1was replaced by a cysteinesiduewith a seconaysteine residel introduced int@-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 occurreda@ifeshifts between the
Aopeno and matibnovassbbakedcTous,th@ A domai n was hel d i n
(KI6BGE318C) and 0 eAB26G) eodformatidd, Iedc@ively. TARRA mutant

with the fAopeno conf oFKigora4-3a)pwhile R@ bindihgotieound t o
Acl osedo wbaldA (dgtvatue:t0.21otrD.03 nMyas similar to that obtained with
wild-typea2A (Kg-value: 0.29 £ 0.02M). Our structural findings revealed that the sidechain

moiety of Lys101 is oriented towards the negatively charged dipole of helix C, stabiliging th

closed conformation of th@2A domain Figure 4-3b)
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Figure4-3.Rhodocetin recognizes the ficlosedo confor

of the integrinCRA domain.

(a) Titration of differenta2A conformations with RC. The disulfidecked conformation
mutantsa2A open A ) anda2A closed ( ), were immobilized to microtiter plates at 10 pg/ml.
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Along with immobilizeda2A wild type form ¢ ), they were titrated with R&bgd. Bound

rhodocetin was figd and quantified with a rabbit R&htiserum by ELISA with a photometric

signal at 405 nm. The Qb values were corrected fa2A domain free, BSA blocked controls.

The data presented here are taken from three independent experiments, with each méasuremen
made in duplicate. Means + S.D. (n=6) are shown. Theakies for RC binding to the disulfide

locked conformation mutants and the wild type (wt) forra®#A are indicated at the titration
curves. Both fAopeno and fcl diffeecdtdyvaueswwhemr mat i on
compared to the one of the wild type form (indicated by *, p<0.05, Studerty.(b) The

crystal structure ofthe R3-a2 A compl ex reveals that athe f#ficl os
domain with its characteristic helix C isbtlized by the bound Rfsubunit. A stereo view of

the SigmaA weighted 2FeFc map at 3.0A resolution is shown atslédntour level.

The epitope of the anoclonal antibod I1IG5 is unmasked in the Rf3-a2A

complex

Among several monoclonal antibodiegsed against the REsubunif®, I11G5 belonged to the
subgroup that only recognized épitope within R@d after its complexation wita2A and the
subsequent release of the &Csubunit(Figure 4-4a). This became evident when the antibody
was immobilized and its ability to capture &iad, RCgd-a2A, or RQ out from solution was
probed. 111G gave a binding signal with the @a2A complex and R@, but not with the RC
tetramer alone. Of the two rhodocetin species capable of binding the 11IG5 antibodyghe RC
subunit gave the highest binding sigriéib(ure 4-4a). The most probable explanati for these
results was that the 111IG5 epitope was fully accessible iggR@d so we observed what
approximates the maximal binding. At the other extreme, we had no bindingadig®&s the

epitope was entirely masked in the tetramer. Between thesextsgmes was the Rfg-a2A
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complex, where the epitope is sufficiently exposed for I1IG5 to bind but not to the same extent as

for RCgd due to the nature of the R&a2A interaction.

The sequence epitope of [[IG5 was isolated from a tryptic digestion abgDy affinity
chromatography on a llIG5 column and subsequently by reversedidRas2 Mass
spectrometry identified thgchain sequence 9406 as the IG5 epitop@ppendix 2, Figure
II'-3), which was mainly located within the index finger loop ofgREigure 4-4b). This result
can be clearly explained by comparing the nativeRfd structure with the newly determined
RCgd-a2A complexstructure. The llIG5 epitope was covered by theaBGubunit in the
RCabqd structure and only became accessible upon foomaf the R@d-a2A complex.
Moreover, the index finger loop of the BGnderwent a major conformational change upon

formation of the R@d-a2A complex, leading to increased accessibility of the 111G5 epitope.
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Figure4-4.The monoclonal antibody 11IG5 recognizes its epitope within the 0unit in the

RCo #PA complex but not in the tetrameric R® o U

(a) The monoclmal antibod 111G5 recognized an epitope of the BS€ubunit, which is fully
accessiblan the RQd subunit { ), partially accessible in the R&a2A complex (light gray
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p ) and completely covered in the Riyd tetramer (dark graf). IG5 was immobilized onto
microtiter plates and titrated with RGgd, RCgd-a2A complex or R@d 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 struaire of the CLRHFold typical of all four
rhodocetin chains. Both tlgeandd subunits of RC are very similar §&RMSD 0.8A) and

feature a core structure with tvashelices (H1 and H2) flanked by two antiparabetheets S1

S2-56 and S34-S5. Theamino ad residues V944R1090f the 11IG5 epitopeof RCgare

highlighted

Conformational changes within tiRCgd-dimer aftera2A binding

Thedramaticconformationathanges that took plaeéthin the RCgd subunitwerereadily
apparent upon comparirtige moleculastructures of the Rgi-a2A complexwith the ndive
RCabgd tetramer Figure 4-5). Thebinding face of the R&bgd changes from a flat surface into
concave binding surface to embraceal2& domain(Figure 4-5a, b). This was implemented
via (i) a rigid body movement of both core segments of clggamsld, (ii) a dramatic re
orientation of the indefinger loop of theg-subunit, which harbors the IG5 epitope, and

consequently (iii) local rerientations of key Iniding residues in both RC subuniisgure 4-5c,

d).
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Figure4-5. Conformational changes of RQl  u pAobimding.

Molecular surface presentatishowing thedramaticglobal conformational changewhich ocar
within thegd subunitbetweenthe RGbgd tetramer keft panels: a, ¢, §andthe RG@d-a2A
complex (ight panels: b, d, f). The RC subunitgandd and their conformations are color
coded redd@ and greend) for RCabgd and blue ¢§) and oranged) for the R@d-a2A complex,
respectively. d) and p) Whereas the prospective binding face towa®8a (gray pentagon
approaching from the bottom b) was rather flat ilRCabgd (a), RC adopted a concave surface
towardsa2A upon formation of the R@gl-a2A complex(b). In the RGbgd tetramer ¢€) the
loopd - coreginterface is stabilized by the three tryptophan residues §/1481d and W7&l
which form a stabilizing butterfly structure together with a salt bridge betweethdR@2D74)
and a disulfide linkbetween C83and C74l which isdepicted as a dotted surface) (h RCgd-
a2A, the index finger loop from suburdimoves towardghe antiparallel sheet S34-S5 of
subunitg. The disulfide bridge between Ggdnd C74l is unaffected, but the stabilizing therfly
is destroyed and replaced by a hydrophobic cluster ofd)\W¥89d and Y11& In addition, a
new salt bridge betwedd75gandE77d and D81 is formedinstead of the broken salt bridge
between R92and D74} (e, f) A detailed view of the loog-cored interaction as observed in
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RCabad (e) and R@d-a2A complex f), respectively. In both cases the interface is highly
conserved and does not alter its conformation upon the transition fraind®@ RCyd-a2A
complex. The index finger loop residues of@g@€main oriented towards the same residues of
the bridge element between both helix 1 and helix 2 of thetdeee.

The rigid body arrangement can best be described as a flipping of helices 1 and 2 between the
RCgand R@ subunits whilst maintaining thersa 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 resulthetwo core domains flipped overith respect to each othand beh

t owar ds domanto fothPakoncave bindingufacesuch that the R@ residues involved

in a2A binding were brought into the correct orientation for bindingat®& domain.

The apicaknds of the index finger loops were in close contact with the CLRP core element of
the opposite subunit, forming the two interfaces: Iggpred and loopd-coreg Whereas the
former hardly changed-{gure 4-5e, ), the latter showed a dramatic shiftlin the R@d-a2A
complex as compared to the &ad tetramer Figure 4-5c¢, d). In the loopd-coreginterface of
RCabgd tetramer Figure 4-5¢) atryptophancore composed of threesidus W76, W71d, and
W1l6egtogether with a salt bridge between R%2d D74 stabilized the index finger loagf the
RCd subunitand oriented it towards tHCg subunitcore sequence connaxg helices 1 and 2.
However, n theRCgd-a2A complex the salt bridge between R®and D74 found in the

RCabgd tetramer Figure 4-5c) was broken. R32now formed a hydrogen bond to the main

chain of D219 in th@2A loop 2 and a new salt bridge was observed betweelg &b E7d
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and D81 (Figure 4-5d). In addition, the R@subunitindex fingerloop became&mbedded
within the antipara#ll sheet S&4-S5 of theRCg coresuch thathe indole moiety ofW76d now

madevan der Waals contacts Q105yand Y118 (see inseFigure 4-5c, d).

