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Abstract

Repulsive Guidance Molecules (RGMs) control fundamental and diverse cel-
lular processes including axon guidance, immune cell regulation and systemic
iron metabolism. RGM dysfunction has been linked to diseases such as mul-
tiple sclerosis, cancer and the iron overload disorder juvenile hemochromatosis
(JHH). RGMs signal by binding directly to the transmembrane receptor Neogenin
(NEO1) to trigger cytoskeleton rearrangements and subsequent axon repulsion.
Additionally, RGMs are important activators of the essential developmental Bone
Morphogenetic Protein (BMP) signalling pathway. RGM-activated BMP sig-
nalling is crucial for the regulation of iron metabolism and mutations in RGMC
cause JHH. This thesis outlines structural and functional studies of the molecular
mechanisms of RGM signalling. In Chapter 3, an analysis of an RGMB-NEO1
crystal structure is presented. Combined with mutagenesis studies, analytical
ultracentrifugation experiments and neurite outgrowth assays, this allowed a
mechanism for RGM signalling through NEO1 to be proposed. RGM acts as
a molecular staple, bringing together the juxtamembrane regions of two NEO1
receptors to activate downstream signalling. In Chapter 4, crystal structures
of the N-terminal domains of all RGM family members in complex with the
BMP2 ligand are presented. Together with biophysical and cellular assays these
structures allowed an endocytosis-linked mechanism for RGM-activated BMP
signalling to be proposed, which is dependent on the subcellular localisation of
the BMP-receptors. The work outlined in both of these chapters also revealed
a molecular rationale for the disease-causing mechanism of RGMC JHH-linked
mutations. In Chapter 5, the crystal structure of the ternary BMP2-RGMB-
NEO1 complex is described along with super-resolution fluorescence microscopy
data demonstrating BMP-induced clustering of RGM-NEO1 complexes in the
membrane. In summary, this work sheds light on the molecular mechanisms of
RGM signalling through NEO1 and BMPs, and demonstrates for the first time
that RGM forms a structural bridge between these two fundamental signalling
pathways.
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CHAPTER 1. INTRODUCTION

1.1 Development, morphogens and cell

migration

Development encompasses the transformation of a single-celled fertilised egg into

a complex multicellular organism. The blueprint for this fantastically intricate

process is encoded in the DNA or genome contained within that first cell. How-

ever, this does not comprise a master plan, dictating what each cell should be

and its exact position within the adult. Rather, specification of a particular cell

fate is imposed by interactions between cells, and the relative position of each

cell within the developing organism is key for establishing which cell type it will

adopt and the function it will ultimately carry out. Throughout development,

cell migrations and rearrangements both precede and accompany this specifica-

tion of cell type, and it is the changing interactions with different neighbouring

cells that facilitate this process. Cell-to-cell communication can occur through

direct contact of cells or by one cell type secreting a signal that will diffuse to an-

other cell type and bind to receptors on that cell to trigger a signalling response.

These secreted molecules, in a developmental context, are soluble proteins called

morphogens. Upon receiving a specific set of signals a cell will undergo molecu-

lar differentiation, meaning it begins to synthesise a specific set of proteins and

activate cellular processes that cause it to adopt a specific cell type. Specific cell

types must be organised to the correct location within the developing embryo

and this requires spatial determination, the position of each cell is specified by

external signals before molecular differentiation occurs. Finally, following differ-

entiation and spatial patterning, these tissues must adopt the specific shapes that

they will require to carry out their functions in a process known as morphogen-

esis, which involves cell shape changes and cell migrations. Overall development

is a complex process that requires the coordination of many different signals to

direct cell movements and control cellular processes.
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CHAPTER 1. INTRODUCTION

1.1.1 Morphogen gradients

Spatial patterning of cell fates within the developing embryo is established pri-

marily using morphogen gradients. Morphogens are secreted signalling molecules

that emanate from a specific region of tissue and diffuse away from their source

resulting in a concentration gradient[1]. A morphogen acts directly on cells to

produce specific cellular responses depending on its local concentration. The

term morphogen, was first coined by Alan Turing in a 1952 paper outlining a

theoretical model of how patterning might be produced in the early embryo using

these diffusible factors[2].

“The systems actually to be considered consist therefore of masses of tissues which

are not growing, but within which certain substances are reacting chemically, and

through which they are diffusing. These substances will be called morphogens,

the word being intended to convey the idea of a form producer. It is not intended

to have any very exact meaning, but is simply the kind of substance concerned in

this theory.”

Alan Turing, 1952.

The concept was refined and experimentally demonstrated in the 1960s by Lewis

Wolpert using his “French Flag Model”, which described how a morphogen sub-

divides cells of a tissue by inducing different gene expression patterns depending

on its concentration[1]. In the model this pattern is likened to the French flag:

high concentrations of morphogen activate a “blue” gene, intermediate concentra-

tions activate a “white” gene and concentrations too low to exceed the necessary

threshold result in the default “red” gene expression (Fig. 1.1a). One example

of this is shown for the morphogen activin, which induces different mesodermal

fates: high concentrations result in activation of goosecoid expression, which

specifies a dorsal fate, medium concentrations activate Xbra expression resulting

in differentiation into muscle and at low activin concentrations the cells pro-
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CHAPTER 1. INTRODUCTION

ceed along the default fate path to become vasculature (Fig. 1.1b). Much of

the early work defining morphogen action and identifying morphogens was car-

ried out in Drosophila. For example, mutant screens carried out by Christiane

Nusslein-Volhard and Eric Wieschaus identified a plethora of morphogens in-

volved in patterning the Drosophila embryo at different stages[3, 4]. Now, five

major classes of morphogens have been identified, that have emerged as key

regulators of embryonic development: the transforming growth factor (TGF)β

(comprising activins, bone morphogenetic proteins (BMPs) and TGFβs)[5], the

fibroblast growth factor (FGF)[6], the platelet derived growth factor (PDGF)[7],

Hedgehog[8] and Wnt[9] families. Each family has a different patterning role in

the early embryo, and although their precise roles differ across species there are

some common themes; for example, BMP gradients are responsible for estab-

lishing the dorsal-ventral axis and Wnt gradients specify the anterior-posterior

axis. Secreted morphogens will bind to specific receptors expressed on their tar-

get cells to activate downstream signalling pathways. The concerted action of

several morphogens results in differential patterns of gene expression controlling

molecular differentiation and specification of a particular cell fate within a spa-

tial pattern.

17



CHAPTER 1. INTRODUCTION

Figure 1.1: The “French Flag” model of morphogen action. (a) A graph
showing the relationship between the concentration of a morphogen (y-axis) and
the distance from its source (x-axis). Dotted lines indicate the threshold con-
centrations for inducing a particular fate on a cell. The different cell fates,
corresponding to the colours of the French flag, are shown below the graph.
Cells exposed to the highest morphogen concentration will adopt a “blue” fate,
medium concentrations of morphogen will induce a “white” fate and below the
threshold morphogen concentration cells will follow the default “red” fate. (b)
An example illustrating the French Flag model. Concentration gradients of the
morphogen activin control cell fates. The highest concentrations induce expres-
sion of Goosecoid (“blue”), which induces a dorsal fate; medium concentrations
result in expression of Xbra (“white”), which triggers a muscle fate; and be-
low the threshold activin concentration the default cell fate (“red”) results in a
vasculature fate.

1.1.2 Overview of early development

The early stages of development transform a single cell into an embryo that is

primed for further morphogenesis. The three basic tissues types are defined: ecto-

derm, which will go on to become epidermis and neural tissue; mesoderm, which

will later be muscle, bone, connective tissue and the circulatory and lymphatic

systems; and endoderm, which becomes internal organs such as the liver, lungs,

stomach and intestines. The first stage of development is the cleavage phase

(Fig. 1.2a,b)[10]. Following fertilisation, a series of rapid cell divisions occurs

without an increase in cytoplasmic volume, these cells are called blastomeres and

comprise a structure called the blastula. These repeated rounds of cell division

can be observed under a microscope and occur in a very defined and synchronous

manner (Fig. 1.2b). This process is initially controlled by maternal factors from

the egg including the mitosis promoting factor (MPF). The blastomeres cell cycle
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CHAPTER 1. INTRODUCTION

consists of repeated round of DNA synthesis (S-phase) followed by mitosis (M-

phase), without the usual growth phases G1 and G2. After this period of rapid

cell division, the control of the cell cycle by the maternal factors is rescinded and

taken up by the individual cells. This is known as the mid-blastula transition,

and is characterised by a loss of the synchronicity of the cell divisions. At this

point, the cells begin to transcribe new mRNAs for the production of proteins

that are needed for cell growth, signalling and differentiation.

“It is not birth, marriage, or death, but gastrulation which is truly the most

important time in your life.”

Lewis Wolpert, 1986.

The fundamental process of gastrulation follows cleavage[10, 11]. At this stage,

the blastula is converted from a simple spherical ball of cells, to an embryo with

a multi-layered body plan (Fig. 1.2c). The primary germ layers, consisting of

ectodermal, mesodermal and endodermal cell types, are formed and move to

their correct position within the embryo. This requires the highly dynamic and

concerted migration of groups of cells, which involves modulating cell motility,

cell shape and cell adhesion. Cell movements and changes in cell shape result in a

site of invagination called the blastopore (or primitive streak in mammals) where

the mesoderm and endoderm migrate to the interior of the embryo. This destroys

the blastocoel and results in the formation of a cavity called the archenteron,

which will develop into the digestive tract. The embryo now exhibits the three

germ layers in the correct orientation with the endoderm most central, followed

by the mesoderm, and the ectoderm totally enveloping the two (Fig. 1.2c). After

gastrulation, the process of neurulation results in the formation of the neural

tube, which gives rise to the spinal cord and the brain. Other complex processes

follow, including organogenesis and limb patterning, finally giving rise to a fully

functioning organism.
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Figure 1.2: Cleavage and gastrulation. (a) Schematic showing the cleavage
events in the Xenopus early embryo. A single cell undergoes repeated syn-
chronous divisions without an increase in cytoplasmic volume, passing through
the eight-cell stage, until a ball of cells called a blastula is formed. The
blastula contains a fluid filled cavity called a blastocoel. (Image adapted
from[10]). (b) Light microscopy images of sea urchin (L. variegatus) em-
bryos. A = 1-cell zygote, arrow indicates site of sperm entry, B = 2-cell, C
= 8-cell, D = 16-cell, E = 32-cell, F = hatched blastula. (Image taken from
www.worms.zoology.wisc.edu/urchins/SUcleavage stages.html). (c) Schematic
of Xenopus gastrulation. Grey arrows indicate directions of cell movements.
Cells invaginate at the blastopore and the endoderm and mesoderm migrate
towards the interior of the embryo. The blastocoel is destroyed and a new com-
partment called the Archenteron is formed which will become the gut. Eventually
the three germ layers are arranged surrounded by ectoderm in the form of a gas-
trula. A part of the ectoderm differentiates into the neural plate, which will give
rise to the brain and spinal cord. Blastocoel = grey, archenteron = pale yellow,
ectoderm = blue, mesoderm = red, endoderm = yellow, neural plate = green.
(Image adapted from[11]).
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The induction of the primary germ layers and the precise reorganisation of the

embryo during gastrulation require spatial patterning even at this early stage.

The anterior-posterior, dorsal-ventral and left-right axes are established through

the concerted actions of many morphogens secreted largely from two organising

centres. Many developmental studies into embryonic patterning and gastrulation

have been carried out in model organisms such as Xenopus laevis, zebrafish and

chick due to the ease of genetic manipulation and the availability of embryos

for study. Therefore, the following examples are related to X. laevis develop-

ment, although the general principles are directly transferable to mammalian

development. The two organising centres in X. laevis are known as the ventral

centre which secretes BMP4 and the Spemann’s organiser which is located at

180◦ from the ventral centre at the dorsal side (Fig. 1.3a,b). Spemann’s or-

ganiser was identified through an experiment conducted by Hans Spemann and

Hilde Mangold in 1924 where they grafted a small patch of dorsal mesoderm

onto the ventral side of a host embryo and found that it resulted in two-headed

embryos[12] (Fig. 1.3c). They demonstrated that this “organiser” region be-

came notochord but was capable of changing the fates of surrounding cells, and

organised perfect, twin anterior-posterior and dorsal-ventral axes in the adjacent

tissue[13]. Spemann’s organiser was found to secrete “dorsalising factors” which

primarily comprise BMP antagonists such as chordin and noggin. These antag-

onists establish a concentration gradient of BMP4 activity and protect the cells

at the dorsal pole from the ventralising action BMP4 (Fig. 1.3b).

The induction of a neural cell fate in the establishment of the neural plate also

involves BMP4 and also Wnts and FGFs. The default fate for cells in the ecto-

derm is neural, but the majority of this germ layer forms epidermis as a result

of the action of BMP4, which induces an epidermal cell fate. BMP antago-

nists are therefore important for preventing the action of BMP4, allowing cells

to progress along the default path of development to form neural tissue[10]. In
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chick and mouse, FGF signalling is important for specifying a neural fate by

down-regulation of BMP signalling[14, 15], and Wnts appear to fulfil a similar

function in Xenopus [16]. These signals cooperatively initiate the formation of

the neural plate. During neurulation, the edges of the neural plate thicken and

begin to bend upwards with the epidermis pushing in from either side to form

a neural groove[11]. This eventually closes completely to form the neural tube,

which will later become the brain, spinal cord and peripheral nervous system;

incomplete closure of the neural tube results in neural tube defects ranging from

anencephaly to spina bifida[17]. It is clear therefore, that morphogen gradients

are essential for establishing the body plan during early development and in the

development of the brain during neurulation.
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Figure 1.3: Establishing morphogen gradients in the early embryo. (a)
Schematic of the Xenopus blastula-stage fate map showing the locations of the
ventral organising centre and the Spemann’s organiser. The regions that will
become ectoderm (blue), neural tissue (green), mesoderm (red) and endoderm
(yellow) are shown. Morphogen gradients establish this differentiation pattern.
(Figure adapted from[11]). (b) One example of a morphogen gradient established
by the organising centres. The ventral centre secretes BMP4 (dark purple dots),
whereas Spemann’s organiser secretes BMP antagonists including noggin and
chordin (lilac dots) from the dorsal side. These inhibit the activity of BMP4,
establishing a dorsal-ventral axis and allowing neural tissue to form. (Image
adapted from[10]). (c) The Spemann-Mangold organiser experiment repeated in
Xenopus laevis. Top = control tadpole. Bottom = tadpole after organiser graft
at the same developmental stage. The graft can be visualised as the white patch
on the bottom of the embryo. The graft creates a perfect, second, dorsal-ventral
and anterior-posterior axis, resulting in a twin embryo. Reprinted by permission
from Macmillan Publishers Ltd: Nature Reviews Molecular Cell Biology [13],
copyright 2006
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1.1.3 The role of cell migration in brain development

The human brain is composed of approximately 1011 neurons and ten times that

number of supporting glial cells. An average neuron will form 10,000 connections,

known as synapses, with other neural cells. The positions of all of these cells and

the network of connections that they form must be precisely arranged and this

relies on the ability of neurons to direct their axons over long distances, up to 2-3

feet, to establish the required connections, a process known as pathfinding. The

neuronal navigator, responsible for pathfinding, is the highly dynamic, motile

and sensory structure located at the tip of a growing axon, which is called the

growth cone (Fig. 1.4a,b). Growth cones respond to signals in the form of

molecular guidance cues, which can either attract or repel axons. These guidance

molecules are either membrane tethered to a specific cell type; bound to the

extracellular matrix at discrete sites; or are soluble, and diffuse from the cells that

secrete them, through the extracellular environment, establishing a concentration

gradient. Guidance cues bind to target receptors in the membrane of axon growth

cones to activate downstream signalling pathways that result in changes in the

organisation of the cytoskeleton thereby triggering either growth cone expansion

or collapse, which ultimately drives axon growth towards or away from the signal

respectively[18, 19].

The overall architecture of the growth cone is established by two elements of

the cytoskeleton, actin microfilaments and microtubules (Fig. 1.4b,c). Growth

cone motility is associated with projections of the membrane in the form of

filopodia (thin, cylindrical tendrils) and lamellopodia (broad, flat sheets), which

are brought about largely by actin polymerisation (Fig. 1.4c). Growing actin

filaments push the membrane forward, over the surface that the growth cone is

migrating upon, and the new structures are anchored by transmembrane proteins

such as integrins[20]. Microtubule bundles provide structural support to the axon
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and the base of the growth cone (Fig. 1.4c). Some overlap between actin fila-

ments and dynamic microtubules in the regions near filopodia occurs and this is

thought to be involved in stabilising filopodia in response to attractive guidance

cues[20, 21, 22]. The growth cone also contains the motor protein myosin, which

can bind to actin and exert a motile force relative to either other actin filaments

or to the cell surroundings. Myosin appears to play a role in the retrograde flow

of actin (away from the filopodia tips)[23, 24, 25] and also in the growth cone col-

lapse that is induced by repulsive guidance cues[26, 27, 28]. Attractive guidance

cues cause growth cone expansion and this directs axon growth towards their

source, whereas repulsive guidance cues trigger growth cone collapse causing ax-

ons to avoid them (Fig. 1.4d,e). Attractive guidance cues activate the small

guanosine-5’-triphosphate hydrolysing enzymes (GTPases) Rac and Cdc42 that

enhance actin polymerisation and so drive growth cone expansion and subsequent

axon migration[29, 30, 31, 32] (Fig. 1.4d,e). Repulsive guidance cues activate

small GTPases of the Rho family that activate Rho-kinase (ROCK), which phos-

phorylates and activates myosin to trigger collapse of the growth cone[26] (Fig.

1.4b).

There are several families of guidance cues including semaphorins[33], ephrins[34],

netrins[35] and Repulsive Guidance Molecules (RGMs)[36]. Guidance cues are

categorised as having either repulsive or attractive effects and mediate these by

binding to cell-surface receptors. However, often multiple cues utilise the same

cell-surface receptor but trigger different downstream effects, for example both

netrin-1 and RGM bind to the same receptor, Neogenin (NEO1) but netrin-1 will

trigger an attractive cue whereas RGM will signal a repulsive one[37]. There-

fore, the paths different axons take through the brain will depend on the axon

guidance cues available in the extracellular surroundings and on the receptors

that the growth cone of each axon is expressing. Interestingly, recently, mor-

phogen proteins such as those commonly associated with embryonic patterning
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including Wnts[38] and BMPs[39], are being increasingly implicated in having

roles in axon guidance. This is perhaps not surprising since morphogens and

guidance molecules share many overlapping characteristics, for example they are

both secreted to form gradients and trigger multiple graded responses in their

target cells; morphogens are important in regulating cell motility and adhesion

during development.

We have discussed the essential roles of cell migration in axon guidance, gastru-

lation, the development of the embryo and morphogenesis; however, the roles of

cell migration are not limited to these functions. In related systems, migrating

fibroblasts and epithelial cells respond to wounds and direct tissue regeneration,

immune cells patrolling the blood stream migrate into tissues to deal with infec-

tions, and in cancer metastasis tumour cells migrate into the blood stream and

then invade new environments. The same basic migration and guidance processes

as those described above for axons are utilised, however the migration occurs in

different tissue contexts, using different molecular repertoires and extracellular

guidance cues[40]. Although, as we will see below, it is possible for one type of

guidance cue to be involved in many of these cell migration systems.
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Figure 1.4: Axon growth cones: structure and guidance. (a) A
schematic showing the features (labelled) of a neuronal cell. Axon of variable
length indicated by ‘//’. Arrows indicate directions of growth (Figure adapted
from[10]). (b) Schematic showing the architecture of the growth cone. F-actin
polymers (orange), microtubules (blue) and retrograde actin flow (purple ar-
rows) are shown. (Figure adapted from[41]). (c) Immunofluorescence confocal
images of fixed growth cones from embryonic cortical neuron cultures. Actin fila-
ments (F-actin, stained with phalloidin dye) and microtubules (tubulin, labelled
with an antibody) are shown. Arrowheads indicate points at which the two
co-localise. (Image from[41]). (d) Light microscopy images of dorsal root gan-
glion cell cultures showing an expanding growth cone (left panel) and a growth
cone after collapse (right panel). Collapse induced by cell medium containing
collapsin. (Image reprinted from [33], Copyright 1993, with permission from El-
sevier: Cell). (e) Light microscopy images of the growth of commissural axons
over 40 hours from dorsal spinal cord explants from rat embryos embedded in
a collagen matrix. Without a guidance cue, no axon outgrowth observed (left
panel), a floor plate explant secreting an attractive guidance cue, resulted in
directed axon growth (right panel). (Image from[35]).
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1.2 The discovery of Repulsive Guidance

Molecules

Investigations into the question of how the precise mapping of the central nervous

system (CNS) is accomplished began using the chick retinotectal model system.

In the chick embryo approximately 2 million neurons from each eye invade the

target organ, the optic tectum, and form synapses with their target neurons[42].

Retinal ganglion cells project axons into the optic tectum in a topographic man-

ner; temporal retinal axons project to the anterior side of the tectum, whereas

nasal retinal axons invade the posterior side. The theory that gradients of guid-

ance cues might direct this process sparked a series of in vitro experiments in

search of these directional cues. Two assays called the stripe and collapse assays

proved to be important tools in these investigations[43, 44]. In the stripe assays

alternating parallel stripes of membrane from the anterior and posterior tec-

tum were arranged and showed that temporal axons avoided the posterior lanes,

whereas nasal axons showed no such preference[45]. Similarly, in the collapse as-

say, vesicles composed of posterior membrane triggered growth cone collapse in

temporal but not nasal axons[43]. However, although the posterior membranes

were shown to have these growth cone collapse and axon guidance properties, it

still remained to identify the active molecular guidance cue.

Repulsive Guidance Molecule (RGM) was the first candidate for this guidance

cue, and was identified in 1990. It was originally described as a 33 kDa membrane-

bound glycoprotein, and vesicles enriched with this protein were highly active

in collapse and stripe assays[46]. The protein was found to be sensitive to

cleavage by phosphatidylinositol-specific phospholipase C (PI-PLC) indicating

that it was tethered to the membrane by a glycosylphosphatidylinositol (GPI)-

anchor[46, 47]. Subsequently, a monoclonal antibody (F3D4) raised against this

protein was used to show that the protein was expressed in a gradient from high
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in the posterior to low in the anterior of the tectum[48] (Fig. 1.5a). Further-

more, when used in conjunction with a technique called chromophore-assisted

laser inactivation that accurately targets proteins bound by an antibody for in-

activation, the F3D4 antibody specifically blocked the repulsive guidance activity

of the protein. It was on the outcome of these experiments that this protein was

named RGM.

It was not until 2002 that the gene encoding chicken RGM (cRGM) was identi-

fied and a full-sequence analysis could be carried out[36]. Recombinant cRGM

showed a graded expression pattern from low in the anterior to high in the pos-

terior of the chick tectum and the isolated protein demonstrated full repulsive

guidance activity in stripe and collapse assays, similar to that induced by pos-

terior tectum membranes[36] (Fig. 1.5b,c). This verified that the correct gene

had been identified. Chick RGM is a 432 amino acid glycoprotein and shows no

sequence homology to other guidance cues. The protein comprises an N-terminal

signal peptide, an RGD site thought to be involved in cell adhesion[49], a partial

von Willebrand factor type D (vWfD) domain[50] and a GPI-anchor[36] (Fig.

1.6a). Interestingly, the calculated molecular weight of the protein (49 kDa) was

higher than that reported experimentally for RGM (33 kDa). Peptide sequenc-

ing to determine the amino-terminus of the active chick RGM resulted in the

sequence ”PHLRT“, which corresponded to the lower molecular weight form of

the protein, and it was suggested that the N-terminal 149 amino acids are cleaved

off by an unknown protease[36].
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Figure 1.5: The discovery of RGMs. (a) Pseudo-coloured photographs of
sections from the anterior (1), medial (2) and posterior (3) parts of the chick
optic tectum after immunostaining with F3D4 anti-cRGM antibody. F3D4 im-
munoreactivity increases from the anterior to the posterior indicating an anterior-
posterior gradient of cRGM distribution. (Image reprinted from Current Biol-
ogy [48], Copyright 1996, with permission from Elsevier). (b) Graph showing
the percentage of collapsed growth cones from temporal neurons in the pres-
ence of membranes from RGM- or control-transfected HEK 293 cells. RGM
effectively induces growth cone collapse. (Image reprinted by permission from
Macmillan Publishers Ltd: Nature [36], copyright 2002). (c) A stripe assay
showing that temporal retinal axons avoid stripes derived from membranes of
RGM-transfected HEK 293 cells (labelled with red fluorescent beads) and grow
on mock-transfected cell membranes (left panel). Nasal retinal axons, however,
do not show this preference (right panel). (Image reprinted by permission from
Macmillan Publishers Ltd: Nature [36], copyright 2002).
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There are orthologues of chRGM found in all vertebrates, with varying levels of

similarity, from human with 82 % amino acid identity, to zebrafish with 69 %

amino acid identity (Fig. 1.6b). Orthologues are also found in invertebrates,

although, as expected these show a higher sequence divergence, for example the

DRAG-1 protein in the roundworm Caenorhabditis elegans, with 33 % amino

acid identity. Furthermore, following on from the discovery of chicken RGM,

three mammalian orthologues were identified by sequence analysis and named

RGMA, RGMB (also called DRAGON) and RGMC (also called hemojuvelin

(HJV), HFE2, DRAGON-like muscle (DL-M))[51, 52] (Fig. 1.6b). Of these

RGMA shares the closest sequence homology with chRGM (78 % amino acid

identity). Human RGMA shares 50 % amino acid identity with RGMB and

just under 47 % with RGMC (Fig. 1.6b). Concurrent with their discovery

by sequence analysis, RGMB and RGMC were also identified by biochemical

methods, hence why they have alternative names. The first of these studies used

a genomic binding site strategy to identify targets of DRG11, a transcription

factor expressed in dorsal root ganglion (DRG) sensory neurons[53]. One protein

up-regulated by DRG11 was named DRAGON, reflecting that it was turned

“on” in the DRG. Mouse homologues to DRAGON were also identified from

mouse genomic databases, yielding mRGM (i.e. RGMA) and a protein named

both for its similarity to DRAGON and its expression pattern in the mouse

embryo: DRAGON-like muscle (i.e. RGMC)[53]. In another study, mutations

associated with a subtype of an early-onset iron overload disease called juvenile

hemochromatosis (JHH) were mapped to the human gene HFE2, and the protein

product of this gene was named hemojuvelin, which corresponds to RGMC[54].

For clarity, in this thesis RGM proteins will be referred to as RGMA, B and C.

The pattern of tissue expression for RGMs is wide-ranging and distinct for each

family member[51, 55, 52]. In situ hybridisation studies during the early devel-

opment of mouse embryos and in brain tissue sections, using antibodies against
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the three RGM family members, showed that the most abundant expression

of RGMA and RGMB is found in the nervous system where they occupy non-

overlapping but complementary regions[51, 52]. Outside of the brain, RGMA and

RGMB expression has been found in the heart, lung, liver, bone, skin, kidney,

the reproductive system and gut, hinting at further diverse functions[56, 55, 57].

In contrast, RGMC is exclusively expressed in all skeletal and cardiac muscle

and not in the central nervous system[55].

The RGM family shares common structural features, many of which were iden-

tified in cRGM, including an N-terminal signal peptide and a putative RGD

motif (conserved in RGMA and RGMC), which is thought to be important for

integrin-mediated adhesive function[58, 36, 59]. They also have a partial vWfD

domain, comprising about 40 % of a full-length domain that contains the highly

conserved GDPH cleavage site, which was initially suggested in cRGM to be

cleaved by an unknown protease. However, studies using recombinant RGMC

suggest that RGMs possess autocatalytic activity and show that the aspartic

acid-proline bond of the cleavage site is acid-labile and incubation of RGMC

at pH 5.5 enhances autocatalytic cleavage[42]. The remaining portion of the

RGMs is composed of a hydrophobic domain of unknown structure followed by

a GPI-anchor, although RGMs can be cleaved by proteases and phospholipase

C to remove this anchor and produce a soluble form allowing for long-range

actions[36].
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Figure 1.6: Domain organisation and sequence alignments of the ver-
tebrate RGM family members. From [240], Science, reprinted with per-
mission from AAAS. (a) Schematic of the domain organisation of human (h)
RGM. Numbering for hRGMC. N-terminal domain (RGMND) (orange), RGD
motif (yellow), middle domain (RGMMD) (purple), partial von Willibrand fac-
tor type D domain (vWFD) (pink), Arg168-Pro169 autocatalytic cleavage site
and C-terminal domain (RGMCD) (grey) are highlighted. GPI = glycophos-
phatidylinositol anchor (black), SP = signal peptide, RXRR = putative cleav-
age site. (b) Alignment of human (h), mouse (m), chicken (c), Xenopus
(x) and zebrafish (z) RGM A, B and C sequences. Aligned using MUL-
TALIN (bioinfo.genotoul.fr/multalin/multalin.html) and formatted with ES-
PRIPT (espript.ibcp.fr/ESPript/ESPript/). Numbering corresponds to hRGMB
(including secretion signal). RGD motif (grey box), autocatalytic cleavage site
(black) and putative furin cleavage site (yellow box) are highlighted. Juvenile
hemochromatosis-linked mutations in hRGMC are marked with asterisks (*).
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1.3 Functions of RGMs

1.3.1 RGMA

Given the function of chicken RGM as a repulsive axon guidance cue in the

retinotectal system[60, 36], the mammalian orthologue, RGMA, was tested for a

similar function[60, 51]. However, in contrast to chRGM, no gradient in mouse

RGMA expression was detected along the anteroposterior axis of the superior col-

liculus, which is the mammalian equivalent of the optic tectum; although a clear

gradient was shown for another repulsive guidance cue, EphrinA5. Furthermore,

in an RGMA-/- knockout mouse no defects in neuronal patterning were observed

and the loss of RGMA did not seem to impair anteroposterior mapping of retinal

axons. However, approximately 50 % of RGMA-/- embryos showed incomplete

closure of the neural tube resulting in an exencephalic phenotype, where brain

structures are exposed to the external environment[51]. Other studies have also

identified a role for RGMA in early neural development, for example, work in

Xenopus embryos has shown that knockdown of RGMA, performed by injection

of morpholinos, results in severe morphological defects of the eye and affects the

expression of marker genes of the developing forebrain[61]. In addition, a role

for RGMA has been suggested in the early development of the mouse intestine

due to the expression of RGMA in the intestinal ganglia and epithelia at specific

developmental stages[56]. RGMA may therefore play a role in vertebrate early

neural and organ development that is quite distinct from its roles in axon path

finding in the more mature nervous system.

Despite this lack of evidence for RGMA as a repulsive axon guidance cue in mam-

malian retina development, many studies have demonstrated a role for RGMA in

other axon guidance systems. For example, RGMA was shown to be involved in

establishing the specific laminar pattern of afferent neuron terminations in the de-
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veloping mouse hippocampus. RGMA repelled entorhinal axons in stripe assays;

and in entorhino-hippocampal co-cultures neutralising antibodies against RGMA

resulted in entorhinal axons entering inappropriate hippocampal areas[62]. Sub-

sequently, work in the developing Xenopus forebrain, showed that a knockdown

of RGMA using morpholinos resulted in patterning defects, specifically a fail-

ure to establish the supraoptic tract[37]. This was the first in vivo evidence,

outside of the chick model system, of the function of RGMA in axon guidance.

Data supporting this role for RGMA were also generated by a study showing

that injection of RGMA mRNA into developing Xenopus embryos, causing over-

expression of RGMA, resulted in distorted pathfinding[63]. Interestingly this

treatment also triggered sprouting of ectopic neurons, showing not only a role

for RGMA in axon guidance, but potentially also in neuronal cell differentiation.

In addition to these in vivo studies, RGMA has also been shown to inhibit neurite

outgrowth of several different types of neurons using classical, in vitro, assays for

growth cone collapse and axon outgrowth[64, 65, 66]. Further studies in vivo are

required to determine the precise function of RGMA in axon pathfinding, partic-

ularly in mammalian systems. It may be that a double knockout of RGMA-/- and

RGMB-/- is required to observe a phenotype as it has been suggested that RGMB

might be able to compensate for loss of RGMA in some systems[51]. However,

the induction of growth cone collapse to inhibit the outgrowth of neurons appears

to be a general function of RGMA.

Related to this, RGMA has been implicated as a major inhibitor of axon re-

generation after injury in the mammalian central nervous system[67, 68, 69].

Following spinal cord injury in rats, RGMA expression increases around the le-

sion site[67, 68]. A similar expression pattern was observed for RGMA in adult

human brains following traumatic brain injury or focal cerebral ischemia, with

expression levels maximal 24 hours post-trauma and elevated for weeks into

months afterwards[69]. The presence of RGMA at the lesion site, combined with
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its known ability to inhibit axon growth suggests that it prevents nerve regenera-

tion in the scar tissue. Indeed, administration of an activity-blocking anti-RGMA

antibody promoted new growth of corticospinal tract axons and resulted in en-

hanced motility recovery in rats after spinal cord injury[67]. Likewise, RGMA

was also shown to have a similar inhibitory affect on regeneration of damaged

auditory neuron fibres in the mouse inner ear[70]. Once again, anti-RGMA an-

tibodies disrupted this inhibition, promoting enhanced growth of neuron fibres

and increasing levels of synaptogenesis with their target cells. These studies

show that RGMA is an inhibitor of neuronal regeneration at sites of injury, both

within the CNS and in the peripheral nervous system (PNS). This function is

most likely linked to RGMA-induced growth cone collapse, which inhibits neurite

outgrowth.

Directed cell migration is not only required in development and regeneration of

the nervous system, it is also essential for appropriate and localised immune re-

sponses. The migration of leukocytes into inflamed tissue shares the basic mech-

anism of cytoskeleton remodelling with axon guidance[71]; and has also been

shown to be under the control of attractive and repulsive guidance cues, some

of which have parallel functions in neuronal path finding[72, 73, 74, 75, 76, 77].

RGMA is strongly expressed in epithelium, leukocytes and highly vascularised

tissues such as lungs and kidneys that are sensitive to infection, hinting at a

role in leukocyte chemotaxis[78]. Recently, it was shown that RGMA inhibits

leukocyte migration and attenuates the inflammatory response. Zymosan-A, an

experimental inducer of inflammation, was used to induce peritonitis (inflamma-

tion of the lining of the abdomen) in mice. Injection of RGMA in this system

acted as an inhibitor of leukocyte recruitment and diminished the signs of acute

inflammation[78]. Furthermore, RGMA was shown to play a role in the activation

of CD4+ T-cells, which is the primary trigger of an inflammatory response that

results in axonal damage contributing to the development of the symptoms of
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multiple sclerosis (MS)[79]. Antibodies against RGMA were used to demonstrate

that RGMA controls activation of T-cells and the induction of various proteins

comprising the immune response, including interferons and interleukins. These

studies characterise RGMA as a potent immuno-modulatory protein.

RGMA also appears to be involved in apoptosis in developing embryos, across

many vertebrates. For example, RGMA has been identified as a cell survival fac-

tor in the developing chick neural tube and in the mouse retina. Over-expression

of the RGM receptor NEO1, or down regulation of RGMA, induced apoptosis;

and addition of RGMA increased cell survival[80, 60]. This identified NEO1 as

a dependence receptor and identified RGMA as a controller of cell survival, al-

though the precise mechanism for this process remains controversial[81]. It has

also emerged that the activity of RGMA contributes to neurodegeneration in a

mouse model of multiple sclerosis (Experimental Autoimmune Encephalomyeli-

tis (EAE)) and that neutralising antibodies against RGMA reduce neuronal cell

death in this model without altering inflammatory responses[82]. RGMA has

been shown therefore to be a controller of cell survival in two different systems.

Finally, RGMA was recently identified as a co-receptor for BMP signalling, a

pathway best known for its role in development[83]. In a luciferase reporter

assay transfection of RGMA cDNA into cells enhanced BMP but not TGFβ

signalling, and RGMA was shown to bind directly to BMP ligands and also to

the BMP type I receptor. In rat spinal cord RGMA is expressed in neurons

that also show active BMP signalling suggesting that RGMA functions as a co-

receptor for this morphogenetic pathway. However, the specific physiological role

of RGMA-activated BMP signalling has not yet been determined.

In summary then, the functions of RGMA are wide-ranging but can be grouped

into five categories: axon repulsion, neural development, immune cell regulation,

cell survival and activation of BMP signalling.
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1.3.2 RGMB

The expression pattern of RGMB is in general very similar to that of RGMA,

with strong expression observed throughout the nervous system. It is there-

fore reasonable to expect RGMB to be involved in axon guidance, similar to

chRGM and RGMA. However, in an RGMB-/- knockout mouse no neuronal pat-

terning or developmental defects were observed[84]. Although, RGMB has been

shown to inhibit neurite outgrowth in mouse cerebellar granule neurons, at least

in vitro[85]. Furthermore, in the developing mouse dentate gyrus RGMB was

shown to abolish migration of neuroepithelial cells expressing the receptor NEO1

both in vitro and in vivo, suggesting that RGMB plays a role in neuronal cell

migration[86]. In a role that may be related to axon pathfinding, transfection

of HEK293T cells with RGMB enhanced the adhesion of cultured DRG neurons

to these cells suggesting that RGMB has adhesive properties[53]. Immunopre-

cipitation experiments suggested that homophilic interactions between RGMB

molecules might be responsible for the observed RGMB-mediated cell-cell adhe-

sion. Several other cell-surface GPI-anchored proteins, including NCAM (neu-

ronal cell adhesion molecule), ephrins and tenascin, mediate adhesion of neurons

to non-neuronal cells or components of the extracellular matrix. Interestingly,

this was in contrast to RGMA, which in the same experiment resulted in a two-

fold decrease in adhesion of DRG neurons to transfected HEK293T cells[53].

Effective adhesion of cells to their surroundings is essential for migration. The

complementary expression pattern for RGMA and RGMB combined with their

different effects on DRG neuron adhesion may have consequences for axon guid-

ance within the CNS.

Overall the evidence for RGMB acting as an axon guidance molecule in vivo is

limited; nevertheless RGMB has many other functions in common with RGMA.

First, RGMB is expressed in neurons, oligodendrocytes and myelin in the adult
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rat CNS and is upregulated at sites of spinal cord injury[85]. This combined with

the neurite outgrowth inhibitory activity of RGMB suggests that it too may func-

tion as an inhibitor of axon regeneration in the CNS. Secondly, RGMB has a role

in apoptosis and acts as a controller of cell survival, like RGMA, although this

function was identified in renal tubular epithelium rather than neuronal cells.

RGMB over-expression increased renal epithelial cell death, and knockdown of

RGMB in RGMB+/- mice showed a decrease in kidney cell apoptosis compared to

controls, under hypoxic conditions[87]. This is in contrast to observations where

over-expression of RGMA increased cell survival, another example of the con-

tradictory effects of these two proteins. Interestingly, in this same study RGMB

was shown to inhibit expression of E-cadherin a cell-cell adhesion molecule[87],

a function that was not demonstrated for RGMA. Finally, RGMB has also been

implicated in the immune response. RGMB is highly expressed in macrophages

and acts to inhibit the expression of interleukin-6 (IL-6), a pro-inflammatory

cytokine[88]. Therefore both RGMA and RGMB attenuate the inflammatory

response, although they appear to do so via different mechanisms.

Interestingly, the inhibition of the expression of IL-6 by RGMB was found to be

dependent on levels of BMP signalling. RGMB was the first RGM family member

to be identified as a co-receptor for BMP signalling[89] and many of its physi-

ological roles have subsequently been shown to be dependent on this signalling

pathway. The expression pattern of RGMB in the developing Xenopus embryo

is overlapping with that of the BMP receptors and using a luciferase reporter

assay RGMB was shown to activate BMP signalling and to enhance the sensitiv-

ity of cells to BMP ligands in vitro[89]. RGMB also enhances the sensitivity of

cells to BMP signalling in the Xenopus embryo, lowering the threshold required

for downstream gene activation, and this appears to be important for pattern-

ing of the developing nervous system[89]. Another potential function of RGMB

signalling through BMPs is the regulation of tight junctions in the epithelia of
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adult kidney tubules. Tight junctions are important for maintaining the polarity

of the cells and are essential to control transport of small molecules across the

epithelial barrier; transepithelial resistance (TER) can be used to measure their

effectiveness and BMP signalling has been shown to enhance TER[90, 91]. Both

RGMB and BMP4 are expressed in kidney epithelial cells and co-transfection

of cells from a mouse inner medullary collecting duct cell line (mIMCD3) with

RGMB and BMP4 enhanced TER over that stimulated by BMP4 alone, sug-

gesting that RGMB enhances BMP4 signalling to increase the stability of tight

junctions in the kidney[92]. Despite several studies into this area, the role of

RGMB-enhanced BMP signalling has not yet been full elucidated, and in fact

the physiological role of RGMB itself is still not clear although it appears to be

a protein with many different functions.

In summary, RGMB appears to be important in cell adhesion, immune cell reg-

ulation, axon growth inhibition and cell survival; functions it largely shares with

RGMA, although the two often have very different roles within these systems.

RGMB is an important activator of BMP signalling and this appears to be impor-

tant in brain and kidney development. Overall, the precise biological functions

of RGMB are not well defined.

1.3.3 RGMC

The primary function of RGMC is in the regulation of iron homeostasis. Iron is

an essential co-factor for many physiological processes including oxygen transport

and respiration, but free iron is also toxic as its electron transfer properties mean

it can result in the creation of harmful free radicals; and so the body tightly reg-

ulates circulating iron levels[93]. Iron is stored both in macrophages that recycle

iron resulting from the destruction of red blood cells, and the liver. Iron export

from these stores is mediated by ferroportin-1, the only known transporter of
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iron efflux from cells[94, 95, 96]. This transporter is regulated by the peptide

hormone hepcidin, which is secreted by hepatocytes and binds to and directs

the internalisation of ferroportin-1 for degradation[97]. Removal of ferroportin-

1 prevents iron export, causing a reduction in blood iron levels. Mutations in

the gene for hepcidin result in iron overload diseases[98, 99], whereas increased

expression of hepcidin causes iron deficiency and anaemia[100, 101]. Expression

of hepcidin is activated by BMP6 signalling through the downstream SMAD

pathway, as demonstrated by the massive iron overload exhibited in a liver spe-

cific SMAD4-/- knockout mouse[102, 103, 104]. Additionally, under inflammatory

conditions hepcidin expression can also be activated by interleukins through the

downstream JAK/STAT signalling pathway[105].

RGMC was initially discovered when mutations in the gene were linked to the

blood iron overload disorder juvenile hemochromatosis (JHH), which provided

the first evidence that RGMC was involved in the process of iron regulation[54].

RGMC-/- knockout mice exhibit high levels of iron accumulation in the liver,

pancreas and heart, and show a decrease in hepcidin expression coupled with

a corresponding increase in ferroportin levels; suggesting that RGMC regulates

levels of hepcidin to control iron storage[106]. RGMC, like the other RGMs was

subsequently identified as a co-receptor for BMP signalling using a luciferase

reporter assay[102]. Furthermore, induction of hepcidin expression by BMP was

enhanced by transfection of HepB3 liver cells with RGMC and diminished in

RGMC-/- hepatocytes, demonstrating that activation of BMP signalling is the

mechanism by which RGMC controls hepcidin expression. Experiments showed

that BMP6 is the endogenous regulator of hepcidin expression as BMP6-/- mice

have a phenotype resembling that of RGMC-/- mice, exhibiting reduced hepcidin

expression and tissue iron overload[107, 108]. However, activation of BMP6

signalling by RGMC is essential for maintenance of normal serum iron levels as

in RGMC-/- knockout mice hepcidin expression is low, despite elevated BMP6
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levels[109]. It is clear therefore, that RGMC signalling though BMP6 plays a

major role in the regulation of normal blood iron levels.

It appears that membrane attachment of RGMC is essential for this function and

in fact soluble RGMC can bind to BMP and act as an antagonist for membrane-

bound RGMC, resulting in reduced hepcidin expression[110, 111]. There is a

circulating pool of soluble RGMC in human and mouse serum of around 1 µg/ml

and 0.58 µg/ml, respectively and the ratio between soluble and membrane-bound

RGMC may therefore exert fine control over serum iron levels[112, 113]. However,

whilst injection of Fc-tagged RGMC into mice inhibits hepatic BMP signalling

resulting in reduced hepcidin expression and increased serum iron levels[103],

injection of anti-RGMC antibodies into rats and monkeys also down-regulates

hepcidin expression and increases serum iron levels[114]. Furthermore, patients

with iron-deficiency anaemia were found to have lower circulating soluble RGMC

levels than those in healthy patients[112]. It is therefore not yet clear what role

soluble RGMC plays in vivo.

1.4 The role of RGMs in disease

1.4.1 Cancer

Both RGMA and RGMB have been implicated in cancer development and pro-

gression. This is perhaps unsurprising given their role as important co-receptors

for the BMP signalling pathway, which has well-established links to cancer pro-

gression, particularly in determining the aggressiveness of primary tumours and

in tumour metastasis (reviewed in[115]). Additionally, the RGM receptor NEO1

is a close homologue of deleted in colorectal cancer (DCC), which plays critical

roles in colorectal cancer (CRC)[116, 117, 118, 119]. The involvement of other
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axon guidance cues in cancer progression is an emerging phenomenon[120, 121,

122, 123, 124, 125], these cues regulate angiogenesis, cell survival, cell migration

and cell adhesion, all essential processes in cancer development and all processes

in which RGMs have been implicated. It was shown that RGMA expression is

downregulated across colon cancer cell lines, CRCs and adenomas, suggesting

that RGMA inactivation is a crucial step in CRC development[126, 127]. The

mechanism for this downregulation appears to be methylation of the gene pro-

moter: the average methylation level in normal colon is below 10 %, but in CRCs

the level of methylation was found to be over 85 %[126, 127]. RGMA appears

to suppress the migration and invasion abilities of CRCs and promote apopto-

sis upon DNA damage in in vitro assays, and given its inactivation in CRCs,

it appears to function as a tumour suppressor[126]. In contrast, a study into

the role of RGMB in CRCs showed that RGMB expression was upregulated in

CRC tissues and that RGMB promoted the cell proliferation, migration and in-

vasion capacities of CRC cell lines[128]. Furthermore, in mouse CRC xenografts,

a RGMB knockdown resulted in significantly slower tumour growth, identifying

RGMB as a target for potential therapies to treat colon cancer[128]. However,

data collected for RGMB function in breast cancer development contradicts this.

