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Summary

The specificity of protein-protein interactions is a complex process that is
poorly understood and difficult to predict. Understanding the molecular basis
for specificity of a protein and its binding partner requires a structural
analysis of the interactions in the complex. However, static X-ray structures
still do not reveal the thermodynamic basis for molecular recognition, nor the
key contacts that provide specificity in recognition. Rab proteins are an
intriguing case study as the Rabs display a high level of structural similarity
amongst members. Despite this, Rabs bind many structurally diverse
effectors with exquisite specificity. The main topic of this thesis, the Rab11
subfamily which includes Rab25, binds to a class of effectors termed the
Rabl1l Family of Interacting Proteins (FIPs). These effectors have been
shown to have variable affinities for Rab11/25. Interestingly, some of the
FIPs also bind to Rabl4, which is an evolutionarily more distant
relative. Despite the known crystal structures of Rab11 and Rab14 with their
cognate FIPs, the structural basis for the distinct affinities are not
apparent. Moreover, Rab14 can recognise a sub-family of FIPs (Class I) but
cannot bind to Class Il FIPs, while the Rab11 proteins can effectively bind to
all FIPs. The cellular functions of Rab11 and Rab14 are independent and our
hypothesis is that our thermodynamic and structural analyses may provide
insight into their different cellular functions. Through a series of mutagenesis
and binding studies, we identify sites in Rab11 that are unrelated to interfacial
residues that can influence the affinities of interactions with class | FIPs.
Further, we examine the structure of a class | FIP, FIP2, independent of its
cognate Rab. No crystal structure of an uncomplexed FIP effector is present
in the literature. We hypothesise that structure of FIP2 in solution is different
to that formed under the conditions of the complex and that Rab binding may
capture a particular conformation of the FIP2 molecule. This thesis provides
insight into the specificity of effectors for Rab GTPases and their cellular
functions in cells. We show that small changes in sequence and structure of
a Rab may dictate its affinity for a given effector and determine preferential

formation of one complex over another.
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Chapter 1:

Introduction



1.1 The Superfamily of Small GTPases

1.1.1 Cellular Organisation and the Ras Superfamily

Proteins which hydrolyse nucleoside triphosphates have many vital and
varied functions across the cell. These proteins exist in many different folds,
notably; the dinucleotide binding Rossmann fold, the tubulin/FtsZ fold, the
protein kinase fold, the histidine kinase/HSP90/Topo Il fold, the
HSP70/RNAse H Fold and the mononucleotide binding fold/P-loop NTPases
[5-9]. The P-loop NTPases are particularly numerous. Their structure consists
of an o/P fold consisting of a central B-sheet surrounded on either side by a-
helices. Their sequence is characterised by an N-terminal Walker A motif
consisting of a flexible loop between a strand and a helix [5, 7, 10]. The
consensus sequence for the Walker motif is GxxxxGK[ST]. The motif
functions to position the triphosphate [10]. The distal Walker B motif
contains a conserved aspartate/glutamate residue which binds a magnesium
ion [10]. The P-loop NTPases can be divided into two subgroups based on
their structures. The first subgroup are the nucleotide kinases and GTPaes in
which the strand leading to the P-loop and Walker B motif are neighbours.
The second subgroup are the AAA+, ABC, SF1/2 helicases and RecA/F1
which have an additional strand inserted between the P-loop and the Walker
B motif. The first GTPases to be discovered were those which aid initiation,
elongation and termination of translation and the seven transmembrane

receptors, followed by the Ras small GTPases [11, 12].

The Ras superfamily of small GTPases consists of five protein families
related by their GTP binding functions and conserved G protein fold. The
member families are; Ras, Ran, Rho, Arf and Rab. These families of enzymes
are thought of as molecular switches. They cycle between GTP and GDP
bound forms allowing their functions to alter accordingly. The families have
varied and vital roles in cellular organisation and homeostasis. Ras was the
first family member to be characterised structurally with the publication of
the structure of H-Ras [13]. This structure shows the basic fold reflected in
all the members of the small GTPase family [13-15].



1.1.2 Cellular Functions of the Ras Superfamily

Through diversification, the Ras superfamily has evolved five protein
families with distinct functional roles within the cell. The Ras family has vital
roles in controlling cell proliferation, differentiation and regulation of
apoptosis. Thus, it has become implicated in various forms of cancer when
these regulations go awry [16]. Rho proteins regulate actin dynamics within
the cell and therefore play a role in cell division and migration, as well as
vesicle transport [17]. Rab and Arf proteins control vesicle trafficking [18,
19]. Finally, the Ran family is responsible for nuclear transport. In humans,
only one member of the Ran family is expressed but due to its vital role it is

one of the most abundant small GTPases in the cell.
(i) Cellular Functions of Ras

Ras is a key member of various signal transduction pathways. Extracellular
signals lead to the activation of Ras which stimulates cytoplasmic signalling
leading to altered gene expression and cellular response. Ras functions
downstream of membrane associated kinases and upstream of cytoplasmic

kinases (reviewed [20]).

The classical Ras signalling pathway is the EGF receptor tyrosine Kinase
pathway first delineated in 1993. Activated EGFR dimerises and auto-
phosphorylates at the membrane and recruits Grb2. The adaptor protein Grb2
has a central Src homology 2 domain (SH2) which associates with the
phosphorylated tyrosine peptide sequence of the EGFR. It also has two SH3
domains which recognise proline rich sequences. The Grb2 recruits cytosolic
protein Sosl, a Ras GEF protein (Guanine nucleotide Exchange Factor), to
the membrane which activates Ras [21-28]. Downstream, Ras activates Raf,
followed by MEK and ERK. Finally, the cascade leads to a change in gene
expression leading to cell growth and development [29-32]. Diverse stimuli
converge on Ras activation. Other Ras GEFs are regulated by distinct
signalling mechanisms. For example, Ras GRPs, another class of Ras GEF,
are recruited to DAG via their C1 domains. PLC-catalysed production of
DAG by receptors such as PLCy, PLCpB, and PLCe recruit Ras GRPs to the

plasma membrane, converging on the activation of Ras [33]. Ras is not only



a member of diverse signalling pathways in humans, but also, homologous
Ras family members are signal transducers in pathways across species. This
high level of evolutionary conservation shows the importance of Ras as one
of the basic building blocks of signal transduction [34].

Ras has long been known to play a role in various cancers. In the case of
cancer, Ras has preference for the GTP active state. Trahey and McCormik
identified GAP proteins as being responsible for a 300x acceleration in GTP
hydrolysis and also identified that mutant Ras is insensitive to GAP activity,

leading to increased activation and the formation of cancer [35].
(i)  Cellular Functions of Rho

Rho GTPases play a vital regulatory role in mitosis and cytokinesis in
mammalian cells. This is a tightly regulated mechanism in which the
sequence of events is vitally important. A number of Rho GTPase family
members play a role at discrete points in the process, all tightly regulated by
their associated guanine nucleotide exchange factors (GEFs) and GTPase
activating proteins (GAPs). For example, active GTP-Cdc42 peaks at
metaphase concurrent with chromosomal alignment, whereas GTP-RhoA
increases through anaphase to a maximum at telophase at the time of
cytokinesis [36]. Depletion of active GEFs and GAPs cause catastrophic
losses in regulation leading to multinucleated cells [37-39].

Rho proteins have important roles in the regulation of the cell cycle. The role
of Rho proteins begins with the very first stages of mitosis. RhoA has been
implicated in cell rounding and cortical stiffening at mitotic onset. RhoA
activity is elevated and concentrated to the cortex and functions as the
primary driver of actin remodelling resulting in mitotic cell rounding and
cortical stiffening [40, 41]. This process is mediated through downstream
effectors of RhoA which activates Rho kinase (ROCK) which subsequently
phosphorylates myosin 11 [41, 42]. The cell rounding process is also
associated with an increase in Cdkl activity. Cdkl/cyclin B1 mediated
phosphorylation is thought to play a role in the timing of these events. Upon
mitotic onset, Cdkl/cyclin B1 mediates the phosphorylation of RhoA GEF
Ect2 and GAP p190RhoGAP resulting in a global increase in RhoA activity.



Metaphase, which is associated with spindle formation and chromosome
alignment, is also regulated by Rho GTPases; primarily Cdc42. Cdc42 plays
arole in spindle orientation in polarised epithelial cells, centrosome integrity
and chromosomal attachment [43, 44].

In cytokinesis, the recruitment of RhoA determines the site of cell division
[45-49]. RhoA undergoes a spatially controlled activation pattern along a
narrow zone at the equatorial cell cortex. This is controlled by the localisation
of RhoA activator proteins to the central spindle. A wider zone of activation
of RhoA leads to ingression failure and ultimately a failure in membrane
abscission [50-53].

(iii))  Cellular Functions of Arf

Arf GTPases function to control membrane trafficking and organelle
structure. They regulate cytoskeletal factors, recruit coat proteins to
membranes and recruit and activate enzymes to regulate the lipid composition
of the membranes themselves [54]. As an example of Arf cellular function,
we will discuss Arf6. Arf6 is important for mammalian development. Knock-
out mice die mid-gestation or shortly after birth displaying impaired liver
development [55]. Arf6 is known to have roles at the plasma membrane,
regulating the cortical actin cytoskeleton and endosomal membrane recycling
[56]. Arf6 activates 1-phosphatidylinositol-4-phosphate 5-kinase (P14P5) and
phospholipase D (PLD) which alter the lipid composition of the membrane.
Arf6 may enter cells via clathrin-coated vesicles or in some cells in a clathrin

independent mechanism [57, 58].

Arf6 facilitates polarised delivery of Cdc2, Rac and Par6 to the leading edge
of polarised cells [59]. Arf plays a role in cell adhesion and both the assembly
and disassembly of adherent junctions. In the formation of an adherent
junction, Par3 recruits the scaffold protein FRMD4A which in turn recruits
cytohesin GEFs which activates Arf6é [60]. Interestingly, and perhaps
counterintuitively, Arf6 is also activated in the disassembly of adherent
junctions. Hepatocyte growth factors cause activation of Arf6 by ArfGEF
GEP100/BRAG2. GTP Arf6 then activates Rac and mediates disassembly at
the adherent junction [61].



Arf proteins are thought to have an extra dimension in their signalling. Some
inactive Arfs bind a different subset of effectors to those bound in their
activated state. In the case of Arf6-GDP it binds TBC domain containing
proteins (Tre-2/Bub/Cdcl16) which often have Rab GAP activity, opening up
the interesting possibility for regulation of small GTPases by inactive Arf
[62]. Arf6-GDP also binds to the Kalirin family of Rho GEFs and recruits it
to the membrane where it serves to activate Rac and RhoG to regulate actin
dynamics [63].

(iv)  Cellular Functions of Ran

The small GTPase Ran has dual functions; it regulates nucleocytoplasmic
transport during interphase, and later in the cell cycle, it functions in mitotic
spindle formation. It is thought that these two different functions are
regulated largely through a similar mechanism of Ran action.

In eukaryotes active transport between the nucleus and the cytoplasm is
achieved by a class of transfer cargo macromolecules dubbed nuclear
transport receptors (NTRs) [64]. These receptors interact with the
permeability barrier surrounding the nucleus dubbed the nuclear pore
complex (NPC). These receptor molecules recognise FG repeats on the
nuclear pore complex components (nucleoporins) which allows them to
penetrate the permeability barrier with their cargo [65, 66]. The NTR
proteins consist of the Karyopherin Kap-p family, including importins (for
import), exportins (for export) and kap-p (bidirectional) proteins. These

proteins all display a similar architecture [67].

Transport receptors recognise their cargo via import and export signals on
these molecules. The vectorial movement of cargo-receptor complexes is
aided through interactions with Ran. RanGTP binds all importin family
members in a GTP dependent manner. In the case of cargo import, RanGTP
interacts with importin inside the nuclear envelope and causes it to release its
cargo. In the case of nuclear export, RanGTP increases the affinity of the
exporting receptor for its cargo inside the nuclear envelope. The influence of
the Ran on receptor-cargo binding is nucleotide dependent and is regulated

by differential localisation of Ran GAP and GEF proteins. Ran GAP protein



RanGAPL1 is enriched at cytoplasmic filaments of nuclear pore complexes
during interphase, whereas the Ran GEF RCC1 is concentrated on chromatin
throughout the cell cycle [68-72]. RanGDP enters the nuclear envelope
mediated by nuclear transport factor 2 (NTF2) [73, 74]. In the nucleus RCC1
mediates nucleotide exchange to RanGTP. Meanwhile NLS-containing
proteins are associated with importin 3 in the cytoplasm and translocated to
the nucleus. Here, active RanGTP associates with importin B causing
importin [ to release its cargo. The Ran importin complex may then
translocate to the cytoplasm where RanGAP1 mediates GTP hydrolysis.
RanGDP disassociates from importin allowing it to bind other cargo in the
cytoplasm for nuclear translocation. RanGDP may then re-enter the nucleus
for activation and the cycle begins again [75-77]. This process allows for the

accumulation of cargo against the concentration gradient.

Ran has also been implicated in spindle formation during mitotic cell
division. In most eukaryotic cells, with the exemption of yeast, the nuclear
envelope breaks down at prometaphase. This breakdown allows for
RanGAP1 to diffuse throughout the cytoplasm, disrupting the localisation of
Ran GEFs and GAPs which is associated with nucleocytoplasmic transport
[78, 79]. GEF activated Ran may bind importin f in the cytoplasm, freeing
factors that would usually be bound to importin [80-82]. For example, it frees
NuMA and TPX2, both aster promoting factors. It also frees cyclinB-Cdcl

which is an important factor in progression through the cell cycle [80].
(V) Cellular Functions of Rab Proteins

Rab proteins function as regulators of vesicle trafficking. The Rab protein
family is the most numerous family of Ras like small GTPases. It has 11
identified member genes in yeast and at least 60 in humans [1]. Rab function
is influenced by GEFs, GAPs, and effector proteins (which will each be
discussed in detail later in this work) [83-85]. In their active GTP bound state,
Rabs are membrane associated via a C-terminal anchor. This anchor is
therefore essential to their function [86]. Upon hydrolysis Rabs become
soluble and associate with GDP dissociation inhibitor (GDI) in the

cytoplasm. This cycling between active membrane bound and inactive



cytosolic states allow Rabs to transfer between membranes [85, 87, 88].
Membranes are organised into overlapping Rab specific domains with
distinct functional properties [18]. Rab effectors are numerous and they are
an extremely structurally diverse group [89]. Effectors include sorting
complexes, motor proteins, tethering factors and lipid metabolic enzymes
[90]. A degree of effector promiscuity exists. Some Rabs bind multiple

different effectors and equally some effectors bind multiple different Rabs.