As a result ofiese enormous conformational changes, especially at the mopginterface,
the rigid cores of thewo RCyd subunits swung towards each other by abot@0around a
hinge located in the center of the index finger swap domain between the cores. This global
movement had two major consequences. First, as thes&tinitsnapped into its new position
the three key residues of §(.66, R109, W110) underwent a local conformational change that
transformed them into an orientation that is competerda2éy binding Figure 4-6a). Second,

as a consequence of the index fingepléracking the movement of the B&ubunit, the contact
site between the RCand R@subunits changed its threémensional structure due to the
formation of the new salt bridge between BaBdE77d and D81 (Figure 4-5d).

Consequently, the previous irfisce between the RBubunit (K'EQQCY) and the R@

subunit (N“KQQR’®) became sterically blocké& The movement of thRCg subunitwould also
produce steric clashes withhe RG subunit and it islikely the combination of these two events
which resulted in the dissociation of the &LCsubunit from its R@d counterpart. In contrast,
the contact site within the RIGubunit would allow integrin binding irrespective of the
conformational change of RC, as their local positions and orientations remained almost
unchangedKigure 4-6b). In fact, the distance betwe&'60d and Y94l within the RQ contact

sites only changed slightly from 21.7 A to 20.4 A (Fig. 6B), while their distances towardgyW110
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of the R@contact site were reduced from 47.5 A to 31 A and from 28.4 A to 18.6 A,
respectively when comparing the stiure of R@bgd and R@d-a2A complex Thisillustrates
how significant a reorgaration of the R@d is required to facilitate the formation of the ultimate

inhibitory RCgd-a2A complex.

Figure4-6. Anovervewo f t h e R Mimding residueR, @apicting the local

conformat onal changes 2Abindngh occur upon U

(a) A comparison of the R§subunit binding site (L66/R109/W110) between theaRGl
(purple) and R@d-a2A complex (blue) structures. Due to tjlebal movements within the
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index finger swapping domain that accompany the formation of tlgg-RZA complex, a local
repositioning of the keg2A interacting residues within RGakes place such that they adopt an
orientation that is compatible fa2A binding. ) A comparison between the two B8ubunit
binding sites (K59/Y60/K101 and R92/Y94/K114) between thaRg (yellow) and REd-

a2A complex (orange) structures. In contrast tagRAll the R@ residues involved ia2A

binding would be in aa2A campetent orientation in both the BBgd (yellow) and R@d-a2A
complex (orange) structures, with the exception of R92 which forms an internal salt bridge with
D74gin the RGbgd tetramer but interacts with D219 aPA in the R@d-a2A complex.

Interaction otthe R@ subunit with loop2 oA2A-domain is essential for RC

binding to the integrin

Unlike helix C, the docking site?S8QYGGD?'° did not change its conformation between the
floperd andficlosed conformation of th@2A domain. To analyze its role, we clesiged RC

binding toa2A with the monoclonal antibody JA202. Its epitope had previously been mapped to
the sequence QT8QY*2 and thus overlapped with the BSubunitdocking site. Anong

different antibodies against distinct epitopes withiA, JA202 was the only monoclonal

antibody which sterically inhibited RC bindingtteea2A domain in a dosdependent manner

(Figure 4-7a).

A comparison of integrim2 chaingdrom different specis showed a high interspecies homology
of the loop2 sequence,’ZQYGGD?*LT??! (Appendix 2, Figure 11-4). In contrast, this
sequence was absent indamains of other integria subunits, suggesting that it served as a
selective docking site for RC @2bl integrin Appendix 2, Figure 11-5). Therefore, we

replaced th@2A sequence B'QYGGDAL for the corresponding sequen¢&RGGRQof the
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alA-domain, and tested binding of RC to thdA-L22! mutant.Although thisa2A mutant was
still able to bind RCthebinding affinity was reduced as indicated by an increase dfdhalue
from 0.76+ 0.12 nM to 2.7Q 0.39 nM (Figure 4-7b). In parallel to thea2A-L221 mutant, we
exchanged residues in the lodphat interacted with RG={gure 4-7¢), specifically S214Y216,
D219 as well as the G217 and G218 that are conserved in both ir&égrimda2 loop2
sequences, to see which residues were functionally important for tgea28 binding. The
S214G and D219A mutants which are located at the outer edges @f ¢pup Ky 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 kg value of 1.98 + 0.64 nMHigure 4-7d, 8. In contrast, mutating either of the conserved
glycine residues of loop by generating GZK and G218L resulted in a complete loss of RC
binding Figure 4-7d). This result is in agreement with our structure findirkgguyre 4-7¢),

which showed that anything larger than a glycine at either position 217 or 218 would sterically
clash with the indie side chain o¥W110g. In addition, we chemically modified the solvent
exposedN110gof RC with 2nitro-phenylensulfenylchloride (NRSI), which introduced a

bulky 2-nitro-phenylensulfenyl group onto the indole side chain. The modifiédiOgis no
longerable to stack above the twtycines G217 and G2lé&using a loss dRC binding tathe

a2A domain(Figure 4-7f). Taken together, these results demonstrated that the interaction of
W110 of R@and the loo of a2A is highly specific and essential for trermhation of the high

affinity and inhibitory R@d-a2A complex.
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Figure4-7. L o o p 2A davkin is thedntekhction site for the R&ibunit.

(a) Loop2 of a2A is an additional binding site for R@ contains the epitope for the mAb

JA202 whichinhibits binding of RC to immobikeda2A. BoundRC was quantified by ELISA

and values weraormalized to nofinhibited contras. Oneset ofinhibition curves out of three
independenéxperimentsith each neasurement made in triplicate and thears + s.d.for each

data point shown(b) Thea2A loop 2 sequence was replaced with the homologous sequence
VGRGGRQ of integriral (@a2A L22! mutant). The bindingirrelevant antibody JA218 was
immobilizedto capturea2A wild-type (wt) anda2A-L22%. They were titrated with RC and

bound RC was quantified as ia)(One set ofitration curves oubf 4 independent experiments
each done in triplicates shownwith themears + s.d. indicatedThe a2A-L22! mutant (light

grayA) significantly reduceaffinity for RC compared to the wild type ( (p=0.0013, twe

tailed ttest) €) Stereo view of tha2A loop 2 sequence in contact with the €ntact site.

The SigmaA weighted 2FeFc mapis shown at 1.5 contou 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 b@pot shown). The indole side
chain of W11@ stacks directlyabove this dimple and interacts with the main chain of the two
glycine residuesd) Point mutation analysis of tr&2A loop 2 sequenc&*QYGGD?®, The

binding activity of these mutants for RC was tested aB)irBinding signals taken from at least
seven independent titration curves for each mutant were normalized to the saturation signal of
wild typea2A. Means + s.e.m. are shown for the mutaBtsof different colors) in comparison

to wild type () and thea2A-L22* mutant (light grayA). This analysis showed that the two
glycines at position 217 and 218 were key to thgdR&2A interaction as only mutations
abrogated2A binding. €) The Ky values of the looR point mutations for binding to RC as
derived from(d). At least seven titration curves were evaluated for each mutant. jMauUe€s

were pairwise compared to the ¥alue of the wild typ@2A domain in a tweailed Student’s-t

test. Significant difference (p<0.02) is asterisked {)Modification of ryptophan residues of
RCgd with 2-nitrophenylensulfenylchlorid (NREI) showed that W1ifis required fom2A

domain binding. The wells of a microtiter plate were coated with 10 pa@#ldomain and

titrated with RG@bad (, ), with nonmodified RQd (greenp ) and with R@d with chemically
modified W11@ (W-NPS, redy ) One representative out three independent titration experiments
done in duplicates is shown with the means + s.d. indicated.

Di scussi on

Our study reveals not only the interaction sites withthd®d its molecuar target, the integrin

a2A domain, but also the conformational chanted take plac&vithin the RCgd subunitupon



121

a2A binding and the relevance of the two contact sites waBis for RCgd binding. Moreover,
these data suggestnolecubr mechanism for the avid and selective interaction of this CLRP

and its target.

CLRP dimers recognize other target molecules, such as factor IX/X, anddibraain of vVWF

by forming a bay region with their joint index finger loop swap domain and twoifigrdore
domains. This concave face shapes the binding sites for clotting factors IX3fdn¢tithe
vWF-factor A-domairf®. Due to their importance in hemostasis, clotting factors and vVWF are
valid targets for CLRPs from snake venoms. Bitiscetin amibbetin interact with the vWHA1
domain without or together with the GPIb receptét*® These studies showed that thesmke
venom toxins caapproachthe A-domain from different orientatiofs*>¢ In yet another
orientation, EMS16 approached th2A domain ofa2bl integrin, which is homologous to
VWF-A1 domain, éongits top facadirectly above the metal binding site azallagenbinding
crevice thus preventing collagen from bindfiigEMS16 andRC are the twa2b1 integrin

binding CLRPs whose crystal structuredoththe unliganded and thmmplexedwith their

target Adomains have been resolved sd%&t AlthoughRC approached tha2A domain in a
similar orientation to EMS16, our data reveal tR&t, in contrast to any known CLRP
structuré’#>46 undergoes a dramatic conformational change to form a concave binding surface.
The heterodimeri€EMS16 did not alter its molecular structure ug@A binding’*’, as the
concave bhinding surface required &2A binding was already preformedhis difference in

mode ofa2A 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 fit@Edhd other
CLRPg&3048sing reversed phase chromatography performed in 0.1 % TFA solution, the RC
tetramer dissociated into its suburdts andgd*®. The R@d subunit alone was still able to bind
a2A and to blocka2b1 integrinmediated platelet aggregation specificillyonly when

applying a milder purification protocol could we obtain a stable RC tetramer and theaR&

complex whose different conformational structures are presented here.