A knockdown of RGMB in two different breast cancer cell lines resulted in an

increase in cell proliferation, migration and adhesion, and a decrease in levels of

apoptosis[129]. Therefore, in this disease model, RGMB seems to function as a

tumour suppressor, similarly to RGMA. It may be that RGMs have very differ-

ent roles in different tissue types, which may depend on the relative activities of

the two pathways that they signal through: BMP and NEO1 signalling systems.
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1.4.2 Multiple Sclerosis

The primary trigger of multiple sclerosis in humans is the immune response

initiated by the activation of T-cells, which are located in the myelin sheath of

neurons in the brain and spinal cord. This results in demyelination, neuronal

degeneration and the progressive paralysis that is associated with MS. Activation

of T-cells requires sustained interactions between T-cell receptors (TCRs) and

their corresponding antigens on the surface of antigen presenting cells such as

dendritic cells. RGMA is a potent immunomodulatory protein with roles in the

inflammatory response and notably, mutations in RGMA are associated with

multiple sclerosis (MS) and correlate with changes in interferon levels in the

cerebrospinal fluid of patients[130]. Recently the role of RGMA in MS was

investigated using a mouse model of MS called EAE[79].

It was shown that the expression of RGMA is upregulated in the dendritic cells of

mice after induction of EAE, and that RGMA is expressed in dendritic cells from

brain and spinal cord samples from patients with MS, but not control samples.

The RGMA receptor NEO1 is expressed in both mouse T-cells and sections

from the brain and spinal cord of MS patients, consistent with RGMA playing a

role in the activation of T-cells. Importantly, administration of RGMA-specific

antibodies to mice with EAE reduced both the severity of the disease and the

percentage of mice presenting with symptoms. These mice showed a significant

reduction in both myelin loss and axonal damage. In cell samples from MS

patients, anti-RGMA antibodies reduced a subset of types of T-cell activation

and down-regulated the expression of proteins of the immune response including

interleukins 2, 4 and 17 and interferon-γ. This and other studies have identified

RGMA as a promising molecular target in the treatment of MS and highlighted

the clinical potential of RGMA-specific antibodies[79, 82].
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1.4.3 Regenerative failure

Unlike those of the PNS, axons of the CNS demonstrate no functional regener-

ation after injury, which is generally the cause of paralysis after a CNS injury.

The local glial cell environment of the axons has been implicated as the major

cause of this lack of regeneration. This encompasses inhibitor proteins including

neurite outgrowth inhibitor A (Nogo-A), myelin-associated glycoprotein (MAG),

oligodendrocyte-myelin glycoprotein (OMgp) and most recently RGMs. RGMs

are upregulated at sites of injury in rats[68] and after focal cerebral ischemia and

traumatic brain injury in humans[69]. Importantly, antibodies against RGMA

administered at the site of spinal cord injury in rats resulted in a significant

improvement in motility, which appears to be due to increased axon sprouting

and growth of neuron fibres at the lesion site[67]. This suggests that antibodies

targeted to RGMA may have potential clinical applications in the treatment of

human spinal injuries. RGMs may also be potential targets in another axon

regeneration system. Auditory neurons and their synapses with hair cells are

sensitive to damage, for example from excess noise. The auditory nerve is an

exception to the rule that the PNS has a greater capacity for regeneration, and

auditory neurons do not exhibit this ability[131, 132, 133, 134, 135]. Recently,

however, treatment with an anti-RGMA antibody was shown to increase both

growth of auditory fibres and improve neuron-hair cell synaptogenesis, suggesting

that RGMA antibodies could be included in a strategy to treat deafness[70].

1.4.4 Iron homeostasis disorders

There are two types of disorders in iron homeostasis, those resulting in iron over-

load and those causing iron deficiency. Iron overload diseases due to a genetic

mutation are referred to as hereditary hemochromatosis (HH); these are disorders

where iron is accumulated in vital parenchymal tissues such as the liver, heart
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and pancreas and this can lead to tissue damage and fibrosis[93]. Mutations in

RGMC are linked to type II HH, also called JHH, which is an autosomal-recessive

early-onset form of HH that can result in severe cardiac and endocrine dysfunc-

tion as well as diabetes[136, 137, 54]. As described before, these JHH-linked

RGMC mutations disrupt BMP6-mediated up-regulation of hepcidin resulting in

iron overload[107, 102]. Iron deficiency disorders or anaemia are most commonly

acquired by anaemia of inflammation, also known as anaemia of chronic disease.

Inflammatory responses can result in low circulating iron levels, thought to be an

effort to limit iron to prevent bacterial growth after infection[138]. Proteins of

the inflammatory response including interleukin-6 activate hepcidin expression

to prevent iron export from macrophage stores resulting in low iron availabil-

ity, which can cause limited erythropoiesis[105]. Anaemia can also be caused

by ectopic expression of hepcidin by tumours[100, 101] or dysregulated cytokine

production in ageing[139, 140]. Interestingly, both RGMC-specific antibodies

and soluble Fc-tagged RGMC have been shown to increase serum iron levels in

vivo[103, 114]. Fc-RGMC was administered to mice over 3 weeks and resulted in

decreased BMP signalling, lower hepcidin expression and corresponding increases

in serum iron levels[103]. Two different antibodies targeted against RGMC were

administered to rats and cynomolgus monkeys and hepcidin levels were success-

fully downregulated for several weeks due to the long half-life of the antibodies,

with a concomitant increase in serum iron and no adverse side-effects[114]. Both

groups highlight the exciting clinical potential for Fc-RGMC and anti-RGMC

antibodies in the treatment of anaemia associated with hepcidin excess.
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1.5 RGM signalling through NEO1

A chick RGM-alkaline phosphatase (cRGM-AP) fusion protein was used in an

expression cloning strategy to search for the RGM receptor. Out of 280,000 inde-

pendent clones from an adult mouse brain cDNA library expressed in COS7 cells,

only one showed binding to cRGM and it was identified as mouse NEO1[141].

NEO1 was originally isolated in an antibody screen of a random cDNA library

from chick cerebellum mRNA in a search for neural cell surface proteins[142]. It

was immediately identified as a homologue of DCC (Deleted in colorectal can-

cer). DCC was originally characterised as a putative tumour suppressor gene as

it was found that the deletion of one DCC allele is linked to over 70 % of human

colorectal carcinomas (CRCs), and its expression is reduced in 88 % of CRC cell

lines[117]. However, it was subsequently shown to be involved in axon guidance

as a receptor for the chemo-attractant Netrin-1[143]. In vertebrates Netrin-1

binding to DCC triggered growth cone expansion and neurite outgrowth along

a netrin-1 gradient. This was concurrently also shown in C. elegans, where the

DCC homologue UNC-40 directed axon growth towards UNC-6 (a Netrin-1 ho-

mologue) sources, unless the UNC-5 receptor was also present when axons would

be repelled[144]. As expected from its homology to DCC, NEO1 is also a receptor

for Netrin-1 and appears to mediate chemo-attraction[143].

NEO1 and DCC are both members of the neuronal cell adhesion molecular fam-

ily of the immunoglobulin (Ig) superfamily. This protein superfamily spans an

array of functions in the immune system, the nervous system and the muscula-

ture mainly as cell adhesion and recognition molecules. NEO1 displays structural

features that are conserved across the family; NEO1 is a single-span transmem-

brane protein with a large extracellular domain composed of four V-like Ig like

domains, followed by six FN type-III like domains, with eight N-linked glycosy-

lation sites (Fig. 1.7a). The extracellular portions of DCC and Neogenin have an
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identical domain structure and 50 % amino acid identity and show particularly

high similarity within the forth FN (FN4) domain (Fig. 1.7b). This domain was

therefore postulated to act as the site of Netrin-1 binding as it is a common ligand

of both DCC and NEO1[145]. This was recently confirmed by high-resolution

crystal structures of Netrin-1 in complex with DCC and NEO1, which showed

that Netrin-1 binds to the FN4-6 portions of these receptors, although the exact

mode of ligand binding is still controversial[146, 147]. The cytoplasmic domains

of these receptors are less conserved with only 37 % amino acid sequence identity,

although three subdomains of high homology termed P1, P2 and P3 have been

identified (Fig. 1.7a,b). The intracellular portion of NEO1 contains 14 potential

phosphorylation sites but little is known about intracellular binding partners and

hence the downstream signalling that is activated by NEO1.
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Figure 1.7: Domain organisation of NEO1 and sequence alignments
of vertebrate NEO1 and DCC. From [240], Science, reprinted with permis-
sion from AAAS. (a) Schematic showing the domain organisation of human (h)
NEO1. SP = signal peptide, Ig = immunoglobulin, FN = fibronectin, TM =
transmembrane helix. The extracellular domain comprises four Ig domains (pale
red) and six fibronectin domains (dark red, red and orange). Predicted N-linked
glycans = yellow hexagons. The cytoplasmic domain (purple) comprises P1, P2
and P3 domains (pink). Sequences of NEO1 FN5-6 (black line) used in (b).
(b) An alignment of vertebrate (h = human, m = mouse, c = chicken, z =
zebrafish, x = Xenopus) NEO1 and DCC FN5-6 domain sequences. Sequences
aligned using MULTALIN (bioinfo.genotoul.fr/multalin/multalin.html) and for-
matted with ESPRIPT (espript.ibcp.fr/ESPript/ESPript/). Numbering corre-
sponds to hNEO1 (including secretion signal). Secondary structure assignments
are displayed above the alignment, red = FN5, orange = FN6 domains[148]. The
region of DCC interacting with Netrin-1[145] is boxed in green.
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As described above, axon guidance cues manipulate the structure of the cell

cytoskeleton by signalling through small GTPases of the Rho family including

Rac1, RhoA and Cdc42 (Fig. 1.8). Netrin-1 binding to DCC has been shown

to result in homodimerisation of the receptor via the cytoplasmic domain motif

P3[149]. Different studies have implicated activation of different downstream

signalling molecules by binding of Netrin-1 to DCC. One study showed that an

intracellular signalling complex consisting of Cdc42, Rac1, Pak1 and N-WASP is

recruited to DCC and results in growth cone expansion[150]. Others have demon-

strated activation of either the guanine nucleotide exchange factor DOCK180,

which then activates Rac1[151]; or of kinases, including focal adhesion kinase

(FAK) and Fyn[152]. It is not known whether Netrin-1 binding to NEO1 results

in activation of similar pathways, but the high homology of the receptor intracel-

lular P3 domains would suggest that this is the case (Fig. 1.8). The downstream

signalling triggered by binding of RGM to Neogenin is also unclear. Activation

of RhoA, ROCK and protein kinase C were shown to be physiologically impor-

tant for RGM signalling though NEO1[153, 67] (Fig. 1.8). Also, inactivation of

FAK (also implicated in DCC-Netrin signalling) leading to activation of the GT-

Pase activating protein p120GAP, which inactivates Ras was shown to mediate

RGM-induced growth cone collapse[154].

The mechanism by which RGM binding to NEO1 triggers activation of these

pathways to trigger growth cone collapse and inhibit neurite outgrowth has

not yet been established. Similarly to the netrin-DCC and netrin-NEO1 in-

teractions, the binding site for RGMs was localised to the extracellular FN

domains[141]. It has since been shown that RGM binds to NEO1 at the FN5-6

domains and by analysing surface residues of these domains a potential bind-

ing site for RGM was identified, primarily on the FN6 domain, although this

has yet to be confirmed[148]. Consistent with RGMs many and varied roles

in development, axon guidance, immune cell regulation and iron metabolism,
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Neogenin is expressed within the CNS, skeletal muscle and major organs includ-

ing the heart, liver and kidneys[155, 156, 157, 158, 142]. Manipulation of NEO1

levels often mimics phenotypes associated with RGM dysfunction, for example

NEO1-/- knockout mice show an attenuated inflammatory response[159] and iron

overload in the liver[160]. Furthermore, studies in zebrafish, using morpholinos

to knockdown levels of NEO1, showed that the receptor is essential for neural

tube formation[161], a finding similar to that showing that RGMA is required

for neural tube closure in mice[51]. As outlined above, RGM signalling through

Neogenin fulfils many roles, and has been implicated in a number of important

diseases such as cancer and MS; it is therefore critical that further work focuses

on enhancing our understanding of the mechanism of RGM-NEO1 signal trans-

duction.

51



CHAPTER 1. INTRODUCTION

Figure 1.8: Two proposed pathways of RGM and Netrin-1 signalling
through Neogenin. RGM and Netrin-1 bind to NEO1 at the juxtamembrane
region to trigger downstream signalling. One protein thought to be activated by
RGM binding to NEO1 is the RhoA GTPase, which then activates Rho kinase
resulting in actin cytoskeleton rearrangements that trigger growth cone collapse.
One signalling response of Netrin-1 binding to NEO1 is the recruitment of an
activated complex of the small GTPases Cdc42 and Rac1 with Pac1 and WASP,
which again results in actin cytoskeleton rearrangements this time enhancing
growth cone expansion. GDP = guanosine diphosphate, GTP = guanosine
triphosphate, GAPs = GTPase activating proteins, GEFs = guanine nucleotide
exchange factors, Arp2/3 = nucleation site for actin filaments.
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1.6 RGM signalling through BMPs

In addition to NEO1, the other arm of RGM signalling occurs through the BMP

pathway. BMPs comprise the largest subgroup of the Transforming Growth Fac-

tor β (TGFβ) superfamily with at least 16 members identified in humans. Al-

though originally named for their ability to induce differentiation of muscle cells

into bone they have since been linked to a plethora of functions from embryonic

development to repair and regeneration in the adult[162, 163, 164, 165]. BMPs

are synthesised as large precursor proteins consisting of a N-terminal secretion

signal, a prodomain that is essential for correct folding and the C-terminal mature

peptide (Fig. 1.9). The prodomain is removed by proteolytic cleavage at an Arg-

X-X-Arg cleavage site by serine proteases[166, 167]. The mature BMP monomer

contains seven cysteine residues, six of which form three intra-molecular disul-

phide bonds composing a well-characterised cysteine knot domain[168]. The

mature ligands are constitutive dimers, with the seventh cysteine forming an

intermolecular disulphide bond with another BMP monomer, to give the biolog-

ically active molecule[168]. BMP dimers can be homomeric or heteromeric and

in some cases the prodomain remains associated with the mature dimer, adding

several layers of complexity to the signalling system[169, 170, 171, 172].

BMP signalling requires binding of the ligand to a type I and a type II ser-

ine/threonine kinase receptor (Fig. 1.9). Four different BMP type I receptors

(ALK1, ALK2, ALK3 (also called BMPR1A) and ALK6) and three BMP type II

receptors (ACVR2A, ACVR2B and BMPR2) have been identified[162, 173, 115]

(Fig. 1.10). In the activated receptor complex the constitutively active type

II receptor phosphorylates the type I receptor at several serines and threonines

within a highly conserved glycine- and serine-rich domain in the juxtamembrane

region of the kinase known as the GS-box[174] (Fig. 1.9). This phosphory-

lation activates the type I receptor and creates a binding site for downstream
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signalling proteins such as the receptor activated SMADs (SMAD1/5/8)[174].

The activated type I receptor phosphorylates SMAD1/5/8 and these SMADs

then bind the Co-SMAD, SMAD4 (Fig. 1.10). These heteromeric complexes

translocate to the nucleus and, in the presence of co-factors, bind directly to

BMP responsive elements in the genome and affect gene transcription. In addi-

tion, SMAD-independent pathways can be activated by so-called non-canonical

BMP signalling[175]; BMPs have been shown to activate components of the MAP

kinase pathway including p38, ERK1/2 and JNK[176, 177], and also Akt/PKB,

a crucial regulator of cell survival and proliferation[178]. One of the great out-

standing questions of the BMP field is how so few ligands, utilising a limited set

of receptors, can mediate such a diverse range of biological responses. Several

mechanisms for increasing the diversity of the signalling cascade exist, including

different routes of endocytosis, different modes of BMP receptor oligomerisation

and a diverse set of effector proteins, both antagonists and cofactors.

Figure 1.9: Domain organisation of the BMP ligand and its type I and
type II receptors. Schematics of human (h) BMP2 and the human (h) BMP
type I (BMPR1A) and type II (BMPR2 and ACVR2A) receptors. Numbering
corresponds to the full-length human protein in each case. SP = signal peptide,
TM = transmembrane helix, KD = kinase domain. The C-terminal portion of
BMP2 making up one half of the active BMP dimer is shown in blue (BMP2-C).
The ectodomains of BMPR1A (green), BMPR2 (purple) and ACVR2A (pink)
are indicated with the prefix “e”. The “GS box” of BMPR1A, which is phospho-
rylated by the type II receptor, is shown. BMPR2 has a long C-terminal region
after its kinase domain of unknown function (BMPR2-C).
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The cellular localisation and the site of action of TGFβ and BMP receptors are

still under debate and endocytosis has been shown to be important for TGFβ

and BMP signalling[179]. BMP receptors (type I and II) have been shown to

undergo constitutive clathrin-mediated endocytosis even in the absence of the

BMP ligand, resulting in a potentiation of SMAD-dependent BMP signalling

upon BMP ligand exposure[180]. Moreover, BMPR2 is also internalised through

caveolae and the balance between caveola- and clathrin-mediated endocytosis has

been suggested to modulate the patterns of gene transcription initiated by BMP

signalling[180, 181]. Inhibition of clathrin-mediated endocytosis causes a delay

in SMAD1/5/8 phosphorylation and translocation of SMADs to the nucleus, and

this was found to specifically reduce gene expression of a subset of BMP targets

including Id1, Id3, Dlx2 and Hey1[181]. This demonstrates that endocytosis

is an important regulatory mechanism in BMP signalling, adding another layer

of complexity to the signalling cascade. FRET experiments have also revealed

a direct interaction between both BMPR1A and BMPR2 and adaptor protein

2 (AP2), a key component of clathrin-coated pits, suggesting a mechanism for

BMP receptor recruitment into endosomes[182]. In addition to receptor endocy-

tosis, the BMP ligand itself has been observed to be readily internalised; confocal

microscopy analysis of fluorescently labelled BMP ligand showed internalisation

and accumulation towards the centre of cells in a time-dependent manner[183].

Furthermore, components of the SMAD signalling cascade are recruited to endo-

somal structures. The endosome-associated FYVE-domain protein endofin acts

to anchor SMAD1 to the endosome for activation by BMP receptors[184]. End-

ofin expression was shown to enhance the phosphorylation and nuclear translo-

cation of SMAD1 upon BMP stimulation[184]. Related to this, the endocytic

adaptor protein Eps15R, a known mediator of EGF receptor internalisation, in-

teracts with SMAD1 and depletion of Eps15R in zebrafish animal caps reduced

levels of BMP signalling[185]. These lines of evidence suggest that the endosome

is an important platform for BMP signalling.
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Following from endocytosis, there have been many studies into the oligomeric as-

sembly of BMP receptors in the membrane and the role that this plays in control-

ling downstream signalling pathway activation. The means for establishing the

balance between SMAD and non-SMAD signalling is still not clear. It has been

suggested that the mode of BMP receptor oligomerisation affects the downstream

signalling; the BMP ligand can either bind to pre-formed type I-type II receptor

complexes (PFC) or first to its high affinity type I receptor before recruiting

a type II receptor in a BMP-induced signalling complex (BISC)[186]. PFCs

were shown to initiate SMAD signalling, whereas BISCs activate the MAPK p38

pathway[187]. Further complexity of BMP regulation is given by multiple effector

proteins that act to regulate and fine tune spatio-temporal levels of BMP sig-

nalling at the membrane[188]. These include soluble secreted antagonists (such

as Noggin, Chordin and the DAN or Cerberus protein family), transmembrane

proteins (e.g. BAMBI and Endoglin) and the membrane-attached RGM family

(Fig. 1.10).
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Figure 1.10: An overview of BMP signalling. Dimeric BMP ligands (dark
blue) bind to type I (green) and type II (pink) receptors to form the active
signalling complex. Possible receptor types are shown in brackets. The consti-
tutively active type II receptor phosphorylates and activates the type I receptor
which then phosphorylates downstream SMAD1/5/8 (pale orange). Phosphory-
lated SMADs form a complex with the co-SMAD, SMAD4 (yellow). This com-
plex translocates to the nucleus and, in the presence of cofactors (purple), binds
to DNA to regulate gene expression. SMAD proteins are subsequently recycled
by phosphatases (PPase, blue). This signalling is enhanced by co-receptors in-
cluding Endoglin (dark green) and RGMs (orange). Many different antagonists,
listed in the green box, inhibit signalling. A white P in a black circle indicates
phosphorylation. Figure adapted from[115].

As discussed above, all RGM family members have been shown to be important

activators of BMP signalling[102, 83, 89]. This is particularly important in the

regulation of iron metabolism which involves the activation of BMP6 signalling

by RGMC; and dysfunction of this pathway, for example through mutations in

RGMC, results in the blood iron overload disease JHH. While the physiological

role of RGM as a co-receptor for BMP signalling has been well characterised,

at least for RGMC, the precise molecular mechanism by which RGM activates
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this pathway is not known. All RGMs have been shown to bind directly to

BMP ligands and it is known that membrane attachment of RGMs is essential.

It was also shown, using co-immunoprecipitation and cross-linking studies, that

RGMs can bind to all type I BMP receptors and the type II receptors ACVR2A

and ACVR2B[83, 89]. Furthermore, it was shown that RGMs may affect the

utilisation of the different receptor types by BMP ligands and that this might be

the mechanism by which the enhanced BMP signal is generated[189]. Specifically,

in KGN cells BMP ligands 2 and 4 were shown to signal exclusively via BMP

type II receptor BMPR2, however, when cells were transfected with RGMA both

BMPR2 and ACVR2A were utilised. An RGM-ligand-receptor complex was

proposed in which RGMs enhance the affinity of the BMP ligand for a subset

of BMP receptors, thereby increasing the level of BMP signalling; however, this

complex is yet to be observed. Understanding the precise molecular mechanism

of RGM activated BMP signalling is vital if potential therapies targeting RGMs,

for example in the treatment of JHH, are to be developed.

1.7 The interplay between the NEO1 and BMP

signalling pathways

RGMs signal by binding to their receptor NEO1 and also as co-receptors for

BMP signalling (Fig. 1.11). However, given the overlapping expression of these

proteins, particularly during embryonic development it seems unlikely that these

two pathways function entirely independently of each other. Several lines of

evidence have emerged in recent years demonstrating that NEO1 affects BMP

signalling or vice versa in the presence of RGMs. The earliest indication that

these two signalling pathways might be interlinked came from a study into the

role of RGMC in iron homeostasis[190]. Transfection of human embryonic kid-
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ney (HEK) 293 cells with RGMC increased the intracellular ferritin levels, an

indicator of increased cellular iron, in comparison to control transfected cells.

This effect was enhanced when the cells were co-transfected with RGMC and

NEO1 and, interestingly, a JHH-linked RGMC mutation that disrupts bind-

ing of RGMC to NEO1 did not exhibit this effect[190]. Since RGMC-activated

BMP6 signalling is the mechanism for iron homeostasis, this demonstrated that

NEO1 might also play a role in this process. This initial finding was further

developed in another study, which showed that the RGMC-NEO1 interaction

is important for hepcidin expression in liver cells[191]. RGMC and NEO1 are

co-expressed in vivo in rat hepatocytes. Knockdown of NEO1 using siRNA in

RGMC-transfected HepG2 cells (human liver hepatoma cells) resulted in a 16-

fold decrease in both hepcidin mRNA expression and SMAD phosphorylation,

demonstrating that in the presence of RGMC, NEO1 enhances BMP signalling.

Interestingly, this effect was not observed for the JHH-linked RGMC mutation

G99V, which can bind to NEO1 but cannot bind to BMPs, suggesting that this

activation of BMP signalling by NEO1 is mediated through the RGMC-BMP

interaction. Similarly, disruption of the NEO1-RGMC interaction, using a solu-

ble NEO1 FN5-6 fragment, disrupted RGMC activation of BMP4-induced hep-

cidin mRNA expression; again suggesting that NEO1 enhances BMP signalling

through RGMC. Injection of this NEO1 FN5-6 fragment into mice suppressed

hepcidin mRNA expression by approximately 40 %, indicating that the RGMC-

NEO1 interaction is also required for the BMP-mediated induction of hepcidin

in vivo. These results are however, in disagreement with another study, which

showed in a HepB3 cell line that co-transfection of NEO1 and RGMC did not

enhance hepcidin mRNA expression and down-regulation of NEO1 using siR-

NAs also had no effect of RGMC-mediated BMP signalling and the resultant

hepcidin expression[192]. The authors state that the basis for the difference in

the two results is not clear[191], although it perhaps indicates that different cell

lines, with different microenvironments can exhibit different responses to RGMs.
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The finding, however, that the livers of NEO1-/- knockout mice exhibit severe

iron overload, decreased hepcidin expression and reduced BMP signalling[160],

ultimately demonstrates that NEO1 plays an important role in BMP-regulated

iron homeostasis in vivo, most likely through RGMC.

Other reports have suggested that NEO1 regulates the shedding of RGMC from

the membrane and in this way regulates the levels of BMP signalling. However,

there are conflicting data on this issue with some findings indicating that NEO1

inhibits RGMC shedding[160] and others suggesting it enhances this process[193].

Interestingly, it was shown that RGMC shedding occurs from both C2C12 (mouse

myoblast) and HepG2 cells suggesting that both skeletal muscle and liver could be

the source of serum RGMC[193]. Knockdown of NEO1 in C2C12 cells suppressed

RGMC shedding whereas overexpression of NEO1 in HEK293T cells enhanced

the shedding, suggesting that NEO1 mediated RGMC release[193]. In contrast,

others showed that NEO1 enhances trafficking of RGMC to the membrane and

perhaps increased RGMC stability, knockdown of NEO1 resulted in accumulation

of RGMC in intracellular compartments[160]. Similarly, a knockdown of NEO1 in

muscle cells resulted in an increase in serum RGMC levels compared to wild type

cells suggesting that NEO1 suppresses secretion of RGMC[160]. Overall, then

the role of NEO1 in RGMC secretion is not clear and may differ between muscle

and liver; however, regulation of RGMC shedding may be a mechanism by which

NEO1 affects the levels of RGMC-activated BMP signalling in the regulation

of iron homeostasis as membrane-attachment is essential for this activation and

soluble RGMC has been shown to act as an inhibitor of BMP signalling.

Outside of iron regulation, evidence has been gathered for a link between NEO1

and BMP signalling in neuronal cell survival and pathfinding and in endochon-

dral bone formation. Endochondral ossification is an essential cellular process

required for the development of the skeletal system, which involves the differen-

tiation of mesenchymal cells into chondrocytes, which eventually ossify to form
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bone. BMPs are considered the master regulators of this process, and their

mutation disrupts chondrogenesis[194, 195, 196]. NEO1 is also expressed in de-

veloping chondrocytes, and NEO1 mutant mice exhibit reduced skeleton size

and defects in chondrogenesis and endochondral bone ossification[197]. It was

found that this was linked to defective BMP signalling in NEO1 mutant mice,

indicated by reduced levels of BMP target genes, including Runx2 and Id1, and

a down-regulation of SMAD phosphorylation. This phenotype could be res-

cued by treatment with exogenous BMP2 suggesting that NEO1 may play a role

in enhancing BMP signalling in chondrocytes. NEO1 appears to enhance the

association of BMP receptors with membrane microdomains where BMP acti-

vates downstream SMAD signalling, a process that appears to be enhanced by

RGMs[197]. Interestingly, it was shown that Neogenin is also targeted to lipid

rafts in the growth cones of migrating axons, a process that appears to be nec-

essary for RGM-induced growth cone collapse[198]. Targeting of NEO1 to these

membrane microdomains seems to be dependent on BMP signalling and is abol-

ished in the presence of the soluble BMP antagonist noggin[198]. Although it

remains unclear exactly how RGM, NEO1 and BMP ligands and receptors are

targeted to membrane microdomains, it appears that this process may be im-

portant for both effective axon guidance and BMP signalling, further support-

ing the hypothesis that these fundamental signalling pathways are inter-reliant.

Furthermore, evidence that the relationship between these pathways is conserved

through evolution was provided by work carried out in the model organism C.

elegans [199]. The NEO1 homolog UNC40 was shown to enhance a BMP-like

signalling pathway in a process that was dependent on the association of UNC40

with DRAG-1, an RGM homolog. Mutations in UNC40 and DRAG1 resulted in

developmental patterning phenotypes typically associated with mutants in the

Sma/Mab (BMP-like) pathway. Interestingly these phenotypes could be partially

rescued by expression of mouse Neogenin and human RGMC, demonstrating the

level of evolutionary conservation of both proteins and their involvement in BMP
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signalling[199]. Taken together, there is a wealth of functional evidence suggest-

ing that NEO1 and BMP signalling are linked and that this is important for

the correct function of both pathways. This interaction appears to be mediated

by RGMs, which bind directly to both the NEO1 receptor and BMP ligands.

However, the architecture of this super-complex is not known and this physical

link has yet to be demonstrated (Fig. 1.11). It is important to understand the

interplay between these two fundamental pathways as a full understanding of

their inter-dependence may open up new therapeutic targets in the treatment of

diseases that feature dysfunction of either pathway as their basis.
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Figure 1.11: RGMs signal through two fundamental signalling path-
ways. RGMs (orange) can signal in cis (same-cell) or trans (cell-to-cell), which
can include shedding of the RGM to produce a soluble form with long-range
actions. Trans-signalling occurs through NEO1 (red shades) to trigger actin cy-
toskeleton rearrangements and subsequent growth cone collapse. Signalling in cis
can occur via activation of the BMP signalling pathway, to effect changes in gene
expression, and also via NEO1. The form of RGM interaction with the BMP
pathways is not clear it has been shown to bind to both BMP ligand (blue) and
receptors (green and pink). The BMP and NEO1 signalling pathways are linked,
supposedly by RGM; however, a physical link has yet to be demonstrated.
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1.8 Thesis outline

RGM family members fulfil a plethora of roles within the developing embryo

and the adult, which cannot be explained by a single mode of signalling. RGMs

signal through the NEO1 and BMP pathways to trigger different downstream

signalling cascades, however, the precise molecular mechanisms of RGM sig-

nalling are not known. The mode of RGM binding to NEO1 or to the BMP

ligand has not been determined, and the architectures of the active signalling

complexes in either case have not been defined. Furthermore, there is a great

deal of functional evidence supporting the interaction between the NEO1 and

BMP pathways, which has been suggested to be mediated by RGM. However,

evidence of RGM acting as a physical link between the NEO1 receptor and a

component of the BMP pathway has not yet been demonstrated. In order to

address these outlying questions X-ray crystallography was used to determine

the structures of complexes between RGMs and components of these signalling

pathways. In Chapter 2 of this thesis, the structural, biophysical and cellular

methods used throughout this project to investigate the molecular mechanisms

of RGM signalling are described. The primary method utilised in this work is

protein X-ray crystallography, and the complex structures solved guided all sub-

sequent experiments. Biophysical techniques were also employed, ranging from

small angle X-ray scattering to analytical ultracentrifugation to surface plasmon

resonance, which were used largely to investigate the oligomeric forms of protein

complexes and to validate complex interfaces observed in the structures. This

then led to the use of cellular techniques including luciferase reporter assays and

super-resolution fluorescence microscopy, which were employed to begin to test

the functional relevance of the protein complex structures.

In Chapter 3 a structural analysis of an RGMB-NEO1 structure that was pre-

viously solved in our laboratory is discussed. This analysis guided mutagenesis
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studies that were subsequently used in analytical ultracentrifugation experiments

to demonstrate that a 2:2 stoichiometry form of the RGMB-NEO1 complex ex-

ists in solution. Mutant RGMB proteins were expressed and purified for use in

a neurite outgrowth collapse assay, which was carried out by our collaborators

in the Pasterkamp laboratory, and demonstrated that the 2:2 complex form is

physiologically important for RGM signalling through NEO1. Full-length NEO1

receptors were also shown to cluster in the membrane, which led to the formation

of a hypothesis for RGM signalling through NEO1: RGM binds to pre-clustered

NEO1 at the FN5-6 domains of the receptor and stabilises the orientation of the

domains thus triggering downstream signalling.

In chapter 4, the crystallisation and structure solution of complexes of the N-

terminal domain of all RGM family members in complex with the BMP2 ligand is

detailed. An analysis of this interface, followed by mutagenesis and surface plas-

mon resonance binding studies, verified the binding mode observed in the struc-

ture. Furthermore, this analysis informed a potential molecular mechanism for

JHH-linked mutations in RGMC that occur at the binding interface with BMP,

as these mutations disrupted the binding of the ligand to its co-receptor RGMC.

A comparison between the structures of the RGM-BMP and BMP-BMP type I

receptor ectodomain complexes showed that RGM and BMPR1A share a binding

site on the BMP ligand. The two proteins compete for binding to the BMP ligand

and behave differently in cellular luciferase reporter assays measuring BMP sig-

nalling. Furthermore, multi-angle light scattering experiments showed that the

RGM-BMP interaction is pH-dependent, unlike the BMP-BMPR1A complex,

and from this information an endocytosis-linked mechanism for RGM-activated

BMP signalling was proposed, which is linked to the BMP receptor subcellular

localisation. Several fluorescence microscopy experiments were performed in an

attempt to gather evidence in support of this model; but these were unsuccessful

due to technical difficulties, and this is discussed. Altogether this work provides
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the first structural information for the RGM-BMP interaction and begins to shed

light on the mechanism for RGM-activated BMP signalling.

In chapter 5, the crystallisation and structure solution of a ternary BMP2-

RGMB-NEO1 complex is described. In this complex the interfaces identified

in the RGM-NEO1 and RGM-BMP complexes are replicated, with the linker

between the RGM N- and C-terminal domains connecting the two complexes.

Small-angle X-ray scattering data of the ternary complex showed that the com-

plex architecture observed in the crystal structure is preserved in solution. In

the complex the C-termini of both RGMB and NEO1 are oriented in the same

direction, presumably toward the plasma membrane. This complex, combined

with the 2:2 stoichiometry RGMB-NEO1 complex, shows that NEO1, RGM and

BMP could associate into clusters on the membrane. Total internal reflection, di-

rect stochastical optical reconstruction microscopy experiments showed that the

addition of BMP2 resulted in time-dependent clustering of fluorescently tagged

NEO1, a process that was dependent on the presence of RGMB. This BMP2-

induced clustering of the NEO1 receptors could be important in a multitude of

signalling processes. Taken together these data show that RGM acts as a bridge

between NEO1 and BMP, demonstrating, for the first time, that RGM physically

links these two fundamental signalling pathways.

In chapter 6 I will discuss the implications of these findings with respect to the

wider literature. The results presented in this thesis naturally lead to many future

experiments that could vastly improve our understanding of these complicated

signalling systems. Of particular interest is the physiological relevance of the

structures presented herein, and of the clustering hypothesis resulting from the

ternary complex. It will be very interesting to probe the role of this in NEO1

and BMP signalling in vivo. This work assimilates structural studies of RGM

signalling through its receptor NEO1, and RGM acting as a co-receptor in BMP

signalling. This structural data, in combination with biophysical and cellular
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studies begins to shed light on the molecular mechanisms of RGM signalling

through these two pathways, showing that RGM is a structural bridge connecting

these two essential developmental pathways. This structural data could guide

the design of novel therapeutics in the treatment of RGM-linked diseases such

as multiple sclerosis and JHH, where RGMs are just beginning to be explored as

viable disease treatment targets.
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2.1 Molecular Biology

2.1.1 cDNA and expression vectors

For expression in bacteria the human bone morphogenetic protein 2 mature pep-

tide (termed BMP2, residues Q283-R396 of BMP2, GenBank ID AF040249) was

cloned into the bacterial expression vector pET22B (Invitrogen) containing the

additional start codon ATG, resulting in an N-terminal methionine residue. For

expression in mammalian cells, constructs of the extracellular region of human

RGMA (GenBank ID AL136826, eRGMA: P47-Y414, RGMAND: T45-S139), hu-

man RGMB (GenBank ID AK074887, eRGMB: Q50-S410, RGMBND: Q53-H136,

RGMB∆ND: D137-S410), human RGMC (GenBank ID AY372521, eRGMC:

Q36-S399, RGMCND: Q36-P147), human BMPR1A (GenBank ID AK291764,

eBMPR1A: T49-V141, BMPR1A-mVenus: T49-I532), human BMPR2 (Gen-

Bank ID Z48923, eBMPR2: L33-P132, BMPR2-mTFP: S27-L1038, BMPR2t-

mTFP: S27-E509) and mouse NEO1 (GenBank ID Y09535; NEO1: 37-1493,

NEO1FN56: 883-1083), were cloned into either the pHLsec vector, which adds

a C-terminal His6 tag, or one of a suite of pHLsec variant vectors, which in-

clude a C-terminal biotin ligase (BirA) recognition sequence, or a 3C protease

linker (LEVLFQGP) followed by an mVenus or mTFP fluorescent protein[200].

The pHLsec vectors contain an optimised Kozak sequence, to facilitate the

initiation of translation, a secretion signal sequence (MGILPGMAPALLSLVS-

LLSVLLMGCVA) and AgeI and KpnI restriction sites to allow for easy insertion

of constructs into the pHLSec vector.
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2.1.2 Construct design and PCR

Expression constructs were designed using the homology-based protein struc-

ture prediction software HHpred[201], the protein disorder prediction software

RONN[202] and the signal peptide prediction software SignalP[203]. Protein se-

quence annotations provided by the UniProt webserver[204] were also used to

search for conserved regions of sequence in protein orthologues and homologues;

the sequence alignments were performed using Multalin[205]. PCR reactions

were carried out in a 50 µl reaction volume containing: 1 µl each of forward and

reverse primers (10 pmol/µl), 1 µl template DNA (less than 100 ng), 4 µl dNTP

mixture (2.5 mM) (Takara), 5 µl 10 X PyrobestTM Buffer II (Takara) and 0.25 µl

PyrobestTM DNA Polymerase (5 U/µl) (Takara) made up to 50 µl with MilliQr

H2O. PCR primers were purchased from Eurofins (Eurofins Genomics c©). PCR

cycles were carried out in a T100 thermal cycler (BIORAD) as follows:

1. 98 ◦C for 10 s (denaturation of DNA double strands).

2. 98 ◦C for 10 s (as above).

3. 55–60 ◦C for 30 s (annealing of primers to DNA template).

4. 72 ◦C for 60 s + 60 s/kb PCR product (elongation of DNA strands).

5. Repeat steps 2–4 30 times.

6. 72 ◦C for 600 s (ensure complete elongation).

7. 4 ◦C for ∞.

PCR products were either purified using the QIAquick PCR Purification Kit

(Qiagen) or loaded onto a 1 % agarose gel, excised from the gel and purified

using the QIAquick Gel Extraction Kit (Qiagen).
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2.1.3 Restriction digests, ligations and transformations

Purified PCR products and 2 µg of the required vector were digested with the

required restriction enzymes using the recommended buffer conditions for 2 hours

at the appropriate temperature (New England Biolabs). Digested products were

then loaded on a 1 % agarose gel in Tris-acetate-EDTA (TAE) buffer. Bands of

the expected size were excised from the gel and purified using the QIAquick Gel

Extraction Kit (Qiagen). Ligations reactions were carried out using the Quick

LigationTM Kit (New England Biolabs) in a final volume of 20 µl according

to the manufacturers instructions, using a vector to insert molar ratio of 1:4.

Subsequently, 1 µl of this ligation mixture was used to transform 20 µl of Library

Efficiencyr DH5αTM competent cells (Life Technologies). The DNA-cell mixture

was incubated on ice for 30 min before being heat-shocked at 42 ◦C for 45 s.

After incubation on ice for 2 min, 100 µl Super Optimal Broth (SOC) medium

was added and the mixture was incubated at 37 ◦C for 45 min with 200 rpm

shaking. Cells were then spread onto LB-Agar plates containing 100 µg/ml

ampicillin and incubated at 37 ◦C overnight. Two colonies were then picked to

inoculate overnight cultures (5 ml) for purification of the plasmid DNA using

the QIAprep Spin Miniprep Kit (Qiagen). Clones were then sequence-verified

(Source Bioscience) and stored at -20 ◦C.

2.1.4 Site-directed mutagenesis

Site-directed mutagenesis of constructs, for example to introduce point muta-

tions, was carried out using a two-step overlap extension PCR method. This

method required four primers: one each to define the 5’ and 3’ ends of the con-

struct, and a pair of complementary primers that spanned the target site (ap-

proximately 21 bp length) and harboured the required mutation at their centres.

In the first step, two PCR reactions were carried out resulting in two PCR prod-
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ucts comprising the sequence from the mutation site to both the 3’-terminus and

the 5’-terminus. In the second PCR step, the gel-purified PCR products from

the first step were used as the template for this reaction (1 µl each) along with

the primers defining the 3’ and 5’ termini. The product of this second reaction

spanned the entire length of the expression construct and contained the required

mutation. This DNA fragment was then gel-purified and cloned into the required

vector.

2.2 Western Blotting

Proteins were separated according to their size by sodium dodecyl sulphate poly-

acrylamide gel electrophoresis (SDS-PAGE) (120 V, 45 min) using 4-12 % Bis-

Tris PAGE gels (Lifetechnologies). Proteins were then blotted onto a nitrocel-

lulose membrane (30 V, 90 min); the membrane was blocked (5 % milk in 0.01

M phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride,

pH 7.4 (1 X phosphate buffered saline (PBS), from tablets, Sigma), 30 min),

and probed with a primary antibody for 1 hour at room temperature; primary

antibodies used were mouse anti-His6 (1:1000 dilution, Qiagen), mouse anti-

1D4 (1:2000, University British Colombia) and rabbit anti-Phospho-Smad1/5

(Ser463/465) (1:1000, Cell Signaling Technologyr). Following a brief wash step

in 1 X PBS the membrane was probed with a horseradish peroxidase (HRP)-

conjugated secondary antibody for 1 hour at room temperature: either goat

anti-mouse (1:2000 dilution, Sigma) or goat anti-rabbit (1:2000, Cell Signaling

Technologyr). The membrane was washed 3 times for 15 min in 1 X PBS, 0.1

% Tween 20 and the signal was detected using an enhanced chemiluminescence

(ECL) kit (GE Healthcare) by exposure onto Hyperfilm ECL (GE Healthcare).
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2.3 Protein expression and purification

2.3.1 Expression and purification of BMP2 from E Coli.

The pET22B vector containing the BMP2 sequence (2 µl) was transformed into

50 µl RosettaTM 2(DE3) SinglesTM competent cells (Novagen) for expression in E.

Coli. Transformed cells were spread onto LB-Agar plates containing 100 µg/ml

ampicillin, 34 µg/ml chloramphenicol and 1 % glucose. Single colonies were

picked to set up two overnight starter cultures (100 ml) in LB broth containing

100 µg/ml ampicillin and 34 µg/ml chloramphenicol. These were then used to

inoculate 6 L of LB broth containing 100 µg/ml ampicillin (13 ml overnight

culture/L). Cultures were grown at 37 ◦C in a shaking incubator (200 rpm) to

an A595 of 0.8, BMP2 expression was induced by addition of 1 mM isopropyl-

beta-D-thiogalactopyranoside (IPTG) and the cultures were incubated at 37 ◦C

for 6 hours. Cells were harvested by centrifugation (7000 xg, 4 ◦C, 10 min) and

pellets were frozen overnight at -80 ◦C. BMP2 was expressed as inclusion bodies

and purified as follows, using a protocol adapted from[206]. Bacterial pellet from

1 L of culture was resuspended in 40 ml 20 mM EDTA, 2 % (v/v) Triton X-

100, 500 mM NaCl, pH 7, supplemented with 1 ml of protease inhibitor cocktail

(P8465, Sigma Aldrich) and 500 µl DNase (Sigma Aldrich). Cells were lysed

by sonication (10 min, amplitude 50 %) (Sonics VCX500) and the lysate was

cleared by centrifugation (31,000 xg, 8 ◦C, 45 min). After cell lysis, the inclusion

body pellets were washed four times with 20 mM EDTA, 2 % (v/v) Triton X-

100, 500 mM NaCl, pH 7 by repeated rounds of sonication (10 min, 50 %) and

centrifugation (10,000 xg, 8 ◦C, 10 min). The resultant inclusion body pellet was

solubilised in 6 M guanidinium hydrochloride (GdmHCl), 0.1 M Tris-HCl, pH

8.5, 1 mM EDTA and 100 mM DTT overnight at 4 ◦C. The pH was dropped to

3-4 to inhibit disulphide bond formation by drop-wise addition of HCl. Residual

insoluble material was removed by centrifugation (31,000 g, 8 ◦C, 10 min). DTT
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was removed by dialysis against 10- to 20-fold volume of 6 M GdmHCl, pH 3-4.

The dialysis step was repeated at least four times. Refolding was then carried

out by incubating the reduced and solubilised inclusion body preparation for 24

hours at 4 ◦C at a concentration of 200 µg/ml in 100 mM Tris-HCl, 5 mM EDTA,

1 M L-arginine, pH 8.3, 100 µM oxidised glutathione (GSSG), 100 µM reduced

glutathione (GSH). The protein concentration was increased by concentrating the

sample to 1 mg/ml using Amicon pressure filtration (Millipore). The reaction

was split into two halves, one of which was oxidised with 25 mM GSSG for 3 h

at 4 ◦C. After this incubation, excess GSSG was removed by dialysis and the two

reaction halves were combined. The sample was then dialysed against 100 mM

Tris-HCl, 5 mM EDTA, 6 M Urea, pH 6.0 and applied to a heparin column (5

ml HiTrap Heparin HP, GE Healthcare). Bound protein was eluted over a NaCl

concentration gradient (from 10 mM to 1 M NaCl) over 35 column volumes.

Fractions containing the BMP2 dimer were further purified by size exclusion

chromatography (SEC) in 4 M Urea, 100 mM Tris-HCl, pH 6.0, 5 mM EDTA.

SEC and heparin column fractions were analysed by non-reducing SDS-PAGE

and those with a purity exceeding 95 % of the dimeric species were pooled.

