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The adhesion GPCRs are a poorly understood and evolutionarily ancient family of cell
surface receptors, several of which have emerging functions in the development of the ner-
vous system. aGPCRs comprise a large extracellular domain, providing binding sites for a
variety of ligands, alongside a seven transmembrane domain characteristic of GPCRs. It
has been proposed that aGPCRs may function as “context-recognisers”; using their large
ectodomains to bind different combinations of ligands depending on the molecular make-
up of the environment. However there is a lack of direct evidence for this at a molecular
level. The ectodomain of one subfamily of aGPCRs, the Latrophilins (Lphns) has been
shown to directly interact with several ligands with roles in synaptogenesis and neural
guidance. The best-validated of these interactions are those with Fibronectin Leucine-
Rich Transmembrane (FLRT) proteins and the Teneurins. In addition, FLRT proteins,
also interact with Uncoordinated5 (Unch) proteins, mediating cell repulsion. Here I re-
veal that the FLRT-binding site of Lphn is bifunctional, mediating both cell adhesion and
repulsion, and that Unc5 is capable of influencing the functional outcome of this interac-
tion. Biophysics and structural studies show that fragments of the Lphn, FLRT and Uncb
ectodomains interact in an unusual and homologue-dependent stoichiometry. Despite the
fact that Teneurin interacts with Lphn at a distinct site, Teneurin seems incapable of
interacting with the Lphn-FLRT-Uncb complex, but can form a ternary complex with
Lphn and FLRT in the absence of Unc5. Alongside this I present a crystal structure of a
large portion of a Teneurin ectodomain, revealing the ancient evolutionary origins of this
receptor. Together these data provide strong molecular evidence for a role of Lphns as
context-recognisers, by their abilities to bind diverse ligands in distinct combinations and
variable stoichiometries.
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Chapter 1

Introduction

The brain is the most complicated and poorly understood organ. It must take
information from a wide variety of sensory inputs, integrate it with other sensory
inputs or stored information, and then elicit the correct physiological or behavioural
response. For these functions to occur with high fidelity, brain development requires
the correct positioning of millions of neurons alongside the formation of the correct

number and type of synaptic connections with appropriate partners.

1.1 Principles of Neural Guidance and Wiring

Initial neural wiring occurs through a combination of guidance events, which are
independent of neuronal activity. The idea that axons extend in a directed manner
and are actively guided to their targets was first predicted in 1892 by Ramoén y
Cajal in his Histology of the Nervous System of Man and Vertebrates [207], where
he writes:
“If one admits that neuroblasts are endowed with chemotactic properties, then one
maght also imagine that they are capable of ameboid movements, initiated by
factors secreted from epithelial, neural, or mesodermal elements. As a result, their
processes may be oriented in the direction of chemical gradients, and thus guided to
the secreting cells”
The general applicability of this idea was reaffirmed by Sperry’s 1963 “Chemoaffinity
Hypothesis” [244]. Based on experiments in the visual system of amphibians, he

hypothesised that unique chemical “labels” specify individual neuronal populations

and also provide positional information, potentially in the form of gradients. The
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basic notion of the Chemoaffinity Hypothesis has become dogma in developmental
neurobiology [168]. Inspired by the ideas of Cajal and Sperry, alongside the advent
of modern biochemical, genetic and molecular biological techniques, a large number
of these so-called “labels” have now been identified, revealing a diverse selection of
neural guidance molecules, comprising both soluble and membrane-bound factors,
which can also be components of the extracellular matrix [122]. A handful of these,
and the first to be identified, are known as the “Canonical” Neural Guidance Cues:
the Slits, Netrins, Ephrins and Semaphorins. In this section I will use well-studied
receptor systems as examples to introduce some of the principles of neural guidance

and wiring relevant to the data presented in this thesis.

1.1.1 Attraction and Repulsion in Neural Guidance

In order to respond appropriately to this diverse range of factors, developing neurons
have specialised, dynamic structures called growth cones at the tips of their axons.
These growth cones are capable of sensing a diverse range of cues, integrating po-
sitional information and then responding accordingly, allowing them to accurately
navigate towards their targets. Neural guidance relies on a complex combination of
cell attraction and repulsion to guide neurons toward their correct synaptic partners.
Attractive molecules can act in either a long- or short-range manner, steering the
growth cone towards its correct target (Figure 1.1). One example of this would be
in the embryonic development of the spinal cord, where the long-held view is that
Netrinl is secreted by the ventral midline floor plate promoting the outgrowth of
commissural neurons [229, 113|. However, recently this view has been challenged by
the finding that a Netrinl conditional knockout mouse shows normal development
of hindbrain and spinal cord commissural neurons, and it has instead been suggested
that Netrinl primarily acts as a short-range factor, promoting growth cone adhesion
[56]. In contrast, repulsive guidance cues act to prevent growth cone advancement,

exemplified by the canonical role of Slit in preventing midline crossing [115].
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emoattrao .
Long-range cues —» O f’%
+

— Contact
/' attraction
Contact
repulsion “—_

Short-range cues

Figure 1.1: Long- and Short-Range Attraction and Repulsion. The effects of long- and
short-range repulsion in neural guidance. Figure taken from [122].

It was originally thought that individual classes of guidance cues always functioned
in either an attractive or repulsive manner. This, along with the idea that different
subpopulations of neurons express unique chemical labels, would require an extraor-
dinarily large number of individual guidance cues. It is becoming clear that the
limited number of neural guidance molecules function in a highly context-specific
fashion, forming heteromeric multi-subunit receptor complexes and modulating their
signals according to the combination of extracellular factors and other receptors
present |59, 254]. This cooperation between the factors allows the limited number
of neural guidance molecules to exert a diverse range of effects, increase fidelity and

reduce noise in guidance decisions [59].

As well as functional cooperativity, the involvement of factors not traditionally con-
sidered neural guidance molecules also provides a mechanism by which functional
complexity can be increased. For example, the Wnt and Hedgehog morphogens
(which were initially identified for their roles in tissue patterning during embryonic
development) are now known to also function in axon guidance [284|. Another class

of molecules which are not considered canonical neural guidance molecules, but play
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an undeniably important role in neural guidance, migration and synaptogenesis are

the Cell Adhesion Molecules.

1.1.2 CAMs in Neural Guidance and Migration

Cell Adhesion Molecules (CAMs) are transmembrane receptors which interact with
components of the extracellular matrix or molecules expressed on the surfaces of
other cells. They promote adhesion by providing an indirect physical link between
the extracellular and intracellular environments. These interactions provide spa-
tial stability to stationary cells and traction for the migrating growth cone [241].
In neural guidance, CAMs function either homophilically (binding to molecules of
the same class, e.g. Cadherins) or heterophilically (binding a ligand on another
cell or in the extracellular matrix, e.g. Integrins). One school of thought is that
CAMs generally act in a permissive manner by providing a substrate to promote
neurite outgrowth, rather than actively inducing growth cone turning [149|. How-
ever, CAMs often possess signalling activity alongside physical linkage, and the idea
is emerging that they might regulate attraction or outgrowth by functioning as sig-
nalling molecules, often through heterophilic interactions [122]|. This is exemplified
by the growing body of data indicating that the canonical neural guidance factors,
the Netrins, Semaphorins, Slits and Ephrins can regulate cell motility by modulating
Integrin-mediated adhesion [180]. For example, SemaTa has been shown to promote
axon outgrowth by interacting with Integrins and activating the mitogen-activated

protein kinase pathway [198].

Although CAMs play important roles in neural guidance, they do not always play
adhesive roles. For example, in Drosophila, Down Syndrome Cell Adhesion Molecule
1 (DSCAM1) can exist as over 19,000 different isoforms [221]. Each isoform can bind
homophilically, but shows little binding to non-self isoforms. Although classically
considered a CAM, homophilic DSCAM interactions are actually repulsive and are

important in axonal and dendritic self-avoidance [281, 90].
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1.1.3 CADMs in Synaptogenesis

After neurons have been guided to their correct positions, their next task is to estab-
lish synaptic connections with the proper partners, a process which relies heavily on
CAMs interacting in trans across the cleft (Figure 1.2). Synapse formation begins
with target selection, where initial motile dendritic spines are extended to locate
their presynatpic partners. Synapses are then formed by the recruitment of further
CAMs and intercellular contacts stabilised by remodelling of the cytoskeleton. All of
these steps require cell-cell recognition by extracellular domains of CAMs expressed

on presynaptic and postsynaptic membranes [79].

Synaptic
vesicles  Cytoskeleton

UL Cell adhesion j
@  molecules
bt -HHIHI-—

Postsynaptic receptors and
\\\\ scaffolding molecules ////
Cytoskeleton

Figure 1.2: CAMs In Synapse Formation. From left to right: Target selection occurs when
dendrites extend, searching for their presynaptic partners. Initial contact is made by CAMs. As
the synapse matures, further CAMs are recruited and the pre- and post-synapse differentiate. All
of these steps are reversible - a phenomenon known as synaptic plasticity which is outside the
scope of this thesis. Figure adapted from [79].

CAMs play a hugely important role at each of these steps, where they can act in a
solely adhesive manner (stabilising the contact between and aligning the two mem-
branes), or they can act as synaptic organisers, promoting pre- and post-synaptic
differentiation. Synaptic organiser proteins, such as the well-characterised Neurex-
ins, are often capable of binding to several distinct ligands [234]. Neurexins are
best studied for their interactions with Neuroligins, both of which can be considered
CAMs. Overexpression of either Neurexins or Neuroligins in heterologous cell lines
induces postsynaptic and presynaptic differentiation respectively [220, 82, 181], sug-
gesting that this interaction is sufficient for synapse formation. Neuroligin-mediated

postsynaptic differentiation involves clustering of the postsynaptic scaffolding pro-
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tein, PSD95 and glutamate receptors, the latter requiring the intracellular PDZ
(PSD95-DLG1-Z01)-binding motif (PBM) of Neuroligin [40]. Although sufficient
to induce synapse formation, knockout of either Neuroligin or Neurexin in mice
does not affect synapse number or morphology, suggesting that these proteins are
not necessary in vivo for synapse formation [171, 263]. This observation may be due
to redundancy with the vast array of other synaptogenic CAM proteins, or might
be indicative that the Neurexin-Neuroligin interaction is necessary at a later devel-
opmental stage [79]. These data demonstrate that CAMs provide much more than
a physical link across the synapse, and can possess diverse and potent signalling

functions in synaptogenesis.

Alongside the CAMs, another class of molecules with well-established cell adhe-
sive properties and roles at all stages of neural development are the adhesion-G-
protein-coupled receptors (aGPCRs) [134]. The functions of this important class
of molecules during nervous system development was first revealed by the fact that
mutations in the aGPCR GPR56 cause a human brain cortical malformation called
bilateral frontoparietal polymicrogyria (BFPP) [201]. Since then, a wealth of in-
formation has become available linking the aGPCRs to diverse aspects of neural

development. The aGPCRs are discussed in detail in the next section.

1.2 Adhesion-GPCRs

The aGPCRs form one of the five subfamilies of the GPCR superfamily [74]. There
are 33 human aGPCRs, divided into nine subfamilies, making it the second largest
subfamily of GPCRs (behind the rhodopsin GPCRs) [23|. They are evolutionarily
ancient, with multiple orthologues in invertebrates and are thought to be ancestral
to the Secretin subfamily of GPCRs [185]. aGPCR nomenclature is diverse for
historic reasons, although recently a unified naming system was proposed in which
the prefix ADGR (Adhesion G-protein-Coupled Receptor) is followed by a letter

denoting which of the nine subfamilies the aGPCR belongs to, and a number based
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on the historic naming system [86]. In this thesis, the historic nomenclature is used,
but the new names are shown alongside the historic names for each aGPCR in Figure

1.3.

1.2.1 Molecular Organisation of aGPCRs

aGPCRs are distinct from other GPCRs largely due to their large and highly vari-
able extracellular regions containing arrays of domains typically associated with cell
adhesive functions [91]. Like all GPCRs, they also contain seven transmembrane
regions (7TMs). Their hybrid architecture, which will be discussed in the following

sections, is likely key to their diverse range of functions.

N-terminal Cell-Adhesion Domains

The N-terminal extracellular regions of aGPCRs are highly variable, ranging from
non-existent in GPR114 to ~5600 residues in GPRI8 (otherwise known as Very
Large GPCR1, VLGR1). aGPCRs belonging to the same subfamily tend to have
similar types and arrangements of cell adhesion domains in their extracellular re-
gions (Figure 1.3). Note that in Figure 1.3, large parts of some aGPCR ectodomains
have no annotated fold. Recently the ectodomain of the aGPCR GPR56 was struc-
turally characterised, revealing a previously unannotated domain of novel fold at its
N-terminus. This domain was termed the PLL (Pentraxin/Laminin/Neurexin/sex-
hormone-binding-globulin-like) domain [219]. It remains to be seen whether other
aGPCRs also contain domains of novel fold in their ectodomains. For other classes
of receptors, the types of domains found in aGPCR ectodomains typically provide
sites of protein-protein interactions, hence it was reasonable to expect the same for

the aGPCRs.

In the mid-1990s, CD55/DAF was identified as the first ligand for an aGPCR,
CD97 [88]. Since then, subsequent studies have identified many more factors, in-

cluding proteins, glycosaminoglycans and lipids that are capable of interacting with
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the ectodomains of various aGPCRs (summarised in Table 1.1). Although ligands
have now been identified for the majority of aGPCR families, many aGPCRs re-
main orphan. In line with their diverse architecture, aGPCRs interact with ligands
regulating a broad range of functions, from cell adhesion and synaptogenesis, to
immunity and apoptosis. The ability of aGPCRs to bind many, often seemingly
unrelated, ligands suggests that these receptors may be able to act as so-called
“context-recognisers”, tuning their signalling depending upon the precise combina-

tion of extracellular factors available [133].
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Figure 1.3: The Diverse Ectodomains of aGPCRs. The annotated domains for all aGPCR
ectodomains are shown schematically. aGPCRs are ordered by subfamily, and subfamilies
numbered using roman numerals. Regions with no predicted fold are shown as black lines. Horm,
Hormone receptor motif; Olf, Olfactomedin; Lec, Lectin; EGF, Epidermal Growth Factor-like; Ig,
Immunoglobulin-like; LRR, Leucine-Rich Repeat; Lam, Laminin G; Tsp, Thrombospondin; CUB,
Csl and Csr/Uegf/BMP1; PLL, Pentraxin/Laminin/Neurexin /sex-hormone-binding-globulin-like
[219]; CALXS, Calnexin-3; Cad, Cadherin-like repeat; EAR, Epitempin/Epilepsy-Associated
repeat; 7TM, 7 Transmembrane Region; SEA, Sperm protein, Enterokinase, Agrin module.
Figure recreated from [86]. aGPCRs are referred to by the new nomenclature proposed in [86],
alongside their alternative names.
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aGPCR Domains Involved

Proposed Function

Lphnl/2/3

Contactin6 [294]
Teneurins|[237]

FLRTs[191]
Neurexinls[27]

FMRFamide-like
neuropeptides [177]

Ectodomain
Lec/Lec-Olf [192, 28|
Olf

Lec-Olf-Stalk

Ectodomain

Anti-apoptotic
Transsynaptic receptor pair.
Activates Ca?t signalling.
Transsynaptic receptor pair.
Regulates glutamatergic
synapse development
Transsynaptic cell adhesion
Regulation of pharyngeal
pumping in nematodes

CD97

CD55/DAF [88]

EGF1+EGF2 [87]

Cell adhesion
Interaction with the

Chondroitin sulphate [245] EGF4 .
extracellular matrix
Integrin o581 /av B3 [271] Ectodomain Chemoattraction and invasion
. Leukocyte recruitment
Coy -1 255 R e to sites of inflammation
EMR2
Chondroitin sulphate [245] EGF4 Cell attachment
GPR124
. Promotion of endothelial
Integrinay 33 [262] Horm cell survival
Glycosaminoglycans [262] Ectodomain SZoul s e.ndOthehal
cell survival
GPR116
Sp-D [75] Ectodomain Regulatlor} of lung surfactant
secretion and uptake
BAIl

Phosphatidylserine [197]
Lipopolysaccharide [46]

CD36 [111]
Integrina., 33 [121]

Tsp repeats
Tsp repeats

NTF
Tsp repeats

Recognition and engulfment
of apoptotic cells
Recognition and engulfment
of Gram-negative bacteria
Inhibition of endothelial
cell migration
Pro-apoptotic

BAI3
Regulation of synapse
Cllee A Tsp repeats formation and maintenance
GPR56

Tissue Transgulatminase 2 [282]

CollagenlII [160]

Ectodomain

Ectodomain

Suppression of tumour
growth and metastasis
Inhibits neuronal migration

GPR126

Laminin-211 [200]
CollagenIV [193]

Prion Protein (Prp®) [128]

Stalk region
CUB and Pentraxin domains

Ectodomain

Regulation of Schwann
cell development
Regulation of myelination
in ear development
Promotion of Schwann
Cell Myelination

Table 1.1: Extracellular Ligands of aGPCRs. A summary of the known extracellular ligands
for aGPCRs. The table is based on that presented in [136], but corrected for various omissions
and for the inclusion of more recent data. The table is coloured according to the subfamily of
each aGPCR: Family I, green; Family II, orange; Family III, pink; Family VI, pale yellow; Family
VII, blue; Family VIII, lilac. Where the middle column reads “ectodomain”, no experimental
evidence was presented for the aGPCR subdomain involved in the interaction.
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The GPCR-Autoproteolysis-Inducing (GAIN) Domain

The diverse range of aGPCRs are united by the almost universal presence of the
membrane-proximal GAIN domain (present in all aGPCRs except GPR123) [11]
(Figure 1.3). This domain contains the GPCR Proteolysis Site (GPS, ~40 amino
acids), which is located immediately before the first transmembrane helix and un-
dergoes post-translational, autoproteolytic cleavage in the endoplasmic reticulum
[125, 150]. The crystal structure of the GAIN domain (Figure 1.4) revealed that
the autoproteolysed scissile bond has a distorted geometry due to its position in a
strained loop between the last two §-strands of the GAIN domain. After cleavage,
the cleaved (-strand remains tightly associated with the rest of the GAIN domain
due to an extensive network of intrastrand hydrogen bonds and side chain interac-
tions [11]. This leads to the cleaved N-terminal fragment, NTF, remaining tightly
associated with the rest of the protein (the C-terminal fragment, CTF) and the cell
surface (Figure 1.4). Although the GAIN domain is present in almost all aGPCRs,
structural variations of it exist, as exemplified by the recently solved crystal struc-
ture of the GPR56 ectodomain. The GPR56 GAIN domain lacks the three-most
N-terminal helices present in the GAIN domains of Latrophilin (Lphn) 1 and Brain-

specific Angiogenesis Inhibitor (BAI) 3 [11, 219|.

Alongside the GAIN domain, the hormone receptor domain (Horm) is the second
most common domain in the ectodomains of aGPCRs, and is found in 12 out of
33 family members [136] (Figure 1.3). The crystal structures of the Lphnl and
BAI3 Horm domains are highly structurally similar, despite low sequence identity
[11]. In the available crystal structures of Horm-GAIN domains, the GAIN domain
is blocking the putative hormone-binding site of the Horm domain [11, 136]. The
physiological relevance of this domain is poorly understood as there are currently

no known hormone binding partners of aGPCRs.
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Figure 1.4: Hybrid Architecture of aGPCRs. A schematic depicting the generalised hybrid
architecture of aGPCRs. The GAIN domain is depicted as an orange circle with the cleaved
portion depicted in red. A cartoon view of the crystal structure of the cleaved GAIN domain of
Lphnl is shown alongside. The cleaved S-strand is coloured in red [11].

7TTM

Like all GPCRs, aGPCRs have a 7TM region. Overall this region is poorly un-
derstood for aGPCRs, but shares the highest overall sequence similarity with the
7TTM regions of the secretin GPCR subfamily, sharing almost all highly conserved
residues. Homology modelling and sequence alignments have identified that some
important features of the 7TM regions of the rhodopsin- and secretin-type GPCRs
are approximately conserved in aGPCRs [183]. Interestingly, the aGPCR subfamily
classification is based on sequence similarity of the 7TM, but incidentally this results
in subfamilies which also share similar organisation of their extracellular domains.
This suggests an evolutionarily conserved relationship between the extracellular and

7TM regions. [134] (Figure 1.3).
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1.2.2 aGPCR Activation and Signalling
The Tethered Agonist and Allosteric Antagonist Models

The first insights into how the extracellular region of aGPCRs regulates their down-
stream signalling functions came from the observation that mutant receptors lacking
an NTF displayed constitutive signalling activity [189, 194, 286|, suggesting that ei-
ther the extracellular region inhibits the constitutively active CTF, or a remaining
part of the extracellular region is agonistic to the 7TM. Using an in wvivo trans-
gene assay in C. elegans, it was suggested that the GPS interacts with the 7TM
domain, but that GPS cleavage is not necessary for signalling [205|. Later this
idea was substantiated for two aGPCRs, GPR126 and GPR133, by the finding that
the extracellular region of aGPCRs harbours a tethered agonist sequence between
the natural GPS cleavage site and the N-terminus of the first transmembrane he-
lix (representing the last [-strand of the GAIN domain) [11]. Indeed, synthetic
peptides based on this region were able to activate these receptors and the down-
stream adenylyl cyclase pathway. This sequence has been termed the Stachel [148].
Stachel sequences have now been identified for several other aGPCRs [246, 178, 51|,
including GPR114, which is not cleaved at its GPS [277|. Based on these findings,
the Tethered Cryptic Agonist Model was proposed, whereby the intact aGPCR is
held in an inactive state due to sequestration of the Stachel by the GAIN domain.
Ligand binding was proposed to cause NTF dissociation, liberating the Stachel and

allowing it to bind and activate the 7TM.

However, a recent study showed that truncating the entire extracellular region, in-
cluding the Stachel of BAIL, resulted in robust signalling activity in a large range
of GPCR signalling assays. For GPR56, the same mutation reduced the activity
of the receptor in some signalling assays, but not others [117]. This suggests that
aGPCR signalling can proceed via both Stachel-dependent and Stachel-independent
mechanisms, and leads to the current model for aGPCR activation — the Allosteric

Antagonism Model. In this model, ligand binding induces a conformational change
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in the Stachel, inducing Stachel-dependent signalling. Meanwhile the NTF directly
antagonises the constitutive Stachel-independent activity of the 7TM. Only when
the NTF becomes dissociated (as discussed in the next section) is this antagonism
released, activating both the stalk-dependent and stalk-independent signalling func-
tions of the 7TM (Figure 1.5).

A B C

7
l l

Stachel-Dependent Activity  Stachel-Dependent Activity
and
Stachel-Independent Activity

Figure 1.5: Allosteric Antagonist Model of aGPCR Activation. In the unliganded
receptor the NTF acts to mask the Stachel and also directly antagonises the Stachel-independent
function of the 7TM (A). Upon ligand binding, conformational changes in the NTF enhance
Stachel-dependent activity (B). Finally, ligand dissociation removes the antagonistic NTF,
activating Stachel-independent pathway (C).

Proposed Stachel Release Mechanisms

How exactly the Stachel endogenously activates aGPCRs in the context of the full-
length receptor is currently under debate. In the available structures of the GAIN
domain the Stachel sequence is embedded firmly within the domain, where its move-
ment is presumably restricted by the large number of interactions it makes with the
rest of the domain [11]. One of the key questions then is how the Stachel could

become available to act as an agonist.
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Under conditions of sheer stress, engagement of the aGPCR CD97 with its ligand,
CD55, results in dissociation of the CD97 NTF from the cell surface [110]. Similarly,
polymerised Laminin-211 has been shown to activate GPR126 by direct binding to
its stalk region, but only under shaking conditions. It was proposed that mechani-
cal stimulation, alongside ligand binding, may facilitate GPR126 NTF removal and

activate signalling [200].

There are multiple lines of evidence indicating that aGPCR signalling is sensitive
to mechanical stimulation in vivo. The Drosophila orthologue of Lphn, CIRL, was
shown to be important for determining sensitivity to mechanical stimuli by regulat-
ing ionotropic receptor currents. This suggests that CIRL controls the sensitivity
of cells towards mechanostimulation, rather than mediating a direct response to
mechanical challenge [224, 225]. This response may be regulated by the length
and tensile properties of the extracellular region, and requires an intact Stachel
sequence. Interestingly, GPS cleavage was not required [225]. Mechanosenstive ac-
tivity has also been proposed for GPR56 in regulating muscle hypertrophy [276].
Further, a missense mutation in the GAIN domain of EMR2 is associated with the
disease Vibratory Urticaria, where sufferers develop hives in response to repetitive
mechanical stimulation of the skin. This mutation is thought to destabilise the in-
teraction between the NTF and CTF [29]. Together, these data are beginning to
suggest that mechanical stimulation may provide a means by which the NTF and

CTF dissociate, releasing the Stachel peptide.

Downstream Signalling of aGPCRs

Canonical GPCRs mediate many of their effects by coupling to heterotrimeric G-
proteins, composed of a (the GTPase), 8 and 7 subunits. There are four classes of
Ga proteins, each of which mediates distinct intracellular responses upon signalling:
Gag, which activates cAMP production via adenylate cyclase; Ga; which inhibits

adenylate cyclase; Gag, which activates phospholipase C and Gajg/13 which acti-
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vates small Rho-type GTPases that regulate the cytoskeleton. aGPCRs have been
shown to couple to all of these classes [86]. Despite this, very few “activating” ligands
have been discovered for aGPCRs, and even fewer of those have been shown to act
via G-proteins. For example, type-III Collagen binds GPR56, activating RhoA via
Gaiz)13 [160]. GPR126 represents one of the best-studied aGPCRs in terms of its
activating ligands, of which there are at least three known examples. Both Collagen
IV and the Prion Protein can activate GPR126, causing cAMP elevation. This effect
is mediated by a moderately conserved cluster of residues present in both Collagen
IV and the Prion Protein [193, 128]. Another GPR126 ligand, Laminin-211, poly-
merises to promote GPR126 signalling via Gay, elevating intracellular cAMP levels,

but can also antagonise cAMP elevation in a Gas-independent fashion [200].

As well as G-proteins, aGPCRs have been shown to have a variety of C-terminal
interactors, and it is evident that their signalling is not always heterotrimeric G-
protein-dependent. Both BAI1 and BAI3 bind the intracellular adaptor protein
ELMO/Dock180. In the case of BAIl, the interaction with ELMO/Dock180 reg-
ulates the actin cytoskeleton via Rac and promotes the engulfment of apoptotic
cells recognised by BAIl binding to phosphatidylserine [197, 137]. aGPCRs have
also been shown to interact with intracellular components of morphogen signalling
pathways. For example, CELSR1 (cadherin EGF LAG seven-pass G-type receptor
1) interacts with components of the planar cell polarity pathway to promote neu-
ral tube closure [184]. Further, almost half of all aGPCRs have a PBM at their
C-terminus, allowing the binding of PDZ domain-containing proteins [136], which
play important roles as scaffold proteins in the assembly of multi-protein signalling

complexes [89.

1.3 aGPCRs in Neural Guidance and Synaptogenesis

aGPCRs play important roles in cell adhesion and migration in various organ sys-

tems, including the brain. The identification of GPR56 mutations as drivers in
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BFPP was just the beginning of their diverse roles in central nervous system devel-
opment in both vertebrates and invertebrates [134|. Below, the aGPCRs with the
best characterised roles in axon guidance and synaptogenesis are discussed, alongside

their involvement in neurological diseases.

1.3.1 BAIs

In the context of nervous system development, BAls, particularly BAI3, are best
studied for their roles in mediating synapse development and maintenance in verte-
brates. In the developing cerebellum, BAI3 is expressed on postsynatpic Purkinje
cells, where it binds Clg-like proteins (Clqll-4) expressed by climbing fibres. Ini-
tially, many climbing fibres innervate a single Purkinje cell soma, but eventually only
a single synapse is formed by the so-called “winning” climbing fibre. Clql1-BAI3
signalling is a key regulator in this process, and is also involved in the mainte-
nance of the final synapse throughout adulthood [24, 236, 106]. Clql3 binds the
thrombospondin-like (Tsp) repeats of BAI3 [24], but Clqll binds to the BAI3 CUB
domain [106], suggesting that Clql family proteins could bind at homologue-specific
binding sites on BAI3.

Synaptic dysfunction is implicated in both autism-spectrum disorder and schizophre-
nia [199, 202|. Consistent with their role in regulating synapse formation and main-
tenance, mutations in the BAIs have been associated with both of these neurological
diseases |52, 147|, as well as in other psychiatric disorders such as bipolar disorder

and addiction [152, 165].

1.3.2 CELSRs

The CELSRs (or 7TM-cadherins) are best studied for their roles in the planar cell
polarity pathway (which regulates organisation of cells in a sheet) but have emerging
roles in neuronal migration, axon guidance and dendritic development [255]. Their

molecular mechanisms in axon guidance are poorly understood in terms of their
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intracellular and extracellular ligands but, along with Frizzled3, CELSR3 controls

the development of most of the longitudinal tracts in the central nervous system [36].

CELSR2 uses its large ectodomain to perform a dual role in dendritic maintenance.
Deletion of the receptor’s extracellular cadherin repeats decreases dendritic com-
plexity, whereas deletion of its EGF-Horm region has the opposite effect [232]. This
suggests that the CELSR2 ectodomain may bind multiple ligands at distinct sites,
exerting opposing effects on dendritic outgrowth. Further, homophilic interactions
between CELSR2 molecules were shown to enhance neurite outgrowth, whereas
CELSR3 homophilic interactions have the inverse effect [231]. These results point
to a role of CELSRs as context-recognisers in dendritic development. CELSRs have
functions early in embryonic development as, in humans, CELSR1 mutations are as-

sociated with the neural tube defects craniorachischisis [212] and spina bifida [140].

1.3.3 GPR56

As discussed briefly earlier, mutations in the aGPCR GPR56 are associated with the
disease BFPP [201|. BFPP results in a pathologically smooth brain (lissencephaly),
characterised by neuronal over-migration and breachment of the pial membrane
surrounding the brain [146]. At the pial basement membrane, GPR56 normally
encounters its ligand, type-III collagen, inhibiting neuronal migration [160|. This
points to a role for GPR56 in regulating cortical lamination and pial membrane

integrity.

1.4 Latrophilins

The Latrophilins (Lphn1-3 in most vertebrates) are amongst the best-studied aGPCRs.
They have long been linked to the nervous system, as they were first identified as
receptors for the neurotoxic protein component of black widow spider venom, -

Latrotoxin [49], which causes massive neurotransmitter release from sensory and
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motor neurons. The Lphns represent an evolutionarily ancient class of receptor,
playing important functions in both neuronal and non-neuronal cells of vertebrates
and invertebrates. The ectodomain of vertebrate Lphn is ~100 kDa and comprises
an N-terminal Lectin domain (Lec), also termed rhamnose-binding lectin-like do-
main, an Olfactomedin-like domain (Olf), a glycosylated ~100-residue linker (Stalk-
region), and a Horm/GAIN domain. The domain organisation of vertebrate Lphns
is shown below (Figure 1.6A). The structure of the murine Lphnl Lec domain has
been solved by NMR, revealing a S-sandwich structure formed by two antiparallel -
sheets decorated by a 10-residue a-helix and two extended loops. One of these loops
harbours a low-affinity rhamnose-binding site [260]. Immediately prior to the start
of the work described in this thesis, the crystal structure of the Lphn3 N-terminal
region (comprising the Lec and OIf domains) was solved by Dr. Elena Seiradake.
This revealed that the Olf domain forms a five-bladed [-propellor with two metal

ions bound in the central channel of the S-propellor (Figure 1.6B).
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Figure 1.6: Domain Organisation of Vertebrate Lphns. The domain structure of vertebrate
Lphns is shown as a schematic. The Lec domain is shown as a dark yellow oval, the Olf domain
as a blue and orange striped circle and the Horm/GAIN domain as a bright yellow circle. Linkers
of unknown fold are shown as black lines (A). The crystal structure of an N-terminal fragment
comprising the Lec and OIlf domains of the murine Lphn3 is shown in cartoon representation and
coloured according to the rainbow (blue = N-terminus, red = C-terminus) (B).

1.4.1 Lphns as Receptors for a-Latrotoxin

Much of the early functional information on Lphns came from studies on the ef-
fects of a-Latrotoxin. Lphnl displays highest affinity binding to a-Latrotoxin, with

Lphn2 displaying weaker affinity and Lphn3 displaying no measurable affinity [98].
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Stimulation of Lphnl with a-Latrotoxin resulted in elevation of intracellular cAMP
and IPj3 levels, suggesting that a-Latrotoxin stimulates G-protein-dependent sig-
nalling from Lphn [142]. However, intracellular signal transduction by Lphn is not
required for a-Latrotoxin toxicity [248]. Two mechanisms are currently proposed
for a-Latrotoxin toxicity. Firstly, the receptor binds a-Latrotoxin, activating Phos-
pholipase C and Ca?" signalling. In the second mechanism, the signalling activity
of Lphn is not required and receptor binding purely serves to recruit a-Latrotoxin
to the cell membrane where it can tetramerise and insert into the membrane, form-
ing Ca?" permeable pores. The resulting increase in intracellular Ca?" causes mass

exocytosis of neurotransmitter-containing vesicles [159].

1.4.2 Expression of Lphns

Multiple lines of evidence from various vertebrate species suggest that Lphnl and
3 are primarily expressed in the brain, whereas Lphn2 is ubiquitously expressed
[142, 248, 164, 98, 28|. As the mouse brain matures postnatally, the levels of Lphnl

and 3 rise, peaking around postnatal day 15 (P15) [28|.

1.4.3 Neuronal Functions of Lphns
Roles in Mechanosensation

The functions of Lphns have been most extensively studied in neurons. In flies,
the Lphn homologue, CIRL, is strongly expressed in the neurons of the chordotonal
organs — sensory structures that govern the perception of a wide range of mechani-
cal inputs. CIRL mutant neurons displayed decreased action current frequencies in
response to vibration stimuli, and the larvae have locomotion defects and reduced
sensitivity to gentle touch [224]. Interestingly, it has recently been reported that
mechanical stimulation of CIRL reduces cAMP levels in these sensory neurons and
that this activity may directly modulate ion flux through TRP channels (well known
mechanosensitive ion channels), although the nature of this interaction remains un-

clear |225].
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Extracellular Neuronal Ligands of Lphns

The endogenous roles of vertebrate Lphns are best understood in the context of their
interaction partners. Lphns use their N-terminal regions to bind the ectodomains
of at least four different ligands: Neurexins, Contactin6, Teneurins and Fibronectin
Leucine-Rich Repeat (LRR) Transmembrane proteins (FLRTSs) |27, 294, 237, 191],
all of which have established roles in axon guidance and synaptogenesis. The inter-

actions with the FLRTs and Teneurins are the most extensively studied so far.

Neurexins are single-pass transmembrane proteins which are best-characterised for
mediating heterotypic transsynaptic interactions with Neuroligins [247]. Lphn com-
petes with Neuroligin for binding to Neurexin, although the in vivo relevance of this
remains unclear [27]. Contactin6 is a newly identified neuronal ligand of Lphnl.
This interaction is mediated via the Lphnl ectodomain in cis and is thought to

have an anti-apoptotic role [294].

The interaction of Lphnl with Teneurin2 was first discovered using pull-down exper-
iments from rat brain lysate [237|. This interaction was then later confirmed to occur
between Lphnl and all four Teneurin homologues (Ten1-4) [28|. The Lphn-Teneurin
receptor pair is capable of inducing cell aggregation [28] and artifical synapses be-
tween hippocampal neurons and transfected HEK293 cells [237|, suggesting that
this interaction occurs transsynaptically. Teneurins have been shown to bind to the
Lec-Olf fragment of Lphns [192], although another report suggests that the Lphn
Lec domain is sufficient for Teneurin binding. Interestingly, the affinity of the inter-
action depends on a developmentally regulated alternative splicing event affecting

the length of the linker between the Lphn Lec and OIlf domains [28].