Our crystal structure of the RE-a2A complexreveals a geometry of interaction similar to the
a2A bound EMS16, suggesting that #2b1 integrinblocking CLRPs may have a more
uniform binding mechanism than tk&/F binding CLRPsigure 4-8). Both CLRPs share the
same two contact sites within ta@A domain: the conformatiaily stableloop 2 sequence
(Figure 4-8¢) andthe helix C of thdiclosea conformation(Figure 4-8d). Helix C is recognized
by the structurally robust contact arealsf RCd subunitor the homologous EMS16 subuhit
(or B). Apartfrom slight variatiors of the K53 side chairand the loo2 Y216 side chain
(Figure 4-8d) adopting an alternate conformation to form a hydrophobic interaction witty L66
the structures of both complexes are almost identical in this rdgionr studiesthe role othe
loop 2 sequence®*QYGGD?*® wasreinforced by theA202antibody whose epitope overlaps
with this loop2 sequence and inhibited RC binding completely, presumably due to steric
hindrance by the bulky antibody. More subtly, recombinanoharge of the respective lo8p
sequence with the homologous sequence of integrishowed that the lodp sequencehanges
the affinity of the venom component towards the integ@rsubunit.Similar reductions in the

affinity of RC fora2A were also olerved with the loof2 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 onaB@& surface which is covered by W110 of
RCgsubunit. In the moleculatrsicture of the RGl-a2A 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 I@gequence of the integr@2A domain is
evolutionaryconserved between different animal species, especially the GG maotif at positions
217 and 218, but varies remarkably between other intagsirbunits. This suggests that
rhodocetin’s specificity is mediated by the integrihspecific loo2 sequence, as RC affects
a2bl integrin mediated platelet blockage in various potential preys, but does not affect
biological functions mediated by other integrins. Our conclusion, that this clustelggVRT)

and G217/G218 of tha@2A loop 2 sequence is a key to the gka2A 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 th@ loop
sequene 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

collager®, albeit not as close a contact as with thegyRC1.10 side chain.
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Figure4-8. A comparison of the RE{RA and EMS16 BRA binding interfaces.

(a, b) The A_RP folds of both homologous subunits of gfiGa) and EMS16@b (b) are highly
homologouswith many of the residues involved in th2A binding conserved between the two
proteins. These residues have been mapped onto the CLRP fold and color code(bfoeRC
and orange for thgandd subunis, respectivelyin (a)) and for EMS1§light blue andnagenta
for thea andb subunits respectivelyin (b)). The partneringresidues of tha2A domain
contacted by RC and EMS16 ax@or-coded inwhite and yellow,respectivelyThe same color
coding scheme is used throughout the figuredl A superposition of the key residuiesm
RCgEMS16 at the loo® binding site §) and of RGAVEMS16@ at the helix C binding sitel,
respectivelyona2A. The contact siteare largely conserved between dgg(EMS16b anda2A
although there are a couple of notable differences. For exab@@lef RCgcontacts Y216 of
a2A in addition to the N154 of loop observed for the corresponding 166 of EM&1B
addition, K59 of RQl forms a salt bridge to D292 aRA whereas in EMB the corresponding
K59 points towards helix C.
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Based on our findings we suggest the following mode of ackiguie 4-9) . RCUbol inter
with helix CoftheU2 A domain t hr ough t hteractRgrésidsesiaseu ni t , wl
already in binding competent orientation. Thi

consequence of t hd&Crdbtetgines changes donfdRn@tion suthlhat
RCUb di s s o c hetemtetrmmeficrassatgbCduged to this dissociation is the
reorgani zation of Leu66, ArglO0O9sequence Tr pl110 of
SPHQYGGD?®. Having established both interaction sites, ggfrmly binds toa2A and holds it
in the fAcl osedo bloakimgfcalagemabinding and antagomstically tyrning off
a2bl integrin signaling. After its release upon formation of the high affinitgdR&2b1

complex, the R&b subunit plays another important role in blocking GPlb and consequently
VWF induced plateleaggregatiof?. Moreover, our biochemical data showed that thalRC
subunit is significantly more soluble than thedd@Gubunitf®. Therefore, it likely acts as a
solubility enhancer to ensure that thedgdGubunit is delivered ta2bl integrin. Once R@ has
bound to its target and the RE subunit has been released, RC effectively shuts down the two
platelet receptorg2bl integrin and GPIb, thereby effectively blocking both collagen induced

and vVWF induced platelet activation and aggregation.
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Figure 4-9. Molecular mechanism of the RQLRA interaction.

As RCabgd binds toa2A in its ficlosed conformation it induces the conformational changfe
a2A from itsfioperd ficlosed conformationand thus shiftithe conformational equilibrium

(). This interaction is mediated via the conformationally robust iRtéraction site withn helix
C,whi ch i s o0nl gosemcoafgrmatidn od2A. Subsequenily, the index finger
loop of R@changes its conformatiomhich is accompanied by a global movement of both RC
core domains towards each other and by a release of thie 80unit (2). As the R&b subunit
diffuses away, this step is likely irreversible in nature. The global shape obfaR@ed forms a
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new bay region which embraca2A and locally leads to the repositioning of K&y residues,
which forms another binding competent interacting site igRCthea2A loop2 (3).

In summary, @omparison of the R@-a2A structure with th&€MS16a2A integrin complex’
shows thathe residues involved in the binding of RC and EMS1&2iel integrin are highly
conserved, whickBuggests that the binding site is conserved at least for these two snake venom
CLRPs even if the way by which it isrfoed is dramatically different. Unique to the formation
of the R@d-a2A complex are the substantial conformational changes in both bipdrtgers,
wherebythe two interaction sites between RC @&l have acommoncharacteristic feature. At
both interaction sites, a conformatidependent binding sita{helix C ofa2A, and the RG
chain contact site) interacts with a structurally robosintersite (RQI chain contact site, and
loop 2 sequence®QYGGD?®, respectively)The conformational changesemutually

induced upon R@\-a2bl1l complex formation suggest) a cooperative effect of CLRP and
target receptor, whicis responsible for theigh affinity and specificity of the interaction. The
proposed molecular mechanism and the key conteptsted herenay be instrumental for the

design of novea2bl integrin inhibitors.
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Tabl es

Table4-1. Data and refinement statistics of thedREPRA crystal structure

Data Collection RCy8-a2A complex
L (A) 0.97949
Space Group P4,
Cell dimensions
a, b, c(A) 130.763, 130.763, 251.351
a, B,y (°) 90.00, 90.00, 90.00
No. reflections? 438487 (22219)
Resolution (A) 19.87 -3.01 (3.06 - 3.01)
Rinerce 0.096 (0.607)
I/ol 11.9(2.3)
Completeness (%) 99.3(93.2)
Multiplicity 5.3(5.2)
Refinement
Royvoric/Reee 0.2182/0.2715
No. atoms
Protein 20614
Ligand/Ion 83
Water 254
B-factor (A2)
Protein/Water 79.17/63.74
R.m.s. deviations
Bond lengths (A) 0.007
Bond angles (°) 0.669

aStatistics of the highest resolution shell are shown in parenthesis
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Materi als and Met hods

Materials

RhodocetinRC) and itsgd-subunit were isolated as previously descrifetiThe monoclonal
antibodies (mAbs) against rhodocetin, among them 11IG5 from mouse and IC3 from rat, were
generated and isolated as previougcribetf. The murine mAbs against the huna®A

domain, JA202 and JA218 were a generous gift from Dkwalt (formerly University of
Manchester, UK¥4%2 PCRprimers were obtained from Eurofins (Eurofins Genomics, Germany)
and are written in 53" direction. Restriction enzymasd molecular biology reagents were from
Thermo Fisher Scientific (Germany) unless otherwise stated. Cloning products and expression

vectors were validated by DNA sequencing (Eurofins Genomics).

Tryptophanspecific chemical modification d&RC

RC, dissolvd at 110 puM in 30% acetic acid solution was treated with 9.2 mM 2
nitrophenylensulfenylchloride (NPSI, TCI Chemicals, Germany) or left untreated for 1 h at
20°C in the dark according™9 subsequently dialyzed against 0.1 % trifluoroacetic acid (RP
solution) and separated on a Supercosil C18 column (Supelco, Germany) by reversed phase

chromatography as descriB&drhe RQ@d containing fractions were pooled, lyophilized and
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dissolved in RFsolution, containing 30 % acetonitrile. Puritasvassessed by SIPAGE.
Spectroscopic evaluation at 365 nm accordifg§donfirmed the covalent modification of RC

tryptophan residues i 2-nitro-phenylensulfenyl (NPSgroups.