2.3.2 Small-scale expression trials in mammalian cells

Constructs of RGM, NEO1 and BMP receptor proteins were cloned into the

pHLSec vector[200] for large-scale expression. However, small-scale expression

tests were first conducted to ensure the constructs were secreted. Human embry-

onic kidney (HEK) 293T cells were maintained in complete Dulbecco’s Modified

Eagles Medium (DMEM) supplemented with non-essential amino acids (Gibco),

L-glutamine and 10 % Fetal Bovine Serum (FBS, Sigma), at 37 ◦C, 5 % CO2.

For small-scale trials cells seeded at a density of 1 x 105 cells/ml in 6-well plates

and grown to approximately 90 % confluency. The media was then exchanged
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for DMEM supplemented with 2 % FBS (1.5 ml). Transfection cocktail was pre-

pared by mixing 4 µg DNA in 250 µl serum-free DMEM with 8 µl Lipofectamine

2000 transfection reagent (Lifetechnologies) in 250 µl serum-free DMEM. The

Lipofectamine-DNA mixture was incubated at room temperature for 20 min and

then added to the cells. The cells and media were harvested three days after

transfection and analysed by Western blotting using a mouse anti-His6 antibody

probe to detect secreted proteins.

2.3.3 Expression and purification of secreted proteins from

mammalian cells

Constructs of RGM, NEO1 and BMP receptor proteins were cloned into the

pHLSec vector[200] for large-scale expression by transient transfection of mam-

malian HEK293T cells using a previously described semi-automated procedure[207].

The large amounts of DNA required for large-scale transient transfection of

HEK293T cells were prepared using the Endotoxin-Free Plasmid High Speed

Giga Kit (Qiagen). For this, 2 L of bacterial culture (E. Coli, DH5α cells) trans-

formed with the required plasmid construct were grown at 37 ◦C overnight and

the cells were harvested by centrifugation (3,000 xg, 10 min). One Giga-Prep

resulted in approximately 12-15 mgs of purified plasmid DNA. Briefly, transient

transfections were performed using HEK293T cells. These were grown in com-

plete DMEM supplemented with 10 % FBS in 2125 cm2 expanded surface roller

bottles (Greiner). Chloroform (80 µl/ml) was added to the plasmid DNA (0.5

mg/roller bottle) and the mixture was centrifuged (16,000 xg, 10 min) to re-

move impurities. Purified plasmid DNA was added to serum-free DMEM (50

ml/roller bottle) and the transfection reagent polyethylenimine (PEI) was then

added to the DNA mix (1 mg/roller bottle). This solution was incubated for

10 min at room temperature to allow for PEI-DNA complex formation. During
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this incubation period the media from the roller bottles was exchanged for com-

plete DMEM supplemented with 2 % FBS (200 ml/roller bottle). The class I α-

mannosidase inhibitor kifunensine[208] was then added to the DNA-PEI mixture

(0.25 mg/roller bottle). Kifunensine inihibits an early step in the mammalian

glycosylation pathway, resulting in the addition of homogenous oligomannose-

type N-glycans with the general structure Man5-9GlcNAc2 (Man, mannose and

GlcNAc, N-acetyl glucosamine), which are sensitive to enzymes such as endogly-

cosidase F1 (Endo-F1)[208, 209]. Endo-F1 cleaves between the GlcNAc residues

in the di-N-acetylchitobiose core of oligomannose sugars, reducing the N-glycans

to single residues thereby enhancing crystallisation[209]. Finally the DNA-PEI

mixture was added to each roller bottle. Cells were incubated at 37 ◦C in a roller

rig (Wheaton) for 4-6 days before the media was harvested. Cells were removed

by centrifugation (7,000 xg, 20 min) and the media was filtered through a 0.2

µm sterile vacuum filtration device (Millipore). The filtered conditioned medium

was dialysed (for 48 hours at 4 ◦C) against 25 mM PBS (23 mM Na2HPO4, 1.7

mM NaH2PO4, 250 mM NaCl, pH 7.5) and the proteins were purified by immo-

bilised metal-affinity chromatography using TALON beads (Clontech). Beads

were washed with 5 mM Imidazole in 25 mM PBS and eluted in 350 mM imi-

dazole in 25 mM PBS. Proteins were then purified by SEC (Superdex 200 16/60

column, GE Healthcare) in buffer containing 10 mM HEPES, 150 mM NaCl, pH

7.5.

2.3.4 Co-immunoprecipitation of trans-membrane proteins

Transfection and co-transfection of full-length NEO1-His6 and NEO-1D4 plas-

mids, in HEK293T cells grown in roller bottles, were performed as described

above. About 40 hours post-transfection the media (250 ml) was removed. The

cells were washed in 2 x 50 mL PBS (pH 8.0) and lysed in 5 mL Lysis Buffer (10
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mM Tris-HCl (pH 8.0), 150 mM NaCl, 1.5 % DDM and protease inhibitor cocktail

(Sigma)) for 2 hours at 4 ◦C. The lysate was cleared by centrifugation (100,000

xg, 2 hours) and diluted 1:50 in Lysis buffer containing 0.03 % DDM. The con-

centration of detergent was lowered to allow for NEO1 complex formation. Com-

plexes were recovered on 1D4-antibody (University British Colombia)-conjugated

sepharose beads (Amersham) and washed three times with Lysis buffer (0.03 %

DDM). Bound protein complexes were eluted from the beads by incubation (12

hours, 4 ◦C) with 500 µM 1D4 peptide (TETSQVAPA, GenScript). Samples

were analysed by Western blotting with a mouse anti-His6 antibody probe.

2.4 Protein crystallisation and data collection

Prior to crystallisation, complexes were concentrated (RGMAND-BMP2: 6 mg/ml,

RGMBND-BMP2: 6 mg/ml, RGMCND-BMP2: 5 mg/ml and BMP2-eRGMB-

NEO1FN56: 5 mg/ml) and treated with Endo-F1 (75 µg mg-1 protein, 1 h, 37

◦C) to cleave glycosidic bonds of N-linked sugars resulting in only one N-acetyl-

glucosamine moiety bound to the corresponding asparagine side chain. Crys-

tallisation trials, using 100 nl protein solution plus 100 nl reservoir solution in

sitting drop vapour diffusion format were set up in 96-well Greiner plates using

a Cartesian Technologies robot[210]. Crystallisation plates were maintained at

6.5 or 20.0 ◦C in a TAP Homebase storage vault and imaged via a Veeco visual-

isation system[211]. All binary RGM-BMP2 complex crystals were grown at 6.5

◦C, whereas the ternary BMP2-RGMB-NEO1 complex was crystallised at 20 ◦C.

RGMAND-BMP2 crystals were obtained out of mother liquor containing 0.1 M

citric acid, pH 4.0, 20 % (v/v) 2-methyl-2,4-pentanediol (MPD), 0.2 M glycine,

RGMBND-BMP2 Form-1 crystals out of 2 M ammonium sulphate, 8 % (v/v) 2,5-

hexanediol, RGMBND-BMP2 Form-2 crystals out of 0.08 M citric acid, pH 4.0, 15

% (v/v) MPD, RGMCND-BMP2 crystals out of 20 % (v/v) PEG3350, 0.2 M am-

77



CHAPTER 2. MATERIALS AND METHODS

monium nitrate, eBMPR1A-BMP2 crystals out of 0.1 M Tris-HCl, pH 8.0, 65 %

(v/v) MPD, 0.4 M NDSB-221 (non-detergent sulfobetaines) and BMP2-eRGMB-

NEO1FN56 crystals out of 0.1 M Tris-HCl, pH 8.5, 1.5 M ammonium sulphate, 12

% (v/v) glycerol. Prior to flash-freezing, crystals were treated with the appropri-

ate cryo-protectant solutions (RGMAND-BMP2 and RGMBND-BMP2 Form-2: 30

% (v/v) MPD in mother liquor; RGMBND-BMP2 Form-2 and RGMCND-BMP2:

30 % (v/v) ethylene glycol in mother liquor; BMPR1A-BMP2: due to the high

percentage MPD in the mother liquor, no cryo-protectant was added; BMP2-

eRGMB-NEO1FN56: 15 % (v/v) glycerol in mother liquor. Diffraction data were

collected at 100 K at beamlines I03 (RGMBND-BMP2 Form-1, RGMCND-BMP2,

BMP2-BMPR1A, BMP2-eRGMB-NEO1FN56), I04 (RGMAND-BMP2) and I04-1

(RGMBND-BMP2 Form-2) at the Diamond Light Source, UK. Data collection

strategies were guided by EDNA[212] and MOSFLM[213] as part of the auto-

matic software pipeline installed at Diamond. Data collection statistics for all

structures solved in this thesis are given in Table 1.

2.5 Basic principles of biomolecular

crystallography

2.5.1 Protein crystal symmetry

Protein molecules can pack in a regular periodic arrangement, or lattice, to

form a crystal that results in X-ray diffraction. The smallest volume that can be

infinitely repeated to reproduce the entire crystal is called the unit cell, which can

be described by three vectors a, b and c; and three angles α, β and γ (Fig. 2.1a).

Each unit cell in the crystal contains the same number of identically arranged

protein molecules, which are related by internal symmetry operations including
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rotational and screw axes. There are 230 possible crystal-packing arrangements

or space groups, but protein crystals are limited, due to their chirality, to only

65 of these. The asymmetric unit of a crystal is the minimum motif, which

when combined with the crystallographic symmetry operations (including unit

cell parameters and crystal space group), can be used to reconstruct the protein

crystal. The space groups and unit cell dimensions for all the structures solved

in this thesis are given in Table 1.

A unit cell can be further divided by sets of parallel lattice planes, separated by

an inter-planar distance (dhkl) and these are defined by the Miller indices[214]

h, k, and l (Fig. 2.1b). Higher values for the Miller indices indicate a smaller

inter-planar distance (Fig. 2.1c,d). Diffraction off these lattice planes using X-

rays gives information about the contents of the unit cell.

Figure 2.1: The unit cell and Miller indicies. (a) A unit cell can be
described by three vectors (a, b, c) and three angles (α, β, γ). (b) The hkl
plane with Miller indicies (1 1 1) is shown, the plane intersects each unit cell
vector once within the unit cell. (c) The hkl plane with Miller indicies (0 1 0),
the plane intersects b once but never intersects a or c. (d) The hkl plane with
Miller indicies (0 2 0), the plane intersects b twice. Note that the (0 1 0) plane
is also a member of the set of (0 2 0) planes, they belong to the same zone of
planes. Figure adapted from Figure 5-48[215].

2.5.2 X-ray diffraction

X-rays are electromagnetic waves with wavelengths of approximately 1 Å, they

are composed of an amplitude and a phase (Fig. 2.2a). X-rays are scattered by
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electrons and therefore the total scattering power of an atom is proportional to

its number of electrons. In a crystal, X-rays scattered from different families of

lattice planes will have different phases due to the different path lengths, dhkl,

between the planes, and the amplitudes of the resultant scattered waves will be

affected by constructive and destructive interference (Fig. 2.2a). If the path

length between the lattice planes is an integer multiple of the X-ray wavelength

then constructive interference reaches a maximum, this is known as the Laue

condition[216, 217]. X-rays can be described as vectors comprising an amplitude

(F) and phase angle (ϕ) and depicted graphically using an Argand diagram[218],

which allows wave summation to be conveniently reduced to vector addition (Fig.

2.2b).

Figure 2.2: Summation of waves. (a) Waves are made up of an amplitude
(|F|, shown in blue) and a phase (ϕ), here the phase difference (∆ϕ) between two
waves is shown in red. Constructive interference, where the waves are in phase,
results in an increase in amplitude, whereas destructive interference, where waves
are out of phase, results in a decrease in amplitude. (b) An Argand diagram
represents waves as vectors in the complex number plane (an example wave vector
is shown in blue). The magnitude of the vector represents the amplitude (|F|)
of the wave and the orientation of the vector in space, indicated by the phase
angle (ϕ), represents the phase. Figures adapted from Figure 6-4 (a) and Figure
6-5 (b)[215].
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2.5.3 Bragg’s Law

Bragg’s Law (Equation 2.1) describes a way to define X-ray diffraction by a

crystal in terms of the wavelength of the incident light (λ), the scattering angle

(θ) and the distance between lattice planes (dhkl)[219] (Fig. 2.3a).

nλ = 2dhkl sin θ (2.1)

To satisfy the Laue condition and result in an observable diffraction maximum

(recorded as a diffraction spot) dhkl must equal an integer multiple of the wave-

length. Importantly, this means that at a fixed wavelength the positions of the

diffraction maxima are dependent only on the crystal space group and the unit

cell dimensions. It is the relative intensities of the diffraction spots that are

related to the electron density within the unit cell, i.e. the protein structure.

2.5.4 Reciprocal space

The reciprocal lattice is a formal construct developed by P. Ewald[220]. A set

of lattice planes (hkl) are represented in reciprocal space (R*) by a reciprocal

lattice vector (d*), which is collinear with the interplanar distance vector dhkl

(Fig. 2.3b). The magnitude of d* is equal to 1/dhkl and therefore from Bragg’s

law we can state that d* = 2sinθ/λ[215]. This diffraction condition can be visu-

alised using the geometric construction known as the Ewald sphere[220, 215] (Fig.

2.3c). If the scattering diagram for Bragg’s equation is placed into a sphere of

radius 1/λ it becomes clear that d* = |S| = 2sinθ/λ, where |S| is the magnitude

of the scattering vector. When this relationship is satisfied then the diffraction

condition is fulfilled and a reflection can be observed. Any reciprocal lattice

point lying on the Ewald sphere will fulfil the diffraction condition. At any one
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orientation of the crystal, only a small number of reciprocal lattice points will

intersect the Ewald sphere. Rotation of the crystal during data collection will

rotate the reciprocal lattice and change the points that are intersecting with the

Ewald sphere, allowing more reflections to be recorded.

Figure 2.3: Bragg’s law, the reciprocal lattice and the Ewald sphere
construction. (a) The geometrical description of the Bragg equation. X-ray
diffraction as reflection on hkl planes, separated by an interplanar distance, d
is shown. The total path difference between the waves is 2d.sinθ. (b) A 2-
dimensional reciprocal lattice construction. The real-space lattice is shown in red
and the corresponding reciprocal lattice in blue. The reciprocal lattice vector a*
is perpendicular to b, and b* is perpendicular to a. The hk plane (1 1) is shown.
The reciprocal lattice vector, d*, extends from the reciprocal lattice origin (0)
to the reciprocal lattice point (RLP) and is perpendicular to the hk plane and
thus collinear with the interplanar distance vector, d. (c) The Ewald sphere
construction. The geometric description of Bragg’s law is placed inside a sphere
of radius 1/λ (λ is the incident beam wavelength) with the crystal (Xtal, shown
in green) located at the centre of the sphere. The reflecting hk plane is shown in
blue. The diffraction condition for this hk plane is fulfilled when its reciprocal
lattice point lies on the Ewald sphere. The reciprocal lattice vector for this case
is shown (d*hkl, shown in red). Figures adapted from Figure 6-15 (a) and Figure
5-49 (b) and Figure 6-19 (c)[215].
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2.5.5 Structure factors

From the Ewald sphere and Bragg’s law we can identify where reflections will

be collected but not the intensity of the reflection, as this is given by contents

of the unit cell. In a diffraction experiment the intensities of all reflections are

recorded and used to reconstruct the electron density within the unit cell. X-rays

scattered by a protein crystal are the summation of a huge number of scattering

events. The complex structure factor FS (Equation 2.2), a vector representing

the diffracted X-rays, is a summation of the scattering contributions from every

atom within the unit cell[215]. It depends explicitly on the scattering vector (S)

and the coordinate vectors (rj) of all atoms (j) in the crystal unit cell.

FSFSFS =
atoms∑
j=1

f 0
S,j.exp(2πiSrSrSrj) (2.2)

The atomic scattering factor fS,j is the reciprocal space representation of the

atom’s real-space electron density and can therefore be expressed as an integra-

tion of the electron density (ρat(r)) over the entire volume of the atom (V(atom)).

2.5.6 Reconstructing electron density

Similarly, the complex structure factor can be described as an integration of the

electron density (ρ(r)) at any point (r) in real-space over the entire volume of

the unit cell (V(cell)) (Equation 2.3)[215], which is also equal to the Fourier

transform of the real-space electron density.

F (S)F (S)F (S) =

V (cell)∫
r

ρ(rrr).exp(2πiSrSrSr)drrr = FT [ρ(rrr)] (2.3)
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Logically an inverse Fourier transformation can be applied to this equation, from

reciprocal space into real space, to give an equation for the electron density. The

equation for electron density is best expressed as a discrete summation over the

asymmetric unit (x, y, z) (Equation 2.4).

ρ(x, y, z) =
1

V

+∞∑
h=−∞

+∞∑
k=−∞

+∞∑
l=−∞

FFF (hkl).exp[−2πi(hx+ ky + lz)] (2.4)

The structure factor equation can be expressed as a similar summation (Equation

2.5).

FFF (hkl) = V
a∑

x=0

b∑
y=0

c∑
z=0

ρ(x, y, z).exp[2πi(hx+ ky + lz)] (2.5)

Using these two Fourier summations it is possible to easily convert between elec-

tron density and structure factors, a process that is important for structure so-

lution. The complex structure factor F(hkl) comprises amplitude (F or |F|) and

phase (ϕ) terms. If this is incorporated into the electron density summation, for

example at grid point x, it explicitly shows that both intensity and phase infor-

mation is required for the reconstruction of electron density (Equation 2.6)[215].

ρ(x) =
1

V

+∞∑
h=−∞

Fh.exp(iϕh).exp[−2πi(hxhxhx)] (2.6)

In a diffraction experiment only intensities are measured and these are propor-

tional to the square of the structure factor amplitude. However, the critical phase

information required for the reconstruction of the electron density is lost; this is

known as the crystallographic phase problem. In order to reconstruct the elec-

tron density we must obtain the missing phases, there are two main strategies for

this: experimental phasing (including single and multiple wavelength anomalous
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diffraction) and molecular replacement. The technique employed throughout this

thesis is molecular replacement and as such discussion of experimental phasing

techniques are outside the scope of this text.

2.6 Structure solution pipeline

2.6.1 Data processing

Converting measured intensities or photon counts into structure factor ampli-

tudes requires several corrections that are applied during raw data integration

and scaling[221, 222]. The process of data integration involves three steps: au-

toindexing, post-refinement and integration which comprises predicting the po-

sitions of Bragg reflections and obtaining an estimate of the intensity of each

reflection[223]. Diffraction spots are essentially a distorted projection of the re-

ciprocal lattice and using the Ewald construction it is possible to derive the

reciprocal lattice vector of a reflection from its coordinates (Fig. 2.4). Spots

lying on concentric lunes in the diffraction pattern correspond to reciprocal lat-

tice points that intersected the Ewald sphere in the same plane, and these will

have reciprocal lattice vectors of the same length (Fig. 2.4). Reciprocal lattice

vectors collected for all spots on the diffraction image will therefore segregate

into clusters, and the separation between clusters will relate to the vector be-

tween adjacent reciprocal lattice planes[223]. The Fourier transform of this will

consist of peaks where the spacing corresponds to the real cell spacing; which

can be used to define the dimensions of the unit cell[223]. The goodness of

fit of these unit cell parameters to the tabulated possible expected dimensions

is evaluated and the solution with the highest symmetry in the lowest penalty

score group is selected as a working solution[224, 225]. In post-refinement the

positions of the diffraction spots in X and Y and also over the rotation of the
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crystal (φ) are used to refine parameters including the unit cell, detector position

and orientation of the primary beam. Once accurate values for the unit cell and

crystal orientation have been determined, reflection integration can occur. Spot

positions can be predicted from the unit cell parameters. Reflection intensities

are determined by three-dimensional profile fitting followed by subtraction of

the background intensity, which is determined by pixel masking. This process

is automated through various software including XDS[226], HKL2000[227] and

MOSFLM[228]. Scaling, and an assessment of data quality follow the process of

data integration.
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Figure 2.4: Relationship between the Ewald sphere and the diffraction
pattern. The origin of the reciprocal lattice (0) is the point at which the direct
beam exits the Ewald sphere. The crystal (Xtal, shown in green) is located at
the centre of the Ewald sphere. The reciprocal lattice plane (1 0 0) is shown.
Each diffraction spot on the detector can be mapped back to a scattering vector
in reciprocal space (e.g. d*hkl, shown in red). Figure adapted from[223].

Measured diffraction intensities are not all on the same scale because they are

affected by parameters that vary throughout the experiment, including radiation

damage and slow variation in beam intensity[229]. The redundancy of data col-

lection, i.e. multiple measurements of symmetry-related reflections, is used to

put all observations on a common scale. Following this, the internal consistency

of the data can be assessed as a measure of data quality. Programs implement-

ing this analysis include SCALA and XSCALE. X-ray data in this thesis were

processed and scaled with the HKL suite[227] and XIA2[230], which implements
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the programs XDS[226] and SCALA. Data collection and processing statistics

for all of the structures solved in this thesis are shown in Table 1. The classical

measure of data quality is the Rmerge statistic (Equation 2.7), which measures the

spread of ‘n’ independent measurements of the intensity of a reflection (Ii(hkl))

around their average (Ī(hkl))[231, 232].

Rmerge =

∑
hkl

∑n
i=1 |Ii(hkl)− Ī(hkl)|∑
hkl

∑n
i=1 Ii(hkl)

(2.7)

However, it was shown that the value of Rmerge increases with data redundancy,

despite the fact that a highly redundant data set should be of intrinsically higher

quality than a data set in which each reflection is only measured once. This led

to the introduction of the multiplicity-independent statistic Rmeas, which adjusts

the contribution of each reflection by a factor of
√

( n
n−1

) ([233]). Another data

quality statistic is the precision-indicating merging R factor, Rp.i.m. (Equation

2.8), which describes the precision of the averaged measurement.

Rp.i.m =

∑
hkl

√
1

n−1

∑n
i=1 |Ii(hkl)− Ī(hkl)|∑

hkl

∑n
i=1 Ii(hkl)

(2.8)

The value of Rp.i.m. was shown to correlate well with improved refinement statis-

tics and as such is a good predictor of the performance of a data set in structure

determination[234].

The strength of diffraction decreases with resolution and so a high-resolution

cut-off is applied to remove data with such weak intensities that their inclusion

would reduce the quality of the resulting model. Historically, it was typical to

truncate data at a resolution where the Rmerge value is below 0.8 and the signal

to noise ratio (I/σ(I)) is at least 2.0. However, recent studies have highlighted

that this cut-off is too conservative and useful data that could contribute to
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model quality are excluded by using these parameters. A better indicator of

an appropriate high-resolution cut off is the CC1/2 value, which calculates the

correlation coefficient of the average intensities between random halves of a data

set[232]. In test cases, including data to the resolution at which the CC1/2

value was in the range 0.1-0.2 improved the quality of the final model, despite

the traditional statistics greatly exceeded their conventional limits; the I/σ(I)

at these resolutions was between 0.3-0.6 and the Rmeas values were over 300

%[235, 232]. Therefore, in addition to quoting both the Rmerge and I/σ(I) values,

both the CC1/2 and the Rp.i.m. parameters are also displayed in Table 1 and were

used to select the resolution cut-off[235, 236, 232, 234]. For all of the structures

solved in this thesis, the CC1/2 values remain >0.5 in the highest resolution

shell, which indicates that these high-resolution reflections are contributing to

the quality of the final model. This is despite very high Rmerge (225 %) and

low I/σ(I) values (1.1) for some of the complexes (Table 1). The inclusion of

these high-resolution data correlated with observed improvements in the electron

density map, validating these criteria for establishing a data cut-off. This data

processing strategy was made possible by the use of third generation synchrotron

radiation sources (in this case the DIAMOND Light Source) with beamlines

equipped with state-of-the-art detectors (in this case Pilatus 6D). This allows

for the acquisition of excellent quality data, with high precision and accuracy,

even for weaker reflections, due to the increased sensitivity and reduction of

background scattering.

2.6.2 Molecular replacement

Following data processing, which yields structure factor amplitudes, the associ-

ated missing phases must be determined for reconstruction of the electron den-

sity. In this thesis phasing was carried out by molecular replacement. This
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technique uses a model of known structure with a high similarity to the target

structure (>30 % sequence identity) to estimate phases allowing for structure

solution. As the protein databank (http://www.rcsb.org/pdb) expands and the

number of known structures increases, molecular replacement is likely to become

an ever more important technique. The major task of molecular replacement is

to conduct a rotational and translational search to place the model at the same

orientation as the target within the unit cell[215]. This enables the model phases

to be used for structure solution. Molecular replacement programs break this

task into two distinct steps, the rotation function and the translation function.

Traditionally molecular replacement programs used a Patterson-based approach

to assess whether models were correctly placed[237]. The Patterson function

assigns peaks to every interatomic vector and crucially the resulting map can

be constructed from the intensities alone, without any phase information. This

allowed Patterson maps for the model and the target to be compared, so di-

recting the placement of the model. However, modern phasing software, such as

PHASER[238], now implements maximum-likelihood approaches to molecular

replacement, which have yielded improved success rates. The likelihood function

describes the probability that an experimental value will be observed given the

model. Generally, calculated structure factors (Fcalc) from the model are com-

pared to the observed structure factors from the data (Fobs). A ‘brute-force’

search procedure sampling angles (rotation function) and positions (translation

function) of the model on a grid is performed, and the placement with the highest

likelihood of matching the data is selected as the solution[238]. An unambiguous

molecular replacement solution in PHASER is indicated by high log-likelihood

gain (LLG) values of approximately 120. PHASER also outputs a Z-score which

is a measure of the signal-to-noise of a search; it compares the LLG value to an

LLG obtained from a set of a random rotations and translations. A Z-score of

greater than 8 indicates an unambiguous solution, although Z-scores of less than

8 do not necessarily mean the correct solution has not been found.
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In this thesis, the RGMCND-BMP2 complex was solved by molecular replacement

in PHASER[238] using the structure of the disulphide bonded BMP2 dimer (PDB

ID: 3BMP[168]) as a search model. Extra electron density accounting for two

molecules of RGMCND in the asymmetric unit was immediately discernible after

density modification in PARROT[239]. Density modification involves three main

procedures; solvent flattening to remove noise, applying histogram matching of

protein density to match the histogram of a well phased map and using non-

crystallographic symmetry to enhance the signal to noise ratio. Following this,

molecular replacement implemented in PHASER was used to solve the structures

of the RGMAND-BMP2 and RGMBND-BMP2 complexes using the RGMCND-

BMP2 complex as a search model; and the BMP2-eRGMB-NEO1FN56 complex

using the RGMBND-BMP2 Form 1 (see Table 1) and the NEO1FN56-RGMB (PDB

ID: 4BQ6[240]) structures as search models. The eBMPR1A-BMP2 complex

structure was also solved in a similar fashion, using the published complex struc-

ture as a search model (PDB ID: 1ES7[241]).

2.6.3 Model building and refinement

From the experimentally determined structure factor amplitudes and the phases

supplied by molecular replacement an electron density map displaying the con-

tents of the unit cells is produced. Due to limited resolution and imprecise phase

information building and refining a protein model into the electron density is

an iterative and meticulous process[242]. The first step is the construction of

an initial model in the electron density map, which is often carried out using

automated model building software such as BUCCHANEER[243]. The program

begins by using a maximum likelihood method to locate Cα positions in the

electron density map by scoring possible positions and orientations in a six di-

mensional rotation and translation search. The highest scoring matches are then

91



CHAPTER 2. MATERIALS AND METHODS

used as ‘seed’ positions for polypeptide chain growth, which proceeds via a two-

residue look-ahead approach[244]. This involves adding two new amino acid

residues to the ‘seed’, subject to Ramachandran restraints[245]. The conforma-

tion of the polypeptide backbone can be described by three torsion angles for

each amino acid, φ, ψ and ω. Due to the partial double bond character of the

peptide bond ω is constrained to values of 0◦ for cis-peptides and 180◦ for trans-

peptides. Only a subset of φ and ψ angle combinations are allowed for each

amino acid and some combinations are particularly favoured; these values are

mapped in the Ramachandran plot[245] and restrict placement of each residues

during polypeptide chain growth. The best log-likelihood score for the placement

of the new residues in the electron density map is calculated and used to select

the position of the first residue. The second residue is then discarded having

served the purpose of validating the position of the first. The result of chain

growth is numerous overlapping fragments. From these a single coherent model

is constructed by joining together consistent fragments and pruning inconsis-

tent ones; of the different possible combinations the longest possible polypeptide

trace is prioritised. The resulting trace is then analysed and edited manually in

COOT[246], where small sections of the peptide chain can be refined to better

fit the electron density.

From these initial estimated atomic positions better phases can be calculated,

which allow the electron density map to be recalculated with a higher precision.

From the new map, more accurate atomic positions can be determined, which

in turn lead to further improved phases. In each cycle adjustments are made

to the atomic model, and this eventually yields an accurate model of the target

structure. This whole process is called structure refinement. Refinement pro-

grams such as autoBUSTER[247] and PHENIX[248] calculate a complete set of

structure factor amplitudes from the atomic model and the calculated intensities

are compared with the measured intensities and the model which best fits the
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data is calculated using a maximum likelihood approach. A global indicator of

model quality, the working R-factor (Rfactor) (Equation 2.9), is used to assess

how well the observed structure factors (FO) correlate with the calculated model

structure factors (FC)[242].

Rfactor =

∑
||FO| − |FC ||∑
|FO|

(2.9)

However, Rfactor is very susceptible to over-fitting as increasing the number of

parameters used to describe the model can reduce its value. Therefore the Rfree

value was introduced[249] which is calculated in the same way as the Rfactor but

for a small subset of reflections that are not used in the model refinement. This

therefore provides cross-validation, as it tests how well the model fits experimen-

tal data that was not used to fit the model. Values of approximately 25 % for

the R-factors indicate that the model is a good fit to the data and the gap be-

tween Rfactor and Rfree should be minimised to prevent over-fitting. The quality

of the model can also be assessed by analysing the fit of the model geometry to

idealised values, for example the root mean squared deviation (r.m.s.d.) of bond

angles and lengths from those of well-refined high-resolution structures and the

Ramachandran statistics for each amino acid[242]. These statistics, along with

the Rfactor, Rfree and the isotropic B-factors, are reported for each structure solved

in this thesis as indicators of the quality of the refined model.

In the RGMCND-BMP2 structure, the RGMC polypeptide chain was traced us-

ing iterative rounds of the automated chain-tracing software BUCCANEER[243],

manual model building in COOT[246] and refinement using autoBUSTER[247]

and PHENIX[248]. This resulted in a well-defined model for the RGMCND-

BMP2 complex that included two molecules of RGMC (residues Q36 to P129)

bound to a disulphide linked BMP2 dimer (residues K293-R396). All complexes

were refined using autoBUSTER[247] and PHENIX[248] and, where applicable,
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non-crystallographic symmetry (NCS) restraints were applied[250]. Due to the

dimeric nature of BMP2 the unit cells often contained more than one copy of

each protein, which are related by NCS and the structures were restrained to be

similar during the refinement. This increases the parameters used to describe

each monomer and improves the accuracy of the model. In addition, for the

BMP2-eRGMB-NEO1FN56 structure, target weight refinement as implemented in

autoBUSTER[247] (using the individual high resolution structures of the BMP2,

RGMBND, eRGMB (PDB ID: 4BQ6), NEO1FN5 and NEO1FN6 domains (PDB

ID: 4BQ6) as targets) was applied[250]. Similarly to NCS restraints, this tech-

nique uses a similar previously solved structure of higher resolution to restrain the

refinement. The stereochemical properties of all of the models for the complexes

solved in this thesis were assessed using the webserver MOLPROBITY[251].

Crystallographic and Ramachandran statistics for all structures solved in this

thesis are given in Table 1. Superpositions displayed throughout this work were

calculated using the program COOT[246] and electrostatic potentials were gen-

erated using APBS[252] as implemented in PYMOL[253]. Buried surface areas

of protein-protein interactions were calculated using the PISA webserver[254] for

a probe radius of 1.4 Å.
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Table 1: Crystallographic data collection and refinement statistics.
Each structure was determined from one crystal. Numbers in parentheses refer
to the highest resolution shell. Rfree = the R-factor against 5 % of the data,
r.m.s.d. = root mean square deviation from ideal geometry, Rp.i.m. = precision
indicating merging R-factor[234], CC1/2 = correlation coefficient between random
half data sets[236, 232].
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2.7 Surface Plasmon Resonance (SPR)

SPR is an optical technique that can be used to measure protein interactions.

One protein, known as the ligand, is immobilised onto the surface of sensor

chip, which consists of four flow cells. Other protein binding partners, known as

analytes, are flowed over the chip in an aqueous buffer. The sensor chip consists of

a glass surface coated in a layer of gold followed by a carboxymethylated dextran

matrix upon which proteins are immobilised. In the instrument, beams of light

(670 nm wavelength) exceeding the critical angle are totally internally reflected

from the glass surface of the sensor chip. During this process some energy is lost

to the gold particles coating the glass, through interaction of the incident light

wave with the surface plasmons (free electrons) on the gold surface. Maximum

energy is lost to the gold film at a particular incident angle (θspr), which is

measured using a photo-detector array to record the angle at which the intensity

of the reflected light is at a minimum. The value of θspr depends on the refractive

index of the medium directly adjacent to the gold surface, which is affected by

the binding of the analyte to the immobilised ligand. Therefore, the binding of

any proteins to the surface of the sensor chip is detected as a change in θspr and

these changes are reported as response units (RU)[255].

SPR experiments were performed using a BIAcore T200 machine (GE Health-

care) at 25 ◦C in SPR running buffer (10 mM HEPES, pH 7.5, 150 mM NaCl,

0.005 % (v/v) polysorbate 20). The surface of the CM5 biosensor chip was

activated using N-hydroxysuccinimide and ethyl(dimethylaminopropyl) carbodi-

imide (NHS/EDC) and following protein or streptavidin coupling, blocked using

ethanolamine. All experiments were performed using direct protein immobilisa-

tion by amine coupling to CM5 biosensor chips except for those where biotiny-

lated eRGMB was immobilised onto streptavidin-coupled CM5 biosensor chips

(as specified in the figure legend)[256]. Analytes were dialysed against SPR
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running buffer prior to use, and 1 in 2 dilution series were prepared for analysis.

Typically BMP2 was bound to the surface at concentrations of 100-1000 response

units. For the eBMPR1A-eRGMB competition experiment a stock solution of

20 µM eBMPR1A and 2.5 µM eRGMB was dialysed against SPR running buffer

prior to use and 1 in 2 dilution series were prepared in buffer containing 2.5

µM eRGMB, resulting in a dilution series of eBMPR1A in a constant (2.5 µM)

concentration of eRGMB. BMP2 was bound to the surface at concentrations of

150, 500 and 1000 response units. After each binding experiment where BMP2

was used as ligand, the chip was regenerated by 120s at 20 µl/min bursts of 4 M

Urea, 50 mM Tris pH 8.0, 150 mM NaCl. All experiments were done in duplicate

with independently purified proteins. The signal from experimental flow cells was

processed, and corrected by subtraction of the nearest blank measurement (every

third injection was a blank) and the reference signal from a blank flow cell. In all

experiments, the experimental trace returned to baseline after each regeneration.

All data were analysed using SCRUBBER2 (Biologic) and GraphPad Prism Ver-

sion 6.04 (GraphPad Software, La Jolla California USA). Best-fit binding curves

were calculated for BMPR1A-BMP and BMPR2-BMP interactions using non-

linear curve fitting of a one-site - specific binding model (Y = Bmax*X/(Kd +

X), where X is the analyte concentration and Bmax is the maximum analyte

binding). Best-fit binding curves were calculated for BMP2-RGM interactions

using non-linear curve fitting of a one-site - total binding model (Y = Bmax*X

/ (Kd+X) + NS*X + Background, where X is analyte concentration and the

amount of non-specific binding is assumed to be proportional to the concentra-

tion of analyte, hence NS is the slope of non-specific binding). The background

value was constrained to zero as the data had been previously referenced. Bmax

and Kd values reported are determined for the specific binding component only.

A best-fit binding curve was calculated for the eBMPR1A-eRGMB competition

experiment using a log(agonist) vs response - variable slope model (Y = Bottom

+ (Top-Bottom)/(1+10((LogEC50-X)*HillSlope)), where X is analyte concentration,
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top and bottom are plateaus in the units of the Y axis and EC50 is the concen-

tration of agonist that gives a response half way between bottom and top). The

HillSlope parameter was constrained to 1.0. An R2 value to quantify goodness

of fit (range of 0-1.0) was reported. An IC50 value of 4.0±1.0 µM was calcu-

lated. Given the concentration of eRGMB was 2.5 µM, 1.7 fold molar excess of

eBMPR1A is required to effectively compete with eRGMB in solution.

2.8 Small-angle X-ray scattering (SAXS)

2.8.1 Basic principles of SAXS

SAXS is an important complementary technique in structural studies. It can pro-

vide information about protein complex stoichiometry, conformation, and flexi-

bility in the relatively low-resolution range of 10-50 Å, which crucially for this

study, can help to confirm the solution nature of protein complex assemblies

observed in crystal structures. Protein molecules in solution scatter X-rays to

produce a diffuse scattering pattern and the scattering curve for a protein (I(q))

is generated after subtraction of the scattering from a buffer blank. The scatter-

ing curve I(q) is a function of the momentum transfer (q), which is a measure

of the directional momentum change that the photons undergo and is dependent

on the scattering angle (2θ) and the wavelength of the incident X-ray beam (λ)

(Equation 2.10)[257].

q =
4π sin θ

λ
(2.10)

At low resolution the scattering can be described by the Guinier approximation

(Equation 2.11)[257].
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I(q) = I(0)exp
−(q2R2

g)

3
(2.11)

The Guinier Plot of log(I(q)) against q2 will give a straight line from which the

parameters Rg and I(0) can be derived. The parameter Rg is the radius of gyra-

tion, which describes the average squared distance of each scatter from the centre

of the scattering particle. The other parameter I(0) is the intensity measured at

q = 0, which can be extrapolated from the Guinier plot, and corresponds to the

square of the number of electrons in the scattering particle and therefore can be

useful for molecular weight determination. However, calculation of the molecular

weight from I(0) requires calibration with a reference sample such as BSA, and so

a true reference-free method for molecular weight determination is implemented

in this thesis involving the calculation of the parameter Vc (Equation 2.12)[258].

Vc =
I(0)∫
qI(q) dq

(2.12)

Vc is the ratio of the particle’s I(0) to it’s total scattered intensity, which is the

integrated area of the curve qI(q) against q; and, importantly, Vc can be directly

calculated from the scattering curve. A log-log plot of both (Vc
2/Rg) against

molecular weight is linear, allowing the molecular weight of the scattering particle

to be determined from these two parameters. Both Vc and Rg are contrast

and concentration independent and therefore yield a more accurate estimate of

molecular weight than I(0).

A Fourier transform of the scattering curve I(q), known as the pair-distribution

function (P(r)), provides real-space information about the distances between

electrons within the scattering protein molecules (Equation 2.13)[257].
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P (r) =
r

2π2

∫ ∞
0

I(q)qsin(qr) dq (2.13)

The maximum linear dimension of the scattering particle (Dmax) can be extracted

from the pair-distribution function, as the P(r) function is equal to zero at r =

0 and r ≥ Dmax. Importantly, P(r) functions can be readily calculated from

high-resolution atomic models and an inverse Fourier transform will then yield

a corresponding theoretical scattering curve. These can be compared to exper-

imental scattering curves to determine how well a crystal structure represents

the solution state of a protein or protein complex. The agreement between two

scattering curves can be assessed using the χ2 metric (Equation 2.14), where

K is the number of experimental points, µ is a scaling factor and σ(qj) is the

standard deviation[259].

χ2 =
1

K − 1

K∑
j=1

[
µI(qj)− I(qj)experiment

σ(qj)

]2

(2.14)

However, caution should be employed when interpreting χ2 values as this measure

weights the lower resolution data more strongly, and fitting to measurements with

high errors can still yield good χ2 values.

2.8.2 SAXS data collection and processing

Data were collected at beamline BM29 at the ESRF (Grenoble, France)[260]

at 293 K within a momentum transfer range of 0.01 Å-1 < q < 0.45 Å-1; giv-

ing a maximum nominal resolution of 14 Å. X-ray wavelength was 0.995 Å

and data were collected on a Pilatus 1M detector. Protein samples were mea-

sured at the following concentrations: NEO1FN56: 1.06 and 4.94 mg/ml; eRGMB:

0.96 and 5.48 mg/ml; NEO1FN56-eRGMB: 0.51 and 1.01 mg/ml; BMP2-eRGMB-
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NEO1FN56: 0.68 and 1.14 mg/ml. Data reduction and calculation of invariants

was carried out using standard protocols implemented in the ATSAS software

suite[261]. A merged dataset was obtained by combining the low-angle part of

the low-concentration dataset with the high-angle part of the high-concentration

dataset. Molecular weight determination was performed using the volume of

correlation metric Vc as implemented in the program Scatter[258]. The BMP2-

eRGMB-NEO1FN56 solution structure was modelled starting from the crystal

structure of the ternary complex. C-terminal eRGMB residues His335-Ser410

were not observed in the electron density; a structural model for the domain

was calculated using the program ROSETTA3.5[262], and constrained by im-

posing alpha-helical secondary structure and a disulphide bond between Cys358

and Cys372. Missing loops and N- and C-termini were added in extended con-

formations using the program Modeller[263]. Starting models for NEO1FN56,

eRGMB, and the eRGMB-NEO1FN56 binary subcomplex were then extracted

from the completed BMP2-eRGMB-NEO1FN56 model. All-atom ensemble mod-

elling of NEO1FN56, eRGMB, eRGMB-NEO1FN56 and BMP2-eRGMB-NEO1FN56

was performed using the program AllosMod[264]; in each case, 50 independent

ensembles of 100 models were generated. From this pool, automated selection

of the minimal set of models satisfying the scattering data was performed us-

ing the program MES[259], and calculation and fitting of scattering patterns

was performed using the program FoXS[265]; this whole procedure was auto-

mated using the AllosMod-FoXS web server[266]. The solution structures of

NEO1FN56, eRGMB, eRGMB-NEO1FN56 and BMP2-eRGMB-NEO1FN56 are de-

scribed by one, one, three and two models, respectively.
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2.9 Multiangle light scattering

MALS measures the scattering of laser light by a solution of macromolecules.

When connected inline with size exclusion chromatography the precise molecular

weights of protein peaks can be determined, giving an indication of the complex

species present in solution. MALS experiments were carried out using a DAWN

HELEOS II (Wyatt Technology), equipped with a K5 flow cell and a 30 mW

linearly polarised GaAs laser with a wavelength of 690 nm. Proteins used for

MALS contained wild-type sugars. Prior to the experiments, individual proteins

were purified by SEC. The BMP2-RGMBND and BMP2-eBMPR1A complexes

were formed by mixing the individual protein components in a 1:1 molar ratio.

Complexes were dialysed against buffers of either pH 7.5, pH 6.5 or pH 5.5

(generated using the MMT buffer system (Malic acid, MES, Tris; Molecular

Dimensions); 10 mM MMT, pH 5.5/6.5/7.5, 150 mM NaCl). Complexes were

concentrated to 2 mg/ml prior to MALS analysis. Data were analysed using

ASTRA (Wyatt Technologies) and molecular weights were calculated using the

Debye fit method. Graphs were produced using GraphPad Prism Version 6.04

(GraphPad Software, La Jolla California USA).

2.10 Luciferase reporter assay

This assay made use of the BMP-responsive element luciferase reporter plasmid

BRE-Luc, which contains two repeats of the minimal elements comprising the Id1

promoter, a specific target of downstream BMP signalling. The minimal regions

were identified using site-directed mutagenesis methods, and include two SMAD

binding elements: the GC-palindromic sequence GGCGCC and CGCC sequences

flanked by two CAGC motifs. In luciferase reporter experiments, activation of

the promoter results in expression of the enzyme luciferase, which converts the

102



CHAPTER 2. MATERIALS AND METHODS

substrate luciferin to oxyluciferin in a reaction that produces light. The amount

of light produced is proportional to the level of activation of the promoter and

therefore using BRE-Luc, changes in the relative light units recorded indicate

changes in the level of BMP signalling[267].

LLC-PK1 cells were plated in complete DMEM supplemented with 10 % FBS at a

density of 5 x 104 cells per well in a 96-well plate (Nunc-ImmunoTM MicroWellTM

96 well polystyrene plates, Sigma-Aldrich). After 24 h LLC-PK1 cells were trans-

fected using Lipofectamine 2000 transfection reagent (Lifetechnologies) according

to manufacturer’s protocol, with 40 ng pGL3 BRE-Luciferase plasmid[267], 30

ng Renilla control plasmid and, where indicated, 20 ng of either empty pHLSec

vector control or full-length RGMB. Eight hours post-transfection the cells were

washed with PBS (100 µl) and serum starved in complete DMEM supplemented

with 0.1 % FBS overnight. For membrane-attached RGM constructs, cells were

stimulated with 6 nM BMP2 or buffer. To test the effects of soluble constructs,

cells were stimulated with 25 nM BMP2 pre-incubated with a dilution series

(from 2.5 µM to 10 nM) of eBMPR1A, eACVR2A and eRGMB. After 48 hours

incubation, cells were washed with PBS, lysed, and luciferase activity measured

using a dual luciferase assay system (Promega) according to the manufacturer?s

instructions. Luminescence was quantified using a luminometer (Tecan, Infinite

200 PRO). Graphs were produced using GraphPad Prism Version 6.04 (Graph-

Pad Software, La Jolla California USA). Multiple comparisons were assessed with

the one-way ANOVA and Bonferroni post-testing (GraphPad Software; Prism).

2.11 Fluorescence microscopy

Fluorescence microscopy allows tracking of specific fluorescently labelled proteins

within living cells over time. However, the technique has traditionally been lim-
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ited in resolution to approximately half the wavelength of visible light (∼200

nm), which does not permit observation of protein assemblies. In addition back-

ground fluorescence from proteins localised to the cell interior has limited obser-

vation of protein signalling assemblies in the membrane. Total internal reflection

fluorescence (TIRF), direct Stochastical Reconstruction Microscopy (dSTORM)

imaging represents one method of overcoming these issues to allow observation of

membrane protein clusters in live and fixed cells. Additionally, protein-protein

interactions can be analysed in live cells using fluorescence resonance energy

transfer (FRET), recorded by fluorescence lifetime imaging (FLIM).