The Rab family can be organised into eight phylogenetic groups. Separate
groups have more distinct functions, but within the groups there may be many
subfamily members and homologues which have similar, overlapping or even

functionally redundant roles and overlapping subcellular distributions [1, 91].
Rab Proteins and the Endosomal System

Eukaryotic cells feature a level of compartmentalisation and cellular
organisation not found in prokaryotic cells. Therefore, intracellular transport
between compartments is of vital importance to eukarya. Members of the Rab
family are localised to distinct subcellular compartments and they play
pivotal roles in intracellular membrane trafficking events, including; cargo
sorting, vesicle budding, vesicle formation, vesicle transport, docking,
tethering and fusion with target membranes [92]. An example of the wide
range of transport roles carried out by Rabs is illustrated if figure 1.1.1. Rabs
are promiscuous towards their effectors and this allows their functions to be
coupled. In fact, the activation and recruitment of Rabs to particular
membranes may be influenced by other family members. One Rab may
recruit a GEF of another Rab to the membrane which will in turn activate its
Rab and allow it to be inserted in the membrane. In this way the Rab profile
of an organelle may be altered over time. An example of this may be seen in
the case of Rab5 recruiting and being replaced by Rab7 during endosome
maturation [93].

Proteins internalised from the plasma membrane are transported to early
endosomes. After this a number of pathways may be undertaken by the cargo.
The proteins may be transported to the lysosome via late endosomes to be

degraded. A classic example of this is the degradation of EGF receptor.



Alternatively, the material may be recycled to the plasma membrane via
recycling endosomes. A typical example for study is the recycling of the
transferrin receptor [94]. The Retromer-mediated pathway allows cargo to be
sorted from the endosome to the TGN (retrograde transport) [95].
Alternatively, the cargo can be sorted from early endosomes to LROs
(Lysosome Related Organelles), for example, the sorting of Tyrpl from

early/recycling endosomes to melanosomes [96, 97].

The initial step in vesicle trafficking involves formation of the vesicle at the
donor membrane. During formation the vesicle must not only be loaded with
the required cargo, but it must also contain all of the targeting machinery that
it will require for its journey. The mechanisms for this process are still
emerging. The best studied example of Rab-mediated cargo sorting is the
rhodopsin photoreceptor and the polycystins. In this case, a C-terminal signal
in the cargo (VVxPx) binds to Arf4 which then recruits a cohort of Rabs (Rab6/
Rab8/ Rab11) and associated regulators (ASAP1/Rabin8) initiating a cascade
to promote ciliary targeting [98, 99]. The Rab-mediated cargo selection and
vesicle budding processes involve signal dependent cargo binding and

cooperativity between Arfs, Rabs and regulators.

The translocation of vesicles may be achieved in either a microtubule
dependent or actin dependent fashion. Both processes are mediated by Rabs.
Microtubule dependent transport controls the long range motility of
endosomes. This is a bi-directional process and functions in a ‘stop-and-go’
fashion due to the alternating activities of plus end directed Kinesin motors
and minus end directed dynein-dynactin motors. The microtubule dependent
motility of endosomes is regulated by different Rabs at different stages of the
endosomal cycle. Rab5 regulates the motility of early endosomes [100]. Rab4
also regulates early endosomes and also recycling endosomes [101]. Rab9
regulates motility of late endosomes and Rab7 regulates the activity for late
endosomes and lysosomes [102-105]. Actin dependent translocation of
endocytic compartments such as lysosomes, melanosomes and phagosomes
accomplish motility over shorter distances. Their movement is frequently
coordinated by Rab-regulated handoffs between motor proteins that control

microtubule based motility, those that control actin based motility and
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proteins that mediate membrane docking [106]. Rablla was the first Rab
found to interact with myosin Vb, an interaction required for recycling of
cargo to the plasma membrane [107]. Since then, multiple Rabs have been
shown to associate with myosin motors, including; Rab3a,b,c,d, Rab6a,b,
Rab8a, Rab10, Rablla,b, Rab27a, Rab14, Rab25 and Rab39b indicating that
multiple Rabs can use the same motor protein to regulate vesicle motility
[108].

When vesicles reach their destination Rabs form part of large molecular
complexes that orchestrate the controlled recruitment and activity of docking
and tethering factors onto the membrane [18, 84, 109]. In yeast and
metazoans, a modular assembly of tethering complexes has been discovered.
This process is thought to be conserved in mammals. The equivalent
structures in mammals are, as yet, incompletely characterised [110].
Membrane docking and fusion are driven by the formation of trans-SNARE
complexes which bring different membranes into close proximity for fusion
[111-115]. Rab proteins act upstream of SNARE complex and provide the
first layer of specificity in the recognition of two membranes for fusion. In
the case of Rab5, Rab5 and PI3P recruit an effector complex of Rabenosyn-
5 and Vps45 to the early endosome membrane. These effectors regulate the
formation of SNARESs and cooperate to stimulate membrane fusion [116-
118].

10
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Figure 1.1.1 Rab Proteins Play a Vital Role in Vesicle Trafficking. Cellular
compartmentalisation is a hallmark of eukaryotic cells. Therefore, intracellular
transport between compartments is of vital importance to eukaryote. This
transport is mediated by the Rab family of small GTPases. Each member of the
Rab family are localised to distinct subcellular compartments and they play
pivotal roles in intracellular membrane trafficking events. The figure above
represents the localisations and functions of some of the Rab proteins in human
cells. Figure taken from [3].
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Rabs and Cell Signalling

Rab proteins have been implicated in cell signalling by regulating
endocytic/exocytic trafficking of receptors and ligands through their vesicle
trafficking functions [119, 120]. However, an alternative mechanism of
regulation of cell signalling by Rab proteins can be seen though their
regulation of molecular interactions. This shows a role for Rab proteins in the
downstream events of cell signalling. Ultimately, Rabs have an impact on

gene expression and growth control via their roles in cell signalling [92].

An example of the influence of Rab proteins on cell signalling can be seen in
the target of rapamycin (TOR) pathway. This pathway regulates cell growth
processes and is conserved between yeast and metazoan cells highlighting its
biological importance [121]. Two homologues of the TOR receptor exist;
TORC1 and TORC2. TORC1 is resident on vacuoles. It is activated by
nutrient abundance in the cell. In the absence of nutrients TORL1 can trigger
autophagy [122]. TORC2 is localised at the plasma membrane and is
activated by growth factors [123]. Both homologues converge on a pathway
to activate cell growth and proliferation.

TORC1 is recruited to lysosomes by the Ragulator complex indicating
possible roles for Rab5 and Rab7 proteins resident on these organelles [121].
The Ragulator complex is a heteropentameric complex containing compent
domains: p18, pl4, MP1, p10 and HBXIP. The p18 domain represents the
minimum region required for assembly, in the structure the p18 domain wraps
around heterodimers of p14:MP1 and P10:HBXIP [124]. In Drosophila, it
was found that depletion of Rab5 led to reduced TORC1 activity [125].
Further studies in mammalian cells showed that overexpression of Rab5 wild-
type, or the constitutively active mutant, resulted in an altered localisation of
MTORC1 and the inhibition of its activation by insulin [126]. These results
show a direct effect on cell signalling through the modulation of Rabs.

12



1.1.3 Evolution of the Small GTPases

M Evolution of the Ras Superfamily

Examples of the five major Ras subfamilies exist across eukarya. It is
believed that their diversification is an ancient event that predates the
evolution of the last eukaryotic common ancestor. A 2012 study by Rojas et
al. suggests that the root of the protein superfamily lies in the Arf family and
not the Ras family as previously thought. This evidence suggests that the
function of the ancestral root was membrane trafficking and quick
diversification of protein families and functions soon followed [127]. Perhaps
one could speculate that the diversification of the Ras superfamily has aided
in the development of increased cell complexity required for the development
of eukarya. Indeed, further research in the area will be intriguing in this

respect.

Functional diversification may be assumed to be related to the evolutionary
diversification of the protein family. For example, the Ran protein family
appears to be a sub-functionalisation of the Rab family in order to
accommodate the evolutionary niche of transport to and from the nuclear
envelope [127]. During both functional diversification and speciation a
number of gene loss and gene duplication events have occurred. For example
the Ras family is completely absent from the A. thaliana species. In contrast,
in humans the Rab11 family has undergone multiple gene duplication events

to create a subfamily of closely related proteins [128].
(i) Evolution of the Rab Family

The Rab subfamily members can be identified by a number of features. They
each contain a GTP binding motif, like the other members of the small
GTPases. They also contain two cysteine prenylation motifs (apart from a
few notable exceptions) [129]. The family also have specific sequence
elements which have been conserved across their evolution. These Rab
family (RabF) motifs are conserved across species and have been useful in
identifying and classifying Rab genes in various species [91]. The RabF
motifs are clustered around the switch regions. Aside from the RabF motifs,
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there exist a set of Rab subfamily (RabSF) motifs which aid in determining
the specificity of Rab interacting proteins for their specific Rab. These motifs
support a conserved mechanism of recognition between Rabs and their
regulators and effectors. It is likely that a conserved mechanism of effector
and regulator recognition was present at the point of divergence from other
small GTPases [1, 91].

Upon examination of the segregation of Rab proteins in various species it
may be speculated that Rabs do not follow a phylogeny of species, but rather
a phylogeny of function. The Rab proteins show a pattern of co-segregation
of Rabs with similar functions, localisations and sequence. The patterns of
co-segregation and RabSF motif conservation across species may together be

used to assign orthologues [1, 130].

Orthologues across species allow for the classification of Rabs into families.
In S.pombe, only seven Rabs have been identified, the lowest number of any
species examined [131]. Each of these Rabs can be associated with a
particular function and an obvious phenotype associated with their
absence/loss of function. In contrast, humans have the largest number of
Rabs, many of which are homologous and form subfamilies with each

subfamily corresponding to a function.

The conservation of RabSF motifs within Rab families indicates a conserved
mechanism of recognition between Rabs and their regulators and effectors. It
is likely that a conserved mechanism of effector and regulator recognition
was present at the point of divergence from other small GTPases and that
these interacting mechanisms impose an evolutionary constraint upon the
divergence of Rab proteins. This also implies an element of effector
conservation supported by the fact that Rabs from different organisms show

functional complementation [1].

Taking into account the segregation of Rabs according to their functions, the
Rabs have been classified into eight functional groups containing Rabs from
different species which have similar functions and always co-segregate. An
example form of segregation is given in figure 1.1.2. Some Rab proteins, for

example, Rabl and Rab35, co-segregate even if they are not isoforms. The
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proteins in each functional group are more similar to each other at the amino
acid level than any two random Rabs. This phylogeny of function is thought
to represent an evolutionary relatedness. This hypothesis is supported by the
conservation of discrete regions, the RabF motifs, genomic structure, and

intron-exon boundaries [1, 91].
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Figure 1.1.2 Rab Proteins across Species Segregate into Eight Functional
Groups. The figure above, taken from Pereira-Leal et al [1], shows Rab proteins
from diverse species, human (no prefix), nematode (prefix-Ce), fly (prefix-Dm)
and fission yeast (prefix-Sp) arranged in a neighbour-joining diagram. The Rabs

are arranged into groups, marked by roman numerals, based on their evolutionary
segregation according to their functions.
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1.1.4 Family Members and their Structures

The Ras superfamily of small GTPases contains five member families; Ras,
Rho, Ran, Rab and Arf. Divided based on sequence and functional
differences, these proteins are joined into a superfamily by their ability to
bind GTP/GDP nucleotides using a conserved G protein fold [12]. Though a
diverse family, they each maintain the sequence features required for

nucleotide binding and intrinsic GTP hydrolysis [127].
(1) The G Protein Fold

The G protein fold was first elucidated in H-Ras in 1989. In fact, it was the
first atomic description of any proto-oncogene product. The fold consists of
a six stranded B-sheet containing five parallel strands and one antiparallel
strand. The B-sheet is flanked by five a-helices and the fold contains nine
connecting loops [13]. The protein binds both a GTP/GDP molecule and a
magnesium ion. Four of the loops interact with the nucleotide. The
magnesium ion has a catalytic role and interacts with a non-bridging oxygen
of the GTP nucleotide.

The regions of the fold whose conformations are sensitive to the nucleotide
state of the protein are dubbed the ‘switch’ regions; switch | and switch I1.
Indeed, the proteins may be thought of as molecular switches with active GTP
bound conformations and inactive GDP bound conformations. In the GTP
bound state the two switch regions form new, more rigid conformations. In
Ras, two invariant residues, Thr35 in switch | and Gly60 in switch 11, form
hydrogen bonds between the NH groups of their main chain and the y-
phosphate of GTP. This mechanism has come to be known as the ‘loaded
spring” mechanism [132]. The conservation of these essential G protein fold
elements across the Ras superfamily is delineated in the sequence alignment
in figure 1.1.3. The protein structure is further illustrated in figure 1.1.4 which
shows the conserved fold as well as highlighting the switch regions and the

P-loop.

17



Bl al
T EEEEEEREEEEEEEEE
H-Ras =~~~ -""--"- MT rofrons

Rablla - - MEMr DD EMo v L srRIEITRN
RhoA - ------- MAATREK IVIESKD

Ran - - -[WAacEcpov KRELT
Arf6 MExMLSKIFGNK

VDEYD 40
NLESKS 48
EVYV FEN 42
EKKYV 47
SVT- T[ 49

Y KIEKL

SW|tch |

98 100

H-Ras nnTkE 89
Rablla sfflr s akHLf 98
RhoA [ay s o sfBlo 91

TSRV 97
ADRDR

Ran
Arfé I

Switch I

a3 B ad

0 ) |

4 1Dr: 1DS 110 111 114 118 115 120 122 124

H YREQ SD
ERWLKE SN I
EVEK
Ran N- 1
Arfé INDREMRD

:‘30i5—>

4 156 1‘5 1cU 162 164 168 1c5 170 174 174 17: 1?5 150 182 15 186 188 190 192 194 196 198 200

T AKTRQ v TINRER - - - - - - KLRKLN--c--n-c--
RhOA TEALDST
%g EEGRDMA
ISAKSNY
Arfé
TRIIRDRNWYVQPRSCA

YrRIMsox@MsorrENDMs[Ps N R 133
201 204 AUC 405 110 411 41 z1c 415 ZZU 22189

128 145 ﬂﬂ 1"4 17
NKCDLAAR

LRHLR
LRNDE
IKDRK

FANKQDL.DA

138 138 140 142 144 148 143 150

VEBR Q RSY 140
% D RA EKN 149
TR----R KMKQE 138

KAKS--1V RKKN 145
kKPl- - - -HB1oEKL 142

KTKDGVREIMFEMATR - -------- - -

1@oPnLerpMamplaL aP®lefivmopATA 13?