Isolation ofRCgd-a2A complex

The His-taggeda2A domain was generated as previously desctifédt was loaded onto a
HiTrap Ni Sepharose column (GE Healthcare; 5 ml) previously equilibrated with PBSAVgCI
buffer, pH 7.4 (20 mM sodium phosphate, pH 7.4, 150 mM NacCl, 1 mM klg&fter washing
with the saméuffer, the R@bgd containing fractions from the rhodocetin isolation with MonoS
columrr! were applied to tha2A domain loaded Ni Sepharose column, after having been
treated with 0.5 uM PMSF and 1 pg/ml aprotinin to prevent proteolytic digestion by potentially
contaminating snake proteases. After &6d had bound to the Ni Sepharose immobilize
domain, the HiTrap Ni Sepharose column was washed with PBSiNvg@er, pH 7.4. Then,

the column was washed with PBS/EGDbAffer, pH 7.4 (5 mM EGTA in 20 mM sodium
phosplate, pH 7.4, 150 mM NaCl) and the RiCsubunit eluted. After another washing step
with PBS/MgCpb-buffer, pH 7.4, the R@l-a2A-complex was eluted with a linear gradient of O
200 mM imidazole in PBS/Mggibuffer, pH 7.4 buffer from the HiTrap Ni Sepharos&om.
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 (Sigmaldrich) at an enzymsubstrate ratio af: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
excessa2A domain, trypsin and contaminating peptides from thgdRE2A complex. The TSK
G2000SWXL chromatography was performed in 10 mERES, pH 7.4, 100 mM NacCl buffer.
The RGQd-a2A 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 oftlbh@artners, the complex was crdéisg&ked with 0.5

mM bi-sulfosuccinimidyisuberate (BS Thermo Fisher Scientific). Its IEP was determined to be
pH 6.56.8 and pH 6.7 by isoelectric focussing in precast ZOOM {18 8els (Thermo Fisher
Scientific) and byanalytical 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 R@l-a2A were grown by hangindrop vapor diffusion at 293 K by

mixing 2 pL of protein solution with 2 pL 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-50 min before flash freezing in liquid nitrey. Diffraction

data was collected at the Canadian Light Source CI&B-1 beamlinel(=0.97949A) at 100

K using a Rayonix MX225 CCD detector. The dataset was indexed, integrated and scaled with
MOSFLM** and the CCP4$ackage’. The spacegroup is Pwith 6 moleules in the asymmetric
unit (seeTable 1). The phases were determined by rigid body refinement using the previously

solved rhodocetin structure (PDB code 3GPR) in RetfrfacThe model was built and refined
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without NCS restraints using Cé®and refined with the Phenix software packdgéhe
crystallographic data and refinement statistics are summarizeblal. The final coordinates

and structure factor amplitudes were deposited in the PDB (PDB:)5THP

Generation of integria2 A-domain mutants

The humara2A domain and its mutants were produced in a bacterial expression system. The
expression vectors encoding the disulideked conformation mutants aRA were generated
using a previously described pET1Hiss-a2A construct (residues 142 through 337 afnlaun
integrina2). To replace the endogenous cysteine residues at 150 and 270, this plasmid was used
as template for a two stdpCR with the three primer pair sets (i)
HTfwd(CTCTCCATGGGCTCTTCTCATCATCATCATCATCATTC) and R1(C11A)
(CATCAGCCACAACCACAAC), (i) F2(C11A) (TTGTGGCTGATGAATCAAATAG) and
R2(C131A) (TTGSCTTGATCAATCACAGC), and (iii) F3(C131A)
(ATTGATCAAGCCAACCATGAC) reand U2A
(CGGACATATGCTAACCTTCAATGCTGAAAAATTTG), in the first set of reactions. The
three amplicoa were purified and again P&inplified with the outer primer pair Hivd and

U 2rAvto a 670 bp amplicon, which aftertailing with Tag DNA polymerase was
intermediately ligated into pCRR.1 TOPGTA, excised witiNdd andNcd and the restriction

fragment was subcloned into the linearizZzddd, Ncol-cleaved pETL5b expression vector. The
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final expression plasmid pETI5b-Hiss-a2A(C150,270A), was transformed info coliBL21

(DE3).

To generate the disulfidleoc ked conf or mati on mutants of UZ2A,
mutation but differ in E318Copen 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 paikK168C fw (A AGGCCTGGATATAGGCCCC) 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 Phusiomattdt St
polymerase and covered the whole template vector (6307 bp) with the mutation. After the
original, methylated vector ddeen digested witBpnl, theampliconswere purified using the

DNA Clean & Concentrator Kit (Zymo Research), followed bypBosgorylation with T4
polynucleotide kinase and religated using T4 DNA lig&se.protein expressiof,. colistrain

BL21 (DE3)were transformed witthe validatedplasmid constructs encoding thR8A domain

in its open (pETL5b-Hiss-a2A-C150/270AK168C/E318C) and closed (pEBb-Hiss-a2A-

C150/270AK168C/A325C) conformation.
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Thea2A-L22! mutant, in which the sequenc&®YGGDL is replaced by the corresponding
loop 2 sequence ¥*QRGGRDQ of the integrial A-domain, was generated by t&@pPCR.

The pET15kconstruct encoding the Htaggeda2A domairt® was used as a template. The
following primer pairsa2A fw (GGATATCTGCAGAATTCGCCCTTC) and R1_ alinsert into
a2 (CTTTACTAACATCGTTGTAGGGTCTGTCACGTCGCGCCACCAGCGGTC), and
F1_alinsertinto a2 (GTGCAGCGCGGTGGTCGCCAGACAAACACATTCGGAGCAATTC)
anda2A rev (AGGCCATATGCTAACCTTCAATGCTGAAAATTTG) ampfied the N and €
terminal half of the cDNA. The two amplicons were mixed and amplified with the outer primer
pair. The resulting 680 bamplicon was trimmed witNicd andNdd, ligated into a
correspondingly cut pEL5b vector, verified by sequencing anansformed intde. coli

BL21(DE3).

Point mutations within the loop sequence were also generated by a tweR&R using the
wild-typea2A-encoding cDM as template. First, cDNAagments encoding the-nd G
terminal halves cd2A were amplified by usig 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 HL.

The amplicons were purified and taken as template for a second PCR with the outer primer pair
to obtain the wilekype and mutare2A domains encoding cDNAs, which were digested with

NdelandBamHIland ligated into the likewise cut pEIGb vector. After verification by
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sequencing, the expression vectors were transformeé&iotd BL21(DE3). All a2A domain

mutants were purified using HiTrap Ni Sepharose column (GE HealthCare) as per the wild type.

Binding and inhibition assays aRA-domain withRC

The wells of a half area microtiter plate (Costar) were coated with 10 pg/rd¢ieda2A

domainin TBS/Mg buffer (50 mM Tris/HCI, pH 7.4, 150 mM NacCl, 3 mM Mgt 4°C

overnight. After washing twice with TBS/Mg buffer, the wells were blocked with 1% BSA in
TBS, pH 7.4, 2 mM MgGClfor 1 h at room temperature. The immobiliz2A domain was
titratedwith a serial dilution of R@bgd or RCyd without and with NPSnodified 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 dg&iat RC. After
washing twice with HEPE®uffered saline (HBS) (50 mM HEPES/NaOH, pH7.4, 150 mM

NaCl, 2 mM MgC4), bound RC was fixed with 2.5 % glutaraldehyde in the same solution for 10
min at room temperature. After three additional washes with TB®fer bound RC was
guantified by ELISA using a primary rabbit antiserum against RC and a secondary alkaline
phosphatase conjugated anti ralig® antibody, each diluted 1:2000 in 1% BSA/TBS/Mg.
Conversion of paraitrophenyl phosphate (pNpp) to parérophenolate 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 comparedependent inhibition and binding experiments, the
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dynamic ranges were normalized to the rifAde control and to the saturation value of the wild

typea2A domain, respectively.

Alternatively, thea2A domains, either wild type or mutants, were capturecigugie mAb

JA218 at a ligandbinding irrelevant epitope, thereby avoiding any conformational changes due
to adsorption to the plastic. To this end, 2.5 pg/ml JA218 was immobilized to a microtiter well at
4°C overnight. After the wells were washed twicenwsiBS/Mg buffer, wells were blocked with

1% BSA in the same buffer for 1 h and thendl2& domain added at 10 pg/ml for 1 h. After

washing the wells, RC was titrated and detected as described above.