2.11.1 Principles of TIRF-dSTORM

TIRF microscopy involves the use of fluorescence light waves that are totally

internally reflected at the glass-water interface between the specimen and the

coverslip resulting the production of an evanescent wave, which decays exponen-

tially from this interface. Only fluorophores within approximately 100 nm from

the interface are excited, which limits the study to the plasma membrane and

the cytosolic region directly adjacent. This reduction in background fluorescence

greatly enhances the signal from membrane-localised proteins and enables the

study of signalling events.

Traditionally the resolution limit of fluorescence light microscopy is described

by Abbe’s formula (Equation 2.15) and is dependent on the wavelength of the

fluorescent light (λ) and the numerical aperture (NA) of the objective.

Resolutionx,y =
λ

2NA
(2.15)

This is normally roughly equal to half the wavelength of the fluorescence light
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and the resolving power of fluorescence microscopy is generally considered to be

limited to ∼200 nm. However, recently, advanced super-resolution microscopy

techniques including dSTORM, have broken this diffraction limit and achieved

resolutions of close to 20 nm. These techniques determine the precise local-

isation of each fluorophore by recording the fluorescence emission pattern of

photons (point spread function (PSF)) on a detector and averaging this as a

two-dimensional Gaussian function with the fluorophore localised to the peak

of the function[268, 269]. The localisation precision depends on the number of

photons collected and the standard deviation of the PSF. The technique depends

on recording only a sub-set of the fluorophores at any one time to ensure that the

PSFs do not overlap, and this is achieved by forcing the majority of fluorophores

into a recoverable dark-state using high powered excitation lasers[270, 268, 269].

By estimating the precise position of each fluorescently labelled protein, the size,

shape and number of clusters on the membrane can be estimated. Changes in

this clustering level over time, in response to stimuli can also be measured using

fixed cell samples or using a time-gated approach in live cells; both methods were

implemented in this thesis.

2.11.2 Principles of FRET-FLIM

Fluorescence resonance energy transfer (FRET) is a non-radiative (long-range

dipole-dipole interaction) process by which energy is transferred from the excited

state of a donor fluorophore to an acceptor fluorophore. The FRET efficiency

represents the probability that the excited donor will return to its ground state

by FRET and is dependent on:

1. the distance between the donor and acceptor fluorophores (R).

2. the overlap between donor emission and acceptor excitation spectra (J(ν)).
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3. the quantum yield of the donor (ΦD).

4. the fluorescence lifetime of the donor.

5. the relative orientations of the donor and acceptor dipoles.

The FRET efficiency (E) is greatly dependent on distance between the fluo-

rophores (Equation 2.16).

E =
R6

0

R6
0 +R6

(2.16)

Where R0 (Å) is the Förster distance (the distance between the fluorophores at

which E = 50 %). R0 can be calculated from a number of spectroscopic and

dipole-related parameters[271] (Equation 2.17).

R0 =
9000(ln10)ΦDκ

2J(v)

128π5NAn4

1
6

(2.17)

Where NA is Avagadro’s number, n is the refractive index of the medium and

κ is the orientation factor (which depends on the angles between the donor

and the acceptor dipoles). R0 generally ranges between 2-8 nm and therefore a

measurable FRET efficiency between a donor-tagged protein and an acceptor-

tagged protein is interpreted as a protein-protein interaction[271].

The lifetime of the donor fluorescence depends on the rate of the decay of the

excited state. When FRET is occurring the fluorescence lifetime of the donor

decreases relative to the lifetime measured in the absence of acceptor. The donor

mTFP is commonly used as this fluorophore exhibits a mono-exponential lifetime

decay. In the presence of acceptor some proportion of the donor population will

be bound to acceptor resulting in a bi-exponential fluorescence decay with two

lifetimes; the FRET lifetime of donor bound to acceptor (τDA) and the lifetime
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of the donor alone (τD). Analysis of FLIM data will recover these two values,

allowing both the FRET efficiency and the fraction of interacting donor (fD)

to be determined. The spatiotemporal evolution of the interaction can then be

tracked in live cells[271].

2.11.3 Sample preparation

BMP2 was stored at 4 ◦C in 10 mM ammonium acetate buffer. Prior to imaging a

40 nM BMP2 solution was dialyzed against phenol red-free complete DMEM sup-

plemented with 0.1 % FBS, to remove excess ammonium acetate to prevent buffer

effects. For imaging, COS7 cells were seeded at a density of 1 x 105 cells/well in

glass bottom dishes (MatTek). After 24 hours, cells were transfected with con-

structs for expression of fluorescently-tagged proteins using Lipofectamine 2000

transfection reagent (Lifetechnologies) according to the manufacturer’s protocol.

Cells were transfected with 1.5 µg NEO1-mVenus + 1.5 µg full-length RGMB

for dSTORM and with either 1.5 µg BMPR2-mTFP or 1.5 µg BMPR2-mTFP

+ 1.5 µg BMPR1A-mVenus for FRET-FLIM. Eight hours post-transfection the

cells were serum-starved in phenol red-free complete DMEM supplemented with

0.1% FBS overnight. Prior to imaging the media was removed from the cells

and either BMP2 containing or buffer blank media was added. To generate fixed

samples for dSTORM, COS7 cells were incubated with either BMP2 containing

or buffer blank media for the indicated amount of time. The media was then

removed and cells were fixed in 4 % paraformaldehyde (PFA) for 10 min at room

temperature. Fixed cells were washed thoroughly in PBS to remove excess PFA

and stored in PBS at 4 ◦C.

107



CHAPTER 2. MATERIALS AND METHODS

2.11.4 dSTORM imaging

dSTORM images were acquired on a TIRF microscope (ELYRA; Zeiss) with

a 100 oil-immersion objective with a numerical aperture of 1.46. For illumina-

tion/photoconversion, 30 % transmission of the 488-nm laser and 1 % transmis-

sion of the 405-nm laser were used and 5,000-10,000 images were acquired per

sample with a cooled, electron-multiplying charge-coupled device camera (iXon

DU-897D; Andor). Exposure time was 300 ms. Recorded images were analysed

with Zeiss ZEN software.

2.11.5 dSTORM data processing

Raw fluorescence intensity images were analysed using the software Zen 2010D

(Zeiss MicroImaging). A Gaussian and Laplace filter was applied to each frame,

and overlapping events were excluded. An event was classified as originating

from a single molecule when I - M > 6S (where I is event intensity, M is mean

image intensity and S is the s.d. of image intensity). The centre of each point-

spread function was then calculated by fitting to a two-dimensional Gaussian

distribution and a table containing the x-y particle coordinates of each molecule

was extracted. Non-overlapping regions of interest, 5 µm × 5 µm or 3 µm × 3 µm

in area, containing the two-dimensional molecular coordinates were cropped for

analysis using Origin (Northhampton, MA, USA), and events with localization

precision worse than 60 nm were discarded. Areas containing ∼300 molecules

for live cell imaging and ∼1000 events for the fixed samples were selected. To

analyse the spatial point pattern, we used the Ripley’s K-function, calculated

with SpPack[272] and the Spatstat package for R software[273], and plotted the

L-function as described[268, 269]. Briefly, Ripley’s K-function is a measure of

the number of points encircled by concentric circles of radius r centred on each

point. K-values from the Ripley function therefore scale with circle area and
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so are transformed into the L-function. Using this equation, scaling is linear

with the radius. Random distributions have an L(r) value of r over all r values.

Therefore to analyse levels of clustering we plotted L(r) against r; and positive

values at a given r indicate clustering at that spatial scale. Quantitative cluster

maps were generated using Getis and Frankin’s analysis as described[268, 269].

Briefly, L(r) values at a spatial scale of 50 nm (L(50)) were computed for each

point with R and interpolated using Origin to produce a quantitative cluster

map. This was then pseudo-coloured with ImageJ[274] to highlight regions of

high clustering. Live cell dSTORM images were constructed using a time-gated

window approach[268, 275]. On the basis of the frame number from the raw

data acquisition, cluster maps were generated from 5000 continuous frames, with

each cluster map shifted by 2000 frames relative to the previous one. This

corresponded to a time-gated window of ∼7 minutes with the clustering analysed

over a total of 30 minutes.

2.11.6 FRET-FLIM imaging

Imaging was performed using a Leica TCS SP8 confocal laser scanning micro-

scope equipped with a white light laser. We used excitation lines 470 nm and 514

nm to excite mTFP and mVenus respectively. For lifetime fluorescence resonance

energy transfer (FRET-FLIM) imaging the system was equipped with a Pico-

harp 300 time-correlated single photon counting (TCSPC) board (Picoquant,

Berlin, Germany). A 440 nm PDL 800-B pulsed diode laser was used to excite

mTFP (40 MHz) and detected using a CFP (460/500) emission filter cube and

Leica HyD detector. Time-resolved data, acquired through an acquisition period

during which 500 photon counts per image were collected, were analysed using

Picoquant SymPhoTime 64 software. Fluorescence lifetime was calculated using

a bi-exponential tail-fit to the TCSPC histogram and applied to each pixel in
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the image with a maximum likelihood estimator to produce the final fluorescence

lifetime image.

2.11.7 FRET-FLIM Image Analysis

The pixel-by-pixel fluorescence lifetime and fluorescence intensity information

were exported as separate ASCII files from SymPhoTime 64 (PicoQuant) into

ImageJ[274]. The Robust Automatic Threshold Selection Plugin (B. Tupper &

M. Sieracki, ImageJ[274]) was applied to the intensity image to create a mask

of regions of high fluorophore intensity[276]. This mask was then applied to

the fluorescence lifetime image to isolate the pixel lifetimes in these areas. The

average lifetime of the pixels within the mask was calculated from a histogram of

the pixel lifetimes. Mean lifetime and f(D) values were calculated form the double

exponential fit to the TCSPC histogram[277]. Graphs were produced using Prism

and figures were produced using ImageJ and CorelDRAW X6 (COREL).

2.11.8 Live-cell imaging of fluorescently-labelled BMP2

BMP2 was mixed in a 1:1 ratio with RGMBND to form the BMP2-RGMBND com-

plex, which was dialysed into PBS and concentrated to 2 mg/ml. Stock borate

buffer (40 µl, 0.67 M, Thermo Scientific DyLight 633 Antibody Labeling Kit) was

added to 0.5 ml of the complex for a final concentration of 50 mM sodium borate

pH 8.5. The protein solution was added directly to the vial of NHS-activated Dy-

Light 633 (Thermo Scientific DyLight 633 Antibody Labeling Kit), mixed, and

incubated in the dark at room temperature for 1 hour. The labelled complex

was then dialysed twice against 1 L 4 M Urea, 100 mM Tris-HCl, pH 6.0, 5 mM

EDTA (4 ◦C, 24 h) and the labelled BMP2 and RGMBND were separated by size

exclusion in this buffer. Fractions containing BMP2-DyLight 633, identified by
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their blue colour and confirmed by SDS-PAGE, were pooled for use in live-cell

imaging. BMP2-DyLight 633 was dialysed twice against 1 x PBS (1 L, 4 ◦C,

24 h). The activity of labelled BMP2-DyLight 633 was confirmed by luciferase

assay (see above). C2C12 cells were seeded at a density of 1 x 105 cells/well

in glass bottom dishes (MatTek). After 24 hours, cells were transfected with

Rab5a-mCherry (an early endosome marker) using Lipofectamine 2000 transfec-

tion reagent (Lifetechnologies) according to the manufacturer’s protocol. Eight

hours post-transfection the cells were serum-starved in complete DMEM supple-

mented with 0.1 % FBS overnight. Prior to imaging the cell media was exchanged

for 1 ml of 1 x PBS and subsequently 20 µl BMP2-DyLight was added to the

cells. Imaging was performed using a Leica TCS SP8 confocal laser scanning

microscope equipped with a white light laser using excitation lines of 561 nm

(2 %) and 634 nm (20 %). Fluorescence emission was detected using a Leica

HyD detector between wavelengths 595-615 nm for mCherry and 654-680 nm for

Dylight633. Imaging speed = 400 Hz, Z-stack images were collected, one image

every 15 seconds, over a 30 minute time series.

2.12 Analytical ultracentrifugation

Sedimentation velocity (SV) AUC experiments are ideal for analysing dynamic

and low affinity protein-protein interactions. The nature of migration of macro-

molecular assemblies within a gravitational field means that faster sedimenting

protein complexes can be consistently assembled from a slower sedimenting pool

of individual components. The migrations can be observed in a way that reflects

the equilibrium and kinetic properties of the interaction[278]. Furthermore, much

higher protein concentrations can be sampled than is possible, for example, in a

MALS experiment.
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SV-AUC experiments were performed using a Beckman Optima XL-I analytical

centrifuge and a run temperature of 20 ◦C. After gel filtration protein samples

were concentrated to the following concentrations for SV analysis: eRGMBWT

and eRGMBP206N: 3 mg/mL, NEO1FN56: 2 mg/mL and for the complexes, the

proteins were mixed in a 1:1 ratio with a final concentration of 6 mg/mL. For the

pH-dependent experiments, runs were conducted at pH 7 and pH 4. The sam-

ples were held in 3 mm path length Epon sector-shaped 2-channel centrepieces

and were spun at 40,000 rpm, with 50 sample distribution scans being taken

increments of 6 minutes apart. Data were collected using 280 nm absorbance

optics. Data were analysed using the Sedfit package[279], which is available from

http://www.analyticalultracentrifugation.com. The scans 6-50 were used in the

continuous c(s) distribution analysis, they were performed with a floating fric-

tional ratio and baseline, smin = 0.5, smax = 10, and a resolution of 100. A value

of 0.73 ml/g was used for the partial specific volumes. Graphs were plotted and

Gaussian distributions fitted to the curves using the plotting program PROFIT

(Uetikon am See, Switzerland).

2.13 Neurite growth assays

Cerebellar external granule layer (EGL) explants were grown on RGMB coated

coverslips. First, coverslips were coated with poly-D-lysine (100 µg/ml), washed

and air-dried. Purified RGMBWT, RGMBP206N, RGMBA186R of Fc control pro-

tein was then added to the coverslip at 50 µg/ml mixed with laminin (40 µg/ml,

Invitrogen) in Neurobasal medium (NB, Gibco) overnight at 4 ◦C. Shortly be-

fore plating the explants, coverslips were washed once in NB and incubated at 37

◦C with culture medium (NB with penicillin/streptomycin, l-glutamine, 18 mM

HEPES and 1xB27). Explants were obtained from postnatal day (P)9 mouse

pups. In brief, the cerebellum was removed and dissected in ice cold L15, and
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coronal slices were cut using a MCIllwain tissue chopper. Slices were further dis-

sected to isolate the EGL and equally sized tissue explants were cut and placed

onto the coated coverslips. After 3 days in vitro (DIV), the explants were fixed

with 4 % PFA for 20 min at room temperature. For immunohistochemistry, cov-

erslips were washed with PBS and incubated in blocking buffer (PBS with 5 %

normal goat serum, 1 % BSA, 1 % glycine, and 0.4 % Triton-X100) for 1 hour at

RT. Primary (mouse anti βIII-tubulin, T8660 Sigma) and secondary (goat anti-

mouse Alexa-488, A11029 Molecular Probes) antibodies were diluted in blocking

buffer and incubated overnight at 4 ◦C. Nuclei and F-actin were stained using

DAPI (Invitrogen) and Phalloidin-TRITC (Sigma-Aldrich), respectively, diluted

in PBS. Pictures were taken with a Zeiss Scope A1 microscope with a 10x ob-

jective (Zeiss) and an Axiocam Mrm camera (Zeiss). Neurite outgrowth from

the explants was analysed using ImageJ. The distance between explant and the

growth cones of >20 neurites was measured (three separate experiments, total ex-

plants analysed per condition: RGMBWT n=27, RGMBP206N n=24, RGMBA186R

n=26, control n=23) and neurite lengths were normalised to the average neurite

length of control explants per experiment. Three bins (short, medium, long) con-

taining an equal proportion of measurements ranging from shortest to longest

were created to establish the distribution of neurite lengths per explant. The

percentage of neurites in each bin was calculated for each explant to obtain the

average distribution of neurite lengths per condition. A two-way ANOVA with

Bonferroni post-test was used to compare the distributions of neurite length be-

tween the experimental conditions. Experiments performed by Susan van Erp in

the laboratory of R. Jeroen Pasterkamp.
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3.1 Abstract

RGMs signal through their receptor NEO1 to mediate a wide range of effects

from axon guidance to leukocyte migration and apoptosis; however the molecular

mechanism of RGM-NEO1 signalling has not been characterised. Recent crystal

structures of RGMB in complex with NEO1 provided the first structural insight

into this signalling interaction. In this chapter I present a structural analysis

of these crystal structures that identified a 2:2 stoichiometry form of the RGM-

NEO1 complex and allowed the design of mutations to specifically disrupt this

interface. I outline AUC experiments that demonstrated the existence of the

2:2 complex in solution and validated the observed crystallographic interface.

Furthermore, I show data demonstrating that this 2:2 complex is essential for full

activation of RGM signalling through NEO1 in neurite growth inhibition assays.

In addition, it appears that the formation of this complex is pH-dependent and

that NEO1 receptors pre-cluster in the membrane. Taken together, these data

allow a model for RGM signalling through NEO1 to be proposed, in which an

RGM-stapled NEO1 complex acts as a pH-sensitive hub at the intersection of

multiple signalling pathways.

3.2 Introduction

3.2.1 RGM binds NEO1 at the FN5-6 domains

RGMs are known to signal through their transmembrane receptor NEO1 to me-

diate a wide range of functions, the best characterised being the induction of

axon growth cone collapse. However, the architecture of the active RGM-NEO1

signalling complex and the mode of signal transduction across the membrane

are not known. Furthermore, there was no structural information available for
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the RGM family, other than a predication of a partial vWFD domain in the

centre of the protein. Original work, that identified NEO1 as the RGM recep-

tor, showed that the FN1-6 domains of NEO1 were sufficient for high affinity

RGM-binding[141]. More recently, after subjecting the NEO1 ectodomain to

proteolytic cleavage, the region of NEO1 required for high affinity binding to hu-

man RGMC was further defined as the FN5-6 domains[280]. SPR experiments

from this study revealed that RGMC binds to NEO1 FN5-6 domains with a Kd

of 120 pM, with the FN6 domain making the largest contribution to this affinity;

the Kd for the interaction between RGMC and FN6 alone was 20 nM[280]. They

were also able to demonstrate using MALS that NEO1-FN56 and RGMC exist

as monomers in solution and bind in a 1:1 stoichiometry, thereby shedding some

light on the nature of RGMC-NEO1 binding.

The same group also published a high-resolution crystal structure of the FN56

domains of NEO1[148]. In the structure the two FN domains adopt the canonical

FN(III) fold, comprising two antiparallel β-sheets, and adopt an extended con-

formation that is stabilised by a network of hydrogen bonds between the FN5 and

FN6 domains. It was also noted that the NEO1 FN5 domain is highly positively

charged and the authors propose a model whereby this domain interacts with

either the phospholipid head groups of the membrane or a negatively charged

polysaccharide chain, such as heparan sulphate, in the extracellular matrix, and

thereby presents the FN6 domain for RGM binding.
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Figure 3.1: RGMB and NEO1 construct design. From [240], Science,
reprinted with permission from AAAS. Schematics showing the domain organi-
sation of human NEO1 and human RGMB. Black bars indicate the crystallisation
constructs eRGMB and NEO1FN56. The portions of the protein resolved in the
crystal structure are coloured: the RGMB middle domain (purple), including
the partial von Willibrand Factor D domain (vWFD) (lilac), and the NEO1 FN5
(red) and FN6 (orange) domains. SP = signal peptide, IG = immunoglobulin-
like domain, FN = fibronectin III-like domain, TM = transmembrane helix, CD
= cytoplasmic domain, GPI = glycophosphatidylinositol anchor. (Figure taken
from[240]).

3.2.2 The structure of the RGM-NEO1 complex

This prior structural and binding data was used in our laboratory to guide the

expression of constructs of soluble full-length RGMB (eRGMB) (i.e. without the

GPI-anchor) and the FN5-6 domains of NEO1 (NEO1FN56) (Fig. 3.1). These

proteins were mixed in a 1:1 ratio for crystallisation trials and a series of eRGMB-

NEO1FN56 complex crystal structures were solved[240]. In these structures the

middle domain of RGMB interacts with both the NEO1 FN5 and FN6 domains

(Fig. 3.2a). The dominant contact is between RGMB and one face of the an-

tiparallel β-sheet of the NEO1 FN6 domain, which contains β-strands A, B and

E. However, the L3 loop of the NEO1 FN5 domain, located between β-strands

C and C’, also contributes to the interaction. In total the interface is formed of

17 hydrogen bonds and 147 non-bonded contacts (Fig. 3.2b). SPR experiments

verified that the NEO1 FN56 domains are sufficient for the NEO1-RGMB inter-

action, as described in earlier studies[141] (Fig. 3.2c,d). Mutagenesis of several

key residues at the interface, followed by SPR binding analysis, validated the
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observed complex structure (Fig. 3.2b), and one representative example of this

is shown: the NEO1 mutation L1046E totally abolished RGMB-NEO1 binding

(Fig. 3.2e). A further validation of the observed RGMB-NEO1 interaction is

that the RGMC mutation G320V is located close to the interface. This muta-

tion is linked to the blood iron overload disorder JHH and is known to disrupt

RGMC binding to NEO1[190]. In contrast, mutations in the L3 loop of the

NEO1 FN5 domain reduced but did not abolish binding[240], suggesting that

this loop is important but not essential for the interaction. Interestingly, the

L3 loop is very poorly conserved between NEO1 and its close homologue DCC,

unlike the majority of the interface; and given that the binding of RGMs to DCC

is approximately one thousandth of that for NEO1[240], it may therefore act as

a specificity determinant for the RGM-NEO1 interaction.
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Figure 3.2: Detailed interactions of the RGMB-NEO1 complex. From
[240], Science, reprinted with permission from AAAS. (a) Ribbon representation
of eRGMB-NEO1FN56 complex. RGMB transparent surface is shown, colour-
coding is as Fig. 3.1 and N- and C-termini are marked. The L3-loop of NEO1
is labelled. (b) Open-book view showing the solvent accessible surface of the
eRGMB-NEO1FN56 interface (formed by 17 hydrogen bonds and 147 non-bonded
contacts). Cyan = hydrophilic interactions; yellow = non-bonded contacts.
Residues analysed for their affect on eRGMB-NEO1FN56 binding, by site-directed
mutagenesis followed by SPR, are labelled[240] (c-e) SPR equilibrium-binding
analysis. Different concentrations of the full-length NEO1 ectodomain (eNEO1)
(c), NEO1FN56 (d) and eNEO1-L1046E (e) were injected over surfaces cou-
pled with eRGMB. The Kd and Bmax of the curve fit are shown. (Figure taken
from[240]).
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3.2.3 The structure of the RGM middle domain

In all of these eRGMB-NEO1FN56 complex structures only the middle domain of

RGMB could be resolved, comprising residues 134-338, thereby identifying this

as the region of RGM required for NEO1 binding. This region adopts a novel fold

consisting of a tightly packed β-sandwich extended by four short helices at the

C-terminus (Fig. 3.3). The structure is stabilised by three disulphide bonds that

appear to orient the N- and C- termini away from the middle domain and into

solvent channels in the crystal. This suggests that the N- and C-terminal domains

of RGMB, which were included in the crystallisation construct, are not associated

with the middle domain (Fig. 3.3b). The conserved RGM autocatalytic cleavage

site between Asp168-Pro169 is located in the loop connecting β-sheets 1 and 2

(Fig. 3.3 and 3.4a).
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Figure 3.3: The structure of the RGM middle domain. From [240], Sci-
ence, reprinted with permission from AAAS. (a) Topology diagram of the middle
domain of RGMB in rainbow colouring (blue = N-terminus, red = C-terminus).
The autocatalytic cleavage site is highlighted by an asterisk and cartoon scis-
sors. The figure is adapted from PDBSUM (http://www.ebi.ac.uk/pdbsum/).
Residue numbering corresponds to full-length human RGMB (including the sig-
nal peptide). Grey boxes highlight the β-sheets. (b) eRGMB ribbon diagram,
colouring as in (a). Disulphides (black sticks) are depicted with Roman nu-
merals. The autocatalytic cleavage site is marked with an asterisk and cartoon
scissors. A dotted line marks the disordered loop connecting the N-terminus
with the β1-strand. RGMs comprise a novel protein fold consisting of a tightly
packed β-sandwich with seven strands on one sheet and four strands on the other,
extended by four short helices at the C-terminus. (Figure taken from[240]).
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These acid-labile Asp-Pro bonds are known to be hydrolysed in low-pH environ-

ments within the cell, such as in the Golgi or secretory vesicles[281]. For RGMC,

this has been shown to occur by autocatalytic cleavage[42]. Mechanistically this

involves intramolecular catalysis by aspartate carboxylate anion displacement of

the protonated nitrogen of the peptide bond. Since the prolyl nitrogen has the

strongest basicity of all amino acids, this enhances the peptide bond cleavage by

increasing protonation of the leaving group, which is favoured in lower pH envi-

ronments. Due to this cleavage reaction RGMs consist of two protein chains held

together by disulphide bonds, and this is evident when the protein is analysed by

reducing and non-reducing SDS-PAGE (Fig. 3.4b). The autocatalytic cleavage

allows for Pro169 to be deeply buried in the hydrophobic core of the protein,

which contributes to the stability of the overall fold (Fig. 3.4a). The residues of

the autocatalytic cleavage site are conserved across various vWFD family mem-

bers and similar autocatalytic cleavage has been functionally characterised in

Mucins[282, 58] and BMPER[283] (Fig. 3.4c). However, RGM family members

are missing the Gly-Leu-Cys-Gly motif that is normally located towards the C-

terminus of the canonical vWFD domain[145], which makes it difficult to predict

whether the other vWfD family members will adopt a similar fold to the RGMs.
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Figure 3.4: The RGM autocatalytic cleavage site. From [240], Sci-
ence, reprinted with permission from AAAS. (a) Close-up view of the RGMB
autocatalytic cleavage site. The amino acids involved are labelled. The yel-
low sphere shows the solvent accessible surface of Pro169. The asterisk in-
dicates the site of cleavage. (b) Reducing and non-reducing SDS-PAGE of
SEC-purified human RGMA. All transiently expressed and secreted RGMA and
RGMB proteins from human HEK293T cells are ∼100 % processed. (c) Se-
quence alignment of vWFD family members (Human BMPER: Uniprot Q8N8U9,
human Kielin: UniProt Q6ZWJ8, human Mucin 2: UniProt Q02817, hu-
man Mucin 5A: UniProt P98088) showing conservation of the RGM auto-
catalytic cleavage site (“GDPH”). Sequences were aligned using MULTALIN
(bioinfo.genotoul.fr/multalin/multalin.html) and formatted with ESPRIPT (es-
pript.ibcp.fr/ESPript/ESPript/). Numbering corresponds to the full length hu-
man RGMB (including the secretion signal). Asterisks highlight the conserved
autocatalytic cleavage site residues. (Figure taken from[240]).
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3.2.4 A higher order RGMB-NEO1 complex?

The structure of the eRGMB-NEO1FN56 complex was solved in three independent

crystal forms, two at neutral pH and one at low pH[240] (Fig. 3.5). Remark-

ably, in both of the neutral pH forms the asymmetric unit was composed of two

molecules of NEO1FN56 and two molecules of eRGMB, with the arrangement of

this 2:2 complex preserved between crystal forms. Furthermore, the architecture

of this complex appears to place the NEO1 C-termini in close proximity, hinting

at a potential mechanism of RGM-induced dimerisation of NEO1, which could

be important for signalling. In contrast, the crystal form at low pH showed only

a 1:1 complex.

Figure 3.5: Crystal packing of the different eRGMB-NEO1FN56 com-
plex structures. From [240], Science, reprinted with permission from AAAS.
(a) eRGMB-NEO1FN56 Form 1, (b) eRGMB-NEO1FN56 Form 2 and (c) eRGMB-
NEO1FN56 Form 3. RGMB: purple/violet; NEO1: red (FN5)/orange (FN6) and
green. The neutral pH crystal forms 1 and 2 contain a 2:2 eRGMB-NEO1FN56

complex in the asymmetric unit. The low pH crystal form 3 contains only a 1:1
complex in the asymmetric unit. (Figure taken from[240]).

MALS experiments using the purified eRGMB and NEO1FN56 proteins revealed

that the proteins are monomeric and only a 1:1 stoichiometry complex could

be observed (Fig. 3.6); which confirmed observations from another study[280].

Nevertheless, it is commonplace in biology for active signalling complexes to be

built from low affinity, transient interactions to maintain dynamic and responsive

systems. It is, therefore, perhaps expected that this experiment did not reveal
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the 2:2 complex form observed in the crystal structures.

Figure 3.6: Preliminary analysis of the oligomeric state of the eRGMB-
NEO1FN56 complex. From [240], Science, reprinted with permission from
AAAS. Multi-angle light scattering (MALS) analysis of the eRGMB-NEO1FN56

complex. eRGMB (blue) and NEO1FN56 (red) behave as monomers with the
following molecular weights (measured/theoretical): eRGMB: 42.64±0.1/43.35
kDa; NEO1FN56: 31.04±0.1/31.05 kDa. The eRGMB-NEO1FN56 complex (ma-
genta) behaves as a complex of one RGMB and one NEO1 (molecular weight
measured/theoretical: 69.04±0.1/74.40 kDa). Theoretical molecular weights
of glycosylated proteins were calculated using PROTPARAM at the EXPASY
server (www.expasy.ch). (Figure taken from[240]).

3.2.5 Chapter outline

Building on these preliminary studies of the RGMB-NEO1 interaction, the aim of

this chapter was to use the crystal structures as a basis for probing the molecular

mechanism of RGM signalling through NEO1. Towards this an analysis of the

eRGMB-NEO1FN56 complex structures was performed. The locations of JHH-

linked mutations in RGMC were mapped onto the corresponding residues in the

RGMB structure and these mutants were tested for secretion in a mammalian

cell protein expression system. Most of these mutations inhibited the secretion

of RGMB, providing a molecular rationale for the disease-causing mechanism

of these mutations. An analysis of the interactions observed in the eRGMB-

NEO1FN56 2:2 complex crystal form identified two key interfaces, termed “site-

1” and “site-2”. Optimisation of AUC experiments allowed sampling of a much

higher concentration range of the two proteins than had been used in the prelimi-
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nary MALS experiments. These revealed that an eRGMB-NEO1FN56 2:2 complex

exists in solution, and in fact that this complex form is pH sensitive. Mutants at

the site-2 interface were designed for AUC experiments to validate the complex

structure. Furthermore, eRGMB site-1 and site-2 mutants were used in neurite

outgrowth inhibition assays to assess the functional relevance of the 2:2 complex

form for RGM-activated NEO1 signalling. These experiments showed that the

2:2 complex is important for fully active NEO1 signalling and this, combined

with data suggesting that NEO1 pre-clusters in the cell membrane, allowed us

to propose a mechanism for RGM signalling through NEO1 that incorporates

dimerisation and an endocytosis-linked mechanism of signal termination.

3.3 Results

3.3.1 JHH-linked mutations abolish the secretion of RGMC

Over 14 different mutations in RGMC can lead to the disease JHH, an early

onset blood iron overload disorder. A sequence alignment of vertebrate RGM

family members was used to infer the residues in RGMB corresponding to these

mutation sites, many of which were highly conserved (Fig. 1.6). Ten JHH-linked

mutations in total map onto the β-sandwich region in the middle domain of

RGMB, with the remainder localised to the N-terminal domain not visible in

the eRGMB-NEO1FN56 structures (Fig. 3.7a). Strikingly, seven of these cluster

around the autocatalytic cleavage site, including the RGMC mutation D172E,

which affects the catalytic aspartic acid of the cleavage site itself (Fig. 3.7a). All

of the JHH-linked RGMC mutants were tested for secretion in a mammalian cell

expression system using small-scale expression tests. Using SDS-PAGE, the pro-

tein distribution in the secreted and cellular samples, under both reducing and

non-reducing conditions, was analysed by Western blotting with an anti-His6
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antibody (Fig. 3.7b,c). As expected, under reducing conditions the RGMC mi-

grated as a double band corresponding to the processed and unprocessed forms.

Interestingly, 12 out of 14 of the mutations totally abolished secretion of RGMC,

although total protein levels seemed to be unaffected (Fig. 3.7b,c). This high-

lights the importance of the cleavage site for the structural integrity of the β-

sandwich and shows that the stability of this domain is crucial for viable secretion

of the entire protein. Only two mutations were secreted at similar levels to wild-

type RGMC, G99R and L101P, and these are located in the N-terminal portion

of RGMC and do not appear to affect the stability of the protein (Fig. 3.7b,c).
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Figure 3.7: Structural and functional characterisation of RGMC mu-
tations causing JHH. From [240], Science, reprinted with permission from
AAAS. (a)RGMC JHH-linked mutations mapped onto the RGMB structure.
Equivalent residues in RGMB are shown as orange spheres. The autocatalytic
cleavage site is highlighted and the D172E mutation is outlined by a pink box.
N- and C-termini are labelled; disulphide bonds are labelled with Roman nu-
merals; the disordered loop is shown as a dotted line. (b-c) Western blots of
small-scale expression tests for the disease-related RGMC mutants. Top panels:
media samples; lower panels: cell samples. Both non-reducing (b) and reducing
(c) SDS-PAGE analysis was performed.
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3.3.2 A structural analysis of the 2:2 eRGMB-NEO1FN56

complex

An analysis of the eRGMB-NEO1FN56 2:2 stoichiometry complex revealed that

the two molecules of NEO1 contact each other with a buried surface area of 835

Å2, whereas the two RGMB molecules in the complex do not touch (Fig. 3.8).

Two eRGMB-NEO1FN56 interfaces are clearly identifiable. One larger interface,

termed the “site-1” interface, with a buried surface area of 2350 Å2, is preserved

in the 1:1 complex; and a smaller interface termed the “site-2” interface with a

buried surface area of 695 Å2, is responsible for mediating 2:2 complex formation

(Fig. 3.8).

Figure 3.8: The structure of the 2:2 eRGMB-NEO1FN56 complex. From
[240], Science, reprinted with permission from AAAS. (a)Ribbon (left panel) and
surface representation of the 2:2 eRGMB-NEO1FN56 complex. Site-1 and site-
2 interfaces are highlighted with boxes. eRGMB: blue/violet; NEO1FN56: red
(FN5)/orange (FN6) and green. Right panel is 90◦ rotated around the y-axis
compared to the left panel representation. (b) Schematics of the 2:2 eRGMB-
NEO1FN56 complex showing the protein-protein contacts. Interface buried sur-
face areas (Å2) are shown, calculated using the PISA webserver[254]. Colour-
coding is as (a). (Figure from[240]).

The site-2 interface, similar to the site-1 interface, is composed of interactions

between the middle domain of RGMB and both the FN5 and FN6 domains

of NEO1. RGMB utilises two loop regions between the β-strands β5-β6 and

β10-β11, which make contact with the N-terminal portion of the NEO1 FN6
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domain and parts of the L3 loop of the FN5 domain (Fig. 3.9a). The site-2

interface comprises 1 hydrogen bond and 25 non-bonded contacts and is largely

hydrophobic in nature; for example, Pro206, which is located at the centre of the

site-2 interface and forms a hydrophobic interaction (Fig. 3.9a,b). The residues

making up the interface are well conserved across NEO1 and RGM vertebrate

orthologues and paralogues suggesting that this interface is unlikely to be a

crystal-packing artefact (Fig. 3.9c).

Figure 3.9: The eRGMB-NEO1FN56 site-2 interactions. From [240], Sci-
ence, reprinted with permission from AAAS. The eRGMB-NEO1FN56 complex
is shown in surface representation in an open book view. (a)Site-2 interface
residues are highlighted (non-bonded interactions: yellow; hydrophilic interac-
tions: cyan). The NEO1 FN5 domain L3 loop is marked. RGMB residue P206,
located directly at the interface is labelled. (b) Residues are coloured according
to electrostatic potential, from red (-8 kbT/ec) to blue (+8 kbT/ec), showing
that the interface is largely hydrophobic. (c) The complex is colour-coded ac-
cording to residue conservation (from non-conserved, white, to conserved, black)
based on alignments containing sequences from 17 NEO1 orthologues and 94
RGM orthologues and paralogues from vertebrates. (Figure from[240]).
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3.3.3 AUC analysis of eRGMB and NEO1FN56

Previous studies have analysed the stoichiometry of the RGM-NEO1FN56 com-

plex using MALS and found it to be a 1:1 interaction, with both proteins ap-

pearing monomeric in isolation[240, 280]. However, these experiments analysed

the complex formation at relatively low protein concentrations, for example, the

analysis from our laboratory was conducted at a protein concentration of 3 µM.

This motivated the use of AUC to analyse the stoichiometry of the eRGMB-

NEO1FN56 complex, as this technique allows sampling of much higher protein

concentrations that mimic the crowded local protein distribution found in the

restricted two-dimensional diffusion environment of the plasma membrane. To-

wards this, eRGMB and NEO1FN56 were expressed and the protein isolated by

metal ion affinity and purified using SEC (Fig. 3.10a,b). Both proteins were

soluble and monodisperse; eRGMB exhibited a single peak in the SEC trace and

analysis by non-reducing SDS-PAGE showed the protein to be largely pure with

very minor degradation products (Fig. 3.10a). The SEC trace for NEO1FN56

showed a single peak with a shoulder towards lower molecular weights and an

SDS-PAGE analysis revealed multiple bands, most likely due to different gly-

cosylation species (Fig. 3.10b). Therefore to increase the homogeneity of the

NEO1FN56 sample, only SEC fractions 3-6 were pooled for subsequent analysis

(Black bar, Fig. 3.10b). The individual protein components were concentrated,

eRGMB to 3 mg/ml and NEO1FN56 to 2 mg/ml, and an SV-AUC experiment was

performed to determine whether the protein complexes were likely to be suitable

for analysis by AUC (Fig. 3.10c). The distribution plots, obtained from the fit-

ting of SV data using a continuous c(s) distribution model, exhibited a Gaussian

distribution suggesting that both proteins exist in solution as discrete monomers

(Fig. 3.10c). This confirmed that the eRGMB and NEO1FN56 constructs were

well suited to SV-AUC analysis and allowed investigation into the formation of

the complex to proceed.

131



CHAPTER 3. THE RGM-NEO1 SIGNALLING HUB

Figure 3.10: Purification and AUC analysis of eRGMB and NEO1FN56.
(a-b) Left panel shows Coomassie Blue stained, non-reducing (a) and reducing
(b) SDS-PAGE gels of fractions from SEC-purified His6-tagged eRGMB (a) and
NEO1FN56 (b). M = marker, molecular weights = kDa. The right panels show
the corresponding SEC profiles. A black bar indicates SEC fractions analysed by
SDS-PAGE. Fractions pooled for further experiments are indicated. (c) SV-AUC
analysis of eRGMB (purple) and NEO1FN56 (red). Distribution plots obtained
from the fitting of SV data using a continuous c(s) distribution model (solid line
Gaussian fit to data plotted as symbols) are shown.

132



CHAPTER 3. THE RGM-NEO1 SIGNALLING HUB

3.3.4 Design, expression and purification of a site-2

mutant

Towards this AUC analysis of the eRGMB-NEO1FN56 complex, mutants were

designed to specifically disrupt the site-2 interface observed in the crystal struc-

tures. These would then be used to verify that any higher order oligomers

observed were due to the site-2 interaction, allowing validation of the archi-

tecture of the 2:2 crystal complex. An analysis of the site-2 interface revealed

P206RGMB and V204RGMB to be two key interacting residues located at the cen-

tre of the RGMB interface with the NEO1 FN6 domain. Residue V204 forms a

hydrogen bond with T986NEO1 and P206 makes hydrophobic interactions with

P1073NEO1 (Fig. 3.11a,b). Site-directed mutagenesis of eRGMB was used to

clone a V204G/P206G double mutant into the pHLsec vector background for

expression[200]. This mutant construct was designed to abolish these interac-

tions and consequently disrupt the formation of the 2:2 complex through the

site-2 interface.

Four other eRGMB mutations were also generated that introduced a bulky N-

linked glycan close to the position of the site-2 interface to sterically disrupt the

association of eRGMB and NEO1FN56 and prevent the formation of the 2:2 com-

plex. The consensus sequence for mammalian N-linked glycosylation is N-X-S/T

(where X can be any amino acid and Thr is more common than Ser), so mutations

were targeted to introduce novel consensus glycosylation sites into RGMB. This

included the mutation I216T, which introduced an N-linked glycan at N214;

and the mutation P206N, which introduced a glycan at the new N206 posi-

tion. Two double mutants Q284N/G286S and R287N/L289T, were also cloned,

which introduced N-glycans at positions N284 and N287 respectively. These

four mutants were cloned into the pHLsec vector for expression in mammalian

cells[200]. Small-scale expression tests revealed that the eRGMBQ284N/G286S and
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eRGMBR287N/L289T double mutants did not express, however, the other mutants

did. Therefore large-scale expression and purification of the eRGMBV204G/P206G,

eRGMBP206N and eRGMBI216T mutants was conducted. HEK293T cells were

transfected with these constructs and after four days the media was dialysed

against PBS pH 7.5 and the proteins were purified by Talon metal affinity fol-

lowed by SEC in 10 mM HEPES, pH 7.5, 150 mM NaCl, as described in materials

and methods. A representative SEC trace (right panel) and accompanying SDS-

PAGE (left panel) for one of the mutant constructs, eRGMBP206N, is shown (Fig.

3.11c); the yield for all three mutants was similar.

The purified eRGMB mutant proteins were subsequently concentrated to approx-

imately 3 mg/ml for SV-AUC analysis as described in materials and methods

(Fig. 3.11d-f). Both eRGMBP206N and eRGMBV204G/P206G were monomeric, ex-

hibiting SV distribution curves that could be fitted with a single Gaussian (Fig.

3.11d,f). In contrast, the curve for eRGMBI216T required three separate Gaus-

sian distributions for curve-fitting, probably indicating that this protein was not

stable and that several oligomeric species exist in solution (Fig. 3.11e). This

mutant was therefore excluded from a subsequent analysis of the formation of

the eRGMB-NEO1FN56 complex.
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Figure 3.11: Targeting the site-2 interface. From [240], Science,
reprinted with permission from AAAS. (a) Ribbon representation of the eRGMB-
NEO1FN56 complex showing the site-2 interface. RGMB (purple) β5-β6 and
β10-β11 loops contact the NEO1 FN5 (red) and FN6 (orange) domains. N-
and C-termini are shown. A NEO1 N-linked glycan shown as black sticks. (b)
Close-up view of the interactions at the site-2 interface, coloured as in (a), pro-
teins are shown in ribbon representation. Key interacting residues are shown as
sticks. Purple boxes highlight residues targeted for mutation. Hydrogen bonds
are shown as dotted lines (yellow = intramolecular, green = intermolecular). (c)
Reducing SDS-PAGE (left panel) and corresponding SEC profile (right panel)
for RGMBP206N. Bands corresponding to RGMBND and RGMBCD are labelled.
Black bars indicate SEC fractions analysed by SDS-PAGE. (d-f) SV-AUC anal-
ysis of eRGMBP206N (d), eRGMBI216T (e), eRGMBV204G/P206G (f). Data points
(circles) fitted using a continuous c(s) distribution model (solid line). Gaussian
peaks contributing to the overall distributions are shown as dotted lines.

135

http://science.sciencemag.org/content/341/6141/77.long


CHAPTER 3. THE RGM-NEO1 SIGNALLING HUB

3.3.5 The observed 2:2 eRGMB-NEO1FN56 complex

exists in solution

To investigate the formation of the 2:2 complex using SV-AUC, eRGMB and

NEO1FN56 were mixed in a 1:1 molar ratio and the sample concentrated to 6

mg/ml. The SV distribution for the eRGMB-NEO1FN56 complex could be de-

scribed by fitting a curve comprising three Gaussian distributions (Fig. 3.12b).

Comparison to the SV profiles for the individual components (Fig. 3.12a) al-

lowed each Gaussian peak in the complex distribution to be assigned. The left

Gaussian (shown in pink) corresponds, most likely, to free excess eRGMB, as

both curves have a similar sedimentation coefficient (s). The middle Gaussian

(shown in blue) probably corresponds to the 1:1 complex. There is a marked

shift in sedimentation coefficient from that for either of the single components

(from s ∼2 and s ∼3.2, to s ∼4), suggesting an increase in the mass of the species

consistent with a 1:1 complex. The Gaussian furthest to the right (shown in yel-

low) indicates a species with an increase in mass over the 1:1 complex, which

most likely corresponds to the 2:2 complex (Fig. 3.12b). Although this analysis

demonstrates that the population of eRGMB-NEO1FN56 complexes is dominated

by the 1:1 stoichiometry species due to the high-affinity of this interaction, the

overall curve shows a distinct shoulder, which can be attributed to the presence

of a significant proportion of 2:2 oligomers.
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Figure 3.12: SV-AUC experiments reveal the 2:2 complex. From
[240], Science, reprinted with permission from AAAS. (a) SV-AUC analysis
of the single components including eRGMBWT (purple), eRGMBP206N (blue)
and NEO1FN56 (red). Individual components run as monomeric species. (b-
c) SV-AUC experiments to determine the stoichiometry of the complexes, in-
cluding eRGMBWT-NEO1FN56 (b) and eRGMBP206N-NEO1FN56 (c). Data points
(black circles) fitted using a continuous c(s) distribution model (black solid line).
Gaussian peaks contributing to the overall distributions are displayed as dotted
lines. For eRGMBWT-NEO1FN56 (b, r.m.s.d. = 0.0038) these correspond to free
eRGMBWT (purple), the 1:1 eRGMBWT-NEO1FN56 complex (cyan) and the 2:2
complex (yellow). For eRGMBP206N-NEO1FN56 (c, r.m.s.d. = 0.0063) these cor-
respond to free eRGMBP206N (blue) and the 1:1 eRGMBP206N-NEO1FN56 complex
(cyan). Gaussian distributions corresponding to the 1:1 (cyan) and 2:2 (yellow)
complexes are highlighted with coloured boxes.
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To confirm our prediction that the Gaussian fit shown in yellow represents the 2:2

complex, the SV profiles of the eRGMBP206N- and eRGMBV204G/P206G-NEO1FN56

complexes were analysed. Whilst there was no difference between the profile for

eRGMB-NEO1FN56 and eRGMBV204G/P206G-NEO1FN56 (data not shown), there

was a marked difference in the eRGMBP206N-NEO1FN56 curve (Fig. 3.12c). The

higher-order oligomer, indicated by the presence of a shoulder in the c(s) profile,

that was visible for the wild type eRGMB-NEO1FN56 complex was not present.