LTWLTSNYKS - = === -mmm oo oo - - -

H-Ras DES Ms Ls-- 216
Rablla TTENK quc 193
:hOA QARR@KKKS 216
an

EHDLEVAQTTALPDEDD
Arf6 - 1o

Figure 1.1.3 Multiple Sequence Alignment of Members of the Ras
Superfamily. Shown above is a multiple sequence alignment of H-Ras, Rab11a,
RhoA, Ran and Arf6. The secondary structure of the conserved G protein fold is
shown above the sequences with an arrow indicating B-sheet and a cylinder
indicating a-helix. The P-loop and the switch regions are underlined.
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(i) Ras Proteins are Enzymes

In general, the intrinsic GTPase activity of the Ras superfamily of proteins is
very low. Regulatory proteins cycle the GTPases through their active and
inactive state by increasing the rate of GTP hydrolysis (GAPs) and then
encouraging the exchange of GDP for GTP (GEFs) [133]. The mechanism of
GTP hydrolysis by GTPases remains an active and ongoing debate. It is
theoretically possible for phosphate hydrolysis to occur via a range of
mechanistic pathways; the associative pathway, or the dissociative pathway.
In the associative pathway, nucleophilic attack occurs prior to leaving group
departure. In the dissociative pathway, the leaving group departs before
nucleophilic attack resulting in the formation of a metaphosphate
intermediate. Another dissociative possibility is that bond formation and
bond cleavage can occur simultaneously in a single transition state [134, 135].
A second question posed by the mechanism is how does nucleophile
activation take place? Multiple options exist. Perhaps, the nucleophile is
activated by general-base catalysis by the bulk solvent, or by direct proton
transfer to the basic non-bridging oxygens or by proton transfer to the
phosphate by an intervening water molecule. Another option is that a
conserved glutamine (GIn61 in H-Ras) activates a nucleophilic water by itself
acting as a base and removing a proton from the water molecule [136]. This
model appears to be supported by the crystal structure of the Ras-RasGAP
complex [137]. However, questions remain about the nature of the activation
of the nucleophile and multiple arguments against this hypothesis have been
presented [138-141]. Computationally, the energy barrier for this proton
transfer, as examined by Langen and Co and subsequent studies [139], is
thought to be very large. The structures of active Ras and Ras-RasGAP shed
some light on the question. In H-Ras, Thr35 in the switch | region interacts
with the magnesium ion and a non-bridging oxygen of GTP. In the Ras-GAP
complex we see that in switch Il a conserved glutamate (GIn61) interacts with
a water molecule in a perfect position for nucleophilic attack on the gamma
phosphate [13, 14, 137, 142]. The conformations of these two important
residues are highlighted in figure 1.1.4. GAP proteins accelerate hydrolysis
by up to five orders of magnitude [143]. The GAP protein contributes an
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arginine finger (Arg789) which stabilises the transition state during GTP
hydrolysis [137].
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Figurel.1.4. The G Protein Fold.

A. The G protein fold is here shown in H-Ras, the fold consists of a 6
stranded [ sheet surrounded by 5 a helices. Helix1-red, helix2-blue,
helix3-yellow, helix4-magenta and helix5-cyan.

B. Here important residues Glu61 and Thr35, shown here in yellow,
interact with the y phosphate. Glu61 is hypothesised to align a catalytic
water molecule during GTP hydrolysis. The water molecule is shown
here in red.

C. The structure of active H-Ras is shown here, bound to a non-
hydrolysable GTP analogue. Switch I is shown in Red, switch Il in blue
and the P-loop is shown in magenta.

Figure made using Pymol [2]
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The debate on the nature of the transition state also continues. An alternate
substrate-as-base mechanism supported by multiple studies is currently the
most accepted mechanism [139, 140, 144-149]. In support of this mechanism
Klahn et al produced studies showing that the transition state has an
associative character and calculated a theoretical energy barrier of 14
kcal/mol which is in good agreement with the experimental result of 16
kcal/mol [138]. Although GIn61 mutation studies have shown an important
effect on oncogene activity, it has now been suggested that this activity is due
to mutation induced conformational change to the switch Il region thereby
disrupting GAP activity and not due to the activation of the nucleophile by
the glutamine residue [150, 151].

(iii)  Insertions and Extensions to the G Fold

Each member of the Ras family contains the basic G fold. However, various
individual auxiliary features and modifications exist within families. The Ras
family itself is modified at its C-terminus by palmitoylation of a cysteine
residue [152]. Rho family proteins contain an extra helix between 5 and o4
known as the ‘insert region’. The region forms a single turn helix followed
by an a-helix [90]. Rho proteins are prenylated at their C-terminus by
geranylgeranyl groups at one site [153]. The Arf protein family have an N-
terminal extension which forms an amphiphatic a-helix. In the GTP form this
aids in membrane association and allows the protein to sit closer to the
membrane than other G proteins such as Rabs which have some 30 amino
acids as a linker between the membrane and the globular domain [154]. Some
Arfs are myristolated at an N-terminal Glycine also aiding in membrane
association [155, 156]. Diverging from the traditional G protein fold Arf
proteins have four nucleotide sensitive regions. They contain the two
conserved switch regions found in all small GTPases, an N-terminal helix
and an ‘interswitch toggle’. The conformations of these extra regions alter
depending on the nucleotide bound. The ‘interswitch toggle’ involves two
central antiparallel B-strands of the B-sheet. On the GDP form these strands
are retracted towards the nucleotide pocket. Upon nucleotide exchange the
strands move by a distance corresponding to two amino acids. This, in turn,

displaces the N-terminal helix making it available for interaction with the
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membrane [157-159]. Ran proteins have a C-terminal extension which forms
an extra a-helix. The Ran GTPases are not subject to any lipid modification
[90]. Rab proteins follow the canonical G protein fold. They are prenylated
at their C-terminus by two geranylgeranyl groups [153]. Structural variations
between families allow for various cellular localisations and specialised

functional roles.
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1.2 Rab Proteins; Life cycle and Effector Interactions

1.2.1 Rab Synthesis, Post Translational Modification and Delivery to
the Membrane

The function of Rabs is under spatiotemporal control connected to their
switching between GTP and GDP bound forms. In their GTP bound state,
Rab proteins are membrane associated and localised to particular organelles
where they recruit effector proteins and preform various functions. The
amount of time they spend in their active, effector binding state is restricted
by GTP hydrolysis after which Rab effector affinity is altered. The
localisation of Rabs is also controlled by their nucleotide state. Upon GTP
hydrolysis Rabs are extracted from the membrane and become cytosolic until
their subsequent re-activation. This cyclical process is controlled by a number
of Rab interacting proteins; Rab Escort Protein (REP), GDP Dissociation
Inhibitor (GDI), Guanine nucleotide Exchange Factors (GEF) and GTPase
Activating Proteins (GAP).

After synthesis, the majority of Rab proteins undergo prenylation at two
cysteine residues at their C-termini. The prenylation of all Rabs uses shared
machinery. Rab geranylgeranyl transferase (RabGGT) is responsible for the
prenylation of all Rab proteins despite the fact that a number of different
prenylation motifs exist [160]. In fact, RabGGT is not responsible for the
recognition of the Rab C-terminal region. Instead, an adaptor protein is
required for Rab prenylation [161, 162]. Rab Escort Protein (REP) associates
with Rab proteins and with RabGGT and facilitates prenylation. The crystal
structures of a Rab-REP complex and REP-RabGGT complex have allowed
for a model of the tripartite complex to be formed [163-165]. Newly
synthesised, unmodified Rabs in the GDP associated state bind to domain |
of REP via their conserved RabF1-F4 motifs and their C-terminal Interacting
motif (CIM) [164, 165]. Domain II of REP then interacts with the o subunit
of RabGGT and orients the C-terminus of the Rab towards the active site of
RabGGT which will then prenylate the Rab recognising a range of C-terminal

motifs. After modification, the C-terminus of the Rab protein binds to a

25



pocket on domain Il of REP and is subsequently chaperoned to the membrane
[163].

GDP dissociation inhibitor (GDI) is a paralogue of REP and also functions to
chaperone prenylated Rab-GDP in the cytosol. The proteins are structurally
related and display a similar binding mode with Rabs through conserved
residues in the G-domain and CIM. In contrast, GDI cannot support Rab
prenylation and has a higher affinity for Rabs which are already prenylated
[166-168]. GDI functions later in the Rab cycle to extract Rabs from the
membrane after hydrolysis and, in this way, play a role in Rab recycling
[169]. The localisation of Rabs to a particular membrane is still under study.
It is thought to be aided by a number of factors. The C-terminal region is
thought to play a role in membrane association in some Rabs [88, 170, 171].
There is also evidence for a role of GEFs in recruitment of Rabs to a specific
membrane [172-174]. It is further thought that GDI displacement factors

(GDFs) promote GDI dissociation and membrane incorporation [88].

1.2.2 Rabs and their Regulators

Q) Guanine Nucleotide Exchange Factors

An interesting property of Rab proteins is that although they use a common
mechanism for prenylation and share cytosolic chaperones, they display
specificity for a particular subset of a range of diverse effectors and regulators
(GEFs and GAPS). In order to perform their effector binding functions Rabs
must be in their active, GTP bound state. GEFs allow for the activation of
Rabs by promoting the exchange of nucleotide. The human GEFs show low
homology. Two major families exist, the VPS9-domaining GEFs of which
there are at least 9 in humans [175-177], and the DENN domain containing
GEFs of which there are at least 18 in humans [178]. Apart from these two
families, there are others which display low homology with the two major
families. Many GEFs are yet to be identified. This task is made more difficult
by their variable structures [179]. Several GEFs are controlled by auto-
inhibition and subsequent release by regulatory proteins. For example, the

Vps9 domain containing GEF Rabex-5 is activated in a feedback loop upon
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interaction with the Rab5 effector Rabaptin-5 [180]. Furthermore, GEFs play
a role in Rab cascades where a GEF for a subsequent Rab may be recruited
by a Rab already present at the membrane. In this way GEFs may play a role
in the recruitment and localisation of Rabs [171, 174, 181].

GEFs function by stabilising the intermediate nucleotide-free state during
nucleotide exchange. GEFs bind nucleotide-free Rabs with high affinity. In
most GEF-Rab structures solved, the Rab is in the nucleotide free state. The
GEF proteins bind switch I, switch Il and the interswitch region of Rab
proteins and induce conformational rearrangements incompatible with
nucleotide binding. The most dramatic of these rearrangements occur within
the switch | region where the switch forms a disordered conformation. In fact,
the residues in the switch I region undergo a 10-30 A shift and often can’t be
defined in the electron density of a crystal structure, indicating that their
conformation is flexible and not rigidly defined. In switch I, less dramatic
conformational change occurs and the structure of the switch region is more
like that found in the GTP-bound state. It has been suggested that the initial
recognition of the GEF for its Rab is different depending on the nucleotide
bound. In the GDP form the GEF recognises switch I first but in the GTP
from the GEF recognises switch 11 first. The conformation of the P-loop is
also changed although less dramatically [182, 183]. In the structures of
Rab21-Rabex5 and Yptl-TRAPP, negatively charged residues from the GEF
project into the vicinity of the P-loop lysine in order to substitute for the
negative charge lost with the phosphate dissociation and stabilise the
nucleotide-free state [184]. In many structures, electrostatic repulsion
between acidic residues of the GEF and/or Rab point towards the phosphate
groups and encourage their dissociation by lowering nucleotide affinity [183,
185].

(i) GTPase Activating Proteins

Left unregulated, Rabs remain in their GTP associated state for a considerable
length of time. Intrinsic hydrolysis rates are slow, the half-life of the active
state ranges between 30 mins and several hours [186-188]. In order to

regulate the ‘switching off” of their functions a range of regulators (GAPs)
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exist. GAPs allow for Rabs to be turned off in a meaningful timeframe.
Whereas GEFs have diverse structures, there is only one major GAP family.
The TBC domain GAPS (Tre-2/Bub2/Cdc16) have at least 40 members in
humans with many yet to be identified [189]. Only one non TBC GAP has
been identified in humans; the Rab3GAP complex [190]. GAPs display a
promiscuous activity towards Rabs, one GAP may bind to multiple different
Rabs [189]. Like GEFs, GAPs are involved in Rab cascades and help
establish transitions between Rab localisations at a given organelle [181, 191,
192].

TBC domain GAPs are interesting in that they use a slightly different
mechanism to GAPs of other small GTPases. In most cases, GAPs provide
an arginine finger to assist hydrolysis along with GIn from the G3 motif of
the GTPase [193]. However, in the majority of TBC GAPs, a dual finger
mechanism exists. Both an Arg and a GlIn finger are provided and the GAP
GIn substitutes for the GIn of the Rab protein. The Arginine finger neutralises
the developing negative charge during hydrolysis and the Glutamine is
thought to align the water molecule for nucleophilic attack on the y-phosphate
[133]. An important consequence of this dual finger mechanism is that it is
still active on Rabs which have been mutated to remain active (QL/QA
mutations of the catalytic glutamine). This has implications for in vivo
experiments containing these mutant Rabs [193, 194]. After hydrolysis aided
by GAPs, the Rab-GDP may be extracted from the membrane by GDI and
held in the cytosol ready for a new cycle to begin. GDI displacement factor
(GDF) facilitates the disassociation of the Rab from GDaI, thus facilitating the
re-insertion into the membrane [195]. The lifecycle of a typical Rab protein

is further illustrated in figure 1.2.1.

28



Cytosol

C-terminus

N

5

C-terminu

n

Membrane

Figure 1.2.1 The Cycle of Active and Inactive Rab Proteins.

Upon production, REP protein facilitates the prenylation of Rab by RabGGT (1). Rab GEFs
allow for the exchange of nucleotide, usually from the GDP form to the GTP form (2). GTP
Rab is membrane associated and may bind effectors. Rabs are inactivated by GAP proteins
which aid GTP hydrolysis (3). GDP Rabs are extracted from the membrane by GDI proteins
and held in the cytoplasm (4). GDF facilitates the displacement of GDI allowing Rabs to be re-

inserted into the membrane (5) where they are available for re-activation by GEF (6).
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1.2.3 Rab Effector Specificity

(1) Rab Effector Interactions

Active Rabs are localised to the membrane. In this form they can be
recognised by a range of effector proteins which modulate their downstream
functions. Due to the large number of Rab proteins, Rab-effector interactions
must encode specificity for their particular Rab. Rab effectors primarily
recognise the switch I-interswitch-switch Il region of the Rab protein. This
region is relatively conserved amongst Rab proteins and so the mechanism
by which effectors recognise their specific Rab partners poses an interesting
question. Rab effectors are highly divergent in sequence and structure. The
majority are multidomain proteins which contain a Rab binding domain
(RBD) and other domains which modulate their functions [85]. Rab effector
interactions display a degree of promiscuity, one effector may be recruited by
a range of different Rabs either through shared or adjacent Rab binding
domains [3, 84, 85]. Conversely, a single Rab may bind many different
effectors. The specificity of a Rab for its effector, or subset of effectors, is a
multifactorial process including the orientation of the aromatic triad, the
hydrophobic surface at the switch junction and sequence variability at the
edges of the switch regions [196].