All three Lphn homologues also engage in nanomolar affinity interactions with FLRT
(FLRT1-3) proteins. Again, this interaction has been shown to occur transsynapti-

cally with Lphn localised to the pre-synapse and FLRT to the post-synapse [191].
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Functionally, the interaction regulates the development of glutamatergic synapses
[191] and is important in ensuring the correct development of cortical microcircuits
in the mouse brain [192]. The Olf domain of Lphns is sufficient for their interaction

with FLRTSs [192]. Both the Teneurins and the FLRTs will be discussed extensively

in later sections.

Intracellular Ligands of Lphns

Lphns have been shown to couple to heterotrimeric G-proteins, including Ga, (of
the Gas-type) [142], Gas and Gy [178]. A recent report suggests that G-protein
coupling may be specific to the Lphn homologue, cell type or stimulus, as mechanical
stimulation of Drosophila Lphn resulted in a drop in intracellular cAMP concentra-

tion [225].

Like around half of all aGPCRs, Lphns contain a C-terminal PBM. The Lphn PBM
has been shown to bind the PDZ domain-containing SH3 and multiple ankyrin repeat
domains (SHANK) family proteins [126, 256]. SHANKSs are typically considered
“master” scaffolding proteins, tethering and organising other scaffolding proteins at
synaptic membranes and forming a dense network between clustered cell surface

receptors and the actin cytoskeleton [172].

1.4.4 Lphns in Neurological Diseases

Consistent with their extensive role in the brain, mutations in Lphns have been
associated with a variety of neurological problems such as mental retardation and
psychomotor and language delay [25]. Linkage studies strongly associate mutations
in Lphns with the development of Attention Deficit Hyperactivity Disorder (ADHD)
[13, 55|. This link has now been more directly validated in Iphn3.1 knockdown
studies in zebrafish, showing aberrant dopaminergic neuron development alongside

a hyperactive motor phenotype [132].
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1.4.5 Non-neuronal Functions of Lphns

Besides their neuronal functions, Lphns have emerging roles in regulating diverse
biological processes. The C. elegans homologue of vertebrate Lphns, Lat-1, plays
an essential role in establishing anterior-posterior polarity in early embryonic devel-
opment by helping to specify division plate alignment in epidermal seam cells [135].
Lat-1 is also important in the production of functional sperm [205|. Establishment
of anterior-posterior polarity requires Stachel-mediated cAMP elevation via Gag,

although the extracellular cue for this is still unknown [178].

Studies in vertebrates have also indicated non-neuronal functions for the Lphns. In
chicken embryos, Lphn2 has been implicated in the epithelial-mesenchymal transi-
tion and in early heart development [57]. Further, a recent study implicates Lphns in
the development of asthma in humans, as expression of Lphnl and 3 was enhanced in
the airway smooth muscle cells (ASMCs) of asthmatic patients. Interestingly, appli-
cation of FLRT3 induced both ASMC proliferation and contraction, suggesting that

Lphn3 may partly be responsible for increased airway contractility in asthmatics [67].

Many of the studies discussed above implicate the interactions of Lphns with their
extracellular ligands as crucial in driving a diverse range of biological processes,
particularly in the brain. In the following sections, two of the best-characterised

Lphn ligands, the FLRTs and the Teneurins are discussed in detail.

1.5 FLRTs

FLRTs (FLRT1-3) are broadly expressed [131], vertebrate-specific proteins which are
emerging as potent regulators of early embryonic, neural and vascular development.
FLRTSs are single-pass transmembrane proteins with ~500 residue extracellular do-
mains, and smaller intracellular domains of ~100 amino acids. The extracellular

domain comprises an N-terminal leucine-rich repeat (LRR) domain followed by a
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~60 residue glycosylated linker and a fibronectin (FN)-type IIT domain. The crystal
structure of the FLRT2/3 LRR domain is published [226]. All FLRTSs contain a met-
alloprotease cleavage site in their extracellular juxtamembrane region [285] (Figure
1.7). As well as functioning as transsynaptic ligand for Lphns, FLRTSs have a variety

of in wvivo functions which are discussed below.
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Figure 1.7: Domain Organisation of FLRTs. The domain structure of FLRTs is shown as a
schematic. The position of the metalloprotease cleavage site is shown by a scissor symbol (A).
The crystal structure of the FLRT3 LRR domain is shown in cartoon and transparent surface
representation and coloured according to the rainbow. The 10 LRRs are numbered (B). Panel B
was taken from [226].

1.5.1 The Diverse Functions of FLRTSs

FLRT proteins have been implicated in the development of a wide variety of tissues
and organs, and play powerful roles in early embryonic development. In mouse em-
bryos, FLRT3 is required to maintain tissue integrity and organise the underlying
basement membrane in the anterior visceral endoderm signalling centre (governing
establishment of the anterior-posterior body axis) [61, 161]. FLRT2 is thought to
play a similar role during heart development, suggesting that the FLRTs play con-
served roles in maintaining cell-cell contacts in diverse body systems [179]. FLRT3
has also been shown to promote neurite outgrowth from both cerebellar and sen-
sory spinal neurons (dorsal root ganglia) [257, 213]. Recent work has proposed that

the adhesive properties of FLRTSs regulate neuronal migration and guidance in the
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developing mouse cortex [285, 226] and that expression levels of FLRT1/3 may act

as a key determinant of cortical folding [50].

Like many CAMs, FLRTs have functions other than their role in promoting cell
adhesion. For example, FLRT3 has also been shown to use its intracellular domain
to recruit the small GTPase, Rnd1, promoting deadhesion by Cadherin endocytosis
[188]. A similar function has been proposed for FLRT2 during chondrogenesis [283].
Recently it has been proposed that FLRTs have the unique ability to act as so-
called Repulsive Cell Adhesion Molecules (ReCAMs), combining finely tuneable cell

adhesion with repulsive functions by the recruitment of a heterophilic receptor [226].

1.5.2 Homophilic FLRT Interactions

One of the first proposed functions of FLRT proteins was in homotypic cell adhe-
sion, mediated by the concave surface of the FLRT LRR domain [108, 226]. This
interaction is low affinity (one report suggests a Kp of ~40 uM for FLRT3) [208],
but is presumably enhanced by avidity effects since FLRT-transfected cells cluster
in a cell aggregation assay [108, 226]. Many of the cell adhesive properties of FLRTSs
have been attributed to their ability to form these homophilic interactions. For
example, FLRT homophilic interactions are proposed to be important in mediating
the tangential spread of pyramidal neurons during the development of the cerebral

cortex [226].

1.5.3 Heterophilic FLRT Interactions with Unc5s

How FLRT functions from a molecular perspective is best understood in terms of its
interactions with the Uncoordinated5 family of receptors (Unc5A-D in mammals).
Uncbs are single-pass transmembrane receptors which have a largely conserved archi-
tecture across species. The ectodomain consists of two N-terminal immunoglobulin-
like (Igl and Ig2) domains and two thrombospondin-like (Tsp) domains. The single-

pass transmembrane helix leads into a large intracellular region including ZU5 (as
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initially found in ZO-1 and Unc5) and UPA (Unch, PIDD and ankyrin) domains,
and a Death Domain (DD) (Figure 1.8A). Crystal structures of the two Ig and Tspl
domains of UncbA (Figure 1.8B) [226] and most of the intracellular region of Unc5B

[270] are available.
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Figure 1.8: Domain Organisation of Unc5s. The domain structure of Unch receptors is
shown as a schematic (A). The crystal structure of a fragment of the human Unc5A ectodomain
(PDB accession: 4V2A) is shown in surface representation [226].

Uncbs as Netrin Receptors

Uncbhs have mainly been studied for their roles as repulsive receptors for secreted
Netrins in a variety of biological scenarios, including neural guidance and angio-
genesis. Netrins have two receptors, Deleted in Colorectal Cancer (DCC) and Unch
[112, 143] and the cellular effects of Netrin largely depend on which receptor it binds
to. In all species, the attractive effects of Netrins are mediated by the DCC receptor
family, whereas the repulsive functions require Unch family receptors [122]. The
long-held view is that Netrinl, secreted by the ventral midline floor plate of the
embryonic spinal cord, diffuses to bind DCC receptors expressed on the surface of

commissural neurons, promoting their outgrowth [229, 113]. However, when Unch
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is present in cis, it forms a ternary complex with Netrin-DCC, converting attrac-
tion into repulsion [96]. This has recently been contested by reports suggesting that
Netrinl may function in a short-range adhesive manner in this scenario [56]. Netrinl

has been shown to bind the Igl and Ig2 domains of Unch family members [83].

As well as regulating neural guidance in response to Netrins, Unch (and DCC)
receptors also have important roles in regulating cell survival by acting as so-called
“dependence receptors” for secreted Netrins [154]. When bound to Netrinl, these
receptors transduce pro-survival signals such as mitogen-activated protein kinase
activation [73]. However, in the absence of Netrinl, Unch receptors actively trigger
apoptosis [153]. Crystallographic evidence reveals that the intracellular domain of
UnchB adopts an auto-inhibited closed conformation in which the ZU5 and Death
Domains bind one another, preventing apoptosis. The apoptotic activity of mutant
UnchB with a constitutively open conformation of the intracellular domain is not
inhibited by Netrinl binding, suggesting that Netrin binding normally stabilises the
closed conformation of the receptor [270]. Consistent with a role in regulating cell
survival, Unch receptors are implicated in various diseases. Uncbs act as potent
tumour suppressor genes and are downregulated in many cancers [253]. Mutations
in Unch family members are most strongly implicated in colorectal cancers [233, 21,
42, 130]. Further, a mutation in the Unc5C intracellular domain has been linked to

late-onset Alzheimer’s disease and increased neuronal cell death [274].

The FLRT-Unc5 Interaction

UncbB and UnchHD were initially identified as high-affinity FLRT3 interactors in a
cell-binding expression screen 107, 242]. Since then, all four mammalian Unc5 ho-
mologues have been shown to interact with FLRT proteins [191]. FLRT3 and Unc5B
act synergistically in Xenopus embryos to induce deadhesion, and both proteins can
bind the small GTPase Rnd1 via their intracellular domains, which is thought to be

important in transmitting the downstream signal [107].
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The FLRT-Uncb interaction is best understood in the context of cortical develop-
ment, where it acts in a repulsive manner. In the mouse cortex, FLRT?2 expression is
restricted to the cortical plate, but metalloprotease cleavage in the juxtamembrane
region of FLRT?2 releases the ectodomain, allowing it to act as a long-range diffusible
guidance cue. The FLRT2 ectodomain can then diffuse to the subventricular zone
where it acts as a “molecular brake” for young Unc5D+ neurons, delaying their mi-
gration until the correct developmental time point [285]. The shed ectodomain of
FLRT2 has been shown to interact with Fibronectin, a component of the extracel-

lular matrix, which could help establish a gradient of these soluble molecules |70].

The crystal structure of the minimal FLRT2-Unc5D complex (FLRT2LER bhound
to UnchD'8!) reveals that the Unc5D'! domain binds to the lateral side of the
FLRT2MR 4 site distinct from the FLRT-FLRT homophilic interaction site (Fig-
ure 1.9). Elegant work using mutations based on this complex crystal structure
revealed that the repulsive activity mediated by the FLRT2-Unc5D interaction con-
trols the radial migration of cortical pyramidal neurons in the developing mouse
cortex, whereas the FLRT concave surface (which mediates FLRT homophilic inter-

actions) regulates pyramidal neuron migration in the tangential axis [226].
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Figure 1.9: The Crystal Structure of the Minimal FLRT-Unc5 Complex. The crystal
structure of the minimal FLRT2VRR-Unc5D'8! complex (PDB accession: 4V2C) was used to
superpose the crystal structure of UncbA Igl-Ig2-Tsp (PDB accession: 4V2A). This provides a
model FLRT-Unch complex formed between two opposing cells [226]. All domains are coloured as
in previous figures.

The FLRT-Unc5 repulsive interaction has also been shown to have important biolog-
ical functions outside of the brain. For example, FLRT2-Unc5C-mediated repulsion
is important in controlling neuronal laminar targeting in the inner plexiform layer
of the mouse retina [265]. FLRT-Unc5 interactions are also important in vascular
development. Fundamentally the mechanisms of FLRT-mediated adhesion (via ho-
mophilic interactions) and repulsion (via Unch) are conserved between both neural
and vascular development [226], placing FLRTs amongst the ever-growing number of
neural guidance molecules involved in regulating the development of these distinct

systems [5].
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1.5.4 Other Heterophilic FLRT Interactions
Role in Fibroblast Growth Factor (FGF) Signalling

FLRTs have been shown to be necessary for FGF signalling and form in cis in-
teractions with FGF receptors (FGFRs), via the FLRT FN-III domain [26]. The
intracellular domain of FLRT1 is phosphorylated in an FGFR1-dependent fashion,
a modification that is thought to suppress FLRT-mediated potentiation of FGF
signalling and regulate neurite outgrowth [275]. Interestingly, the various FLRT
homologues display differential affinities for the different FGFRs, suggesting that
different FLRTSs could influence different FGF signalling pathways [85].

Interactions with the Canonical Neural Guidance Cues

FLRTs also regulate the activity of other receptors in cis. FLRT3 can bind in cis
to the guidance receptor Robol. Upon binding Slit1, the FLRT3-Robol complex
activates protein kinase A and upregulates DCC cell surface expression. This allows
rostral thalamocortical axons to be attracted to sources of Netrinl. In contrast, in-
termediate thalamocortical axons, which do not express FLRT3, display no response

when Netrinl and Slitl are present in combination [145].

1.6 Teneurins

The other Lphn ligands that will be discussed extensively in this thesis are the
Teneurins. Teneurins are evolutionarily ancient cell surface receptors present in
both vertebrates and invertebrates and are implicated in axon guidance, neuronal
migration and development. They are believed to have originated in choanoflagel-
lates, unicellular eukaryotes thought to be the closest living relatives of the animals
[259]. The Teneurin gene family was first described in Drosophila, with two ho-
mologues having been identified, ten-a [16] and ten-m [17, 144]. Later, a murine
orthologue of ten-m, DOC4 (later Tend), was discovered in a screen for proteins

induced during the endoplasmic reticulum unfolded protein response [272]. Ten4
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was later revealed to be one of four murine Teneurin homologues (Ten1-4) [190].

1.6.1 Domain Architecture of Teneurins

The Teneurins are type-II single-pass transmembrane proteins, meaning they have
an extracellular C-terminus [190] (Figure 1.10). The vertebrate Teneurin intracel-
lular domain contains two EF-hand like sequences, two polyproline sequences and
two tyrosine residues which are predicted to be phosphorylated. Although the in-
tracellular domains of the vertebrate Teneurins align well, none of the intracellular

domains of the invertebrate Teneurins align with those of vertebrates, or with each

other [258].
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Figure 1.10: Literature-based Domain Annotation of Teneurins. A schematic of the
Teneurin ectodomain annotated according to domains identified in the literature. Note that much
of the ectodomain does not contain any predicted domains. The two putative C-terminal
protease cleavage sites are denoted by scissor symbols. The cysteine-rich motif is marked with an
asterisk. The portion of the ectodomain that binds to Lphn is shown [237].

The large extracellular domains of all Teneurins (>2000 amino acids in both ver-
tebrates and invertebrates) show a much higher degree of conservation than the
intracellular domains. Approximately 200 amino acids separate the transmembrane
helix and eight phylogenetically conserved Epidermal Growth Factor-like (EGF)
repeats, which bear sequence similarity to those of the extracellular matrix glyco-
protein, Tenascin [16, 17, 144|. One EGF repeat normally contains six cysteine
residues, forming a stable structure with three disulphide bonds. Uniquely, one cys-
teine residue in both EGF repeats 2 and 5 is replaced by a bulky hydrophobic residue
in all vertebrate Teneurins. This allows Teneurins to form disulphide-bonded homo-

and heterodimers [190, 69]. Early electron microscopy studies revealed the overall
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architecture of these dimers, showing pairs of roughly spherical domains, connected
by thin, elongated rods, which were presumed to be the EGF repeats (Figure 1.11)
[190].
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Figure 1.11: Electron Micrographs of MmTenl Ectodomains. Electron micrographs after
glycerol spraying/rotary shadowing of recombinant MmTenl extracellular domains. The
MmTenl ectodomain exhibited a variety of conformations, including forming dimers-of-dimers on
the electron microscopy grid (last two panels). Figure adapted from [190].

Immediately following the EGF repeats is a Cys-rich motif containing six cysteine
residues. This represents one of the most highly conserved regions of the protein,
and aligns well with predicted metal-binding motifs of unrelated proteins [259]. The
next ~290 amino acids of vertebrate Teneurins are completely unannotated in the
literature. This unannotated region is followed by an approximately 400-amino acid
NCL-1, HT2A and Lin-41 (NHL) domain, which is present in a variety of growth reg-
ulator proteins and has been shown to form a S-propellor structure in the Drosophila
Brain Tumour transcriptional regulator protein [60]. The Lphn-binding region of
Teneurin has been mapped to a region spanning from the beginning of the NHL

domain to the protein’s C-terminus (Figure 1.10) [237].

Downstream of the NHL domain, Teneurins harbour 26 tyrosine-aspartate (YD) or
rearrangement hotspot (Rhs) repeats. This region of the protein has been shown
to bind heparin [170]. Each YD-repeat motif (consensus sequence: GXXTXYXY-
DXXGRLXXXTXXX) corresponds to a single strand-turn-strand motif, many re-
peats of which form large shell-like structures, which are plugged at their C-terminal
end by a so-called Rhs-associated core motif (also conserved in Teneurins, Figure
1.12) [34]. The final ~300 amino acids of the Teneurin ectodomain are poorly an-

notated, but the final ~75 amino acids share sequence homology (~40%) with an
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inactive form of a Tox-GHH domain, a type of bacterial nuclease [290|. Teneurins
are also thought to be extensively proteolytically processed in the region C-terminal
to their YD-repeats (Figure 1.10). Almost all vertebrate Teneurins have a consensus
Furin cleavage sequence (RXRR) ~100 amino acids from their C-terminus — pro-
teolytic processing at this point would release the intact Tox-GHH domain [290)].
Additionally, a second cleavage site has been predicted ~50 residues from the C-
terminus, which would liberate a short peptide with similarity to bioactive peptides.
This peptide has been termed the Teneurin C-terminal-associated peptide (TCAP),

and is discussed in detail in Section 1.6.2 [157].

Interestingly, the arrangement of N-terminal YD-repeats, followed by a C-terminal
toxin-like domain is reminiscent of a class of bacterial polymorphic toxins called
the Rhs toxins. These toxins typically exhibit an N-terminal core region containing
Rhs/YD-repeats, but have highly variable C-terminal “tip” regions, encoding their
cytotoxic parts [94, 101]. These C-terminal tip regions harbour a variety of different
toxic activities and can target both prokaryotic [124] and eukaryotic [129] cells. Of
these Rhs-containing toxins, the ABC toxins are the best structurally characterised.
The structures of these toxins have been used to make predictions about the Teneurin

C-terminal region and are briefly introduced below.

Bacterial ABC Toxins as Example Rhs Toxins

The ABC toxins comprise three protein components, A, B and C, which must assem-
ble for full toxicity. The first structure of an Rhs/YD-repeat containing protein was
of the BC complex (YenB-YenC2) from an ABC toxin from Yersinia entomophaga
[34]. This was followed shortly by an almost identical structure of a B-C fusion pro-
tein from an ABC toxin of Photorhabdus luminescens (TcdB2-TecC3) [167] (Figure
1.12). The C protein is similar to the bacterial “polymorphic toxins”, having a con-
served N-terminal region harbouring YD-repeats and a highly variable C-terminal

region which harbours the main cytotoxic activity of the protein [290]. When assem-
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bled with the B protein (which also contains YD-repeats), the C protein undergoes
an autoproteolytic cleavage event between its conserved N-terminus and variable
C-terminus yielding two fragments, the CNTR and C®TR. The crystal structures of
B-CNTR complexes of the two ABC toxins (PDB accessions 4IGL and 409X respec-
tively) reveal that the B and C proteins assemble to form a large hollow barrel-like
structure, with the C-terminus of CNTR enclosed within the barrel (Figure 1.12A).
The barrel-like structure is composed of 90 S-strands, which are contributed by both
the B and the C proteins. The shell is closed at its B-end by a §-propellor domain
and at the C-end by a short f-sheet which spirals inwards to form a plug (this do-
main was termed the Rhs-associated core domain and is highly conserved in other

bacterial YD toxins and in Teneurins) (Figure 1.12A)

Data from Small-Angle X-ray Scattering experiments and Cryo Electron Microscopy
indicate that the cleaved cytotoxic C¢T® of both YenC2 and TccC3 resides inside
the barrel structure formed by the YD repeats of the B protein and CNT® [34, 167].
Cryo-Electron Microscopy data indicate that the S-propellor of the B protein docks
onto the pentameric pore formed by the A protein, opening the barrel and forming
a continuous channel, allowing the cytotoxic domain to be translocated into the

receiving cell [167].

All of these findings point to a model whereby the cytotoxic domains of these proteins
are encapsulated within a shell formed by N-terminal YD-repeats, meaning that the
toxin-producing cell is never directly exposed to the cytotoxic domain [34, 167].
Even during toxin delivery, the cytotoxic domain is translocated directly from the
inside of the barrel though the A-protein pore and into the target cell. This has
been suggested to be a self-protection mechanism for the producing cell. Given that
the C-terminal domain of Teneurin harbours an (albeit inactive) Tox-GHH domain,
it has been suggested that the C-terminal regions of Teneurins would be enclosed

within similar barrels [34].
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Figure 1.12: The Crystal Structure of YenB-YenC2. Side view of the crystal structure of
the B-CNTR complex of YenB2-YenC2 from Y.entomophaga. The S-propellor domain of B is
coloured red, the rest of B is coloured in purple and green. CNTR is coloured in blue and the
Rhs-associated core domain is coloured in cyan (A). A continuous -sheet wraps around the
central cavity to form the barrel (B). A section of the YD-repeats from CNTE are shown in
cartoon representation (viewed from inside the barrel). The conserved residues are coloured:
tyrosine, magenta; other hydrophobic residues, yellow; hairpin turn made by the DXXGR motif,
green and blue. One YD-repeat sequence motif is highlighted in orange and forms a single
strand-turn-strand motif (C). Figure adapted from [34].
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1.6.2 Proteolytic Processing of Teneurins

Interestingly, Teneurins are thought to be post-translationally proteolytically cleaved
in both a homologue-dependent and homologue-independent manner. This is dis-

cussed below.

Proteolytic Processing of the Intracellular Domain

Early work on Ten2 revealed that the intracellular domain is proteolytically cleaved,
allowing it to translocate to the nucleus and act as a transcriptional repressor for
certain genes [15]. Recently, additional mechanistic insight was gained when it
was discovered that the Tenl intracellular domain binds a transcriptional repressor,
upregulating transcription of genes under the control of Microphtalmia-associated
Transcription Factor, MITF [223]. The intracellular domains of many, but not all,
Teneurin proteins contain nuclear localisation signals, suggesting that this could
be a conserved mechanism of Teneurin signalling [114, 259]. The extracellular cue
that regulates this cleavage event is currently poorly understood, but homophilic
or heterophilic interactions of the Teneurin extracellular domain is one possible

mechanism [15].

Proteolytic Processing Near the Transmembrane Domain

Many of the vertebrate Ten2/3 proteins, but not Tenl/4, contain predicted Furin
cleavage sites between their single-span transmembrane helices and their EGF do-
mains [259]. Recently it has been shown that the ectodomain of Ten2 constitutively
undergoes Furin cleavage at this site, however the cleaved ectodomain remains asso-
ciated with the cell surface by association with its transmembrane helix. A second
cleavage event, which occurs within the transmembrane helix of Ten2, releases the
Ten2 ectodomain into the medium [267]|. In neurons, this second cleavage event is
highly inefficient (only ~8% of Ten2 dimers are released from the cell surface) [267].

The in vivo role of the soluble Ten2 ectodomain is currently unknown.
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TCAPs

The TCAP sequence was first discovered using a low-stringency screen for ho-
mologues of the stress-response peptide hormone, Corticotrophin-Releasing Factor
(CRF) (Figure 1.13). These peptides have many of the features typical of bioactive
peptides, including a pro-hormone cleavage motif in their N-terminal region and an
amidation motif at their C-terminus [206, 157]. It is not entirely clear how TCAPs
may be generated in vivo. The pro-hormone cleavage motif lies in the middle of the
inactive Tox-GHH domain, and cleavage at this site would result in the liberation
of the ~50 most C-terminal amino acids of the receptor [206]. Alternatively, it has
been shown that a TCAP-1-containing transcript can be transcribed independently
of the rest of the receptor, and it is thought that the protein product of this tran-

script is further processed to yield a 10-15 kDa fragment [37].
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Figure 1.13: Sequence Similarity between TCAP Sequences and CRFs. Alignment of the
TCAPs with members of the CRF family. Note that the TCAP amidation motif is not shown in
this alignment. Dark grey boxes indicate regions of amino acid identity. Light grey regions
indicate amino acids replaced with one with similar physicochemical properties. The location of
the TCAP peptide in the full-length Teneurin receptor is indicated. Alignment taken from [157].
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Since the discovery of TCAPs, synthetic peptides based on the sequences of vari-
ous TCAPs have been shown to have diverse biological activities. Application of

synthetic TCAPs to immortalised mouse neurons results in intracellular cAMP el-
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evation and increased cell proliferation [206, 269, 8]. Synthetic TCAPs can also
regulate neuronal ultrastructure by increasing neurite outgrowth [7] and by con-
trolling dendritic morphology [251]. They also have behavioural effects, reducing
anxiety behaviours in rats [252, 251|. The identity of the TCAP receptor is still
a matter of debate, although a C-terminal (TCAP-containing) fragment of Ten2
has been shown to stimulate Ca?" signalling in Lphnl-transfected cell lines and

hippocampal neurons expressing Lphnl [237].

1.6.3 Teneurin Expression Patterns

Expression studies in many species have revealed most prominent expression of
Teneurins in the nervous system, with some family members also expressed in non-
neuronal tissues, in particular at sites of pattern formation [19]. In chicken embryos,
Tenl and Ten2 are expressed in non-overlapping populations of neurons in intercon-
nected regions of the brain, particularly in regions associated with the visual and
olfactory systems. This suggested a role for Teneurins in regulating neuronal con-
nectivity [114]. In the murine brain, expression of Teneurins is highly regulated
during embryonic development. Ten3 and Ten4 are expressed early in development
(first expressed in the neural plate at E7.5), whereas Ten2 and Tenl expression be-
gins later (at E10.5 and E15.5 respectively). Analysis of Teneurin expression in the
adult mouse brain revealed that all four Teneurin homologues are expressed in the
cortex, thalamus, hippocampus and cerebellum, but that different homologues are

expressed in distinct populations of neurons in a partially overlapping manner [292].

1.6.4 Teneurin Homophilic Interactions

The vast majority of Teneurin functions have been attributed to homophilic inter-
actions in trans. Here the use of the term “homophilic” will refer to interactions
between the same Teneurin (e.g. Ten2-Ten2 interactions). Many in vivo studies in
which Teneurins are over-expressed on the surface of cells reveal that they promote

cell aggregation [97, 215|. This effect is observed for both vertebrate and inverte-
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brate Teneurins, and is dependent on the region of the ectodomain C-terminal of
the EGF repeats [215]. However, in another study, cell aggregation experiments
using agitated cultures failed to show any aggregation of Teneurin-transfected cells,
but could detect binding of soluble Ten2 ectodomain to the surface of cells trans-
fected with full-length Ten2 [28]. These discrepancies remain to be resolved, but
are consistent with the idea that Teneurins can indeed form homophilic complexes,
but that the formation of these complexes in trans may not be sufficient to mediate

intercellular adhesion under all conditions.

Atomic Force Microscopy has shown that homophilic Teneurin interactions pro-
vide substantially stronger adhesion than heterophilic interactions between different
Teneurin homologues. This specificity is provided by the protein’s NHL domain [18].
Interestingly, these adhesive forces strengthen over time. Truncation of the intra-
cellular domain or drug-mediated disruption of the cytoskeleton perturbs this grad-
ual strengthening [18|. Functionally, establishment and strengthening of Teneurin
homophilic interactions halts neurite outgrowth, presumably leading to synapse for-

mation [18, 139].

The observation that cytoskeletal disruption perturbs the strengthening of Teneurin
homophilic interactions is consistent with their emerging role as cytoskeletal organ-
isers. The intracellular domain of Tenl interacts with the SH3 domain-containing
cytoskeletal adaptor protein, CAP/Ponsin [186|. Indeed several cytoskeletal reg-
ulators such as Focal Adhesion Kinase, Cdc42 and Racl have been shown to be
downstream of, and activated by Ten4, promoting neurite outgrowth [249, 250].
The interactions of Teneurins with the cytoskeleton are proposed to be important

in their role as synaptic organisers, which is discussed below [176, 175].
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1.6.5 Teneurins in Axon Guidance

One of the earliest proposed functions for the Teneurins is in axon guidance. Early
experiments showed that both Tenl and Ten2 can promote neurite outgrowth in
vivo [170, 216|. This role in axon guidance is thought to be evolutionarily conserved
as RNAi knockdown of the C. elegans Teneurin, ten-1, results in disturbed axonal

pathfinding for some neurons [58].

The roles of Teneurins in neural guidance have been most extensively investigated
in developing visual and olfactory systems. In particular, Teneurins are thought to
be important in the formation of functional binocular visual circuits [139]. Ten3
is expressed in topographically relevant gradients in the developing visual system
of the mouse [138], wallaby [35] and zebrafish [10], suggesting that Ten3 may play
a role as a chemoaffinity molecule in specifying axonal targeting in the vertebrate
visual pathway. Indeed, Ten3 knockout mice display defects in the ipsilateral wiring
of their visual circuity, whereas contralateral wiring is unaffected [138]. Similarly,
overexpression of Tend in the wallaby retina causes misrouting of ipsilateral pro-
jections, but not contralateral projections [35]. Interestingly, studies using Ten2
knockout mice reveal that Ten2 is also critical for the development of the ipsilateral
retinal pathway, but in a manner distinct from Ten3 [287|. These phenotypes can
be partly attributed to the loss of Teneurin homophilic interactions, although other
axon guidance molecules may also be involved [139]. Together these data suggest
complementary roles for different Teneurin homologues in the formation of binocular

circuits.

1.6.6 Teneurins at the Synapse

Two pioneering studies in Drosophila have revealed roles for Teneurins in synaptic
partner matching and synaptic organisation at the neuromuscular junction and at
synapses in the olfactory system [97, 176]. These studies have led to an overall model

whereby Teneurins function homophilically during partner matching, whilst synap-
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tic organisation occurs heterophilically [175]. During partner matching Teneurins
are highly expressed at select pairs of pre- and post-synaptic partners which express
high levels of the same Teneurin [176, 97]. In contrast, a lower, basal expression
of Teneurins persists at all neuromuscular junction and olfactory synapses, where
(presumably weaker) heterophilic interactions between presynatpic Ten-a and post-
synaptic Ten-m play a role in synaptic organisation [176]. This role in synaptic
organisation relies on the ability of Teneurins to interact with and order the cy-
toskeleton, indeed post-synaptic Ten-m can interact with a-spectrin [176]. Con-
sistent with a role in synaptic organisation, the Teneurins were shown to regulate
correct synaptic structure and density in olfactory receptor neurons [174]. Together
these findings point to a conserved function of Teneurins in synapse regulation in

both the peripheral and central nervous systems.

In vertebrates, the roles of Teneurins at the synapse have been most extensively
studied in terms of their interactions with the Lphns (as discussed above). It is
likely that Teneurins also play important roles in wiring the olfactory system in
vertebrates as a missense mutation in Tenl, P1610L, is associated with congenital
general anosmia (the inability to smell), and mice carrying this mutation display an

olfactory deficit [9)].
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1.7 Project Aims

Several aGPCRs are emerging as crucial regulators in neural guidance, although
mechanistic and molecular understanding of their interactions is lacking. It has
been hypothesised that aGPCRs could play a role as context recognisers, using
their large and modular extracellular domains to bind multiple ligands at distinct
sites, although direct molecular evidence for this is sparse [133]. Given the relatively
low numbers of receptors implicated in axon guidance, how growing axons sense and
respond to combinations of signals is thought to be key to diversifying cellular re-
sponses. Given the abilities of many aGPCRs to bind multiple and diverse ligands,
and to elicit downstream signals, this class of molecules provides a relatively unex-

plored molecular basis by which such signal integration could occur.

The aim of my D.Phil. project was to provide an integrated molecular understanding
of how the ectodomain of the aGPCR Lphn interacts with neural guidance receptors,
namely FLRT, Unch and Teneurin. This work would provide some of the first
mechanistic indications of how aGPCR ectodomains physically integrate multiple

distinct ligand-binding events. To achieve this my objectives were four-fold:

1. Use structure-based mutations to map the FLRT-Lphn binding surfaces and

provide functional insight into this interaction using cell guidance assays.

2. Biophysically and functionally assess how Unc) interacts with the FLRT-Lphn
complex and solve the crystal structure of a ternary complex comprising the

ectodomains of all three proteins.

3. Biophysically characterise the interaction of Teneurin with Lphn and assess

how Teneurin binding affects the interaction of Lphn with FLRT and Unc5.

4. Solve a crystal structure of the Lphn-binding region of a Teneurin protein to
reveal its overall fold and identify functionally relevant surfaces that may be

important in complex formation with Lphn and its other ligands.
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Materials and Methods

2.1 Molecular Biology and Cloning

2.1.1 Genes and Constructs

Details of the cDNAs for Lphn, FLRT, Uncb and Ten homologues used in this
work are detailed in Table 2.1. The gene encoding MmTenl was synthesised as
a codon-optimised gene by GeneArt™. All other cDNAs were obtained from the
mammalian gene collection or were gifts from collaborators. Many of the constructs

used throughout this thesis existed prior to the start of this work and are summarised

in Appendix A.

Protein  Species Accession Protein  Species Accession

Lphnl Mus musculus XP_006531185.1  Tenl Homo sapiens  NP_001156750.1
Lphn2 Mus musculus Q8JZ7Z7.3 Tenl Mus musculus NP _035985.2
Lphn3 Mus musculus XP_011247768.1  Tenl Gallus gallus XP_015133677.1
FLRT1  Mus musculus NP_958813.1 Ten2 Homo sapiens  NP_001073897.2
FLRT2  Mus musculus NP 958926.1 Ten2 Gallus gallus XP_015149056.1
FLRT3  Mus musculus NP _ 848469.1 Ten4 Homo sapiens NP _001092286.2
UncbA Homo sapiens BC167811.1

UnchB Homo sapiens XR_945617.1

UncbD Rattus norvegicus ~ NM _001107319.2

Table 2.1: Summary of cDNAs used for sub-cloning. The accession number refers to the

protein-product of the cDNA.

43
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2.1.2 Cloning Vectors

The main vector for expression in mammalian cells was pHLSec and variants thereof
[14]. pHLSec encodes an N-terminal signal peptide derived from receptor-type
tyrosine-protein phosphatase S and a C-terminal hexahistidine tag. A variant in
which an “Avi” tag is inserted before the C-terminal hexahistidine tag is also avail-
able, allowing constructs to be biotinylated. The N-terminal secretion signal allows
secretion of recombinant proteins into the extracellular medium. Constructs cloned
via the Agel/Kpnl cloning sites are fused to this signal sequence. Alternatively, use
of the EcoRI/KpnlI cloning sites allows the use of a protein’s native signal peptide.
For some of the described stripe assays, constructs cloned into the pCAGIG vector
were used, allowing expression of the gene of interest on a bicistronic mRNA also

encoding an internal ribosome entry site (IRES) and GFP [163].