The distribution curve could be accurately described by two Gaussians fits cor-

responding to free eRGMBP206N and the 1:1 eRGMBP206N-NEO1FN56 complex.

This analysis suggests that the double glycine mutation V204G/P206G was not

sufficient to disrupt the eRGMB-NEO1FN56 interaction. However, the introduc-

tion of a glycan at position N206 in the centre of the site-2 interface was sufficient

to disrupt the formation of the 2:2 complex, but did not affect the assembly of the

1:1 complex. These experiments support our assignment of the 2:2 complex peak

in our AUC analysis and validate the site-2 interface from the crystal structure.

3.3.6 Formation of the 2:2 complex is pH-dependent

Of the three crystal forms of the eRGMB-NEO1FN56 complex solved, the 2:2 ar-

rangement was only observed at neutral pH; the crystal structure solved at pH

4.5 contained only the 1:1 complex in the asymmetric unit (Fig. 3.5). Struc-

tural analysis of the site-2 interface identified several residues that are charged,

including D237RGMB, R287RGMB and D899NEO1 and numerous interactions, coor-

dinating water molecules and polar amino acid side chains (e.g. H898NEO1) that

could be sensitive to pH changes (Fig. 3.13a,b). This analysis suggested that

the formation of the 2:2 complex might be pH-dependent.
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Figure 3.13: Residues at the site-2 interface potentially affected by pH
changes. (a-b) SigmaA-weighted 2FO-FC electron density map of the eRGMB-
NEO1FN56 model with the final model shown in stick representation; showing the
interactions and coordinated water molecules located at the interfaces between
the eRGMB β5-β6 loop (green) and the NEO1 FN5 domain (yellow) (b), and the
eRGMB β10-β11 loop (green) and the NEO1 FN6 domain (yellow) (a). Hydrogen
bonds are shown as dotted lines. Charged residues that might be affected by pH
changes are labelled. Water molecules are modelled as red crosses.

To test this hypothesis, the SV-AUC experiments with the wild type proteins

eRGMB and NEO1FN56 were repeated at pH 4.5. Similar to observations at

pH 7.0, the resulting distributions for the individual proteins could be fit with

single Gaussian curves suggesting that the proteins were monomeric (Fig. 3.14a).

However, in contrast to the experiments performed at pH 7.0, the distribution

for the eRGMB-NEO1FN56 complex at pH 4.5 required only a single Gaussian

for fitting (Fig. 3.14b). This peak has an s-value of approximately 3.3, which

is higher than that for eRGMB alone. Furthermore, no peaks were observed

corresponding to lower molecular weight single components, thereby supporting

the assignment of this peak as corresponding to the 1:1 complex. The shoulder

on the curve, towards higher s-values, that was indicative of the 2:2 complex in

our analysis at pH 7.0 was also not observed at pH 4.5 (Fig. 3.12b). This data

appears to support observations from the crystal structures that only a neutral

pH favours the formation of the 2:2 complex and suggests that a decrease in pH

would likely disrupt this higher order complex.
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Figure 3.14: The formation of the 2:2 complex is pH dependent.
From [240], Science, reprinted with permission from AAAS. (a-b) Analytical
ultracentrifugation sedimentation velocity experiments of eRGMB (a, grey) and
NEO1FN56 (a, green) and the eRGMB-NEO1FN56 complex (b, purple) at pH 4.5.
Distribution plots obtained from the fitting of SV data using a continuous c(s)
distribution model (solid line Gaussian fit to data plotted as points) are shown.
Individual Gaussian peaks contributing to the overall distributions are displayed
in dotted lines for the eRGMB (a, rmsd = 0.0016), NEO1FN56 (a, RMSD: 0.0023)
and the eRGMB-NEO1FN56 (b, rmsd. = 0.0027) complexes. The individual com-
ponents run as discrete single, likely monomeric species. The eRGMB-NEO1FN56

complex shows a single species most likely corresponding to the 1:1 complex.

3.3.7 The 2:2 eRGMB-NEO1FN56 complex is important

for signalling

Given that the 2:2 eRGMB-NEO1FN56 complex could be observed in solution, it

remained to investigate its physiological relevance. In order to test this, wild-type

eRGMB, the site-1 mutant eRGMBA186R, which abolishes the eRGM-NEO1FN56

1:1 interaction[240]; and the site-2 mutant eRGMBP206N, which disrupts the

formation of the 2:2 complex were expressed and purified. It is well established

that binding of RGMs to NEO1 receptors in cerebellar granule neurons (CGNs)

in vitro triggers growth cone collapse and inhibits neurite outgrowth[85]. In

collaboration with the Pasterkamp laboratory the eRGMB mutant proteins were
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used in a neurite outgrowth inhibition assay to dissect the roles of the 1:1 and

the 2:2 complexes in RGM signalling through NEO1.

Towards this, postnatal mouse CGN explants were cultured on substrates of con-

trol (n=23), eRGMBA186R (n=26), eRGMBP206N (n=24) and eRGMBWT (n=27)

proteins. As expected eRGMBWT significantly inhibited neurite outgrowth com-

pared to the control substrate (Fig. 3.15, P<0.01 and P<0.05). This was quanti-

fied by measuring the length of the sprouting neurites and comparing the different

frequencies of long, medium and short axons (Fig. 3.15b) and the average length

of the neurites (Fig. 3.15d). This inhibitory effect was dramatically reduced

(P<0.01 and P<0.05) for eRGMBA186R, where longer neurons were observed

with a significantly higher frequency. In addition, eRGMBP206N also exhibited

significantly reduced inhibitory activity (P<0.01 and P<0.05) compared to wild-

type eRGMB. Substantial neurite outgrowth was still observed, similar to the

axon growth on the control substrate (Fig. 3.15a,c). These results demonstrate

that the binding of RGMB to NEO1 through the site-1 interface is required to

trigger growth cone collapse. Interestingly, the site-2 interaction also appears to

be necessary for full activation of RGM signalling through NEO1, as disruption

of this interface inhibited growth cone collapse; suggesting that the 2:2 complex

is important in a cellular context.
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Figure 3.15: Functional analysis of site 1 and 2 mutations on RGMB
neurite growth inhibitory effects. From [240], Science, reprinted with per-
mission from AAAS. (a) Representative P9 mouse CGN explants on coverslips
coated with eRGMBWT (top left), eRGMBP206N (top right), eRGMBA186R (bot-
tom left), or control protein (bottom right). Green: βIII-tubulin, red: F-actin,
blue: nuclei. (b) Quantification of CGN neurite outgrowth. Distribution of neu-
rite length (short, medium and long) relative to the control is displayed (number
of explants: WT n=27, P206N n=24, A186R n=26, control n=23), error bars are
s.e.m., * P<0.01. (c) Higher magnification of representative neuronal explants
used in the analysis for (d). The length of individual, non-fasciculated neurites
was determined by measuring the distance between the edge of the explant and
the growth cone of >20 neurites per explant. (d) Average neurite length per
explant was calculated for each condition (three independent experiments, num-
ber of explants per condition; WT n=27, P206N n=24, A186R n=26, control
n=23), error bars are s.e.m., * P<0.05. (Experiments and analysis performed
by Susan van Erp in the laboratory of R. Jeroen Pasterkamp). (Figure adapted
from[240]).
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3.3.8 NEO1 pre-clusters in the plasma membrane

To investigate the interactions of RGMB and NEO1 in a cellular context using

the full-length proteins, co-immunoprecipitation experiments were performed.

HEK293T cells were co-transfected with expression plasmids for differentially

tagged full-length NEO1 constructs, NEO1-His6 and NEO1-1D4, and either con-

trol plasmid, or plasmid for expression of His6-tagged, full-length GPI-anchored

RGMB constructs RGMBWT, RGMBA186R (site-1 mutant) or RGMBP206N (site-2

mutant). After 40 hours, cell pellets were collected and solubilised in 1.5 % DDM

detergent. The concentration of DDM was subsequently lowered to 0.03 % and

protein complexes were isolated using 1D4 beads and separated by SDS-PAGE

followed by Western blotting with an anti-His6 antibody. Full-length NEO1 was

able to co-immunoprecipitate both wild-type RGMB and RGMBP206N but not

RGMBA186R (Fig. 3.16a). This is in agreement with the data showing that

RGMB and NEO1 bind directly through the site-1 interface, an interaction that

is disrupted by the A186RRGMB mutation. In the presence of RGMs NEO1-1D4

was able to co-immunoprecipitate NEO1-His6, and although this might have

been expected to be abolished for RGMBP206N, as the site-2 interface stabilises

the NEO1 dimer interaction in the crystal structure, we did not observe marked

differences (Fig. 3.16a). Furthermore, even in the absence of RGMB, NEO1-1D4

was able to co-immunoprecipitate NEO1-His6 (Fig. 3.16b). This indicates that

the NEO1 receptors formed high affinity oligomers in the cellular lysate and sug-

gests that NEO1 may assemble in a pre-clustered form, independently of RGMs,

at the cell membrane.
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Figure 3.16: Pre-formed NEO1 dimers can be isolated from the cell
membrane. From [240], Science, reprinted with permission from AAAS. (a-
b) Western blotting analysis of protein complexes eluted from 1D4-antibody-
conjugated sepharose beads after pull-down from solubilised cells that were co-
transfected with the indicated constructs. All eRGMB constructs were His6-
tagged. The eluted protein complexes were separated by SDS-PAGE (4-12 %
Bis Tris gradient gel), and analysed by Western blotting with a mouse anti-His6

antibody probe. (c) SPR experiments investigating the binding of eRGMB (im-
mobilised on chip) to NEO1FN56 (analyte) in different indicated concentrations
of Dodecyl maltoside detergent. Binding sensorgrams are shown. Chip concen-
tration was 120 response units. (Figure adapted from[240]).
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The amount of RGMB pulled down in the experiment, in comparison to the

levels of NEO1 observed on the blot, was lower than expected considering the

tight nanomolar interaction between RGMB and NEO1. However, this could

have been due to the concentration of DDM that was required throughout the

experiment for solubilisation of the full-length proteins. To test this, an SPR

experiment was performed to analyse the binding of eRGMB to NEO1FN56 across

a range of DDM concentrations (Fig. 3.16c). The binding level was somewhat

reduced in the presence of 0.03 % DDM (red curve) compared to the binding

level in the absence of DDM (blue curve), and a dramatic reduction in binding

was observed after treatment with 1 % DDM (cyan curve). Crucially, the level

of binding did not recover to that measured prior to addition of the detergent,

even after DDM was removed (black curve), suggesting that the high level of

DDM we used in the cell lysis may have irreversibly disrupted the RGMB-NEO1

interaction, thereby accounting for the low levels of RGMB in the pull-down.

3.3.9 RGM binding rigidifies the structure of the NEO1

receptor

Having shown that NEO1 receptors can cluster in the membrane independently

of RGMs the precise function of RGM binding had still not been ascertained.

Towards this, a superposition of all of the available NEO1FN56 structures was

assembled with respect to the FN6 domain (Fig. 3.17). This included three

NEO1FN56 apo structures (7 molecules, green shades, cyan and yellow)[240, 148],

a NEO1FN56-sucrose octasulphate (SOS) complex (2 molecules, red shades)[240],

and the three eRGMB-NEO1FN56 complex structures (comprising a total of 5

independent eRGMB-NEO1FN56 site-1 interfaces, blue shades and violet)[240].

The eRGMB-NEO1FN56 complexes all yielded a very good overlay of the NEO1,

with the orientation between the FN5 and FN6 domains showing little varia-
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tion and the L3 loop occupying a fixed position (Fig. 3.17). In contrast, the

NEO1FN56 apo structures show a great deal of flexibility, with up to a 17◦ angle

in the relative orientation of domains FN5 and FN6 and the L3 loop exhibiting

varying levels of disorder (Fig. 3.17). This suggests that the binding of RGMB

adds rigidity to the conformation of the NEO1 FN5-FN6 interface perhaps by

fixing the orientation of the L3 loop.

Figure 3.17: NEO1 structure comparison of apo and complex-bound
forms. From [240], Science, reprinted with permission from AAAS. Superpo-
sitions calculated based on the NEO1-FN6 domain. NEO1FN56 apo structures
including 4 molecules coloured in different green shades, 2 molecules coloured in
different cyan shades (PDB IDs: 4BQ9, 4BQB)[240], and 1 molecule coloured in
yellow (PDB ID: 3P4L)[148]; NEO1FN56-sucrose octasulphate (SOS) including
2 molecules, coloured in different red shades (PDB ID: 4BQC)[240]; and three
eRGMB-NEO1FN56 complexes including 2 molecules coloured in dark blue, 2
molecules coloured in light blue and 1 molecule coloured in light violet (PDB
IDs: 4BQ6, 4BQ7, 4BQ8)[240]. (Figure adapted from[240]).
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3.4 Discussion

3.4.1 A potential model for RGM signalling through NEO1

Taken together these data allow a potential model for RGM signalling through

the receptor NEO1 to be proposed (Fig. 3.18). NEO1 is a target for multi-

ple axon guidance cues including the attractive cue Netrin-1, which is known

to functionally compete with RGMA, suppressing growth cone collapse in dor-

sal root ganglion axons[153, 141]. The binding site for Netrin-1 on NEO1 has

been localised to the FN4-6 domains[146, 147]. The binding of Netrin-1 can

be incorporated into the model for RGM signalling and thereby suggest a po-

tential mechanism by which it may inhibit RGM-induced growth cone collapse.

Co-immunoprecipitation experiments showed that NEO1 receptors pre-cluster in

the membrane, most likely in a loosely defined orientation, with a large degree

of flexibility in the juxtamembrane region, as can be inferred from the analysis

of NEO1 apo and complex crystal structures (Fig. 3.17). Two RGM molecules

act as molecular staples binding to the FN5 and FN6 domains of two NEO1

receptors, fixing the orientation of the juxtamembrane regions of the receptors

and stabilising the 2:2 complex, which was shown to be required for fully-active

NEO1 signalling (Fig. 3.15). The binding of Netrin-1 to the FN4-6 domains of

NEO1 may disrupt the formation of the 2:2 RGMB-NEO1 complex, potentially

without disrupting the 1:1 binding between RGM and NEO1. RGMB can exist

in both a membrane tethered and a soluble form after cleavage by proteases[66].

Potentially both forms would be capable of binding NEO1 and activating down-

stream signalling according to our model. However, it is more likely that the

soluble form of RGM plays the larger role as this would allow for long-range

actions and for concentration gradients to be established, both important for

effective axon guidance.
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Figure 3.18: Model of trans RGMB-NEO1 signalling. From [240], Sci-
ence, reprinted with permission from AAAS. RGM ectodomains can be shed
by proteolytic or phospholipase activity (open triangle). RGM-binding to pre-
clustered NEO1 results in formation of NEO1 dimers with a defined, signalling-
compatible orientation, that may be part of a supra-molecular clustered state.
This arrangement leads to activation of downstream signalling via RhoA (grey
lightning bolt). NET1 can inhibit RGM signalling by either simultaneous NEO1-
binding or competing with the RGM-NEO1 interaction. The grey box highlights
the RGM-NEO1 signalling hub observed in the crystal structure. (Figure taken
from[240]).
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3.4.2 A pH-dependent mechanism of signalling

regulation?

In addition to demonstrating the existence of the 2:2 eRGMB-NEO1FN56 complex

in solution and validating the interface observed in the crystal structure, AUC

experiments also showed that the formation of the 2:2 complex is pH-sensitive

and only forms at neutral pH (Fig. 3.14); which may have implications for

RGM-NEO1 signalling. The pH at the cell surface is approximately pH 7.5,

which would support the formation of NEO1 dimers stabilised by RGMs at the

cell-surface. If, however, the complex were to be internalised into endosomes then

the pH within these compartments can be as low as pH 5.0, which according to

the AUC analysis, is likely to cause dissociation of the 2:2 complex. Targeting

the RGM-NEO1 complex for internalisation could function as an additional level

of signalling control for efficient termination of the signal. Such a mechanism

might ensure that the signal remains short-term and create a system that is

highly responsive to changes in RGM levels. There is some evidence of NEO1

internalisation for degradation in the lysosome, which could be linked to this

process[284]. It would be interesting to track the subcellular localisation of NEO1

receptors immediately after activation of signalling by RGMs in order to test this

hypothesis.

3.4.3 The role of the site-2 interface

The neurite outgrowth inhibition assays showed that the RGMB-NEO1 2:2 com-

plex is important for fully activated signalling (Fig. 3.15). However, subsequent

co-immunoprecipitation experiments showed that NEO1 pre-clusters in the mem-

brane (Fig. 3.16), an interaction that is likely due to either the transmembrane

or cytoplasmic regions of the receptor, as in the AUC analysis NEO1FN56 dimers
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were not detected suggesting that the NEO1 dimer interface observed in the crys-

tal structure is not sufficient for receptor dimerisation in the absence of RGMs.

This then raises the question of what precisely is the role of RGM in forming this

2:2 complex and why does it enhance signalling if NEO1 is already clustered?

Analysis of the eRGMB-NEO1FN56 complex structure appears to show that RGM

binding to NEO1 rigidifies the FN domains, fixing their relative orientations (Fig.

3.17). Interestingly, the site-1 binding mode appears to be sufficient for this effect

and yet both site-1 and site-2 interactions are required for signalling. The site-2

interface is largely hydrophobic in nature with a relatively modest buried surface

area (695 Å2), markedly lower than the site-1 interface area (2350 Å2) and slightly

smaller than the NEO1 dimer interface (835 Å2). However, it appears to be a rel-

atively robust interface as the mutagenesis and AUC experiments demonstrated

that the 2:2 complex was not disrupted by the V204G/P206G double mutation.

Although, this was quite a conservative mutation as the V204 hydrogen bond

forms through its backbone carbonyl and as such the glycine substitution would

not necessarily disrupt this, and the proline to glycine substitution does not in-

troduce steric hindrance or charge affects. It may be that the site-2 interactions

of the RGM molecules with the NEO1 receptors staple the relative orientations

of each NEO1 monomer in a signalling-competent arrangement. It would be

interesting to test the V204G/P206G mutant in the neurite growth inhibition

assay as, even though it does not inhibit 2:2 complex formation, the mutation

may not facilitate the formation of the rigid structure of the complex that is

necessary for signal transduction.

3.4.4 NEO1 as a central target for RGMs and Netrin-1

A recent crystal structure has shed light on the binding mode between Netrin-1

and NEO1[147]. Netrin-1 comprises an N-terminal laminin domain (LN), fol-
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lowed by three cysteine-rich LN-type epidermal growth factor (EGF)-like mod-

ules (LE1, LE2, and LE3), and a small positively charged C-terminal domain

(LC). The complex crystal structure describes a Netrin-1 dimer in an X-shape

linking two NEO1 molecules. Each Netrin-1 LN domain contacts a NEO1 FN4

domain and each Netrin-1 LE3 domain binds to a NEO1 FN5 domain[147]. The

Netrin-1 molecules form a dimer interface between their LE2 domains. Interest-

ingly in this complex the C-termini of the two NEO1 receptors are approximately

105 Å apart, in contrast to the eRGMB-NEO1FN56 structure in which they are

less than 60 Å apart. This potentially suggests that the attractive guidance role

attributed to Netrin-1 binding to NEO1 is simply an effect of disrupting NEO1

signalling, which activates downstream pathways triggering growth cone collapse.

The disruption of NEO1 dimerisation explains observations that Netrin-1 inhibits

RGM-mediated growth cone collapse. The non-overlapping binding sites of RGM

and Netrin-1 on NEO1 suggest that they could bind the receptor simultaneously.

It would be interesting to investigate whether this triple complex can assemble

in solution and then to test the affects of both proteins alone and in combination

in neurite outgrowth assays.

3.4.5 Insights into the JHH-causing mechanisms of RGMC

mutations

Twelve out of the 14 JHH-linked mutations in RGMC abolish the secretion of

the protein (Fig. 3.7). Given that seven of these mutations cluster around

the autocatalytic cleavage and three more map onto the β-sandwich it is likely

that they affect the stability of the RGMC middle domain thereby impairing

protein secretion. RGMC-activated BMP6 signalling is the mechanism by which

levels of the peptide hormone hepcidin are regulated, which is essential for iron

homeostasis[107, 102]. The absence of RGMC triggers extreme iron overload,
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as was exhibited in the livers of RGMC-/- knockout mice[106]. This analysis

therefore provides a molecular rationale for JHH-linked mutations in the RGMC

middle domain: if RGMC is not secreted then it cannot enhance BMP signalling,

causing downregulation of hepcidin levels and resulting in JHH. Interestingly, two

mutations G99R and L101P, which localise to the N-terminal domain of RGMC,

were secreted. These must therefore disrupt RGM-mediated activation of BMP6

signalling by another mechanism. In fact, work in Chapter 4 will discuss these

mutations and a potential disease-causing mechanism.

3.5 Summary

This work has shed light on the molecular mechanism of RGM signalling through

NEO1. A 2:2 form of the RGMB-NEO1 complex, originally observed in a crys-

tal structure, was demonstrated not only to exist in solution but also to be

physiologically important. An analysis of the eRGMB-NEO1FN56 structures has

demonstrated that RGMs fix the relative orientations of the FN5 and FN6 do-

mains of NEO1 within the architecture of the 2:2 complex and that this con-

verts inactive NEO1 clusters into signalling competent arrays. Furthermore, this

work has demonstrated a potential mechanism behind JHH-causing mutations

in RGMC. It is interesting to consider that given the involvement of RGMs in

the BMP signalling pathway and the role of NEO1 in Netrin-1 signalling that

the RGM-NEO1 complex may act as a signalling hub, serving as a nucleation

centre for a multitude of guidance and morphogenic cues.
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4.1 Abstract

RGMs are known to be important activators of BMP signalling, a process that

is crucial in the regulation of iron metabolism, but has also been linked to many

other processes including the expression of IL-6 in the immune response, and

kidney and brain development. However, although RGMs are known to bind

directly to the BMP ligand, the molecular mechanism of RGM-activated BMP

signalling has yet to be determined. In this chapter, I present crystal structures

of all RGM family members in complex with the BMP2 ligand, which demon-

strate that the RGM N-terminal domain is the site of BMP2 interaction and

provide a molecular rationale for JHH-causing mutations in RGMC. I describe

experiments demonstrating that RGM and BMPR1A compete for binding to the

BMP2 ligand and that the two proteins have different effects on BMP signalling

in luciferase reporter assays. Furthermore, I present MALS data showing that

unlike the BMPR1A-BMP2 complex, the RGMB-BMP2 complex is pH-sensitive.

Taken together, these data allow us to propose a model for RGM-activated BMP

signalling, which is linked to endocytosis and related to the subcellular localisa-

tion of the BMP receptors.

4.2 Introduction

RGMs have been linked to a diverse catalogue of biological functions and disease

states, not of all of which can be mediated by signalling through their canonical

cell surface receptor NEO1. All RGMs have also been identified as important

co-receptors for BMP signalling and for this mode of signalling there is currently

no structural information describing RGM interactions with any components of

the BMP pathway. The architecture of the activating signalling complex has not

been identified and as such, the precise mechanism of RGM-mediated activation
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of BMP signalling is not clear.

4.2.1 Structural studies of BMP signalling

Aside from the lack of insight into the involvement of RGMs, there is a wealth of

structural data describing the BMP family, including high-resolution structures

for many of the BMP ligands and the ectodomains of the type I and type II

receptors. BMP ligands are expressed with a large pro-domain that is required

for protein folding and is then cleaved to yield the mature protein. Each BMP

monomer consists of a well-characterised cysteine knot domain stabilised by three

disulphide bonds. The active form of the BMP ligand is a constitutive dimer,

with the monomers linked by an intermolecular disulphide bond (Fig. 4.1a). The

overall topology of the fold of the BMP ligand, shown here for BMP2[168], has

been described as a hand[285], with the helix α3 as the wrist, the cysteine knot

as the palm and the extended β-sheets as the fingers (Figs 4.1a,b). This fold

is highly conserved across BMPs and TGFβs, for example the only structural

element unique to BMP2 is the small β-sheet β5a; in addition, the α-helices α1

and α2 are unique to TGFβs and α4 is only found in BMP7[286] (Fig. 4.1b). The

interactions between the α3 helices and the β-sheets of the opposite monomer

create two stable hydrophobic cores in the protein[168]. This, combined with the

intermolecular disulphide, make the BMP dimer unusually stable and explains

the use of strikingly harsh buffers in the dimer purification protocols[287, 288]

(see Materials and Methods).

Examination of the arrangement of the BMP molecules in the dimer demon-

strates that the monomers assemble at approximately a 40◦ angle[168]. This

results in numerous cavities, which were immediately realised to have poten-

tial as interaction sites (Fig. 4.1c). The so-called “cavity I” comprises many

positively charged residues[168] and has been identified as a heparin binding
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site[289]. The basic residues from the N-terminal region of the protein are pre-

sumed to contribute to this binding site, however this region is disordered in all

BMP ligand structures, although in structures of TGFβ it forms a helix[285].

The function of “cavity II” has not been identified. The remaining “finger-helix”

symmetry-related cavity was later identified as the type I receptor binding site.

Figure 4.1: Structure of the BMP2 dimer. (a) The BMP2 dimer structure
shown in cartoon form. BMP2 monomers shown in blue/orange and disulphide
bonds shown as green sticks. Residues with irregular conformations are labelled.
The N- and C-termini are indicated. Image reprinted from Journal of Molecu-
lar Biology [168], Copyright 1999, with permission from Elsevier. (b) Topology
diagram of BMP2, helices represented as cylinders and β-strands as arrows. Sec-
ondary structural elements conserved across the TGFβ/BMP family are shown
in blue, those unique to TGFβ in yellow, to BMP7 in red and to BMP2 in green.
(c) Schematic showing the relative orientation of the BMP2 monomers within
the dimer. The angle between them ∼40◦; cavities, identified as potential protein
binding sites, are labelled. Figures from[168].
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BMP dimers signal through binding type I and type II receptors. The type

I receptor is the high affinity receptor for the BMP family, excluding BMP7

which retains the TGFβ-associated specificity for high affinity type II receptor

binding[290, 291, 292, 293]. The crystal structure of the BMP2-eBMPR1A recep-

tor complex revealed the structure of the ectodomain of the receptor and its mode

of interaction with BMP2[241] (Fig. 4.2a). The BMPR1A ectodomain forms a

compact single-domain structure stabilised by disulphide bonds comprising two

β-sheets (made up of strands β1-2 and β3-5). Two eBMPR1A molecules bind at

the finger-helix cavities of BMP2 and make contact with both BMP molecules

in the dimer. Interestingly the surface complementarity between eBMPR1A and

BMP2 in the complex is not perfect and in many cases there is space for larger

side-chains. This illustrates the potential for promiscuity between receptors and

ligands in the BMP signalling system and explains why different ligand-receptor

combinations have different affinities[294] (for review[295]). The interface be-

tween eBMPR1A and BMP2 is comprised largely of hydrophobic contacts. An

interaction identified to be of particular importance is that of F108BMPR1A, which

extends from helix α1 into a pocket on BMP2 where it is surrounded by numerous

hydrophobic residues including W310BMP2 and W313BMP2 (Fig. 4.2b). Not only

are these pocket residues highly conserved within the TGFβ superfamily[168] but

all type I receptors (except ALK-1) feature a large hydrophobic residue at the

site corresponding to F108BMPR1A ([241]). This conserved helix α1-hydrophobic

pocket motif is important for specifying type I receptor binding at the finger-helix

cavity. Following the structure solution of the BMPR1A-BMP interaction, the

structure of a BMP ligand in complex with a type II receptor was also solved[241].

The structure of the BMP7-eACVR2 complex showed that the concave surface

of the type II receptor binds at the convex face of the BMP finger region[296]

(Fig. 4.2c), a mode of interaction that had been predicted from prior struc-

tural information[297, 241]. The ectodomain of ACVR2A is made up largely of

β-sheets and is again stabilised by several disulphide bonds.
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Subsequently, the structure of the BMP signalling complex was solved. It fea-

tured one BMP2 dimer bound to four receptor ectodomain molecules including

two copies of ACVR2A and two copies of BMPR1A[298] (Fig. 4.2d). In the

complex the receptor ectodomains do not contact each other meaning that any

allosteric interactions must be propagated through the ligand; in fact BMP recep-

tor binding has been shown to be uncooperative[291, 292]. This is in contrast to

TGFβ receptor binding, which has been shown to be highly cooperative[290, 299,

293] and receptor-receptor contacts can be observed in the crystal structure[300,

301, 293] (Fig. 4.2e). Experiments revealed that the amino acid combinations

at the receptor binding sites on the BMP ligand determine receptor affinities,

for example a single point mutation on BMP2 can increase its binding affinity

for ACVR2A five fold[298]. The hexaheteromeric architecture of this complex is

thought to represent the form of the active BMP signalling complex in vivo.
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Figure 4.2: Structures of BMP ligand-receptor complexes. Structures
shown in cartoon representation. (a) The BMP2-eBMPR1A complex structure.
BMP2 = blue/orange, eBMPR1A = green. The N- and C- termini, the unre-
solved L3 loop and the eBMPR1A β-strands are labelled. Image reprinted by
permission from Macmillan Publishers Ltd: Nature Structural and Molecular
Biology [241], copyright 2000. (b) Close-up view of the BMP2-eBMPR1A inter-
face. F108BMPR1A protrudes into a BMP2 hydrophobic pocket. Image reprinted
by permission from Macmillan Publishers Ltd: Nature Structural and Molecular
Biology [241], copyright 2000. (c) Structure of the BMP7-eACVR2A complex.
BMP7 = red/gold, ACVR2A = dark green, disulphide bonds = gold spheres. Im-
age reprinted from Molecular Cell [296], Copyright 2003, with permission from
Elsevier. (d) Structure of the ternary eBMPR1A-BMP2-eACVR2A active sig-
nalling complex. eBMPR1A = blue, eACVR2A = green, BMP2 = red/gold,
disulphide bonds = yellow spheres. Attachment of the receptors (dotted lines)
to the membrane (black line) is shown. Variation in the ACVR2A M-loop, con-
ferring receptor specificity is shown (right panel). Image reprinted from Proc
Natl Acad Sci [298], Copyright 2006. (e) The structure of the ternary TGFβ ac-
tive signalling complex. TβR-I = purple, TβR-II = red, TGF-β3 = cyan/green.
Arrows indicate TβR-II-TβR-I interaction. Image reprinted from Molecular Cell
[300], Copyright 2008, with permission from Elsevier.
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4.2.2 RGMs as activators of BMP signalling

All mammalian RGMs have been established as important co-receptors for BMP

signalling[102, 83, 89]. However, it remains to be determined how RGMs fit into

the architecture of the active BMP signalling complex. RGMs were shown to

bind directly to the BMP ligand with nanomolar affinities[302]. All RGMs show

a preference for binding to BMP4 with the tightest RGM-BMP interaction be-

tween RGMB and BMP4 (Kd = 2.6 nM). RGMC shows a high affinity for BMP6

with a Kd of 8.1 nM, which is expected as this is the endogenous ligand involved

in iron regulation[107]. RGMB shows a particular preference for the BMP2/4

subfamily compared to the BMP5/6/7 subfamily, for example RGMB demon-

strates a weak interaction with BMP7 with a Kd of 166 nM. In addition, none of

the RGMs bind to BMP9, which has been shown to use a different co-receptor

called Endoglin[303]. Overall there is a range of affinities for the interactions

between different RGMs and the different BMP ligands, which may affect the

patterns of RGM-mediated BMP signalling in different tissues. Immunoprecip-

itation data also showed that RGMs bind to all BMP type I receptors and the

BMP type II receptors ACVR2A and ACVR2B[83, 89]. There is some evidence

suggesting that RGMs enhance the binding of the type I receptor ALK6 to the

BMP ligand and form an RGM-BMP-ALK6 complex[102, 83]. Furthermore,

it was shown that RGMA alters the utilisation of BMP type II receptors by

BMP2 and BMP4[189]. In mouse arterial smooth muscle cells BMP2/4 signal

exclusively through BMPR2 while in BMPR2-knockout cells, these ligands can

signal though ACVR2A. A further knockdown of RGMA using targeted siRNAs

abolished the alternative utilisation of ACVR2A by these ligands and inhibited

BMP signalling. A model for RGMA-mediated BMP2/4 signalling was proposed

in which a BMPR1A-BMP2/4-RGMA complex enhances the binding affinity of

ACVR2A allowing utilisation of both type II receptors leading to an increased

BMP signal[189]. These data suggest that RGMA is incorporated into the ac-
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tive hexaheteromeric BMP signalling complex and would likely make contacts

with both receptor ectodomains thereby enhancing their binding affinities for the

BMP ligand. The architecture of this super-complex has yet to be determined,

and in fact it remains to be seen whether RGMs enhance the binding affinity of

BMP ligands for BMP receptors in vivo on the cell surface.

4.2.3 JHH-linked mutations may identify the BMP bind-

ing site on RGMs

Over fourteen JHH-linked mutations have been described in RGMC. Ten of these

mutations are located in the middle domain, while twelve abolish secretion of

recombinant RGMC protein in a mammalian expression system (Fig. 3.7)[240].

This allowed a rationale for the mechanism by which these mutations cause JHH

to be proposed: secretion of RGMC is inhibited, preventing RGMC-mediated

BMP6 signalling, which is responsible for up-regulation of hepcidin, thereby

resulting in iron accumulation in parenchymal tissues. However, two JHH-linked

mutations in RGMC are secreted in a mammalian expression system, G99RRGMC

and L101PRGMC (Fig. 3.7). This implies that these mutants must inhibit BMP6

signalling by another mechanism, perhaps by directly affecting the BMP6-RGMC

interaction. Both of these residues are located in the N-terminal domain of

RGMC suggesting that this domain may comprise the BMP binding site.

4.2.4 Chapter outline

The aim of this chapter was to test the hypothesis regarding the location of the

BMP binding site on RGMs and to solve the crystal structure of the RGM-BMP2

complex. Towards this, expression constructs for the N-terminal domain of all

RGM family members were designed and purification strategies for RGMND and
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BMP2 were optimised. The RGM N-terminal domain was found to be sufficient

for RGM-binding to BMP2 using SPR and the structures of the N-terminal do-

mains of all RGM family members in complex with BMP2 were solved. These

crystal structures guided subsequent mutagenesis and SPR studies to validate

the observed binding interface and also to confirm the hypothesis for the disease-

causing mechanism of two JHH-linked mutations. In addition, a structure of the

BMP2-eBMPR1A complex was solved and revealed previously unseen glycosyla-

tion sites and a novel N-terminal BMP2 α-helix. Structural comparisons of the

BMP2-eBMPR1A and BMP2-RGMND complexes, along with competition SPR

experiments, revealed that BMPR1A and RGM compete for the same binding

site on BMP2. The ectodomains of these two proteins were shown to have dif-

ferent effects on BMP signalling in cellular luciferase reporter assays and the

BMP2-RGMB complex was found to be pH-sensitive. These data allowed an

endocytosis-linked model for RGM-activated BMP signalling to be proposed.

Several fluorescence microscopy experiments were performed with the aim of

testing this hypothesis, including tracking the internalisation of fluorescently la-

belled BMP2 ligand in live cells and FRET-FLIM analysis of BMP receptor

interactions. Unfortunately, the results of these challenging experiments were

inconclusive and some of the reasons for this are discussed. Finally this chap-

ter concludes with a discussion of the findings in the context of what is already

known regarding RGM-activated BMP signalling.
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4.3 Results

4.3.1 Expression and purification of RGMCND and BMP2

Expression constructs for the N-terminal domains of the RGMs (RGMAND: T45-

S139; RGMBND: Q53-H136; RGMCND: Q36-P147) were designed based on the

eRGMB-NEO1FN56 crystal structure and the N-terminal conserved region in se-

quence alignments of vertebrate RGMs, ensuring an even number of cysteines

were included for disulphide bond formation (Fig. 4.3a,b). These constructs

were cloned into the pHLsec vector with a C-terminal His6 tag for expression in

mammalian cells as described in Materials and Methods (Section 2.1 and 2.3),

shown here for RGMCND (Fig. 4.3c). Secreted RGMCND was isolated by metal

ion affinity and purified by SEC; the protein appeared monodisperse, exhibiting

a single peak in the SEC trace and no aggregation was observed (Fig. 4.3c).

Following treatment with Endo-F1, to remove flexible N-linked glycans that can

hinder crystallisation, RGMCND was re-purified by SEC. Analysis of the peak

fractions by SDS-PAGE revealed that the protein migrated as several closely

spaced bands at around the expected size of 12 kDa, most likely indicating sev-

eral different glycosylation forms, therefore, only the most homogenous RGMCND

SEC fractions were pooled for crystallisation (Fig. 4.3c, left panel).
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Figure 4.3: Expression and purification of RGMCND. (a) Sequence
alignment of the N-terminal domain of RGM family members. h = human, m =
mouse, z = zebrafish, x = Xenopus. Numbering is full length hRGMC. Secondary
structure displayed: RGMAND (blue), RGMBND (yellow), RGMCND (orange).
RGM residues interacting with BMP highlighted: hydrophilic interactions =
dark blue, RGMA only = salmon, RGMC only = green; non-bonded contacts
= magenta. Disulphide bridges labelled with Roman numerals; asterisks (*)
mark hRGMC disease-linked mutations. (b) Schematic of hRGMC, N-terminal
domain (RGMCND) = orange; C-terminal region (RGMCCD) = grey, SP = signal
peptide, GPI = glycosylphospatidylinositol anchor, vWfD = von Willebrand
Factor D-like domain. The “RGD” motif and the autocatalytic cleavage site
(“GDPH”) are shown. The construct boundaries for eRGMC, RGMCND and
RGMC∆ND are shown. (c) SDS-PAGE analysis (left panel) of deglycosylated
(Endo-F1) RGMCND SEC fractions (black bar, right panel). M = marker, R
= RGMCND, D = deglycosylated RGMCND. Calculated mass shown. Pooled
fractions labelled.

The mature human BMP2 peptide (Fig. 4.4a,b) was expressed in bacterial in-

clusion bodies and the protein was refolded according to a protocol outlined in

Materials and Methods (Section 2.3.1, adapted from[206]) that biases the for-

mation of the folded disulphide-linked dimeric species (Fig. 4.4c). The BMP2

monomer was first refolded in the presence of a 1:1 GSSG:GSH redox system,

then one half of the mixture was incubated with an excess of GSSG before the

two reaction halves were recombined resulting in a mixture of BMP2 species,

with a majority in dimeric form. Initially BMP2 monomers were removed by

heparin affinity chromatography (Fig. 4.4d), following this SEC was performed

to separate higher-order oligomers from BMP2 dimers (Fig. 4.4e). The BMP2

dimer migrated at the expected size of approximately 26 kDa and fractions with

a purity of greater than 95 % were pooled for activity tests (Fig. 4.5).
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Figure 4.4: BMP2 expression and purification. (a) Sequence alignment
of human BMPs. Numbering is full length hBMP2; BMP2 residues interacting
with RGM highlighted: molecule 1 hydrophilic interactions = dark blue, non-
bonded contacts = light blue; molecule 2 non-bonded contacts = red. Disulphide
bridges indicated by Roman numerals; X = intermolecular disulphide. Secondary
structure shown above the alignment. (b) Schematic of hBMP2, expression con-
struct labelled. SP = signal peptide. (c) Schematic of the BMP2 dimer refolding
scheme (adapted from[206]). GSSG = oxidised L-glutathione, GSH = reduced
L-glutathione. (d-e) SDS-PAGE analysis of heparin affinity chromatography
(d) and SEC (e) fractions. Pooled fractions are indicated (black bars).
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To confirm the activity of the purified, refolded BMP2 dimer, two optimised ac-

tivity assays were performed (Materials and Methods, section 2.2 and 2.10, for

detailed protocols). An anti phospho-SMAD1/5 antibody was used to assay for

phosphorylation of the downstream SMAD proteins before and after addition of

BMP2 (Fig. 4.5a). This assay demonstrated that the refolded BMP2 dimer was

able to trigger activation of the SMAD1/5/8 pathway in three different cell-lines

(COS7, C2C12 and HeLa cells). In addition, a stably transfected cellular lu-

ciferase reporter assay[304] was used to show that refolded BMP2 could activate

expression of the luciferase gene under the control of the Id1 BMP target pro-

moter (Fig. 4.5b). These assays confirmed that the refolded BMP2 dimer was

active and therefore correctly folded.

Figure 4.5: BMP2 activity assays. (a) SMAD phosphorylation assay. West-
ern blot using an anti-phospho-SMAD1/5 antibody. An anti-tubulin antibody
was used as a loading control. Samples from COS7, C2C12 and HeLa cells are
indicated; ss = serum-starved, +B = 20 nM BMP2 added. (b) BRE-luciferase
assay in C2C12 cells stably transfected with the BRE-Luc plasmid[304]. RU =
relative luciferase response units. Error bars are s.e.m., from eight cell cultures
and two independent experiments.

4.3.2 The structure of the RGMCND-BMP2 complex

Towards determining the structure of the RGMCND-BMP2 complex, purified

RGMCND and BMP2 were mixed in a 1:1 molar ratio and the complex was con-

centrated to a final concentration of 5 mg/ml for crystallisation trials. Crystalli-
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sation trials were also conducted for the RGMAND-BMP2 and RGMBND-BMP2

complexes and in all three cases crystals were obtained (Fig. 4.6). The crys-

tals were treated with cryoprotectant and cryo-cooled in liquid nitrogen before

being analysed at Diamond Light Source UK (see Materials and Methods). Crys-

tals of all three RGMND-BMP2 complexes diffracted to high resolution (Table 1).

Figure 4.6: Crystallisation of RGMND-BMP2 and eBMPR1A-BMP2
complexes. Crystallisation images of each protein complex described in this
chapter. Images recorded from crystallisation plates maintained in a TAP Home-
base storage vault, imaged via a Veeco visualisation system[211].

The crystal structure of BMP2 in complex with RGMCND was solved to 2.35 Å

resolution (Fig. 4.7 and Table 1) and after phasing by molecular replacement

using the published BMP2 dimer structure (PDB ID: 3BMP[168]), electron den-

sity for RGMCND was immediately discernible (Fig. 4.7). In the complex, two

molecules of RGMCND bind to one disulphide-linked BMP2 dimer and the two

RGMC molecules in the complex are related by a non-crystallographic pseudo-

twofold axis and have an r.m.s.d. of 0.73 Å for 66 equivalent Cα positions (Fig.

4.7a and Fig. 4.9a).
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Figure 4.7: Electron density maps of the RGMC-BMP2 complex.
Reprinted by permission from Macmillan Publishers Ltd: Nature Structural and
Molecular Biology, [320] copyright (2015) (a) Initial electron density map, at 2.35
Å resolution, of the RGMCND-BMP2 complex after molecular replacement (using
only the BMP2 dimer as search model) in PHASER[238] and density modifica-
tion in PARROT[239]. Contour level is 1.0 σ. The final refined RGMCND-BMP2
model is represented as ribbon (RGMC: blue and green; BMP2: yellow and ma-
genta). (b-c) Close-up view onto the RGMC-BMP2 interface. Protein chains
are depicted in stick representation. Colour coding is as in (a). (b) Initial elec-
tron density map as described in (a). (c) SigmaA-weighted 2FO-FC map after
the final round of refinement from autoBUSTER[247] contoured at 1.0 σ.

RGMCND (with amino acid residues S35-R54 and G76-P129 resolved in the struc-

ture) adopts a novel fold composed of a triple helix bundle stabilised by three

disulphide bonds (Fig. 4.8a,b and 4.9). The helices pack together forming a hy-

drophobic core at their centre (Fig. 4.8b). The long flexible loop between helices

α1 and α2 was not ordered in the crystal structure, whereas the loop between

helices α2 and α3 was ordered, presumably because its position is fixed by a

disulphide bond (Fig. 4.8b,c). The C-terminal tail of RGMCND in the structure
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is orientated away from the triple helix bundle by a disulphide bond, suggest-

ing that the N-terminal domain is quite independent of the middle domain with

the two domains joined by a flexible linker (Fig. 4.8b,c and 4.9). Interestingly,

the closest structural homologues of the N-terminal domain of RGMCND are the

human MTCP1 oncogene (Fig. 4.8d) (PDB ID: 2HP8[305]), the MIT domain

of VPS4-like ATPases (Fig. 4.8e) (PDB ID: 2V6Y[306]) and the complement

inhibitor EHP from S. aureus (Fig. 4.8f) (PDB ID: 2NOJ[307]), despite very

low sequence identities of 5 % or lower. The position of disulphide bridge II

in RGMCND is conserved in MTCP1 and a structural superposition of all four

proteins shows that the fold is well conserved (Fig. 4.8g). These proteins span a

wide range of functions suggesting that this triple helix bundle forms a versatile

interacting unit.
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Figure 4.8: RGMCND structure and comparison. Reprinted by permis-
sion from Macmillan Publishers Ltd: Nature Structural and Molecular Biology,
[320] copyright (2015). (a) Topology diagram of RGMCND (adapted from PDB-
SUM (http://www.ebi.ac.uk/pdbsum/)) in rainbow colouring (N-terminus: blue;
C-terminus: red). N- and C-termini and residue numbers are shown. (b) Car-
toon representation of the RGMCND structure. Colouring as in (a). RGMND

forms a compact three helix bundle, stabilised by three disulphide bonds, sup-
ported by a hydrophobic core including residues from all three helices, depicted as
sticks. Right panel rotated 90◦ around the x-axis compared to left panel. Disul-
phide bridges are numbered in Roman numerals. The disordered α1-α2 loop
is shown as a dotted line. (c-g) Structural comparison of RGMCND using the
PDBefold server (http://www.ebi.ac.uk/msd-srv/ssm/). RGMCND ((c), cyan)
shares the closest structural similarity to the human MTCP1 oncogene ((d),
pdb 2HP8[305], slate; r.m.s.d. of 2.78 Å for 60 equivalent Cα positions, sequence
identity: 5 %), the MIT domain of VPS4-like ATPases ((e), pdb 2V6Y[306],
magenta, r.m.s.d. of 2.47 Å for 60 equivalent Cα positions, sequence identity:
3 %) and the complement inhibitor EHP from S. aureus ((f), pdb 2NOJ[307],
yellow, r.m.s.d. of 2.34 Å for 54 equivalent Cα positions, sequence identity: 6
%). The position of disulphide bridge II in RGMND is conserved in MTCP1 and
highlighted by an asterisk. A structural superposition is shown in (g). The two
views are related by a rotation of 90◦ around the x-axis.