(if) Rab-Effector Binding and Conformational Change

For most Rabs, their active conformations are very similar to the
conformations which they adopt in their Rab-Effector complexes. For these
RBDs the recognised epitope is restricted to the Switch I-interswitch- Switch
Il region [197-200]. In these cases, selectivity is thought to come from non-
conserved residues within this region including critical recognition
determinants in the RabF1 and switch Il regions [200]. For example, two
Rab5 subgroup Rabs; Rab5 and Rab22 show minimal changes in their
structures when binding various effectors, including; EEA1, Rabaptin5 and
Rabenosyn5. In an attempt to determine whether the specificity of these
effectors for these Rabs is determined by specific sequence elements, Mishra
et al mutated specific residues in Rab4 to match those in Rab5 which are
involved in effector interactions. However, it was found that these mutations

were not sufficient to allow the Rab4 to bind the Rab5 effectors. It was
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necessary to mutate further core residues to produce binding [200]. This
indicates that although specific sequence elements aid in binding in these
cases of low plasticity, the system is still by no means straightforward. It
seems that the whole binding surface, and in particular, the hydrophobic triad
is influenced by non-conserved core residues which determine the epitopes
recognised by RBDs [201]

In contrast, Rab11 does not follow this trend. In the case of the Rab11-FIPs
(Rabl11l Family Interacting Proteins) switch Il of Rabll undergoes large
conformational change in comparison to the active Rabl1l structure [202-
204]. Furthermore, in the case of the Rab11-MyoV interaction, both switches
are extensively remodelled [205, 206]. These interactions involve
rearrangement of the switch regions and the hydrophobic triad leading to
adaptation of the Rab binding epitope. It is thought that the ability of Rab11
to remodel depending on the effector with which it is interacting may lead to
an element of promiscuity amongst these interactions [207].

(iii) Some Rabs have Multiple Effector Binding Sites

An interesting, and relatively new development in the study of Rab-effector
interactions has been the discovery of a second effector binding site on some
Rabs. These Rabs are capable of binding two effectors simultaneously
thereby coordinating the functions of both effectors and allowing for
cooperation between them. Two examples of dual effector binding exist for
Rabl1l. A second binding site adjacent to the primary binding site at the
switch I-interswitch-switch Il region exists and can be re-organised by the
structurally diverse effectors Rabin8 and phosphatidylinositol 4-kinase
(PI4KIIIB) [208, 209].

Rabl11 may form a tertiary complex with PI4KIIIf} and Rab11FIP3 wherein
Rab11FIP3 associates with the Rab at the canonical binding site and PI4KIII3
bind the secondary binding site. This complex functions to coordinate Rab11
and FIP3 on PI(4)P enriched membranes [209]. PI4KIIIp is localised to the
Golgi either by Arfl or ACBD3. Its presence there is required for Rabl1l
recruitment [210]. Therefore, the secondary binding site for Rab11 may be

considered to act in a localisation/targeting capacity. The tertiary complex
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also plays a role in cytokinesis. PI4KIIIf is involved in the localisation of
secretory organelles at the cleavage site and Rab11FIP3 is important in the
targeting of Rabl1l vesicles to the cleavage furrow [211]. PI(4)P enriched
membranes define the localisation of the Rabll effector Golgi
phosphoprotein 3 (GOLPH3) which is required for cleavage furrow
ingression [212]. Simultaneous binding to Rab11 allows for the coordination
of effector functions with vital roles in cytokinesis. The importance of this
pathway is highlighted by consequences of its dysregulation. Overexpressed
PI4KIIIB and Rablla lead to the activation of Akt which regulates cell
survival, proliferation and growth, a mechanism which is activated in an

unregulated fashion in breast cancer [213].

Rab11 may also form a tertiary complex with Rabin8 and Rab11FIP3. In this
complex multiple weak interactions collaborate to form the tertiary complex.
Rabin8 binds the secondary binding site of Rab11 and Rab11FIP3 binds at
the canonical site. Some weak interactions exist between the RBDs of the
effectors [208]. Rabin8 is a GEF for Rab8 and its recruitment to Rab11-
Rab11FIP3 positive membranes is part of a Rab11-Rabin8-Rab8 functional
cascade which allows for the spatially controlled activation of Rab8 and
conversion to a Rab8 positive compartment [214, 215]. This process is
important for maturation of the compartment and endosomal trafficking

during primary ciliogenesis and epithelial polarisation.

(iv) Rab Effectors Display Promiscuity

Some Rab effectors bind a wide range of Rab proteins. A model example of
this is the OCRL1 effector. This promiscuous effector binds Rabs from
different functional groups such as Rabl, Rab5, Rab6, Rab8, Rab14 and
Rab35 [216-218]. Rabs localised to the Golgi and endosomal membrane
compartments bind to OCRL1 which functions to change to phosphoinositide
composition of the membrane via its 5-phosphatase domain activity. The
protein achieves its binding promiscuity by forming tight contacts with
conserved Rab residues alongside contacts with the main chain atoms which

reduces the dependence on sequence for the protein interaction [219, 220].
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It is also possible for effectors to bind more than one Rab at the same time
through adjacent Rab binding sites with distinct specificities. These effectors
provide ways to couple GTPase activities and enable crosstalk between
compartments. They may link the functional processes of Rabs or link Rabs
of different membranes and aid in membrane tethering. For example,
Ranenosyn5 is a bifunctional effector of Rab5 and Rab4 implicated in early
endosome trafficking which binds both Rabs via two structurally similar
RBDs [221, 222]. It is required for early endosome fusion both homotypically
and of clathrin coated vesicles and endosomes. The effector is critical to the
processing of transferrin receptors internalised by clathrin mediated
endocytosis [221-223].

(v) Rab-Effector Interactions Follow a Range of Binding Modes
Rab binding domains follow various structural motifs. They often involve
two helices that form the centre of the interface. However, the helices are not

positioned with strict or predictable orientations [90, 196].

Rab effector interactions may be classified into a number of binding modes.
The most common of these binding modes are; all a-helical, mixed a-helical,

B-B zipping and a bivalent mode of binding [196].

In the all a-helical mode of binding the effector binds the Rab with 2 a-helices
placed alongside the switch regions. These helices may come from a
monomer or one from each of a dimer of proteins. Examples of this binding
mode include; Rab6-DENNDS5 where the C-terminus of DENND5 consists
of two RUN domains separated by a PLAT domain. The first and last helices
of the RUN1 domain stack parallel to each other and interact with the switch
regions of Rab6 [224]. In the case of Rab11-FIP2 the conserved Rab binding
domain of the FIP (RBD) binds to the switch region of Rabs. In this
interaction, a heterotetramer is formed where the RBDs of two FIP2
molecules form a coiled coil with two Rab binding sites, one on either side
[204].

In the case of the mixed a-helical mode of binding, a single a-helical segment
interacts with the switch region, with a second interaction occurring outside

of the switch/interswitch region. Both the interaction within the switch region

33



and this second interaction are important for the correct binding affinity to be
achieved. An example of this mode of binding can be found in the interaction
of the Rab27 family of effectors (Slac2-a, Slp2-a and Rabphilin-3/Exophilin-
1) binding to Rab27 or Rab3. A single helix packs alongside the
switch/interswitch region but, in addition to this, the RBD has a globular zinc
stabilised subdomain which interacts with a hydrophobic patch outside of the
switch region of the Rab [225].

An alternative mode of Rab binding is the B-p zipping model. This involves
a B-p zipping interaction between the effector and the B2 strand of the
interswitch. An example of this binding is the interaction between Rab8 and
OCRL1. Here, the Rab binds to the ASH domain of OCRL1. The RBD fold
is an N-terminal a-helix followed by a B sandwich. Binding occurs between
B9 of the ASH domain and a preceding a-helix linker and the
switchl/interswitch regions [219].

Finally, the bivalent mode of binding must be considered. Here, complexes
assemble as heterotetramer with the Rab binding domains forming a central
symmetric homodimer. This mode of binding can be present in the other
modes, as is the case for the Rab11FIPs. All known Rabs are monomeric, so
this mode of binding may be important for assembling complexes that may
be biologically relevant as this mechanism would increase effector residence
time at the membrane. This mode of binding also imposes orientation

restrictions on the effector complex relative to the membrane[196].
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1.3 The Rab11 Subfamily
1.3.1 Rab11 Isoforms and their Effectors

The Rab11 subfamily members are closely related small GTPases. In
Drosophila there is only a single Rab11 gene, but in vertebrates the family
consists of three isoforms, Rab11a, Rab11b and Rab25, which is sometimes
referred to as Rabl11c [1]. Rablla and Rab11b are ubiquitously expressed
[226, 227] but Rab25 is only found in epithelial cell types [228]. These
proteins interact with a group of effectors termed the Rab11 family of
interacting proteins (FIPs) [229-232]. The Rab 11 subfamily interact with
both class | and class Il FIPs. Rab14, which is more distantly related, also
binds class | FIPs and will be part of our discussion here [233-235]. The
most extensively studied subfamily member is Rabl1a, which is often
referred to in the literature simply as Rab11. For the purposes of our study,

all Rab11 constructs used were Rabl1la derivatives.
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Figure 1.3.1 Multiple Sequence Alignment of the Rab1l Subfamily. The
alignment shows sequences for Rab11a, Rab11lb, Rab25 and Rabl14. The P-loop
and the switch regions are underlined and the secondary structure is shown by
the cartoons above the sequence. The boxed residues represent significant
differences between Rab11/Rab25 and Rab14; S20M, K41P and the two residues

which form a disulphide bond C26C40 (Rab14).
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(i) FIP Classification

The FIPs are an evolutionarily conserved family of effectors for a subset of
Rabs and Arfs. Although diverse in sequence and length, they are
characterised into the family by their ability to bind members of the Rab11
subfamily through a 20aa C-terminal RBD. The FIPs are encoded by five
genes although alternative splice variants have been reported. The FIPs can
be divided into two groups. The class | FIPs all contain C2 domains and they
include RCP (FIP1), FIP2 and Rip11 (FIP5). These FIPs are mostly localised
to the endocytic recycling compartment and their C2 domains participate in
this localisation through interaction with the lipid bilayer [232]. The class Il
FIPs; FIP3 and FIP4, are known to interact with Arfs and contain ERM
domains, EF hands and a proline-rich region [236]. The FIPs form dimeric a-
helical coiled coils, providing two symmetrical Rab binding sites at their C-

termini and domains which can modulate other functions at their N-termini.

(i)  The Rabll Subfamily and their Effectors Modulate Various

Functions

The Rabll family are associated with recycling endosomes (REs) and
regulate the pathway from early endosomes to the endocytic recycling
compartment [237]. Function and dysfunction of the Rab11 family members
have been associated with various disease states, including Alzheimer’s
disease [238], Huntington’s disease [238-240], Type 2 diabetes [241] and

multiple forms of cancer [242].

The existence of multiple FIP effectors indicates that they have evolved to
regulate several distinct subcellular events. In fact, the FIPs modulate three
main classes of functions; the recycling of cargo to the cell surface, delivery
of membrane to the cleavage furrow during cytokinesis and acting as linkers

between Rab11 and motor proteins.

The Rab11 family and their effectors are essential regulators of endosomal
recycling [237, 243]. The Rab11FIPs define discrete subdomains within the
endosomal recycling pathway [244]. The FIPs were first implicated in the
recycling of cargo to the plasma membrane when it was discovered that N-
terminal truncations of class | FIPs impede the recycling of endocytosed
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transferrin receptor (TfnR) to the cell surface in BHK and HelLa cells. The
C2 domains of class | FIPs can function to target the FIP containing complex
along with its associated cargo to docking sites on the plasma membrane
enriched in Phosphatidylinositol (Ptdins) and Psphosphatidic acid. It has
since become obvious that FIPs function to regulate endocytic recycling at
multiple points via their Rab binding and functional activities. N-terminally
truncated FIP2 (129-512) inhibits trafficking through the recycling system
and results in the accumulation of Rabl1a in a collapsed membrane cisterna
[230, 232, 245]. Similarly, mutant FIP2 also caused inhibition of the
recycling system, although its effect appears later in the pathway [245].
Similar effects are seen for other FIPs. FIP1C and RIP11 N-terminal
truncations which remove their C2 domains, inhibit recycling and cause the
accumulation of Rablla [229, 246]. Further studies have revealed that
individual FIPs may traffic specific cargo to the cell surface. For example,
RIP11 functions to inhibit insulin-stimulated uptake of 2-deoxyglucose and
insertion of the facultative glucose transporter isoform 4 (Glut4) containing

vesicles to the plasma membrane [247].

Another group Il Rab, Rab14, is divergent from the Rab11 family, but retains
the ability to bind class | FIPs [233]. More recent studies have implicated
Rab14 in insulin dependent Glut4 trafficking. Insulin regulates the amount of
Glut4 receptor on the cell surface by regulating the ratios of endocytosis and
exocytosis taking place and stimulating the release of insulin receptors from
Glut4 storage vesicles (GSVs). Glut4 is endocytosed via the endocytic
pathway into early endosomes and subsequently recycled through the slow
constitutive recycling pathway through endosomal recycling intermediate
compartments (ERCs) [248-252]. In adipocytes Glut4 may also be trafficked
through an insulin sensitive sequestration pathway into GSVs. The insulin
sensitive protein Akt substrate of 160 kDa (AS160) has been shown to effect
sorting of endocytosed material into GSVs and subsequent exocytosis from
these compartments. The AS160 protein is a GAP for both Rab14 and Rab10,
which have both been implicated in Glut4 trafficking in adipocytes and in
muscle cells [250, 253]. In fact, the knockdown of Rabs 8, 10 or 14 effects
the prevalence of cell surface Glut4 [254-257]. In muscle cells
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overexpression of Rab8 or Rab14 is sufficient to overcome the decrease in
the cell surface concentration of Glut4 caused by constitutively active mutant
4P-AS160 [258]. Interestingly, in adipocytes overexpression of wild type
constitutively active mutant Rab14 causes a decrease in Glut4 receptors at the
cell surface and results in their accumulation at enlarged early endosomes,
indicating that Rab14 limits the fusion of ERC derived vesicles with the cell
surface [259]. Rab14 has been found to limit the trafficking of endosomes
into the GSV sequestration pathway whereas Rab10 limits exocytosis from
GSVs. Rab14 also limits trafficking through the Rabl10 independent ERC
pathway indicating that Rabl4 functions at a shared step between the
pathways [260].