Capturing ELISA with IG5

The mADb IIIG5 was coated the wells of a microtiter plate at 3 pg/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 R®gd, RCgd or RCgd-a2A complex for 1.5 h at room

temperature. Bound RCas fixed and quantified as described above. A mathematical

approximation of the titration curve, including determination givKlues, is described below.

Isolation of [lIG5 epitope and mass spectrometry (MS)

IG5 was immobilized to cyanogen bromidetivated sepharose according to the

manufacturer’s instruction (GE Healthcare).a®@d-containing fractions from the Mono S
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purification of Calloselasma rhodostomaenont® 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 precigitaith trichloroacetic

acid, washed with acetone twice, resuspended in 87.5 mM sodium bicarbonate/0.5 M urea and
digested with TPCHKrypsin for 23 h at 37°C. After addition of 1 mM phenylmethylsulfonyl
fluoride (PMSF), the digest was diluted with TBS/HQffer, pH 7.4 and loaded onto the IG5
column. The R&peptide harboring the 11IG5 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 028 % acetonitrile gdient 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 spectraNanoESI MS experiments were carried out by using a SYNARS Giass
spectrometer (Waters, Manchester, UK) equipped witkspray 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
guadrupole analyser, subjected to ion mobility separation (IMS; wave tyeB&€l 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 ah#Zr@in and collision

energies up to 100 e\Ep).
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Mathematical evaluatioof titration curves

In titration curves, a signal S, usually the extinction at 405 nm caused by the alkaline
phosphataseatalyzed conversion of pNpp, is measured in response to the total concengration c
of added titrant. Based on a MichaeéMlentenrlike binding mechanism, we deduced the

following equation to approximate titration curves, if the signal S and the total concentgation c

of added ligand (RC) is known:

Equationd-1

. o @ ® U ® ® U T30 . L
Y& Y Y D : Y 600
¢

with Sy and S, maximum and minimum signals, respectively;tbe concentration of ligand
binding site (equals the receptor concentration for monovalent receptors), and K, the
dissociations constantgKThe tem B- takes into account a linear change in the signal due to
non-specific binding of the ligand. The five parametevs S», &, K, and B are calculated by

noninear regression from titration curves.

Statistical analysis.

The data from titration andlfnibition curves were statistically evaluated using GraphPad Prism

software. Values were usually compared with the values obtained for the wilaZppar non
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modified RC with Student’stest, where the significance level was set at 1%, unless otherwise

stated.
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Pref ace

This article, published iRroteins: Structure, Function, and Bioinformatiexploes 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 requicedhe 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 elementllfur, but is likely to do so in its native environment.
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Abstract

Elemental sulfur exists primarily as anring and serves asrminal electron accepttor a

variety of Sulfurfermenting bacteria. e large quantities of inorganic sultimat black smoker
ventsemit makes arciea living there an exciting research toohttvance our knowledge of
sulfur respirationHere we use a hybrid method approach to demonstrate thabteapceous
cavities of the Sayer nanotubef the hyperthermophilic archa& Saphylothermusnarinusact
asastorage reservoir faryclo-octasulfur °Y . Fully atomistic molecular dynamics simulations
wereperformed and the method of Mulfionfigurationh Thermodynamic Integration was
employed tacomputethe absolute free energies for transferring nine water molecobks aing

of eight sulfur atoms @ individually from an aqueous bath into one of the larger hydrophobic
cavities of a fragment afrchaeatetrabrachionThe calculations show that the sulfur ring is

energetically favoured in the cavity over the water cluster.

l ntroducti on

Sulfur is an essential element of life. The use of elemental sufjuagShe terminal electron

accepto(TEA) is a common theme in hyperthermophilic archaea, progressing through a number
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of unique and not fully understood metabolic pathway3]. Many of these microorganisms
werediscoveredn 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 regi¢sThe most abundant form of elemental sulfur

is the ringlike Y crown. However, its extreme hydragbicity and its low solubility in water

(only 5mg/L at 25°C) makes poorly suitedas asubstrate for bacterial sulfur respiration.

Since their discovery, hyperthermophilic archaea have been under intense scrutiny due to their
unique adaptations to th&teeme environments they thrive [B]. It is suggested that life has
hyperthermophilic origins, and thus the study of these organisms pravsitgs into the

biology of early life forms. Most known hyperthermophiles are dependertt md&ction and

use either BHor organic compounds as electron dorj6isStaphylothermus marinygs.

marinus), isolated from the periphery of black smoker vents, is a strict anaerobic sulfur reducing
archaeon that utilizes peptidesacarbon source and groatsemperatures up to 98{7]. S is
strictly required as TEAfor its growth; it is reduced té1>S, and does not serve as physical
support8]. S. marinushas a proteinaceousl®yer consisting of elongated tetrabrachion units
arranged in a 2Metwork that coats the archad®n 10]. Freezeetching cuts of reconstituted S
layers fromS.marinusshowed a strong red coloring after additadmruthenium, suggesting a

major storage space for elemental sulfjr

A 24 kDa segment of this tetrabrachion forms the tetrameric right handed-coilstructure

(RHCC). RHCC is a cystegrfree protein segment with a pl value of 4.3 and four large cavities
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in the interior of the tetramerahanne[11]. In its natural environment, RHCC is associated with

two subtilisinlike proteases known as STABIE?].

To date, it is not known how elemental suifan be stored in a proteineacous environment and
made accessible for biochemical reactions. Here, we presen®ergstal structure of RHCC

in complex with'Y ring-like structures inside the large cavities of the nanotube. To our
knowledge, this is #first study describing the structure of proteswitiescomplexed with'Y
crowns in acysteire-free environmentMolecular dynamic simulatior@esented heneveal that
the incorporation ofY ring systems is energetically favoralled enhances tlsability over
clathratelike water structuresto 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 sfiléing ring structures.

Result s

Biophysical and structural elucidation of tNeO0 0 Y complex

Elemental slfur was introduceadhto the cavities by heatifrgHCC to 80°C in the presence of
sublimed sulfur foat least 96 hoursvhich mimics a blacksmoke environment in a laboratory
setting(Figure 5-1). The DLS melting curves showed that RHGKT is monodisperse and

homogenous in solution undeeseextreme conditions and does not change its tetrameric
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assembly nor its hydrodynamic propertieggure 5-2). CD measurements under different
temperature regimes confirms the maintenaneeloélicity (Appendix 3, Figure Il1-1). To
unravel the molecular features of theuptakewe determined the crystal structuré¥vfOo 0
"Y at 1.9A resolutionl(=1.54) in comparison to a longavelength SSAD experiment at

| =1.77A (see Table 51 and Appendix 3, Figure 1l1-2).
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Figure5-1. RHCC in complex with cyclactasulfur $ crowns

(a) Cross section of thetrameric RHCC channel. The molecular surfafctne protein

component is shown in white, wigositively andnegatively charged side chains colored red and
blue, respectively. The individuak-®ntitiesare highlighted as yellow spheréls) and(c) The
19A2F6Fc¢ map (1. 20 shownfooQavity 3f)eandeChv)ty 2 €) pegpendicular
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to the helical axis of the tetramenhannel. The &crowns are highlighted in yellow. The inset
shows the orthogonal view, alotite tetrameric channel of RHCC.
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Figure5-2. Thermostability of the RHCC tetramer.

(a), Overlay of Dynamic Light Scattering curves which were collected in triplets at 25°C and
81°C. The hydrodynamic radiuRnj at 25°C Ip) is 2.65 + 0.08m, in comparison to 2.89 = 0.26

at 81°C ¢). RHCC exhibits minimal change in hydrodynamic radius with increased temperature,
which is consistent with a correctly folded tetramer during the uptakg of S
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In the RHCCGnanotube, the cavities are connectec Imarrow and continuous channel that is
lined exclusively with aliphatic sidechains of the hydrophobic core residuesaratith

position of the undecad repdaf, 13] The diameter of the channel varies between 2A and 8A.
The 19A crystal structur@f 'Y 06 &Y revealed that both largeavities(named here cavity 2

and 3)of the RHCC nanotube are occupied witilg-shapecelementalY sulfur (Figure 5-1).

Cavity 2, which is confined bknobs-into-holes residues lle1@) and Leu261), has a volume
of 380 A and is gated by a complex ionic network surrounding the DDRMES[11]. The

"Y crownoccupies a total volume of 333And is only involved in van der Waals contacts
along the @-vector between Arg22 and Tyr23, as welbasranched forks of 1le19 and Leu26
(Figure 5-1b and Appendix 3, Figure 11l -2). The electrorsink of the cycleoctasulfur is
perpendicular to the axis of the coiled coil dipdleesulfur™y  crown has geometric
parametersimilar tothat of crystalling Y, forming a crowrshaped ring system with bond
lengths of 2.0A and angles of 108°qsee alsdable 5-2). In cavity 3 which is defined by
lle30 (a) and Leu37h), theflexible sulfur ring adopts multipleonformationghat occupy the
entire 3543 (Figure 5-1c and Appendix 3, Figure 1l -1). Conformation A has aetative
geometry similar to the twistetdhg “Y, whereasConformation Badoptsheexacendo Y
arrangement. Unrestrained crystallographic efient protocols reveal an equolar occupancy

where bothY  ring systems tumble around theglanar axis of the cavity.