RGMCND binds at the “helix-finger cavity” region of BMP2 and contacts both

molecules of the disulphide-linked BMP2 dimer with a total buried surface area

of 1690 Å2 (Fig. 4.9a-c). BMP2 adopts a canonical structure with the cysteine

knot domain and intermolecular disulphide clearly well ordered in the struc-

ture. The RGM-binding interface on BMP2 is conserved across all vertebrate

BMP2, BMP4, BMP6 and BMP7 family members indicating the importance of

this interaction (Fig. 4.9d). The RGMCND-BMP2 interface displays mixed elec-

trostatics and is composed of six hydrogen bonds and 105 non-bonded contacts

(Fig. 4.9e).
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Figure 4.9: Structure of the BMP2-RGM complex. Reprinted by permis-
sion from Macmillan Publishers Ltd: Nature Structural and Molecular Biology,
[320] copyright (2015). (a) Cartoon representation of the BMP2-RGMCND com-
plex. BMP2 is shown in blue and cyan, RGMCND in orange and violet. (b)
View is rotated 90◦ around the x-axis compared to (a). Disulphide bonds (black
sticks) are depicted with Roman numerals. (c-e) Surface representation of the
BMP2 “finger” region showing the RGM binding site. RGMC is in cartoon rep-
resentation. Disordered regions are shown as dotted lines. Orientation is as in
(a). (c) The BMP dimer is colour-coded as in (b). (d) Amino acid residue con-
servation (from non-conserved, white, to conserved, black) is mapped onto the
BMP2 dimer surface based on alignments containing sequences from all available
vertebrate BMP2, BMP4, BMP6 and BMP7 family members. (e) Electrostatic
potential from red (-8 kbT/ec) to blue (8 kbT/ec) is mapped onto the BMP2
dimer surface.
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RGMA and RGMC both contain a conserved RGD motif (traditionally known

to be important in integrin-fibronectin mediated adhesion[308, 59]). This mo-

tif, containing RGMC residues R98, G99 and D100, is located in a loop region

between helices α2 and α3 and interestingly forms a major interaction site with

BMP2 (Fig. 4.10a,b; residues highlighted by asterisks). Specifically, RGMC

residues R98 and G99 provide several hydrogen bonds and non-bonded contacts

that stabilise the position of the BMP2 finger loop (Fig. 4.10b). In partic-

ular, residue G99RGMC is surrounded by many bulky residues contributed by

BMP2, including Y373BMP2 and Y385BMP2, which implies that the small glycine

side-chain is important to allow for the tight packing observed at this inter-

face. In addition, D100 of the RGD motif forms a hydrogen bond with A102

in RGMC thereby fixing the orientation of the RGMC α2-α3 loop with respect

to the α3 helix, which is important for the RGMCND-BMP2 interaction. In

addition, residue R95RGMC also forms a hydrogen bond with E376BMP2 at the

very tip of the BMP finger, thereby stabilising the conformation of the BMP2

loop. R95RGMC also forms a hydrogen bond through its carbonyl carbon with the

side-chain of H104RGMC, which positions the histidine to allow the formation of

a π-stacking interaction with W313BMP2 (Fig. 4.10a,c). A T-shaped, orthogonal

π-stacking between BMP2 residues W313BMP2 and W310BMP2 further stabilises

this arrangement. The complex interface is therefore composed primarily of sev-

eral key hydrogen bonds and a π-stacking network. Intriguingly, the JHH-linked

residues G99 (of the proposed RGD motif) and L101 are located directly in the

centre of the BMP-binding interface (Fig. 4.10b).
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Figure 4.10: The BMP2-RGM complex interface. Reprinted by permis-
sion from Macmillan Publishers Ltd: Nature Structural and Molecular Biology,
[320] copyright (2015). (a) Surface representation of the BMP2 dimer (blue
and cyan) showing the RGMC (orange) binding site. Two regions containing
key RGMC-BMP2 interactions are highlighted by boxes. (b-c) Close-up view,
in cartoon representation, of the BMP2-RGMC interface. Colour-coding is as
in (a). Selected interface residues are shown in stick representation. Hydrogen
bonds are depicted as dotted lines. (b) The “RGD” motif is highlighted by as-
terisks. (c) The π-stacking interaction between RGMC-H104 and BMP2-W313
is shown.

4.3.3 The BMP2-binding mode is conserved across the

RGM family

The crystal structures of BMP2 in complex with the N-terminal domains of

human RGMA and RGMB were also solved, to 3.2 Å and 2.7 Å resolution re-

spectively (Fig. 4.11, Table 1). A structural superposition of the three RGMND-

BMP complex structures revealed that the overall fold of the RGM N-terminal

domain, the RGMND-BMP2 complex architecture and the interface interactions

are highly conserved across the RGM family members demonstrating a common

mode for BMP-RGM binding (Fig. 4.11). The α1-α2 loop that was disordered

in the RGMCND-BMP2 complex was ordered in the RGMBND-BMP2 complex

structure. This is due in part to this loop being shorter in RGMB compared to

the other family members, and also to stabilising crystal contacts. This loop does

not contact the BMP2 molecules and extends away from the RGM triple helix

bundle, and is likely to be highly flexible in solution. Interestingly, the residues
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corresponding to R98, G99, L101 and H104 in RGMC, that form key interac-

tions with BMP2 in the complex, are conserved across the RGM family (Fig.

4.11b-e). RGMB is the only family member that does not contain the conserved

RGD motif; instead the aspartic acid is substituted for an asparagine. However,

in the complex structure N102RGMB is oriented in a similar manner to D100RGMC

and forms a similar hydrogen-bonding pattern, showing that the important in-

teractions are conserved (Fig. 4.11c). Other minor differences in residues around

the periphery of the binding interface could account for the small differences in

binding affinities observed for the RGM family members and BMP2[302] (Fig.

4.13).

Figure 4.11: The mode of RGM-BMP2 interactions is conserved in
RGMA, RGMB and RGMC. Reprinted by permission from Macmillan Pub-
lishers Ltd: Nature Structural and Molecular Biology, [320] copyright (2015). (a)
Superposition of BMP2-RGMAND, -RGMBND and -RGMCND complex structures
with the BMP2 dimer as reference. BMP2 dimer is shown as solvent accessible
surface. RGMA (blue), RGMB (yellow) and RGMC (orange) are depicted as
ribbons. Disordered loops are shown as dashed lines. (b-e) Close-up views of
the RGM-BMP2 interfaces. Labelled residues are shown as sticks. The “RGD”
motif is indicated by asterisks in (b-c). Note that the aspartate in the “RGD”
motif is replaced with an asparagine in RGMB (c). Both the RGM “RGD”
region and the π-stacking interactions (mediated via RGM helix α3 and the two
BMP2 residues W310 and W313) are conserved in all RGMs. Disulphide bonds
are labelled with Roman numerals. Dashed lines indicate hydrogen bonds.
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4.3.4 Validation of the RGMND-BMP2 interface

To validate the RGMCND-BMP2 binding interface observed in the complex struc-

tures site-directed mutagenesis and SPR equilibrium binding experiments were

performed (Fig. 4.13). The N-terminal domain of RGMs was confirmed to

be both necessary and sufficient for the RGM-BMP2 interaction across all of

the RGM family members. Both the full length RGM ectodomains (eRGMA,

eRGMB, eRGMC) and the RGM N-terminal domains (RGMAND, RGMBND,

RGMCND) bound to BMP2 with similar nanomolar affinities (Fig. 4.13a-f), and

the tightest interaction was observed between BMP2 and RGMBND with a Kd

of 88 nM (Fig. 4.13e). This demonstrated that the RGM N-terminal domain is

sufficient for interaction with BMP2. In contrast, the binding affinity between

BMP2 and an RGMB construct lacking the N-terminal domain (RGMB∆ND)

was found to be greatly reduced with a Kd of 12 µM compared to that of 415

nM for the eRGMB-BMP2 interaction, suggesting that the N-terminal domain

of RGMs is necessary for tight interaction with BMP2 (Fig. 4.13g). These SPR

analyses revealed a distinct level of non-specific interactions between eRGMs

and BMP2, an effect that was markedly decreased for the constructs comprising

just the N-terminal domain. Furthermore, the binding curve for the interaction

between RGMB∆ND and BMP2 was almost linear, resembling that of a non-

specific interaction. This suggests that the C-terminal domain is responsible for

the non-specific contribution observed in the eRGM SPR binding curves. To

investigate this, the binding data for the eRGMC-BMP2 interaction was fitted

with both a 1:1 specific binding model and a 1:1 “total” binding model that also

incorporates an element of non-specific binding (Fig. 4.12a). The fit for the

1:1 “total” binding model (R2 = 0.9985) was better than that for the specific

binding model (R2 = 0.9856), which justifies the use of this model for the rest of

the RGM SPR data. In addition, SPR kinetic experiments were also performed

for the eRGMB-BMP2 and RGMBND-BMP2 interactions. The kinetic binding
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data for the RGMBND-BMP2 interaction could be fitted with a 1:1 Langmuir

binding model yielding a Kd of 92 nM (Res. sd = 2.46), similar to the Kd of

88 nM determined from the equilibrium binding analysis (Fig. 4.12b). However,

the kinetic binding data for the eRGMB-BMP2 interaction could not be fitted

with a 1:1 Langmuir binding model (Res. sd = 21.32), seemingly due to the

non-specific component of this interaction (Fig. 4.12c). This rationalises the use

of equilibrium binding experiments to analyse the RGM-BMP2 interactions and

further supports the use of the 1:1 “total” binding model for determining affinity

parameters.
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Figure 4.12: The eRGM-BMP2 interaction includes a non-specific
component. (a) SPR equilibrium binding analysis of the eRGMC-BMP2 inter-
action. Different concentrations of eRGMC were injected over surfaces coupled
with BMP2 (150 R.U.). The data were fitted to either a 1:1 Langmuir binding
model + non-specific interactions (left panel, black curve) or a 1:1 Langmuir
binding model (right panel, red curve). The binding parameters (Kd and Bmax)
derived from each model are shown. The R2 value indicates the fit between model
and data. (b-c) SPR kinetic analysis of RGMBND (b) and eRGMB (c) bind-
ing to BMP2. Graphs show a plot of binding response (response units (R.U.))
against time (s) for six different concentrations of analyte (2.4 nM, 4.9 nM, 9.8
nM, 19.5 nM, 39.0 nM, 78.1 nM). A 1:1 Langmuir binding model (red lines) is
fitted to the binding curves (black lines). A plot of the residuals between each
binding curve and the fitted model are displayed under each graph. The fit-
ted parameters are displayed. The standard deviation of the residual (Res. sd)
gives an indication of the goodness of fit between the data and the model. For
eRGMB-BMP2 binding, the fit of the model was so poor (Res. sd = 21.321) that
values for the parameters were not determinable.

Next, site-directed mutagenesis of residues that were identified as important for

the RGMND-BMP2 binding interaction was performed. Residue H104RGMC was

targeted for mutagenesis studies as this formed a crucial part of the π-stacking

network directly at the BMP2-binding interface. In an SPR equilibrium bind-

ing experiment, an RGMB H106R (equivalent to H104 in RGMC) mutation was

found to reduce the binding affinity for BMP2 by approximately 100 fold, from

88 nM for RGMBND to 8.5 µM for RGMBND-H106R (Fig. 4.13h). This value is

comparable to the affinity of the interaction between RGMB∆ND and BMP2 (Kd

= 12 µM), suggesting that this mutation abolishes RGMBND-BMP2 binding,

thereby validating the observed binding mode. The H106R mutation introduces

a bulky, charged side-chain at the interface and so to dissect the contribution of

the H104RGMC-W313BMP2 π-stacking to the overall binding affinity, an RGMC

H104A mutant was tested. This mutation disrupts the π-stacking without steri-

cally hindering complex formation and the binding affinity was reduced from 124

nM for RGMCND to 280 nM for RGMCND-H104A, suggesting that the π-stacking

network contributes two-fold to the RGM-BMP2 binding affinity (Fig. 4.13i).
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SPR equilibrium binding experiments were also used to analyse the BMP-binding

affinity of the JHH-linked RGMC mutations G99R and L101P that are located at

the RGMC-BMP2 interface. These mutations severely disrupted RGMC-BMP2

binding; the G99R mutation reduced the affinity by roughly ten-fold, from 120

nM for RGMCND to 910 nM, and the L101P mutation decreased the binding

affinity by approximately 100-fold, to 1.5 µM (Fig. 4.13j,k). An analysis of the

structure rationalises these effects: the mutation G99R would cause side-chain

clashes at the centre of the interface and the mutation L101P, due to the re-

stricted φ and ψ bond angles available to proline, would most likely disrupt both

the orientation of the α2-α3 BMP-binding loop and the folding of the α3 helix.

These binding data not only validate the interface observed in the RGMND-BMP2

structures, but also suggest that disruption of the RGMC-BMP6 interaction is

the molecular mechanism for these mutations in JHH disease pathology.
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Figure 4.13: RGM-BMP2 SPR equilibrium binding experiments.
Reprinted by permission from Macmillan Publishers Ltd: Nature Structural and
Molecular Biology, [320] copyright (2015). Binding of different constructs and
mutants of RGMA, RGMB and RGMC, respectively, to BMP2. Graphs show
a plot of the equilibrium binding response (response units (R.U.)) against con-
centration of the analytes used (µM). Binding constants (Kd) are given as the
mean ± the standard error of the mean (n=2 technical repeats) Fits are shown
as lines. Sensorgrams are shown as plots of response (R.U.) against time (s).
Binding parameters Kd, Bmax and surface response units (Bsurface) are indicated
below the graphs.
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4.3.5 The structure of the eBMPR1A-BMP2 complex

reveals new features

In addition to the RGM-BMP2 complex structures, the structure of eBMPR1A

in complex with BMP2 was also solved (Fig. 4.6, 4.14 and Table 1). A su-

perposition of this structure with the two previously solved eBMPR1A-BMP2

structures (PDB 1ES7[241] Fig. 4.14c, PDB 2GOO[298] Fig. 4.14d) shows that

the complexes are very similar (r.m.s.d. = 0.254). However, in contrast to these

structures, where eBMPR1A was refolded from bacterial inclusion bodies, in this

work eBMPR1A was expressed in mammalian cells. Therefore, for the first time,

the glycosylation sites on eBMPR1A are visible in the structure (Fig. 4.14b).

One O-linked glycosylation site at T137BMPR1A and one N-linked glycosylation

site at N37BMPR1A were clearly resolved (Fig. 4.14f). At T137BMPR1A one N-

acetylgalactosamine residue linked via a β-1,3-glycosidic bond to a galactose was

built, in accordance with the standard scheme of mammalian O-linked glycosy-

lation; and at N37BMPR1A a single N-acetylglucosamine was built, as expected

for the first residue in canonical mammalian N-linked glycosylation (Fig. 4.14f).

There were four copies of the eBMPR1A-BMP2 complex in the asymmetric

unit and in one of those copies an α-helix could be built at the N-terminus

of one BMP2 monomer, comprising residues A284-L292 (Fig. 4.14b,e). These

N-terminal residues were not visible in the previously solved eBMPR1A-BMP2

complex structures (PDB 1ES7[241], PDB 2GOO[298]), however, they were re-

solved in structures of the closely related ligand TGFβ, where they also take

the form of an α-helix[285]. This novel BMP2 N-terminal helix forms several

hydrogen bonds and non-bonded contacts with eBMPR1A, most notably the

hydrogen bonds between R291BMP2 and E87BMPR1A, although whether this helix

is important for BMP2 binding to BMPR1A remains to be seen (Fig. 4.14e).
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Figure 4.14: The structure of the eBMPR1A-BMP2 complex. (a)
Schematic of human BMPR1A, the eBMPR1A construct is indicated. GS box
= site of activation, TM = transmembrane helix, KD = kinase domain. (b)
Cartoon representation of the eBMPR1A-BMP2 complex. BMP2 = blue/cyan,
eBMPR1A = green, the novel BMP2 N-terminal helix = pink. Sugars shown
as sticks and coloured by element. Right panel rotated 90◦ about x-axis and
eBMPR1A is shown as surface. (c-d) Cartoon representation of the published
eBMPR1A-BMP2 (PDB ID: 1ES7[241]) (c) and eBMPR1A-BMP2-eACVR2A
(PDB ID: 2GOO[298]) (d) structures, eACVR2A = pink. (e) Close-up view
of the BMP2 N-terminal helix interactions with eBMPR1A. Interface residues
shown as sticks, hydrogen bonds shown as dotted lines. Orientation rotated
180◦ about the y-axis from (b), right panel. (f) Superposition of eBMPR1A
structures from this work (green), 1ES7 (slate) and 2GOO (peach) (r.m.s.d. =
0.283). Glycans shown as sticks, N- and C-termini labelled.
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4.3.6 RGM competes with BMPR1A for BMP2-binding

To probe the role for RGMs in BMP signalling, SPR equilibrium binding experi-

ments were used to test for RGM binding to the BMP receptors (Fig. 4.15). The

binding affinities for the BMP receptors to the BMP2 ligand was found to be in

the expected range, eBMPR1A bound to BMP2 with a Kd of 280±10 nM (Fig.

4.15a), a value that is in agreement with previous studies[294], and the binding

affinities for eBMPR2 and eACVR2A were found to be around 10 fold lower (Kd

= 980 nM and Kd = 35 µM, respectively), as expected (Fig. 4.15b,c). In con-

trast, using our experimental setup, no binding was detected between eRGMB

and any of the BMP receptor ectodomains (Fig. 4.15e-g); this result differs from

that in previously reported pull-down experiments which showed an interaction

between RGMs and full-length BMP receptors[89]. These binding studies sug-

gest that the mechanism of activation of BMP signalling by RGMs is not through

direct contact with the BMP receptors.
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Figure 4.15: BMP-receptors SPR equilibrium binding experiments.
Binding of the BMP receptors eBMPR1A, eACVR2A and eBMPR2 to BMP2
(a-c) or eRGMB (e-g). Each graph is labelled with the analyte and ligand. The
binding partner immobilised on the chip is underlined. Graphs show a plot of
the equilibrium binding response (response units (R.U.)) against concentration
of the analytes used (µM). All experiments were performed in duplicate. Binding
constants (Kd) are given as the mean with the error range the standard error
of the mean (n=2 technical repeats) Fits are shown as lines. Sensorgrams are
shown as plots of response (R.U.) against time (s). Binding parameters Kd, Bmax

and surface response units (Bsurface) are indicated below the graphs.

A superposition of the RGMCND-BMP2 and the published eBMPR1A-BMP2-

ACVR2A (PDB ID: 2GOO[298]) complexes demonstrated that RGMND unex-

pectedly shares an overlapping BMP2-binding interface with eBMPR1A (Fig.

4.16a-c). Despite the very different folds of the RGMND and eBMPR1A lig-

ands, the BMP2-binding sites are remarkably similar. The BMPR1A α1 helix,

which was identified as the crucial interaction determinant in the eBMPR1A-

BMP2 complex[241], is mimicked by the RGMC α3 helix (Fig. 4.16a). A

close-up analysis of the interfaces shows that both BMPR1A and RGMC form

π-stacking interactions with BMP2 tryptophan residues, with F108BMPR1A inter-

acting with W310BMP2 and H104RGMC with W313BMP2 (Fig. 4.16d). This helix

α1-hydrophobic pocket motif was identified as crucial for type I receptor binding

to BMPs and a large hydrophobic residue at the site of F108BMPR1A features in

all type I receptors (except ALK1)[241]. It appears that RGMs have employed a

similar motif for BMP-binding. In contrast, the BMP2-binding site for the BMP

type II receptors (eBMPR2, eACVR2A) does not overlap with that for RGMs

(Fig. 4.16a).

Given the similar affinities of the RGMB-BMP2 and eBMPR1A-BMP2 interac-

tions and their overlapping binding interfaces on the BMP2 ligand, an SPR com-

petition experiment was carried out to investigate whether RGMB and BMPR1A

compete for BMP2 binding (Fig. 4.16e). In this experiment a constant concen-

tration of eRGMB together with an increasing concentration of eBMPR1A was
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injected over BMP2 bound to the SPR chip surface. A decrease in the response

units indicated binding of eBMPR1A to BMP2 rather than eRGMB, as the re-

ceptor is approximately half the molecular weight of eRGMB (24 kDa vs. 43

kDa). Therefore, an IC50 value could be calculated for this competition-binding

curve (R2 = 0.87), which indicated that approximately a 4 µM concentration

of eBMPR1A is required to outcompete a 2.5 µM concentration of eRGMB for

half of the BMP2 binding sites (Fig. 4.16e). This suggests that a 1.7 times mo-

lar excess of eBMPR1A was required to effectively displace eRGMB in solution,

suggesting that RGM and BMPR1A are likely to compete for BMP binding in

vivo.
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Figure 4.16: RGM and BMPR1A compete for binding to BMP2.
Reprinted by permission from Macmillan Publishers Ltd: Nature Structural
and Molecular Biology, [320] copyright (2015). (a) BMP2-RGMCND, and
BMP2-eBMPR1A-eACVR2A (pdb code 2GOO[298]) complexes are superim-
posed. BMP2 surface (light and dark blue) and RGMCND (orange), eBMPR1A
(green) and eACVR2A (pink) ribbons are shown. (b-c) Surface representation
of the RGMCND-BMP2 (b) and eBMPR1A-BMP2 (c) complexes. (d) Close-
up of the BMP2-binding region of RGMC and BMPR1A; the residues involved
in π-stacking interactions are labelled. (e) SPR competition binding experi-
ment between eBMPR1A and eRGMB to immobilised BMP2. An IC50 value
of 4.0±1.0 µM was calculated. R2=goodness of fit. Error bars, s.e.m. (n=3
technical replicates).
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4.3.7 The RGM-BMP2 interaction is pH-dependent

Despite the similarity of the BMPR1A and RGM BMP2-binding epitopes there

are crucial differences between the interfaces, for example the important π-

stacking networks involve a histidine in RGMB (H106RGMB) but a phenylalanine

in BMPR1A (F108BMPR1A) (Fig. 4.16d). Given that the side chain of histi-

dine has a pKa value of approximately 6.5 and histidine residues are well known

for being readily protonated within biological systems, the question was posed,

whether the RGMB-BMP2 interface might be pH-sensitive. To test this hypoth-

esis, multi-angle light scattering (MALS) measurements of both the RGMBND-

BMP2 and eBMPR1A-BMP2 complexes were performed at different pH values

(Fig. 4.17a,b). For RGMBND-BMP2, a major species was observed at neutral pH

with an experimentally determined molecular weight of 46.2 ± 2.7 kDa, which

corresponds to the 2:2 RGMBND-BMP2 complex with a calculated molecular

weight of 47 kDa (Fig. 4.17a). A second minor peak with an experimentally

determined molecular weight of 22.4 ± 0.9 kDa was also observed that was at-

tributed to excess unbound BMP2 (calculated weight 26 kDa). However, at pH

6.5 and pH 5.5 the peak corresponding to the RGMBND-BMP2 complex was no

longer detected, and instead two peaks with experimentally determined molec-

ular weights of 20.1 ± 1.4 kDa and 13.4 ± 0.4 kDa at pH 6.5 and 24.0 ± 1.2

kDa and 16.2 ± 0.3 kDa at pH 5.5 were observed, which most likely correspond

to the free monomeric proteins (calculated weights BMP2 26 kDa, RGMBND

11 kDa) (Fig. 4.17a). In contrast, for the eBMPR1A-BMP2 complex, a major

species with an experimentally determined weight of 53.0 ± 0.1 kDa at pH 7.5,

53.2 ± 0.3 kDa at pH 6.5 and 54.2 ± 0.5 kDa at pH 5.5 was observed, which

corresponds to the 2:2 eBMPR1A-BMP2 complex (calculated weight 53 kDa)

(Fig. 4.17b). A second peak was also present across the pH range with an exper-

imental weight of 15.0 ± 0.2 kDa at pH 7.5, 18.8 ± 0.1 kDa at pH 6.5 and 19.7

± 0.4 kDa at pH 5.5, which was assumed to be excess eBMPR1A (calculated
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weight 14 kDa) (Fig. 4.17b). Taken together, these data show that, unlike the

2:2 eBMPR1A-BMP2 complex, the RGMBND-BMP2 interaction is pH sensitive,

with the complex dissociating at pH 6.5 and below.

Figure 4.17: The eRGMB- and eBMPR1A-BMP2 complexes behave
differently in functional assays. Reprinted by permission from Macmillan
Publishers Ltd: Nature Structural and Molecular Biology, [320] copyright (2015).
(a-b) MALS analysis of the BMP2-RGMBND (a) and the BMP2-eBMPR1A (b)
complexes at pH 7.5 (black), pH 6.5 (dark grey) and pH 5.5 (light grey). Ab-
sorbance curves (at 280 nm) are plotted and lines indicate the molecular weights
(kDa) of the peaks. The BMP2-RGMBND complex (46.2±2.7 kDa) is marked
by an asterisk and the BMP2-eBMPR1a complex (53.0±0.1/53.2±0.3/54.2±0.5
kDa) is marked by a plus sign. (c) BRE-Luc SMAD-mediated BMP2 response
assay with co-transfected GPI-anchored RGMB constructs; three independent
experiments. Error bars, s.e.m. (n = 40 except RGMB∆ND -BMP2 where n = 20
cell cultures), **** P < 0.0001, ns = 0.0509 by one-way ANOVA with a Tukey
multiple comparison test. (d) BRE-Luc SMAD-mediated BMP2 response assay
with co-transfected eBMPR1A or RGMB ectodomain constructs; two indepen-
dent experiments. Error bars, s.e.m. (n = 37, 72, 8, 23, 8, 22, 8, 24, 24, 22 left
to right), **** P < 0.0001, ns = 0.992 (RGMBND), 0.861 (eRGMB) by one-way
ANOVA with Tukey multiple comparison test.
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4.3.8 RGMB and BMPR1A have different effects on

cellular BMP signalling

Given that RGMB and BMPR1A compete for BMP2 binding the question is:

how then can RGM function as an activator of BMP signalling if it occludes

the BMP type I receptor binding site? The RGMBND-BMP2 complex is pH-

sensitive whereas the eBMPR1A-BMP2 complex is not, suggesting that the two

complexes may behave differently in vivo. To test the effects of both proteins

on BMP signalling in cells a BMP-responsive luciferase reporter (BRE-Luc) as-

say was conducted using LLC-PK1 cells[267, 89]. Stimulation with 6 nM pu-

rified BMP2 increased BRE-luciferase activity by ∼5-fold (n=40, P<0.0001)

over the control (Fig. 4.17c). When the cells were transfected with full-length

(GPI-anchored) RGMB, BRE-luciferase activity was further enhanced by ∼3-

fold (n=40, P<0.0001) (Fig. 4.17c), a level of activation that was comparable

to published results[89]. In contrast, transfection with a GPI-anchored RGMB

construct lacking the N-terminal domain (RGMB∆ND) had no effect (n=40,

P=0.0509) on the BMP-induced response (Fig. 4.17c). This confirmed that

the RGM N-terminal domain is necessary for RGM-mediated activation of BMP

signalling, in agreement with structural and SPR analysis.

Next, the effects of soluble proteins (lacking the membrane attachment sites) were

investigated in the same luciferase reporter assay (Fig. 4.17d). In this experi-

ment, stimulation with 6 nM purified BMP2 increased BRE-luciferase activity by

∼10-fold (n=72, P<0.0001) over the control (n=37) (Fig. 4.17d). As expected,

transfection with GPI-anchored RGMB further enhanced BMP signalling, here

by ∼1.4-fold (n=24, P<0.0001). When cells were transfected with a plasmid for

the expression of soluble eBMPR1A, BRE-luciferase activity decreased to ∼75

% (n=22, P<0.0001), most likely because soluble eBMPR1A bound to available

BMP2 ligands, preventing binding to endogenous type I receptors, and inhibit-
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ing signalling. In contrast, transfection with plasmids for the expression of either

soluble eRGMB or RGMBND had no effect on the BMP2-induced BRE-luciferase

activity (n=22, P=0.8606; n=24, P=0.992 respectively) (Fig. 4.17d). This de-

viated from previous studies where a soluble RGMB-Fc fusion construct was

shown to inhibit BMP signalling[89]. Therefore, to further validate this obser-

vation, similar luciferase assays were performed but using purified eBMPR1A

or eRGMB proteins, which were added directly to either LLC-PK1 or C2C12

cells (Fig. 4.18). The EC50 value for BMP2 stimulation of the LLC-PK1 cells

was ∼14 nM (Fig. 4.18a), therefore, the luciferase assays were performed using

three different BMP2 concentrations (6 nM, 10 nM and 25 nM) to span this

value. A dilution series of eBMPR1A and eRGMB, ranging from 100 times the

concentration of BMP2 down to approximately half the BMP2 concentration

was used. This experimental design tested whether the observed effects were

consistent across different cell lines and BMP2, eBMPR1A and eRGMB concen-

trations. Again, using these experimental setups, we observed inhibition of BMP

signalling by eBMPR1A, whereas eRGMB did not inhibit BMP2 signalling in ei-

ther cell type, even at concentrations of 2.5 µM, which is three times the Kd for

the eRGMB-BMP2 interaction (Fig. 4.18b-d). In summary, soluble eBMPR1A

acts as a “ligand-trap”, competing with endogenous BMP type I receptors and

inhibiting signalling, as expected. Surprisingly however, soluble eRGMB did not

inhibit BMP signalling, despite eBMPR1A and eRGMB exhibiting similar bind-

ing affinities for the BMP2 ligand and competing for BMP2 binding in solution.
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Figure 4.18: Analysis of the effects of eBMPR1A and eRGMB on
BRE-Luc SMAD-mediated BMP2 response. (a) LLC-PK1 cells were stim-
ulated with a range of BMP2 (1.5, 3, 6, 12, 24, 48 nM) concentrations. Graph
shows a plot of Log10[BMP2] against the relative luciferase response (R.U. =
response units). The calculated (GraphPad Prism) EC50 value is shown and is
indicated by a dotted red line. The R2 value indicates the fit between the model
(black curve) and the data points. Data are from two independent experiments.
Error bars are s.e.m., n = 6-8 in each group, where n = cell cultures. (b-d)
LLC-PK1 cells (b, c) or C2C12 cells (d) were stimulated with either buffer con-
trol or different concentrations of BMP2: 25 nM (b), 6 nM BMP2 (c); or 10 nM
BMP2 (d). BMP2 was pre-incubated with 0.4, 1.6, 6.3, 25 or 100 X molar excess
of eBMPR1A or eRGMB. Average BRE-Luc relative response was calculated for
each condition from two independent experiments. For (b): “Control” n = 4,
“+25 nM BMP2” n = 12, all others n = 8. For (c): “Control” and “+ 6 nM
BMP2” n = 33, all eBMPR1A n = 41, all eRGMB n = 32. For (d): “Control”
n = 6, “+10 nM BMP2” n = 18, all others n = 12. Where n = cell cultures.
Error bars are s.e.m., dotted line indicates average increase in relative luciferase
response induced by the respective BMP2 concentration in each case.
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4.3.9 Investigating internalisation of the BMP ligand

These structural and biophysical data implied a potential model for RGM-

activation of BMP signalling that is linked to endocytosis of the BMP ligand.

The internalisation of the BMP2 ligand has previously been observed in fixed

HeLa cells using BMP2 conjugated to the fluorescent dye Dylight633, which

was prepared using an NHS-activated Dylight633 amine-reactive dye protein la-

belling kit from Thermo Scientific[183]. Therefore, towards testing the effects of

RGMs on the rate of BMP2 endocytosis in live cells this labelling procedure was

replicated here. However, poor yields of fluorescently conjugated BMP2 were

initially obtained following the manufacturer’s guidelines and therefore the la-

belling protocol was optimised. The labelling reaction between the NHS ester

moiety on the Dylight633 dye and the free primary amines on BMP2 is most

efficient at pH 8.5; however, refolded BMP2 is stored in a pH 4.0 buffer and

precipitation is observed at higher pH values. Therefore, BMP2 was mixed in

a 1:1 ratio with RGMBND, which stabilised the BMP2, allowing the pH to be

increased to pH 8.5 using the sodium borate labelling buffer supplied with the

kit. Following this, the protein complex was labelled with Dylight633 according

to the manufacturer’s guidelines (see Materials and Methods 2.11.8) and then

dialysed against a buffer containing 4 M Urea, 100 mM Tris-HCl, pH 6.0, 5 mM

EDTA resulting in the dissociation of the BMP2-RGMBND complex and allowing

the separation of the two Dylight633-conjugated proteins by SEC (Fig. 4.19a).

Labelled fractions were identified by their blue colour and the identities of SEC

peaks were determined by comparing the reducing and non-reducing SDS-PAGE

analysis (Fig. 4.19b). The Dylight633-labelled BMP2 dimer was found to be

active in a BRE-Luc luciferase reporter assay (Fig. 4.19c).

In order to monitor the rate of internalisation of BMP2-Dylight633, C2C12 cells

were transfected with a plasmid encoding Rab5a-mCherry, an established marker
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of the early endosome. The rate of co-localisation of BMP2-Dylight633 and

Rab5a-mCherry would give an indication of the rate of endocytosis of the lig-

and. A time-course of images was recorded of live C2C12 cells transfected with

Rab5a-mCherry after the addition of BMP2-Dylight633 (Fig. 4.19d). How-

ever, initial tests revealed several problems; first, it was difficult to resolve single

Rab5a-mCherry labelled endosomes, making it difficult to quantitatively analyse

co-localisation with the BMP2-Dylight633 (Fig. 4.19d). In addition, the emis-

sion spectra of the mCherry and Dylight633 fluorophores exhibit a great deal of

overlap, resulting in bleed-through of the mCherry signal into the Dylight633 de-

tector, which made it difficult to unambiguously determine internalised points as

BMP2. Finally, the BMP2-Dylight633 conjugate seemed to be very sticky caus-

ing it to adhere to the coverslip on which the cells were growing (Fig. 4.19d).

Even at very low concentrations of BMP2-Dylight633 a lot of background and

some protein aggregation was observed, which again made it difficult to observe

internalisation. Unfortunately, due to these limitations useable data quantifying

internalisation of the fluorescently labelled BMP2 ligand could not be obtained.
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Figure 4.19: Preliminary investigation of BMP2-Dylight633 inter-
nalisation. (a) SEC separation of labelled BMP2-Dylight633 (peak 1) from
RGMBND-Dylight633 (peak 2). (b) Reducing (R) and non-reducing (NR) SDS-
PAGE analysis of SEC peaks 1 and 2. Peak 1 was identified as BMP2-Dylight633
due to visualisation of the monomer and dimer. (c) BRE-Luc BMP2 luciferase
response assay over a range of added volumes (2.5-40 µl) of BMP2-Dylight633.
Data from two independent experiments, n = 4 cell cultures for each volume,
error bars are s.e.m.. (d) A time course (over 30 min) of fluorescence microscopy
images of Rab5a-mCherry (green) transfected C2C12 cells following addition of
BMP2-Dylight633 (red). Four different channels are shown: Rab5a-GFP (top,
left), BMP2-Dylight633 (top, right), merge (bottom, left) and merge + trans-
mitted light (bottom, right). Potential sites of BMP2-Dylight633 internalisation
are indicated in the last image by white circles (top right panel).
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4.3.10 Tracking the subcellular localisation of BMP-receptor

complexes

Given the difficulties encountered in tracking the internalisation of the BMP2 lig-

and, an alternative approach analysing the subcellular location of the formation

of BMP type I and type II receptor complexes was investigated. Endocytosis

of the BMP ligand implies that active BMP signalling complexes will form pri-

marily in the endosomal compartments, this hypothesis was tested by analysing

the spatial localisation of receptor-receptor FRET in live cells after addition

of BMP2 ligand. Towards this, several constructs of BMPR1A and BMPR2

labelled C-terminally, through a flexible linker, with mVenus or mTFP, a well-

establish FRET pair, were generated. Two constructs of BMPR2 were cloned,

a truncated form (BMPR2t) containing only the receptor kinase domain and a

full-length form (BMPR2), which also included the 500 amino acid uncharac-

terised C-terminal region (Fig. 4.20a). The expression of the different BMPR1A

and BMPR2 constructs was screened in C2C12 and HEK293T cells using both

PEI and Lipofectamine R© 2000 as transfection reagents (Fig. 4.20b). Eventually,

BMPR1A-mVenus, BMPR2-mTFP and BMPR2t-mTFP were chosen for subse-

quent FRET-FLIM experiments in COS7 cells using Lipofectamine R© 2000 as a

transfection reagent due to slightly enhanced transfection efficiency.
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Figure 4.20: Optimisation of fluorescently tagged BMP-receptor trans-
fection. (a) Schematics of the fluorescently tagged BMP receptor constructs
BMPR1A, BMPR2t (truncated) and BMPR2 (full-length). BMPR1A is shown
in green, the ectodomain and kinase domain (KD) of BMPR2 are shown in
purple. The C-terminal of BMPR2 (BMPR2CD) is shown in white. TM =
transmembrane helix; 3C = 3C protease linker. The fluorophores mTFP (cyan)
and mVenus (yellow) are attached via a linker to the receptors C-termini.
(b) Expression tests of BMPR1A-mVenus/mTFP, BMPR2-mVenus/mTFP and
BMPR2t-mVenus/mTFP in C2C12 and HEK293T cells using either PEI or
Lipofectamine R© 2000 transfection reagents. Representative fluorescence mi-
croscopy images are shown.
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In an initial FRET-FLIM experiment, COS7 cells were transfected with BMPR2-

mTFP, BMPR2t-mTFP, BMPR2-mTFP/BMPR1A-mVenus or BMPR2t-mTFP/

BMPR1A-mVenus and the average donor (mTFP) fluorescence lifetime was mea-

sured before and after addition of BMP2 (Fig. 4.21). A decrease in donor lifetime

correlates with FRET between the mTFP and mVenus fluorophores, which in-

dicates complex formation between the two receptors. For BMPR2-mTFP (n

= 15) and BMPR2t-mTFP (n = 15) alone, the average lifetimes were similar,

2.50 ns and 2.54 ns respectively. The average lifetime for cells transfected with

BMPR2-mTFP and BMPR1A-mVenus (n = 9) decreased slightly to 2.44 ns (P

= 0.5828), but upon addition of BMP2 the average lifetime showed a significant

decrease (n = 15, P < 0.0001) to 2.16 ns, demonstrating that the ligand induced

the formation of receptor-receptor complexes (Fig. 4.21). For cells transfected

with both BMPR2t-mTFP and BMPR1A-mVenus (n = 7) the average lifetime

was 2.30 ns, which was a significant reduction from that for BMPR2t-mTFP

alone (P < 0.0001). Following the addition of BMP2 (n = 8) there was then

only a small further reduction in lifetime to 2.20 ns, which was not significant

(P = 0.4944) (Fig. 4.21). From this analysis BMPR2-mTFP was selected for

subsequent FRET-FLIM experiments. The decrease in fluorescence donor life-

time in BMPR2t-mTFP/BMPR1A-mVenus co-transfected cells was much larger

than that for BMPR2-mTFP/BMPR1A-mVenus and this prevented the obser-

vation of a significant decrease upon BMP2 addition. This is probably due to

the longer cytoplasmic domain of the full-length receptor increasing the distance

between the mVenus and mTFP fluorophores such that only when the receptors

are tightly associated in ligand-induced dimers are the two fluorophores close

enough for FRET to occur. Since the location of BMP-induced receptor com-

plexes was the focus of this study BMPR2t-mTFP was not useful in further

experiments. Interestingly, this analysis confirms the existence of pre-formed

BMP receptor complexes that are thought to be important in regulating BMP

signalling[186, 187].

198



CHAPTER 4. RGM-ACTIVATED BMP SIGNALLING

Figure 4.21: BMPR2 is most suitable for FRET FLIM experiments.
Box plot showing average donor lifetimes (ns) recorded in FRET FLIM experi-
ments of cells transfected with the indicated fluorescently-tagged BMP receptor
constructs and with or without addition of BMP2. The boxes indicate the 25th

to the 75th percentiles; the median is indicated by a line within the box; the
whiskers mark the 10th and 90th percentiles; points outside of these limits are
shown as red dots. Data are from one independent experiment (n = 15, 5, 8, 15,
9, 15 left to right); **** P < 0.0001, ns = 0.4944 (BMPR2t), 0.5828 (BMPR2)
by one-way ANOVA with Tukey multiple comparison test.

To determine the subcellular localisation of BMP2-induced BMP receptor com-

plexes, COS7 cells were transfected with either BMPR2-mTFP alone or both

BMPR1A-mVenus and BMPR2-mTFP. Subsequently, live-cell quantitative FRET

analysis using fast acquisition time domain FLIM[277] was performed before and

after addition of BMP2 (Fig. 4.22). This technique requires shorter acquisition

times and therefore yields a high spatial resolution of FRET events within living

cells. Using this technique, pixel-by-pixel measurements of the donor (mTFP)

lifetime and the minimal fraction of donor molecules undergoing FRET (f(D))

were obtained (Fig. 4.22a). The addition of BMP2 did not affect the average

donor lifetime in cells transfected with BMPR2-mTFP alone (Fig. 4.22a,b). In
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some cases clustering of BMPR2-mTFP within the cell was observed in the in-

tensity images after the addition of BMP2, which could potentially be due to

internalisation of the receptor in the presence of the ligand.

Cells transfected with both BMPR1A-mVenus and BMPR2-mTFP showed a

slight decrease in the average lifetime (Fig. 4.22b). The pixel-by-pixel analysis

showed that this interaction seemed to occur in a diffuse pattern across the cell

membrane (Fig. 4.22a). In contrast, after addition of BMP2, a marked decrease

in the average donor lifetime was observed (Fig. 4.22b). The pixel-by-pixel

analysis showed an increased clustering of BMPR2-mTFP in a punctate pattern

within the cell, and these puncta correlated with a decreased donor lifetime and

higher f(D) values (Fig. 4.22a). It is tempting to speculate that this shows that

upon addition of ligand there is an increase in receptor-receptor FRET specifi-

cally within the endosomes. However, due to the lack of an endosomal marker

protein it is not certain that these puncta represent endosomes. Furthermore,

these data proved difficult to replicate and it was not possible to observe enough

cells to generate robust statistics for analysis of the average fluorescence life-

times. The difficulties ranged from finding BMP-responsive cells (i.e. cells in

which we observed a decrease in lifetime upon addition of ligand), to laser dam-

age that affected cell morphology, to difficulties optimising the ratio between

BMPR1A-mVenus and BMPR2-mTFP.
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Figure 4.22: Spatial analysis of BMP receptor FRET-FLIM data. (a)
Images of representative cells transfected with the indicated fluorescently-labelled
BMP receptors +/- BMP2. BMPR2-mTFP intensity images (left column), pixel-
by-pixel analysis of donor lifetime (from 2.7 ns, blue to 2.0 ns, red) (middle
column) and the fraction of interacting donor (fD) (from 0 %, blue to 100 %,
red) (right column) are shown (Symphotime, ImageJ)[277]. (b) Box plot of
mean cell donor lifetime (ns) for each condition. Boxes indicate the 25th to the
75th percentiles and the central line indicates the median. Data are from one
independent experiment (n = 5, 5, 6, 5 left to right), full statistics could not be
calculated for the data as not enough replicates were performed.
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4.3.11 Time-resolved analysis of BMP receptor FRET

Following on from the spatial analysis of BMP receptor FRET, in order to ex-

amine the effects of RGM on the localisation and rate of formation of active

BMP-induced receptor complexes, further FRET-FLIM experiments were per-

formed. COS7 cells were co-transfected with BMPR1A-mVenus/BMPR2-mTFP

or BMPR1A-mVenus/BMPR2-mTFP/RGMB (GPI-anchored). Several FRET-

FLIM acquisitions were performed over a time-course spanning the addition

of BMP2, and the pixel-by-pixel lifetime of BMPR2-mTFP was recorded (Fig.

4.23a). For each cell within the field of view, histograms from each time point

were assembled reporting the average donor lifetime for each pixel within the cell

(Fig. 4.23b). A graph of the mean donor lifetime for each cell at each time point

was plotted, which showed changes in the donor lifetime in response to the ad-

dition of BMP2, in the presence and absence of RGMB (Fig. 4.23c). The mean

lifetime was recorded several times prior to the addition of BMP2 to demonstrate

that the donor lifetime was stable and not affected by other variables such as

laser damage. A marked decrease in the average donor lifetime was observed

upon addition of BMP2, but this did not seem to be significantly different in

cells also expressing RGMB (Fig. 4.23c). However, during this analysis it was

found that not all cells were BMP-responsive (i.e. did not show a decrease in

average donor lifetime in response to BMP2), and those that were showed great

disparity in the donor lifetimes recorded (Fig. 4.23a,b). For example, represen-

tative histograms show that the initial donor lifetime before addition of ligand

varied markedly between cells, and both the magnitude and rate of the reduc-

tion in lifetime following addition of BMP2 was also diverse (Fig. 4.23b). The

result of this natural variation in the BMP-responsiveness of cells resulted in a

large standard deviation of the lifetime values at each time point. Consequently,

a significant difference between RGMB-transfected and control-transfected cells

could not be recorded. Unfortunately, it was therefore not possible to collect any
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statistically robust microscopy data in support of the endocytosis-linked model,

however, this work is in its early stages and with further optimisation these

experimental setups have the potential to yield insights into the mechanism of

RGM-activated BMP signalling.