2.1.3 Polymerase Chain Reaction (PCR)

PCR primers used to generate the various FLRT, Unch, Lphn and Teneurin con-
structs are summarised in Appendix A. PCRs employed either Pyrobest DNA
Polymerase (Takara-Bio, Clontech) or CloneAmp HiFi PCR Premix (Takara-Bio,
Clontech) according to the manufacturer’s instructions. For Pyrobest PCRs, a typ-
ical reaction contained 500 ng plasmid DNA, 100 pmol of the forward and reverse
primers, 0.25 mM dNTPs and 5 U of Pyrobest DNA Polymerase in Pyrobest Buffer
IT (Takara-Bio, Clontech). For CloneAmp PCRs, a typical reaction contained 100 ng
plasmid DNA and 7.5 pmol of the forward and reverse primers, along with CloneAmp
HiFi PCR Premix. The PCRs were carried out in an MJ Mini Personal Thermal Cy-
cler (Bio-Rad). Pyrobest PCRs were initially heated to 95°C for 5 min, followed by
30 thermal cycles (40 s at 95°C, 40 s at 55°C and then 1-10 min at 72 °C depending
on the length of the desired product), and ending with 5 min at 72°C. CloneAmp
PCRs were performed over 35 thermal cycles (10 s at 98°C, 15 s at 55°C, 15 s at

72°C). PCR products were then separated by agarose gel electrophoresis.
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2.1.4 DNA Agarose Gel Electrophoresis

Agarose was dissolved at a concentration of 1.0% in TAE buffer (40 mM Tris Base,
20 mM acetic acid, 1 mM EDTA). The mixture was then melted and SYBR™
Safe DNA Gel Stain (Invitrogen) added (1:10000 dilution), and the gel allowed to
set. The DNA fragments were electrophoresed at 150 V for 35 min. Bands were

visualised using a Dark Reader® transilluminator.

2.1.5 Restriction Digestion and Ligation

Restriction digest reactions typically contained 3-20 ug DNA and 5 U of each of
the relevant restriction enzymes (NEB) in the appropriate NEB buffer. Reactions
were incubated for 2 hours (for PCR products) or 6 hours (for plasmids). Plasmid
digestions also included 10 U calf intestinal alkaline phosphatase (NEB). Digested
DNA was purified (Qiagen Gel Extraction kit) either from agarose gel or directly.
To ligate digested PCR products and vectors, 1 pul Quick Ligase was mixed with
approximately 50 ng insert and 50 ng vector in 1x Quick Ligation Reaction Buffer
(NEB). The ratio of insert to vector was adjusted according to their relative molecu-

lar weights. Ligation reactions were then incubated for 10 min at room temperature.

2.1.6 In-Fusion™ Cloning

M reaction premix was mixed with 50-100 ng insert and 50 ng

1 pl of In-Fusion™
vector. The final mix was adjusted to a volume of 5 pl with milliQQ water and

incubated at 55°C for 15 min.

2.1.7 Transformation and Clone Verification

Sub-cloning-efficiency chemically-competent DH5« cells (Life Technologies) were

™ reaction. Cells were then

transformed with 3 pl of the ligation or In-Fusion
incubated on ice for 30 min, heat shocked for 45 s at 42°C, and then returned

to ice for 2 min before plating on agar plates containing the required antibiotic
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(100 ug/ml ampicillin). Plates were then incubated at 37 °C overnight in a static
incubator. Single colonies were selected and used to inoculate 10 ml of ampicillin-
containing Lysogeny broth (LB). Cultures were incubated at 37°C overnight with
shaking, before DNA extraction (Qiagen Miniprep kit). Clones were verified by

Sanger Sequencing (Source Biosciences, Nottingham, UK).

2.2 Protein Expression and Purification

2.2.1 Cell Lines and Control of N-linked Glycosylation

HEK?293 cells were used for secretory recombinant expression of receptor ectodomains.
HEK293T cells, which produce complex-type N-linked glycans, were most exten-
sively used throughout this project. Complex-type N-linked glycosylation is highly
heterogenous and is, in general, a barrier to crystallisation. Treatment of HEK293T
cells with an a-mannosidase I inhibitor called kifunensine restricts cells to form-
ing only oligomannose-type N-glycans [38]. Another cell line, HEK293S, lacks the
gene for the enzyme N-acetylglucosaminyltransferase I (GnTT") [210], resulting in
predominantly MansGlcNAc, N-linked glycans (Figure 2.1). Glycans produced by
these cell lines are substrates for the enzyme endoglycosidase F1, which reduces

N-linked glycans to single GlcNAc moieties, further reducing heterogeneity [38].

complex-

Mi GnTI Mil
glycans

kifunensine GnTI’" 2938

Figure 2.1: Control of N-linked glycosylation for crystallography. Adapted from [38].
Monosaccharide units are depicted as follows: GlcNAc - closed squares; Man - open circles. MI -
a-mannosidase I, GnTI/~ - N-acetylglucosaminyltransferase I, MII - a-mannosidase II.



CHAPTER 2. MATERIALS AND METHODS 47

2.2.2 Mammalian Cell Culture Maintenance

Mammalian cells (HEK293T, HEK293S and HeLa) were maintained in T75 flasks
in Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma) supplemented with 10%
foetal bovine serum (FBS; Gibco), 1% non-essential amino acids (Gibco) and 1%
L-Glutamine (Gibco). Cells were grown at 37°C in a 5% CO2 atmosphere. The
cells were split at 80-90% confluence. For splitting, the medium was removed and
the cells washed with 10 ml PBS (Lonza). Cells were detached by treatment with 2
ml 0.05% Trypsin-EDTA (Gibco) at 37°C for 4 min and then resuspended in fresh

medium to the desired density.

2.2.3 Small-scale Transient Transfection

Twenty-four hours prior to transfection, cells were seeded into either 24-well or 6-
well plates at the densities described below (Table 2.2). Plasmid DNA was diluted
in the appropriate volume of OptiMEM (Gibco) and Fugene6 (Promega, 1 pg/ul)
transfection reagent added at a ratio of 1:3 (ug of DNA:ug of Fugene, Table 2.2).
Transfection cocktails were mixed by vortexing and incubated for 10 min at room
temperature to allow DNA:Fugene complexation. The transfection cocktail was
added drop-wise to the cells in 10% FBS DMEM. Cells were then grown for the
time period required for the experiment (for expression trials this was typically
2-3 days, for stripe assays just 1 day). Similar protocols were used for transient

transfection with polyethyleneimine (PEI, Sigma).

Plate tvoe Surface Area Seeding Growth medium Amount of DNA Amount of Fugene6
yp (cm?) density (ml) for transfection (ug)  for transfection (ug)
6-well 9 0.3 x 10° 2 3 9
24-well 2 0.05 x 106 0.5 0.75 2.25

Table 2.2: Ratios of reagents used for small-scale mammalian cell culture and
transfection
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2.2.4 Polyacrylamide Gel Electrophoresis

Protein samples were mixed with 6x loading dye (375 mM Tris-HCl pH 6.8, 6%
SDS, 48% glycerol, 9% [-mercaptoethanol, 0.03% bromophenol blue) and boiled
for 5 min at 95°C. Samples were loaded onto NuPAGE® 4-12% Bis-Tris Gels and
run using NuPAGE® MOPS SDS Running Buffer (both Invitrogen). Gels were run
in an XCell SurelLock™ Mini-Cell at 200 V for 45 min, and then stained with

SimplyBlue™ SafeStain (Life Technologies).

2.2.5 Western Blotting

To detect epitope-tagged proteins, proteins from an unstained gel were transferred
onto a nitrocellulose membrane (GE Healthcare) using the NuPAGE® XCelllI™
Blot module and NuPAGE® Transfer Buffer. The membrane was soaked for 10
min in transfer buffer before assembling the transfer cassette. The membrane and
the gel were placed between Whatman blotting paper and six sponges, all of which
were soaked in transfer buffer before use. A potential difference of 30 V was applied
across the transfer cassette for 70 min. The membrane was blocked in PBS + 5%
milk + 0.1 % Tween-20 (blocking buffer) for 1 hour at room temperature. The
blot was incubated with either 1:500 anti-pentaHis (mouse, Invitrogen) or 1:1000
anti-FLAG (rabbit, Sigma) as primary antibody, depending on the epitope being
detected, in blocking buffer for 1 hour at room temperature or overnight at 4°C.
The membrane was washed three times with PBS + 0.1% Tween-20 (PBST) and
then incubated with either goat anti-mouse (Sigma) or goat anti-rabbit (Abcam)
antibody conjugated to horse radish peroxidase (1:10000) in blocking buffer for 1
hour. Finally, the blot was washed three times with PBST and developed using the
Amersham™ ECL™ Western Blotting Detection Kit (GE Healthcare) and bands

were visualised using Amersham Hyperfilm™ ECL.
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2.2.6 Roller Bottle Preparation

HEK293T or HEK293S cells were seeded into T175 flasks (5 x 10° cells) and grown
to 90-100% confluency. The cells from one T175 flask were used to seed one roller
bottle containing 250 ml DMEM supplemented with 10% FBS. Roller bottles were
incubated at 37°C in a 5% CO, atmosphere in a Wheaton roller bottle incubator
for 3 days prior to transfection. Roller bottles were typically prepared in batches of

either 6 or 12 by Mrs. Maria Carrasquero.

2.2.7 Roller Bottle Transfection

Plasmid DNA was prepared for transfection by vortexing the DNA stock with 80 ul
chloroform (Sigma) per 1 ml DNA and centrifuging at 20,000 x g for 10 min. The
transfection cocktail for one roller bottle was prepared by mixing 0.5 mg DNA with
1 mg PEI in 50 ml serum-free DMEM. The transfection cocktail was incubated for
10 min at room temperature. Medium from the roller bottles was discarded and
replaced with 200 ml DMEM supplemented with 2% FBS plus 50 ml of the trans-
fection cocktail. Roller bottles containing HEK293T cells were also supplemented
with 0.38 mg kifunensine per roller bottle to prevent the formation of branched
glycans [38]. Cells were grown for 4 days (HEK 293T) or 7 days (HEK 293S) post-
transfection, allowing for the production of secreted recombinant protein. Roller

bottles were typically transfected by Mrs. Maria Carrasquero.

2.2.8 In Vivo Biotinylation

For in vivo biotinylation, constructs were cloned into the pHLSec vector and fused
to a C-terminal Avi- and hexahistidine tag via a GGS linker region [14]. The AviTag
comprises a biotin ligase (BirA) recognition site (sequence GLNDIFEAQKIEWHE).
HEK293T cells seeded into 6-well plates were transfected with 2.25 ug plasmid DNA
encoding the Avi-tagged ectodomain plus 0.75 pg vector encoding BirA fused to
an endoplasmic reticulum retention signal. Cell culture medium was supplemented

with 100 mM biotin. Cells were grown for 2-3 days post-transfection, after which the
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medium was harvested and clarified by centrifugation. Excess biotin was removed

by overnight dialysis against PBS at 4 °C.

2.2.9 Purification of His-tagged Proteins

Medium from roller bottles was harvested and clarified by centrifugation at 6000 x
g for 20 min, followed by filtration through 0.22 pm filters (Millipore, Merck). The
cell culture medium was exchanged into diafiltration buffer (20 mM Tris (pH 8.0)
500 mM NaCl) with a tangential flow filtration device (Pall) and concentrated to
~500 ml. The concentrated cell culture medium was supplemented with 20 mM
imidazole (pH 8.0) and applied to a 5 ml HisTrap FF column (GE Healthcare). The
column was washed with diafiltration buffer and then with 100 ml wash buffer (20
mM Tris pH 8.0, 300 mM NaCl, 40 mM imidazole). Bound protein was either eluted
using 100% elution buffer (20 mM Tris pH 8.0, 300 mM NaCl, 500 mM imidazole)
in 1.5 ml fractions, or eluted using a 0-100% gradient of elution buffer against 20

mM Tris pH 8.0, 300 mM NaCl.

2.2.10 Size-Exclusion Chromatography

Size-exclusion chromatography (SEC) is the final step of protein purification, and
is used to separate aggregates from monodisperse protein. Typically a Superdex
200 16/60 HiLoad column (GE Healthcare) was equilibrated with 10 mM Tris (pH
7.5), 150 mM NaCl and the protein loaded onto the column. Fractions of 1-2 ml
were collected and analysed using SDS-PAGE. Fractions containing sufficiently pure
protein were pooled and concentrated using an Amicon Ultra centrifugal filter device.

Protein was either aliquoted and stored at —80°C or used immediately.
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2.3 Biophysical Methods

2.3.1 Surface Plasmon Resonance (SPR)

SPR is a biophysical method for measuring molecular interactions between unla-
belled molecules [65]. In an SPR experiment one of the molecules (the ligand) is
immobilised on a chip surface and analyte (often protein, but this can also be a

small molecule) is flowed over.

An SPR chip comprises a glass support coated with a thin gold film and a flow cell
containing a layer of dextran used for immobilising the ligand. The glass support is
illuminated with a wedge of plane-polarised light under conditions of total internal
reflection, resulting in the reflection of the polarised light. An evanescent wave is also
generated, and the parallel-polarised component of this evanescent wave enters the
gold layer. At a certain angle of incidence, the evanescent wave excites delocalised
surface electrons, or plasmons, in the gold layer, greatly magnifying the evanescent
wave. This results in the reduction in the observed intensity of the reflected light at
this resonance angle. This resonance angle depends upon the refractive index of the
flow cell at the sensor surface, which is directly influenced by the mass of protein
bound to the surface. As the analyte is flowed over and binds the ligand, the mass
of protein bound to the surface increases, increasing the refractive index in the flow
cell, resulting in a change in the SPR angle. The change in SPR angle is measured
over time, allowing complex association and dissociation to be followed. This signal

is measured in arbitrary resonance units (RUs).

SPR equilibrium experiments were performed using a Biacore T200 instrument (GE

Healthcare). To test binding of FLRT2 to mutant Lphn3™“°¥ constructs, biotiny-

3Lec-Olf constructs were immobilised on a CAP

lated wild-type and mutant Lphn
sensor chip using the Biotin CAPture kit (GE Healthcare) at densities of 450-600

RU. A concentration series of FLRT2E® was injected over the chip for 500 s at 5



CHAPTER 2. MATERIALS AND METHODS 52

pl/min, followed by a 100 s dissociation time. The chip surface was regenerated

with CAPture regeneration solution for 30 s at 5 pl/min.

For all other experiments, CM5 chips were used (GE Healthcare). CM5 chips were
coated with streptavidin via amine coupling (GE Healthcare Kit), allowing biotiny-
lated proteins to be attached to the chip. Ligands were immobilised at densities of
500-1000 RU. A concentration series of the analyte was prepared, depending on the
expected Kp. Each concentration of the analyte was injected for 300-500 s contact
time, followed by a 100 s dissociation time. The chip was regenerated using 2 M
MgCl, for 30 s. All steps were carried out at a flow rate of 5 ul/min. All experiments
were performed at 25°C at pH 7.5 (PBS + 0.005% Tween-20).

To obtain values for the specific binding, the response from a control flow cell coated
only with either CAPture reagent (GE Healthcare) or streptavidin (depending on
the experimental set-up) was subtracted from the response of each experimental flow
cell. Kp and maximum analyte binding (B,.x) values were obtained by nonlinear

curve fitting of a 1:1 Langmuir interaction model:

BmaxC

bound = "
M PG

where C' is the concentration of the analyte as a monomer. Data were analysed

using BIAevaluation software 1.0 (GE Healthcare) and Prism 7 (GraphPad).

2.3.2 Native Mass Spectrometry

Native mass spectrometry (MS) relies on the ability of non-covalent interactions in
protein complexes to be maintained in the gas phase. Protein complexes are ionised
using a technique called electrospray (ES) ionisation and maintained intact in a mass
spectrometer [214]|. ES is a soft ionisation technique, allowing noncovalent interac-
tions to be preserved, meaning that macromolecular complexes can be studied. In

ES, a high, positive electrostatic charge is applied to the tip of the sample capillary,
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leading to production of droplets of sample and solvent. For native MS, nanoflow ES
is the preferred ionisation technique. This allows for a reduced flow rate compared
to conventional ES techniques, resulting in smaller droplets, improved sensitivity

and a greater tolerance of buffer salts [93].

ES ionisation requires volatile buffer components, and so many common buffer com-
ponents (salts, detergents, glycerol etc.) are incompatible. The most commonly
used buffer is aqueous ammonium acetate as both ammonia and acetic acid evap-
orate readily during ES [264]. Protein samples for MS were concentrated to 10 to
15 uM and buffer exchanged using dialysis into 200 mM or 500 mM ammonium
acetate (pH 7.5) at room temperature overnight or using micro Bio-Spin Columns
(BioRad). The samples in 500 mM ammonium acetate were diluted with milliQ
water to a final ammonium acetate concentration of 200 mM immediately prior to
MS analysis. Sample preparation for each MS experiment described in this thesis is

summarised in Table 2.3.
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Final Protein Final ammonium
Sample Buffer Exchange Method
Concentration acetate concentration
Lphn3alec-Of FLRT2LER, Bio-Spin into 500 mM
0.5 mg/ml 200 mM
Unc5D'8 ammonium acetate (pH 7.5)
Lphn3lec-Olf FLRT2LRE, Dialysis into 500 mM
1.5 mg/ml 200 mM
UncsDEcte ammonium acetate (pH 7.5)
Lphn3tee-Olf D397R D398R D399R, Dialysis into 500 mM
1.5 mg/ml 200 mM
FLRT2MRR UncsDe ammonium acetate (pH 7.5)
Lphn3Lec-Olf D397N D399T, Dialysis into 500 mM
1.5 mg/ml 200 mM
FLRT2LER UncsD'e ammonium acetate (pH 7.5)
Lphn3Lec-Olf, Dialysis into 500 mM
1.6 mg/ml 200 mM
FLRT3MRR UncsBEcto ammonium acetate (pH 7.5)
Lphn3Lec-Olf D397N D399T, Dialysis into 500 mM
1.6 mg/ml 200 mM
FLRT3LRR Uncs5Ble ammonium acetate (pH 7.5)
Lphn]Lec-Olf, Dialysis into 500 mM
1.6 mg/ml 200 mM
FLRT2MRR UncsDe ammonium acetate (pH 7.5)

Table 2.3: Native MS Sample Preparation.

Intact macromolecular complexes are analysed using hybrid mass spectrometers,
containing both quadrupole (Q) mass filters and a time-of-flight (ToF) analyser
[239]. In a mass spectrometer, ions are separated by their mass-to-charge ratio (m/z
value). Ions with different m/z values will have different velocities, causing them
to reach the detector at different times. Sample solutions are introduced into the
mass spectrometer using gold-coated capillary needles, which are prepared in-house
using a Polaron range sputter coater and then trimmed to size under a microscope
[93]. Partially desolvated ions are accelerated through a Hexapole ion guide and
then sequentially enter the Quadrupole analyser and Hexapole collision cell, passing
through pressure and potential differences. During this time, ions continue to des-
olvate until multiply-charged protein ions remain. Ions then enter the ToF analyser
where they are deflected by the reflectron, this reduces the spread of flight times
of ions with the same m/z and improves the mass resolution, before they hit the
microchannel-plate detector. For tandem MS experiments (MS/MS), ions with a

particular m/z are selected in the Quadrupole. The voltage in the collision cell is
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raised so as to accelerate the precursor ions and facilitate their collision with argon

atoms, leading to their dissociation.

Native MS experiments were performed on a modified Q-ToF tandem mass spec-
trometer [239], and on a Synapt G1 mass spectrometer (both Waters, Manchester,
UK). Experiments were carried out under conditions optimised for efficient desolva-
tion and transmission of high molecular weight protein complexes. Typical instru-
ment settings were: capillary voltage 1.5 kV, cone voltage 100-200 V and collision
cell energy 20-50 V. For tandem MS experiments the collision energy was raised to
150 V. All mass spectra were calibrated off-line using a 10 mg/ml solution of cesium
iodide. All native mass spectrometry data acquisition and analysis was performed

in collaboration with Dr. Shahid Mehmood (Robinson lab, University of Oxford).

2.3.3 Size-Exclusion Chromatography-Multi-Angle Light Scat-
ter (SEC-MALS)

SEC-MALS is a technique which uses light scattering to measure the molecular
weight of macromolecules in solution. In a SEC-MALS experiment, a sample of
macromolecules is injected onto a size-exclusion column, allowing the components
to be separated by size. A concentration detector (differential refractometer, dRI)
and a set of light scattering (MALS) detectors at different angles are connected in
series after the column and acquire data at each elution volume. As the sample
leaves the column it is irradiated by a laser beam. This induces an oscillating dipole
in the molecules which re-radiates (scatters) light. When a protein is present as
a monomer, individual molecules undergo random Brownian motion and, as such,
the phase of the scattered light from two individual monomers is incoherent. In a
dimer, the scattered light from one monomer is coherent with the scattered light
from the other monomer, meaning that the light scattered from a dimer is twice
as intense as that scattered by two independent monomers. The intensity of the

scattered light hitting a detector at angle, 6, is proportional to the molecular weight
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dn

of the macromolecule, M, its concentration, ¢ and its refractive index, 5.

1(0) x Mc dn 2
scattered de

Light scattered from different parts of the macromolecule reaches the detectors with
different phases, leading to destructive or constructive interference, which varies de-
pending on the measurement angle. This phase shift is highly dependent on the
shape of the protein, which is taken into account in the calculation of the molecular
weight.

The refractive index ‘2—2 of the macromolecule is largely independent of the amino
acid composition, but does vary according to the carbohydrate contribution to the

molecular weight [12]. For all calculations for data from glycoproteins, the Z—Z value

was adjusted accordingly (Table 2.4) .

Molecular weight

Cell Line of glycan (kDa) Reference
HEK?293T 1.26 Radu Aricescu, Unpublished
HEK293T + Kif 2.06 Chang et al (2007)[38]
HEK293S 1.4 Crispin et al (2006)[45]
dn

Table 2.4: Molecular weights of N-linked glycans used for % adjustment

In the experiments described in this thesis, all samples were loaded onto a Superose6
10/30 column (GE Healthcare) equilibrated in 10 mM Tris (pH 7.5) and 150 mM
NaCl. The eluate was analysed using laser light scattering detected at 662 nm wave-
length at scattering angles between 20.6° and 149.1° using a Heleos 8 instrument
(Wyatt Technology). The data were analysed using the ASTRA 6.1 software (Wyatt

Technology).
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2.4 X-ray Crystallography

X-ray crystallography involves the elastic scattering of an X-ray beam incident on a
crystal. X-rays are diffracted by the electron cloud surrounding the atomic nucleus
of the atoms in the crystal. During a diffraction experiment, the crystal is rotated by
sequential small increments on a goniometer and a series of diffraction patterns are
collected by a detector. The organisation of protein molecules into arrays, as seen in
a crystalline lattice, means that X-rays diffracted by the crystal form distinct beams,
each of which produces a distinct spot (reflection) on the detector. During the
structure determination process, information about the positions and intensities of
the spots is combined with phase information, allowing a three-dimensional electron
density map of the crystal to be calculated using Fourier methods. The next section
discusses aspects of the structure-determination pipeline and the principles behind

the methods used in this thesis.

2.4.1 Crystallisation and Crystal Optimisation

Structure solution by X-ray crystallography requires that well-ordered crystals of
the protein being studied are available. Protein crystals are produced when protein
molecules are driven out of solution by the presence of a precipitant. A solution
containing a precipitant is mixed with the highly concentrated protein solution
(typically 5-25 mg/ml), generating a supersaturated solution. Both protein and
precipitant concentration are crucial factors in determining whether or not crystals
will form. When the concentration of both the protein and precipitant are high, the
protein is likely to precipitate and form amorphous material. At lower concentra-
tions, crystals may form if the concentration is still sufficiently high to allow crystal

nuclei to appear. At still lower concentrations, proteins are likely to be soluble.

Crystallisation trials can be performed in various possible formats, the most com-
mon being the vapour diffusion method. Vapour diffusion employs a drop containing

protein mixed with the reservoir solution. The reservoir solution typically contains
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different mixtures of precipitant, buffers, additives and detergents. Vapour diffusion
relies on the gradual diffusion of water from the protein-containing drop (where the
concentration of precipitant is lower), to the reservoir, concentrating the protein and

reducing its solubility.

Protein crystallisation is empirical in nature and typically involves screening a large
number of crystallisation conditions, including systematically screening both crys-
tallisation temperature and protein concentration. The most common types of
screens employed during initial crystallisation experiments are sparse matrix screens
and grid screens. Sparse matrix screens include conditions that have previously been
successful in crystallising other proteins [102], and include commercially-available
screens such as JCSG+ and Proplex (both Molecular Dimensions). Traditional grid
screens, such as PACT premier (Molecular Dimensions), involve varying two factors
systematically in a two-dimensional matrix and can also prove successful in iden-
tifying initial crystal hits. The MORPHEUS screen has a three-dimensional grid
formulation, where eight additive mixes are combined with four precipitant mixes

and three buffer systems [81].

Once initial crystals have been obtained, optimisation of the crystallisation con-
dition is often required to yield diffraction-quality crystals. This is usually done
by generating grid screens around the initial crystallisation condition and altering
the protein:reservoir ratio in the crystallisation drop. Additive screens, such as Sil-
ver Bullets and Additive Screen HT (both Hampton Research) can be added to
either the reservoir or the crystallisation drop. Microseeding is also commonly used
during optimisation to promote crystal nucleation [20]|, whereby small crystals are
harvested and vortexed with a “Seed-Bead” to generate sub-microscopic crystal mi-
croseeds. Microseeds are then added to new crystallisation drops where they can act
as nucleation sites for further crystals. Because it is difficult to control the number

of micro-seeds that are transferred, they are usually used as a serial dilution across
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the plate.

Protein crystals are exquisitely sensitive to ionising X-ray radiation. During a
diffraction experiment a large proportion of the X-ray beam is absorbed by the crys-
tal and this energy generates free hydrogen and hydroxyl radicals from components
of the crystal (either solvent or protein). These radicals then propagate through
the crystal causing secondary damage to the protein and reducing the diffraction
potential of the crystal. In order to slow the propagation of these radicals, data col-
lection is routinely carried out at 100 K. Before X-ray exposure the crystal is “fished”
from the crystallisation drop in a cryoloop and flash-cooled in liquid nitrogen. This
type of “flash-freezing” will generate ice in the crystal and destroy its diffraction
potential unless the crystal is cryoprotected first. This involves brief transfer of
the crystal to a solution containing the mother liquor supplemented with a suffi-
ciently high concentration of a cryoprotectant, such as glycerol, ethylene glycol or
2-methyl-2,4-pentanediol. These cryoprotectants prevent water in the mother liquor
from freezing, allowing it to vitrify instead. The best cryoprotectant for particular

crystals often must be determined empirically.

2.4.2 Data Collection

For most crystal structures solved today, data are collected at synchrotrons. For
native data collection, X-rays with wavelengths of 0.9-1.0 A are used. Initially the
crystal is centred, and three to four “test” shots are taken at intervals of 45°. If suffi-
cient strong reflections are present, the crystal can be indexed and a data collection
strategy devised to minimise the X-ray dose given to the crystal. These test shots
are also used to inform decisions on experiment parameters such as the detector

distance, beam size, transmission, exposure time and oscillation angle.

If the crystal exhibits high-resolution diffraction and low mosaicity, a full dataset

is recorded. This involves exposing the crystal to the X-ray beam whilst rotating
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it around a single axis in small increments (typically 0.1°to 1.5°, depending on the
mosaicity and size of the unit cell). The diffraction image during each of these small
oscillations is called a frame. The total oscillation required to collect a complete
dataset depends on the symmetry of the crystal. Increasing the amount of data
recorded increases the multiplicity (i.e. increases the ratio of measured reflections

to unique reflections), and improves accuracy if radiation damage is insignificant.

Single Anomalous Dispersion (SAD) Data Collection

Anomalous data collection is typically carried out at longer wavelengths and lower
energies than for native data. For a SAD experiment, data is collected above the
X-ray absorption edge in order to amplify the anomalous signal from heavy atoms
(HAs). This is an element-specific energy, above which the X-ray absorption by the
HA rapidly increases, forming an edge in the absorption spectrum. A fluorescence
scan of the crystal can be used to indicate the presence or absence of anomalous
scatterers in the crystal and provide an experimental determination of the edge
energy. The crystal will absorb the most energy at the absorption edge, and so

measurements are normally made slightly to the right of the peak.

2.4.3 Data Processing

Data processing begins with indexing, cell refinement and integration which, in this
thesis, was performed using the program XDS [105|. The reciprocal lattice spacings,
and thus the unit cell parameters, of the crystal determine the spacing of the reflec-
tions observed on the detector. When a diffraction pattern is indexed, the spacing
between the reflections on the detector is used to calculate a consistent set of vectors
spanning the reciprocal lattice represented by the diffraction spots. Modern index-
ing algorithms use a Fast Fourier Transform (FFT) algorithm to find a consistent

set of lattice directions.

Once the crystal and instrument parameters have been optimised by refinement,
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integration is performed. Integration of the diffraction spots allows determination
of reflection intensities (1) and their errors (o). Modern integration programs typ-
ically use 3D spot profile fitting, whereby the intensity of an individual spot is
calculated over a series of images and the spot profile can vary for the same reflec-
tion recorded on different images. This allows very accurate background subtraction
for low-intensity reflections. In XDS, all pixels belonging to a single reflection are
ranked according to increasing intensity. Pixels with the highest intensity are se-
quentially removed until the distribution of intensities matches that expected for
background values. Spot profiles can vary in different parts of the image and so
spot profiles are scaled across images and parts of images, such that the sum of its
signal pixels normalises to one [104]. At this stage, XDS merges partially recorded

reflections and calculates intensities.

The integrated intensities of reflections must be corrected for various physical fac-
tors arising from the experiment. These include slow variation in beam intensity,
absorption of X-rays by the crystal, sensitivity variations in the detector plane and
radiation damage [66]. This is achieved using the program XSCALE [105]. XSCALE
minimises the differences between the individual observations of reflection I and the

weighted mean of all its symmetry-related equivalents.

Once the observed intensities are on a common scale, reflections related by rotations
characteristic of the Bravais lattice symmetry are merged into unique observations.
For anomalous diffraction experiments, Friedel pairs should not be merged. The final
step in data processing is truncation. Truncation is the process by which intensities
are converted to structure factor amplitudes, which are part of the requirement for

calculation of an electron density map.
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Data Quality Indicators

Data reduction statistics are indicators of data quality. These are calculated for
the overall dataset and individual resolution shells (wedges of data containing equal
numbers of reflections). This is informative in deciding where to cut the resolution of
the dataset. Because diffraction strength decreases with resolution, it is important
to apply a high resolution cut-off in order to discard data that are considered so
noisy that their inclusion could hinder resulting model quality. Traditional metrics
used for this purpose are I/l and the “merging” R-values. [/ol represents the
signal-to-noise ratio, which drops at lower resolutions. R,,c.4 measures the spread

of n redundant measurements of a reflection’s intensity, ;(hkl), around their average,

T(hk).

ey = o S 0KD) — T(0k)
e > Sors LK)

However, I;(hkl) and I(hkl) are not independent. The result of this is that, the

higher the multiplicity, the higher the value of Rperge, making it a poor data quality
indicator. Later, R,,qqs a multiplicity-independent merging R-factor was defined [53].
Romeas Tequires that the R,,ene definition is adjusted by a factor of \/m , and
reliably reports on the consistency of the individual measurements of each reflection,

independent of the multiplicity.

Yo Vo1 i [li(hkl) — I(hkD)|
thlz (hkl>

More recently, /01 and merging R-values have been revealed as unreliable indica-

Rmeas -

tors for selecting resolution cut-offs, with traditional cut-off values demonstrated to
discard data which can improve the quality of refined models [109]. The Pearson
correlation coefficient (CC) of two “half” datasets (CCy2) is calculated by dividing
the data into two random “half-sets” and calculating the Pearson CC between the
average intensities of each subset. CCy/; is the one data-quality indicator which

accurately reflects how different data-handling strategies affect the quality of the
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refined model [54, 109]. For test cases, inclusion of data to the resolution at which
CCy /s is in the range 0.1 -0.2, leads to improvement of the model, although this may

vary case-by-case and is ideally determined by a paired refinement [54].

Many statistics are also reported with respect to their image number. This can be
useful in determining the extent of radiation damage the crystal has suffered over
the course of the experiment. For example, R,,..s should remain relatively constant
across all images, but will increase if radiation damage is occurring due to the data
becoming less internally consistent [78]. This allows the user to exclude images for

which radiation damage is significant, at the expense of reducing the multiplicity.

2.4.4 Phasing

During an X-ray diffraction experiment, intensities of scattered X-rays are recorded
by a detector, yet their phase information is lost - this is known as “the phase
problem”. In a unit cell of volume V, the electron density p at a point (z, y, z) for
each reflection is calculated by a fourier transform shown below. This requires both
the structure-factor amplitudes |F}y| (these are proportional to the square root of

the recorded intensities of each spot on the diffraction pattern), and the phases ayy.

1 —2mi X Z)—«
p(r,y,2) = % Z ZZ|Fhkl|e 2mi((ha-+ky+1z)—ank)
hooko

This means that an electron density map cannot be calculated without the phase
information of each reflection. The phases must either be recovered using molecular
replacement or experimentally. These approaches traditionally make use of the
Patterson function, which defines the set of vectors between the atoms of a structure.
The Patterson function is essentially the Fourier transform of the intensities (rather
than the structure factors) and thus can be used to reconstruct a map in the absence
of phases. This is known as a Patterson Map. The Patterson function may be

calculated as:
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P(u7 v, w) — Z|Fhkl|2€_2ﬂi(hu+kv+lw)
hkl

where (u, v, w) represents an interatomic vector. This three dimensional map
contains peaks at all interatomic distances observed in the structure (including self-
vectors), and the peak heights are proportional to the product of the number of
electrons in the atoms concerned. The Patterson map is always centrosymmetric,
irregardless of the structure symmetry, and is independent of the position of the
structure in the unit cell. The Patterson map has a number of practical applications

in crystallographic structure determination, which will be discussed below.

Phase determination by Molecular Replacement

The most common method to solve the phase problem in macromolecular crystal-
lography is molecular replacement (MR). MR calculates initial estimates of phases
by rotating and translating the known structure of a related protein in the unit cell
of the crystal until the solution with the best fit to the observed data is obtained.
MR is most likely to be successful in cases for which there a large proportion of the
asymmetric unit has a high structural and sequence similarity (>30%) to a protein

of known structure.

The first step in MR is the generation of good search models, i.e. making the search
model maximally similar to the structure of interest. In the absence of an obvious
structural homologue, more distant homologues are identified using bioinformatics
programs, for example the HHpred server [240]. Sequence alignments can also be
used to predict gaps and insertions, and the search model modified accordingly. For
distant homologues, polyalanine truncation of the model (either full or partial) can
improve results. In addition, an important pre-requisite for a successful MR search
is knowledge of how many copies of the protein are present in the asymmetric unit.
This can be calculated using the Matthew’s Coefficient. The Matthew’s coefficient is

the ratio of the asymmetric unit volume to the protein molecular weight. A range of
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solvent contents are assumed and the number of molecules in the asymmetric unit
is calculated for each solvent content value. The most likely solution(s) are then
decided based on the probable solvent content of the crystal and/or knowledge of

the oligomeric state of the protein in solution.