Taken together, these results illustrate that both{simgecavities of the RHG@anotube are
able to uptake elemental sulflihe sulfur rings have near ideal gedrngewith bond angles

between 99.2° and 117.8nd bond distancestian average of 2.07Ahese compare well with
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the ideal values of 108° and 2.06A, respectiy&#y]. The breathing effect present during the
uptake of vitamin D3 in COMPcc is missifig3] as the RMSD in &-positions is less than 0.2A

and the overall Bactor distribution is comparable {or) ¢ Y 'O6 @DB:1FE6).

Stability of RHCCS; vs apeRHCC

In thed 1] € Y OO0 structureof archaeatetrabrachion, cavity 2 is occupied by nine ordered
water molecules whose positions correspond closely to those of the sulfur atom¥ iDthe

Y structure Figure 5-3). Remarkably, the clathratid&ke ninewater clustereveals a noiplanar
ring conformation, which is reminiscent of the geometry of the™Y crownalthough it lacks
the structural rigidity of the sulfur crowRully atomistic molecular dynamics simulations were
performed on both th@ ) £ Y "O0 @ndthe'Y "'O6 0 Y complexes and the methodMtilti-
Configuratioral Thermodynamic Integration (MQ)I[15-22] was employed to calculate,
individually, the absolutéee energies of transfef nine water molecules and a crown of eight

sulfur atomsY from an agueous bath into hydrophobic cavityl2e standard stateansfer free

energyfor sulfur was determined to BEO L® CBQI £ Wwhile the standal state
transfer free energipr water wasy"O vg T QWG £ ,showingthat the sulfur crown
is preferrecbver wateby Y YO YO YO VB L8 QI £ (Bee

Table 5-3). It is expected that the effect is cumulatover all the cavities.
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Figure5-3. Comparisorof theninewater cluster with thegrown in cavity 2.

Structural models of the ningater cluster in superimposition with thecown in cavity 2 in a
perpendiculard) and parallell§) view to the helical axis of RHCC. The 8 waters in the ring

conf ormation are not planar; i ns-Beeed, t hey f o
super po s3dnio these avderedivateessults in an almost perfect overlap of the Van

der Waals radii.

Di scussi on

In theapaRHCC structure all cavitiesof archaeatetrabrachion were filled with water
moleculeqFigure 5-3). Yin et al.[23] examined the thermodynamic and structpraperties of
waterin the large cavities adrchaeatetrabrachiao as a function of temperature asalvent

properties. By calculating the free energy of transfer of water from the bulk into the intarior,
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et alfound that occupied cavities are mardiypéavourable at 298K and 1 atm for occupancies
@ U « withaminimum in the free energy of transfer at an occupangy ofy) consistent
with the xray studies which reveal an occupancyof w As themost common allotrope of
sulfuris Sg we were led tanquire whether it may be thermodynamically more favorabl&ddo
occupy the cavity instead of water, given tBatnarinuss found around black smoker vents, an
environment rich in sulfuilThe molecular dynamics simulations and free energy calcaogatio
performed in this investigatioshow that it seems likely that RHCC in its native environment

does not contain wat&rithin the cavities, but instead containscgwns

Many archaea utilize sulfur compounds as electron donors or acceptors for endrgyipn.
However, it is currently not known, how circulariz8gsulfur is carried in these
microorganismsThe cavities of RHCC are hydrophobic in nature and are too large in size to be
left empty in the properly folded protgl3, 24, 25] The ability for tetrabrachion to store sulfur
compounds in large quantities is particularly striking because it has been $fad®&nmarinus

is a strict anaerobic hyperthermophilic archeon that usaseSTEA [3].

Our findings raise the questiofwhy the elemental sulfus stored inside the cavitiesid how

it is made accessible as a TBAe suggest that the cavities are acting atrage reservoir,
which provides &in required quantities and seques&rfrom nanocrystals in the environment
Boyd and Druschel have shown that lar§@&noparticlehampergrowth rates of sulfur
reducing microorganiss[26]; sequestering individual sulfur molecules is likely critical for

cellular respiration.
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A remaining question concerns the availabilitysedfcrowrs inside the hydrophobic cavitiesas
TEA. S. marinuss a S-reducing archaea with sulfur reductase activities comparable to those in
other sulfurreducing prokaryotef8]. The authors propose a mechanism whereby reducing
equivalents are generated by the oxidation of amino acids from STABlaE/zed peptidolysis,
which then reduce®&nd protons té1,S and Ho, respectively. Remarkably, the RHESTABLE
complex is one of the most stable noncovalent praisatein interactions describéausfar, and
STABLE isthe only known enzymthat is a stoichiometricoenponent of an archaeall&®yer.
However elucidation of the molecular mechanisms Bo8pendent metakism requires further

experimentation
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Tabl es

Table5-1. Crystallographic table (Sulfemative/ SSAD)?

Data Collection RHCC-S RHCC-S ano
A (A) 1.54192 1.77122
Space Group P3121 P3121
Cell dimensions
a, b, c(A) 110.52 110.52 71.04 110.71 110.71 70.92
a, B,y (°) 90.00 90.00 120.00 90.00 90.00 120.00
No. reflections 194980 (23775) 966799 (98939)
Resolution (A) 25-75—-1.90 (2.00 — 1.90) 19.84 - 2.40 (2.49 — 2.40)
OR e 0.121 (0.826) 0.101 (0.594)
/ol 6.2 (1.70) 40.7 (10.0)
Completeness (%) 98.9 (91.6) 99.8 (100.0)
Multiplicity 4.9 (4.2) 48.5 (48.1)
Anomalous Completeness - 99.9 (100.0)
(%)
Anomalous Multiplicity - 25.0 (24.4)
Refinement
“Ryyori/ Rpeo 0.182/0.207
No. atoms
Protein 3365
Ligand/Ion 39
Water 328
B-factor (A2) 33.90
Protein/Water/ 31.7/44/
S. ligands 47.1/50.9/57.7
R.m.s. deviations
Bond lengths (A) 0.0115
Bond angles (°) 1.106

aStatistics of the highest resolutishell are shown in parenthegiBmerge=

B B Oy @ B

O “Rfactor= B O

j B 'O TheRgeewas

calculated by randomly omitting 10% of observed reflections from refinement.
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Table5-2. Geometry of individual &ring systers.

Cavity 2° Cavity 3 Cavity 3
crown-Sg Twisted-ring Sy Exo-endo-S,
Bond Angle (°)
8-1-2 112.7 105.4 110.7
1-2-3 106.4 108.0 1101
2-3-4 108.5 99.2 114.6
3-4-5 107.6 106.7 111.3
4-5-6 104.9 106.3 107.1
5-6-7 106.9 110.9 112.2
6-7-8 109.5 113.2 112.1
7-8-1 108.8 117.8 107.3
Average 108.2 108.4 110.7
Bond length (A)

1-2 2.00 2.05 2.08
2-3 2.12 2.08 2.07
3-4 2.06 2.04 2.02
4-5 2.11 2.07 2.08
5-6 2.05 2.09 2.09
6-7 2.10 2.11 2.10
7-8 2.06 2.03 2.04
8-1 2.09 2.06 2.11
Average 2.07 2.07 2.07

$Deviations in bond length from crystalline @.037A)may be due to the data resolution, or to
the fact molecules in the cavities behave more closely to thtise gas phase than in the
crystalline phag@4]. Bond lengths in the gas phase predictedo be 2.08A. The

nomenclature for individualgSing systems is according to Woagal[14]
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Table5-3. Calculated Contributions to the Absolute Free Energy of Traisiénol).

Ligand Protein —Gas Solvent —Gas Absolute Transfer
Free Energy
AG, AG, AG; AG, AG; AGY,
Sg +58 | +409 —2.2 | +44 —15.4 1+ 0.8 —55.5+29
+2.8
[H,0], | +6.5| +251.6 2.4 —4.1 +259.4 £ 3.3 —5.2+4.6
+3.2
Met hods

Expression and Purification of RHCC

The RHCGCHiss gene, which contains a thrombin cleavage site, was insertedpEol&b

vectorandtransformed into ak. colistrain BL21/DE3Cellswereinoculated into 50 mL ofB

containing0.1 mg/mL ampicillin. This preulturewasallowed to grow for 1216 hoursat 37C,

then added to 1.8 L &fB 0.1 mg/mL ampicillinand grown to an O§30 0.6 before theyvere

induced with0.8 mMIPTG. This culturevas growrfor 3 hours befor¢he cells argelleted and

reuuspendedn a 20 mM phosphate buffer at pHHZZmM imidazole 6M guanidine

hydrochloride. The cells are then lysednicated, andentrifugedto remove cellular debris

RHCGCHisg is then purified on a Talon cobalt affinity column followleyl cleavage of the His

tag with thrombin. Protein quality/monodispersity is then assessedrRit@ and DLS.
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DLS Experiments

The thermostability of RHCC was assessed by means of thelBxyymamic Light Scattering
system (Malvern Instruments Ltilalvern, UK), which employs a 633 nm laser and a fixed
scattering angle of 173A 150 pLsampleof 2 mg/mL RHCC in 20 mM tris pH 8.0, I= 154 mM
(NaCl) in a 12 yL quartz cuvette was allowed to equilibrate at 25°C for 5 minutes prior to
measurement in trigate by the DLS. The same sample was then heated to 81 4dgaind

allowed to equilibrate for 5 minutes prior to data collection by DLS.