203



CHAPTER 4. RGM-ACTIVATED BMP SIGNALLING

Figure 4.23: An illustration of the difficulties associated with the
FRET-FLIM experiments. (a) Images of COS7 cells transfected with
BMPR2-mTFP and BMPR1A-mVenus taken from three independent time
courses during which BMP2 was added (indicated by a dotted line). FRET-
FLIM data were acquired at each time point. BMPR2-mTFP intensity images
(second row) and the corresponding fluorescence donor lifetime pixel-by-pixel
analysis, artificially coloured (from 2.8 ns, blue to 2.0 ns, red) heat-map images
are shown (first row). (b) Histograms of pixel-by-pixel lifetimes from three dif-
ferent cells over a time course, t = -1 (blue curves), t = 0 (green curves), t =
1 (orange curves) and t = 2 (red curves); t = times point where t = 0 corre-
sponds to the FLIM acquisition immediately after BMP2 addition. (c) A plot
of average fluorescence donor lifetime over time for cells transfected with either
BMPR2-mTFP (R2) + BMPR1A-mVenus (R1) (data shown in grey; n = 1, 1,
1, 10, 13, 13, 13, 1; where n is number of cells analysed at each time point) or
R2 + R1 + RGMB (data shown in black; n = 0, 0, 0, 9, 16, 16, 16, 2). The time
point at which BMP2 was added is indicated. Error bars are s.e.m. and data
are from three independent experiments.

4.4 Discussion

4.4.1 An analysis of RGM interactions

A thorough analysis of the interactions between different constructs of all three

RGM family members with both BMP2 and the BMP receptors was carried out

(Fig. 4.13 and 4.15). Interestingly the fit of the equilibrium binding data in all

of the SPR analysis involving the full-length RGM proteins showed a biphasic

curve progression, indicating underlying additional non-specific binding. This

led to the use of a“total binding model” for data fitting, which accounts for a 1:1

binding taking into account additional non-specific interactions. A comparison

of the fits for the total and specific binding models to the eRGMC-BMP2 SPR

equilibrium binding data justified the use of a model that incorporated non-

specific interactions (Fig. 4.12a). The use of this model was further validated

by kinetic analysis of SPR binding data for the interactions of RGMBND and

eRGMB with BMP2 (Fig. 4.12b,c). Whilst a good fit was obtained for the

RGMBND data (Res. sd = 2.456), the 1:1 Langmuir binding model did not fit the
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eRGMB data (Res. sd = 21.321). This highlights the extent of the non-specific

binding between eRGMB and BMP2, which could potentially be attributed to

the middle domain of RGM where, opposite the NEO1-binding face (Fig. 3.2),

there is a large cluster of hydrophobic residues that might be responsible for the

sticky behaviour of the protein. One can speculate that in vivo this portion of

the protein might be blocked, perhaps by another binding partner.

The binding affinities calculated from the SPR analyses were between 50 to

100-fold lower than some published studies of RGM interactions with BMP

ligands[302]. For example for eRGMB binding to BMP2 our SPR analysis yielded

a Kd of 400 nM whereas some published values are around 5-10 nM. The reason

why the binding affinities from this work are so different to the published val-

ues is not clear, however, all RGM proteins used in this work were produced in

a well-established mammalian expression system[200] resulting in high-quality

monodisperse proteins with a purity of >95 % (Fig. 4.3c). Furthermore, the

BMP2 was produced using an established refolding protocol[206] and purified

to >95 % dimeric species, and was shown to be highly active in luciferase and

SMAD-phosphorylation assays (Fig. 4.5). Moreover, it is worth noting that

the affinities measured for the eRGMC-BMP2 interaction are similar to those

reported in another study from the Bjorkman laboratory[280]. They report an

affinity of Kd = 140 nM for this interaction, which is similar to the value ob-

tained in this work for the eRGMC-BMP2 binding analysis using a 1:1 Langmuir

binding model (Fig. 4.12a). Interestingly the SPR binding data for the eRGMC-

BMP2 interaction from the Bjorkman laboratory shows a similar biphasic curve

progression to that shown here.

An analysis of the RGMBND-BMP2 interaction was also carried out using MALS,

and this showed that the formation of the complex is dependent on pH (Fig.

4.17a). The motivation for this experiment was a result of identifying H106RGMB

as a key RGMB-BMP2 interface residue and hypothesising that protonation of
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this residue might disrupt complex formation. However, a recent paper studying

the interaction energies of different forms of histidine using quantitative quan-

tum chemical calculations showed that the π-π stacking interaction of neutral

histidine with aromatic amino acids (Phe, Tyr, Trp) has an energy in the range

of -3.0 to -4.0 kcal/mol[309]. This interaction is much stronger than Van der

Waals forces, explaining why this π-stacking network was found to be important

for efficient RGM-BMP2 complex formation (Fig. 4.10c and 4.13h,i). This paper

also showed that the π-π stacking interaction energies between protonated his-

tidine and other aromatic amino acids are in the range of -3.6 to -8.3 kcal/mol;

which is much larger than that for neutral histidine[309]. The implication of this

analysis is that protonation of H106RGMB may actually result in tighter binding,

although the specific local environment of His106RGMB within the complex might

alter this conclusion. It is possible that other changes at the RGMB-BMP2 in-

terface or in the overall structure of the RGMB protein cause the pH sensitivity

of the complex. It would be interesting to investigate the precise basis for the

pH dependence of the interaction, perhaps using Nuclear Magnetic Resonance

(NMR) studies to analyse the protonation of residues within RGMBND across

a pH titration. This experiment would be feasible given the small size of the

N-terminal domain of RGMs (approximately 10.5 kDa).

4.4.2 A model for RGM-activated BMP signalling

The RGMND-BMP2 structures presented here have revealed for the first time

the fold of the RGM N-terminal domain and the mode of RGM interaction with

the BMP ligand. These structural data combined with subsequent biophysical

and cellular experiments suggest a potential model for RGM-activated BMP sig-

nalling that is linked to pH-dependence of the RGMB-BMP2 interaction and

the subcellular localisation of the BMP signalling complexes (Fig. 4.24). The
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hypothesis is that in the absence of RGMs BMP signalling will take place primar-

ily from the plasma membrane as previously described. However, when RGM

is present it will compete with endogenous type I receptors on the cell mem-

brane for binding to the BMP ligand. The RGM-BMP complex may recruit

the type II receptor, which, can be accommodated in the architecture of the

crystal structure presented here. Following clathrin-mediated endocytosis of the

RGM-BMP complex and acidification of the endosomal compartment, RGM will

dissociate from BMP, allowing binding of the ligand to an internalised pool of

BMP receptors. From this endosomal platform a higher level of BMP signalling

may be triggered; both through increased proximity to the nucleus, and through

the enhanced availability of downstream effector targets such as SMADs, which

may be anchored to the endosome[184]. This model is largely based on both the

pH-dependence of the RGMB-BMP2 interaction and the contrasting behaviours

of eBMPR1A and eRGMB in BMP luciferase reporter assays. Several exper-

iments designed to test this model in cells using fluorescence microscopy were

performed, including tracking fluorescently labelled BMP ligand and analysing

the location of interaction of the BMP receptors, however due to experimental

difficulties these did not yield conclusive evidence in support of this model.

The experimental data presented in this chapter have shed light on the mode

of action of RGMs in BMP signalling but many interesting questions remain.

For example, can BMP type II receptors bind to the RGM-BMP complex? This

is currently unclear, although ACVR2A can certainly be accommodated in the

architecture of the complex as shown above (Fig. 4.16a). However, whether the

complex RGMB-BMP2-ACVR2A can form in solution has not yet been tested.

This experiment is not trivial because of the low affinity between BMP2 and

ACVR2A ( 35 µM, Fig. 4.15b). If the ACVR2-BMP2-RGMB complex was

able to form, then according to the endocytosis-linked hypothesis, the type II

receptor could be internalised indirectly through its interaction with the BMP
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dimer. It is possible to create variants of BMP2, such as the double mutant

L100K/N102DBMP2, with a high affinity for the Activin type II B receptor

(ACVR2B) (Kd 140 nM)[310] and it may be possible in the future to use these

to test for the formation of an ACVR2B-BMP2-RGMB complex using MALS.

Figure 4.24: Model for RGM-activated BMP signalling. In the ab-
sence of RGMs BMP2 binds to the BMP receptors triggering signalling from the
plasma membrane When RGM is present it binds to BMP2 in the neutral pH
extracellular environment, potentially also recruiting the type II receptor. This
complex is targeted for internalisation and following acidification of the endo-
somal compartments RGM dissociates from BMP2 allowing the ligand to bind
to the internalised pool of BMP receptors. BMP signalling from the endosomal
platform is enhanced compared to that triggered from the membrane.
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Further to this, it is also not clear what the true arrangement of the RGM-BMP

signalling complex would be at the cell membrane in the presence of the BMP

receptors. The structure of the BMP ligand bound to two copies of the type I

receptor and two copies of the type II receptor has been widely regarded to repre-

sent the active signalling complex[298]. However, this has not been investigated

in vivo and it is possible that in the presence of RGM a heterogenous asym-

metric complex might be formed containing a BMP ligand bound to one type I

receptor, one type II receptor and one RGM. However, as RGMs do not appear

to bind directly to the BMP receptors, and in an SPR competition experiment

eRGMB did not enhance but actually competed with binding of the BMPR1A

ectodomain to the BMP ligand, formation of this complex seems unlikely.

The proposed model for RGM-activated BMP signalling involves both endocy-

tosis of the RGM-BMP complex and also endocytosis of the BMP type I and

type II receptors (Fig. 4.24). The cellular localisation and the site of action

of BMP receptors are still not clear. It has been shown that the BMP recep-

tors (type I and II) undergo constitutive clathrin-mediated endocytosis even in

the absence of the BMP ligand, resulting in a potentiation of SMAD-dependent

BMP signalling upon BMP ligand exposure[180]. Additionally, BMPR2 is also

internalised through caveolae and the balance between caveolae- and clathrin-

mediated endocytosis was suggested to modulate the patterns of gene transcrip-

tion initiated by BMP signalling[180, 181]. Therefore, although the BMP re-

ceptors are termed “cell-surface” receptors, the actual proportion of receptor

on the cell surface at any one time may actually be quite low. Fluorescently

tagged forms of the BMP receptors could be used to investigate their subcellular

localisation, however, these would best be expressed under the control of the

endogenous promoter to avoid overexpression artefacts.

An SPR competition experiment demonstrated that RGMB can effectively com-

pete with BMPR1A binding to BMP2 at neutral pH, a 1.7× molar excess of
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BMPR1A was required to compete with RGMB (Fig. 4.16e). It is not known

what the relative expression levels of these two proteins are at the cell surface,

and this will certainly vary depending on the cell-type. Understanding this is

key to establishing whether this competition is physiologically relevant and may

explain why the effects of RGMs often appear to be cell-type specific. It is

not necessarily the case that RGM will sequester all of the BMP2 pool at the

cell-surface but rather that it may divert a significant proportion of the BMP

ligand toward endocytic pathways, resulting in activation of the BMP pathway,

although this remains to be demonstrated.

4.4.3 A cellular approach to analysing BMP signalling

For functional analysis of the RGM-BMP interaction a cell-based assay was used

to measure BMP signalling via a BRE-luciferase reporter[267]. In the presence of

membrane-anchored RGMB, the level of BMP signalling in LLC-PK1 cells stim-

ulated with 6 nM BMP2, was enhanced by approximately 3-fold (Fig. 4.17c),

which is in line with data reported in the literature[83, 89]. In similar assays, solu-

ble eRGMB had neither an activating nor an inhibitory effect on BMP signalling,

unlike eBMPR1A, which acted as a strong inhibitor (Fig. 4.17d and 4.18b-d).

This result is in contrast to data reported in the literature[311, 89], where soluble

RGMB has been shown to attenuate BMP signalling. However, the luciferase

assay analysis of the soluble proteins reported in this thesis was performed by

transfecting plasmids expressing soluble eRGMB and eBMPR1A as well as also

by adding the proteins directly to the cells; in this variant of the experiment two

different cell types, three different concentrations of BMP2 and a wide range of

eRGMB and eBMPR1A concentrations were tested, all yielding similar results

(Fig. 4.18b-d). One potential explanation for the differences observed for the

behaviour of soluble RGMB could be the use of Fc-RGMB fusion proteins[89].
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Not only are Fc fusion proteins dimeric, which will give Fc-RGMB proteins an

artificially high affinity for BMP ligands potentially affecting the results of the

assay, but furthermore, the dimerisation of RGMB may also block the binding of

required protein partners, including, for example, NEO1. It is also worth noting

that the cell lines commonly used in these luciferase assays (including HepG2

and LLC-PK1 cells) express Fc-receptors on their surfaces[312, 313]. These may

well interact with Fc-RGMB fusion proteins and again affect the results of the

luciferase assay. For the assay conducted here, monomeric human RGMB pro-

duced from a mammalian cell expression system with a minimal His6 purification

tag was used (Fig. 4.3c), which may account for why soluble eRGMB did not

appear to inhibit BMP signalling. In the other study that observed inhibition by

soluble RGMB[311], Fc-fusion proteins were not used. However, this study also

found full-length membrane-bound RGMB to be an inhibitor of BMP signalling,

which suggests that both results may have been due to general differences in the

protocol used.

Although the data supporting soluble RGMB acting as an inhibitor of BMP

signalling is not conclusive, there is clear evidence for inhibition by soluble

RGMC[107, 103, 110, 111, 314]. It has been proposed that this might be another

level of blood iron level regulation, particularly as soluble RGMC has been found

in human sera at levels competent to suppress BMP signalling[103, 110, 111].

However, there are some reports contradicting this role for soluble RGMC, for

example injection of anti-RGMC antibodies into rats and monkeys results in a

downregulation of hepcidin expression and an increase in serum iron levels[114];

presumably these antibodies bind to circulating soluble RGMC and these down-

stream effects would not be expected if soluble RGMC was an inhibitor of BMP

signalling. Furthermore, patients with iron-deficiency anaemia have lower cir-

culating levels of soluble RGMC than healthy control patients[112], suggesting

that increasing levels of soluble RGMC is not a physiological response to con-
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trol serum iron levels. It therefore seems that the behaviour of soluble RGM

proteins is possibly cell-type, RGM family member and context specific. The

model for RGM-activated signalling proposed here is therefore probably vastly

oversimplified.

A series of fluorescence microscopy experiments were used to test this proposed

model for RGM-activated BMP signalling, including tracking the internalisation

of the BMP2 ligand and analysing the subcellular localisation of BMP receptor

FRET. However, although the data obtained for the FRET experiments were

promising it proved difficult to reproduce. This was mostly due to vast differences

in the level of BMP responsiveness between the cells analysed (Fig. 4.23). It

would be interesting to combine the FRET measurements with the use of a cell

line containing a stably transfected BMP pathway GFP reporter[315, 316], which

would allow the quantification of the level of activation of the BMP pathway.

Non- or hyper-responsive cells could then be excluded from our analysis and the

correlation between fluorescence lifetime values and BMP pathway activation

could be confirmed. Including a reporter for non-SMAD signalling, activating

expression of a different fluorescent protein, would also allow the ratio of SMAD

versus non-SMAD signalling initiated by BMP2 to be analysed in the presence

and absence of RGMs.

4.4.4 Implications of the RGM-BMP2 complex structure

for JHH

Importantly, the RGMND-BMP2 structures provide a rationale for the molecular

mechanism of JHH-linked mutations in RGMC. JHH is an autosomal-recessive

iron overload disorder that results in cardiomyopathy and diabetes. JHH is

caused by a deficiency in the levels of hepcidin, whereas an excess of hepcidin is

linked to anaemia of inflammation[99, 101]. RGMC-activated BMP signalling is
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crucial for up-regulation of hepcidin expression and control of serum iron level,

and mutations in RGMC are the major cause of JHH[102, 54]. Most of these

mutations are located in the C-terminal domain of RGMC, the region responsible

for NEO1 binding (see chapter 3)[240]. These mutations impair protein secre-

tion in mammalian cells, whereas mutations located in the RGMC N-terminal

domain do not affect secretion[240, 317]. The RGMCND-BMP2 crystal structure

revealed that two of these mutations, G99RRGMC and L101PRGMC are located

directly at the interface with BMP2 and reduce the affinity of the RGMC-BMP2

interaction (Kd 910 nM, 1.5 µM respectively, from 124 nM) (Fig. 4.13j,k). This

not only validates the interface observed in the RGMND-BMP2 structures, but

also suggests that disruption of the BMP6-RGMC interaction is the molecular

mechanism for JHH disease pathology. Taken together, our analysis may provide

a basis for the structure-guided design of novel therapeutics for the treatment of

iron related disorders such as hemochromatosis and anaemia of inflammation.

4.5 Summary

In conclusion, this chapter details the solution of the first structure of the RGM

N-terminal domain in complex with the BMP2 ligand, which has informed a

molecular mechanism of JHH-linked mutations in RGMC. This structural data,

together with biophysical and cellular analyses have allowed a potential mech-

anism for RGM-activated BMP signalling to be proposed. Further work will

be required to test this model, for example demonstrating the involvement of

RGMs in BMP ligand endocytosis and showing that the endosome functions as

a platform for BMP signalling. It will be interesting to see whether all RGM

family members act via the same mechanism or whether the biological context,

including the available protein binding partners, play a large role in directing

how RGMs affect the BMP pathway. However, translocation of the signalling
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machinery through established pathways to place it in close proximity to the

nucleus, and thus downstream effector targets, is a very efficient way of effect-

ing changes in gene expression. This mechanism has been suggested for other

signalling pathways including the closely related TGFβ[179], epidermal growth

factor (EGF)[318], and glial-cell derived neurotrophic factor (GDNF) signalling

pathways[319]. The molecular mechanism of RGM-mediated BMP activation,

based on endocytosis of the entire signalling complex may provide a paradigm

for many “cell-surface” signalling events.
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RGM is a structural bridge

between BMP and NEO1

signalling.
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5.1 Abstract

There are many lines of evidence suggesting that the NEO1 and BMP sig-

nalling pathways are functionally linked, most likely through the actions of

RGMs[199, 190, 191, 197], the most compelling being the iron overload observed

in the livers of NEO1-/- knockout mice[160]. However, a physical demonstra-

tion of RGM acting as a link between these two signalling pathways has not yet

been reported. In this chapter I present a high-resolution crystal structure of

the ternary BMP2-eRGMB-NEO1FN56 complex, together with a thorough inter-

face analysis and SAXS experiments demonstrating the nature of this complex

in solution. In addition, superposition of the ternary complex with the active

signalling conformation of the eRGMB-NEO1FN56 suggests a model by which

RGMs mediate clustering of BMP and NEO1 dimers on the plasma membrane.

This model is further supported by TIRF-dSTORM microscopy experiments,

which demonstrate a time-dependent clustering of fluorescently labelled NEO1

receptors upon addition of BMP2 in the presence of RGMB. Together these data

show that RGM is a structural bridge between NEO1 and BMP signalling, and

inform a clustering mechanism that may be important in the activation of these

signalling pathways.

5.2 Introduction

The best-characterised function of NEO1 is as a receptor for RGMs, mediating

axon guidance functions[141]. RGM binding to the FN5 and FN6 domains of

NEO1 activates downstream signalling through small GTPases of the Rho family,

which triggers actin cytoskeleton rearrangements and subsequent axon growth

cone collapse. As described in Chapter 3, this effect is mediated by the RGM

middle domain, which adopts a tight β-sandwich fold stabilised by an autocat-
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alytic cleavage site, and acts as a molecular staple bringing together and fixing

the orientation of two NEO1 receptors to activate downstream signalling[240].

RGMs also have another function, as described in Chapter 4, as an important

co-receptor for BMP signalling, which is mediated through the binding of the

RGM N-terminal domain directly to the BMP ligand[320]. Recent data have

probed the relationship between NEO1 and BMP signalling and the potential

role of RGM in linking these two pathways.

5.2.1 NEO1 and BMP signalling are physiologically linked

A wealth of recent evidence has shown a physiological link between NEO1 and

BMP signalling. In NEO1-/- knockout mice iron overload in the liver is observed[160],

a similar phenotype to that observed in RGMC-/- and SMAD4-/- conditional

knockouts[106, 104]; demonstrating that NEO1 plays a role in the process of iron

homeostasis, a function usually attributed to RGMC-activated BMP6 signalling[102].

NEO1-deficient mice also show defects in another pathway traditionally thought

to be under the control of BMP signalling, chondrogenesis and endochondral os-

sification; suggesting that NEO1 enhances BMP signalling in chondrocytes[197].

The exact mechanism through which NEO1 enhances BMP signalling is not

understood, however, the interaction appears to involve precise spatial regula-

tion of the signalling components into membrane microdomains. NEO1 appears

to enhance the association of the BMP receptors with particular microdomains

from which BMPs activate downstream SMAD signalling, in a process depen-

dent on RGM[197]. Reciprocally, NEO1 is targeted to lipid rafts in the tips of

axon growth cones, a process that is necessary for growth cone collapse and was

shown to be dependent on both RGM and BMP signalling[198]. The precise

localisation of these signalling molecules appears then to be important for the

interdependence of NEO1 and BMP signalling.

217



CHAPTER 5. RGM BRIDGES BMP AND NEO1 SIGNALLING

The two pathways appear to be linked through the actions of RGMs, although

this is still debated by some groups[321, 192]. For example, in C. elegans, the

up-regulation the Sma/Mab BMP-like pathway requires UNC40, a NEO1 ho-

molog, and DRAG-1, an RGM homolog[199]. Furthermore, in mammalian cells,

disruption of the NEO1-RGM interaction using a NEO1FN56 fragment abolished

NEO1 activation of BMP signalling; similarly, the JHH mutant G99V, which

disrupts the RGM-BMP interaction also prevented enhancement of BMP sig-

nalling by NEO1[191]. This suggests that the interaction of RGMs with both

BMP and NEO1 is required for the crosstalk between the two pathways. In

support of this, the most common JHH-linked RGMC mutation G320V, which

is the only JHH-linked mutation mapped to the middle domain of RGMC that is

secreted, disrupts the RGMC-NEO1 interaction[190]. The corresponding residue

in RGMB was shown to be located close to the RGM-NEO1 site-1 interface,

with the mutation likely to disrupt the interactions within the binding site[240]

(Fig. 5.1). This suggests that uniquely among the JHH-linked RGMC mutations,

the disease-causing mechanism of this mutation is disruption of RGMC-NEO1

binding, suggesting that this interaction is important for RGMC-activated BMP

signalling.
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Figure 5.1: The JHH-linked RGMC G320V mutation is located at
the NEO1 binding site. From [240], Science, reprinted with permission
from AAAS. Cartoon representation of the eRGMB-NEO1FN56 site-1 interface,
NEO1FN5 is shown in red, NEO1FN6 in orange and eRGMB in purple. The site
of the G320V mutation is indicated using a magenta sphere. The right panel
shows a close-up view of the binding interface adjacent to residue G320 (ma-
genta sphere). Disulphide bonds are labelled using Roman numerals, interacting
residues are shown as sticks and labelled, and hydrogen bonds are shown as
dotted yellow lines. Figure adapted from[240].

5.2.2 RGM plausibly forms a physical link between NEO1

and BMP2

Although many studies have found that RGMs are required for the BMP-NEO1

interaction one study found that NEO1 could directly bind to BMP ligands 2, 4, 6

and 7, with a Kd of 25-50 nM, in co-immunoprecipitation and enzyme-linked im-

munosorbent (ELISA) assays[321]. Potentially, NEO1 may bind concomitantly

to BMP and RGM, thereby enhancing their interaction and thus activating BMP

signalling, this remains to be tested. In Chapter 3 and Chapter 4 structural stud-

ies of the RGM proteins including the high resolution crystal structures of the
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RGMB middle domain in complex with the NEO1 FN5 and FN6 domains, and

the N-terminal domains of all RGM family members in complex with BMP2 were

presented (Fig. 5.2). These structural data have suggested that the RGM middle

and N-terminal domains function independently of each other. In the eRGMB-

NEO1FN56 complex, despite the eRGMB crystallisation construct comprising the

full-length ectodomain of the protein, the N-terminal domain was not resolved in

the structure and the N-terminus of the middle domain protruded into a solvent

channel in the crystal[240]. Similarly, in the RGMCND-BMP2 complex the C-

terminus projects away from the RGM triple helix bundle, an orientation that is

fixed by a disulphide bond[320]. Given this, and the nanomolar binding affinities

of both the RGM-NEO1 and RGM-BMP interactions, the two RGM domains

might be able to bind to BMP2 and NEO1 simultaneously, thereby bridging

the signalling pathways. Whether there is any interaction between BMP and

NEO1 in this hypothetical complex remains to be seen. Although RGMs have

been implicated in the interplay between NEO1 and BMP signalling, a physical

demonstration of the existence of this ternary complex is so far lacking.

Figure 5.2: The structures of the RGM-NEO1 and RGM-BMP com-
plexes. Surface representations of (left panel) the RGMBND-BMP2 complex
(described in Chapter 4) and (right panel) the active signalling conformation of
the eRGMB-NEO1FN56 complex[240] (described in Chapter 3). In the left panel
RGMCNDis shown in orange and BMP2 is shown in blue/cyan. In the right panel
NEO1FN5 is shown in red, NEO1FN6 in orange, NEO1FN56 in green and eRGMB
in purple.
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5.2.3 Chapter outline

The work presented in this chapter aims to demonstrate that RGM acts as a phys-

ical bridge between the NEO1 and BMP signalling pathways. The purification,

crystallisation and structure solution of the BMP2-eRGMB-NEO1FN56 ternary

complex is described. An analysis of interfaces in this complex revealed a small

BMP2-NEO1FN56 contact and the role of this was analysed and will be discussed.

SAXS experiments demonstrated that the ternary complex exists in solution and

that the architecture observed in the crystal structure is largely preserved. The

crystal structure suggests a model by which the ternary complex can exist as

clusters on the cell membrane. This was tested using TIRF-dSTORM imaging

in both live and fixed cells using fluorescently tagged full-length NEO1. These

experiments showed that BMP2 induces time-dependent clustering of NEO1 re-

ceptors on the cell membrane, a process that was dependent on RGMB. This

work provides the first demonstration of the existence of a ternary BMP-RGM-

NEO1 complex and also informs a potential model by which, through RGM, the

interplay between NEO1 and BMP could result in enhanced signalling from both

pathways.

5.3 Results

5.3.1 The structure of the BMP2-eRGMB-NEO1FN56 ternary

complex

NEO1FN56 and eRGMB were purified following expression in mammalian cells

using Talon-affinity purification and SEC; and BMP2 was refolded from bac-

terial inclusion bodies, as previously described (Material and Methods section

2.3). The three proteins were then mixed in an estimated 1:1:1 molar ratio and
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the complex was concentrated and purified by SEC (Fig. 5.3a). Three peaks

were observed on the SEC trace and their identities were confirmed by reducing

SDS-PAGE (Fig. 5.3b). Peak III with the lowest molecular mass appeared to

consist primarily of excess eRGMB, which ran as two separate bands (∼30 kDa

and ∼20 kDa) on the reducing gel as expected due to the autocatalytic cleavage

site; Peak II appeared to be excess eRGMB-NEO1FN56 complex and Peak I was

composed of roughly equimolar amounts of NEO1FN56, eRGMB and BMP2 sug-

gesting that these components formed a complex that held together throughout

an SEC experiment. The SEC Peak I fractions were pooled for crystallisation

trials and crystals grew in one condition at room temperature (Fig. 5.3c). This

crystal was tested at DIAMOND, Beamline I03 and diffracted to 3.1 Å, with

relatively large unit cell dimensions (Fig. 5.3d, Table 1). The structure of the

complex was solved by molecular replacement using the eRGMB-NEO1FN56[240]

and RGMBND-BMP2 (Chapter 4.3.2) structures.
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Figure 5.3: Purification and crystallisation of the ternary complex. (a)
SEC purification of the ternary BMP2-eRGMB-NEO1FN56 complex. The three
peaks are labelled I, II and III. (b) SDS-PAGE analysis of the peak fractions
from the ternary complex SEC. The fractions corresponding to each peak (I,
II and III) are labelled. The bands corresponding to NEO1FN56, RGMCCD,
RGMBND and BMP2 are labelled. M = marker, molecular weights given in
kDa. (c) Crystallisation image of the BMP2-eRGMB-NEO1FN56 complex from
the crystallisation plate, imaged via a Veeco visualisation system[211]. Scale
bar indicates 100 µm. (d) Diffraction image of the BMP2-eRGMB-NEO1FN56

complex crystal collected at DIAMOND-I03.

In the complex the disulphide-linked BMP2 dimer binds to two molecules of

eRGMB through the RGMB N-terminal domain in a very similar arrangement

to that observed in the RGMBND-BMP2 complex outlined in Chapter 4 (r.m.s.d.

of 0.799 Å for 328 equivalent Cα positions) (Fig. 5.4). RGMBND is connected to

RGMCCD through a 15-residue linker, which was not resolved in the electron den-

sity map and is therefore presumably flexible and disordered. RGMCCD interacts

with NEO1FN56 through a similar binding mode to that observed for the site-1
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interface in the previously determined eRGMB-NEO1FN56 complex[240] (r.m.s.d.

of 0.511 Å for 368 equivalent Cα positions) (Fig. 5.4). The binding modes from

the two binary complexes are therefore largely conserved in the ternary complex,

however, an additional NEO1FN5-BMP2 interface was also observed (Fig. 5.4 and

Fig. 5.5). In the complex the C-termini of NEO1 and RGMB, which, in vivo,

would be membrane tethered, are oriented in the same direction and the number

of amino acids unresolved in the structure provides enough space between the

C-terminal domains and the hypothetical membrane attachment site to make

the architecture of the complex feasible with respect to the cellular context.
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Figure 5.4: The structure of the BMP2-eRGMB-NEO1FN56 complex.
Reprinted by permission from Macmillan Publishers Ltd: Nature Structural
and Molecular Biology, [320] copyright (2015). Cartoon representation of the
ternary complex, BMP2 is shown in blue and cyan, eRGMB is shown in gold
with RGMBND and RGMCCD labelled and NEO1FN56 is shown in red. The N-
and C-termini of eRGMB and NEO1FN56 are indicated. Linkers not visible in
the electron density are shown as dotted lines and the number of amino acid
residues (aar) are indicated. The orientation of the bottom panel is rotated 90◦

about the x-axis. A schematic representing the location of the membrane as a
phospholipid bilayer (grey) is shown and the predicted protein attachment sites
are indicated.

Four interfaces were identified in the ternary complex and to investigate the na-

ture of these, an interface analysis was performed using the programs SC[322]

from the CCP4 suite and PISA[254]. The program SC reports the shape corre-

lation statistic, Sc, as a measure of the shape complementarity (SC) of the two

surfaces of a protein-protein interface. The software PISA performs a compre-

hensive analysis of the protein-protein interface, determining parameters such
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as the total buried surface area, the solvation free energy gain (∆Gint) and the

number of different types of interactions between residues at the interface. All

of these parameters are collated and an overall complexation significance score

(CSS) is calculated which gives an indication of the importance of the inter-

face for the formation of the complex. These statistics were calculated for each

interface in the ternary complex: BMP2-BMP2, RGMBND-BMP2, RGMCCD-

NEO1FN56 and NEO1FN5-BMP2. The binary BMP2-BMP2, RGMBND-BMP2

and RGMCCD-NEO1FN56 interfaces exhibited high SC and CSS scores combined

with large buried surface areas, as expected for physiological interactions. Inter-

estingly, the BMP2-BMP2 interface achieved a relatively low SC score, perhaps

suggesting a requirement of the disulphide bond for dimer formation. In con-

trast, the buried surface area of the NEO1FN5-BMP2 interface is at least 3-times

smaller than for the other ternary complex interfaces and the SC score for the

binding surface was markedly lower; furthermore, the CSS score implied that

this interface was not significant for complex formation. This analysis suggests

that the NEO1FN5-BMP2 interface might be a crystallisation artefact, implying

that this interaction would not be physiologically relevant.
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Figure 5.5: Interface analysis and comparison of the ternary BMP2-
eRGMB-NEO1FN56 complex to the binary eRGMB-NEO1FN56 and
RGMBND-BMP2 complexes. Reprinted by permission from Macmillan Pub-
lishers Ltd: Nature Structural and Molecular Biology, [320] copyright (2015). (a)
Superposition of the ternary BMP2-eRGMB-NEO1FN56 complex (grey) with the
binary RGMBND-BMP2 (gold and blue/cyan) (PDB ID: 4UI0[320]); r.m.s.d. =
0.799 Å for 328 equivalent Cα positions) and eRGMB-NEO1FN56 (gold and red)
(PDB ID: 4BQ6, site-1 interface[240]; r.m.s.d. = 0.511 Å for 368 equivalent Cα
positions) complexes. (b) Analysis of the four interfaces highlighted in (a). a
= shape complementary calculated from SC[322]; b = total buried surface area
(from PISA[254]); c = solvation free energy gain[254]; d = number of interfacing
residues[254]; e = number of potential interface hydrogen bonds [254]; f = Com-
plexation Significance Score[254]; g = percentage overall protein surface buried
in the interface; h = excluding the intermolecular disulphide bridge.
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To determine whether NEO1FN56 binds to BMP2 and whether this interaction

enhances RGMB binding, SPR equilibrium binding experiments were performed.

No binding of NEO1FN56 directly to BMP2 was detected in this experimental

setup (Fig. 5.6a). Following SEC purification of the eRGMB-NEO1FN56 complex,

the binding affinities of eRGMB alone (Kd = 416 nM) and the eRGMB-NEO1FN56

complex (Kd = 407 nM) to the BMP2 ligand were compared (Fig. 5.6b,c).

The presence of NEO1FN56 in the eRGMB-NEO1FN56 complex did not appear to

significantly increase the affinity of eRGMB for BMP2 binding, suggesting that

the NEO1FN5-BMP2 interface observed in the crystal structure does not function

in vivo to enhance the RGM-BMP interaction. The effect of full-length NEO1 on

BMP signalling was subsequently tested in a BRE-Luc BMP luciferase reporter

assay. LLC-PK1 cells were co-transfected with control plasmid, or plasmids for

the expression of either full-length RGMB or NEO1 and stimulated with 6 nM

BMP2. As expected, RGMB enhanced the BMP2 response by approximately

three-fold (n=16, P<0.0001), however, NEO1 induced a massive increase in BMP

signalling, by approximately ten-fold over the control (n=16, P<0.0001). It

seems clear then that NEO1 has an activating effect on BMP signalling, however,

due to time constraints we were unable to fully investigate this effect.
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Figure 5.6: Probing the role of NEO1 in BMP signalling. (a-c) SPR
equilibrium analysis of BMP2 binding to (a) NEO1FN56, (b) eRGMB and (c)
eRGMB-NEO1FN56. Graphs show a plot of the equilibrium binding response
(R.U. = response units) against concentration of the analytes used (µM). Bind-
ing constants (Kd) are given as the mean ± the standard error of the mean
(n=2 technical repeats) Fits are shown as lines. Sensorgrams are shown as plots
of response (R.U.) against time (s). Binding parameters Kd, Bmax and surface
response units (Bsurface) are indicated below the graphs. (d) BRE-Luc BMP2 lu-
ciferase response assay with co-transfected GPI-anchored RGMB and full-length
NEO1; data are from two independent experiments. Error bars, s.e.m. (n = 16
cell cultures in each group), **** P < 0.0001, * P = 0.0192 by one-way ANOVA
with a Tukey multiple comparison test.
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5.3.2 The solution structure of the BMP2-eRGMB-

NEO1FN56 complex

To investigate the oligomeric arrangement of the BMP2-eRGMB-NEO1FN56 ternary

complex in solution and to compare the complex architecture with that observed

in the crystal structure a series of SAXS experiments were conducted. In prepa-

ration for analysis of the SAXS data, complete models of the individual protein

components were prepared. For all of the complexes missing loops, unresolved

residues at the N- and C-termini and cloning tags were added in an extended

conformation using the program Modeller[263] and one N-linked glycan was built

on each of NEO1FN5 and RGMBND domains. For RGMB, a high resolution crys-

tal structure for the C-terminal domain has still not been obtained; for example,

this domain was not resolved in the previously solved eRGMB-NEO1FN56 com-

plex crystal structure, and therefore, a structural model for this domain was

calculated using the program ROSETTA3.5[262]. The secondary structure of

this domain was predicted to be α-helical with one disulphide bond between

C358 and C372, and so the model was constrained within these parameters. The

lowest energy solution that also demonstrated a compact three-helix structure

and a hydrophobic core was selected (Fig. 5.7b,c, right panels).

Initially, SAXS analysis was conducted for each of the individual components

and the binary complexes. Towards this, NEO1FN56, eRGMB, RGMBND-BMP2

and eRGMB-NEO1FN56 were SEC-purified and SAXS data were collected at the

ESRF beamline BM29 for each sample over a range of concentrations to test for

concentration-dependent aggregation. Final scattering curves were generated by

merging the low angle part of the best low concentration dataset and the high

angle part of the best high concentration dataset for each sample; corresponding

to data collected at the following concentrations: NEO1FN56: 1.06 and 4.94

mg/ml; eRGMB: 0.96 and 5.48 mg/ml; eRGMB-NEO1FN56: 0.51 and 1.01 mg/ml
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(Fig. 5.7, top left panels, black curves). These scattering curves were used to

derive the pair-distribution function P(r), and the Guinier region (Fig. 5.7, black

curves). This analysis allowed several important parameters describing the shape

and size of the scattering particles in the sample to be derived.

From the pair distribution function P(r), the maximum linear dimension of the

scattering particle (Dmax) was calculated. The radius of gyration (Rg) and the

point at which the scattering curve intersects the y-axis (I(0)) were determined

using the Guinier plot. In all cases a small concentration-dependent aggregation

effect was observed for the high concentration samples (as indicated by a lack

of linearity in the Guinier region) (data not shown). However, due to recent

advances in SAXS beam-line technology, even the datasets recorded for sam-

ples with concentrations lower than 1 mg/ml were of high quality with good

signal-to-noise levels. For these low concentration samples a linear plot of the

Guinier region was obtained, indicative of a homogenous, monodisperse sample

lacking long-range interactions in solution, which allowed accurate determination

of I(0) and Rg. Interestingly, the data collected for the RGMBND-BMP2 complex

showed high levels of aggregation, most likely due to the BMP2 ligand which has

been well characterised as a sticky protein at neutral pH, and this made analysis

of the data for this complex impossible (data not shown).

In addition, a reference-free assessment of the molecular weight of the scattering

particle was calculated for each sample using the volume of correlation (Vc) met-

ric. These determined masses compared well to the expected molecular weights.

The experimental molecular weight measurement for NEO1FN56 was 24.0 kDa,

which was very similar to the calculated mass of glycosylated NEO1FN56 (25.54

kDa) (Fig. 5.7a); the measurement for eRGMB was 47.2 kDa which again com-

pared favourably to the calculated mass of 42.76 kDa (Fig. 5.7b); and the value

for the eRGMB-NEO1FN56 complex was 68.3 kDa, which was in good agreement

with the calculated molecular weight for this complex (68.3 kDa) (Fig. 5.7c).

231



CHAPTER 5. RGM BRIDGES BMP AND NEO1 SIGNALLING

This analysis of the molecular weights of the scattering particles confirmed the

expected solution stoichiometry of each protein as monomeric and the eRGMB-

NEO1FN56 complex as 1:1.

To analyse the domain conformations sampled by each structure in solution,

given the structural models based on the crystal structures of each protein or

protein complex, a previously described minimal ensemble search approach[266,

259] was utilised. In this method a coarse-grained molecular dynamics simula-

tion was performed using each model protein structure, as implemented in the

AllosMod[264] program, and a large pool of models was generated representing

snapshots from throughout the simulation, capturing the domain movements.

The program FoXS[265] was used to calculate theoretical scattering curves for

each model and the program MES[266, 259] was used to select the minimal en-

semble of models that most accurately fits the experimental data. This approach

attempts to limit overfitting as much as possible. The fit of the calculated scatter-

ing curve (Fig. 5.7, red curves) for this ensemble of models was assessed through

a plot of the residuals across the scattering range and a χ2 value describing the

overall goodness of fit.
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Figure 5.7: SAXS analysis of NEO1FN56, eRGMB and the eRGMB-
NEO1FN56 complex. SAXS analysis of (a) NEO1FN56, (b) eRGMB and
(c) eRGMB-NEO1FN56 after isolation by SEC. Experimental scattering curves
(black) and calculated scattering patterns (red) are shown to a maximal mo-
mentum transfer of q = 0.35 Å-1 in the upper left panels. The fitting residu-
als of the experimental scattering curves and calculated scattering patterns are
displayed. The experimental (black) and calculated (red) normalised pair distri-
bution (P(r)) functions, yielding the maximum intra-particle diameter (Dmax);
and the experimental (black) and calculated (red) Guinier regions, yielding the
radius of gyration (Rg), and the molecular weight derived from the volume of
correlation metric Vc (MWVc) are shown. The shaded area indicates the range
of fitting for Rg analysis (RG•S ≤ 1.3). The fit of the calculated scattering
patterns (χ2) are annotated. The models and their fractional contribution to
the scattering pattern fit are displayed in cartoon representation. NEO1FN56 is
red, eRGMB is gold, black arrows indicate modelled linkers, a black dotted circle
highlights the model for the RGMB C-terminal domain.

For NEO1FN56, one model could accurately describe the experimental scattering

data (χ2 = 1.0) (Fig. 5.7a). Similarly for eRGMB, one model was sufficient

to accurately describe the experimental scattering data (χ2 = 1.0), suggesting

that the ab initio model constructed for the C-terminal domain was a reason-

able assumption for this structure (Fig. 5.7b). The scattering data for the

eRGMB-NEO1FN56 complex required an ensemble of three models for accurate

curve fitting (χ2 = 1.2), and an analysis of these models suggests that there is

flexibility in the eRGMB linker regions in this complex (Fig. 5.7c). Overall these

SAXS data allowed the stoichiometry of the sub-complexes and individual pro-

tein components to be confirmed, and allowed complex formation to be followed

demonstrating that the molecular weight of the complex was consistent with the

sum of the individual masses. Furthermore, this analysis validated the structural

models produced for the individual protein components and confirmed the effec-

tiveness of the minimal ensemble search method for analysing the solution states

of these proteins and their complexes. This initial analysis laid the foundation

for the SAXS analysis of the ternary BMP2-eRGMB-NEO1FN56 complex.

The ternary BMP2-eRGMB-NEO1FN56 complex was SEC-purified and SAXS
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data were collected at the ESRF beamline BM29 at two concentrations: 0.68 and

1.14 mg/ml. Once again some aggregation was observed for the high concentra-

tion sample but this was markedly decreased in the low concentration sample.

The final plot of the Guinier region for this sample at 0.68 mg/ml was linear,

indicating a monodisperse sample with few long-range solution interactions. It is

likely that in the ternary complex, surrounded by binding partners the stickiness

of the BMP2 ligand is greatly reduced compared to the BMP2-RGMBND complex

where large portions of the ligand remain exposed, and this allowed good qual-

ity data for the ternary complex to be collected. The experimental estimate of

the molecular weight for the BMP2-eRGMB-NEO1FN56 complex was 168.0 kDa,

which is in good agreement with the calculated molecular weight for this com-

plex of 162.4 kDa. This analysis suggests that the solution stoichiometry of the

ternary complex is 2:2:2, which replicates that observed in the crystal structure.

Regarding the arrangement of the ternary complex in solution, a comparison of

the theoretical scattering curve for the crystal structure and the experimental

scattering curve revealed that the fit was very poor (χ2 = 28.1) (Fig. 5.8a).

However, incorporating the complete models for each protein, including missing

loops, termini, sugars and the eRGMB C-terminal domain model; and following

implementation of the minimal ensemble search protocol as described above, the

experimental scattering curve could be accurately described by two models of

the ternary complex (χ2 = 1.9) (Fig. 5.8b). The models of the ternary complex

that fit the scattering data show marked similarity to the crystal structure, with

the overall architecture largely conserved, although there is relative movement of

the individual domains that appears to be primarily mediated through the flex-

ible linkers connecting RGMBND and RGMCCD (Fig. 5.8). The BMP2-BMP2,

eRGMB-NEO1FN56 and RGMBND-BMP2 interfaces seem to be preserved in so-

lution, however, one copy of the NEO1FN5 domain dissociated from the BMP2

dimer over the course of the molecular dynamics simulation (indicated by an

arrow in Fig. 5.8b). This supports the conclusion derived from the interface
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analysis that the NEO1FN5-BMP2 interface is not significant and is likely not to

be physiologically important.

Figure 5.8: SAXS analysis of the BMP2-eRGMB-NEO1FN56 complex.
(a) Fitting of the calculated scattering pattern of the BMP2-eRGMB-NEO1FN56

crystal structure (red) to the experimental scattering data (black) (left panel).
The goodness of fit (χ2) is indicated. Cartoon representation of the crystal
structure (right panel). NEO1FN56 is red, eRGMB is gold, BMP2 is blue/cyan.
(b) Fitting of minimal ensemble models of BMP2-eRGMB-NEO1FN56 to the
SAXS data. The experimental (black) and calculated (red) scattering curves are
shown to a maximal momentum transfer of q = 0.35 Å-1 and the fitting residuals
are displayed below. The experimental (black) and calculated (red) normalised
pair distribution (P(r)) function (lower left panel) and Guinier region (lower
right panel) are displayed. The shaded area indicates the range of fitting for Rg

analysis (RG•S ≤ 1.3). The goodness of fit (χ2), derived maximum intra-particle
diameter (Dmax), radius of gyration (Rg), and molecular weight derived from the
volume of correlation metric Vc (MWVc) are annotated. The models, and their
fractional contribution to fitting the scattering data, are displayed in cartoon
representation, colouring as in (a). Black dotted circle highlights the RGMB
C-terminal domain model and an arrow indicates dissociation of NEO1FN5 from
BMP2.
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5.3.3 BMP2 mediates clustering of NEO1 on the cell

membrane

The SAXS data demonstrated that the BMP2-eRGMB-NEO1FN56 ternary com-

plex adopts a 2:2:2 stoichiometry in solution with an architecture similar to that

observed in the crystal structure; however, the function of this complex in vivo

is not yet clear. An analysis of the crystal structures intriguingly showed that

the architecture of the ternary complex facilitates the incorporation of the previ-

ously determined structure of the active eRGMB-NEO1FN56 signalling hub (Fig.