MR solutions are found by sequential, yet independent, rotation and translation of
the search model. Traditional MR approaches are based on Patterson methods. The
Patterson map for a given molecule is independent of its position in the unit cell,
but rotating the structure in the unit cell rotates the Patterson map about its origin.
The rotational search involves superimposing the origins of two three-dimensional
Patterson maps and then rotating the Patterson map of the phasing model through
three different angles (¢,1,x). The best orientation of the phasing model is found
when the correlation between the intermolecular vectors of the two Patterson maps
is maximal, as assessed by a rotation function. A simple rotation function, R, can

be expressed:

R<¢7 Y, X) = / prarset (ua U, w)PmOdd[(ua v, w)<¢7 ¥, X)]dUdvdw

u,v,w
At rotation angles (¢,1,x), the rotation function is the integral of the product of two
Patterson functions; that of the target molecule P9 (y,v,w) and that of the search
model P™°%!(y,v,w) rotated by the rotation matrix (¢,1,x). Around the maximum
of this function, the rotation search is refined. The top solutions from refinement

are used for Patterson translational searches.

For the translation function, only intermolecular Patterson vectors, which measure
distances between atoms of neighbouring molecules in the unit cell, are important.
Intramolecular Patterson vectors are subtracted from the Patterson map. The fast
translation function is used to match intermolecular Patterson vectors. Translation
solutions then undergo a “packing test”, whereby overlaps between the components

in the unit cell are penalised, and the solutions re-ranked accordingly. Rigid body re-
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finement is used to improve the positioning of the molecule(s) and involves minimis-
ing the differences between the observed (|Fops|) and calculated (| Fear|) structure

factor amplitudes. A value below 50% is indicative of a correct solution.

_ ZHFObS’ - |Fcach
Z|Fob8|

In this work Phaser was used for MR [166]. Phaser employs maximum likelihood

R

approaches; the idea that the best MR solution is the one which has the highest prob-
ability of reproducing the experimental data. Maximum likelihood approaches are
able to account for errors in the search model. Another function, the Log-Likelihood
Gain on Intensity (LLGI) target adds the ability to account for experimental error.
Critically, maximum likelihood MR is optimised when both the estimates of the
structure factors and the estimates of their errors are closest to their real values
used to generate the data. In addition, maximum-likelihood approaches can account
for intensity modulations caused by crystal pathologies such as anisotropic diffrac-
tion and translational NCS (tNCS). The combination of these factors increases the
chance of finding the correct solution. Phaser also performs more sophisticated

packing tests, and does not use the packing test to re-order the translation peaks.

Phaser reports a variety of statistics for each solution it calculates, these can be
important indicators of a solution’s accuracy. The LLGI directly measures the prob-
ability of the solution being correct, and thus its value should be positive and as
high as possible. It should also increase as more components of the solution are
added. The translation function Z-score (TFZ) indicates the number of standard
deviations above the mean value, and the value for the correct solution is generally
well separated from the rest of the solutions. A TFZ of >8 is generally indicative of
a valid solution. Visual inspection of the electron density maps is also an important

part of validating an MR solution.

Density modification, for example solvent flattening, using programs such as PAR-
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ROT [44] can be used to drastically improve initial phase estimates. This entails
placing a three-dimensional grid over the initial protein map. For each grid point
the average electron density within a sphere of a given radius is computed. Den-
sity values above a certain cut-off are deemed protein and set to a certain average
value. For values below the cut-off the region is said to be solvent and “flattened”.
This map undergoes a reverse Fourier Transform to compute structure factors with
improved phase estimates. These structure factors are further iteratively modified

until convergence is reached.

Experimental Phasing

For crystals of proteins for which a large proportion of the asymmetric unit has no
known structural homologues, the initial phases have to be determined experimen-
tally. This is typically achieved by incorporating HAs into the asymmetric unit in
an ordered fashion. Due to their high number of electrons, HAs scatter more X-
rays than those atoms typically found in amino acids. Unless the protein contains
endogenous heavy metal ions, crystals must be derivatised in order to incorporate

them.

Crystal Derivatisation

A soaking experiment is the classic method for crystal derivatisation, whereby a
heavy metal-containing compound is added to pre-formed native crystals in the
crystallisation drop. HAs must be incorporated with high occupancy, meaning they
must bind specifically to defined regions of the protein. However, it is crucial that
binding of HAs does not disrupt crystal contacts or destroy the integrity of the
crystal in any way as this will severely diminish its diffraction potential. The most
common ways to produce a HA-derivatised crystal are either by a soaking experi-
ment (where HAs are incorporated into pre-formed crystals) or by selenomethionine

incorporation.
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In a soaking experiment, many factors can influence if and how a HA binds to a
protein. For example the buffer and pH of the crystallisation drop can affect the
reactivity and solubility of HA-compounds by influencing the protonation state of
the active groups on the protein and by chelating the HAs. The Heavy Atom Data-
bank contains information on successful cases of protein derivatisation, including
the buffer conditions, pH range and the details of the types of interactions formed
with the protein. For example, this information was used to assess which HAs had
the highest chance of derivatisation at the pH in the crystallisation drop of the
GgTen22ECY crystals (pH 8.5) described in Chapter 6 [99]. The other key variable
in a soaking experiment is the time for which the crystal is incubated with the heavy
metal. This is highly crystal-dependent and thus must be determined empirically.
The final step in a soaking experiment is often a back-soak, where the crystal is
transferred out of the HA-containing solution into a cryoprotectant lacking HAs.
This allows non-specifically bound HAs to diffuse away and aims to reduce back-

ground signal and radiation damage [77].

Assessing Anomalous Signal

Before attempting phase calculation it is sensible to assess if the data collected
from the crystal contains significant anomalous signal, and if so, to what resolution
it is present. Anomalous signal can be assessed using the anomalous correlation
and SigAno statistics generated by XSCALE. Like the other data reduction statis-
tics, these statistics are generated for each resolution shell as well as for the overall
dataset. The anomalous correlation is the correlation coefficient between random
half sets of anomalous intensity differences. Values down to about 25-30% are still
thought to contain significant anomalous signal [222]. SigAno reflects the ratio of
the mean anomalous difference to its standard deviation, thus giving a measure of
the anomalous signal relative to its error. Values down around 1.0 are considered to

have significant anomalous signal.



CHAPTER 2. MATERIALS AND METHODS 69

Phase Calculation from Experimental Data

The first macromolecular structures were solved using a phasing technique known
as isomorphous replacement. As Patterson map peak heights are proportional to
the product of the number of electrons in the relevant atoms, HA positions can be
identified by comparison of the Patterson maps for isomorphous native and deriva-
tive crystals, allowing the HA substructure to be solved. Once the marker atom

positions are known, phasing equations for the protein reflections can be solved.

More recently anomalous dispersion techniques have supplanted isomorphous re-
placement. Single/Multiple Anomalous Dispersion (SAD/MAD) experiments ex-
ploit the anomalous signal from one (SAD) or more (MAD) datasets from the same
crystal. In the absence of HAs, the measured intensities of reflections known as
Friedel pairs are identical, this is known as Friedel’s law. Above certain wavelengths,
HAs scatter X-rays anomalously, leading to a pronounced anomalous scattering com-
ponent of the structure factor and causing Friedel’s law to break down. This results
in intensity differences between the two reflections of a Bijovet pair (acentric Friedel

pairs, centric Friedel pairs remain unchanged).

The first step in a SAD structure solution is the location of the HA substructure,
this is accomplished using Patterson methods in programs such as SHELXD [230].
A Patterson map is calculated from the anomalous intensity differences, this gen-
erates a map that only relates to vectors between anomalously scattering atoms.
The search begins with atoms consistent with the anomalous Patterson map, this
is known as Patterson seeding. Dual-space direct methods are then used to modify
the calculated substructures by real space fit to the density and reciprocal space
refinement of the phases. The Correlation Coeflicient between the observed and

calculated normalised structure factors are used to identify the correct solution.

Once the HA substructure is known, the phase information for the rest of the struc-
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ture can be reconstructed. This can be done using either SHELXE [230] or Phaser
[166]. To understand the theory behind phase calculation using SAD, it is conve-
nient to describe a structure factor in terms of the components which contribute to

it:

Fpa=Fp+F, +i-F)

Where Fpp is a vector representing the total scattering by both the protein and
anomalous scatterers, Fp is the contribution of protein (not observed in a SAD
experiment) and F, and F”, are the real and imaginary anomalous components,
respectively. Fpy is experimentally determined, and F 5 is known from the substruc-
ture determination. F”, is calculated using knowledge of the HA present and the
wavelength used and is always at 90° to Fa (Figure 2.2A).

N

—

Figure 2.2: Graphical Representation of SAD Phasing Equations. Figure taken from
[218].

The real anomalous components (Fa, and Fj_) are used to offset the imaginary
anomalous components (F”,, and F”,_) from the origin. Circles of radius Fpa

and Fpy. are constructed around the new origins of F”5 and F” . respectively and
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the points of intersection of these circles can be used to calculate two solutions for
the phase. Density modification is used to improve the phase estimation. Visual
inspection of the density-modified map calculated for each phase solution is usually

sufficient to determine which enantiomorph is the correct solution.

Experimental phasing protocols have now been combined with a variety of other
structure solution softwares in order to extract initial phases from data with weaker
anomalous signal or low resolution. For example, Crank2 [196, 238| combines exper-
imental phasing, density modification, model building and refinement leading to an
improvement in automated structure solution in some cases. Phaser MR-SAD [209|
can combine both MR and SAD approaches and use a poor MR model to assist in
determining the substructure. Manual improvement of the model can then be used

to iteratively improve the SAD phases.

2.4.5 Model Building and Refinement

After successful initial phasing (either by MR or experimental phasing) and den-
sity modification, the electron density map can be interpreted by placing atomic
coordinates in it. The process of model building entails adjusting the atomic coor-
dinates in order to improve the agreement between the amplitudes calculated from
the atomic model and the measured amplitudes from the diffraction experiment. As

this agreement improves, so does the quality of the electron density maps.

If the electron density is of sufficient quality, autobuilding is attempted, using pro-
grams such as Buccaneer [43]. Initially likely C, positions are found and then grown
and joined into chains. If the density allows it, sequence will also be docked. This
process is usually most successful for defined secondary structure elements. This
model is then manually edited in Coot in order to connect pieces of secondary
structure and improve the fit to the density [63]. At this early stage in model build-

ing, manually-edited autobuilt models are typically used to iteratively improve the
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phases of the electron density map. Care must be taken to prevent biasing the map

towards poor phases calculated from an inaccurate model.

Once an initial model has been built, a restrained reciprocal space refinement is
performed. This involves iterative adjustment of the model parameters in order to
improve the agreement of the model with the data. These parameters include atomic
parameters (the coordinates z,y,z, B-factors and occupancy) and global parameters
(overall B-factor and bulk solvent scattering). This can be carried out using pro-
grams such as BUSTER [30], which uses Bayesian statistics for reciprocal space
refinement. The B-factor is a measure of the atomic displacement of an atom from
its mean position, resulting from thermal motion, lattice disorder or several par-
tially occupied conformations. B-factors can be refined either isotropically (where
the thermal motion available to an atom is distributed as a sphere) or anisotropically
(using translation, libration, screw motion, TLS). In TLS refinement, TLS groups
are defined by identifying groups of atoms whose motion can be parametrised as a
combination of translation, libration and screw motion. By default one individual
chain is treated as a TLS group, although a more sophisticated analysis is possible

based on B-factors using the TLSMD web server [195].

In macromolecular crystallography the experimental data-to-parameter ratio is typ-
ically too low for unrestrained refinement. Stereochemical restraints allow the model
stereochemistry to be kept within a physically reasonable range and impose limits
on features such as bond lengths, angles and torsion angles etc. For small molecule
ligands, including monosaccharides of N-linked glycans, additional stereochemical
restraints must be generated using programs such as Acedrg [156]. Additional re-
straints can be generated from non-crystallographic symmetry if there is more than
one copy of a protein in the asymmetric unit. This causes the NCS copies to be
treated as identical and restrains them to remain similar to each other. For refine-

ment of crystal structures at low resolution, a higher resolution structure of a highly
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similar protein can also be used to generate restraints for the refinement.

Each refinement cycle should be allowed to run until convergence, at which point
a new electron density map with improved phase estimates will be calculated. To
minimise the effects of model bias, alternative Fourier transforms are used to calcu-
late the electron density. The most commonly used of these is a 2F s - Fae map,
which reduces the contribution of the structure factors calculated from the model.

This is calculated as follows:

1 —2mi((hx 2)—«
p(,0,2) = 1 30 S S (2 ops] — [Pl 2t =acar
h k l

A “difference map” (Fops - Feale) is calculated, and displays positive density in un-
modelled regions and negative density where atoms have been placed erroneously.
This map is then used for real-space refinement to place missing components or
fix problem areas. This process is repeated iteratively over the course of refining a

structure.

Statistically, refinement aims to minimise the sum of residuals squared between the
experimentally-determined structure factors (|Fons|) and those calculated from the

model (|Fcac|). The success of the process is assessed using the R-factor.

R— ZHFobs’ - |Fcach
Z‘FobS|

Before any refinement of the model, reflections are dividing into randomly chosen

“working” and “test” sets. R-factors are calculated independently for each set dur-
ing refinement. The working set of reflections is used in refinement, whereas the
reflections from the test (~5% of the total reflections) set never enter the refinement
procedure and are only used to calculate the cross-validation R-value (Rgee) [31].
Riree 1s related to the mean phase error [32|, making it an ideal metric to measure

model quality. As more parameters are introduced and the model becomes more
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complete, the R-factors should fall. After a point the refinement will be optimal,
and introduction of further parameters (such as unjustified solvent molecules) will
not improve the model, causing the Rge. to inflate, whilst the Ry continues to

fall. This is indicative of an over-fitted model.

2.4.6 Validation

The final step in a structure solution is model validation, which ensures that the
model is geometrically plausible. MolProbity [48]| reports incidences of clashes, Ra-
machandran outliers, Cgz deviations, poor rotamers and cis peptides, all of which
should be minimised or, ideally, absent in a well-refined structure (unless there is

good evidence otherwise). Privateer can be used to validate glycan geometry [6].

2.4.7 Crystallisation and Structure Solution of the Lphn3tec-Olf,

FLRT2M'RR Unc5D818TP Complex
Crystallisation

Lphn3tecOf  FLRT2MRR and UnchD™®8TP produced in HEK293T cells treated with
kifunensine were purified as described in Section 2.2. After elution from the Ni
column, all proteins were deglycosylated at 4°C overnight and then subjected to
size-exclusion chromatography. Purified proteins were mixed in a 2:1:1 molar ratio
and concentrated to 8 mg/ml in 10 mM Tris-HCI (pH 7.5), 150 mM NaCl and 100
mM NDSB-256. Crystals were grown by the vapour diffusion method at 18°C by
mixing protein and crystallisation solution in a 1:1 (v/v) ratio for four separate crys-
tallisation solutions (crystallisation solutions 1-4). Crystallisation solution 1: 0.1 M
MES (pH 6.0), 20% (v/v) 2-methyl-2,4-pentanediol (MPD), 2 mM HEPES (pH 6.8),
0.025% (w/v) benzidine, 0.025% (w/v) nicotinamide, 0.025% (w/v) pyromellitic acid
and 0.025% (w/v) sulphaguanidine. Crystallisation solution 2: 0.1 M MES (pH 6.0),
20% MPD, 2 mM HEPES (pH 6.8), 0.016% (w/v) 3-Indolebutyric acid, 0.016%

(w/v) hexadecanedioic acid, 0.016% (w/v) oxamic acid, 0.016% (w/v) pyrometal-
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lic acid, 0.016% (w/v) sebacic acid and 0.016% (w/v) suberic acid. Crystallisation
solution 3: 0.1 M MES (pH 6.0), 20% (v/v) MPD, 2 mM HEPES (pH 6.8), 0.02%
(w/v) 2,5-pyridinedicarboxylic acid, 0.02% (w/v) pyromellitic acid, 0.02% (w/v)
salicylic acid, 0.02% (w/v) trans-1,2-cyclohexanedicarboxylic acid and 0.02% (w/v)
trans-Cinnamic acid. Crystallisation solution 4: 0.1 M ammonium sulphate, 0.3 M
sodium formate, 3% (w/v) poly-gamma-glutamic acid LM, 10% (w/v) polyethylene
glycol monomethyl ether 2000 and 0.1 M sodium cacodylate (pH 6.5). Crystals from
crystallisation conditions 1-3 were cryo-protected using 95% crystallisation solution
plus 5% MPD. Crystals from crystallisation solution 4 were cryo-protected with 80%

crystallisation solution plus 20% glycerol.

Structure Solution

Diffraction data from four crystals were collected up to 3.4 A resolution at the Di-
amond Light Source (beamline 104-1, A=0.9281 A) and the European Synchrotron
Radiation Facility (ESRF; beamline ID29, A =0.97625 A) at 100 K. Data were in-
tegrated using XDS (via XIA2) [105, 279]. Integrated intensities were merged and
scaled using Aimless and truncated using ctruncate [278]. The high resolution cut-
off was chosen by selecting shells which still fulfil CC;/2>25% [109] and [/01>0.5.
The structure was solved by molecular replacement in PHASER [166], by sequen-
tially placing the previously solved FLRT2MR-UncD'! complex [226] and the high
resolution structures of the unliganded Lphn3™“°" and Ig2 domain of Unc5AFt,
After MR, the UncbA Ig2 domain was replaced with a homology model of Unc5D
Ig2 domain, made using SWISS-MODEL |22, 226]. A homology model of Unc5D
Tspl was placed into the density clearly visible after initial MR and refinement. The
model was manually adjusted in Coot [63]. The model was all-atom refined in auto-
BUSTER [30] with the command line options -r 0.008 to restrain the geometry, -w
5 and AdjustXrayWeight Automatically=no to fix the X-ray weight and -autoncs to
use non-crystallographic symmetry restraints. Parameterisation of thermal motion

was based on results from the TLSMD web server [195] and each chain of Unc5D
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and Lphn3A was divided into two TLS bodies. The final quality of the model was

assessed using MolProbity [48].

2.4.8 Crystallisation and Structure Solution of GgTen2~FGF
Crystallisation

GgTen22FCF was produced in HEK293T cells treated with kifunensine and purified
as described in Section 2.2. To produce the initial poorly diffracting crystals, purified
GgTen22ECY was mixed with endoglycosidase F1 in a 1:1000 (endoglycosidase F1:
GgTen22ECT) and concentrated to 4.7 mg/ml in a buffer containing 20 mM Tris (pH
7.5), 200 mM NaCl, 200 mM non-detergent sulfobetaine-256. Initial crystals were
obtained after 14 days at 18°C in a 200 nl drop containing a 1:1 mixture of protein
solution and reservoir solution. The reservoir solution was 0.1 M Tris (base)/Bicine
(pH 8.5), 20% v/v glycerol, 10% w/v PEG4K, 30 mM di-ethyleneglycol, 30 mM

tri-ethyleneglycol, 30 mM tetraethyleneglycol, and 30 mM pentaethyleneglycol.

The optimised GgTen22FCGF crystals used for structure solution were grown in the
absence of endoglycosidase F1. The original reservoir condition was diluted ~5-15%
with water. Microseeding was successful in increasing the final size of the crystals.
To prepare microseeds, a crystallisation drop containing small crystals was resus-
pended in its reservoir condition (typically 50 ul) and vortexed with a “Seed-Bead”.
Serial dilutions of this microseed-containing solution were prepared by further di-

2AEGE crystal (~

luting it with the reservoir condition. The best diffracting GgTen
2.5 A) was obtained by mixing 250 nl protein solution (5 mg/ml) with 83 nl seed
stock (diluted 10%-fold) and 166 nl reservoir solution. For crystallisation conditions
where the concentration of glycerol was diluted significantly below 20%, additional
glycerol was added as cryoprotectant.

2AEGF

To produce heavy atom-derivatised GgTen crystals, a small amount of solid

heavy metal compound was collected on a pipet tip and then thoroughly resus-
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pended in the reservoir solution. 2 ul of this heavy metal containing solution was
then added directly to the droplet containing pre-formed crystals. After 5, 7 and
21 hours, crystals were either harvested directly or briefly back-soaked in a drop
containing reservoir solution, but no HAs. The back-soaked crystals were then cryo-
cooled in liquid nitrogen. The Pt-derivative crystals used to collect the anomalous
diffraction data for experimental phasing were produced using KoPtCl, as the heavy
metal compound, with an incubation time of 21 hours. These crystals were back-

soaked in crystallisation solution prior to flash-cooling.

Structure Solution

9AEGE (rystals were collected up to 2.4 Aresolution at Di-

Native data from GgTen
amond Light Source at 100 K (beamline 103, A = 0.97626 A). GgTen22FGF crystals
were radiation-sensitive and so native data were collected in 90° wedges from three
isomorphous crystals. Wedges of native data having suffered the least radiation
damage were selected for merging to produce the final native dataset (Table 6.3).
Data were indexed and integrated using XDS, and scaled and merged using XS-
CALE (via Xia2) [105, 279]. For anomalous data collection, datasets from two
isomorphous crystals were collected at the European Synchrotron Radiation Facil-
ity (ESRF; beamline ID29) at 100 K. To maximise anomalous signal, data were
collected at the L-IIT Pt edge (A=1.072 A). Data were processed as above, but Bi-
jvoet pairs were unmerged (Table 6.2). Crank2 [196, 238| was used to calculate
phases and build an initial model. The model was manually improved using Coot
[63] and the NHL domain was placed by MR in Phaser using a modifed polyalanine
model of the S-propeller domain of a distant structural homologue (PDB accession
3HRP). The resulting model was subsequently used for iterative phase improvement
using the Phaser SAD pipeline [209] and manual re-building in Coot [63]. Partial

sequence assignment was facilitated by homology models of the Ten2 Rhs-associated

core domain and YD-shell region based on the structure of YenC2 (PDB 4IGL) [34]
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and the knowledge that Pt atoms typically bind to either methionine or histidine
residues. The resulting structure was used to phase the higher-resolution native
data by MR with Phaser [166] to place four copies of the model in the P2; asym-
metric unit. The resulting map was density-modified using Parrot [44] and then
supplied to Buccaneer [43] for autobuilding, allowing reliable assignment of much of
the sequence. The remainder of the sequence was assigned manually based on the
density. Glycans were built using the automatic glycan building implementation in
Coot [63]. The model was all-atom refined in autoBUSTER using NCS restraints
and -r 0.009 to restrain the geometry [30]. Thermal motion was parameterised by
treating each macromolecular chain as a single TLS group. The quality of the final

model was assessed using MolProbity [48].

2.5 Cell Biology

2.5.1 Cell-Binding Assay

HeLa cells seeded onto coverslips in six-well plates were transfected with 2 ug
FLRT2-ires-GFP plasmid using FuGENE 6 transfection reagent (Promega) as de-
scribed in Section 2.2.3. Thirty-six hours after transfection, cells were incubated at
4°C for 20 min in Hank’s balanced salt solution containing 0.5 ug Lphn3%e=©¥ or
Lphn3te<Of LF mutant protein pre-clustered with 1.6 ug His-probe rabbit polyclonal
immunoglobulinG (IgG) (Santa Cruz Biotechnology). Cells were washed twice with
PBS and fixed with 4% paraformaldehyde at 4°C for 20 min. Cells were blocked
for 20 min with 1% BSA in PBS and bound Lphn3™¢O proteins were visualised
using Alexab61-conjugated anti-rabbit IgG antibody (Molecular Probes, 1:400). Be-
fore mounting with Immu-Mount™ (Invitrogen), nuclei were counter-stained with

DAPI (1:10000).
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2.5.2 Stripe Assay

A stripe assay is a cell-migration assay in which cells are confronted with a “carpet”
of alternating stripes of different proteins. The stripe assay is used to study the
responses of migrating cells to guidance molecules by quantifying the distribution
of the cells across the stripes. The cells used can either be from cell culture (trans-

fected or non-transfected), or can be neurons from a primary culture.

In all stripe assay experiments described in this thesis, the red stripe contained the
protein-of-interest (protein solution 1), and the black stripe contained a control pro-
tein, which is neutral with respect to its cell guidance properties (protein solution 2).
Protein solution 1 contained the protein-of-interest and a Cy3-conjugated anti-Fc
antibody, meaning that the stripes containing the protein-of-interest fluoresce red.

Protein solution 2 contains Fc as a control protein and anti-Fc as a control antibody.

Stripe Carpet Preparation

Silicone matrices placed on 60 mm tissue culture dishes were used to produce the
stripe pattern [120]. 50 ug/ml of the recombinant protein-of-interest was mixed with
120 pug/ml Cy3-conjugated anti-Fc (Life Technologies) in PBS (protein solution 1
in Figure 2.3B). This protein mixture was injected into the stripe matrix via the
inlet slot using a Hamilton syringe (Figure 2.3A). The stripes were incubated for 30
min at 37 °C to allow protein solution 1 to adhere to the tissue culture dish (Figure
2.3B). Stripes were washed three times with PBS and the matrices removed. Dishes
were then coated with 50 ul 50 pg/ml Fe protein mixed with 120 pug/ml anti-hFc
(Jackson ImmunoResearch) (protein solution 2, control) for 30 min at 37 °C (Figure
2.3C.) Stripes were then washed three times with PBS. The end result is alternating

stripes of protein solutions 1 and 2 (Figure 2.3D).

For experiments with neurons, stripe carpets were overlaid with 100 pl laminin (20
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pg/ml in PBS) and incubated for at least one hour and then washed three times

with PBS before use.

Stripe matrix

y
A __Protein Solution 1
channel field | . . = == ==
%ﬁ_ — Protein Solution 2
outlet slot inlet slot ¢ -
\l 3 l D N —
™~ Tissue culture dish

Figure 2.3: Stripe Assay Preparation

Stripe Assays with FLRT-expressing cells on Lphn3tec-f (Wild Type vs.
LF) Stripes

Stripe carpets were produced as described above. Protein solution 1 contained 50
pg/ml of Lphn3leeO (WT or mutant, LF) and 120 ug/ml Cy3-conjugated anti-Fc
(Life Technologies). Protein solution 2 was 50 ul 50 pg/ml Fe protein mixed with

120 pg/ml anti-hFe (Jackson ImmunoResearch).

For the experiments with HeLa cell described in Figure 3.5, HelLa cells were grown
in 6-well plates and transfected with 2 ug FLRT2-ires-GFP (WT or mutant, FF,
see Table A.1). Twenty-four hours after transfection, cells were washed with PBS
and dissociated using 1 ml 5 mM EDTA (pH 8.0) for 5 min at 37°C. Cells were
pelleted (5 min, 200 xg) and resuspended in the desired volume of DMEM (2% FBS)
to achieve a cell density of 2.0 x 10°/ml. 150 ul of cell suspension was added to each
stipe, giving a total of 30,000 cells per experiment. HeLa cells were cultured for
3 hours at 37°C and then fixed with 2% sucrose/4% PFA in PBS for 10-20 min
at room temperature. Cells were washed with PBS and the nuclei counterstained
with DAPI before mounting with Immu-Mount™ (Thermo Fisher). The number of

GFP—+ pixels on red stripes quantified with ImageJ.
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For the experiments with cortical neurons described in Figure 3.6, dissociated corti-
cal neuronal cultures (E15.5) were prepared by Dr. Daniel del Toro (Klein lab, Max
Planck Institute of Neurobiology) and applied to stripes at a concentration of 50,000
cells per experiment. The neurons were cultured on the stripes for 16 hours and then
fixed with 2% sucrose/4% PFA in PBS for 10-20 min at room temperature. Cortical
neurons were visualised by staining for SIII-tubulin as follows. Neurons were washed
with PBS, permeabilised (1% BSA, 0.1% Triton X-100/PBS) for 10 min and then
stained using rabbit monoclonal anti-S-111 tubulin antibody (1:1000; Sigma) as a
primary antibody and Cy2 or Cy3 anti-rabbit IgG (1:400; Jackson) as a secondary
antibody. After mounting with Immu-Mount™ (Thermo Fisher) the number of

GFP-+ pixels on red stripes quantified with ImageJ.

Stripe Assay with FLRT2-Unc5D-expressing cells on Lphn3ec-O¥ stripes

For the experiments described in Figure 3.7, stripe carpets were prepared as in Sec-
tion 2.5.2. Protein solution 1 contained 50 pg/ml of wild-type Lphn3t<©¥ and 120
pg/ml Cy3-conjugated anti-Fe (Life Technologies). Protein solution 2 was 50 ul 50

pg/ml Fe protein mixed with 120 pg/ml anti-hFe (Jackson ImmunoResearch).

HeLa cells were grown in 6-well plates and transfected with 2 ug UnchD-ires-GFP
and 1 pg FLAG-FLRT2-Avi (WT or mutant, UF). For the FLRT2 alone sample the
FLRT2-ires-GFP construct was used. See Table A.1 for details of these constructs.
Twenty-four hours after transfection, cells were washed with PBS and dissociated
using 1 ml 5 mM EDTA (pH 8.0) for 5 min at 37°C. Cells were pelleted (5 min, 200
xg) and resuspended in the desired volume of DMEM (2% FBS) to achieve a cell
density of 2.0 x 10°/ml. 150 ul of cell suspension was added to each stipe, giving a
total of 30,000 cells per experiment. HeLa cells were cultured for 7 hours at 37°C
and then fixed with 2% sucrose/4% PFA in PBS for 10-20 min at room temperature.
To verify expression of FLAG-tagged FLRT constructs, cells were washed with PBS;,

permeabilised (1% BSA, 0.1% Triton X-100/PBS) for 10 min at room temperature
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and then incubated with rabbit anti-FLAG (1:400, Sigma) in PBS, 1% BSA for 1
hour at room temperature. Cells were washed with PBS and then incubated with
Alexa-Fluor 647 Donkey anti-rabbit IgG (1:200) in PBS, 1% BSA for 1 hour at
room temperature to visualise the cells. Cells were washed with PBS again and
nuclei counterstained with DAPI before mounting with Immu-Mount™ (Thermo

Fisher). The number of GFP-+ pixels on red stripes quantified with ImagelJ.



Chapter 3

Interaction of Lphn with FLRT and Uncb

3.1 Summary

Upon first starting this project, a significant amount of information was available
regarding the molecular basis for the interaction between FLRT and Unc5 [226].
However, the basis for the interaction between FLRT and Lphn was poorly under-
stood. Using a newly-solved crystal structure of a fragment of Lphn3 comprising
its Lec and Olf domains, and guided by surface sequence conservation, I designed
mutations in the protein with the aim of identifying the FLRT binding site. I found
that FLRT binds a highly evolutionarily conserved patch on the Lphn OIlf domain,
and that a mutant, Lphn3™F, abolishes this interaction completely in SPR and cell-
binding experiments. Using stripe assays with transfected HeLa cells I showed that,
consistent with the literature, the Lphn-FLRT interaction is strongly adhesive, an
effect that is ablated for the Lphn3™ mutant. In contrast, stripe assays using corti-
cal neuronal cultures showed that the Lphn FLRT-binding site is repulsive. Further
stripe assays, along with biophysical studies demonstrated that Lphn3, FLRT2 and
UncHD can form a multimeric ternary complex, with a function distinct from binary

interactions between its subcomponents.

83
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3.2 Surface Conservation of Lphn3tec-Olf

To better understand the molecular basis of the Lphn-FLRT interaction I aimed
to map the FLRT-binding site on Lphn. This interaction is mediated by the Lphn
Olf domain, is observed for multiple homologues of both FLRT and Lphn and is
highly important in synaptic development and brain wiring [191, 192|. For these
reasons, | hypothesised that the FLRT-Lphn binding surfaces would be conserved
across species. Surface sequence conservation, calculated by the server ConSurf, can
be used to reveal patches of highly conserved residues that are often important to bi-
ological function [80]. In the absence of a complex crystal structure this information
can be useful in predicting conserved ligand-binding sites [226|, these predictions

can then be validated experimentally.

I calculated surface sequence conservation scores for newly-solved structure of Lphn3lec-Olf
(solved by Dr Elena Seiradake, prior to the start of this project) using an alignment
of sequences from murine Lphnl+3, chicken Lphn2, Lphn3 from Danio rerio and
Lphn3 from Xenopus laevis and used these scores to predict the likely FLRT inter-

3Lec—Olf

action site on the Lphn . This analysis revealed a highly-conserved patch of

residues spanning blades II and III of the Lphn3 Olf domain (Figure 3.1).
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Figure 3.1: The crystal structure of Lphn3tc-Of_ The crystal structure of Lphn3Tec-Olf
shown as cartoon and coloured according to the rainbow. The bound sodium and calcium ions
are shown as purple and blue spheres respectively (A). The same structure is shown as surface
representation and coloured according to sequence conservation (B). Sequence conservation scores
were calculated using the ConSurf server [80] from a sequence alignment of murine Lphnl/3,
chicken Lphn2 and Lphn3 from Danio rerio and Xenopus tropicalis. Black indicates the highest
conservation scores and white the lowest.

3.3 Mutational Disruption of the FLRT-Lphn Inter-

action

3.3.1 Mapping the FLRT-binding Site on Lphn

To probe this conserved surface region on the Lphn3 Olf, I generated a series of
mutant proteins in which consensus N-linked glycosylation motifs were introduced
at various positions in the conserved patch (Figure 3.2A). This is an established
way of disrupting protein-protein interactions [226, 288]. The mutations made were

R292N R294T (Lphn3'F), Y323N W325T (Lphn3'F®), T267N K269T (Lphn3-F®)
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and P244N R246T (Lphn3™'®) (Figure 3.2A).

Surface plasmon resonance (SPR) experiments show high affinity binding between
the FLRT2E% and wild-type Lphn3b=© (Figure 3.2). However, two of the mu-
tants, LF and LF(2) (with the mutant glycosylations located in the centre of the
conserved patch) showed no measurable binding to FLRT2F*°. LF(3) and LF(4),
which have their mutations at the edge of the conserved OIf patch, still interacted
with FLRT2E¢* but with a 35- to 80-fold reduced affinity (Figure 3.2B, C, D). For
subsequent cell-based assays, the non-FLRT binding Lphn3 mutant, R292N R294T,

was used and is herein referred to as the Lphn3 LF mutant.
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Figure 3.2: Mutations in the conserved patch on the Lphn3 Olf domain impair binding
to FLRT2E°t° The crystal structure of Lphn3™<-Cf is shown in surface representation and
coloured according to sequence conservation scores shown in Figure 3.1B. Mutated residues are
coloured according to their effects on FLRT2 binding (A). SPR sensorgrams for the interaction
between FLRT2F* and Lphn3™°¢-C and its mutants. Biotinylated wild-type and mutant
Lphn3te=Of proteins were attached to streptavidin-coupled CAPture chips and a 1:1 dilution
series of FLRT2F% used as analyte. Results are from two consistent experiments with the top
concentration of FLRT2F¢% being 2-3 uM (B). Kp values were calculated using a 1:1 binding
model. No meaningful Kp value could be calculated for the LF(3) and LF(4) mutants (C,D).
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I also verified my SPR results in a cell-binding assay. Wild-type and LF-mutant
Lphn3t O proteins (which are His-tagged) were applied to cells transfected with
a FLRT2-ires-GFP vector [226]. The His-tag on the Lphn3t=©! constructs allowed
detection of protein bound on the cell surface. Consistent with the SPR results,
wild-type Lphn3™“©¥ but not the LF mutant, bound to the surface of the FLRT2-

transfected cells (Figure 3.3).

| FLRT2-ires-GFP |

Figure 3.3: Wild type and mutant Lphn3-FLRT2 cell-binding assay. Binding of wild-type
or mutant (LF) Lphn3%e¢-O proteins to HeLa cells transfected with FLRT2-ires-GFP (green).
Bound Lphn3%O proteins were visualised using an antibody against the hexahistidine tag
(red). Cells were counter-stained with DAPI before mounting (blue). Scale bar, 20 pm. This
experiment was supervised by Dr Daniel del Toro, Max Planck Institute of Neurobiology, Munich.