CD Experiments

CD spectra were obtained using-81D 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 timal equilibration. All data wermeasured in triplicate

with a scan speed of 7.5 nm/min.

Crystallization, Data processing and Struettefinement

15 mg ofsublimed gwas added to 370 ¢l of 8. HuBemg/ mL
(pH=8, I= 154 mM NaCl) and was incubatied 4 days at 80°CExcess sulfur was removed by

centrifugation. Monodispersity of the resulting RHSGamplewas cafirmed by DLS prior to

RHC
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concentration to 11 mg/mL. RHCE crystals were grown by hangidgop vapour diffusion at

293 K by mixing 2 pL of protein solution with 2 pL reservoir solution containing 1.6M
ammonium sulfate and 100 mM Tris pH 8.0. Crystals apgaeafter 1 week and were soaked in
mother liquor containing 20% glycerol forl® min before flash freezing in liquid nitrogen.
Diffraction data was collected on a RigakuMMO 7 HF (&=1.54178j;) at 100
indexed, ntegrated and scaled withQSFLM [27] andthe CCP4packagdg28]. The phases
weredetermined by rigid body refinement using a previously solved RHCC structure (PDB code
1YBK) in Refmac[29]. The model vas built and refined without NC&@straints using Coot and
refined usinghe Phent software packagi80, 31] Anomalous data was collected at

o £.77123 at the 08B11 beamline at the Canadian LightuBce. Data was indexed, integrated,
and scaled with XD$32] and the CCP$ackage. The difference map was calculated using
experimental amplitudes{land c al c ul adfrord appRHEG (BRB: 1FE6). The

final coordinates and structure factor amplitudes were deposited GJBB.

Molecular Dynamic simulations

Molecular dynamics simulatioref the apeRHCC and RHCESs complexesvere performed
with the GROMACS molecular dynamisgnulationpackage [33lsing the Groms 43a2 force
field with an SPGvater modelThe crystal sucture of theapaRHCC complexjncluding the
measureaoordindes of the clustenf nine water molecules in cavity @aspreviously
determined by Stetefelet al.to a resolution ol.8A andis availablein the RCSB Protein Data

Bank (PDB: 1FEQ)L1]. The coordinates of th& crown were obtained from Eckest al.[34].
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Thetopology of thesulfur crownwas generated by PRODH®@5]. This yielded charges of zero
on all sulfur atomgcomparable to thodarthest away from nitrogen in heptasulfur imide
(S7NH)calculated using DFT, PDFT/MM, and KRM[86]), LennardJones parametecs

PP pmQEA GE€ dandd TWIMw®P & G £ &, equilibrium SS bond lengths
@ T8 T& & equilibrium SS-S bond angles— p mér and force constant® uv8t o

PpTQEH ¢ a8 & andQ 1 wATQE € &i & 'Q The usual combination rules were

employed, specifically) 0 0 ¢ ando 0 O 7

The RHCC complexes weselvated in a rectangular box with dimensiérdnm x5.3nm x
10.4nm, to which868l SPCwater molecles and 1&harge neutralizin§la® ionswere added.
Theclosestdistancebetweerany point orthe RHCC complexandthe surface of the simulation
boxwas1.2 nm.Longrange electrostatic interactions were treated vighparticle mesh Ewald
method The cutoff radius for all norbonded interactions wds0 nmand the neighbauist for
all nonbonded interactions was updated every 10 time stepsné&hsured structure was
initially energy minimized to 1000 kJ/mol using the method of steepest descentand the
minimized further to 600, 400, 200, 100, 90 and 80 kJ/inelere convergence was achieved,

typically arounds0-60 kJ/molfor Ssand30-40 kJ/mol br the group of nine waters.

Theenergy minimizedystem wasirst heated graduallfrom 0 K to 50K over 20 ps
time periodwhile positionrestraininghe nonhydrogen atomsausingvelocities from avaxwell-
Boltzmann distribution. &uilibration of all atoms was achieved witi3ps. Subsequent heatsg
to 150K and 300K wrealso performed over a 38 timeperiodwith the initial velocitiesat

each new temperatutaken from thdinal frame of the equilibratetlajectoryat the previous
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temperatureDuring the production run, the entire system (RHCC tetrabrachion plus cavity
contents plus solvent batwgas naintained at temperature 00K anda pressuref 1 atm
using Berendsen thermostats and bargstaspectivelywith time constants of 0.1 ps.
Production runs were performed for 2ingime ste of 1 fs with temperature and pressure
scaling.Simulatons of the solvated protein containing the ligargof§H:O]o) and of the

solvated ligand alone were performed separatgbeodic boxesof the same dimensions

Calculations of the absoluggandard statiansfer free energipr the S sulfur crown and the

nine water moleculefsom the bulkinto cavity 2 ofRHCCtetrabrachiorwere based on thevo
thermodynamic paths shownAppendix 3, Figure Il -3. (It was assumed that the water
molecules enter the cavity individually and, once inside, assembla oitister under the
influence of theimutual hydrogen bonding forge3heupper path shows the removal of a
ligand Lfrom a bound, fully interacting, solvated ligaptbtein complex (LR) to the gas

phase. The free energy differerg®: describes the effect of restraining the translational motion
of the fully interacting ligand by turning on a flat bottomed harmonic well (FBH\8]) of the
form"Y [ 'Y [ Qi withQ pnmQu ¢ a¢ a h

™ E @ NGy describes the transformation of the ligand into a noninteradtingmy particle in

the gas phase by gradually turning off the ligand interactiongp@gsdonverts the free energy of
the restrained ligand to the standard state voMgm@\o conformational restraints or angle
restraints were applied as ttegrabrachiorcavities 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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standardstate correction was necessary here as themeracting ligand states in the two paths

are identical. The point symmetry group D4d of théigand corresponds to a rotational
symmetry number 0=16 and, in prilyeduipdeet, t he e
states would lead to an additional contribut6e Y¥p @ eBQ ¢ & to the

free energy. However, as no body restraints have been applied that would break the rotational
symmetry of the molecule by artificially resting the molecule to a particular orientation, no

such correction has been included in the current analysis. The absolute standaekstatrgy

for the transfeof the ligand from the solvent bath to the cavity is then given by

Equation5-1

Thefree energy differencgsG: andnGs which describe the effect of applying the FBHW
restraint verecomputed numerically using thermodynamic perturbdtl®). ThetermsY O and
Y"O which describe the transfer of the fully interacting ligand to theintmacting gas phase
werecomputedusing themethod ofMulti-Configuratioral Thermodynamic Integrain (MCT]I)
[15-22] with a single topology formathe nonbonded parameters wsealed witha coupling
parametet which varied linearly froml =0 (ligand fully interacting}o | =1 (ligand non

interacting) withboth the bond lengths and bond angleghetiummy atomdixed. The standard
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state correctiopGs was calculated analyticallsingy™ O Y'Yaoe Tw wherew s the
FBHW simulation volume ana is the standard state volume with p& @ gtd when the
ligand is the sulfur cronn ar’d & T8t 0 &t when theilgand is agroupof n water

molecules [19].

The energy minimization and thermal equilibration procedures repeated for each value of
| before generatingroductionruns for 2 ns. Structures were saved for analysis evBrg
during theproductionrunsand he resulting set of 4000 structures was used to determine
&Q 0 Ofor each valuef | . EachdQ T Oplot was generated usiffifeen values ofl . The
mean valué€Q T Owas calculatedeparately for both the etegstatic and the van der Waals
nontbonded contributions to the free enetgyng g_analyze of the Gromacs MD package and
the errors wereomputedby block aveaging. The statistical error {2 "¥Q Gvas determined

from the autocorrelation of the dataepthe 2ns trajectory.

Soft-core interactions we incorporatednto all simulations presented in this papeorderto
remove the discontinuity in the ndronded parameters e interactions are turned off and to
allow for proper convergenca. soft-core parametea = 0.1was found tgroduce the smoothest

free energy curvesnd the best convergence

The sampling of configuration spaisdbelieval to be sufficiently extensive duringndstate
removals as confirmed by the low statistical emnadQ "@Q On the noninteracting limit_© p,

which is typically between 0.5% and 3%. Forlafitepsthe values ofQ "TQ Otonverged to a
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time-independentonstant within the first Inof each 2ns trajectogndthederivative

‘Q Q) _ varied smootht with | , both of which are indicative of convergence.