Recycling endosomes are important in mediating abscission during
cytokinesis [211, 261, 262]. Changes to endocytic recycling occur during
mitosis and are required for successful completion of cytokinesis. Although
it was postulated that the re-direction of REs initiated abscission by fusing
with the plasma membrane and building a new membrane between the two
daughter cells, it has more recently been shown that fusion of REs mediates
the formation of a secondary ingression thereby initiating recruitment of vital
factors such as ESCRT-III to the abscission site [263-265]. Rab11 is a key
regulator of RE transport to the intracellular bridge (ICB) during abscission
modulated by FIP3 [211, 262]. Rab11-FIP3 complex accumulates at the IBC
during mitosis. SIRNA depletion of FIP3 causes cells to arrest in late
telophase [266]. It has been shown that FIP3 positive endosomes deliver
p50RhoGAP to the ingression furrow during late telophase where it mediates
nested depolymerisation of the actin cytoskeleton leading to the formation of

the secondary ingression and abscission [264].

The motor protein MyosinVa binds multiple Rabs. It has been shown to bind
Rab14 through its central coiled-coil RBD, and Rabl11 and Rab25 through
the RBD on its globular tail domain [108]. It also binds Rab effector FIP2
[267]. It is possible that crosstalk occurs between these binding sites but that
IS, as yet, unclear. MyosinVa is largely found on Rab11 and Rab10 positive
intracellular membranes. It is also required for maintaining a peripheral

distribution of Rabl4-positive endosomes [108]. The interaction between
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Rablla and MyoVa mediates apical recycling in epithelial cells. FIP2 acts to
couple this motor protein (MyoVb) to Rab1l recycling endosomes [267].
This coupling is critical for the recycling of plasma membrane and receptor
trafficking.

(i)  Rabl4 and its Implication in Chlamydial Infection

Chlamydia trachomatis is a gram negative, obligate intracellular pathogen
which lives in host compartments referred to as inclusion bodies [268]. The
bacterium is the leading cause of bacterial sexually transmitted disease
worldwide and also the leading cause of preventable blindness [269].

The infectious form of the bacterium enters the cell as elementary bodies
(EBs). The EBs take up residence within a modified membrane bound
vacuole termed an inclusion. The bacteria then differentiate into reticulate
bodies (RBs) which are metabolically active, but non-infectious. After rounds
of replication the RBs may differentiate back into EBs and spread to

surrounding cells [268].

Having subverted the phagocytic system, C. trachomatis hijacks vesicular
transport pathways for its growth and replication. Chlamydial infected
vesicles dissociate from their normal pathway and intercept TGN derived
vesicles. These nutrient rich vesicles traffic to the peri-Golgi region and fuse

to form a single vacuole, an inclusion [270].

The chlamydia bacterium influences the protein composition of the inclusion
with the aim of subverting the host defence system and gaining nutrients.
Rabl, Rab4 and Rabll have been found to be recruited to inclusion
membranes in all species whereas Rab6 and Rab10 are species specific [271-
273]. In contrast, Rab5 and Rab7, components of the phagocytic pathway, are
excluded from the inclusion membrane [274, 275]. There is evidence for the
importance of these Rabs in bacterial life cycle. For example, siRNA
silencing of Rab6 and Rabll impaired lipid acquisition and bacterial
replication in C. trachomatis [272]. Especially relevant to our study, both
FIP2 and Rabl4 have been independently implicated in chlamydial

development.
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Rab14 controls vesicular transport from the Golgi to endosomes. This
function ties in with the chlamydia bacterium’s close relationship with the
Golgi apparatus [234]. In the case of C trachomatis, recruitment of Rab14
has been shown to be bacterial protein dependent and independent of both
microtubule and Golgi integrity. Rab14 has been shown to associate with
bacterial inclusions from ten hours post infection. This association is
increased throughout the bacterium’s development cycle. Mid-stage
inclusions at 24 hours post infection show a Rab14-positive rim surrounding
the inclusion. In late stage inclusions Rab14 can be seen to be associated with
structures resembling intrainclusion vesicles inside the lumen. Rabl14 is
required for chlamydial inclusion growth and development. The expression
of the negative cytosolic mutant delays inclusion enlargement and impairs
bacterial replication. Further, siRNA silencing of Rab14 leads to impaired

bacterial replication and impaired infectivity [276].

FIP2 has also been shown to be recruited to chlamydial inclusions. FIP2
functions in regulating transcytosis [245], apical targeting [277] and
recycling systems [231]. The protein and its Rab interacting proteins have
been implicated in chlamydial infection. However, no other member of the
FIPs have been shown to be localised to these structures [230, 278]. The
association of FIP2 is RBD dependent and FIP2 is required for efficient
bacterial replication and infectivity. FIP2 silencing decreases the amount of
bacterial progeny demonstrating its importance for bacterial replication. FIP2
binds to Rab11 at the inclusion membrane. The bound FIP2 then favours the
recruitment of Rab14. It is likely that the bacteria recruits FIP2 to hijack host
intracellular trafficking in order to redirect vesicles full of nutrients to the
inclusion [279].
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Figure 1.3.2 The Endosomal Recycling System. The diagram above depicts a
simplified cartoon of the endosomal recycling system. The localisations of the
Rab11 family and Rab14 are shown in red, and the FIPs are shown in yellow.
Rablla and Rabl11b have overlapping localisations and are not differentiated
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(iv)  Rabll Subfamily and their FIP Effectors; Binding Specificity

The Rab11 subfamily of proteins bind to class I and class Il IFIPS. The
more distantly related Rab14 has also been shown to bind class | FIPs in a
GTP dependent manner and will be part of our discussion here [233]. By
virtue of the fact that Rab14 is selective for Class Il FIPs, and that the Rab-
effector interactions display variable affinities, it follows that there must be
significant differences between the interactions of the subspecies of
effectors with their Rabs to allow for this discrimination. The factors which
determine the specificity of FIP binding and also those which determine the
affinities of said binding pose interesting questions. The functional
significance of the sharing of effectors among the Rab11 subfamily and also
Rab14 is another question which remains unanswered. It has been
postulated that the sharing of effectors may aid in the coupling of different
Rab functions or, perhaps, the Rabs may be part of a cascade [233]. The
Rab11 family and their interaction proteins display similar binding
interfaces. Here, we take three structures as examples and discuss the
similarities between Rab11-FIP3, Rab11-FIP2, and Rab14-RCP. We may
begin to understand the elements of these interactions which determine
specificity and affinity, particularly in the case of the more discriminatory

Rab14, through careful examination of their structures.

In the case of Rab11 binding a class Il FIP, FIP3, the complex formed is a
quaternary complex with the FIP forming a central symmetric coiled coil with
two symmetrical Rab binding sites on either side [202]. This is reminiscent
of other Rab11-FIP complexes. The complex buries 771 A and 736 A surface
areas on the two Rab11 binding sites. The binding site involves both switch
regions and the interswitch. However, the RabSF motifs are not found to
contribute [91]. The amphiphilic RBD of the FIP3 form a coiled coil with the
homodimerisation occurring on the hydrophobic side. The same region is
involved in a hydrophobic interaction with switch I of the Rab molecule with
a Tyr737 side chain of the RBD packed against an lle44 side chain and Gly44
of the Rab11. Switch Il of Rab1l forms a unique conformation relative to
other Rabs and contributes to the specificity of the interaction without the

RabSF motifs contributing. The aromatic triad member Try80 is in an unusual
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side chain conformation in the complex. It points inward to form a large
hydrophobic pocket with switch | to accommodate the RBD whereas, in most
Rab-effector complexes, it is found to face the solvent [199]. Another
individuality is that although in other Rab-effector complexes an effector
residue close to the conserved Rab glycine helps to recognise the switches, in
the case of Rab11-FIP3 the equivalent Ile742 has limited interaction with
switch Il and Gly45, rather, Asp739 and Met746 participate in the interaction
[280].

The complex formed between Rab11 and the class | FIP, FIP2, shares some
similarities with Rab11-FIP3. The complex forms a central symmetric coiled
coil consisting of a dimer of FIP2 with Rab11 binding sites on either side.
Both helices of the coiled coil interact with the Rab. The interactions are
formed between the C-terminal RBD of FIP2 and the switch regions of the
Rab11. There are also interactions between the FIP and the 2 strand of the
Rab. Like the Rab11-FIP3 complex, switch | of Rab11 is embedded between
the FIP dimer and forms hydrophobic interactions while the switch Il of the
Rabl11 molecule is in a more flexible conformation than switch | which is
unique to Rab11 [281].

In the complex the FIP2 dimer forms a gently curving a-helix followed by a
310 helix, a short 3 strand and a loop. A conserved Glu455 forms a hydrogen
bond with the backbone NH of Thr452 capping the first a-helix. At the C-
terminus, Pro499, conserved in class | FIPs and FIP1, is in a cis configuration
and reverses the polypeptide direction to orient the C-terminus towards the
second protomer. This serves to reinforce the dimer interaction between the
two FIP2 molecules. The side chain of Tyr500, a residue unique to FIP2,
bonds to Glu491 via its hydroxyl group further reinforcing the dimerisation.
Furthermore, the phenyl ring of the Tyr500 lies below the guanidino group

of Arg487 and forms cation 7 interactions.

In the complex, switch | of Rab11 is buried between the two helices of the
FIP2 dimer packed against Leu447 and Try80 and 11e481. Tyr480 hydrogen
bonds with Val46 of the Rab and 1le481 is capable of forming a Van der

Waals interaction with Gly45 of the Rab switch I. C-terminal to these
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interactions, further interactions occur between the Rab11 and only one of
the FIP2 molecules. The side chain of Met489, conserved in all FIPs bar FIP4,
rests in a hydrophobic pocket formed by Val46 from switch 1, Trp65 and
lle76 and Ala79 of switch II. A 310 helix at the C-terminus orients the
polypeptide perpendicularly to the central B sheet of Rabll (B2) and
hydrogen bonding occurs between the B strands. This B sheet interaction is
found to be essential to Rab11-FIP2 complex formation as truncation of the
FIP2 molecule below Met489 results in the loss of complex formation despite

the a-helical conformation of the FIP being retained [282].

A number of elements combine to determine the specificity of this
interaction. The unusual conformation of switch Il in the Rab11 active form
is a contributing factor. In Rab11 the switch is displaced away from switch |
towards the a3 helix leaving switch I free to contact both FIP2 protomers. In
most Rabs the conformation of switch 1l would encounter steric repulsion
with FIP2 regions 475-482. The guanidino group of a conserved Arg (Arg74
in Rab11) would be in steric conflict with the effector. However, in Rabl1l
the orientation of switch Il is such that Arg74 is capable of forming a salt
bridge with the Asp482 of FIP2. Lys41 of switch Il and Thr50 also impart
specificity by forming a salt bridge and a hydrogen bond with the effector.
Rabl1l and Rab7 are the only Rabs to have both of these residues; Rab7 is
precluded from the interaction by a 90° rotation in the side chain of Lys [281].

As discussed previously, a single effector may bind multiple Rabs. Rab14, a
more distantly related Rab, binds to class | FIPs and appears to regulate
overlapping endocytic pathways [233-235]. It also binds RUFY1/Rabip4
effector, a shared Rab4/Rab14 effector and regulates endosomal trafficking
[283]. In association with RCP it has been shown to function in

neuritogenesis [284].

Rab14 binds to RCP with reduced affinity compared to the conventional
Rab11-FIP/ Rab25-FIP complexes. It also differs in stoichiometry. In dilute
solutions it associates in an unconventional 1:2 assembly. However, it still
interacts with the canonical, conserved, FIP RBD. The basis for variable

affinities between Rab-FIP complexes and the physiological relevance of
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these differences pose interesting questions. Careful interpretation of a
combination of structural, thermodynamic and biological properties of these
complexes must be considered to understand the interplay between Rabs and
their effectors and how they combine to organise vesicle trafficking.

The Rab14-RCP structure reveals an interface topologically identical to the
Rab11/Rab25 interactions with FIPs. The biological assembly in solution
forms a 2:1 complex. However, in the highly concentrated environment of
the crystallisation condition, a second Rab14 is loaded onto the symmetric
binding site of RCP (see Figure 1.3.2). Several distinct features of the
structure exist. In switch | of Rab14 Cys40 forms an intramolecular
disulphide bond with Cys26 in a GTP dependent manner (see Figure 1.3.2).
Another distinct feature is the lack of electrostatic parity compared to
Rab11/Rab25 FIP interactions. A positively charged residue in Rabll
(Lys41) and Rab25 (Arg4l) is replaced by a Pro residue in Rabl4. This
disrupts a salt bridge formed between the former two Rabs with their FIP
effectors as a conserved Glu (Glu616) in the effector has no partner. Distinct
features are also seen in switch Il. A P-loop Met20 protrudes into space
usually occupied by the catalytic glutamine and causes residues 70-73 to form
an alternative backbone conformation compared to the switch Il
conformation observed in the interaction of Rab11/Rab25 with FIPs. As a
result, although the switch I conformation closely resembles the structures of
Rab11/Rab25 FIPs, switch Il differs significantly. It is possible that the
reduced affinity of Rab14-RCP is a result of these conformational differences
and lack of electrostatic parity. Further studies are required. In this work, we
will address this question with biophysical analysis in an attempt to determine

the factors influencing effector affinity and specificity.
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RCP
Dimer

N-term N-term

Figure 1.3.3 Structure of Rab14-RCP. In the figure overleaf, Panel A shows
the crystal structure of Rab14-RCP which resembles the structure of Rabll
subfamily members in complex with their FIP effectors. The effector forms a
centrosymmetric coiled coil with Rab binding sites on either side. Panel B
highlights a unique feature of Rabl4. A GTP dependent intramolecular
disulphide bond (shown in yellow) exists between residue 26 and and residue 40
in switch I. Figure made using Pymol [2]
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1.4 Discussion of Scientific Techniques

The biophysical analysis carried out in this work largely relies on the
technique of isothermal titration calorimetry (ITC). ITC allows for
measurements of the Kq of protein-protein interactions to be made by relying
on the exothermic/endothermic properties of these interactions. ITC has a
distinct advantage over other methods as it allows for the molecules being
examined to be measured in solution, where the molecules are free to rotate,
and therefore all the possible binding surfaces are exposed. In contrast,
alternative techniques for measuring binding affinity, such as surface
plasmon resonance (SPR), require that the ligand be bonded to the surface of
a chip before the analysis takes place. It follows that, by using this fixed
orientation technique not all of the possible surfaces of the ligand will be

exposed to the binding partner.

These different techniques, ITC and SPR, have different ways of measuring
affinity. As illustrated in figure 1.4.1, ITC allows for the direct measurement
of the association constant (Ka), stoichiometry (N) and enthalpy (AH) of the
reaction. From these values, the dissociation constant (Kq), the entropy (AS)
and the Gibbs free energy (AG) values may be calculated. In contrast, SPR
allows for the calculation of the Kq by measurement of the on rates and off

rates of the binding at multiple analyte concentrations [4].