3.3.2 Mapping the Lphn-binding Site on FLRT

Having mapped the FLRT-binding site on Lphn3, I decided to map the equiva-
lent site on FLRT. To do this, I used previously described mutants, FLRT2'" and
FLRT2YF, which knock out FLRT-FLRT homophilic interactions and the FLRT-
Unc5 interaction respectively (Figure 3.4A, B) [226]. SPR experiments with these
mutants revealed that, whilst FLRT2UF binds the Lphn3®" with wild-type affinity,
FLRT2FF showed no measurable binding to Lphn3°" (Figure 3.4C, D). These data
suggest that Uncb and Lphn bind distinct surfaces on the FLRT2 LRR domain
and that the FLRT-Lphn interaction would compete with low-affinity FLRT-FLRT

homophilic interactions.
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Figure 3.4: Lphn and Unc5 bind distinct surfaces on the FLRT LRR domain.The
structure of the FLRT2 LRR domain coloured according to its sequence conservation [226]. The
positions of mutant N-linked glycosylation sites in these mutants are indicated for FLRT2FF (A)
and FLRT2YF (B). Full ectodomain proteins of wild-type FLRT2, the non-Unc5-binding mutant
FLRT2YF and the non-multimerising FLRT2FY mutant were immobilised on a CM5 Biacore chip
by direct amine-coupling. A 1:1 dilution series of FLRT2° was used as analyte, with a top
concentration of 1.05 uM (C). Kp values were calculated from the equilibrium SPR data
assuming a 1:1 binding model (D,E).
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3.4 Cell Guidance Consequences of the Lphn-FLRT
Interaction

The FLRT-Lphn interaction has been postulated to mediate transsynaptic adhesion
[191]. To assess these adhesive properties I performed stripe assays, which are used
to assess the “guidance properties” of biological molecules. Lphn3™“©¥ proteins
were immobilised in an alternating stripe pattern with control F. protein, which
is neutral with respect to its cell guidance properties. Hela cells transfected with
FLRT2-ires-GFP were then seeded onto the stripe “carpet” and allowed to choose

3LecOlf or T, control protein (Figure 3.5A). Consistent

between growth on either Lphn
with the literature, the FLRT2-transfected cells adhered strongly to the Lphn3lecO1
stripes. However, exchanging wild-type Lphn3™O¥ with the non-FLRT-binding
mutant, LF, significantly reduced this adhesive effect. Similarly, cells transfected
with the non-Lphn-binding FLRT2 F-ires-GFP did not show this adhesive effect
(Figure 3.5). These data from transfected HeLa cells indicate that the interaction
between the FLRTs and Lphn3 Olf is strongly adhesive, consistent with the proposed
role of this interaction in regulating synapse formation [191]. Note that the small

2FF

amount of adhesion seen for the FLRT2""-expressing cells is likely due to endogenous

expression of FLRT proteins in these cells (Figure 3.5C).
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Figure 3.5: The FLRT-binding site on Lphn3 regulates cell adhesion. Schematic
demonstrating the experimental set-up for stripe assays with transfected HeLa cells (A).
Composite images showing the distribution of HeLa cells transfected with either FLRT2-ires-GFP
or FLRT2FF-ires-GFP on alternating stripes of wild-type or mutant (LF) Lphn3t¢=©Y (red) and
F. protein (black). Mutational knock-out of the interaction between the Lphn3 Olf and FLRT2
LRR domains abolishes adhesion to the Lphn3%-O stripes. Higher magnification images of the
boxed regions are shown as insets to clearly show the distribution of cells on the stripes. The
positions of the stripes are indicated by red bars. Cells were counter-stained with DAPI before
mounting (blue). Scale bar, 200 ym (B). Quantification was performed by measuring the number
of green pixels present on the red (wild-type or LF Lphn3t-©!) stripes. Statistical analysis was
performed using a one-way ANOVA test with Tukey’s post-hoc analysis (p <0.001, ***). Error
bars represent the standard error of the mean (C). This experiment was supervised by Dr Daniel
del Toro, Max Planck Institute of Neurobiology, Munich.

Although a useful tool, transfected HeLa cells do not accurately reflect the com-
plexity of the neuronal cell surface and their downstream signalling. To assess the
guidance role of the FLRT-Lphn interaction in a more native environment I per-
formed stripe assays using primary neuronal cultures. Cortical neurons were chosen
as they express high levels of both FLRT2 and FLRT3 [226]. Dissociated primary
neuronal cultures were produced from E15.5 mouse embryos by by Dr Daniel del
Toro, Max Planck Institute of Neurobiology, Munich. Interestingly, these cortex-

derived cultures behaved in an opposite fashion to the HeLa cells, with the cortical
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neurons being repelled from the wild-type Lphn3™“© stripes. The repulsive effect
was eliminated when cortical neurons were grown on non-FLRT-binding Lphn3lec-Olf

LF stripes (Figure 3.6).
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Figure 3.6: The FLRT-binding site on Lphn3 regulates repulsion of cortical neurons.
Schematic of the experimental set-up for cortical neurons grown on alternating stripes of
Lphn3te=-Of and F, (A). Composite images showing the distribution of dissociated cortical
neuronal cultures (E15.5, expressing high levels of endogenous FLRTs [226]) on alternating
stripes of Lphn3™= O and F. protein. Cortical neurons were visualised by staining for
PIII-tubulin, a neuronal-specific tubulin (green). The neurons are repelled from the wild-type
Lphn3LeeOf protein, but not the LF mutant, stripes. Insets are higher magnification images of
the regions enclosed in the dashed white boxes. Red bars indicate the positions of the red
(Lphn3¥¢¢-O¥_containing) stripes. Scale bar, 200 um. Dissociated neuronal cultures were
prepared by Dr Daniel del Toro, Max Planck Institute of Neurobiology, Munich (B). Data of the
type shown in (B) were quantified by calculating the percentage of green pixels on the red stripes
using ImageJ. Statistical significance was calculated using a two-tailed Student t-test (p <0.01,
**). Error bars represent the standard error of the mean (C). The findings of this experiment are
summarised in a schematic (D).
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3.4.1 Investigating the Role of Uncb in Lphn-FLRT-mediated

Cell Adhesion

This surprising result from the primary cortical neurons suggests that the FLRT-
binding site on Lphn3 may play a context-dependent bifunctional role, being adhe-
sive under some conditions, and repulsive under others. One mechanism by which
this could be mediated is by recruitment of repulsive guidance receptors in cis by
FLRT. Examples of such receptors could be Robol [145] or Uncb [226], both of which
are known FLRT ligands. Given that my SPR results had indicated that Lphn3 and
Unch bind the FLRT2 LRR domain at distinct sites, it seemed feasible that FLRT
could engage both receptors at the same time. To assess whether the presence of
Uncb wn cis was capable of influencing the guidance effect induced by the interac-
tion between FLRT and Lphn, I performed further Lphn3 ““©¥ stripe assays using
HeLa cells co-transfected with both Unch (UnchD-ires-GFP) and FLRT2 (FLAG-
FLRT2-Avi) as described in Section 2.5.2. I used the equivalent construct for the

non-Unc5-binding FLRT mutant (FLRT2YY) [226] as a control in these experiments.

Consistent with previous experiments, HeLa cells transfected with full-length FLRT2
alone strongly adhered (>80%) to the Lphn3eO¥ stripes. Cells co-transfected with
FLRT2 and UnchD adhere significantly less (770% of cells) to Lphn3te-O¥ similar to
control (GFP-transfected) cells or cells transfected with Unc5D alone (Figure 3.7C).
In contrast, co-expression of Unc5D with the non-Unc5-binding mutant, FLRT2YF,
restores the response to (>80%) adhesion (Figure 3.7B, C). This suggests that in cis

recruitment of UnchbD by FLRT2 can act as a switch to attenuate adhesion mediated

by the FLRT-Lphn interaction (Figure 3.7D).
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Figure 3.7: Unc5 controls FLRT-Lphn-mediated cell adhesion. Composite images showing
the distribution of cells co-transfected with Unc5D and FLRT2 (WT or mutant, UF) on
alternating stripes of Lphn3“¢©! (red bars) and F. control protein (A, B). Quantification of
experiments shown in (A) and (B), along with relevant controls. Cells expressing FLRT2 alone
(FLRT2-ires-GFP) adhere strongly to the Lphn3%¢©! (red) stripes. Co-expression of Unc5D
significantly reduces this adhesion. Co-transfection of UncbD with a non-Unch-binding mutant of
FLRT2 (FLRT2YF) restores this strong adhesion. Statistical significance was determined using
an unpaired, two-tailed t-test (p <0.0001, ****). The error bars represent the standard error of
the mean. Imaging and quantification were assisted by Mrs Maria Carrasquero (C). The main
finding of this experiment is summarised as a schematic (D).

3.5 Lphn-FLRT-Unc5 Ternary Complex Formation

Given that Uncb and Lphn bind to distinct surfaces on the FLRT2 LRR, and that
the presence of all three receptors mediates a cell guidance effect distinct from indi-
vidual pairs of receptors, it seemed highly likely that FLRT, Lphn and Uncb would
be capable of forming a ternary complex containing all three proteins. I used SPR
experiments to biophysically validate whether FLRT2 was capable of binding both
Lphn3™ <O and Unc5D at the same time, and thus form a ternary complex. I im-

mobilised a construct comprising the whole Unc5D ectodomain (Unc5D¥e*) on a
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streptavidin-coated CM5 chip and then used a dilution series of either FLRT2MRR

alone or a mixture of FLRT2LRR plus excess Lphn3tOt as analyte (Figure 3.8).

This experiment revealed an increased B, value for FLRT2VRR | Lphn3teeO! bind-
ing, as opposed to FLRT2RR binding alone. This indicates that, in the presence of
Lphn3teO total protein binding to UnchDF® is higher. Given that there is no
detectable binding between Lphn3 alone and Unc5D (data not shown), these data
suggest that FLRT?2 is capable of mediating binding to both Lphn3 and UnchD at
the same time (Figure 3.8A,B). This observation was in line with cell-based assays
performed by the Klein lab, Max Planck Institute of Neurobiology. Interestingly, my

SPR experiment revealed that the presence of Lphn3tec-Ot

in the analyte enhanced
the affinity of the interaction between FLRT2 and Unc5D by about 5-fold (Figure

3.8C, D).
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Figure 3.8: The presence of Lphn3 enhances the affinity of the Unc5D-FLRT2
interaction. Unc5DP°* was coupled to a streptavidin-coated CM5 Biacore chip. Analytes were
either FLRT2MRR (A) alone or a mixture of FLRT2LRR and an excess of Lphn3tec-O (B). A 1:1
dilution series of these analytes was prepared for the run, where the top concentration in each
case was 3 uM. To ensure that results were comparable with one another the dilution series was
prepared such that the top concentrations contained an equal amount of FLRT2VRR, The
presence of Lphn3™ <O in the analyte enhances the affinity of the interaction between FLRT2
and UncbD by about 5-fold. A control experiment revealed no measurable affinity between
Lphn3 and UnchD. Kp values were calculated according to a simple 1:1 binding model using the
equilibrium binding data (C, D).
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To further biophysically characterise the ternary complex formed by Lphn3, FLRT2
and UnchD, I performed SEC-MALS experiments. Samples were prepared by mixing
Lphn3t O with FLRT2RR and different length constructs of the Unc5D ectodomain
(Ig, comprising the first Ig domain only, Iglg, containing both Ig domains, and
IglgTsp, having both Ig domains, plus the first Tsp domain). Complexes formed
using Unc5D constructs UnchD'® and Unc5D'™!® gave masses of ~100 kDa, which
would approximately equate to 1:1:1 complexes. I was intrigued to find that com-
plexes formed using the Unc5D'8!8TP construct gave masses which were significantly
larger than those expected for simple 1:1:1 complexes. Note that that Tspl do-
main has a mass of only ~6 kDa and so is not, in itself, responsible for this large
increase in the apparent molecular weight of the complex, and is largely acting to
mediate some type of complex multimerisation. Unfortunately, SEC-MALS was not
an appropriate method to calculate accurate masses for these complexes, as their
formation was concentration-dependent and so dilution on the gel filtration column

caused a fraction of the complex molecules separate into their subcomponents.
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Figure 3.9: Unc5D Tspl mediates multimerisation of the Lphn3-FLRT2-Unc5D

ternary complex. SEC-MALS indicates the formation of a large multimer (»200 kDa) when
Lphn3tec-Of and FLRT2MER are mixed with Unc5D'88TP but not when mixed with shorter

UnchD constructs without the Tspl domain. For these experiments, concentrations injected were
7 - 8 mg/ml (peak concentrations are at least 10-fold diluted by the SEC method). The Unc5D

construct used in each experiment is indicated by the schematic above the relevant peak. The

apparent molecular weight (MW) stated here reflects the average values within a given peak and
so underestimates the true molecular weight of the fully-formed complexes.
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3.6 Discussion

The data presented in this chapter reveal a bifunctional role for a highly conserved
patch of residues on the surface of the Lphn3 Olf domain. This patch of residues
mediates the interaction with the FLRT LRR domain and promotes cell adhesion
in a simple stripe assay using transfected HeLa cells. However, the same patch me-

diates repulsion of cortical neurons.

In addition to mapping the FLRT-binding surface on Lphn3, I also mapped the
Lphn-binding surface on FLRT. These experiments indicate that FLRT binds to
Lphn via the concave surface of its LRR domain. This suggests that the FLRT-
Lphn interaction would compete with low affinity FLRT dimerisation, which has
been shown to occur via the concave surface on FLRT, mediating cell adhesion [226].
Given the relative affinities of these two interactions (~40 pM for FLRT3-FLRT3
[208] v.s. ~10 nM for Lphn3-FLRT2), Lphn-binding would easily out-compete
FLRT homophilic interactions (assuming the absence of significant avidity effects).
Although the cell guidance effect of the FLRT-FLRT and FLRT-Lphn interactions
can be similar (both lead to adhesion, albeit different strengths), engagement of
these two different receptors is likely to elicit different intracellular signals, likely

making these two adhesive events distinct from one another.

Before the Lphn-binding site on FLRT was known, assays employing the FLRT*Y
mutant indicated that adhesive FLRT-FLRT interactions regulate neuronal migra-
tion in the tangential axis of the cortex, and also guide the migration of vascular
cells [226]. As well as preventing FLRT-FLRT homophilic interactions, the data
presented in this chapter suggest that the FLRT*F mutant is also incapable of in-
teracting with Lphns. Lphns are broadly expressed in the mouse cortex [191, 192],
meaning it is possible that differences between wild-type FLRT and the FLRT*Y
mutant could be due to its lack of Lphn binding, rather than the abolishment of

FLRT-FLRT interaction. Similarly, Lphn2 is highly expressed in vasculature-derived
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cell lines [243], and thus the Lphn-FLRT interaction may also be responsible for the
apparent adhesive effect of FLRT3 on these cells (in the absence of interactions with
Unc5 receptors) [226]. Similar experiments using the Lphn LF mutant may go some

way to answering these questions.

The mechanism by which the Lphn-FLRT interaction site is adhesive in a simple
stripe assay using transfected HeLa cells, but repulsive to primary cortical neurons
in the same assay is currently unknown. One potential mechanism is that Lphn3
binding to FLRTs may activate FLRT reverse repulsive signalling via its cytoplas-
mic tail, analogous to ephrin reverse signalling [119], although there are not yet any
published examples of this phenomenon. Alternatively, when Lphn3 engages FLRT,
FLRT may recruit other guidance receptors in cis and exploit their repulsive activity.
In this chapter I show that the presence of Lphn3 enhances the affinity of FLRT2 for
UnchD about five-fold, suggesting that in cis recruitment of Unch by FLRT may be
enhanced when it is bound by Lphn3. In my stripe assay where UnchD is presented
in cts with FLRT2 in HeLa cells, UnchD recruitment by FLRT2 attenuates the ad-
hesive effect of the FLRT-Lphn interaction, presumably using the repulsive activity
of the Unc5D intracellular domain [96]. This leads to a model whereby the highly
conserved patch on the Lphn3 OIlf domain is bifunctional, and recruitment of Unch
acts as a molecular switch to attenuate FLRT2-mediated Lphn3 adhesion (Figure
3.10). Indeed, recruitment of Unch in cis has been shown to modulate the response
of other receptors to ligand-binding. For example Netrin bound to its receptor, DCC,
elicits an attractive response [68], which is switched to repulsion by Unc5 binding

[96]. This is analogous to the apparent role of Unc5 in the Lphn-FLRT-Unc5 system.
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Figure 3.10: Potential model for cell guidance mediated by Lphn, FLRT and Unc5D.
Simple model for cell guidance mediated by Lphn3, FLRT2 and Unc5D in HeLa cells. The
arrangement of receptors is based on the stripe assay set-up in the chapter. In trans engagement
of FLRT2 and Lphn3 enhances the affinity of the FLRT2-Unc5D interaction, leading to

recruitment of Unc5D in cis. The formation of this ternary complex attenuates the adhesion
caused by the binary FLRT-Lphn interaction.

A significant finding from this chapter is that the Lphn-FLRT-Unc5 ternary complex
undergoes higher-order oligomerisation mediated by the Tspl domain of Unc5D.
Complex multimerisation has been shown to be functionally relevant in a variety
of systems, and understanding the molecular details of these complexes has yielded
functional insights [227, 103, 228, 92]. From the SEC-MALS data presented in this
chapter, complex stoichiometry was not clear and, although the individual ligand-
binding sites on each protein have been mapped, the structural basis for this complex
multimerisation remained unknown. In the next chapter I aim to address these

questions using biophysical and structural methods.



Chapter 4

Lphn-FLRT-Unc5 Super-Complexes

4.1 Summary

Following on from the finding in the previous chapter that FLRT can bind both Lphn
and UncH at the same time, and that this complex has an unusual stoichiometry, I
set out to biophysically characterise the complex stoichiometry and gain structural
insights on complex formation. I used native mass spectrometry and X-ray crystal-
lography to determine that Lphn3, FLRT2 and UncbD ectodomains bind to each
other with a 4:2:2 stoichiometry. In the crystal structure each FLRT2 dimerises
Lphn3 and then the whole complex is dimerised again by UncbD. I also mutation-
ally validated the crystal structure, selectively breaking these super-complexes down
into smaller sub-complexes. These mutants will provide useful tools for future func-
tional analysis of these complexes. Surface sequence conservation analysis along with
SEC-MALS and native mass spectrometry reveal that formation of 4:2:2 complexes
is restricted to FLRT2 and Unc5D homologues, and that other FLRT and Uncbh
homologues form 2:1:1 tetrameric complexes, half the size of the octamers formed

by Lphn3, FLRT2 and Unc5D.

101
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4.2 Native Mass Spectrometry of Lphn3-FLRT2-Uncb5D

Complexes

Due to the technical difficulties in determining Lphn-FLRT2-UncbD complex stoi-
chiometries using SEC-MALS, Native Mass Spectrometry (MS) was employed to de-
termine accurate masses of the intact complexes in the gas phase. In MS, molecular
masses of complexes are measured without dilution, overcoming difficulties caused
by complex dissociation at low concentration. In order to characterise the simplest
possible system, I performed an experiment on the “minimal” Lphn3-FLRT2-Unc5D

complex by mixing, FLRT2MRR Unc5D' and Lphn3tecO (Figure 4.1).
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Figure 4.1: Native MS of Lphn3lec-C_FLRT2'RR_Unc5D'8. Native MS was used to
determine the molecular weights of complexes formed by Lphn3tec-O% FLRT2MER and UnchD'e.
The mass spectrum reveals masses corresponding to a 2:1:1 Lphn3tec-Cf_FLRT2MR_Uncs5D'e
tetramer, as well as 1:1 Lphn3lec-C.FLRT2ER dimers and Lphn3™ O alone (A). MS/MS was
used to validate the composition of the 151.24 kDa peak (B). The sample (~0.5 mg/ml) was
transferred into 200 mM acetate (pH 7.5) immediately before collecting data. Native MS data
collection and analysis was performed by Dr Shahid Mehmood.

This experiment revealed an unusual stoichiometry, not predicted by the SEC-

MALS, but confirming low resolution crystallography results previously obtained



CHAPTER 4. LPHN-FLRT-UNC5 SUPER-COMPLEXES 103

in the lab. Whereas SEC-MALs predicted a molecular weight of ~100 kDa for
this complex (see Section 3.5), the highest molecular weight complex in the na-
tive mass spectrum was 151.24 kDa (Figure 4.1A), which is most consistent with a
2:1:1 (tetrameric) complex of Lphn3tkec-OFLRT2LRR. Unc5D. Dissociation of the
151.24 kDa peak by tandem MS (MS/MS) resulted in peaks of 132.0 kDa (consis-
tent with a 2:1 Lphn3leOFLRT2MR complex) and 104.5kDa (consistent with a
1:1:1 complex of Lphn3le=OFLRT2LRR. Unc5D'8), suggesting that one of the two

Lphn3tec-Of molecules is more weakly bound than the other (Figure 4.1B).
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Next I explored the higher-order multimerisation of Lphn3-FLRT2-Unc5D com-
plexes observed when constructs of UnchD including the Tspl domain were used
in SEC-MALS experiments (Section 3.5). To do this, I performed a native MS
experiment in which I mixed Lphn3"e=©¥ FLRT2'ER and Unc5DF® in a 2:1:1 ra-
tio (Figure 4.2). The resulting mass spectrum revealed a peak corresponding to a
mass of 367.39 kDa, which would be consistent with a 4:2:2 complex of Lphn3lec-Ol.
FLRT2"RR.Unc5DEet (a “dimer of tetramers”). Peaks corresponding FLRT2MRR-

Unc5DEet® dimers and Lphn3be-Olf alone were also observed (Figure 4.2).
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Figure 4.2: Native MS of Lphn3lec-C_FLRT2IRR_Unc5DEct°. Native MS reveals that
Lphn3tec-Of FLRT2MRR and Unc5DPet form a large oligomer, twice the size of a putative 2:1:1
complex. The complex was dialysed into 500 mM ammonium acetate (pH 7.5) and then diluted
to a final concentration of 200 mM ammonium acetate. The sample concentration was ~1.5
mg/ml. Native MS data collection and analysis was performed by Dr Shahid Mehmood.
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4.3 Crystallisation and Data Collection for

Lphn3lec-Oi_FLRT2IMRR_UncsD1slsTsp

In order to further understand the molecular basis for the formation of the 4:2:2
Lphn3-FLRT2-Unc5D complex I performed crystallisation trials using Lphn3tec-Olf,
FLRT2MR and UnchD'eleTsp,

4.3.1 Crystallisation

All proteins for crystallisation were produced in kifunensine-treated HEK293T cells
and purified as described in Section 2.2. Prior to preparative gel filtration, all three
proteins were individually incubated with endoglycosidase F1 at 4 °C overnight to re-
duce the heterogeneity of N-linked glycans, which can impede crystallisation. Given
that SEC-MALS data suggested that gel filtration resulted in complex dissociation,
samples for crystallisation trials were prepared by mixing the purified components
in the expected stoichiometric ratio (2:1:1). The high concentrations of protein
typically used during crystallisation trials would be expected to enhance protein
complex formation. The sample was concentrated to 8 mg/ml in 10 mM Tris-Base
(pH 7.5), 150 mM NaCl, 100 mM non-detergent sulfobetaine-256. Crystals were
obtained by mixing protein and reservoir solutions 1:1 in the sitting-drop vapour
diffusion method. Initial trials were performed using multiple commercially avail-
able crystallisation screens, and small crystal hits were obtained from the JCSG I,
ITT and Morpheus screens after one to four days at 18°C. These initial hits were
screened on beamline 102 at Diamond Light Source, with crystals from one condi-
tion from JCSGI (0.1 M MES pH 6.0, 20% 2-methyl-2,4-pentanediol, MPD) (Figure

4.3A) diffracting to ~8 A. This was the condition I carried forward for optimisation.
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A B

Figure 4.3: Crystals of Lphn3lec-Of_.FLRT2MRR_Unc5DI818TSP Tnitial hits (A) and one of
the optimised crystals from the Silver Bullets screen (~3.6 A diffraction, B). Both scale bars —
100 pm.

In order to improve crystal diffraction, I employed a variety of standard techniques
to optimise the crystal reservoir solution. The most successful of these was the
use of additive screens. Various additives from the Silver Bullet screen (Hampton)
(which contains a diverse range of small molecules) produced three crystals which
diffracted to between 3.5 and 4.0 A (crystals 1-3, Table 4.1). Figure 4.3B shows an
example of one of these crystals. In addition, a slow-growing crystal from one of the
initial Morpheus plates (crystal 4, Table 4.1) diffracted to ~3.5 A. A summary of
the reservoir conditions for the crystals used for structure solution is shown in Table

4.1.
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Crystallisation Solution Cryoprotectant

0.1 M MES (pH 6.0), 20% (v/v) MPD,
2 mM HEPES (pH 6.8), 0.025% (w/v) benzidine,

95% crystallisation

Crystal 1 0.025% (w/v) nicotinamide, 0.025% (w/v) pyromellitic acid, soél(;mﬁp%us
0.025% (w/v) sulphaguanidine. ¢
0.1 M MES (pH 6.0), 20% (v/v) MPD,
2 mM HEPES (pH 6.8), 0.016% (w/v) 3-Indolebutyric acid, 95% crystallisation
Crystal 2 0.016% (w/v) hexadecanedioic acid, 0.016% (w/v) oxamic acid, solution plus
0.016% (w/v) pyrometallic acid, 0.016% (w/v) sebacic acid, 5% MPD
0.016% (w/v) suberic acid.
0.1 M MES (pH 6.0), 20% (v/v) MPD,
2 mM HEPES (pH 6.8), 0.02% (w/v) 2,5-pyridinedi- 95% crystallisation
Crystal 3 carboxylic acid, 0.02% (w/v) pyromellitic acid, solution plus
0.02% (w/v) trans-Cinnamic acid, 0.02% (w/v) salicylic acid, 5% MPD
0.02% (w/v) trans-1,2-cyclohexanedicarboxylic acid.
0.1 M ammonium sulphate, 0.3 M sodium formate, ..
3% (w/v) poly-gamma-glutamic acid LM 80% crystallisation
Crystal 4 ’ solution plus

10% (w/v) polyethylene glycol monomethyl ether 2000,

0.1 M sodium cacodylate (pH 6.5). 20% glycerol

Table 4.1: Reservoir conditions used to grow optimised Lphn3tec-Clf_FLRT2LRR._
Unc5D8I8TSP crystals.

4.3.2 Data Collection and Processing

For structure solution, data were collected on Diamond Light Source beamline i04-
1 and European Synchrotron Radiation Facility beamline ID29 from four crystals.

Experimental parameters for data collection are shown in Table 4.2.

Beamline i04-1 Beamline 1D29
Wavelength (A) 0.9282  Wavelength (A) 0.97625
Beam size (um) 60x50  Beam size (um) 50x30

Oscillation (° 0.2-0.3  Oscillation (°) 0.05
Exposure (s) 0.8 Exposure (s) 0.02
Transmission (%) 100 Transmission (%)  8.44
Number of Images 900 Number of Images 3600

Table 4.2: Experiment parameters for native data collection from Lphn3lec-Olf_

FLRT2MRR.Uncs5DI818TsP crystals at Diamond Light Source (left) and European
Synchrotron Radiation Facility (right).

Data from all four crystals were integrated using XDS (via Xia2), revealing that
all datasets could be considered isomorphous [71]|. Integrated intensities from all

four crystals were merged using Aimless. XDS identified the space group as C2. All
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datasets were carefully assessed for the presence of radiation damage (indicated by a
drop in the CC, 5 in the high resolution shells and increased Riyeas in all resolution
shells), and images exhibiting significant radiation damage were excluded. Data

reduction statistics for the final merged data are shown in Table 4.3.

Space group C2
Cell dimensions
a, b, ¢ (A) 231.96, 141.49, 151.49
a8,y (°) 90.00, 117.94, 90.00
Resolution (A) 133.83 - 3.38 (3.47 - 3.38)
Rumerge (%) 14.3 (136.3)
Rumeas (%) 15.1 (171.6)
CCy /2 (%) 99.1(39.2)
I/ol 7.5 (0.5)
Highest resolution shell with I/¢I >2 3.95-3.81
Completeness (%) 98.4 (92.4)
Multiplicity 8.0 (2.4)

Table 4.3: Data reduction statistics for the Lphn3lec-OCf_FLRT2LRR_Uncs5DeleTsp
Complex.

4.4 Solving the Lphn3tec-Oli_FLRT2IRR.UncsDeleTsp
Structure

Given that there are known structures for each of the proteins in these crystals [226],
phasing could be performed using MR. Matthew’s coefficient calculations revealed a
solvent content of 62% with one 4:2:2 Lphn3tec-OY_FLRT2MR_Unc5DeTP gctamer
in the asymmetric unit. MR was performed using Phaser, first searching for two
copies of the FLRT2MRRUnc5D'8! complex [226] (TFZ=21.7, LLG=535), then two
copies of Lphn3 OIf (TFZ=49.7, LLG=2953). Phaser located one copy of Lphn3
Lec and the other was placed by exploiting the 2-fold NCS (TFZ=45.1, LLG=2599).
UncbA Ig2 [226] was placed similarly (TFZ=52.3, LLG=2908). Finally, two addi-
tional copies of Lphn3 Olf were placed (TFZ=69.9, LLG=5143). Rigid-body refine-
ment using BUSTER resulted in a model with R/ Rpree=0.315/0.326. The UncbA
Ig2 domain was replaced with a homology model of the UncbD Ig2 domain and a

homology model of UncbD Tspl was placed into the density clearly visible after ini-
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tial MR and refinement. Both homology models were made using SWISS-MODEL
[22]. The model then underwent iterative cycles of manual adjustment in COOT [63]
and all-atom refinement with BUSTER [30]. During refinement NCS, X-ray weight
restraints and bond-length restraints were used. The final model was of good geo-
metric quality (Table 4.4) and the electron density maps of highly quality, showing

some side chain densities (Figure 4.4).

Resolution 133.83-3.4 (3.49 - 3.40)
No. reflections 58,669 (2,832)

Rowori/ Rfree 0.225/0.245 (0.261/0.253)
No. atoms 19,616

Average B-factors (A?) 185
R.m.s. deviations
Bond lengths (A) 0.007
Bond angles (°) 0.92
Ramachandran Statistics
Most favoured regions (%) 91.1
Outliers (%) 0.29

Table 4.4: Refinement statistics for Lphn3Lec-O_.FLRT2LRR_Unc5D'818TsP Complex.
Values for the highest resolution shell are shown in parentheses.

Figure 4.4: Final electron density for the Lphn3lec-Of_FLRT2LRR_Unc5DelsTsp
complex. Electron density maps (1.0 o) showing portions of Lphn3 (A, C) and FLRT2 (B, D).
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4.5 Analysis of the Lphn3-FLRT2-Unc5D Octameric
Complex Structure

The crystal structure of Lphn3b“CFLRT2MRE-Unc5DBETP revealed an intricate
octameric arrangement of the three proteins with a total buried surface area of
~19,000 A? (Figure 4.5). Two chains of Unc5D™®™ pack in an antiparallel ar-
rangement, bridging the two pseudo-symmetric halves of the complex, each of which
comprises a 2:1:1 Lphn3-FLRT2-Unc5D tetramer (Figure 4.6). The Unc5D Igl do-
main binds the lateral side of the FLRT2'RR in the same manner as in the 1:1
FLRT2MRR_Unc5D8! complex solved previously (r.m.s.d. 0.7 A for 423 aligned
Ca atoms) [226]. The Unc5D Tspl domain also contacts the lateral side of the
FLRT2MR  adjacent to the binding site for Unc5D Igl (Figure 4.6A). Compared
with the Unc5AE® structure (PDB accession 4V2A), UnchD TS hends at two

hinge positions (Igl-Ig2, Ig2-TSP1; Figure 4.7A,B).
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Figure 4.5: The structure of the 4:2:2 Lphn3-FLRT2-Unc5D Complex.The protein
chains in the structure are coloured: FLRT2RR | red; Unc5D'8'8TsP Ig1 - dark green, Ig2 -
medium green, Tspl - pale green; Lphn3ALec-O Olf - orange, Lec - yellow; Lphn3BY <O blue.
The Lec domain of Lphn3B is not resolved in the crystal structure and is presumably disordered
in the crystal (A). Each chain is coloured as a black cartoon within a surface model of the
complex (B). The figure was prepared using PyMol.

Each copy of FLRT2RR yses its concave surface to bind two copies of Lphn3tec-Olf

(Lphn3AMOf and Lphn3BLe-Ol) (Figure 4.5B). The Olf domain of Lphn3AlecOlf

occupies a binding site on the concave dimerisation surface of FLRT2MRR [226].
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This arrangement strongly agrees with my mutagenesis data presented in Chapter

ALec—Olf 3Lec—Olf

3. Comparison of Lphn3 with the unliganded structure of the Lphn
reveals a re-orientation of the lectin domain to make contacts with the Lphn3A
Olf domain and the UnchD Igl-Ig2 linker (Figure 4.7C, D). The OIf domain of
the second copy of Lphn3™=C (Lphn3BY*O) makes extensive contacts with the
Lphn3A Lec and OIf domains and inserts a negatively charged loop (S393-N405)
into a cleft formed by FLRT2'RR and Lphn3Al<O¥  This loop is termed the
“DDD loop” as it contains three consecutive aspartate residues (D397, D398 and
D399, Figure 4.5A). The DDD-loop was unresolved in the crystal structure of the

3Lec-Olf guggesting that it only becomes ordered when bound to

unliganded Lphn
FLRTIRR /Lphn3Alec-O " There is no visible electron density for Lphn3BLe“O! Lec

domain, and it makes no contacts with the complex.
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Figure 4.6: Unc5D bridges two pseudo-symmetric 2:1:1 tetramers. Two 2:1:1
Lphn3lec-Cf FLRT2IRR_Unc5D8IeTSP tetramers are bridged by antiparallel packing of the
UnchD Ig2 and Tspl domains. The pseudo-symmetric octamer is shown in surface (A) and
cartoon (B) representation with one half coloured in grey. All other colours are as in Figure 4.5.
The figure was prepared using PyMol.
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Figure 4.7: Structural rearrangements of Lphn3¢-O¥ and UncD'88TSP, Comparison of
Unc5ABeTsP [226] and Unc5D'88TP crystal structures. The structure of Unc5D28TSP (green)
from the 4:2:2 Lphn3lec-O_FLRT2MRR_Unc5DBIETP crystal structure was aligned with that of
the unliganded Unc5A ectodomain (white, PDB accession 4V2A) via either the Igl domain (A)
or the Tspl domain (B), showing major conformational differences at a hinge point in the Igl-Ig2
linker, with a smaller reorientation around the Ig2-Tspl linker. The Lphn3™*“O¥ linker region
acts as a flexible hinge to reorientate the Lec domain. In the structure of the unliganded
Lphn3te“Of the Lec and Olf domains adopt an extended conformation (white). The Lec domain
of Lphn3ALec-Olf in the Lphn3lec O FLRT2MRR-Unc5D8IETSP structure (yellow) undergoes a
rotation and translation (C). This movement brings the Lec domain into contact with the Unc5D
Ig-Ig2 linker and the Lphn3A Olf domain (D). The figure was prepared using PyMol.
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4.6 Mutational Validation of Novel Super-Complex

Interfaces

4.6.1 Disrupting Binding of Lphn3B

In order to validate the arrangement of proteins observed in the crystal structure I
made mutations in the novel super-complex interfaces. The first interface to investi-
gate was that formed by the negatively-charged “DDD-loop” of Lphn3Bt¢O which
intercalates into a cleft formed by the Lphn3A OIf domain and FLRT2"RR. Four
residues in the DDD-loop, D397, D398, D399 and N400 are potentially involved
in forming hydrogen bonds with residues on FLRT2M'*R and Lphn3A OIf (Figure
4.8A). T designed a charge-reversal mutant Lphn3te<O¥ in which all three of these
aspartate residues were mutated to arginine (D397R D398R D399R). This mutant
would presumably prevent binding of Lphn3BY©! to the complex, but would not
affect binding between Lphn3AteOf and FLRT2RR, I performed native MS with
UncbD™ and FLRT2'ER to assess the complexation ability of this Lphn3™“©" mu-
tant. In contrast to wild-type Lphn3=©¥ (which forms a 2:1:1 tetrameric complex
with FLRT2MRR and Unc5D'®, Figure 4.8B), using the charge-reversal mutant re-
sulted in peaks of ~110 kDa appearing, corresponding to masses of a 1:1:1 trimeric
complex. The amount of species assigned to the 2:1:1 tetramer was relatively re-
duced (Figure 4.8C). A second mutation, which introduced an artificial N-linked
glycan into the DDD-loop (D397N D399T) more completely disrupted the forma-
tion of the tetrameric complex, presumably because the bulky glycan is sterically
incompatible with Lphn3B DDD-loop binding into the cleft formed by FLRT2MER
and Lphn3 Olf (Figure 4.8D). From herein this mutant is referred to as the “DDD

mutant”.