Table 53 summarizes the calculated values of all five contributions ttréineferfree energy
for both the sulfur crown and the water clusterorder to achieve agreement with the measured
solvaton free energy 0%s, it was necessary to modify the abanded Lennardones interaction
parameters between the sulfur atoms and the water oxygens [37, 38]. An increase in the repulsive
parameted for"Y 0 wby a factor of 1.4 yielded a calculatem\ation free energy faos of
y'O Y YO YO p @t Qi é & which is consistent with the experimental
estimate o0 Y p ® Qi £ & (standard states 1M in solution and 1 bar in the
gas phase, solid tigity =1) based on the measured solid state solubiliggf p T & £ BQQ
[39] and solid state vapour pressurel0F barat 39°C [40]. For purposes of consistency, the
same factor of 1.4 was applied to the interactions between thsulifugs and all atoms in the
cavity walls Y ORY GRY 6 . Similarly, in order to replicate the rigidater clathrate
cluster observed experantally in the cavity, it was necessary to modify the-honded
LennardJones interaction parameters between the water oxygens and the aliphatic carbon atoms
in the cavity walls [41]. An increase in the attractive parametéor 0 w 0 by a factor ofL.7
yielded a free energy of transfer for wwater molecules from the bulk into cavity 2 of
tetrabrachion o¥"O Yo Yo YO YO VYO vg T QWA ¢ ,which
compares favourablyith the valuey"O U w T pQBa ¢ abtaned by Yinet 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.



173

The calculations show that the water cluster is energetically prefareedhe sulfur ring in
both the aqueous solvent and the tetrabrachion ¢&@ByQoOP® G OL QO WYO YO
YO ¢ @&t Qba ¢ & YO YO YO 1 ®Qbgé & and
YOQoP i ¢ a0 Qe ¥O YO  ¢uaQlaé a Yo VYo

p @UQla ¢ & . However, the net effect is a preference for the sulfur crown over the water

cluster in the cavity due the ngolar nature ofY which results in a low agueous solubility and
a more favourable transfer free energy from the gas phtastihe apolar environment of the

cavity.
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Chapter6Summary and Concl usi ons

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 changdor Netrin4, 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
resoltion structure of the netrd/laminin-ol complex. Though netrid has a regulatory

function on the basement membraard it modulates of tumour delepment and

angiogenesf$*, t he precise role it plays is yet unkn
netrins; instead of high expression in braid aervous tissue, netrihis found primarily in the

kidney, eye, olfactory bulb, lung, salivary gland, mammary gland, ovary, and. Meht the

possible exception of the ovary and heart, the tissues where-ddagifound all have a degree of
diffusivity related to their functions,e. oxygen and carbon dioxide in the lung and eye, urea and
other catabolites in the kidney, etc. Further researdtbeihecessary to determine what part

netrin4 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, intdgib 1 . T h eofteet r uct ur e
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rhodocetin tetramer published in 26@0db 3GPR) gives no hint of the large conformational

changes necessary for the binding oftB& domain. Furthermore, the inhibitory complex

between the snake venom proteird the integril b1 consi sts of only the
U2A domain, with the RCUb di mes#2rAelcomanpe . x Dhe
the collagen mediated coagulation pathway by obstructing the access of collagen to its binding
siteonntegrifilk b1. The need for the initial RCUboU te
RColU subunit until (RiAt dhoamsaiinnt earsa dtne d hvei tahb stemec
binding subunit has a much lower solubility and a tendency to aajgr&grhus, a single venom
component is able to shut down two major blood clotting pathways and allow the enzymes in the
protein cocktaito cause as much tissue damage as possible. Our study implicates a relatively

smal | interaatiegmisiteée henl @dp 2 motif, in the
of these residues, es p eictegan|strongly@@regativehhi ch 1 s a

impacts binding

The Slayer of S. marinuss essential for cellular survival. Aside from its role in protecting

against thermal and osmotic stress, itdés |ikel
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 igrors,

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 thdéaSer asa 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-tages.

The noncovalent complex between SBAE and the tetrabrachion is extremely strong; it

persists at 7 in the presence of 1% SEYSSTABLE itself is a poorly characterized protein

that consists of 1345 residues and is heavily glycosyfatidhas 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 sipie fold, high stability, and robust recombinant expression, RHCC
has many traits required for a biotech applic
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 sequesteringriolgcular weight polycylic

aromatic hydrocarbons (PAHSs) from the environment. These compounds are present in crude oill,
can escape to the environment during the extraction process or during a spill, and are of
significant concern to human hedfhindustry standard methods of determining the

concentration bthese 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, whilsitiee pas
sampling devices have long equilibration times (> 14 days) and only weakly bind low molecular
weight PAHS*14 However, a passive sample device with a RHCC miatgapable 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
Nanomedicingaper by Klonisch et al., where RHCC cangyicisplatin is capable of selectively

killing human glioblastoma cefi3

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 sequerdenuain 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 netrh dependence receptors while our data shows that, from a structural
perspective, these inations are unlikely to occur. This assumed kinship between Net4 and
Netl 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, &simple
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 struchamacterization and

subsequent validation.
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forces towards mature basemen

Statement of Study Approval

All animal experiments were performed in accordance with the Germaridaasimal

protection and were approved by the State Office North RMastphalia (LANUV), Germany.
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Tabl es

Tablel-1. Hydrodynamic data for NetdC , L N9 4. Co Nlelad-4, andNet4FL-gLLN-

LEal-4
Net4-AC Net4-FL ylLN-LEal-4 Net4-AC- Net4-FL-
Parameters vl1LN-LEal-4 yvl1LN-LEal-4
Exp.d Exp. Exp. CORAL® | Exp. SASREFe | Exp. SASREF®
rg(nm)? 4.60+£0.20 |5.76 £ 4.02 £ 395+ 540t 537+ 577+ 5.86+
0.02 0.05 0.08 0.10 0.02 0.02 0.02
rg (nm)® 4.42+0.20 |6.03£0.06 | 420+ 412 4 531+ 531+ 6.07 t 6.00 +
0.04 0.01 0.07 0.05 0.04 0.04
D, (nm)® [ 16.00 20.0 14.1 142 ¢ 17.8 204 ¢ 19.0 215+
0.27 0.28 0.25
8% () [3.51£0.07 [4.23 ¢ 3062+t 371 511+ 532+ 515¢+ 555+
0.06f 0.04 0.10 0.04 0.02 0.01 0.10
6.82
0.41¢g
yh - - - 1.08 - 1.14 - 1.45
NSDi - - - 091 - 027+ - 035+
0.12 0.03 0.05

axperimentally determined from DLS data, with error obtained from linear regression analysis
bExperimentally determined frop(r) analysis by GNOM

‘Experimentally determined using Analytical Ultracentrifuge

dPreviously published data

*Modektbased parameters calculated from HYDROPRO, with errors obtained as the standard
deviation from multiple models.

. 9peak 1 and 2 respectively from Sedimentation coefficient distribution
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"Goodness of fit parameter that represents agreement betw&hr& data and data back
calculated from models

'Normalized spatial discrepancy parameter representing agreement between multiple models
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Figurel-1. Alignment of netrins and laminins.

(a) 3D stricture comparison of NetdC-b 1 L-I¥al-4 , oLE&l1-®Netl-nC, and Net4hC-
NetInC. (b) The LN and LE1 domain without the signal peptide of mouse Net4 (mNet4,
NP _067295), mouse |l aminin bl (mLmb1, NP_03250
mouse |lanimLbmmo 1, NP 0 34 81 3offe& and fermaitediwghn e d u s i n ¢
ESPRIPT. Asterisks indicate the amino acids i
Il nterestingly, the Netd4 E195 and R199 are con

unique to Net.
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Figurel-2. Structural features of NefdC.
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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 disulfidéges 72236 and 1919234,

which are absent in all netrin and laminin structures published to date b, time replacement

of this conserved serine by arginine allows the formation of a binary complex béttvaadol
laminins; however, the ternary cpitax formation with theél laminin is abolished k) Stereo

image of electron density of NepdC. Net4nC is represented in cartoon mode with secondary
structure elements highlighted and sidechains omitted for simplicity. The 2FoFc map is

contoured at 21l
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Figurel-3. Net4 binding to integrins.

Solid-phase binding studies of Net€ (analyte)b ndi ng t o i mmabh,iBbl, zed i nt
U6 b 1, 6b& The GRPGER peptide, laminin 511 (Lm511), and lamidih (LM111) were

used as positive controls. Error bars, s.d. (n = 3 independent technical replicates.
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Figurel-4. Alignment of netrins and laminins.

















































