5.9). A superposition of these two complexes results in two copies of the 2:2 stoi-

chiometry eRGMB-NEO1FN56 complex linked by the BMP2 dimer. This binding

mode can be further amplified, demonstrating how BMP2 could potentially link

together RGM-NEO1 complexes in rafts along the cell membrane (Fig. 5.9).
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Figure 5.9: A model of RGM-mediated clustering based on crystal-
structure analysis. Reprinted by permission from Macmillan Publishers Ltd:
Nature Structural and Molecular Biology, [320] copyright (2015). Superposition
of the ternary BMP2-eRGMB-NEO1FN56 and the active signalling conforma-
tion of the eRGMB-NEO1FN56 complex (PDB ID: 4BQ6[240]) using NEO1FN56

(marked with an asterisk) as the template. Amplification of this arrangement
results in a continuous array in which RGMB bridges the dimers of BMP2 and
NEO1. The C-termini of NEO1 and RGMB are marked by black dots; the
membrane is indicated by a cartoon phospholipid bilayer (grey).
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TIRF-dSTORM imaging was then used to test this clustering model; this tech-

nique allows the x-y localisation of single fluorescent molecules, specifically within

the cell membrane, to be recorded to a precision of around 30 nm. Towards this,

COS7 cells were co-transfected with GPI-anchored RGMB and full-length NEO1

fused C-terminally to an mVenus fluorescent tag. By imaging using a fluorescence

microscope in TIRF mode, only NEO1-mVenus molecules localised to the plasma

membrane were detected and this reduced the background signal (Fig. 5.10a). A

high-powered laser was used to transiently transfer the majority of the mVenus

fluorophores into a recoverable dark state, resulting in only a small number of

photons being detected at any one time. The PSF of these fluorescent emission

events could be interpreted as 2D Gaussians, allowing the fluorophores to be

more precisely localised to the peak of the distribution. Over a data collection

period of approximately 20 minutes, the precise localisation of many individual

NEO1-mVenus molecules could be determined and small regions of interest were

selected for analysis (Fig. 5.10b). The NEO1 receptors appeared to cluster in

the membrane (Fig. 5.10b, right panels) and the level of clustering was anal-

ysed using Ripley’s K -function (Fig. 5.10c,d), with the peak of this curve, also

known as the L(t)max value, indicating the level of clustering[268, 269]. TIRF-

dSTORM experiments in both live and fixed cells were performed to analyse the

change in the clustering levels of NEO1-mVenus in the presence of RGMB after

the addition of BMP2 (Fig. 5.10 and Fig. 5.11). For the fixed-cell analysis,

samples were taken at time points after BMP2 addition and the clustering levels

in each one analysed; whereas for the live-cell imaging, BMP2 was added and

the clustering level analysed used a time-gated approach[268, 275].

A representative example of two live cells is shown, demonstrating the clustering

of NEO1-mVenus over time following the addition of either BMP2 or buffer

(Fig. 5.10). This example clearly demonstrates that upon addition of BMP2

the clustering level of NEO1-mVenus increases. Plots of Ripley’s K -function
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for each cell over the consecutive time windows show that the NEO1 clustering

appears to peak 6-13 minutes after BMP2 addition and then to decrease after

10-17 minutes (Fig. 5.10c); whereas in the control sample, the clustering level

does not appear to change (Fig. 5.10d). A plot showing the maxima of Ripley’s

K -function, L(t)max, for the BMP2-treated and control cells during each time

window shows a clear peak in the NEO1-mVenus clustering in the BMP2-treated

sample that is not visible in the control (Fig. 5.10e). The first L(t)max value

is recorded approximately 10 minutes after BMP2 addition, this time delay is

necessary as the number of photon counts must reach a threshold before the first

time window can be allocated for analysis.
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Figure 5.10: A representative example of the live-cell analysis of
BMP2-induced NEO1-mVenus clustering. Reprinted by permission from
Macmillan Publishers Ltd: Nature Structural and Molecular Biology, [320] copy-
right (2015). (a-b) Live-cell TIRF (a) and live-cell TIRF-dSTORM (b) images
of a COS7 cell co-expressing NEO1-mVenus and RGMB, treated with BMP2.
Scale bars, 10 µm. Right panels of (b) show cluster maps generated from a 5
× 5 µm region of interest (ROI) (red square in (b)), with scale bars of 1.5 µm.
Bottom right panel shows a cluster heat map coloured from blue (low cluster-
ing) to red (high clustering). (c-d) Ripley’s K -function (L(t)), calculated from
an ROI within a single cell treated with either BMP2 (c) or buffer control (d).
Time-gated window ∼7 min (2,000 frames). (e) Plot of the maxima of Ripley’s
K -function (L(t)max) calculated from an ROI within a single cell over the indi-
cated time windows after the addition of either BMP2 or buffer control (Ctrl).
BMP2-treated (black dots) and control (white dots) cells are labelled.
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These live-cell TIRF-dSTORM experiments were performed for 8 cells treated

with BMP2 and 6 cells treated with a buffer control. A plot of the mean L(t)max

for each time window shows increased clustering of NEO1-mVenus in the BMP2-

treated cells compared to the control samples (Fig. 5.11a). The largest significant

difference in mean L(t)max value between the control samples and the BMP2-

treated samples occurred at approximately 18 minutes, suggesting that at this

point the BMP2-induced clustering of NEO1-mVenus was maximal. These ex-

periments were also performed in fixed cells where samples were taken 0, 0.5, 1, 5

and 20 minutes after addition of BMP2 or buffer, and the level of NEO1-mVenus

clustering was analysed for 6-10 cells at each time point (Fig. 5.11b,c). The

plots of mean L(t)max for the BMP2-treated (Fig. 5.11b) and control samples

(Fig. 5.11c) at each time-point show that the clustering level of NEO1-mVenus

was highest 5 minutes after addition of BMP2; at this point the mean L(t)max

value was significantly different for that observed in the control samples (n=10,

P = 0.02) (Fig. 5.11b). This analysis suggests that addition of BMP2 induced

clustering of NEO1-mVenus, which reached a maximal level approximately 5

minutes after addition of the ligand (Fig. 5.11b). In comparison the addition

of buffer did not significantly alter the level of NEO1-mVenus clustering (Fig.

5.11c). These imaging data appear to support the clustering model, suggest-

ing that BMP2 induces RGM-mediated clustering of NEO1 receptors in a time

dependent manner.
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Figure 5.11: Live- and fixed-cell analysis of BMP2-induced NEO1 clus-
tering. (a) Mean L(t)max calculated for all analysed live cells treated with
BMP2 (black dots, n = 8 cells) or buffer control (white dots, n = 6 cells). BMP2
addition was at time 0 min. Error bars, s.d. P < 0.001 by two-tailed Student’s t
test. (b-c) Plots of L(t)max of regions of interest from populations of cells fixed
at different time points (in minutes (min)) after treatment with (b) BMP2 or
(c) buffer control. Each point represents one cell. The horizontal lines represent
the mean L(t)max. Error bars, s.e.m. The dotted red line highlights the aver-
age L(t)max (255) and the grey rectangles the s.d. (±55) for the control. P =
0.02 at t = 5 min in the BMP2-treated cells, by two-tailed Student’s t test. For
the BMP2-treated cells, n = 6, 6, 5, 10 and 6 cells, from left to right; for the
control-treated cells, n = 6, 6, 6, 6 and 7 cells, from left to right.
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5.4 Discussion

5.4.1 RGM mediates the interaction between BMP and

NEO1 signalling

Although there are many studies showing that the interdependence of BMP and

NEO1 signalling is mediated through RGMs this was still a point for debate. A

recent publication showed that NEO1 could bind directly to BMP ligands and

that NEO1 functioned as a BMP receptor[321]. Given the findings outlined in

this chapter, this now seems unlikely. In the ternary BMP2-eRGMB-NEO1FN56

crystal structure a contact between BMP2 and the NEO1-FN5 domain was ob-

served, however an interface analysis suggested that this was unlikely to be im-

portant for complex assembly (Fig. 5.5). Furthermore, SPR equilibrium binding

experiments showed no direct interaction between BMP2 and NEO1FN56, and

NEO1FN56 did not appear to enhance binding of eRGMB to BMP2 (Fig. 5.6).

In addition, the BMP2-NEO1FN5 interaction dissociated over the course of a

molecular dynamics simulation which generated one of the models of the ternary

complex in the ensemble that fitted the experimental SAXS data, suggesting that

this interaction is not thermodynamically favoured (Fig. 5.8). Overall these data

suggest that in vivo BMP2 and NEO1 are unlikely to associate directly, thereby

supporting the hypothesis that RGM forms a functional bridge between the two

pathways. Although, whether RGM-activated BMP signalling can occur in the

absence of NEO1, and vice versa, whether RGM signalling through NEO1 can be

fully active in the absence of BMPs remains to be seen and different studies have

come to different conclusions regarding this[160, 192, 191]. It would be interest-

ing to test whether RGM mutants that are unable to bind to NEO1, for example

the A186RRGMB mutant, can still activate BMP signalling, perhaps using the

BRE-Luc BMP luciferase reporter assay. Similarly, RGM mutants that are un-
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able to bind to BMP, for example the H106RRGMB mutation, could be tested

for their ability to trigger growth cone collapse in neurite outgrowth inhibition

assays.

5.4.2 BMP-induced clustering of NEO1 may be

physiologically important

The crystal structure of the ternary BMP2-eRGMB-NEO1FN56 complex showed

that RGM can simultaneously bind to both NEO1 and BMP2 and a superpo-

sition of this structure with that of the active signalling conformation of the

eRGMB-NEO1FN56 complex suggested that RGM might cluster dimers of NEO1

and BMP2 in arrays on the membrane (Fig. 5.9). TIRF-dSTORM microscopy

experiments supported this hypothesis, showing that addition of BMP2 induced

clustering of NEO1 receptors in the presence of RGMB (Fig. 5.10 and Fig.

5.11). However, the physiological importance of this clustering is not yet clear.

Several studies have indicated that the targeting of key players in NEO1 and

BMP signalling to membrane microdomains is important for activation of these

pathways[198, 197]. It would be interesting to link this clustering to activation of

either the BMP2 or NEO1 signalling pathway. This could potentially be tested

by disrupting the dimeric RGM-NEO1 interaction; as described in Chapter 3

this could be done using the P206NRGMB mutation that disrupts the formation

of the site-2 RGMB-NEO1 interface that is important for 2:2 stoichiometry com-

plex formation (Fig. 3.12). This mutant would prevent RGMB-NEO1 dimers

forming and thereby disrupt the clustering without disrupting the site-1 RGMB-

NEO1 interaction. This mutant could be used to assay for its effect on BMP

signalling, perhaps using the BRE-Luc BMP luciferase assay. However, as shown

above (Fig. 5.6d) transfection of NEO1 into LLC-PK1 cells had an unexpected

effect in this assay; NEO1 enhanced BMP signalling by approximately ten-fold,
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compared to transfection of RGMB which only enhanced the signalling by three-

fold. The reason for this difference is not clear, for example we do not know

what the endogenous expression levels are of RGMB or NEO1 in this cell type,

and until the two effects can be de-convoluted it will be difficult to test RGMB

or NEO1 mutants in this assay.

5.5 Summary

This chapter describes the structure solution of the BMP2-eRGMB-NEO1FN56

ternary complex and shows for the first time that RGM acts as a physical link

bridging the two fundamental signalling pathways of BMP and NEO1 signalling.

This provides a structural rationale for the evidence that NEO1 and BMP sig-

nalling are functionally linked. Crystal structure interface analysis, SPR experi-

ments and molecular dynamics simulations have also supported the requirement

of RGMs in linking BMP and NEO1 signalling, showing that NEO1 and BMP2

are unlikely to associate independently of RGMs. Furthermore, super-resolution

fluorescence microscopy experiments have also shown that RGMs mediate BMP2

dimer-induced clustering of NEO1 receptors in the membrane to form ordered

arrays that may be important for NEO1 and BMP signalling.
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6.1 The modular domain architecture of RGMs

Prior to the X-ray crystallography experiments conducted in our laboratory there

was no structural information available for the RGM family. RGMs were known

to bind specifically to the NEO1 receptor and also to BMP ligands. The first

insight into the structure of the RGM proteins came from the eRGMB-NEO1FN56

complex structure[240] (Fig. 3.2). In this structure, despite using the full-length

ectodomain of RGMB in the crystallisation experiments, only the middle domain

of RGMB could be resolved in the electron density map of the complex structure.

The crystal structure revealed that the RGMB middle domain adopts the form

of a tightly packed β-sandwich followed by four short α-helices, with the arrange-

ment stabilised by three disulphide bonds (Fig. 3.3). From sequence analysis a

partial von Willebrand factor type D (vWfD) domain had previously been recog-

nised within this region of the protein[36, 50]. The vWfD domain containing su-

perfamily of proteins, identified through sequence similarity, spans functions from

cell adhesion (e.g. mucins[323, 324]), to axon growth (e.g. SCO-Spondin[325])

to regulators of BMP signalling (e.g. Kielin[326] and BMPER[326]). There is

no structural information for this domain and it shares no structural homology

with any other protein domain. Since the RGMB middle domain is potentially

a modified vWfD domain this crystal structure represents the first insight into

the potential architecture of this domain.

As outlined in Chapter 3, the NEO1 binding site was localised to one face of

the β-sandwich of the RGMB middle domain, and in the structure the N- and

C-termini of RGMB project away from the domain into solvent channels in the

crystal implying that the N- and C-terminal regions of the protein function as

independent structural units (Fig. 3.2 and 3.3). Following this, as presented in

Chapter 4, structures of RGMND in complex with the BMP2 ligand were solved

(Fig. 4.9) and finally the structure of the ternary BMP2-eRGMB-NEO1FN56
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complex revealed that RGMs can simultaneously bind to both NEO1 and BMP2.

In this structure the N-terminal and middle domains of RGMB are joined by a

flexible amino acid linker (Fig. 5.4) and in the molecular dynamics simulations

outlined in Chapter 5 the two domains were shown to move relative to each

other, further suggesting that they function independently (Fig. 5.8). The final

domain of RGMs for which there is still no structural information is the C-

terminal domain. As described in Chapter 5, a ROSETTA model of the RGM

C-terminal domain was constructed in which the domain was constrained to be

α-helical with a disulphide bond between C358 and C372. The overall structural

model of the eRGMB protein, including the C-terminal domain, was a good fit

to the experimental SAXS curve for this protein (Fig. 5.7b). However, due to

the low resolution of SAXS as a technique, this is no guarantee that the modelled

structure of the C-terminal domain is correct. High-resolution structural data

for this domain, obtained by X-ray crystallography or NMR, is therefore still

required to obtain a complete structural picture for the RGM family.

In combination with its unknown structure, the function of this C-terminal do-

main is also unknown. An RGM∆CD construct does not express in mammalian

cells (data not shown), in contrast to the RGM∆ND construct, which implies

that the C-terminal domain has an important role in the folding of the middle

domain. It is also plausible, since both the N-terminal and middle domains of

RGM function as discrete units with different interacting partners that the C-

terminal domain may also have an as yet unidentified protein interaction partner

(Fig. 6.1). Another potential site of protein interaction on RGMs is the face of

the β-sandwich opposing the NEO1 binding site; this surface has an attractive

groove running down the centre of the β-sandwich, which contains a high density

of hydrophobic residues, such that it has acquired the nickname the “phenylala-

nine field” (Fig. 6.1, green surface), it therefore appears to be a likely candidate

region for a protein binding site. Another possibility is that this region is the

249



CHAPTER 6. DISCUSSION

binding site for glycosaminoglycans (GAGs), complex polysaccharides that are

found on both the cell surface and in the extracellular matrix. Another repul-

sive axon guidance system, the Slit-Robo signalling pathway was shown to be

dependent on the abundant GAG, Heparan Sulphate[327, 328, 329]; and GAGs

have also been shown to be important in growth factor signalling, for exam-

ple the FGF[330] and TGFβ[331] pathways. Heparin-affinity chromatography

demonstrated that eRGMB binds to heparin (data not shown), suggesting that

soluble forms of RGMs, in a physiological context, would likely associate with

GAGs such as Heparan Sulphate. The binding site of these GAGs on RGMs has

not yet been determined and it would be interesting to conduct a crystallisation

experiment of an eRGMB-heparin complex.

RGMs are known to fulfil a plethora of functions through mammalian develop-

ment into the adult and the work presented in this thesis has characterised them

as a node for the BMP and NEO1 signalling networks. It is certainly therefore

conceivable that other RGM-interacting proteins have yet to be characterised,

for example it was recently suggested that programmed death ligand 2 (PD-L2),

an inhibitor of T-cell activation in the immune system, is a novel binding partner

of RGMB[332]. This is consistent with the known roles of RGMs in the immune

system, which range from activation of T-cells[79] to the control of leukocyte

chemotaxis[78] and the inhibition of interleukin expression[88].
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Figure 6.1: The modular architecture of RGM and its interaction sites.
A transparent solvent-accessible surface and cartoon representation of RGMB
(gold) with flexible linkers and the C-terminal domain modelled. Transparent
surface and cartoon representations of BMP2 (blue and cyan) and NEO1FN56

(red, N-linked glycan shown in stick representation) binding to RGMB are shown.
The RGM N-terminal (RGMND), middle (RGMMD) and C-terminal (RGMCD)
domains are labelled. The confirmed binding sites are outlined with black boxes;
potential interaction sites are outlined with dotted line boxes and labelled with
question marks. The solvent exposed phenylalanine residues in the RGMB mid-
dle domain are shown as green surface.

6.2 Insights into Netrin-1 signalling from the

RGM-NEO1 structure

The structural analysis of the eRGMB-NEO1FN56 complex structure (Fig. 3.8

and 3.9), in combination with AUC experiments (Fig. 3.12) demonstrated that

eRGMB and NEO1FN56 form a 2:2 complex, which was shown using neurite

outgrowth inhibition assays (Fig. 3.15) to be important for signalling. RGM
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acts as a molecular staple bringing together and fixing the orientation of two

NEO1 receptors to activate downstream signalling. NEO1 is not only a receptor

for RGMs but also for the attractive guidance cue Netrin-1[143]. A recent crystal

structure of the NEO1FN45-Netrin-1 complex showed that Netrin-1 dimers bind

in an X-shape, connecting two NEO1 receptors[147]. Despite RGM and Netrin-

1 both bringing together NEO1 dimers the architecture of the two complexes

is very different with RGM inducing a signalling competent form of the NEO1

receptors in which the cytoplasmic domains would likely be closely associated

(< 60 Å apart); as opposed to Netrin-1 which imposes a substantial distance

between the two receptors (∼105 Å) that might inhibit NEO1 signalling (Fig.

6.2). Netrin-1 binds at the FN4 and FN5 domains of NEO1 whereas RGM binds

at the FN5 and FN6 domains, and the two binding sites do not overlap. It is

possible therefore that RGM and Netrin-1 bind NEO1 at the same time but the

physiological effect of this remains to be seen (Fig. 6.2).

The primary receptor for Netrin-1 is the NEO1 homologue DCC and binding

of Netrin-1 to DCC has been shown to mediate axon outgrowth[143]. DCC and

NEO1 are very similar; they have an identical extracellular domain structure and

share a sequence identity of 50 %. As expected therefore, the FN4-5 domains of

NEO1 and DCC have similar binding affinities for Netrin-1 (Kd = 24 nM and Kd

= 23 nM respectively[147]); however, interestingly this is not the case for RGM

binding. The binding affinity of DCC for RGMB is about one thousandth of that

for NEO1[240]. As described in Chapter 3, this is likely due to the L3-loop in

the NEO1 FN5 domain, which is very poorly conserved in DCC, and therefore

acts as a specificity determinant for RGM binding[240]. NEO1 has therefore

evolved a secondary level of signalling through RGMs that is not shared by

DCC, suggesting that control of axon guidance by NEO1 is more complex as it

is able to receive signalling inputs from two different ligands.

252



CHAPTER 6. DISCUSSION

Figure 6.2: The different binding modes of RGM and Netrin-1 to
NEO1. Schematic showing the binding modes of RGM and Netrin-1 to NEO1
as inferred from crystal structures. Potentially RGM and Netrin-1 can bind
NEO1 simultaneously. NEO1 = red, RGM = orange, Netrin-1 = green, grey
lightning blots indicate NEO1 signalling, the estimated distance between the
NEO1 cytoplasmic domains is indicated.

6.3 The RGM-BMP complex may preclude BMP

receptor binding

In Chapter 4 the structure of the RGM N-terminal domain in complex with the

BMP2 dimer was presented (Fig. 4.9). All RGM family members are known

activators of BMP signalling[102, 83, 89] although the molecular mechanism by

which this activation occurs is not known. In Chapter 4 an endocytosis-linked

mechanism was suggested for RGM-activated BMP signalling (Fig. 4.24), how-

ever other potential mechanisms have been outlined in several publications, some

of which are compatible with the structural data presented in this thesis. An

early model proposed that RGM could bind simultaneously to the BMP ligand

and the type I and type II receptors, thereby enhancing the formation of the ac-

tive BMP signalling complex[102]. However, as discussed in Chapter 4, RGMB

and BMPR1A appear to compete for ligand binding in solution (Fig. 4.16). In

theory, an RGM-BMP2-BMPR1A-BMPR2 complex could form around the sym-
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metric BMP2 dimer in vivo, particularly given the similar binding affinities of

eBMPR1A and eRGMB for BMP2 (Fig. 4.13b and 4.15a). FRET-FLIM studies

to show the close association of fluorescently tagged RGM and BMPR1A upon

the addition of the BMP ligand would indicate concurrent ligand binding. As

RGM is a GPI-anchored protein, attaching a C-terminal intracellular tag might

prove problematic; the RGM ectodomain could potentially be fused to a trans-

membrane helix, but this may alter the behaviour of the protein within the cell

membrane.

In another study RGMA was shown to increase the utilisation of the type II

receptor ACVR2A by BMP2/4, which normally only signal via BMPR2[189].

The authors propose a model whereby binding of RGMA to BMP2 favours its

association with ACVR2A over BMPR2. As described previously, the ACVR2A

ectodomain appears to be accommodated in the RGMND-BMP2 complex (Fig.

4.16) and could function in the endocytosis-linked model for RGM-activated

BMP signalling. It is currently unclear whether an RGM-BMP2-ACVR2A com-

plex can form in solution, although a superposition of the RGMCND-BMP2 com-

plex with the published eBMPR1A-BMP2 (PDB ID: 1ES7[241]) (Fig. 6.3a) and

ternary eBMPR1A-BMP2-eACVR2A (PDB ID: 2GOO[298]) (Fig. 6.3b) com-

plexes using the BMP2 ligand as the reference demonstrates that RGM and

ACVR2A binding may not be compatible. In the eBMPR1A-BMP2 structure

the BMP2 finger loop region adopts a straightened conformation compared to

the orientation of this finger in the RGMND-BMP2 structure where it bends up-

wards towards the RGM. This difference in conformation is also seen between

the RGMND-BMP2 and the ternary eBMPR1A-BMP2-eACVR2A structure. It

may be that the flatter orientation of the BMP2 finger is required for ACVR2A

binding, in which case RGM binding would disrupt this; still a MALS experiment

could confirm whether this ternary complex is able to form in solution.
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Figure 6.3: Superposition of the RGMCND-BMP2 complex with
the eBMPR1A-BMP2 and eBMPR1A-BMP2-eACVR2A complexes.
(a-b) Left panels show a cartoon representation of a superposition of the
(a) RGMCND-BMP2 and eBMPR1A-BMP2 or (b) RGMCND-BMP2 and
eBMPR1A-BMP2-eACVR2A complexes using BMP2 as reference. BMP2 from
the RGMCND-BMP2 complex is shown in blue whereas BMP2 from the pub-
lished complexes is shown in red. RGMCND= orange, eBMPR1A = green and
eACVR2A = pink. Right panels show a close-up view of the BMP2 finger region
in the complex, arrows highlight the area where the loop conformations differ.

6.4 A model for RGM-mediated NEO1 and BMP

signalling

In this thesis, models for RGM signalling through both the NEO1 and BMP

pathways have been proposed based on the structural, biophysical and cellular

data presented. In Chapter 3 a model for RGM signalling through NEO1 was

proposed in which NEO1 pre-clusters on the membrane and then RGM, through
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cis (same-cell) or trans (cell-to-cell) interactions, acts a molecular staple bring-

ing together and fixing the orientation between two NEO1 receptors to form

signalling competent dimers (Fig. 3.18).

In the proposed model of RGM-activated BMP signalling discussed in Chapter

4 (Fig. 4.24), RGM binds to the BMP ligand through a cis interaction and this

complex is internalised. Upon gradual acidification of milieu the RGM-BMP2

complex dissociates in the endosome allowing the BMP ligand to bind to the

internalised pool of type I and type II receptors to activate a higher level of

signalling from the endosomal platform. In this model, endocytosis of the BMP

ligand through its interaction with RGM and subsequent dissociation of the com-

plex is implicated as key to the activation of BMP signalling. The RGMB-BMP2

interaction was shown to be pH-sensitive and to dissociate below pH 6.5, which

supports this model (Fig. 4.17). However, despite using a number of different

fluorescence microscopy-based approaches (Fig. 4.19-4.23), data supporting the

endocytosis of the RGM-BMP complex has yet to be obtained.

RGM is a GPI-anchored protein and as such does not have a cytosolic domain

that can be important for endocytic targeting. Nevertheless, this does not neces-

sarily preclude the internalisation of RGMs, for example GPI-anchored proteins

have been found in several types of endosomes and appear to be specifically in-

ternalised through a dynamin-independent pathway in various mammalian cell-

types[333, 334, 335, 336]. It is therefore possible for RGMs to independently

mediate the internalisation of the BMP ligand. However, given the data out-

lined in Chapter 5 (Fig. 5.10 and 5.11), describing the clustering of a BMP2-

RGMB-NEO1 complex on the membrane it is an attractive proposition that the

NEO1-RGM signalling hub could mediate the internalisation of the BMP ligand.

The localisation of both NEO1 and the BMP ligand to membrane micro-domains

has been shown to be important for signalling[198, 197]. Interestingly, GPI-

anchored proteins have been shown to accumulate in membrane micro-domains,
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as the GPI-anchor itself has been shown to confer association with detergent-

resistant membrane fractions known as lipid rafts[337, 338, 339, 340, 341]. Even

though these structures appear to be very small (sub-micron[342]), clusters of

RGMs in these micro-domains could act as nucleation sites for NEO1 receptors

and BMP ligands, which would then convert these clusters into ordered arrays

consisting of NEO1 and BMP dimers linked by RGMs (Fig. 5.9).

NEO1 and BMP signalling are known to be interdependent and the models pro-

posed in this thesis for RGM-NEO1 and RGM-BMP signalling could be merged

to show how, in the presence of all three components, both NEO1 and BMP

signalling could be activated (Fig. 6.4). The BMP-induced arrays of signalling

competent RGM-NEO1 dimers could amplify the NEO1 signal compared to the

signalling level in the absence of BMP ligand. Following this, it is plausible that

NEO1, through interactions between its cytosolic domain with components of the

clathrin-mediated endocytic pathway, could direct these clusters for internalisa-

tion. In the low pH environment of the endosome the pH sensitive RGM-BMP

interaction is disrupted, allowing BMP to bind to its receptors and activating

the enhanced endosome-specific signal. Concurrently, due to the pH-dependence

of the RGM-NEO1 site-2 interaction (Fig. 3.14), the 2:2 RGM-NEO1 complex

also dissociates in the endosome, terminating the NEO1 signal. In this model

for RGM-mediated BMP and NEO1 signalling the internalisation of the BMP-

RGM-NEO1 arrays serves the dual purpose of activating BMP signalling and

also an efficient signal termination mechanism for NEO1 signalling. An interest-

ing side-effect of this proposed model would be sequential and binary NEO1 and

BMP signalling, both components are required for fully activated signalling but

NEO1 signalling would occur first followed by BMP signalling. This model is

presently pure conjecture, but an analysis of NEO1 endocytosis in the presence

and absence of both BMP2 and RGM perhaps using fluorescence microscopy

would begin to determine whether this it is realistic.
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Figure 6.4: A model for RGM-mediated NEO1 and BMP signalling.
RGM binding to NEO1 converts pre-clustered receptors into signalling competent
NEO1 dimers. In the presence of BMPs these dimers are converted into signalling
competent arrays for an enhanced NEO1 signal. The NEO1-RGM signalling hub
primes the BMP ligand for internalisation. In the low pH environment of the
endosome RGM dissociates from BMP allowing the BMP receptors to bind and
activate enhanced BMP signalling. Concurrently the RGM-NEO1 site-2 inter-
action is disrupted terminating the NEO1 signal. Components are subsequently
recycled to the membrane. Membrane = grey line, NEO1 = red, RGM = orange
(GPI anchor = black box), BMP2 = blue/cyan, BMPR1A = green, ACVR2A
= purple, NEO1 signalling = pale grey lightning bolts, BMP signalling = dark
grey lightning bolts, signalling competent NEO1 dimer = shaded grey box.

6.5 Endocytosis as a signalling mechanism in

other pathways

The proposed models for RGM, NEO1 and BMP signalling described in this the-

sis all have endocytosis as a central theme and as a process capable of regulating

specific downstream responses of signalling pathways. This is not a novel idea

and using the TGFβ and EGF signalling pathways as examples I aim to illustrate

the complex regulative potential of incorporating endocytosis into a signalling
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model. This shows how viable the involvement of internalisation is in such fun-

damental signalling systems as NEO1 and BMP signalling and how RGM with

its GPI anchor and its ability to bridge the two systems might facilitate this.

Clathrin-mediated endocytosis is important in the regulation of EGF signalling;

in the removal and down-regulation of the active signalling complex but also in

controlling the specific downstream signals transmitted by this pathway. EGF

ligand binding to EGF receptors (EGFR) triggers receptor dimerisation and

phosphorylation at several tyrosine residues in the EGFR cytoplasmic domain[343,

344]. This results in the recruitment of phosphotyrosine-binding downstream

components, which initiate several signal transduction cascades including the

MAPK, Akt and JNK pathways[343, 344]. Crucially ligand binding also directs

the recruitment of EGFR to clathrin-coated pits for internalisation[345]. A K44A

dynamin mutant expressing cell line (K44A cells), defective in clathrin-dependent

endocytosis was used to show that endocytosis is important for the regulation of

EGF signalling[346, 318]. Clathrin-mediated endocytosis of EGFR upon EGF

binding was potently inhibited in K44A cells and this resulted in enhanced EGF-

dependent proliferation as measured both by the MMT [3-(4,5-dimethylthiazol-

2yl)-2,5-diphenyl-tetrazolium bromide] cell proliferation assay or 3H-thymidine

DNA incorporation assay[318]. This suggests that clathrin-mediated endocytosis

of EGFR is critical for attenuating EGF signalling, which is similar to the model

proposed for RGM-activated NEO1 signalling termination. In addition, analy-

sis of the levels of tyrosine phosphorylation in downstream targets of EGF sig-

nalling demonstrated that several proteins were hyper- or hypo-phosphorylated

in K44A cells[318]. For example, the level of EGFR tyrosine phosphorylation

was reduced in K44A cells suggesting that endocytosis is required for full EGFR

phosphorylation[347, 318]. Similarly, activation of downstream MAP kinases

ERK1 and ERK2 was suppressed in the endocytosis defective cells suggesting

that this trafficking is important for activation of the MAPK pathway[318].
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Therefore, endocytosis regulates the specific downstream signalling initiated by

the EGF pathway; it may be then that RGM-targeted endosomal BMP signalling

activates a different subset of downstream signalling cascades.

Endocytosis, and particularly the balance between clathrin-mediated and caveolae-

dependent internalisation, is also important for regulation of the TGFβ signalling

pathway. Similar to the BMP pathway, the TGFβ ligand assembles a hexa-

heteromeric complex comprising the TGFβ receptors TGFβR1 and TGFβR2[300,

293]. TGFβR2 transphosphorylates and activates TGFβR1[293], which then ac-

tivates the downstream receptor-activated SMAD2/3[348], a process facilitated

by the SMAD-anchor protein SARA (SMAD anchor for receptor activation)[349].

SMAD2/3 then associate with SMAD4 and this complex translocates to the nu-

cleus to affect gene transcription. TGFβ receptors were shown to internalise

through both clathrin-dependent and caveolae-mediated routes[179]. Three colour

immunofluorescence studies showed co-localisation of haemagglutinin (HA)-tagged

receptors with both EEA1, a marker of the early endosome, a downstream

compartment in clathrin-mediated endocytosis; and caveolin-1, a marker of the

caveolae-dependent pathway[179]. Electron microscopy of gold-labelled receptors

confirmed this analysis and demonstrated that after 5 minutes of internalisation

28 % of the receptors were in caveolae structures and 20 % were in clathrin-coated

structures[179]. Similarly, it was shown that BMP receptors are also internalised

through these two distinct pathways, although a thorough analysis of this has not

yet been completed[180, 181]. Interestingly, biotinylated TGFβ ligand was also

shown to be internalised through both endocytic pathways but did not appear

to affect receptor trafficking, suggesting that receptor endocytosis is constitutive

even in the absence of ligand[179]. Endocytosis of the BMP ligand has also been

demonstrated[183] and comparably the internalisation of the BMP receptors was

also suggested to occur even in the absence of ligand[180].

TGFβ receptors are found in both raft and non-raft domains on the plasma mem-
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brane and disrupting their association with rafts directs the receptors into the

EEA1-positive compartment in the clathrin-mediated internalisation pathway[179].

This suggests not only that TGFβ receptors are organised into distinct membrane

micro-domains, but also that this localisation regulates the pathway through

which they are internalised. In relation to the model proposed for RGM-activated

NEO1 and BMP signalling (Fig. 6.4), RGM-mediated targeting of NEO1 and

BMP to specific membrane micro-domains may regulate the route of internali-

sation. An example where a GPI-anchored protein is important in partitioning

receptors into specific membrane domains is in GDNF and neuronal cell adhesion

molecule p140NCAM signalling; both of these molecules are localised to lipid rafts

by the GPI-anchored protein GFRα1 (GDNF-family-receptor-α1), which results

in activation of signalling[350, 351].

Clathrin- and caveolae-dependent pathways fulfil opposite regulatory functions

in TGFβ signalling. Trafficking of the raft-associated TGFβ receptors to the

caveolae-dependent pathway brings them into association with SMAD7-Smurf2

ubiquitin ligase complexes, which targets the receptors for degradation[179]. In

contrast, SARA co-localises extensively with EEA1- and Rab5-positive early en-

dosomes in the clathrin-mediated endocytosis pathway, and trafficking of recep-

tors through this endocytic route sequesters receptors away from the caveolae-

mediated pathway thereby activating TGFβ signalling[179]. Interestingly, like

SARA, a endosome-localised SMAD1 anchor protein Endofin was recently shown

to enhance BMP signalling[184] and in zebrafish the endosome adaptor protein

Eps15R was found to be important for activation of the BMP pathway[185]; this

potentially suggests that clathrin-mediated internalisation of the BMP receptors

is important for signalling, similar to TGFβ.

It is clear then that the different routes of TGFβ endocytosis regulate down-

stream signalling, with caveolae negatively regulating the pathway by targeting

the receptors for degradation and the clathrin-mediated route of endocytosis ac-
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tivating TGFβ signalling by preventing receptor degradation and facilitating the

association with SMAD2/3 via SARA. It is interesting to speculate on the poten-

tial similarities with an endocytosis-linked mechanism for activation of BMP sig-

nalling. BMP receptors are constitutively targeted to the caveolae and clathrin-

dependent internalisation pathways in a ligand-independent manner[180, 181].

The balance between these two endocytic routes may be determined by their

association with membrane micro-domains, similar to TGFβ signalling, which

could potentially be regulated by NEO1 and RGM[198, 197]. This may result in

an internalised pool of BMP receptors with a bias towards one type of intracellu-

lar compartment. The activation of signalling is mediated through the BMP lig-

and and its level of internalisation, which may be controlled by the RGM-NEO1

interaction. RGM targets the BMP ligand for clathrin-mediated endocytosis de-

livering it to the pool of internalised receptors in the early endosome, which are

protected from degradation and associated with SMAD1/5/8 via anchors such

as Endofin. It will be interesting to investigate whether the caveolae-dependent

route of endocytosis results in degradation of BMP receptors and whether RGMs

enhance the delivery of BMP to endosomal compartments via clathrin-mediated

endocytosis.

Overall, it is clear that dynamic regulation of endocytosis is important in many

signalling pathways, both as a mechanism of signal termination and also to con-

trol the nature of the molecular response. The early endosome may potentially

represent a signalling centre for both the TGFβ and BMP pathways that func-

tions to sequester active receptor complexes and act as a nucleation site for

downstream signalling components such as SMADs.
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6.6 RGMs as targets for clinical interventions

Aberrant RGM function has been linked to a number of diverse disease states

including cancer[126, 128, 127], MS[79], and iron homeostasis disorders[107, 102,

54]. This diversity is linked to the wide range of functions mediated by the

three RGM family members, which is a direct result of their ability to signal

through both the BMP and NEO1 signalling pathways. Blocking the action of

RGMs has been shown to have clinical potential in many different systems, for

example, a knockdown of RGMB in a mouse model of colorectal cancer signif-

icantly slowed down tumour growth[128]. Similarly, antibodies against RGMA

reduced the immune response both in a mouse model of MS and in cell samples

from MS patients[79, 82]. RGMA antibodies also showed potential in the treat-

ment of paralysis following CNS damage; in rats these antibodies significantly

improved motility following spinal cord injury[67]. Furthermore, both RGMC-

specific antibodies and soluble Fc-RGMC have been shown to increase serum

iron levels in mice and monkeys, highlighting their potential in treating anaemia

of inflammation in humans[103, 114]. Another recently identified role of RGMB

is in the development of respiratory tolerance in the lung, a state of immuno-

logical non-responsiveness induced by exposure to innocuous inhaled antigens,

which is mediated through the RGMB-PD-L2 interaction[332]. Interestingly, an-

tibodies against RGMB inhibited the development of respiratory tolerance and

led to increased T-cell proliferation and IL-4 expression compared to control an-

tibodies in mice[332]. The authors of this study suggest that these signalling

effects triggered by RGMB and PD-L2 are most likely mediated through RGMB

binding partners NEO1 and/or BMP. Targeting the PD-L2 pathway, potentially

through RGMs, has therapeutic potential in the treatment of asthma. Further-

more, antibodies against another PD-L2 receptor PD-1 are a promising cancer

immunotherapy and have been tested in clinical trials; however, lung inflam-

mation leading to pneumonitis was a severe side effect potentially caused by the
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action of PD-L2[352, 332]. Targeting the RGMB-PD-L2 interaction may enhance

PD-1 targeted cancer immunotherapy by minimising adverse effects.

Prior to the work outlined in this thesis the structure of RGMs was unknown, now

the high-resolution crystal structures of the RGMND-BMP2 (Fig. 6.5a), eRGMB-

NEO1FN56 (Fig. 6.5d) and BMP2-eRGMB-NEO1FN56 complexes have revealed

the modular domain architecture of the RGM family. These structures have also

determined the location of the RGM-BMP and RGM-NEO1 binding sites and

provided atomic resolution details of the interfaces. So far inhibiting the action

of RGMs has been achieved using antibodies, however, with the availability of

this structural data it could be possible to perform structure-guided drug design

to develop novel therapeutics targeting RGMs. An analysis of the RGM-BMP

and RGM-NEO1 binding interfaces show several cavities and pockets that could

potentially be targeted in fragment-based screening and small molecule docking

experiments (Fig. 6.5b,e). Small-molecule drugs have the advantage of being

easier to administer and cheaper to produce than antibody therapies and often

have increased levels of tissue and organ penetration making them potentially

clinically useful entities.

Another strategy that has already been implemented to inhibit BMP signalling

is the use of “ligand traps”. These are proteins typically containing the ligand-

binding domain of a receptor coupled to an immunoglobulin Fc domain. These

proteins then have high binding affinity for the ligand coupled with increased

stability from the Fc tag for use in vivo. They bind to the ligand of interest and

occlude binding to the endogenous receptors thereby inhibiting signalling. Ligand

traps including ALK1-Fc and ACVR2A-Fc targeting BMP signalling have been

tested as cancer therapeutics in clinical trials[353, 354] and BMPR1A-Fc[355]

and ACVR2B-Fc[356] have both shown promise as BMP signalling antagonists

but have yet to proceed into the clinic. A comparison of the RGMCND-BMP2

and eBMPR1A-BMP2 complex structures showed that RGM binds to the BMP
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ligand at the same site at the type I receptor and an SPR experiment showed that

the two proteins compete for ligand-binding, suggesting that RGMND also has the

potential to act as a ligand-trap to inhibit BMP signalling. However, MALS ex-

periments showed that the RGMB-BMP interaction is pH dependent which was

surmised to be the reason that soluble eRGMB did not inhibit BMP signalling

in the same manner as eBMPR1A. Therefore, in order to make RGMND a func-

tional ligand-trap the source of the pH dependence would need to be established

and mutations made to abolish this characteristic. Despite this requirement for

further research, the RGM N-terminal domain takes the form of a triple helix

bundle stabilised by three disulphide bonds (Fig. 6.5c), which is a highly sta-

ble, compact module that would be ideally suited to being adapted as a ligand

trap, and the expression and purification strategies outlined in this thesis provide

a robust protocol for obtaining milligram quantities with >95 % purity of this

BMP-binding domain. RGMCND would be potentially useful in treating anaemia

of inflammation as well as for cancer therapies.

This thesis contains structural and sequence-based analysis that, together with

the eRGMB-NEO1FN56 structure, comprises the first definition of the RGM do-

main boundaries. This analysis facilitated cloning of constructs to express the

separate domains and for the first time RGM proteins could be produced in a

modular fashion in milligram quantities. Stable constructs of both RGMND and

RGM∆ND could be expressed and purified (Fig. 6.5c,f) and these could be useful

in the generation of antibodies or nanobodies targeting either the RGM N- or

C-terminal domain, for example to specifically disrupt the RGM-NEO1 or the

RGM-BMP interaction (Fig. 6.5a,c). These antibodies could have the advan-

tage of fewer off-target effects by only inhibiting one part of the RGM signalling

system; although more research is required to determine to what extent NEO1

and BMP signalling are interdependent before it is certain that one pathway can

be specifically targeted at all.
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Figure 6.5: RGMND-BMP2 and eRGMB-NEO1FN56 complex struc-
tures could aid the design of targeted therapeutics. (a) The RGMCND-
BMP2 complex. RGMC surface shown in orange, interacting region shown in
yellow, BMP2 (blue, cyan) shown in ribbon representation. (b) Close-up of the
RGMC-BMP2 interface, binding cavities in the RGMC surface highlighted with
asterisks (*). BMP2 residues shown as sticks. (c) RGMCND ribbon represen-
tation, disulphide bonds shown as sticks. (d) The eRGMB-NEO1FN56 complex.
RGM representation as in (a), NEO1 (red) shown in ribbon representation. (e)
Close-up of the eRGMB-NEO1FN56 interface, binding cavities in the RGMC sur-
face highlighted with asterisks (*). NEO1 residues shown as sticks. (f) RGMC
middle domain ribbon representation, disulphide bonds shown as sticks, auto-
catalytic cleavage site highlighted by asterisks (*).

266



CHAPTER 6. DISCUSSION

6.7 Conclusions

In this thesis I have described models for RGM signalling through NEO1 and

RGM-activated BMP signalling, both of which have been informed by struc-

tural, biophysical and cellular data. In Chapter 3, I described how RGM acts

as a molecular staple bringing together and fixing the orientation of two NEO1

receptors to trigger downstream signalling. Furthermore, the pH dependence

of the RGM-NEO1 2:2 complex suggested an endocytosis-linked mechanism of

signal attenuation, which is mimicked in other systems such as the EGF path-

way. In Chapter 4, I outlined how RGM and BMPR1A likely compete for BMP

ligand binding in vivo and, together with the pH dependence of the RGM-BMP

interaction, this suggested an endocytosis-linked mechanism for RGM-activated

BMP signalling dependent on the subcellular localisation of the BMP receptors.

In addition, in Chapter 5, I presented data that demonstrated for the first time

that RGM forms a physical bridge linking NEO1 and BMP, which results in

RGM-mediated clustering of NEO1 and BMP dimers that could potentially be

important for signalling.

The work presented in this thesis has also revealed the molecular rationale behind

two groups of JHH-linked RGMC mutations. Mutations in the middle domain of

RGMC abolish the secretion of the protein whereas mutations in the N-terminal

domain of RGMC disrupt binding to the BMP ligand. Ultimately both types

of mutations prevent RGMC-activation of BMP6 signalling, resulting in blood

iron overload. This thesis describes the first structural insights into the RGM

family and provides atomic resolution details of the interactions of RGMs with

NEO1 and BMPs. As outlined above, these novel structural insights may fa-

cilitate structure-guided drug design to target RGM binding interfaces for the

treatment of RGM-linked diseases and conditions for which RGM antibodies are

already being trialled, including MS, anaemia of inflammation and regeneration
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of neuronal growth.

These data together have opened up many exciting new avenues for research

mostly regarding the subcellular localisation and trafficking of the signalling

components; in particular, linking RGMs to BMP endocytosis and characterising

this in different biological contexts. The translocation of the entire signalling

machinery to place it in close proximity to the nucleus is a very efficient way

of targeting changes in gene expression. Further work is required to establish

the endosome as an essential signalling platform for BMPs, as it is for TGFβ,

EGF and GDNF signalling, however the proposed endocytosis-linked mechanism

for RGM-activated BMP signalling, involving the internalisation of the active

signalling complex may represent a paradigm for many “cell-surface” signalling

events. The importance of the RGM signalling hub is just beginning to emerge,

and given their wealth of physiological roles there is no doubt that the repertoire

of RGM binding partners and signalling modes will continue to expand.
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