Notably, both mutations still result in masses consistent with 1:1:1 trimeric com-

plexes, indicating that the DDD-loop is important for binding of Lphn3Btec-Ol

but not Lphn3AM=O¥  Consistent with this, SPR experiments using immobilised
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UncbDFet® and FLRT2YRR | Lphn3t<-Of DDD mutant as analyte showed an interme-
diate level of binding compared to experiments using wild-type Lphn3lecOf t FLRT2MRR
or FLRT2R alone (Figure 4.8E). The calculated Kps were similar for UnchDFeto
binding to wild-type Lphn3t¢-Cf FLRT2'ER or when Lphn3t“©¥ DDD mutant was
used instead (apparent Kp 94 nM in both cases, compared to 460 nM for FLRT2MRR
alone, see Section 3.5). This suggests that the enhanced affinity of FLRT2MR for
UncbDPFet in the presence of Lphn3™“©¥ depends mainly on Lphn3A, and is con-
sistent with the crystal structure as Lphn3B makes no contacts with either of the

UnchD molecules.
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Figure 4.8: The Lphn3 DDD-loop mediates binding of Lphn3B. Charge-reversal and
N-linked glycosylation mutations were made in the Lphn3 DDD-loop (A). Charge-reversal
reduces the abundance of tetrameric (2:1:1) Lphn3tec-OY_FLRT2MRR_Unc5D® complexes and
increases the abundance of 1:1:1 trimeric complexes (B,C). Introduction of an N-linked glycan
into the DDD-loop fully disrupts the ability of Lphn3B to bind, resulting in only trimeric 1:1:1
complexes (B,D). For all MS experiments, the most consistent peak assignments are depicted as
surface models above their corresponding peaks. Colours are as in Figure 4.5. The Lphn3B Lec
domain, which is not resolved in the crystal structure, is shown as a blue oval. All native MS
samples were measured at concentrations of ~0.5-2.5 mg/ml in 200 mM ammonium acetate (pH
7.5). Native MS data collection and analysis was performed by Dr Shahid Mehmood. SPR
experiments with Unc5DFt° immobilised on a streptavidin-coated CM5 chip show that the
Lphn3tec-C¥ DDD mutant (mixed 2:1 with FLRT2RR) displays an intermediate level of binding
(Bmax) When compared to wild-type Lphn3tec-O¥ L FLRT2LRR or FLRT2MER alone.
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4.6.2 Disrupting the FLRT2'RR_Unc5D™P! Interaction

The other super-complex interface that was interesting to disrupt was that formed
between the lateral side of FLRT2VER and Unc5D Tspl. This interaction is clearly
important for complex multimerisation as complexes formed by UncbD constructs
lacking the Tspl domain were not capable of multimerising (see Section 3.5). Pre-
sumably mutations in this interface would disrupt the formation of the octameric
complex, but not affect formation of a tetrameric (2:1:1) complex as Unc5D Tspl is
not necessary to form tetramers. To disrupt this interface, I engineered an artificial
N-linked glycosylation site in UnchD Tspl at its interface with FLRT2 LRR, (M292N
V294T, Figure 4.9A). SEC-MALS experiments show that this mutation reduces the

octameric complex to a mass corresponding to a tetramer (Figure 4.9B).
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Figure 4.9: Mutations in Unc5D Tspl abolish octamer formation. An artificial N-linked
glycosylation site was introduced in Unc5D Tspl at the LRR-Tspl interface (boxed) (A).
SEC-MALS experiments using Lphn3%¢cOf FLRT2MRR mixed with either wild-type or M292N
V294T UncbDFPeto revealed that the M292N V294T mutation reduces the observed molecular
mass of the complex from >200 kDa to a mass corresponding to a tetramer. Both protein
samples were injected at ~3.5 mg/ml. The molecular weight of each complex is shown by the red
line above each peak compared to the y-axis on the left. The UV absorbance of the SEC profile is
also shown for each sample (grey dashed line, wild type; solid black line, mutant). The UV
absorbance traces were scaled according to their maximum peak height and a shown compared to
y-axis on the right. As discussed in Section 3.5, the apparent molecular weights reflect the
average values within a given peak and so can be used only for relative comparisons.

4.7 Conservation of Novel Super-Complex Interfaces

As discussed in the previous chapter, protein-protein interaction sites typically ex-
hibit high surface sequence conservation. To visualise this I used the Consurf server

to calculate conservation scores for FLRT and Uncb and map them onto the struc-
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tures of these proteins [80]. Using alignments of all Unch (Unc5A-D) homologues
from zebrafish, rat, chicken, shark and frog I saw that the novel binding site for
the Lphn3A Lec domain on UnchD Igl-Ig2 is highly conserved (Figure 4.10A), this
is also the case when an alignment of just UnchD sequences from the same species
was used (Figure 4.10C). However, the FLRTY®R.binding surface on Unc5D Tspl,
although well conserved between Unc5D orthologues (Figure 4.10D), was relatively
less well conserved across all Unch homologues in several species (Figure 4.10B). A
similar picture emerged for the FLRTS; alignments of all FLRT homologues from
mouse, rat, chicken, frog, zebrafish and puffer fish revealed that the Uncb Igl bind-
ing surface on the lateral side of the FLRT2 LRR is very highly conserved (as in
[226]), but the adjacent Tspl-binding surface is relatively less well conserved (Figure
4.10E). However, when an alignment containing just FLRT2 homologues was used,
the Tspl-binding surface is highly conserved (Figure 4.10F). These results suggest
that FLRT2 and UnchD may be the only FLRT and Unch homologues forming these

interfaces.
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Figure 4.10: Sequence conservation across the Unc5 and FLRT protein families.
Conservation scores from sequence alignments (rat, chicken, frog, zebrafish and shark) of all
Unc5(A-D) (A,B) or only Uncb5D homologues (C,D) were mapped onto the surface of UnchD.
The interface formed between Lphn3A Lec (yellow cartoon) and Unc5D Igl-Tg2 is highly
conserved across all Unc5 homologues (A,C). The interface between FLRT2 LRR (dark red
cartoon) and Unc5D Tspl is less conserved across UncbA-D (B) compared to Unc5D orthologues
only (D). Similarly for the FLRT family, conservation scores computed from alignments from
mouse, rat, chicken, frog and zebrafish FLRT sequences reveal that the Tspl binding site on the
FLRT LRR is highly conserved for FLRT2 orthologues (F), but less well conserved across the
whole FLRT family (E). Black = highly conserved, white = poorly conserved. The figure was
made using PyMol.

The interaction between UncbD Igl-Ig2 and Lphn3A Lec domain reorientates the
Lec domain (Figure 4.7) so as to provide stabilising interactions with Lphn3B. There-
fore, this interaction is presumably important in forming 2:1:1 Lphn-FLRT-Unc)
tetramers. The fact that the binding site for Lphn3 Lec on Unc5D Igl-Ig2 is con-
served across all Unch homologues suggests that all Uncd proteins may be able to

form 2:1:1 tetramers with Lphn and FLRT.

In contrast to this, the key interface in forming the octameric complex is that formed

between the FLRT2 LRR and Unc5D Tspl. The poor conservation of these surfaces
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across the Unch and FLRT families, but high conservation amongst FLRT2 and
UnchD orthologues suggests that formation of octameric (4:2:2) complexes may be

specific to FLRT2 and UncbD homologues.

4.8 Stoichiometry of Other Lphn-FLRT-Unc5 Com-
plexes

In order to experimentally validate the predictions from the surface sequence con-
servation analysis I performed a variety of native MS and SEC-MALSs experiments
using multiple homologues of all three proteins. These experiments gave a consistent
set of results suggesting that only a combination of FLRT2 and Unc5D were able to
form a 4:2:2 complex with Lphn proteins and that other FLRT and Unch combina-
tions formed 2:1:1 complexes with Lphn. To avoid large amounts of repetition, here

I present a subset of the experiments that support these conclusions.

Lphn3 also binds FLRT3 [191], the cognate interaction partner of UnchB. Native
MS experiments using Lphn3™C% FLRT3'8R and Unc5BF* revealed that these
proteins form 2:1:1 tetramers, but not 4:2:2 octamers (Figure 4.11). In addition, re-
placing wild-type Lphn3™°" with the DDD mutant, reduced these 2:1:1 tetramers
to 1:1:1 trimers, suggesting that Lphn3B binds in the same conformation to this com-

plex as it does to the Lphn3t¢O_FLRT2MRR_Unc5DBETP complex (Figure 4.11).
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Figure 4.11: Lphn3, FLRT3 and Unc5B form a 2:1:1 Tetramer Native MS spectra of
complexes formed when mixing either wild-type (left) or DDD mutant (right) Lphn3tec-Olf,
FLRT3MRR and Unc5BFet in a 2:1:1 ratio. Assigned complexes for each peak are shown as
comparable species from the crystal structure of Lphn3tec-O_FLRT2MRR_UncsDIeleT™P The
Lphn3B Lec domain, which is unresolved in the crystal structure, is shown as a blue oval. The
Unch Tsp2 domain, which is not present in the Unc5D'™I8TP crystallisation construct is depicted
as a pale green oval. Samples were measured at ~1.6 mg/ml in 200 mM ammonium acetate pH
7.5. Native MS data collection and analysis was performed by Dr Shahid Mehmood.

Given that Lphn3t=Of FLRT3'™R and Unc5BPe* failed to form an octameric com-
plex, it was interesting to test whether simply switching the FLRT homologue used
might also prevent the formation of octamers. SEC-MALS experiments in which
Lphn3t O and Unc5D¥'° were mixed with FLRT1/2/3"ER revealed that molecular
weights corresponding to octamers (>200 kDa) were only observed when FLRT2LRE
was used (Figure 4.12). Consistent with the surface sequence conservation results,

FLRT1 and FLRT3 do not seem capable of mediating octamerisation.
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Figure 4.12: Octamerisation is restricted to FLRT2. Lphn3%=9% Unc5DE* and
FLRT“RR were mixed for each FLRT homologue (FLRT1-3) (A) and complexes formed analysed
by SEC-MALS (B). All samples were injected onto the column at a concentration of ~3 mg/ml.
Observed molecular weights for each complex are given in (C). As discussed in Section 3.5, the
apparent molecular weights reflect the average values within a given peak and so can be used
only for relative comparisons. MW: Molecular weight.

Finally I decided to assess whether changing the Lphn homologue used would affect
the propensity of the complex to form either 2:1:1 tetramers or 4:2:2 octamers. To
do this I mixed Lphn1 %% and FLRT2"RR with either Unc5D™ or UnchDFet in
a 2:1:1 ratio and performed native MS and SEC-MALS experiments (Figure 4.13).
Lphn1%Of hehaved similarly to Lphn3™¢O in these experiments, supporting the

formation of both 2:1:1 tetramers with FLRT2MER and Unc5D™ and 4:2:2 octamers

with FLRT2MRR and UnchDFeto,
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Figure 4.13: Lphnl can form both 2:1:1 Tetramers and 4:2:2 Octamers with FLRT2
and Unc5D. Lphn1t“O% and FLRT2ER was mixed with either Unc5D'® (A) or Unc5DEcte (B)
in a 2:1:1 ratio and used for native MS (~1.6 mg/ml, A) or SEC-MALS experiments (~3.7
mg/ml, B). The native MS spectrum reveals masses consistent with 2:1:1 Lphn1~ec-Ol.
FLRT2MRR_Unc5D'® tetramers (156.5 kDa) (A) and the SEC-MALS profile of Lphn1tec-Ol.
FLRT2MRR_UncsDECt is consistent with that of an octameric complex. The molecular mass of
the main peak in this profile is represented by the red line and shown according the y-axis on the
left (B). As discussed in Section 3.5, the apparent molecular weights from SEC-MALS
experiments with this complex reflect the average values within a given peak and so can be used
only for relative comparisons



CHAPTER 4. LPHN-FLRT-UNC5 SUPER-COMPLEXES 125

4.9 Discussion

4.9.1 Three Receptors - At Least Five Possible Complexes

The data presented in this chapter reveal unexpected structural versatility for the in-
teractions between three different types of cell surface receptor: the adhesion GPCR
Lphn; the homophilic adhesion molecule FLRT and the repulsive guidance receptor
Unch. Whilst performing the work detailed in this chapter, two 1:1 crystal struc-
tures of Lphn3% bound to FLRT3YRR were published [208, 158]. This, along with
other published data [226] and data presented in this chapter demonstrates that
these three receptors can form at least five cell-surface complexes: FLRT-FLRT
dimers [226], binary complexes of 1:1 FLRT-Uncb [226] and FLRT-Lphn [208, 158]
and homologue-specific tetrameric or octameric super-complexes containing multi-
ple copies of each protein (Figure 4.14). The number of possible complexes vastly
increases when one considers that each component may be expressed on individ-
ual cells in different combinations (i.e. with components present either in cis or in
trans). These results show that the aGPCR Lphn mediates formation of diverse
complexes, and are consistent with Lphn acting as a so-called “context-recogniser”,
forming distinct complexes depending on the molecular composition of its local en-

vironment.

------

FLRT2 + Unc5D specific
All FLRT/Unc5

Homologues?

Figure 4.14: The diversity of FLRT, Unc5 and Lphn Complexes. Schematic showing the
potential arrangement of receptor complexes at the cell surface. Protein domains are shown in
surface representation and are coloured as they are throughout this chapter. Intracellular
domains and domains for which there are no known structures are depicted as circles.
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4.9.2 Potential Roles of Homologue-Dependent Super-Complexes

The data presented in this chapter lead to a model in which binding of Lphn to
FLRT2 and Unc5D homologues promotes formation of 4:2:2 octameric complexes,
whereas engagement of Lphn with other FLRT and Uncb homologues promotes
formation of 2:1:1 tetramers. FLRT2-Unc5D functions are best understood in the
context of cortical development in the mouse, where different FLRT and Uncbh ho-
mologues display distinct expression patterns [226]. UnchD is expressed in non-
migrating neurons in the subventricular zone. FLRT2 is strongly expressed in the
cortical plate, from where its ectodomain is shed and diffuses to the subventricular
zone to delay the migration of UncbD+ neurons towards the cortical plate. The
FLRT3/UnchB expression pattern is significantly different, with FLRT3 expressed
by neurons in the intermediate zone as they migrate toward the cortical plate, where

UnchB is expressed (Figure 4.15). [226].

FIrt2 || Unc5D|| FIrt3

——

Figure 4.15: FLRT and Unc5 homologues are differentially expressed in the developing
mouse cortex. In situ hybridisation showing FLRT2/3 and Unc5B/D expression in coronal
sections of the mouse E15.5 cortex. The proposed architectures of Lphn-FLRT-Unch complexes
formed in the cortical plate and subventricular zone are shown alongside the in situ. The figure
was adapted from [226]. CP, cortical plate; IZ, intermediate zone; SVZ, subventricular zone.

Lphns are broadly expressed in the mouse cortex [191, 192]. Therefore it is conceiv-
able that different structural assemblies of Lphn, FLRT and Unc5 homologues could

form on migrating and non-migrating neurons, depending on which FLRT and Unc)
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they express (or bind to).

4.9.3 Lphn Dimerisation

The complexes discussed in this chapter have unequal stoichiometries, contain-
ing two copies of Lphn for each copy of FLRT and Uncb. These results suggest
that Lphn may act as a constitutive dimer or that it is dimerised upon engage-
ment with FLRT /Unch. Previous studies have shown that the extracellular domain
of the C. elegans Lphn homologue, Lat-1, exists as a mixture of monomers and
non-covalently-linked dimers. The authors suggested a mechanism whereby ligand-
binding to the Lphn Lec domain promotes dimerisation of the ectodomain, leading
to cross-activation of the 7TM by the partner molecule [205]. Further, stimulation
of Lphn-expressing cells with a-latrotoxin results in oligomerisation of the Lphn
CTF |266], suggesting that dimerisation of the receptor may play a role in its signal

transduction mechanism.

On the whole, GPCR dimerisation is a highly controversial area of research. Many
GPCRs dimerise, but the functional relevance of such a self-association is unclear in
most cases [84]. This is even more poorly understood for members of the aGPCR
family. GPR116, ELTD1 and EMR2 have also been shown to exist as dimers or
oligomers [3, 182, 47|, although for EMR2 this dimerisation is independent of the

receptor’s ectodomain [47].

Results presented in this chapter indicate that FLRT /Unc5-mediated dimerisation
of the Lphn ectodomain is crucially dependent on the Lphn DDD-loop. Alignment
of Lphnl, 2 and 3 from mouse reveals that the three consecutive aspartate residues
of the DDD-loop are also conserved in Lphn1, consistent with its ability to form 2:1:1
tetrameric complexes. However, in Lphn2, these consecutive aspartate residues are
replaced by a consensus N-linked glycosylation site, which would mimic the DDD

mutant discussed in this chapter, likely preventing FLRT /Unch-induced dimerisa-
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tion of Lphn2 (at least in the same manner observed for Lphn3). Interestingly, Lphnl
and 3 are predominantly expressed in the brain, whereas Lphn2 exhibits a broader
expression pattern [142, 248, 164, 98, 28|. This suggests that FLRT /Unc5h-induced

Lphn dimerisation may be brain-specific.

Lphnl 320 \R'AY% T REAAYVIPID D AGRIRVPRYA FREYN AN R| 349

Lphn2 325 1A% REAA4OPINE GKRYT|T R4 T YRIEYR LIS R| 354

Lphn3 388 IMAYYV KENS4FE DD TGRIK[IPR4T YISEND QIS K| 417
A

Figure 4.16: The Lphn2 “DDD loop” contains a N-linked glycosylation site. Sequences
of Lphn 1, 2 and 3 from mouse were aligned using Clustal Omega. The sequence comprising the
DDD-loop of Lphn3 is indicated by a black line below the alignment and the predicted
glycosylated residue in Lphn2 indicated by a black arrowhead. The alignment was performed
using Clustal Omega [235] and the figure was prepared using ESPript [211].

Although the data presented in this chapter give first indications of the molecular
basis for potential functional cooperativity between Lphn, FLRT and Unch, FLRTs
are just one of the many neuronal ligands of Lphn. To follow on from the work
presented here I decided to study the molecular basis for the interaction between
Lphn and another of its binding partners, Teneurin. My work to achieve this is

presented in the next chapter.



Chapter 5

Purification and Biophysical
Characterisation of Teneurin and its

Interaction with Lphn

5.1 Summary

In order to biophysically assess how additional Lphn binding partners, namely
Teneurins, interact with Lphn (and the complexes it forms), it was necessary to
first generate pure and well-behaved recombinant Teneurin ectodomain constructs.
In this chapter I describe how I used bioinformatics to predict individual domains
of Teneurin proteins, and then used these domain predictions to inform design of
constructs for biophysical and, later, structural studies (see Chapter 6). After exten-
sively screening many constructs of different Teneurin homologues and orthologues
I was able to produce several well-behaved constructs of Ten2 from chicken. I then
used this protein to confirm binding to Lphn and study the oligomerisation state
of the protein. Finally, using SPR, I showed that Lphn can bind FLRT and Ten2
non-competitively, forming a triple complex, but that this complex was not capable
of binding to UncbD. This suggests that Ten2 may inhibit Lphn3-FLRT2-Unc5D

super-complex formation.

129
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5.2 Bioinformatic Analysis of Teneurin Proteins

The first step in producing recombinant protein for biophysical and structural studies
is to understand the domain composition of the target protein. Constructs are then
designed based on this knowledge. The ectodomain of Teneurin proteins are known
to contain EGF repeats, a ~40 amino-acid Cys-rich motif [259], an NHL domain
consisting of several NHL repeats, 26 YD (or Rhs) repeats, which are thought to
form an enclosed barrel structure [169, 34|, and a C-terminal Tox-GHH domain [290]
(Figure 5.1). However, there are still large amounts of sequence for which no fold is

yet predicted in the literature.

Lphn-binding
A
[ \

8 EGF Repeats 6 NHL Repeats 26 'YD' Repeats Tox-GHH
———— T HHI— g
* A
X X
100 A.A.

Figure 5.1: Literature-based domain annotation of the Teneurin ectodomain. Domains
are coloured as follows: EGF repeats, purple; Cys-rich motif (starred), lilac; NHL domain, cyan;
YD repeats, green; Tox-GHH, pink. The two C-terminal proteolytic cleavage sites are shown by
scissor symbols.

To inform the design of Teneurin constructs for biophysics and crystallography, the
primary amino acid sequences of all four Teneurin homologues from multiple species
were subjected to thorough bioinformatic analysis. Due to the lack of homology
between Teneurins and other vertebrate proteins, the most successful bioinformatic
strategy for generating domain boundaries was homology modelling, using the online
server SWISS-MODEL [22] to generate homology models based on distantly related

proteins.

The most easily identifiable domains from the primary sequence are the EGF, NHL
and YD domains. SWISS-MODEL readily identified the NHL domain as a six-
bladed S-propellor (consistent with reports for other NHL domains [60]). The YD

repeat domain was modelled based on the structures of two dimeric Rhs bacterial
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toxins, YenB-YenC2 and TedB2-TecC3 (discussed in Section 1.6.1). No convincing
structural models were generated for the Tox-GHH domain, or indeed the entire
region C-terminal of the YD repeat domain (Figure 5.3). The region between the
Cys-rich motif and the NHL domain (~290 amino acids, indicated by a blue double-
ended arrow in Figure 5.2) is completely unannotated in the literature. Secondary
structure analysis using PSIPRED [33] predicted a strong (8 sheet propensity and
a ~18 residue disordered region (Figure 5.2). Careful dissection of this region and
homology modelling using SWISS-MODEL revealed homology to two distinct g

sandwich-type domains (Figure 5.3 and Table 5.1).

A

8 EGF Repeats 6 NHL Repeats 26 'YD' Repeats Tox-GHH
———— {0
* v el A
X X

B 100 AA.
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' v ' ' v ' ' '

cont: JinnlRRNRunniiRRRnsRRERRRRRsRRRRRRN R ndnninnnn]
1198

Pred: _

Pred: CEEEEEECCCCCCCCEEEEEEEEEEEEEEEECCCCCEEEEEEEEEEECCCC
AR: LAYTFIWDKTDAYGQOKVYGLSDAVVSVGFEYETCPSLILWEKRTALLQGFE
' ' ' ' '

Figure 5.2: Secondary structure prediction for the Ten2 Cys-rich motif-NHL
inter-domain region (residues 908-1198 in chicken Ten2 (GgTen2)). This region is marked by a
blue double-ended arrow in (A), and was used for secondary structure prediction in PSIPRED
[33]. This revealed a strong S-strand propensity with a central coil region of about 18 amino
acids (B). The sequence displayed in this case is from GgTen2, but equivalent results were
obtained for all other Teneurins tested. Yellow arrows indicate a predicted S-strand, pink
cylinders indicate a predicted a-helix. Areas marked by a black line are predicted as coil. The
blue bars indicate the confidence level of the prediction.
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Figure 5.3: Summary of homology models built for the Teneurin ectodomain. The EGF
domain is omitted as it is facile to predict its domain boundaries from the primary sequence. The
model built for each region of sequence is displayed alongside the relevant part of the schematic.
Models were generated using the SWISS-MODEL server and are coloured according to the
rainbow with the N-terminus of the model coloured in blue and the C-terminus in red.

. . . Template PDB Template PDB Sequence
Domain BLASTp Prediction Model built Accession Name Identity
. . Carboxypeptidase D
B-Sandwichl Not predicted 932 - 1039 3MN8 Transthyretin-like domain 15.5%
B-Sandwich?2 Not predicted 1084 - 1173 308V FlgD from . 20.0%
Xanthomonas campestris
NHL 1268 - 1626 1234 - 1602 3KYA Putative phosphatase 15.4%
YD repeat 1710 - 2482 1629 - 2500 409X TcdB2-TceC3 toxin
ToxGHH 2720 - 2795 Not predicted N/A N/A N/A

Table 5.1: Domain boundaries predicted by BLASTp and homology modelling.
Residue numbers refer to GgTen?2.

Homology modelling allowed assignment of structural domains to the majority of the
ectodomain, although the fold of the most C-terminal ~300 amino acids remained
mysterious. Alignment of these residues from HsTenl, 2, 3 and 4 indicated that
a region about forty amino acids C-terminal of the predicted YD-repeat barrel-like
fold is poorly conserved between these different homologues (Figure 5.4). The rest of
the C-terminal region has very high levels of conservation between the homologues,
indicating that it is likely to be functionally important and may be structured.

This was confirmed by secondary structure prediction. To complicate matters, the
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Teneurin C-terminal region contains two putative proteolytic cleavage sites; a furin
site, ~110 residues from the C-terminus [259], and a pro-hormone cleavage motif

~50 residues from the C-terminus [206, 157].

A 8 EGF Repeats 6 NHL Repeats 26 YD’ Repeats Tox-GHH

I :

B v
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HsTen3 2388 N =AS|K T HV DY Iags]vin Thy 1y H A IR el 2443
HsTend 2453 N2 I SN S oI CCE Mpdsvii ThH - Ja0 V4P Gh4 [fE 2512
HsTenl 2469 WDjr s K THL - Efflo I|[F 2528
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Figure 5.4: Multiple sequence alignment of HsTenl, HsTen2, HsTen3, HsTen4
C-terminal region. The residues referred to as the C-terminal region of Teneurin are indicated
by the black double-ended arrow in (A). Colours and symbols are the same as for previous figures.
These residues from all four human Teneurin homologues were aligned (B). Residues are coloured
according to their physicochemical properties: HKR, cyan; DE, red; SNTQ, maroon; AVLIM,
magenta; FYW, blue; PGC, orange. Stretches of residues with a global similarity score >0.7 are
surrounded by blue frames. The black arrowhead indicates the end of the region modelled as part
of the YD-repeat barrel fold by SWISS-MODEL. The grey bars indicate the unconserved regions
following the barrel fold, with region 1 being significantly more poorly conserved than region 2.
The two predicted protease recognition sites are indicated by scissor symbols. The alignment was
performed using Clustal Omega [235] and the figure was prepared using ESPript [211].
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5.3 Expression and Purification of Teneurin Con-

structs from HEK293 cells

Expression of large and post-translationally modified mammalian proteins such as
Teneurin remains a considerable challenge in structural biology. Expression of se-
creted ectodomains in HEK293 cells has enabled the production and structural char-
acterisation of some very large ectodomains, such as those of PlexinAs (~1200 amino
acids) [123]. However, it is often still necessary to screen many different homologues
and orthologues, as well as different constructs in order to produce recombinant pro-
tein of sufficient quality and quantity for structural studies. In the case of Teneurin,

c¢DNA for an array of Teneurin homologues was obtained and screened for expression

(Table 5.2).
Teneurin  Residues included Source
MmTenl1 804 - 2731 GeneArt™ Gene Synthesis
HsTenl 1-2725 I.M.A.G.E. Consortium
HsTen2 567 - 2774 I.M.A.G.E. Consortium
HsTen4 663 - 2769 I.M.A.G.E. Consortium
GgTenl 1-2705 Chiquet-Ehrismann Lab, Friedrich Miescher Institute, Basel [1§]
GgTen2 1 - 2802 Chiquet-Ehrismann Lab, Friedrich Miescher Institute, Basel [1§]

Table 5.2: cDNAs used for expression testing of the Teneurin ectodomain. Mm, Mus
musculus; Hs, Homo sapiens; Gg, Gallus gallus.

Given the large size of the Teneurin ¢cDNA, some clones obtained encoded incom-
plete ectodomains. For these homologues only constructs encoding fragments of
the ectodomain were possible, most of which showed no secretory expression on a
western blot. Changing the signal sequence, tag or tag position had no effect on
secretion. For this reason I abandoned work on these fragment-type constructs and
pursued the cDNAs which were sufficiently complete to create full ectodomain con-
structs (MmTenl, GgTenl, GgTen2). For this I designed three constructs (“Ecto”
constructs) and assessed their secretory expression from HEK293T cells by western
blot. These constructs included a FLAG tag at the N-terminus and a hexahistidine

tag at the C-terminus, allowing me to detect the N and C-termini independently
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in the event of any internal cleavage. I found that the GgTen2 homologue gave
by far the best secretory expression, with both Tenl orthologues producing only a
weak band visible only after long exposure of the X-ray film (Figure 5.5B). Large-
scale preparation by Ni-affinity chromatography and size-exclusion chromatography

resulted in high yields of pure GgTen2"® protein (Figure 5.5C, D).
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Figure 5.5: Expression trials of Teneurin ectodomains and purification of GgTen2Fct°,
Schematic showing the domains included in the three constructs. Colours are as in Figure 5.1
(A). Conditioned medium from HEK293T cells transiently transfected with each construct was
loaded onto a western blot and probed with an anti-FLAG antibody. The GgTen2 ectodomain
shows clear enhanced expression over the other two constructs (B). Elution profile of GgTen2Ect
from an S200 16/60 gel filtration column (C). SDS-PAGE of the fractions from the gel filtration
shown in C (D).

Given that the GgTen25* showed vastly superior expression to that of GgTenl or
HsTenl, I focussed my efforts on using this homologue to produce a construct of
the Lphn-binding region of Teneurin that was suitable for crystallography (i.e. the
minimal construct that would express and fold correctly and still bind to Lphn).

The Lphn-binding region of Teneurin has been mapped to a region spanning from
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the NHL domain to the end of the protein [237| and so this was the region targeted
for crystallisation. I produced a variety of constructs aimed at expressing this region

(Figure 5.6).

8 EGF Repeats . 6 NHL Repeats 26 ‘YD’ Repeats Tox-GHH
sandwiches SGCI’GtOI’y
—-]—.. "I]—I]_ —"'Il Expression?
1199 ———————— 1607 v
1199 2802 X
874 2802 X
1199 2683 X
1199 2667 X
1199 2593 X
596 2683 X
596 2593 X
596 2667 X
1654 2802 X
1608 2802 X
909 2802 V4

Figure 5.6: Schematic depicting the initial constructs of the GgTen2 Lphn-binding
region. All domains are coloured as in previous figures and the two bioinformatically annotated
[B-sandwich domains are indicted by grey ovals. The two unconserved regions in the C-terminus
are indicated by grey bars. The black arrowheads represent the two putative proteolytic sites.
Domains included in each construct are indicated by black lines. The first and last residue of
each construct is indicated by the number on either end of the black line. The presence of a
correctly-sized protein band on a western blot of the cell culture medium is indicated by a tick
mark. The construct highlighted in grey was carried forward for further optimisation.

Intriguingly, from the constructs generated, it seemed impossible to express the re-
gion C-terminal of the NHL domain without the S-sandwich region, suggesting that
the [-sandwich region either helps the rest of the protein to fold, or stabilises it in
some way. Truncation of the C-terminus was also problematic, with truncation at
the three sites chosen (the two unconserved regions (Figure 5.4), and the predicted
furin cleavage site) resulting in no secretory expression of the protein. The construct
beginning with the first predicted S-sandwich domain and ending at the final residue
of the protein (highlighted in grey) was carried forward for further optimisation for

crystallisation.

To optimise this construct further, gradual truncations were performed from the N-
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terminus. SWISS-MODEL models g-Sandwichl as starting at residue 959, but the
aforementioned construct begins with residue 909. Three truncations of increasing

length were made from the N-terminus (Figure 5.7).
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Figure 5.7: Optimised constructs of GgTen2 Lphn-binding region. Schematic indicating
the domain composition and terminal residues of each N-terminally truncated construct. Symbols
are as in Figure 5.6 (A). Anti-His western blot showing secreted protein of the correct size in the
cell culture medium of cells transfected with each truncated construct (B).

Given that all three N-terminal truncations still resulted in the production of se-
creted protein, the shortest of the constructs (GgTen2%°5-2802) was carried forward for
large-scale purification and biophysical and structural characterisation as it is likely
to have the least flexibility. From herein this construct will be called GgTen22FGF,
GgTen2”FCSY was purified by Ni-affinity chromatography followed by size-affinity
chromatography and resulted in high yields of monodisperse and pure protein (Fig-

ure 5.8).
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Figure 5.8: Purification of GgTen22EGF | Size-exclusion chromatography elution profile of
GgTen22ECY on a Superdex 200 16/60 column (A). Indicated fractions from the gel filtration
visualised by SDS-PAGE (B).
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5.4 Functional Validation of Recombinant GgTen2
Proteins

Before using any protein for crystallisation experiments it is is important to verify
that it is functional (for example, it binds to one of its ligands or multimerises
appropriately). The multimeric state of each construct was of interest, as it is
well established in the literature that Teneurin proteins exist as disulphide-bonded
dimers which form due to to the uneven number of cysteine residues in EGF repeats

2 and 5 190, 69].

5.4.1 SEC-MALS Analysis of Teneurin Multimerisation

Given the propensity for Teneurins to form disulphide-bonded dimers via their EGF
domains [190, 69], I hypothesised that removal of the EGF domain in GgTen22EGF
may monomerise the GgTen2 ectodomain. To validate this I performed a SEC-
MALS experiment to compare the multimeric state of GgTen2¥°*° with that of
GgTen22FCF and also a construct comprising the GgTen2 EGF domain and Cys-rich

motif, GgTen2E%F (Figure 5.9).



CHAPTER 5. PURIFICATION AND BIOPHYSICAL CHARACTERISATION

OF TENEURIN AND ITS INTERACTION WITH LPHN 139
GgTen2Ecto '
GgTen2AEGF
GgTen2EGF

B 600
— —_— ——————
a 1.0
=
£ 400-
2
D
cC

s <
T -0.5
3 200
Q0
[¢]
=

0' T — T n

20 25 30 35

Time (min)
GgTen2Bcte — GgTen2ECF — GgTen2AEGF —

Theoretical Monomeric Observed Molecular Multimeric
Construct
Molecular Weight (kDa) Weight (kDa) State
539.5 4+ 0.626 %
GgTen2FPcto 276.2 Dimer
532.9 £ 0.575%
GgTen2FGF 36.7 73.9 £ 1.078 % Dimer
GgTen2AEGF 235.3 219.4 + 0.662% Monomer

Figure 5.9: SEC-MALS analysis of GgTen2 dimerisation. GgTen2"*® and GgTen2GF
have molecular weights corresponding to dimers, whereas GgTen22FSF is monomeric (A, B). The
samples were run a Superose6 10/300 analytical gel filtration column in 10 mM Tris (pH 7.5), 150
mM NaCl. Expected monomeric molecular weights were calculated including the expected
glycosylation molecular weight for proteins produced in HEK293 cells treated with kifunensine
(2.06 kDa) [38]. N-linked glycosylation sites were predicted using the NetNGlyc server.
Calculations of theoretical monomeric molecular weights assumed 100% occupancy of predicted
N-linked glycosylation sites (C).
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This experiment suggests that the EGF domain of GgTen2 does indeed act as a
dimerisation domain and that, in its absence, the protein is a monomer. Given
these observations, and the overall aim to structurally characterise the Lphn-binding
region of Teneurin, it was interesting to compare the binding of GgTen2"* and
GgTen2”FCSY to Lphn. This would also be important to demonstrate functionality

of the constructs, and identify the Teneurin-binding domain of Lphn.