However, it should be noted that limitations of the usefulness of ITC exist.
Importantly, not every protein-protein interaction is suitable for analysis by
ITC. Some interactions do not evolve or absorb sufficient heat to allow the
affinity to be measured. Practical limitations exist. Most importantly, the
proteins in question must be available in sufficient quantity and concentration
to perform the experiments. For weaker protein-protein interactions, a higher
protein concentration is required. The proteins under examination must be
stable at sufficient concentrations in order for the experiment to be carried
out. The heat evolved in dilution of the sample or buffer mismatch may cause
noise and cloud the result of the experiment. In the case of particularly
viscous samples, the heat generated from stirring the sample may also
become significant. Therefore, the protein samples must be stable in an

appropriate buffer. ldeally, the buffer should be identical for all samples.
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Although, like all techniques, ITC has limitations, it proved to be a powerful

technique in generating the results shown later in the work.

The crystallographic techniques presented in this work are reflective of
standard practice used worldwide. Initial crystallisation trials were performed
using high-throughput robotic pipetting techniques and commercially
available sparse matrix screens from Hampton Research. Once a
crystallisation hit was identified, focused screening and crystal replication
were performed by hand in a 24 well format. VVarious methods were employed
during attempts at structure determination, including attempts at gaining
phase information using selenomethionine derivatisation and, in a more novel
strategy, using cobalt atoms present in the crystallisation condition. Structure
determination was finally achieved using ab initio methods. This method has
traditionally only been useful for small proteins with a minimum resolution
requirement of 1.2A. However, this method was successful in refining our
dataset (>2A) by using the programme Arcimboldo, which has become

available within the CCP4 suite since January 2016.
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Figure 1.4.1 Experimental Techniques: ITC in Comparison with SPR. Panels
A and B are an example of the measurements carried out in a standard ITC
experiment. In panel A, the protein held in the syringe (grey circles) is injected
iteratively into the protein held in the experimental cell (black triangles) until all
the binding sites are saturated and an equilibrium is reached. In panel B, the
energy of the binding events associated with each injection is measured directly
in pcals® and depicted as a red peak. These peaks are integrated to form a
sigmodal binding curve (shown in blue), from which the enthalpy (AH),
association constant (K,) and stoichiometry (N) can be measured directly. Panels
C and D depict an example of the measurements carried out in a standard SPR
experiment. The ligand protein (black triangles) is fused to a sensor surface and
the analyte protein (grey circles) is passed over the surface (see panel A). The on
rates and off rates of the interaction are measured directly by taking advantage of
the difference in refractive index associated with binding (see panel B). Figure
taken from [4] .
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1.5 Scientific Objectives

Rab proteins regulate a complex network of vesicle trafficking

through their highly conserved Ras superfamily fold. However,

despite this, they bind to many diverse effectors with exquisite

specificity. The molecular determinants of Rab specificity and the

mechanisms by which they may bind shared effectors are of interest

to us here.

Rab14 and Rabll are divergent Rabs with independent
cellular functions. These Rabs share interacting partners;
the class | FIPs. Here, we will examine the interactions
between Rab11 and Rab14 with their shared partner, FIP2.
We hypothesise that our thermodynamic and structural
analyses are linked to the distinct cellular functions of
Rabll and Rabl4. We will also identify residues and
regions of Rabs that can influence the affinities of
interactions with class | FIPs. Overall, we hypothesise that
small changes in sequence and structure of a Rab may
dictate its affinity for a given effector and determine

preferential formation of one complex over another.

We will investigate the structural basis for effector
specificity by X-ray crystallography. The unbound state of
the effector, FIP2, has not yet been determined. Our aim is
to determine the pre-binding state of an effector to
understand any conformational changes that are involved in

effector recruitment by Rab GTPases.
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Chapter 2:

Materials and Methods
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2.1 Materials
2.1.1 Chemicals

Chemicals used were of analytical grade and, where possible, generally

obtained from Sigma-Aldrich.
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Table 2.1.2 List of Protein Constructs

Name
Rab11QL AJ
Rab11CC

Rab11N26C
Rab11SMKP

FIP2
Rab14QL

Protein
Rablla
Rablla

Rablla
Rablla

FIP2
Rab14

Length
1-173
1-173

1-173
1-173

441-498
7-175

Vector
pPET28b
pET28b

PET28b
pET15b

PNIC BSA4
pNIC BSA4

Table 2.1.2 List of Protein Constructs. Protein constructs used were tested for

solubility and stability during recombinant expression and subsequent

purification. All constructs in this work utilised a six histidine tag system for
ease of purification. Maps of the plasmids used can be viewed in the appendix.
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2.2 Methods
DNA Manipulation Techniques

2.2.1 Mutagenesis

PCR primers for site directed mutagenesis were designed and ordered from
Eurofins Genomics. PCR was performed using fusion polymerase (New
England Biolabs), standard reaction times, for 25cycles. The resulting PCR
products were digested by incubation with Dpnl enzyme (New England
Biolabs) for 1 hr at 37°C. The subsequent product was then transformed into
DH5a. DNA was extracted from the DH50 by miniprep and individual clones
were further analysed by DNA sequencing.

2.2.2 Transformation of Cells

Agar plates were placed in a 37°C incubator to warm/dry in preparation for
the transformation. A competent cell stock (CC) of the appropriate strain was
thawed on ice. 50 pl of cells were added per 1 pl of DNA used. The cells
were gently added to a cooled Eppendorf tube, followed by the DNA. The
solution was mixed by tapping. The tubes were incubated on ice for 30 min
followed by heat shock at 37°C for 3 min. The cells were returned to ice for
2 min. 1 ml of sterile LB medium was added to the cells. The cells were then
incubated at 37°C, 800 rpm for 45 min. The cells were centrifuged for 10-15
s at full speed and the pellet re-suspended in 150 pl of supernatant. Of this
supernatant, 50-60 pl was spread onto the warmed plates under sterile
conditions. The plates were incubated at 37°C overnight in an inverted
orientation. Individual colonies from the plates were then used to set up

overnight cultures to produce glycerol stocks.

2.2.3 DNA Electrophoresis

DNA was analysed by electrophoresis through a 1% agarose gel containing
8% nancy 520 DNA stain. Samples were prepared with loading dye (0.4%
orange G 0.03% bromophenol blue, 0.03% xylene cyanol, 15% Ficoll, 0.62%
DSD, 50mM EDTA, 10 mM Tris-HCI pH8) and the gel was run at 100 V for
50-60 min.
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2.2.4 Plasmid Extraction and Sequencing

An overnight culture was set up containing 5 ml LB medium and a 1 in 1000
dilution of appropriate antibiotic. To this, a single colony from a transformed
colony of E.coli cells containing the plasmid was added (see section 2.2.2
Transformation of Cells). The culture was grown overnight at 37°C, shaking
at 180 rpm. Cells were harvested by centrifuging at 4000 rpm in a benchtop
centrifuge. Plasmids were purified from the cell pellet using QlAprep Spin
Miniprep Kit. To sequence the DNA, a minimum of 15 pl of 50 ng/ul DNA

was sent for sequence analysis at Eurofins Genomics.

Protein Expression and Purification

2.2.5 Small Scale Expression and Extraction of His Tagged Protein

Initial expression tests were carried out to determine protein solubility and
optimum expression conditions. Overnight cultures were set up by adding a
suitable antibiotic to 2 ml of sterile LB medium in a 1 in 1000 dilution.
Solutions were inoculated with a single colony of bacteria and incubated
overnight at 37°C, 150 rpm. 5 ml of sterile LB medium were added to a
conical tube along with a 1:1000 dilution of suitable antibiotic. Solutions
were inoculated with 100 pl of the overnight culture in a 1:50 ratio. The
solutions were incubated at 37°C, 150 rpm until an optical density (OD)

equivalent to an Asoo reading of between 0.6 and 0.8 was reached.

Glycerol stocks were made by pipetting 200 ul of autoclaved sterile glycerol
into a clean labelled 1.5 ml Eppendorf tube. To this, 400 ul of overnight
culture was added and mixed thoroughly. The resulting stocks were snap

frozen in liquid nitrogen and stored at -80°C.

At this point expression was induced in the culture. Expression was tested at
37°C for 3 hours induced with 0.5 uM of IPTG and at 18°C for 18 hours
induced with 0.5 uM IPTG.

At the end of the allotted incubation time, the cultures were spun at 4,000
rpm for 10 min in a benchtop centrifuge set to 4°C. The supernatant was

decanted into waste and the remaining cell pellet was stored at -20°C.
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Protein Isolation;

Cell pellets were thawed on ice. Cell pellets were re-suspended in 1 ml of
extraction buffer (300 mM NacCl, 10 mM Tris, 10 mM imidazole, 5 mM 2-
mercaptoethanol) and transferred to a 1.5 ml Eppendorf tube. The samples
were sonicated in a cold room (20 pulses each, output 5, duty cycle 30%).
Each sample underwent two rounds of sonication. Samples were spun in a
micro centrifuge in the cold room at maximum speed 15000 rpm for 20 min.
The supernatant, containing the soluble fraction, was then removed into a
clean Eppendorf tube. To each soluble fraction, 30 ul of nickel resin was
added. Samples were spun on a spiral rotor for 2 min at 20 rpm and then
centrifuged at 2000 rpm for 1 min. The supernatant was removed from the
nickel bed and the beads were washed with 1 ml of extraction buffer. The
spinning and centrifugation steps were then repeated and the supernatant
removed again. Sample buffer was then added to the remaining volume of
nickel. The insoluble pellets were re-suspended in 1 ml of milliQ H20 and 24
ul of the cell suspension was combined with sample buffer. The samples were
analysed by SDS PAGE.

2.2.6 Large Scale Expression and Extraction of His Tagged Protein

20 ml of sterile LB medium was pipetted into a labelled 50 ml conical tube.
To this, 20 pl of the appropriate antibiotic was added to a final dilution of 1
in 1000. The solution was inoculated with E.coli containing the appropriate

plasmid and incubated overnight, 37°C, 150 rpm.
Protein expression;

The 20 ml overnight culture was added to a conical flask containing 1 | sterile
2XYT broth medium (1 in 50 dilution) along with a 1 in 1000 dilution of
antibiotic. The culture was incubated at 37°C, 180 rpm until an OD (Asoo)
reading between 0.6-0.8 was reached. At this point, protein expression was
induced with 0.5 mM IPTG and the temperature of the shaking incubator was
adjusted to the optimum temperature for expression of the protein. At 18°C,
the culture was left to incubate overnight or approximately 18 hr. At 37 °C,

the culture was left to incubate for 3hr.
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Extraction from 1 | Culture;

The culture was spun down in a floor centrifuge, 4°C, 3000 rpm for 15 min.
The supernatant was discarded. The pellet was re-suspended in 1x PBS and
transferred to a 50 ml tube. The solution was spun down at 4000 rpm, 4°C,

10 min. The supernatant was discarded and pellets were stored at -20 °C.

To isolate protein, 20 pl of extraction buffer (300 mM NaCl, 10 mM Tris, 10
mM imidazole, 5 mM 2-mercaptoethanol) were added to each 1 | pellet and
the pellet was re-suspended. The cell lysate was homogenised and the
solution was sonicated in a series of 2 min pulses (duty cycle 30%, output 5).
Each sample was subjected to sonication three times, resting on ice in
between rounds of sonication. The lysate was spun in a floor centrifuge,
18000 rpm 4°C, 30 min. The resulting supernatant was applied to a nickel
agarose gravity flow chromatography column. The column was then washed
thoroughly with extraction buffer (300 mM NaCl, 10 mM Tris, 10 mM
imidazole, 5 mM 2-mercaptoethanol). For some proteins, a higher stringency
wash was applied (300 mM NaCl, 10 mM Tris, 40 mM imidazole, 5 mM 2-
mercaptoethanol). The protein was eluted from the column with elution
buffer (300 mM NaCl, 10 mM Tris, 200 mM imidazole, 5 mM 2-
mercaptoethanol). The progress of the elution was followed with Bradford
assay to judge when the protein elution was completed. This extraction
process is delineated in the flow chart shown in figure 2.2.1. Following
extraction the protein was cleaved with the suitable enzyme overnight in the
cold room, under dialysis with extraction buffer. After cleavage, the protein
solution was reapplied to a nickel agarose gravity flow chromatography
column. The flow through from the column, containing the cleaved protein,
was collected.
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Figure 2.2.1 Flowchart of Protein Extraction and Nickel Affinity
Purification. The figure shows the workflow for extracting and isolating a His
tagged protein from an E.coli cell pellet. The pellet is first re-suspended to form
a smooth homogeneous liquid and then sonicated to break open the cells resulting
in a whole cell lysate. The soluble portion of the cell lysate is then isolated by
centrifugation. The resulting supernatant is applied to a nickel affinity column.
The column is subsequently washed of all non-specifically bound proteins. The
target protein is then eluted from the column with a high imidazole buffer and
the isolated target protein is collected.
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2.2.7 Expression of Selenomethionine Derivatised FIP2

FIP2 was transformed from a DNA stock into BL21 DE3 E.coli cells and
grown on a kanamycin containing agar plate overnight. 10 ml of LB medium
was inoculated with a single E.coli colony from the agar plate. The following
morning this culture was used to inoculate a 1 | culture of M9 minimal
medium (2 mM MgSOs, 0.4 % glucose, antibiotic(s) (1:1000), 1% BME
vitamins 100x (Sigma-Aldrich), 1% trace elements 100x (13.4 mM EDTA,
3.1 mM FeCls3, 0.62 mM ZnCly, 76 uM CuClz, 42 uM CoCl; 162uM H3zBO3
8.1 uM MnClIy, pH to 7.0, sterile filtered)).

The culture was let grow to an OD (Asoo) of between 0.8 and 1. At this point

the following amino acids were added as solids:

0.1g of lysine, threonine, phenylalanine,

0.05g of leucine, isoleucine, valine

0.05g of L (+) selenomethionine (ACROS Organics 259960025)

Expression was induced 15 min later and the culture was grown overnight at
18°C. The following morning the cells were spun down at 3500 rpm in a floor

centrifuge. The cell pellets were purified as described in section 2.2.6.

2.2.8 Purification of Proteins for Isothermal Titration Calorimetry
Proteins produced for ITC analysis were expressed in E.coli culture. All
Rab1l mutants and FIP2 were expressed at 18°C as described in section
2.2.6. The cells were then harvested in a floor centrifuge by spinning at 3500
rpm for 10 min. Cells were either washed in PBS and then stored at -20 °C or
purified immediately. When purified immediately, the cells were re-
suspended in extraction buffer (300 mM NaCl, 10 mM Tris, 10 mM
imidazole, 5 mM 2-mercaptoethanol, 5 mM MgCl,) and passed through a
dounce homogeniser until the suspension was smooth. The cells were then
lysed by sonication as described in section 2.2.6. The cell lysate was
centrifuged at 18000 rpm for 45 min. The resulting supernatant was applied
to a gravity column containing nickel agarose resin. The resin was washed
thoroughly with extraction buffer (300 mM NaCl, 10 mM Tris, 10 mM
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imidazole, 5 mM 2-mercaptoethanol, 5 mM MgCl;) until it was
demonstrated by Bradford assay that the buffer was no longer removing
protein from the column. Following this, the resin was washed with
approximately 20 ml of wash buffer (300 mM NaCl, 10 mM Tris, 40 mM
imidazole, 5 mM 2-mercaptoethanol, 5 mM MgCIl;). The protein was then
eluted from the column using elution buffer (300 mM NaCl, 10 mM Tris, 200
mM imidazole, 5 mM 2-mercaptoethanol, 5 mM MgCl,). The elution was
tested with Bradford assay and halted after the drops stopped showing the

presence of protein.