5.4.2 SPR Analysis of the Interaction of GgTen2 with Lphn

SPR experiments using Lphn constructs as ligand and the GgTen2 constructs as
analyte were used to validate the functionality of the recombinant GgTen2 proteins
and also to identify which domain of Lphn is primarily responsible for binding.
Published evidence suggests that Teneurins bind primarily to the Lec-Olf region of
Lphn [192]. One study indicates that the Lphn Lec domain is sufficient for Teneurin
binding, but that the affinity is enhanced by the presence of the rest of the Lphn

ectodomain [28]. SPR experiments using either Lphn2¥¢ or Lphn2tec-Olf

as ligand
and GgTen2P° as analyte revealed that these two Lphn constructs bind with very
similar affinities, indicating that the Lec domain is the primary domain of Lphn

responsible for Teneurin binding (Figure 5.10).
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Figure 5.10: GgTen2F°t® binds to the Lphn2 Lec domain with nanomolar affinity.
Equilibrium surface plasmon resonance analysis of the binding of GgTen2F¢° to Lphn2tec (A)
and Lphn2%e=O (B). A 2-fold dilution series of the analyte was used for the experiment, with the
top concentration being 11.2 yM. The contact time was 500 s, followed by a 100 s dissociation
time. Kp values were calculated assuming a 1:1 binding model. Given that GgTenP°* is dimeric,
these Kp values may not reflect absolute values and are for internal comparison only (C).

Having established that GgTen2®°° interacts with the Lphn2™° with nanomolar
affinity, it was interesting to see how the other Lphn homologues compared, and also
how the deletion of the EGF domain affected Lphn binding. A similar experiment

to the one above was performed with the Lec domains of mouse Lphnl/2/3 as ligand

2Ecto 2AEGF

as analyte (Figure 5.11).

and either dimeric GgTen or monomeric GgTen



CHAPTER 5. PURIFICATION AND BIOPHYSICAL CHARACTERISATION
OF TENEURIN AND ITS INTERACTION WITH LPHN

142

A Lphn1tec Lphn2tec Lphn3Lec
o RU RU RU
°
S 4000 4000 4000
N
0:) 2000 2000 2000 &
= 0 0 0
0 200 400 600 0 200 400 600 0 200 400 600
Time (s) Time (s) Time (s)
RU RU RU
L
O 4000 40004 — ———— 4000-L/_
w [
AN 2000— | 2000 2000
c ————— |
|q_) 0 0 0
0 200 400 600 0 200 400 600 0 200 400 600
Time (s) Time (s) Time (s)
Ligand Analyte Kp (uM)  Bpas (RU)  Bgyrface (RU)
MmLphnilee  GgTen2Ecte (.54 3682 822
MmLphnlle®  GgTen22FGF 54 3983 822
MmLphn2lec  GgTen2Bcte (.31 4511 1115
MmLphn2lec  GgTen22ECGF 34 4819 1115
MmLphn3tee GgTen2ECt° 0.66 4633 1022
MmLphn3lec  GgTen22ECGF 7.1 5092 1022

Figure 5.11: Binding of GgTen2¥°*® and GgTen22FSF to Lphn. SPR experiments showing
that GgTen2Pt° binds to the Lec domains of all three murine Lphn homologues with high
nanomolar affinity. Experiment parameters were the same as those if Figure 5.10 (A). Lphn2bec

binds most strongly, followed by Lphn1™¢¢ and then Lphn3™¢. Removal of the EGF domain,

monomerising GgTen2 (see Figure 5.9) results in 10-fold weaker binding to each of the Lec
domains. Kp values were calculated assuming a 1:1 binding model (B).

This experiment revealed that all three Lphn Lec domains bind GgTen2F¢t°

with a

similar nanomolar affinity, although GgTen2 binds most tightly to the Lec domain
of Lphn2. Interestingly the removal of the EGF domain weakens the interaction
by about 10-fold compared to the interaction with the whole ectodomain. A test
injection of GgTen2PCF showed that it does not directly bind to Lphn (data not
shown). The tighter binding of GgTen2P* compared to GgTen22FCSY could reflect

an avidity effect caused by dimerisation of the ectodomain (see Figure 5.9).
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5.4.3 GgTen2 Interactions with the Lphn-FLRT-Unc5 Super-

Complex

Given the nanomolar-affinity interaction between Teneurin and the Lphn Lec do-
main, it was interesting to assess if Teneurin might form larger complexes also in-
volving FLRT and Unc5. Given that Teneurin interacts with the Lphn Lec domain,
and FLRT with the Lphn OIlf domain, it seemed likely that these proteins might be
able bind Lphn at the same time. To test if this was indeed the case I performed an
SPR experiment where FLRT2E° was used as ligand and an equimolar mixture of
Lphn1%e¢-Of 1 GgTen2P° used as analyte. Both proteins were also used individually

as control analytes.

The results of this experiment showed that FLRT2P° and GgTen2"* bind non-

competitively to Lphn1%“°¥ a5 an equimolar mixture of Lphn1¥¢O" and GgTen2Fcte

1Le-Of alone at the top concentration used.

displays about twice response of Lphn
GgTen2"° showed no observable binding to FLRT2F*° (Figure 5.12). Equivalent

results were also obtained for FLRT3Fcto,

Ligand: FLRT2Ecte Ligand: FLRT2Ecte Ligand: FLRT2Ecte
Analyte: Ten2Ecto Analyte: Lphn1Lec-Off Analyte: Lphn1Lec-Of + Ten2Ecto
RU RU
600 600
400 400
200 200
0 1]

0 200 400 600(s) O 200 400 600(s) 0 200 400 600 (s)

Figure 5.12: FLRT and Teneurin bind non-competitively to Lphn. Biotinylated
FLRT2E¢% (590 RU) was immobilised on a streptavidin-coated CM5 Biacore chip. The analytes
used were GgTen2Pct alone, MmLphn1¥“Cf alone and a 1:1 molar mixture of
MmLphn1tee-Of 1 GgTen2Ft (all 10 uM top concentration). The complex was prepared such
that the individual components were both present at a concentration of 10 uM and so results are
comparable between all three sensorgrams.

In the knowledge that Lphn, FLRT and Ten2 ectodomain fragments can form a
triple complex, I decided to see how the Teneurin-Lphn interaction would affect

formation of the Lphn3-FLRT2-Unc5D super-complex described in Chapter 4. To
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test this, I performed an SPR experiment using a similar set-up to that discussed
in Figure 3.8, where Unc5D®* was used as ligand and different complexes and in-

dividual control proteins used as analyte (Figure 5.13).

This experiment revealed no detectable interaction between Unc5DPe° and GgTen25ct.
FLRT2E% alone displayed ~320 RU binding to Unc5DF*. Similarly to the exper-
iment described in Figure 3.8, a 2:1 mixture of FLRT2F¢° + Lphn3"“°" showed an
approximately two to three times greater signal than FLRT2F°° alone. When a mix-
ture of GgTen2Ft | FLRT2F% | Lphn3t=C! was used as analyte, the response was
similar to when GgTen2P°° was omitted. This experiment indicates that formation

of the Lphn3-FLRT2-Unc5D complex may preclude GgTen2E* binding.

RU Ligand: Unc5DEsto
1000-

500+

0 100 200 300 400
Time (s)

Ten2+FLRT2+Lphn3
- FLRT2

FLRT2+Lphn3
Ten2

Figure 5.13: Formation of the Lphn3-FLRT2-Unc5D super-complex precludes
Teneurin binding. Biotinylated Unc5D¥°* (630 RU) was immobilised on a streptavidin-coated
CMS5 Biacore chip. Analytes used were: FLRT2E® (5 yM); GgTen®* (5 uM); FLRT2Ect +
Lphn3lec-O (5 yM + 10 uM); FLRT2E* + Lphn3tec-O  GgTen2Bt (5 yM + 10 uM + 5
uM). The experiment was carried out in single-injection mode and so no Kp values were
calculated. Each analyte was injected for 100 s, followed by a 100 s wait period and a 30 s
regeneration with 2 M MgCl,.
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5.5 Discussion

Thorough bioinformatic analyses identified the likely domain composition for the
majority of the Teneurin ectodomain. Careful understanding of the domain architec-
ture (in particular the region between the cysteine-rich motif and the NHL domain
containing B-sandwich domains 1 and 2) was key to producing the GgTen22EGF
construct. It was only possible to identify these two domains based on homology
modelling, presumably due to their poor sequence identity with other structurally-
related domains. Intriguingly it seemed impossible to express the region C-terminal
of the NHL domain (amino acids 1607-2802 in GgTen2), without the S-sandwich

region, suggesting that these domains could be important in allowing the rest of the

protein to fold correctly.

When attempting to recombinantly express the Teneurin ectodomain, a variety of or-
thologues were assessed for expression by Western blot. The only homologue tested
with expression levels suitable for biophysical and structural analysis was GgTen2
(from chicken). The ectodomain of Teneurin2 has been shown to exist in a soluble

form [267], which might facilitate its expression as a soluble recombinant ectodomain.

A particularly interesting finding from this chapter is how the multimerisation state
of GgTen2 affects its binding to Lphn. The data presented here and elsewhere sug-
gest that Teneurins form disulphide bonded dimers in cis using unpaired cysteines
in EGF repeats 2 and 5 [190, 69]. Receptor dimerisation, which is often ligand-
induced, has emerged as a signalling mechanism for several receptor classes [261].
However, there are several other receptors which exist as constitutive covalently-
linked dimers, similar to Teneurin, whose modes of activation are significantly less-
well studied. One example of particular interest is the Discoidin Domain Receptor
(DDR) family, a family of receptor tyrosine kinases which use their N-terminal dis-
coidin domain to bind triple-helix collagen, leading to receptor activation. Enzyme-

linked immunosorbent assays have demonstrated that the DDR discoidin domain
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recognises collagen as a dimer, but not a monomer, and that the DDR1 discoidin
domain alone has around a 10-fold lower affinity for collagen than a construct of
the whole ectodomain [141, 2]. This was later revealed to be due the disulphide
bond-mediated dimerisation of the ectodomain by its membrane-proximal “stalk”
region [1]. This is analogous to the data presented in this chapter for Teneurin
and Lphn, whereby the Teneurin ectodomain comprises separate Lphn-binding and
dimerisation domains and, although the dimerisation domain does not directly bind
the ligand, its presence enhances the affinity of the interaction, presumably due to
avidity effects. This may allow the receptor to be in a constitutively “primed” state,
facilitating ligand recognition, or may be important for a signalling whereby ligand

binding causes a shift of the constrained subunits relative to one another.

The final aspect of this chapter was the interaction of Teneurin with the other com-
plexes discussed in this thesis. Consistent with earlier reports [28], I found that
the Lphn Lec domain was sufficient for GgTen2®“*° binding. Given that the Lphn
Olf domain is sufficient for FLRT-binding, it seemed likely that the two might bind
non-competitively to Lphn, which was indeed the case. However, in the SPR ex-
periment shown in Figure 5.13, GgTen2E*® seemed incapable of interacting with
Lphn3-FLRT2-UnchD super-complex discussed in the previous chapter. This could
be because the Lec domain (at least of Lphn3A) is enclosed within the centre of
the super-complex. Perhaps super-complex formation sterically prevents Teneurin
binding, or perhaps the SPR set-up used is not compatible with Teneurin binding.
Further experiments, for example native mass spectrometry, will be necessary to

conclusively determine whether Teneurin can indeed bind to the super-complex.

The data presented in this chapter improve our understanding of Teneurin proteins
and their interactions with Lphn on a biophysical level, however these mysterious
proteins are entirely uncharacterised on a structural level. The GgTen22FSF con-

struct generated in this chapter is a good candidate for structure determination by
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X-ray crystallography due to its monomeric nature, monodispersity, good yield and
ability to bind to Lphn. These structure-determination studies form the basis of the

next chapter.



Chapter 6

Solving the Crystal Structure of Teneurin

6.1 Summary

There is no known available structural information for the Teneurin ectodomain, im-
peding our understanding of this complex and multifunctional receptor. Having pro-
duced several well-behaved constructs of GgTen2, I decided to perform crystallisa-
tion trials, with the ultimate aim of solving the first crystal structure of the Teneurin
ectodomain. I obtained crystals of the GgTen22FCSF construct described in Chapter
5, which I optimised extensively to produce a 2.5 A native dataset and a 3.3 A Pt-
derivative dataset. Using the phases calculated from the Pt-derivative dataset, and
the native dataset for all-atom refinement I solved the structure of GgTen22FGF,
The structure reveals the complex architecture of the Teneurin ectodomain, which
is a chimera of domains typically found in vertebrate cell-surface receptors and do-
mains found in bacterial proteins. Here I discuss the fold of each domain in detail

and also identify potential functional surfaces on GgTen22FCGF,

6.2 Crystallisation and Data Collection for GgTen2~FGF

6.2.1 Crystallisation

2AEGF

For crystallisation GgTen was produced in kifunensine-treated HEK293T cells.

Protein was purified as described previously (Section 2.2) and the purest fractions

148
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from gel filtration pooled and mixed with endoglycosidase F1 in a 1:1000 (endo-
glycosidase F1:GgTen22FCF) ratio. The protein was concentrated to 4.7 mg/ml in
a buffer containing 20 mM Tris (pH 7.5), 200 mM NaCl, 200 mM non-detergent
sulfobetaine-256. Higher concentrations of protein resulted in precipitation in over
60% of crystallisation drops. A number of broad screens were set up, including
JCSGI-IV (QIAGEN), Morpheus, PACT, PGA, and Index (all Molecular Dimen-
sions) at both 18 °C and 4°C. All screens were performed using 1:1 protein:reservoir
drop ratios. Initial crystals were obtained in the Morpheus screen after 14 days at
18°C in a condition containing 0.1 M Tris (base)/Bicine (pH 8.5), 20% v/v glyc-
erol, 10% w/v PEG4K, 30 mM di-ethyleneglycol, 30 mM tri-ethyleneglycol, 30 mM

tetraethyleneglycol, and 30 mM pentaethyleneglycol (Figure 6.1A).

Initial crystals were highly multiple and diffracted only very weakly. The process
of crystal optimisation was lengthy. Additive screens such as Silver Bullets and
Hampton Additives (both Hampton Research) resulted in only small increases in
the diffraction potential of the crystals. The most productive optimisations were
the result of diluting the original reservoir solution with water and micro-seeding
with varying concentrations of seeds. However, the most significant improvement
to the diffraction potential of the crystals came from omitting the endoglycosidase
F1 prior to the concentration step. The combination of these procedures resulted in
crystals that were much larger, more single and diffracted to around 2.5 A resolu-

tion (Figure 6.1B).
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Figure 6.1: Crystals of GgTen22FGF Initial (left) and optimised (right) crystals of
GgTen22ECF  These optimised crystals diffracted to ~2.5 A. Scale bar=200 pm.

Despite the optimisation procedure, the optimised crystals still grew in clusters at
the edges of the drops. This necessitated that, during harvesting, crystal clusters
were carefully dissected in order to liberate the largest and most single crystals. To
facilitate this the drop was expanded by adding ~2 ul reservoir solution. In cases
where the glycerol content of the reservoir was significantly below 20%, additional
glycerol was added as cryoprotectant. Crystals were then harvested directly from
this expanded drop and cryo-cooled in liquid nitrogen prior to their trip to the

synchrotron.

Native Data Collection

During the crystal optimisation process, various crystals were screened on beamlines
at Diamond Light Source and at the ESRF. The highest quality native data used
for refinement were collected on beamline 103 at Diamond Light Source. The best
crystals diffracted to around 2.5 A resolution (Figure 6.2A). From the diffraction
images it was evident that the reciprocal lattice spacing of the crystals was very
small (indicating a very large unit cell). For this reason, the data was collected
with the detector as close as possible to the crystal (to capture the high resolution

reflections), whilst still allowing adequate separation of the reciprocal lattice points
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(RLPs) in the direction of the long cell axis (Figure 6.2B). The crystals were also
radiation sensitive, and thus a strategy was devised whereby successive 90° wedges
of data were collected from different areas on three of the best diffracting crystals
(Table 6.1). These data were merged together to yield a complete dataset with

minimal radiation damage. Native data processing is discussed in Section 6.2.4.

Figure 6.2: Diffraction of GgTen2”FGF Crystals. A GgTen2AEGF diffraction image from
beamline 103 at Diamond Light Source with resolution rings displayed (A). A magnified view of
the region of the diffraction image indicated by the dashed box is shown, demonstrating the small
separation of the RLPs in the direction of the long unit cell axis (B).

Beamline 103
Wavelength (A) 0.98
Beam size (um) 20x20
Oscillation (° 0.2
Exposure (s) 0.3
Transmission (%) 100
Number of Images 450

Table 6.1: Experiment parameters for native data collection from GgTen22FGF
crystals.

6.2.2 Experimental Phasing of GgTen2~FGF

Molecular replacement requires a model of a closely-related structural homologue
of the protein in the crystal. There are structures available of proteins distantly

related to Teneurins (for example the NHL domain of the Drosophila RNA bind-
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ing protein Brat (PDB accession: 4ZLR) which is 19% identical [155]), but these
models have low sequence identity (<25%) and represent only a low proportion of
the total scattering mass in the crystal, making them unlikely candidates for suc-
cessful molecular replacement. For this reason, experimental phasing attempts were
initiated. A Single Anomalous Dispersion (SAD) experiment was the first choice as
this allows phase information to be calculated from a single dataset obtained from a
single crystal. A SAD experiment requires a crystal derivatised with heavy atoms.
At certain wavelengths heavy atoms absorb X-rays, resulting in the break down of
Friedel’s law (Fyy and F., 4 are no longer equal in intensity). The differences
in intensity of Friedel pairs (the anomalous signal) can be used to calculate initial

phases.

Derivatisation of GgTen22EGF crystals

Production of a good derivative crystal is key for a successful SAD experiment. Soak-
ing experiments were carried out using multiple compounds of four different heavy
metals: platinum (potassium tetrachloroplatinate (II), potassium tetracyanoplati-
nate (II) hydrate, potassium hexachloroplatinate (IV)); gold (gold (I) potassium
cyanide, potassium tetrachloroaurate (II) hydrate, sodium tetrachloroaurate (III)
dihydrate); tantalum (hexatantalum tetradecabromide) and mercury (mercury (II)

acetate).

Derivative Data Collection

In total, around fifty crystals of GgTen22FCGF were soaked with heavy metal com-
pounds and harvested for anomalous data collection. Anomalous data collection was
performed on the tuneable beamline, ID29, at the European Synchrotron Radiation
Facility (ESRF). To maximise anomalous signal, SAD data collection was carried
out above an element-specific energy known as the the X-ray absorption edge. A
fluorescence scan was used to locate the absorption edge for each crystal. Once the

edge was located, the beam was tuned such that the beam energy was slightly above
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the edge energy. Most of the derivatised crystals diffracted poorly or not at all.
However, two crystals soaked with potassium tetrachloroplatinate (II) hydrate for
21 hours (and then briefly back-soaked) exhibited a sharp edge in the fluorescence
scan (indicating that Pt was bound, Figure 6.3) and diffracted to ~3.3 A resolution.

360° of data was collected from each of these crystals (Figure 6.3).
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11540 11560 11580 11600 11620 11640
Energy (keV)

Crystal 1  Crystal 2

Beamline ID29 ID29
Wavelength (A) 1.07169  1.07159
Beam size (um 30x30 30x30

Omega Start (°) 55.55 301.62
Oscillation (°) 0.1 0.1
Exposure (s) 0.037 0.037
Transmission (%)  4.96 6.02
Number of Images 3600 3600

Figure 6.3: GgTen2*FGF derivative data collection. Fluorescence scan of a GgTen22EGF
crystal soaked with potassium tetrachloroplatinate (II) (A). Experiment parameters for data
collection from the two Pt-derivative crystals (B).

Derivative Data Processing

The Xia2 pipeline was used to process the derivative data. Data from both derivative
crystals were indexed and integrated using XDS to produce intensities. XDS iden-
tified the space group as C222;, with refined cell parameters a=83.32, b=156.13,
¢=452.95, a=p=~= 90°. Data from the two crystals were isomorphous and so

were merged, multiple observations of individual reflections were also merged. Bi-
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jovet pairs remained unmerged for the detection of anomalous differences for phase
calculations. Scaling was performed using XSCALE and intensities converted to
structure factors using the program Truncate. The presence of an anomalous signal
was assessed using the anomalous correlation (Anomal Corr) and SigAno statistics
generated by XSCALE. Both of these statistics can be seen plotted by resolution in
Figure 6.4, and indicate that a significant anomalous signal is present to about 5 A

resolution.

The overall resolution limit of the dataset was set to 3.26 A where CcCy /2:25.4% in
the highest resolution shell. The data reduction statistics are summarised in Table
6.2. The Matthew’s coefficient indicated a solvent content of 65.4% with just one

copy of GgTen22FCF in the asymmetric unit.
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Figure 6.4: Anomalous signal plotted against resolution for GgTen2*FGF crystals.
SigAno and the anomalous correlation are plotted against the reciprocal of the resolution. The
dashed lines represent the typical cut-off values below which no significant anomalous signal is
considered to be present.
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Space group C222,
Cell dimensions
a, b, ¢ (A) 83.32, 156.13, 452.95
a8,y (°) 90.00, 90.00, 90.00
Resolution (A) 113.24-3.26 (3.34-3.26)
Rimeas (%) 34.3 (156.6)
CCy /2 (%) 99.3 (25.4)
I/01 7.17 (0.81)
Completeness (%) 99.9 (99.3)
Multiplicity 12.2 (3.6)

Table 6.2: Data reduction statistics for GgTen22FGF Pt-derivative crystals. Values for
the highest resolution shell are given in parentheses.

6.2.3 Solving the GgTen2”F¢F Structure

Initially the Crank?2 pipeline was used to perform substructure detection, obtain ini-
tial phases, carry out density modification and autobuild into the modified density.
This allowed the placement of the best-ordered secondary structure elements (Figure
6.5A). The structure built by Crank2 was then used in Phaser to re-calculate the
phases using a combined molecular-replacement-SAD (MR-SAD) approach. The
resultant maps were solvent-flattened using PARROT and fed to Buccaneer for
autobuilding. Buccaneer built a large, non-continuous, barrel-like structure which
resembled the B-C component of bacterial ABC toxin complexes [34, 167]. This
model was manually corrected in Coot, reversing the strand direction of incorrect
p-strands and connecting the N- and C-termini of continuous regions. This model
was then used to re-calculate the phases using Phaser MR-SAD to further improve

the maps.

Building the NHL domain was more tricky than building the barrel. The NHL
domain has distant structurally characterised homologues and thus is a candidate
for MR, albeit a difficult one. HHPred was used to identify structurally charac-
terised homologues. Superposition of a selection of these homologues identified a
core region of the S-propellor that is highly structurally conserved. Based on this

superposition, the search models were trimmed to include just this core region. The



CHAPTER 6. SOLVING THE CRYSTAL STRUCTURE OF TENEURIN 156

side chains were also truncated to alanine residues. For MR, the barrel structure was
first placed, followed by the search for the NHL domain. One of the homologues,
a protein of unknown function from the bacterium Bacteroides thetatotaomicron
(PDB accession: 3HRP), was placed with convincing TFZ scores (TFZ=14.0) and

its N- and C- placed close to the termini of the barrel (Figure 6.5B).

Figure 6.5: Initial model building of GgTen22EGF, Some secondary structure elements were
initially built by the Crank2 pipeline (A). Manual re-building was used to improve the model for
the barrel region and the NHL domain was located using a trimmed polyalanine model of a
distantly-related homologue (B). Iterative rounds of model improvement and phase recalculation
using Phaser MR-SAD were used to build a continuous chain for the NHL and barrel domains
(C). The figure was prepared using Coot [63].

After manual editing of the improved model, recalculation of the phases by MR-
SAD and solvent-flattening using Parrot, the maps were of sufficient quality to
begin assigning sequence to some parts of the model. Initial sequence-assignment
was informed using the homology models shown in Figure 5.3 and validated by the
high frequency of aromatic residues in the YD repeats, alongside the knowledge
that the platinum atoms used for derivatisation typically bind to either histidine
or methionine residues. The presence of densities for N-linked glycosylations were
also used to infer the positions of asparagine residues. Further rounds of phase-
recalculation by MR-SAD followed by density modification allowed the NHL and
barrel domains to be joined as a single chain (Figure 6.5C). Following this I was
able to manually build S-sandwich domain 2. At this stage, there was only very

poor density visible for S-sandwich domain 1. The directionality and register of the
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region C-terminal of the barrel remained unclear, although it was possible to model

several secondary structure components.

6.2.4 Native Data Processing, Molecular Replacement and

Refinement

Once the model built based on the experimental phases was deemed sufficiently ac-
curate (Ruyom and Ry were both below 40%), it became possible to use the phases
calculated from this model to phase the native data using MR. As the native crys-
tals diffracted to significantly higher resolution than the derivative crystals (2.5 A
vs. 3.3 A), there was significantly more high resolution information present in the
native dataset which would be highly important for final sequence assignment and

refinement of the structure.

Native data processing was performed similarly to the derivative data. Six 90°
datasets collected from three separate native crystals were identified as being iso-
morphous with each other. These six datasets were carefully examined for evidence
of radiation damage (indicated by a drop in the CC /5 in the high resolution shells
and increased Rypeas in all resolution shells). Images were excluded from many of the
datasets on this basis. Images without significant radiation damage were merged
together to produce a single complete dataset. In contrast to the derivative data
(space group = C222;), XDS identified the space group P2; for the final merged na-
tive data, and for all six of the individual datasets. Unit cell lengths were similar to
those of the derivative data, except the lengths of the b and ¢ axes were exchanged.
Matthews coefficient analysis indicated a solvent content of 65% with 4 molecules
in the asymmetric unit. At this stage the reason for the differences between the
native and derivative data was unclear, but is discussed in detail in Appendix B. A

summary of the data reduction statistics for the native data is shown below.



CHAPTER 6. SOLVING THE CRYSTAL STRUCTURE OF TENEURIN 158

Space group P2
Cell dimensions
a, b, ¢ (A) 88.56, 452.56, 146.36
B (°) 90.00, 95.12, 90.00
Resolution (A) 90.51-2.38 (2.44-2.38)
Runeas 25.0 (147.6)
CCy 2 99.0 (31.5)
I/ol 4.69 (0.39)
Completeness (%) 96.3 (86.8)
Multiplicity 5.6 (1.8)

Table 6.3: Data reduction statistics for GgTen2*FGF native crystals. Values for the high
resolution shell are shown in parentheses.

The native dataset was phased using the model built from the derivative dataset as
an MR model. The four molecules in the asymmetric unit displayed alternate tail-to-
tail and head-to-head packing (Figure 6.6). The map output by Phaser was solvent
flattened and input to Buccaneer for another round of model building. For one of the
four chains in the asymmetric unit a model was built as a continuous chain for the
region spanning from the beginning of the barrel domain until just a few amino acids
from the C-terminal end. Much of this model was convincingly sequenced. Bucca-
neer failed to re-build the N-terminal region of the protein (the S-sandwich regions
and the NHL domain), presumably because the density for this part was poorer.
For this reason the continuous model of the barrel and C-terminal region built by
Buccaneer was transplanted onto my existing model for the g-sandwich domain 2
and the NHL domain. Four copies of this chimeric model were superposed on those
placed by Phaser. At this point, the model was sufficiently complete to commence

all-atom refinement with NCS restraints in BUSTER (Ryork/ Rree=0.326/0.337).



CHAPTER 6. SOLVING THE CRYSTAL STRUCTURE OF TENEURIN 159

2AEGF

Figure 6.6: Packing of GgTen in the P2; asymmetric unit. Packing of four
molecules of GgTen22FCGF in the P2; asymmetric unit showing alternate head-to-head and
tail-to-tail packing. GgTen22FCF is shown as a Ca trace. There are eight molecules in total in
the unit cell. The figure was prepared using Coot [63]

After this point, iterative rounds of manual rebuilding in Coot and all-atom re-
finement in BUSTER were sufficient to complete the rest of the model. This in-
volved assigning sequence to the NHL domain and C-terminal region and building
[B-sandwich domain 1 based on the homology model shown in Figure 5.3. N-linked
glycans were built automatically using the carbohydrate module in Coot (P. Emsley,
unpublished). The final electron density is shown in (Figure 6.7), and the final re-
finement statistics in Table 6.4. The geometry statistics (bond length, bond angles

and Ramachandran plot) all indicate that the model was of good geometric quality.
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A

Figure 6.7: Final electron density for GgTen22FGF, Final electron density (2Fo-Fc, contour
1.50) for protein (A) and carbohydrate (B) components of GgTen22FCF, Atoms are coloured
yellow (carbon), blue (nitogen)and pink (oxygen). The figure was prepared using Coot [63].

Resolution (A)

No. reflections (Rgree)

Rwork/Rfree (%)
No. atoms
Protein
Ligand
Water

Average B-factors (A?)

R.m.s. deviations
Bond lengths (A)
Bond angles (°)

Ramachandran statistics
Most favoured regions (%)

Outliers (%)

89.38-2.38 (2.44-2.38)
21455
22.7/24.4

57940
1160
153
76.1

0.007
1.01

96.2
0.32

Table 6.4: Refinement statistics for GgTen22FGF, Values for the high resolution shell are

shown in parentheses.
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6.3 Analysis of the GgTen2~FGF structure

The structure of GgTen22FCF reveals a surprisingly compact and highly intricate
domain arrangement, centred around the barrel-like structure predicted by homol-
ogy modelling. At its longest dimensions it measures ~12.6 nm in length and ~7.2
nm in width. The structure is highly modular and is formed of seven distinguish-
able domains (Figure 6.8), however their complex arrangement means that these
“domains” are unlikely to be stable in isolation. This probably underlies the diffi-
cultly in generating truncation constructs. In the next sections, each domain and

its similarity to existing structures is discussed in detail.
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Figure 6.8: Overall architecture of GgTen2~EGF, GgTen22FCF is shown in both cartoon
and surface representation and is coloured according to the rainbow: blue, N-terminus; red,
C-terminus. Its constituent domains are shown in cartoon representation and their positions in
the intact structure indicated by arrows. The position of the predicted TCAP cleavage site is
indicated by a scissor symbol. The figure was prepared with PyMol. Abbreviations are as follows:
FN, fibronectin; TTR, transthyretin; RhsA Core,: Rhs-associated core domain; ABD-like,
antibiotic-binding-like domain (A). Annotation of the primary amino acid sequence according to
the domain arrangement revealed by the crystal structure. The positions of each domain shown
in (A) are indicated. Colours are also as above (B).



CHAPTER 6. SOLVING THE CRYSTAL STRUCTURE OF TENEURIN 163

6.3.1 A Tour of the GgTen2*FGF Structure: from N- to C-

terminus
f-sandwich domain 1 becomes a TTR domain

An 81-amino acid S-sandwich domain comprises the very N-terminus of GgTen24FGF,
This domain is formed of seven (-strands arranged in two [-sheets, one antiparallel
four-stranded and the other mixed three-stranded, both sandwiching a hydrophobic
core (Figure 6.8A). This domain strongly resembles the homology model generated
by SWISS-MODEL to aid construct design. Comparison of this S-sandwich domain
with the Dali database [95] reveals that it is most similar with the transthyretin
(TTR)-like domain of human carboxypeptidase N (r.m.s.d. 1.85 A for 72 aligned
Ca, PDB accession: 5AQ0). TTR-like domains are widely distributed in species of
bacteria, plants and animals, and gain their names from their structural similarity
to transthyretin, a transport protein for two thyroid hormones and retinol. They

are thought to play a role in protein multimerisation/aggregation [273, 76].

f-sandwich domain 2 is a novel type of FIN domain

A short linker (~8 amino acids, which are unresolved in my crystal structure) sep-
arates the TTR-like domain from the next domain, comprising residues 1045-1237
(Figure 6.8). This domain can be split into two subdomains. Like the TTR do-
main, subdomain I has seven (-strands split across two [-sheets. Both [-sheets are
antiparallel, one four-stranded and one three-stranded. The Dali server [95] iden-
tified that subdomain I is highly structurally similar to FN type III domain 8 of
fibronectin (r.m.s.d. 2.14 A for 82 aligned Car, PDB accession: 2GEE) (Figure 6.9).
These FN-III domains are commonly found in metazoan extracellular proteins, in-

cluding FLRT proteins, and can function as protein-protein interaction modules [26].
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C

Figure 6.9: Architecture of the FN-plug domain. Structural alignment of subdomain I of
the FN-plug domain with the crystal structure an FN-III domain from fibronectin (PDB
accession: 2GEE). Subdomain II is formed by an insertion between the first and second S-strands
of the FN-III domain, along with a C-terminal extension. The FN-plug domain is shown in
transparent blue cartoon representation. The FN-III domain of 2GEE is shown as a grey cartoon.
The figure was prepared using PyMol (A). The secondary structure arrangement of the FN-plug
domain is shown in 2D representation. Arrows indicate individual S-strands. Arrows coloured in
grey represent [-strands typical of a standard FN-IIT domain, the additional extensions present
in the GgTen2 FN-plug (subdomain IT) are shown as blue arrows (B).

Subdomain II is formed by a 44 amino acid insertion between the first and second /-
strands of the FN-IIT domain and a ~38 amino acid extension of its C-terminus. The
insertion between [-strands one and two largely lacks defined secondary structure,
but does contain a short S-hairpin. The C-terminal extension forms three short an-
tiparallel S-strands. The Dali server identified no convincing structural homologues
for subdomain II. Interestingly, subdomain II resides inside the barrel cavity, acting
to “seal” the barrel from its N-terminal side. Subdomain I is situated outside of the

barrel cavity and packs against the TTR-like domain (Figure 6.8).

The NHL domain

As predicted, the NHL domain forms a six-bladed S-propellor, with Dali [95] identi-
fying a protein of unknown function from Bacteroides thetaiotaomicron as its closest
structural homologue (r.m.s.d. 2.31 A for 251 aligned Ca atoms, PDB accession:
3HRP). Incidentally this is the same structure which was truncated to provide the
MR model to initially locate the NHL domain. Although the core -propellor region
of the domain is highly conserved, the loop regions between individual S-strands are

considerably longer in the GgTen2 NHL domain than in the other six-bladed (-
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propellors identified by Dali (Figure 6.10A). These extensions frequently contain
intra-loop disulphides, presumably rigidifying them. All ten of the cysteines in-
volved in forming the five intra-loop disulphide bonds are highly conserved across
the vertebrate Teneurin NHL domains. It is worth noting that the TecdB2-TecC3 and
YenB-YenC2 toxin structures discussed in the next section also have a six-bladed
S-propellor domain at the same relative position (immediately N-terminal of their
barrel-like domains). This occludes the N-terminal end of the barrel. The propellor

domain of YenB2 is shown in Figure 6.10B.