Eluted protein was concentrated to a volume of 5 ml or less and subjected to
gel filtration chromatography using a superdex 75 16/60 gel filtration column
(GE Lifesciences) (150 mM NaCl, 10 mM Tris, ImM DTT, 5 mM MgCl,).
In the case of the effector FIP2, the protein was first subjected to ion exchange
purification. The resulting peak was then pooled and the purity assessed by
SDS PAGE. The proteins were co-dialysed overnight to ensure homogeneity

of buffer solutions before the ITC experiment was performed.

2.2.9 Purification of FIP2 for Crystallisation
FIP2 was expressed in culture overnight at 18°C and purified from E.coli as

described in section 2.2.6.

The isolated FIP2 protein was cleaved overnight with Tobacco Etch Virus
nuclear-inclusion-a endopeptidase (rTEV) protease in dialysis with low salt
buffer (5 mM NaCl, 10 mM Tris, 5 mM 2-mercaptoethanol). The uncleaved
protein was separated from the cleaved protein using the batch method of
nickel affinity chromatography. 2.5 ml of nickel resin was added per 5 ml of
protein solution and rotated slowly for 45 min. Following this, the protein
resin solution was passed through a gravity flow column to remove the beads
from the protein solution. The remaining cleaved protein was washed from
the beads with a few millilitres of dialysis buffer. The protein was then
dialysed further into low salt buffer (5 mM NaCl, 10 mM Tris, 5 mM 2-

mercaptoethanol) for up to 3 hrs.

The protein was applied to a Mono Q anion exchange column (GE

Lifesciences) and a salt gradient was applied from low salt (5 mM NaCl, 10
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mM Tris, 1 mM DTT) to high salt (1 M NaCl, 10 mM Tris, 1L MM DTT). The
left side of the resulting peak contained pure, cleaved FIP2 as demonstrated
by SDS PAGE. The purified FIP was then run on a gel filtration column
superdex 75 16/60 (150 mM NaCl, 10 mM Tris, 1 mM DTT). The resulting

peak was taken and concentrated to >6 mg/ml for crystallisation.
Biophysical Techniques

2.2.10 Isothermal Titration Calorimetry

Proteins were purified as described in section 2.2.8. Following purification,
Rab proteins were concentrated to a minimum concentration of 500 pM, and
the effector protein, FIP2, was concentrated to a minimum concentration of
50 uM. The proteins were then co-dialysed into ITC buffer (150 mM NacCl,
10 mM Tris, 1 mM DTT) in order to prevent buffer mismatch during the
titration experiment. The calorimetric measurements were taken using an
ITC-200 instrument (MicroCal Inc.). Titrations were performed at 293.15K.
In each case, the effector protein FIP2 was in the calorimetric cell and the
Rab protein was injected into the FIP2 in 2.5 pl injections. Data analysis was
performed using Origin 7.0 software. Curves were fitted to a single site

binding model.

2.2.11 HPLC Analysis of Rab Nucleotide Composition

After completion of the ITC titrations, samples of Rab proteins were frozen
for analysis by HPLC. Having been thawed, Rab proteins were subjected to
boiling for 3 min to denature the proteins and release the nucleotide. Samples
were then cooled on ice for a few minutes before being centrifuged in a

minifuge in the cold room for 30 mins.

To prepare samples for HPLC analysis, 100 ul of supernatant was taken and
combined with 50 pl of buffer (100mM potassium phosphate, 8mM TBA,
pH6.5), the pH of the solution was confirmed by pH strip and the solution

was passed through a syringe top filter.

Standards were prepared by creating a solution of 100 pl of 100 uM
GTP/GDP. This solution was then supplemented with 50 pl buffer A and
filtered.
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Samples were analysed using a Zorbax 300SB-C18 (solvent saver plus
3.0x150mm 3.5micron)(P.N. 863974-302) 20-25 ul of sample was injected
and eluted via an isocratic gradient of buffer (L00mM potassium phosphate,
8mM TBA, pH6.5). The column temperature was set at 40°C.

Protein Analysis

2.2.12 Bradford Protein Assay

To assess the presence of protein in a solution during a purification scheme,
a rudimentary Bradford protein assay was performed. On a piece of parafilm
30 ul drops of Bradford solution were aliquoted. To these, 3 pl drops of the
solution to be assessed were added. The resulting colour change from brown
to blue was judged by eye and used to confirm the presence or absence of
protein in a qualitative fashion.

For a more accurate assessment of protein concentration, a standard curve
was set up using bovine serum albumin (BSA). Various concentrations of
BSA, ranging from 0.1 mg/ml to 1 mg/ml were added to a Bradford solution
(10 ul BSA into 590 pl Bradford solution). These solutions were assessed in
a spectrophotometer at 280 nm and a standard curve constructed. Following
this the protein sample of unknown concentration was assessed with the
Bradford solution in the same way and the standard curve was used to

determine its concentration.

2.2.13 Determining Concentration by Nanodrop Spectrophotometry

The nanodrop spectrophotometer was used as the primary method of
determining protein or DNA concentration during this study. The instrument
pedestal was first cleaned thoroughly using water and a lint free wipe. The
appropriate mode for measuring nucleic acid or protein solution was selected
on the computer interface. The instrument was initialised using milliQ H20.
Following this, a 2 pl drop of buffer was applied to the pedestal and the
instrument was normalised to the appropriate buffer. The sample was then
applied to the pedestal and the absorbance measurement taken twice. An

average of the two results was used as the measure of absorbance. For protein,
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the Beer-Lambert law was then employed to work out the concentration of

the protein from the absorbance.

2.2.14 Bicinchoninic Acid Assay

The BCA assay was employed as an alternative measure of protein
concentration. A QuantiPro BCA assay kit (Sigma) was used and the standard
protocol was followed.

Crystallisation Techniques

2.2.15 Crystal Screening

Protein targets were purified and concentrated to between 5-10 mg/ml before
being screened for crystallisation hits. Screens were set up in a 1:1 ratio using
96 well plates using a Mosquito robot (TTP Labtech). Sparse matrix screens
were employed to set up vapour diffusion sitting drops containing 100 nl of
protein solution and 100 nl of reservoir. The reservoir volume used was 70
pl. Sparse matrix screens were obtained from Jena Bioscience, Molecular

Dimension, and Qiagen.

2.2.16 Crystal Optimisation
Hit conditions were optimised in 24 well grid screens. The vapour diffusion
method was employed as in the initial screening process; however, during
optimisation, hanging drops were set up using larger volumes- 2 ul of
reservoir and 2 pl of protein.

2.2.17 Circular Dichroism analysis

Protein structure of FIP2 was analysed by CD analysis using a Jasco815
instrument. Pure, uncleaved FIP2 was dialysed into 100mM phosphate buffer
at a range of pH values: pH 8, 7, 6.5 and 5.8. Proteins were analysed at a
concentration of 0.1mg/ml in a 0.02 cm path length cell using Jasco-815
spectrapolarimeter (Jasco Inc.). Elipticity was recorded between 190 nm and

250 nm wavelengths with 4 accumulations being made per sample.

2.2.18 Dynamic Light Scattering
Protein structure of FIP2 was analysed by DLS. After purification,

uncleaved protein, at a concentration of 0.6mg/ml in gel filtration buffer
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(100mM NaCl, 10mM Tris, ImM DTT) was diluted 1:1 into either gel
filtration buffer, or sodium acetate pH4.8. Samples were spun down to

remove insoluble aggregates and filtered before being analysed.
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Chapter 3:

Thermodynamics of
Rabl1l/Rabl14 Association with
FIP2
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3.1 Introduction

The Rab11 family members are associated with recycling endosomes (REs)
and have functions in the recycling of early endosomes (EES) to the TGN
[237]. Rabl11 family members interact with a class of effectors termed the
Rab11FIPs. The FIPs are divided into two subclasses, class I and class I1.
Rab11 family members interact with both classes of FIPs. Rab14 is another
group Il Rab. Although it is not part of the Rab11 subfamily, Rab14 has the
ability to binds class | FIPs [233-235]. FIP2, a class | FIP, is a shared
effector for Rab11 and Rab14. Previous work has shown that Rab14 has a
reduced affinity for FIPs in comparison to Rab11 and is tenfold weaker in
its affinity to FIP2 [284, 285]. For the purposes of our study, all Rab11
constructs used were Rabl1a derivatives. By comparing the structures of
Rab11-FIP2 and Rab14-RCP (another class | FIP), we may speculate about
the structural differences determining the affinities of the complexes [281,
284].

Although the complexes are topologically identical, distinct features of
sequence and structure exist between them. The starkest of these differences
occurs in Switch | of Rab14, which has an unusual intramolecular disulphide
bond between C26 and C40 which is not present in Rabll. This GTP
dependent disulphide is a distinct and unique feature of Rab14 and the effect
it may have on effector binding is an intriguing question. Furthermore, other
less obvious differences between the Rabs exist. In Rabl4 a lack of
electrostatic parity is observed in comparison to Rab11-FIP complexes. A
positively charged residue in Rab11 (Lys41) is replaced by a proline residue
in Rabl14. This disrupts a salt bridge formed between Rabll and FIP.
Significant differences are apparent in switch Il of Rab14 when compared
with Rab11. In Rab14 a P-loop methionine at position 20 protrudes into space
usually occupied by the catalytic glutamine and causes residues 70-73 to form

an alternative backbone conformation [281, 284] (see Figure 1.3.1).

In this work, we will examine these three differences: the existence of the
disulphide bond, the lack of electrostatic parity between Rabl4 and FIP

effectors and the methionine residue causing alterations to the switch 1l
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conformation by mutation analysis. We will determine whether mutating
Rab11 at specific points to match the equivalent residues in Rab14 will have
an effect on the affinity of the Rab for FIP2. Thereby we will establish which
elements are important in determining the affinity of the Rabs for their shared

effector.
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3.1.2 Scientific Objectives
e To determine the factors which influence the reduced affinity of

Rab14 to class | FIPs in comparison to Rab11.
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3.2 Results
3.2.1 Generation of Rab11 Mutants

In order to fulfil our goal of establishing those factors which influence the
affinity of Rab11/Rab14 for FIP2, we first chose key sequence elements
which we postulated may influence the differential affinities between the
Rab-effector complexes. We then mutated specific Rabl11a residues to make

the protein more ‘Rabl4-like’ in character.

The most obvious of these differences is the intramolecular disulphide bond
found in the Rab14-RCP structure [284]. Rabl1la constructs were generated
containing a single cysteine mutation (N26C) and a double cysteine mutation
(N26C, S40C) as found in Rabl4. A parent construct containing these
mutations was already extant in the lab. However, the construct was tested
for the presence of nucleotide by HPLC analysis and found to be in the GDP
locked state. Therefore, further mutations were produced in order to produce
constitutively active Rab11 constructs (Q70L) containing the mutations in
question. All Rabll and Rabl4 constructs discussed here are in the
constitutively active (Q70L) form unless expressly labelled wt (wild type).
The Q70L mutation locks the protein in the GTP bound form by substituting
a catalytic glutamine, which is necessary for hydrolysis, with a leucine
residue. This method ensures that the proportion of Rab in the GTP bound
state is comparable between samples. When using wild type Rabs a number
of problems arise. Different wild type Rabs hydrolyse GTP at different rates
and, therefore, it is difficult to guarantee that equivalent proportions of two
different Rabs are in the active form. The use of GppNHp may help to combat
this problem. However, the efficiency of nucleotide exchange also varies

between Rab proteins and this process may be prohibitively expensive.

Another Rab11 mutant was produced which contained two other mutations
which appear to be significantly different between Rab11 and Rab14, S20M
and K41P.This construct was also in the constitutively active form (Q70L)

(see list of constructs Table 2.1.1).

The cysteine mutations were analysed by SDS PAGE (see Figure 3.2.1). The
mutants were run on an SDS PAGE along with Rab11.The samples were run
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in a loading dye containing reducing agent DTT and then in a loading dye
containing no reducing agent. Differences in the mobility of the proteins
containing the cysteine mutations under non-reducing conditions are clearly
observable. The Rabl11 double cysteine mutant (Rab11CC) runs faster than
Rab11. This may indicate that the protein is more compact due to the presence
of a disulphide bridge. Interestingly, the Rabll single cysteine mutant
(Rab11NC) runs as a double band under non-reducing conditions. This
suggests that the protein exists as two species, one similar to the double
cysteine state and one similar to the Rab11 state. This may indicate that the
difference in mobility is not due to the formation of a disulphide. Perhaps the
cysteine residues are contributing to the mobility of the Rabs in another way,
possibly due to the oxidisation state of the cysteine side chain sulphur residue.
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Figure 3.2.1 Reducing/Non-Reducing Analysis of Rab11 Cysteine Mutants.

Differences in the mobility of the proteins containing the cysteine mutations
under non-reducing conditions are observable. The Rab11CC sample runs faster

than Rab11. The Rab11NC mutant runs as a double band under non-reducing
conditions suggesting that the protein exists as two species, partially similar to

the double cysteine and partially similar to Rab11.
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3.2.2 Biophysical Analysis of Rab11 Mutants and Rab11 by Isothermal
Titration Calorimetry

The Rabll mutants and Rabll were analysed by Isothermal Titration
Calorimetry (ITC) to examine their binding to FIP2. All proteins were
expressed in E.coli and purified by nickel affinity chromatography, followed
by gel filtration chromatography (see Figures 3.2.2 — 3.2.6). In the case of
FIP2, an additional ion exchange chromatography step was included in the

purification scheme (not shown).

A series of titrations were then performed between the Rabs and FIP2.
Interestingly, the most distinct feature of Rabl4, the intramolecular
disulphide, does not appear to have an effect on the affinity of Rab11 for
FIP2. Rather, it appears that the less dramatic sequence mutations (K41P and
S20M) cause reduced affinity to FIP2 (See Table 3.2.7/ Figures 3.2.8-3.2.14).
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Figure 3.2.2 Purification of FIP2 for ITC. FIP2 was expressed and extracted
from E.coli cell culture as described in Chapter 2. The protein was not cleaved.
A small impurity exists running close to the bulk FIP2 as seen by SDS PAGE
analysis (bottom panel). This may be a contaminating bacterial protein or,
alternatively, may represent a cleavage event in the FIP2. In order to minimise
this impurity, the FIP2 was first subjected to ion exchange chromatography

followed by gel filtration chromatography (top panel).
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Figure 3.2.3 Purification of Rabll for ITC. Constitutively active Rabll
(Q70L) was expressed and purified from E.coli culture as described in Chapter
2. The protein was further purified by gel filtration chromatography and elutes as
one major peak (see upper panel). The Rab11QL is of reasonable purity as shown
by SDS PAGE analysis (bottom panel). This figure represents an example of a
Rab11 Purification. Many replicates of Rab11QL titrations were repeated over
the course of the experiment (n=7).