Figure 6.10: The NHL domain is an elaborate six-bladed p-propellor. The GgTen2 NHL
domain is a highly elaborate six-bladed -propellor with many long and structured loops
separating the individual S-strands of the propellor. Five disulphide bonds, all located in
external loop regions, are shown as yellow sticks and are marked by white arrowheads. The
GgTen22FGF NHL domain is coloured from N- to C-terminus according to a blue-to-green
gradient. Two regions which are unresolved in the crystal structure (residues 1419-1426 and
1485-1491) were modelled in geometrically sensible positions and are coloured in white. The
six-bladed S-propellor of the closest structural homologue identified by the Dali sever is shown as
a grey cartoon (A). The six-bladed S-propellor domain of YenB2 is shown in cartoon
representation and coloured from cyan to green (N- to C-terminus) (B).

The YD barrel domain

Like the structures of TcdB2-TecC3 and YenB-YenC2, the YD repeat-containing
region of GgTen2 forms a large shell [34, 167|. The shell is formed by a single, long -

sheet consisting of 74 S-strands. The GgTen2 barrel measures ~78 A in length and is
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less extended than that of the YenB-YenC2 heterodimer (87 A length). The barrels
are similar widths (~48 A for GgTen2 as compared to 42 A for YenB-YenC2). The
YenB-YenC2 barrel encloses a considerably larger volume than GgTen2 (~76000 A3
as opposed to ~44000 A?) [39]. The GgTen2 YD barrel is formed solely of S-sheet,
unlike the barrel of TedB2-TecC3 and YenB-YenC2, which is externally decorated

with many short a-helical extensions between the -strands (Figure 6.11A).

Figure 6.11: The YD barrel of GgTen2 resembles those of bacterial toxins. Alignment of
the GgTen2 barrel structure (rainbow) with that of YenB-YenC2 (grey) reveals that the overall
architecture of the barrel is conserved between the two proteins, but the barrel of YenB-YenC2 is
substantially larger than that of GgTen2. The structures were aligned via their Rhs-associated
core region (A), which is highly structurally conserved between the two proteins and forms the
plug at the C-terminal end of the barrel (boxed) (B). This domain shows remarkable structural
homology tho the Rhs-associated core region of YenB-YenC2 (which is shown overlaid in grey
cartoon representation).

Like the structures of the BC toxins, the end of the barrel is “plugged” by the Rhs-
associated core domain (residues 2419-2496), which is largely structurally conserved
between GgTen2 and the BC toxins (r.m.s.d. 1.48 A for 66 aligned Car atoms for
the Rhs-associated core domain of YenB-YenC2) (Figure 6.11B). The Rhs-associated
core domain of YenB-YenC2 has been shown to contain pH-dependent autoprote-
olytic activity, with residues R650, D663 and D686 being essential for catalysis [34].
Although two of these catalytic residues are conserved in GgTen2, the third (D686),
which is essential for catalysis, is not present, and the backbone where it should be
located is substantially shifted. This makes it unlikely that GgTen2 harbours such

autocatalytic activity. In agreement with this there is no break in the density for
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the backbone of GgTen22FCF at this position.

The Internal Linker domain

2AEGE structure is the region C-

One of the most curious features of the GgTen
terminal of the Rhs-associated core region. Similar to the structures of the TedB2-
TeeC3 [167] and YenB-YenC2 [34] complexes, the C-terminal end of the YD-barrel
of GgTen2 is located within the barrel itself. Residues 2467-2592 of GgTen2 are
located within the interior of the barrel and have some helical secondary structure.
The Dali server identifies no structural homologues for these residues. The most C-
terminal forty amino acids of this region represent the residues unconserved between

the four human Teneurins shown in Figure 5.4. The helices largely pack against the

interior surface of the barrel, leaving an empty cavity in its centre (Figure 6.12).

One of the most striking features of the structure is that, around 120 amino acids
after the Rhs-associated core region, the C-terminus leaves the interior of the barrel
via a gap between two [-strands of the shell (Figure 6.12B). This is in contrast
to TedB2-TecC3 and YenB-YenC2, where the entire C-terminus of the protein is

thought to reside within the barrel [34, 167].
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Figure 6.12: The YD-barrel encloses part of the GgTen2 C-terminus. Clipped view
through the top of the YD barrel. The YD barrel encloses ~120 residues immediately C-terminal
of the Rhs-associated core region (the “internal linker”, shown in red cartoon representation). The
rest of the protein is shown in surface representation and is coloured according to the rainbow
(A). Side view of GgTen22ECF shown in surface representation. The C-terminal ~200 amino
acids are shown as cartoon. The hole in the barrel through which the C-terminus protrudes is
outlined in black. Another hole in the barrel is also indicated by a black outline. Both of these
holes are indicated by black arrowheads (B).

The antibiotic-binding (ABD)-like domain

Upon leaving the barrel, the ~200 most C-terminal residues of GgTen2 pack against
the exterior of the barrel (Figure 6.12B). The first ~120 of these residues fold to form
an intricate domain that has high f-strand composition. The main structural feature
is a mixed five-stranded [-sheet, with a short a-helix separating the first and second
strands of the sheet. This sheet bears structural homology to a class of proteins in-
volved in binding the small molecule antibiotics bleomycin and zorbamycin (r.m.s.d.
2.38 A for 52 aligned Cav atoms, PDB accession: 1EWJ, bleomycin-binding protein
[162]) (Figure 6.13). Theses bacterial proteins confer resistance to the antibiotics
by sequestering them, preventing their activation by oxygen [217]. The bleomycin-
binding surface has been identified crystallographically [162]. The equivalent surface

in GgTen22FGF is solvent-exposed.
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Figure 6.13: Similarity to bacterial antibiotic-binding proteins. Structural alignment of
GgTen?2 residues 2594-2713 with a bleomycin-binding protein (PDB accession: 1IEWJ). GgTen2 is
coloured in red and 1EWJ is coloured in grey (A). Topology diagram of GgTen2 residues
2594-2713. (-strands are represented by arrows and a-helices by cylinders (B).

The Tox-GHH domain

The very C-terminal region of Teneurins (residues 2720-2795 in GgTen2) has pre-
viously been identified to have sequence similarity to a novel family of DNases, the
Tox-GHH family [290]. The Teneurin Tox-GHH domain is thought to be catalyt-
ically inactive. Structural comparison of the residues annotated as the Tox-GHH
domain by BLASTD (residues 2720 - 2795) with the Dali database [95] reveals high-
est structural homology to the catalytic nuclease domains of a class of bacteriocins
known as A-type colicins (the top hit , Colicin E9, has r.m.s.d. 2.65 A for 60 aligned

Ca atoms, PDB accession: 1BXI) (Figure 6.14A).

The Tox-GHH family are predicted to be HNH nucleases, meaning they use a cat-
alytic triad of two histidine residues and one asparagine residue to cleave nucleic
acids. The first histidine residue of the motif is thought to act as a general base,
activating water for nucleophilic attack on the sugar-phosphate backbone of nucleic
acids [203]. The asparagine residue plays a structural role, forming a stabilising hy-
drogen bond with the backbone of an adjacent S-strand. The third histidine residue
is involved in coordination of a catalytically important metal ion [118]. Structural

and sequence alignment of GgTen2, plus all four human Teneurin homologues, with
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various nucleic acid-cleaving colicins reveals that, in Teneurins, the two catalytic his-
tidine residues of the HNH motif are mutated to tyrosine and glutamine residues re-
spectively. Conversely, the asparagine residue of the Teneurin “HNH” motif (N2790)
is conserved and plays a stabilising structural role by hydrogen bonding to the main
chain of the adjacent S-strand, similar to its role in the structure of colicin E9 [118§]
(Figure 6.14B). These mutations would presumably make the domain catalytically
inactive. Intriguingly, this vestigial HNH motif is located within the “TCAP” region
of the protein, that is predicted to be cleaved in vivo and act as a bioactive peptide

[157].

v

ColicinE2 537 KDQV[GRER|FE[LHHDKP|I|S[®JD|G|G[V|YISIMN . IRV T TP K}H I|D I|HR|GK|581
ColicinE7 532 QD|V|S[KRT S|FE[LHHEKP|I|S[EIN|G|G|V|YISIMD . I|SVV TP KJH I|D I|HR|GK|576

ColicinES8 161 KD|T|V[GRRS|FE|LHHDKP|I|S[®JD|G|G|V|YMD . LR I T TP KJ3dH I D I|HR|G|Q|205
ColicinE9 538 NQQ|V[JGRKV|YE[LHHDKP|I|S[®JG|GIE|V|Y|SIMD . IRV T TP KJ3dH I|D I|HR|G[K|582

GgTen2 2761 LLN|T[RVQG|YEGYYVLP[VE[®]YPELABSSSWNIQE. .. -|R|2802
HsTenl 2684 LL|S|IT[RVQG|YDGYFVLS|VE[@YLELSIBSANNMIHE . . . .|R|2725
HsTen2 2733 LLIS|ITERVQG|YEGYYVLP|VEYPELABSS SWIQF . . . LIJONEMGK|. R|2774

HsTen3 2658 LLISIA[KVQG|YDGYYVLS|VE@YPELABSANKMIOQFE . . . L0 S|E I|GR|. |Rl2699
HsTen4 2729 . LISIT[ERVQGYDIGFFVIS|VEMYPELSEBSANRIIHE . . . MO SEMGR|. R2769

Y — —

Figure 6.14: Structural similarity between the Tox-GHH domain and bacterial colicin
DNases. Structural alignment of the GgTen2 Tox-GHH domain (residues 2720 - 2795) with the
C-terminal nuclease domain of ColicinE9 (PDB accession: 1BXI). The GgTen2 Tox-GHH domain
is shown in hot pink and the ColicinE9 nuclease domain in grey (A). Sequence alignment of the
E.coli colicin DNase domains and the TCAP regions GgTen2 and HsTenl, 2, 3 and 4. Black
arrowheads indicate the HNH motif of the E.coli colicins. The pink arrows represent g-strands.
The scissor symbol represents the predicted TCAP cleavage site for the Teneurins. Colicins are
not thought to be proteolytically cleaved at this position. The alignment was performed using
Clustal Omega [235] and the figure was prepared using ESPript [211].

6.3.2 Indications of Functionally Important Surfaces on GgTen2

As shown in earlier chapters, protein interaction sites often reside in conserved sur-
face patches. The surface sequence conservation of GgTen22FSF was analysed us-
ing the ConSurf server [80] to give indications of functional regions of the protein.
Analyses were performed using the Teneurin sequences from a diverse range of ver-
tebrates. Due to the extraordinarily high identity between the vertebrate Teneurin
orthologues (for example, the human and chicken Teneurin2 ectodomain sequences

are 93% identical), sequences of all four Teneurin homologues were used in the
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alignment in order to create sufficient diversity for the calculations to be reliable.
To supplement the information from the surface conservation, and due to the link
between Teneurins and cancers [293], missense mutations in all four Teneurin homo-
logues from the COSMIC cancer database were scored according to their frequency
of occurrence. The highest scoring mutations were mapped onto the surface of the

structure [72].

This analysis reveals two highly conserved patches on the surface of the GgTen2
barrel structure (outlined and shown from four different angles in Figure 6.15A).
Comparison with the positions of Teneurin mutations from cancer samples reveals
that many of the most highly occurring mutations can be found in these conserved

patches (Figure 6.15B).

Figure 6.15: Conserved surface patches on GgTen22FGF contain cancer mutations.
The structure of GgTen22FSF shown in surface representation. A sequence alignment of all
Teneurin homologues from human (Homo sapiens), chicken (Gallus gallus), fish (Danio rerio),
shark (Callorhinchus milii), frog (Xenopus laevis, Xenopus tropicalis) and alligator (Alligator
mississippiensis) was used to produce surface conservation scores with ConSurf [80]. Black
indicates highest conservation scores and white the lowest conservation scores (A). Mutations
from the COSMIC cancer database are shown in orange. Mutations at positions highlighted in
the brightest orange occur 6-9 times in the database. Mutations in the fainter orange colour
occur 3 - 5 times. Mutated positions occurring fewer than three times are not shown (B).
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6.3.3 GgTen2”EGF Lattice Contacts

Crystal lattice contacts can be used to formulate hypotheses about physiological
protein-protein interaction surfaces. Inspection of the crystal contacts formed by
GgTen2”FCGY reveals that the smaller of the two conserved patches indicated in
Figure 6.15A mediates the head-to-head packing of GgTen22FSF monomers in the
asymmetric unit (Figure 6.16). The buried surface area for this interaction is 993

AQ per monoier.

Figure 6.16: A conserved surface on GgTen22FGF mediates crystal contacts. One
GgTen22FGF monomer is shown as surface and coloured according to its sequence conservation
as in Figure 6.15. The other GgTen2*FSF monomer is shown in transparent surface and cartoon
representation and coloured as in Figure 6.8.

Another interesting crystal contact is formed by the GgTen22FSF NHL domain. The
Teneurin NHL domain has previously been implicated in determining the specificity
of Teneurin homophilic interactions [18]. In the GgTen22ECSF crystal lattice, the
NHL domain provides an extended crystal lattice contact between adjacent antipar-
allel monomers, burying 1100 A2 surface area (Figure 6.17). Key to forming this
interface are residues of the alternatively spliced NHL loop (residues 1303-1309)
[237].
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Figure 6.17: An alternatively spliced loop in the NHL domain of GgTen22EGF
mediates crystal contacts. The alternatively spliced loop in the NHL domain is indicated by a
magenta arrowhead with side chains shown as sticks. The NHL domain is highlighted in
transparent surface representation. Each GgTen22FCGF monomer is shown in cartoon
representation and coloured as in Figure 6.8.

There are several examples where crystal contacts have represented physiologically
relevant interaction surfaces [227, 228, 226]. However, crystallisation is an entirely
unphysiological process for most proteins and so conclusions based on crystal lat-
tice contacts must always be thoroughly validated using complementary methods
(i.e. biophysical methods in solution and also ideally in cell-based assays). Such
experiments will be necessary to determine if either of the crystal lattice contacts

discussed here represent a physiologically relevant interaction surface.
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6.4 Discussion

2AEGE hrovides a rich source of information about

The crystal structure of GgTen
the function of this mysterious protein, although also raises very many questions

about its function and evolution.

In terms of evolution, Teneurins are thought to have arisen in choanoflagellates,
unicellular organisms commonly considered to be the closest living relatives of the
metazoans [116]. Bioinformatic studies have implied that Teneurins are the result of
a horizontal gene transfer of both a prokaryotic gene (contributing the YD-repeats)
and a diatom or fungal gene, resulting in the formation of a complex hybrid fu-
sion protein [259]. This is strikingly corroborated by the domain architecture of
the GgTen22FCF crystal structure. The most N-terminal domains of the structure
(the TTR-like, FN-plug and NHL domains) bear strong structural homology to do-
mains commonly found in both eukaryotes and prokaryotes [151, 64, 127]. Similar
domains persist in the ectodomains of diverse metazoan cell surface receptors and ex-
tracellular matrix proteins. However, the remainder of the ectodomain bears closest
structural homology to a range of bacterial proteins (Figure 6.18). The most obvious
example of this is the Teneurin YD-barrel which shares high structural homology to
the central domain of Rhs family bacterial polymorphic toxins [290, 34, 167|. This
“central domain” is thought to encapsulate the protein’s highly variable C-terminal
toxic domain, protecting the producing cell from its deleterious effects [101, 34].
The very C-terminal ~200 amino acids of GgTen2 could be considered analogous to
the C-terminal toxic domain of these bacterial toxins. Indeed, the striking finding
that the Tox-GHH domain is structurally similar to the cytotoxic DNase domain
of Colicin E9 reaffirms the idea that the Teneurins arose from a single transfer of
a complete bacterial Rhs family toxin [290]. The presence of the ABD-like domain
in the C-terminus of GgTen2 was entirely unexpected, but its fold is likely a relic
of its prokaryotic ancestry. Whether or not the ABD-like domain retains its small-

molecule-binding ability remains an open question.
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Figure 6.18: The hybrid architecture of the GgTen2 ectodomain. Potential in cis
arrangement of GgTen22FCGF at the cell surface. “Prokaryotic-type” and “Eukaryotic-type”
domains of the receptor are indicated demonstrating the hybrid nature of this receptor. The
exact molecular mechanism by which Teneurin dimerises in cis is not yet understood. The two
GgTen2”ECGF monomers are shown in transparent surface and cartoon representation and
coloured as in Figure 6.8. SS, disulphide bond; CRM, cysteine-rich motif.

Previous speculation had suggested that the C-terminal region of Teneurins may be
enclosed within the YD-barrel, similar to the ABC toxins [34]. However, the crystal
structure of GgTen2”FSF demonstrates that this is not the case, and that the C-
terminal domains (the ABD-like and Tox-GHH domains) are displayed outside of the
barrel. This suggests that their exposure to the surroundings is important to their
function. Although the Teneurin Tox-GHH domain is unlikely to harbour nuclease
activity, it may serve an alternate function, such as mediating interactions with
lipids, as observed for the ColicinE9 DNase domain [173]. Interestingly, a BLASTp
search of the GgTen2 Tox-GHH domain against all bacterial proteins identified a

small number of bacterial Tox-GHH domains which would also be predicted to be
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catalytically inactive (Figure 6.19), suggesting that nucleic acid hydrolysis is not the

only function of these domains in bacteria.
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Figure 6.19: BLAST searches identified catalytically-inactive Tox-GHH domains in
bacteria. Sequences of the bacterial proteins are referred to by their GenBank accession codes.
KHDO09104 and OAD22384 are hypothetical proteins from Thiomargarita nelsonii, whereas
EDN68485 and OQY57218 are both from Beggiatoa sp. All of these proteins have three predicted
transmembrane helices at their C-terminal end, with the Tox-GHH domain located N-terminally.
No other predicted domains are present. The secondary structure of the GgTen2 Tox-GHH
domain is depicted above the alignment. Invariant residues are shown with red backgrounds.
Stretches of residues with >0.7 global similarity score are surrounded by blue frames. The
alignment was performed using Clustal Omega [235] and the figure was prepared using ESPript
[211].

Several other eukaryotic protein domains are thought to have evolved from horizontal
transfer from bacterial toxin systems. The SUKH domain, which in eukaryotes is
thought to act as an adaptor regulating protein ubiquitination or polyglutamylation,
is thought to have originated from a bacterial toxin immunity protein, exploiting its
ability to bind diverse targets [291]. Similarly, multiple RNA modifiers for tRNAs,
mRNAs and short non-coding RNAs are thought to have their evolutionary origin in
nucleic acid deaminases from bacterial toxin systems [100]. Bacterial toxin systems
are under intense selective pressure for constant diversification and thus it has been
suggested that these systems provide rich sources of molecular variation for the

evolution of new and distinct systems to drive major evolutionary transitions [290].



Chapter 7

Discussion and Future Work

The development of the nervous system requires a complex series of cell guidance
events, which are directed by relatively few cell guidance receptors. How such few
factors control the development of a complex organ such as the brain is poorly
understood and a matter of intense research. Compensating for the relatively small
number of receptors is the ability of many guidance factors to form heteromeric
multi-subunit receptor complexes, modifying their downstream signals and allowing
these receptors to function in a context-specific manner [59, 254]. Central to this
idea is the ability of some receptors to act as “context-recognisers”. The aGPCRs

present a relatively unexplored class of molecules that could fulfil this role.

7.1 Lphns as Context-Recognisers

The work in this thesis lends strong support to the idea that Lphns act as context-
recognisers. The extracellular domain of Lphn directly binds to both FLRTs and
Teneurins and also indirectly interacts with Uncb proteins. Crystal structures of
FLRT3"RR_Lphn3®" and FLRT2ME-Unc5D reveal 1:1 complexes [208, 158|, but
in my crystal structure with Unc5 an unusual 4:2:2 Lphn3:FLRT2:UncbD complex
is observed. Although Lphn does not bind directly to Uncbs, by interacting with
FLRTs, Lphn is clearly capable of recognising Uncbs. Moreover, I have also shown
that the stoichiometry of these complexes depends on the homologues of Unch and

FLRT present, revealing that Lphns are capable of finely recognising their surround-

177



CHAPTER 7. DISCUSSION AND FUTURE WORK 178

ings and tuning the complexes they form according to homologue-specific expres-
sion patterns. In Section 3.4.1 I showed that interaction of UncbD and FLRT?2
in cis attenuates FLRT2-mediated adhesion to Lphn3eOY stripes. Although this
result establishes that these three receptors functionally interact, mediating an out-
come distinct from individual receptor pairs, its physiological significance is unclear.
Advanced in vivo techniques such as in utero electroporation of FLRT and Unch
non-binding mutants, coupled with whole-mount brain clarification [41] have proved
useful in elucidating the functions of FLRTs and Unc5s in the brain [226]. Similar
experiments using the new mutants described in this thesis may eventually lead to

clues on the functions of distinct Lphn complexes in the brain.

The preliminary finding that Lphn3-FLRT2-Ten2 are capable of forming a triple
complex, but that Ten2 is excluded from the Lphn3-FLRT2-Unc5D complex, further
supports the conclusion that Lphns act as context-recognisers. A structure of the
Lphn3-FLRT2-Ten2 complex would likely provide clues as to the molecular basis for
this observation. Given the unusual stoichiometry of Lphn-FLRT-Uncd complexes,
it would be interesting to perform native MS experiments on the Lphn3-FLRT2-
Ten2 complex to determine if Lphn3 is also present in an unequal stoichiometry
in this complex. Similar to FLRT and Unch, the Teneurin homologues (Tenl-4)
display distinct expression patterns in the developing mouse brain [292|. Given that
the stoichiometry of the Lphn-FLRT-Unc5 complex is homologue-dependent, it is
tempting to speculate that the complexes Lphn forms with Teneurins may also be
homologue-dependent. In performing these experiments one of the main challenges
will be producing recombinant protein for the other Teneurin homologues, although
now that the GgTen22FCF structure is solved this could be used to create homology

models of the other Teneurin homologues to inform rational construct design.
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7.2 Lphns and its Complexes at Synapses

Lphns interact with a variety of intracellular and extracellular ligands predomi-
nantly found as synapses (SHANKSs, FLRTSs, Teneurins, Neurexins and Contactin6)
[136]. Although both FLRTs and Teneurins are well-characterised at synapses
[191, 97, 176], there is little evidence of Unch expression at synapses. In fact, in
C. elegans Unch has been shown anti-synaptogenic and to be important in exclud-
ing presynaptic components from dendrites [204|. Therefore Lphn:FLRT:Uncb com-
plexes may not form at the synapse. One important question to answer will be in
what context each of the complexes discussed in this thesis forms. This will require
a detailed understanding of when and where each of these proteins is expressed.
Although traditional expression profiling methods (such as in situ hybridisations
and immunohistochemistry) are likely to be useful here, the advent of single-cell
RNA sequencing technology provides an opportunity to identify cell type-specific
molecular signatures with unprecedented resolution and would likely provide useful

information with regard to the exact cells these complexes might form on [187].

In addition to understanding the cell types on which these complexes form, it will
also be important to determine whether the complex components are all contributed
by the same cell or by different cells. For technical reasons the crystal structures pre-
sented in this thesis comprise just fragments of receptor extracellular domains. Both
Lphn and FLRT contain long and glycosylated linkers in their extracellular domains
as well as additional structured domains. This means that, based on the Lphn3-
FLRT2-UncbD crystal structure, it is impossible to predict the relative positions of
the transmembrane regions of each component. Structures using full ectodomain
constructs of Lphn3, FLRT2 and Unc5D (and also Ten2) would allow a more ac-
curate prediction of the position of each transmembrane region, and thus allow the
cellular arrangement of each component in the complex to be inferred. Although
such a complex is highly unlikely to be amenable to crystallography, the “resolution

revolution” in cryo-electron microscopy [62] presents new possibilities to study large
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macromolecular complexes with a degree of structural heterogeneity. In addition,
cryo-electron microscopy offers opportunities to structurally study transmembrane
regions themselves in more native-like membrane environments than is possible using
X-ray crystallography. New technology in which recombinant proteins are inserted
into extracellular vesicles allows membrane proteins to be studied with their correct
topology in a native lipid bilayer [289]. Structural studies of full-length receptors in
these vesicles would give valuable insight into how exactly the complexes discussed

in this thesis form at the cell surface.

7.3 Lphn Dimerisation

The crystal structure of Lphn3-FLRT2-Unc5D reveals two copies of Lphn3 bound
per copy of FLRT2 and UnchD. Additionally, Ten2 forms a constitutive dimer, al-
though can still bind to Lphn in a monomeric form, meaning there is a strong possi-
bility that the Ten-Lphn interaction also dimerises Lphn. This raises the possibility
that Lphn acts as a constitutive dimer, or may be dimerised upon ligand binding.
As discussed in Section 4.9, published evidence suggests that Lphn dimerisation may
play a role in its signal transduction mechanism [266, 205|. Fluorescence Resonance
Energy Transfer (FRET, or similar) experiments with fluorescently-tagged Lphns
expressed on the cell surface would likely be useful in elucidating this mechanism
(assuming that both Lphns in the dimer are expressed from the same cell). FRET
experiments have already been applied successfully to study the homo- and hetero-
oligomerisation properties of another (unliganded) aGPCR, EMR2 [47]. Monitoring
the FRET signal in the presence and absence of Lphn ligands would likely reveal
insights into ligand-induced Lphn oligomerisation. Many of the mutant proteins

discussed in this thesis would provide useful negative controls in these experiments.

The FRET experiments described above would provide a means to validate if Lphns
dimerise or oligomerise in cells in the presence of their ligands. To elucidate the

functional significance of this it would be important to interpret this information
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alongside data from cell signalling assays (such as GPCR signalling assays). As a
first step it will important to characterise whether Lphn elicits downstream signals
in response to application of soluble ectodomains of any of its ligands discussed in
this thesis. Indeed, the identification of an endogenous Lphn-activating ligand would
mark a substantial step forward in our understanding of this receptor. Again, many
of the mutants discussed in this thesis will provide important negative controls in
these assays. Lphns have been shown to signal by modulating intracellular cAMP
and IPjs levels [142, 178, 225]. However, the recent demonstration that aGPCRs
activate distinct downstream pathways depending on their mechanism of activation
means that it will be important to assess ligand-induced downstream Lphn signalling

using a variety of readouts [117].

7.4 Lphn Complexes During Evolution

The elucidation of the crystal structure of a large part of the Ten2 ectodomain re-
veals the ancient evolutionary origins of this receptor. The Ten-Lphn interaction
is currently the only known example of a transsynaptic adhesive receptor pairing
common to both vertebrates and invertebrates [280]. Unch proteins are also con-
served between vertebrates and invertebrates. In comparison, FLRTSs are a relatively
new evolutionary invention and are vertebrate-specific. Interestingly, invertebrate
Lphn lacks an extracellular Olf domain (the domain responsible for FLRT-binding),
whereas the Lec domain (the Teneurin-binding domain) is conserved. FLRT-binding
by vertebrate Lphn endows Lphn with the ability to not only recognise FLRTS, but
also Uncbs, despite being unable to directly bind to these proteins. The increased
complexity of the Lphn ectodomain in vertebrates may be a indication of its role
as a context-recogniser, reflecting a requirement to recognise a broader range of

molecular contexts in vertebrates.
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7.5 Summary of Findings in this Thesis

Lphn is an evolutionarily-ancient aGPCR which interacts with several neural guid-
ance molecules and has important roles in synaptogenesis. In this thesis, I revealed
that the vertebrate-specific protein FLRT binds to Lphn via a conserved and bi-
functional patch on the Lphn OIf domain. Further I revealed that FLRT?2 is able to
recruit UncbD in cis and modulate its functional response to Lphn. Indeed, crystal
structures and native mass spectrometry demonstrate that Lphn3-FLRT2-Unc5D
form a triple complex with an unusual 4:2:2 stoichiometry, but other FLRT and
Unch homologues form complexes of half the size (2:1:1 stoichiometry). Although
another binding partner, Teneurin, binds to Lphn at a distinct site, Teneurin seems
unable to bind to the Lphn3-FLRT2-UncbD ternary complex. The crystal structure
of a large fragment of the Ten2 ectodomain reveals the ancient evolutionary origins
of this receptor. Together, these results provide strong molecular evidence for a
role of Lphn as a context-recogniser by its ability to bind diverse ligands in distinct

combinations and variable stoichiometries.
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Appendix A

Constructs and Primers

Construct Name Mutation Vector Cloning Sites Tags a.a.N a.a.c

Lphnl

Lphn]Lec-Olf pHLSec  Agel/Kpnl Avi(C) 29 395
Lphn2

Lphn2Lec-Olf pHLSec  Agel/Kpnl Avi(C) 30 400
Lphn3

Lphn3lec pHLSec Agel /| Kpnl Avi(C) 92 197
Lphn3lec-Olf pHLSec  Agel /Kpnl Avi(C) 92 463
Lphn3Lec-Olf pHLSec Agel /| Kpnl His6(C) 92 463
FLRT1

FLRT1MRR pHLSec  Agel/Kpnl His6(C) 53 381
FLRT2

FLRT2LRRE pHLSec  Agel/KpnI His6(C) 35 362
FLRT2Ecto pHLSec  Agel /Kpnl Avi(C) 35 540
FLRT2Fcte UF H170N pHLSec  Agel /Kpnl Avi(C) 35 540
FLRT2Ect FF R186N D188T pHLSec  Agel /Kpnl Avi(C) 35 540
FLRT2-ires-GFP pCAGIG  Xhol/Notl HA(N), PTPp SS 35 660
FLRT2FF-ires-GFP R186N D188T pCAGIG  Xhol/Notl HA(N), PTPu SS 35 660
FLAG-FLRT2-Avi pHLSec Agel /| Kpnl FLAG(N), Avi(C) 35 660
FLAG-FLRT2VF-Avi HI170N pHLSec Agel | Kpnl FLAG(N), Avi(C) 35 660
FLRT3

FLRT3LRR pHLSec Agel | Kpnl His6(C) 29 359
FLRT3Ecto pHLSec Agel /Kpnl His6(C) 29 526
UncbA

Unc5AFeto pHLSec EcoRI/Kpnl His6(C) 1 300
Unc5B

Unc5BFeto pHLSec EcoRI/Kpnl His6(C) 1 355
Unc5D

UncbD-ires-GFP pCAGIG  Xhol/Notl HA(N), PTPp SS 46 956
UncsDIe pHLSec EcoRI/Kpnl His6(C) 1 161
Unc5Dlele pHLSec  EcoRI/Kpnl His6(C) 1 244
UncsDIeleTsp pHLSec  EcoRI/KpnI His6(C) 1 307
Unc5DFeto pHLSec EcoRI/Kpnl Avi(C) 1 382
UncsDEcto pHLSec EcoRI/Kpnl His6(C) 1 382

Table A.1: Constructs Cloned by Others and Used in this Thesis. Abbreviations are:
a.a.N, N-terminal amino acid;a.a.c, C-terminal amino acid; (N), N-terminal tag; (C), C-terminal
tag; His6, hexahistidine; IRES, internal ribosome entry site;PTPyu SS, signal sequence from
receptor-type tyrosine-protein phosphatase S.
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Appendix B

Pseudo-symmetry of GgTen2°FCF Crystals

GgTen22FCF crystals suffered an interesting pathology, whereby some datasets would
index in space group P2;, whereas others would index in space group C222;. This
was also observed even for different datasets acquired from the same crystal. Fur-
ther, it was not possible to convincingly re-index C222; datasets into P2; or vice
versa. For the two space groups, the unit cells were a similar size, but the b and
¢ unit cell lengths were swapped. A derivative dataset (C222;, ~3.3 A resolution)
was used to build an initial model of GgTen2”FS¥ The native dataset used to
refine the structure was indexed as P2; (~2.4 A resolution). A summary of the

crystallographic symmetry in each dataset is shown below.

C222; (Derivative) P2; (Native)

a, b, c (A) 83.32, 156.13, 452.95  88.56, 452.56, 146.36
a, B, v (°) 90.00, 90.00, 90.00 90.00, 95.12, 90.00
Molecules in ASU 1 4

Molecules in Unit Cell 8 8

2AEGF

Table B.1: Crystallographic Symmetry of GgTen Crystals. ASU, asymmetric unit.

Native Patterson maps and Phenix Xtriage [4] identified a strong off-origin Patter-
son peak (46% the height of the origin peak) for the P2; dataset. As a fraction of
the unit cell lengths the length of this vector was 0.50, 0.00, 0.50, with a distance
to the origin of 82.1 A. The presence of this strong peak was indicative of transla-
tion non-crystallographic symmetry (tNCS) in the P2; native data. In this case the
tNCS vector is identical to one of the possible C-centring operators, which can lead

to a pathology known as pseudo-centering, where an NCS vector closely corresponds
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to a possible crystallographic symmetry operation [295]. Given that both the P2;
and C222; datasets had similar unit cells, it seemed likely that pseudo-centring was

responsible for the apparent difference in space group between the two datasets.

The presence of tNCS in the native (P2;) dataset exacerbated difficulties in MR.
Fortunately, the C222; asymmetric unit of the derivative dataset contained only

2AEGF "meaning no NCS was possible, and the strong anomalous

one copy of GgTen
signal facilitated initial structure solution in this space group. This solution was
then used as a MR model to solve the P2; dataset as described in Chapter 6. As

expected, this revealed that the two indexing solutions represented almost identical

crystal packing (Figure B.1).

Figure B.1: GgTen2” EGF Crystal Packing. The derivative (C222;, cyan) and native (P2,
black) GgTen22ECGF datasets share the same crystal packing. The figure was prepared by
superposing the GgTen22ECGF (1222, asymmetric unit onto the P2; asymmetric unit and then
generating symmetry-related molecules for each model. Unit cell outlines are shown in cyan
(C222;) and black (P2;).

After refinement of the complete model using the P2; native dataset, the likely

reason for the space group ambiguity became apparent. Of the four copies of
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GgTen22ECF present in the P2; asymmetric unit, two of the copies (represented
by chains A and C) have significantly poorer density for the ABD-like domain. This
is particularly obvious for chain C. Note that chains A and C display slightly altered

crystal packing compared to chains B and D (Figure B.2).

Removal of the regions which fitted poorly to the density followed by all-atom re-
finement does not result in the density in this region becoming any clearer, suggest-
ing that this domain is not occupying a discrete alternative conformation in these
molecules, and may simply be disordered. Re-processing the native data in the P1
space group also did not result in the density becoming any clearer. Presumably the
ABD-like domains of chains B and D are stabilised in one position by their crystal
contacts, whereas the slightly altered crystal packing surrounding ABD-like domains
of chains A and C allows this domain to be disordered or packed in more than one

conformation.
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Figure B.2: Alternative crystal packing of the GgTen2”FGF C-terminal domain. The
P2; asymmetric unit contains four copies of GgTen22FGF (shown in cartoon representation).
Inspection of the electron density (1.5 o) for each of these four copies reveals striking differences
for the GgTen22FGF ABD-like domain only. Chains B and D have clear electron density for the
whole of the C-terminal domain, yet the density for the same regions of chains A and C is
disjointed. Chains B and D share a similar crystal packing of this domain with a neighbouring
molecule, as do chains A and C. Each of the four copies are coloured according to the rainbow
(N-terminus = Blue, C-terminus = Red) and symmetry-related molecules are coloured in yellow.
Views are centred on residue R2692 of each chain. The chain ID for each chain is displayed
alongside the corresponding electron density. The part of the protein affected by this unusual
order/disorder phenomenon is surround by a dashed box on the cartoon.



Appendix C

Publications Arising From This Thesis

1. Jackson V.A., Mehmood, S., Chavent, M., Roversi, P., Carrasquero, M., del
Toro, D., Seyit-Bremer, G., Ranaivoson, F.M., Comoletti, D., Sansom, M.S.P.,
Robinson, C.V., Klein, R., Seiradake, E. Super-complexes of adhesion GPCRs

and neural guidance receptors. Nat. Commun. 7, 11184 (2016).

2. Jackson V.A. del Toro, D., Carrasquero, M., Roversi, P., Harlos, K., Klein,
R., Seiradake, E. Structural basis of Latrophilin-FLRT interaction. Structure

23, 774-81 (2015).

230