76



Rab11CC
1200.00
1000.00
800.00

600.00

A,z (MAU)

400.00
200.00 J}
0.00 20.00 40.00 60.00 80.00 100.00 120.00 140.00
Elution Volume (ml)

kDa
116
66.2
45

35
25

18.4

£ 01 L Ladde,

14.4

Figure 3.2.4 Purification of Rab11CC for ITC. Constitutively active Rab11
double cysteine mutant (Q70L, N26C, S40C) was expressed and purified from
E.coli culture as described in Chapter 2. The protein was further purified by gel
filtration chromatography and elutes as one major peak with some high and low
molecular weight impurities (see upper panel). The Rab11CC is of reasonable
purity as shown by SDS PAGE analysis (bottom panel) with a lower molecular
weight impurity representing a very small fraction of the solution.

77



Rab11NC

1600.00
1400.00

0.00 20.00 40.00 60.00 80.00 100.00 120.00 140.00
Elution Volume (ml)

Rab1inc

kDa
116

66.2
45

35
25

18.4

£ 01 L Ladge,

14.4

Figure 3.2.5 Purification of Rab11NC for ITC. Constitutively active Rab11
single cysteine mutant (Q70L, N26C) was expressed and purified from E.coli cell
culture as described in Chapter 2. The protein was further purified by gel filtration
chromatography and elutes as one major peak with a number of minor peaks (see
upper panel). The Rab11NC is of good purity as shown by SDS PAGE analysis
(bottom panel).
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Figure 3.2.6 Purification of Rab11SM,KP for ITC. Constitutively active
Rab11 containing two mutants (Q70L, S20M, K41P) was expressed and purified
from E.coli culture as described in Chapter 2. The protein was further purified by
gel filtration chromatography and elutes as one major peak with some minor
peaks (see upper panel). The Rab11SM,KP is of good purity as shown by SDS
PAGE analysis (bottom panel).
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Rab Effe- Kq(nM) N AG AH A8
ctor (kcal/K/  (kcal/mol) (cal/mol/

mol) deg)

Rabll FIP2 223+35% 0.9 -7.9 -10 -7

QL

Rabll wt | FIP2 1831 0.7 -17.7 -10.1 -8.2

(GDP)

Rabl1CC | FIP2 243+10% 0.9 -89 -12.5 -12.3

RablINC | FIP2 252+10% 0.8 -8.8 -11.8 -10.2

Rabl11SM, | FIP2 704+25% 09 -8.3 -11.5 -10.8

KP

Table 3.2.7 Biophysical Analysis of Rabll and Rabll Mutants. In each
titration, Rab protein was injected into a calorimeter cell containing FIP2 at
approximately 10X lower concentration. All experiments were performed at
least twice, except for the titration of Rab11wt into FIP2 which was performed
only once. No significant difference in affinity (Kq) is measurable between
Rab11QL and Rabl1l double/single cysteine mutant. Nor is there a significant
difference in the entropy (AS), enthalpy (AH) or Gibbs free energy (AG) values
of the interaction. However, the Rab11SM,KP mutant shows approximately 3X
weaker affinity for FIP2. The stoichiometry (N) for all reactions is similar and
close to a 1:1 interaction.
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Figure 3.2.8 Titrations of Rab11QL into FIP2. Figure A and B overleaf show
the raw data (top panel) and integrated heats (bottom panel) for two titrations of
Rab11QL into FIP2. For each titration approximately 400 pM Rab11QL was
injected into a cell containing approximately 40 uM FIP2. Data was processed
using Origin software provided by Microcal, LLC. The Binding model was
assumed to be 1:1. Data were fit to a quadratic binding curve using the isothermal
titration calorimetry plugin for Origin (version 7.0). Multiple replicates were
performed (n=7).
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Figure 3.2.10 Titrations of Rab11CC into FIP2. Figure A and B overleaf show
the raw data (top panel) and integrated heats (bottom panel) for two titrations of
Rab11CC into FIP2. For the titration shown in panel A 500 uM Rab11QL was
injected into a cell containing 50 uM FIP2. For the titration shown in panel B
300 uM Rab11QL was injected into a cell containing 30 uM FIP2. Data was
processed using Origin software provided by Microcal, LLC. The Binding model
was assumed to be 1:1. Data were fit to a quadratic binding curve using the
isothermal titration calorimetry plugin for Origin (version 7.0).
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Figure 3.2.11 Titrations of Rab11NC into FIP2. Figure A and B overleaf show

the raw data (top panel) and integrated heats (bottom panel) for two titrations of
Rab11NC into FIP2. For the titration shown in panel A, 500 UM Rab11NC was
injected into a cell containing 50 puM FIP2. For the titration shown in panel B
300 uM Rab11QL was injected into a cell containing 30 pM FIP2. Data was
processed using Origin software provided by Microcal, LLC. The Binding model
was assumed to be 1:1. Data were fit to a quadratic binding curve using the
isothermal titration calorimetry plugin for Origin (version 7.0).
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Figure 3.2.12 SDS PAGE Analysis of Titrations of Rab11CC and Rab11NC
into FIP2. The quality of protein used for the titrations shown in figure 3.2.10
and 3.2.11 was analysed by SDS PAGE. Rab11CC, Rab11NC and FIP2 are
shown above. The protein recovered from the experimental cell at the end point

of the titrations is also shown for each titration.
Injection 1- 500 uM Rab11CC into 50 uM FIP2.
Injection 2- 300 uM Rab11CC into 30uM FIP2.
Injection 1-500 UM Rab11NC into 50 uM FIP2.
Injection 2- 300 UM Rab11NC into 30 uM FIP2
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Figure 3.2.13 Titrations of Rab11SMKP into FIP2. Figures A and B (overleaf)
and C (above) show the raw data (top panel) and integrated heats (bottom panel)
for three titrations of Rabl11SMKP into FIP2. For all the titrations 490 uM
Rab11NC was injected into a cell containing 50 uM FIP2. Data was processed
using Origin software provided by Microcal, LLC. The Binding model was
assumed to be 1:1. Data were fit to a quadratic binding curve using the isothermal
titration calorimetry plugin for Origin (version 7.0).
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Figure 3.2.14 SDS PAGE Analysis of Titrations of Rab11SM,KP into FIP2.

The quality of protein used for the titrations shown in figure 3.2.12 was analysed
by SDS PAGE. Rab11SM,KP and FIP2 are shown above. The protein recovered
from the experimental cell at the end point of each of the titrations is also shown.
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3.2.3 Nucleotide analysis by HPLC

In order to perform biophysical analysis on the Rabs in the active GTP bound
state, a series of constitutively active Rab mutants were generated (Q70L). It
was confirmed that wild type Rab11 is largely in the GDP bound form after
purification. Therefore, we sought to confirm that the Q70L mutation was
successful in ‘locking’ the Rab in the GTP bound state. This analysis was
done using reverse phase HPLC. All Rabs and mutants were shown to contain
a majority of GTP nucleotide bound, with a minor fraction of GDP (see
Figures 3.2.15 and 3.2.16). The proportion of nucleotide was similar for all
Rab mutants tested, ensuring that differences in affinity could not be

contributed to the Rab activity state.
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Figure 3.2.15 HPLC Analysis of Rab11CC, Rab11NC and Rab11QL. Panel
A (overleaf) shows GDP/GTP standards analysed by reverse phase HPLC. Panel
B shows nucleotide extracted from Rab11CC, Rab11NC and Rab11QL analysed
in a similar fashion. The X-axis shows the time in minutes and the Y-axis shows
the absorbance in AU. Protein samples were taken from those Rabs which were
prepared for ITC analysis. Rab proteins for HPLC analysis were of slightly
different concentration owning to constraints in the amount of protein available
for analysis. This is reflected in the variable quantities of nucleotide eluted from
the column. However, in each case a similar proportion of GDP:GTP is seen for
each Rab. The percentage area under the GTP peak is similar to or slightly higher
than that of the constitutively active (QL) sample in the case of each of the
mutants.

Rab11QL: GDP- 16.2%, GTP- 81.8%
Rab11NC: GDP- 11.6%, GTP- 86.5%
Rab11CC: GDP- 10.6%, GTP- 87.8%

It follows that all Rabs analysed are, for the major part, in the active GTP bound
state, with the lowest percentage active Rab being the Rab11QL sample.
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Figure 3.2.16 HPLC Analysis of Rab11SM,KP. Panel A (overleaf) shows
GDP/GTP standards analysed by reverse phase HPLC. Panel B shows nucleotide
extracted from Rab11SMKP analysed in a similar fashion. The X-axis shows the
time in minuites and the Y-axis shows the absorbance in AU. Protein samples
were taken from those Rabs which were prepared for ITC analysis. A similar
proportion of GDP:GTP is reflected in this experiment as demonstrated in the
previous experiment (Figure 3.2.15). The Rab protein is shown to be, for the
major part, in the active GTP bound state and the percentage area under the GTP
peak is similar to or slightly higher than that of the constitutively active (QL)
sample.

Rab11SMKP: GDP- 11%, GTP- 83.7%

It follows the mutant Rab11SMKP has a similar percentage active state to the
Rab11QL sample and variation in the binding affinity is a result of the mutations
introduced into the protein.
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3.3 Discussion

Initial preparation for biophysical analysis of Rabll involved the
introduction of a number of mutations into Rab11 in order to introduce Rab14
character to the protein. Rab14 retains the ability to bind Class | FIPs.
However, it is important to remember that Rab14 is not a Rabll family
member, but rather a more divergent group Il Rab with a distinct functional
niche. As such, distinct structural and sequence differences exist between
Rab14 and Rab11 family members, which are extremely similar in sequence,
particularly within the switch regions. The most obvious, and perhaps the
most interesting of these differences is a unique intramolecular disulphide
that is defined in the crystal structure of Rab14-RCP. This disulphide bond is
formed between C26 and C40 near switch | [284]. In the Rabl1-FIP2
complex, switch | of Rab11 is embedded between the two helices of FIP2
[204]. It is possible that the unique cysteine residue in switch | of Rab14,
which is shown to form a disulphide in the Rab14-RCP crystal structure, may
influence the affinity of Rab14 for the effector. With this in mind, a single
cysteine mutation and a double cysteine mutation were generated in
constitutively active Rab11. These mutants were analysed by SDS PAGE
under non-reducing conditions and were found to have significant differences
in mobility. Interestingly, the single cysteine mutant was found to run as a
double band under SDS PAGE, suggesting that two species are formed or
that the protein moving between states found in native Rab11 and the double

cysteine mutant.

Having established a significant difference between the Rabll and the
cysteine mutants, biophysical analysis was performed to examine any
influence the mutations may have on Rabll affinity. Surprisingly, no
significant influence on affinity was measured in either the single cysteine
mutation or the double mutation. We must conclude that, although the GTP
dependent disulphide present in Rab14 is a distinct and unique feature of the

Rab, it does not play a major role in influencing its affinity for FIP2.

Further distinct features between the Rabs were examined. A combination of
mutations, S20M and K41P, were introduced into a constitutively active

Rab11. The affinity of this construct for FIP2 was found to be significantly
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reduced in comparison to Rab11. It is likely that these residues contribute to
the reduced affinity of Rabl4 for FIP2 in comparison to Rabll family
members. This quantitative data provides good evidence that these seemingly
minor sequence changes have a significant influence of the affinity of the
interaction. The S20M mutation is positioned in the P-loop. A serine residue
found in Rab11l family members is instead a methionine in Rab14. In fact
Rab14 is the only Rab with a large hydrophobic side chain at this position.
This methionine causes the switch Il region to adopt an alternative backbone

conformation.

In Rabll family members residue 41 is a positively charged lysine
(Rablla/b) or arginine (Rab25) residue. However, in Rab14, this position is
replaced by a proline residue which is both uncharged and represents a
significantly different side chain conformation. In their interactions with
Rab11 family members the charged residues at position 41 interact with a
conserved glutamate in FIP effectors. This interaction is abolished in Rab14

and contributes to a lack of electrostatic parity.

Our evidence suggests that a lack of electrostatic parity and a shift in the
conformation of switch Il has a significant influence on the affinity of Rab14
for FIP2. However, it should be noted that these differences are not sufficient
to account for the affinity of Rab14 for FIP2 which is reported in the literature
as approximately tenfold weaker than that of Rabll [284]. It must be
concluded that Rab-effector specificity and affinity are multifactorial issues,

which are influenced by multiple sequence elements.

Our aim in generating a series of constitutively active (Q70L) Rab mutants
was to ensure that titrations and biophysical analysis would be carried out on
Rab in the active, GTP bound form. The GTP bound Rab is the biological
effector for FIP. In this state, the Rab is membrane localised and will carry
out its effector functions. The Rabs used for biophysical analysis were tested
for the presence and proportion of nucleotide after titrations were performed
in order to ensure that the ITC experiments were performed on biologically
active Rab. HPLC analysis confirmed that Rabs were, in the majority, GTP

bound, with a minor fraction in the GDP bound state. The proportion of

93



GTP;GDP bound was similar for all Rabs, indicating that our comparisons of

affinity are valid.
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Chapter 4:

Purification and
Crystallisation of FIP2
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4.1 Introduction

FIP2 is a member of the Rab11 family interacting proteins (FIPs). These are
a conserved family of effectors which bind to a subset of Rabs and Arfs. The
FIPs are characterised by their ability to bind the Rab11 subfamily of proteins
through their C-terminal RBDs.

The FIPs can be divided into two groups. The class | FIPs all contain C2
domains and they include Ripl1(aka FIP5), FIP2 and RCP (aka FIP1) [232].
The class Il FIPs; FIP3 and FIP4, are known to interact with Arfs. They
contain ERM domains, EF hands and a proline- rich region [236]. FIP1 one
does not contain any of these identifying motifs and therefore is not
categorised into either of the subgroups [278]. In complex with their
effectors, the FIPs form dimeric alpha helical coiled coils, providing two
symmetrical Rab binding sites at their C-termini and domains which can

modulate other functions at their N-termini.

FIP2 is a member of the class | FIPs. It may bind to the members of the Rab11
subfamily, but also to a closely related Rab, Rabl14. The Rabll family
members are associated with recycling endosomes (REs) and have functions
in the recycling of early endosomes (EES) to the trans-Golgi network (TGN)
[237]. The FIPs have roles at multiple points in these events. FIP2 functions
in regulating transcytosis [245], apical targeting [277] and in regulating
recycling systems [231].

Along with Rab14, FIP2 has been implicated in the progression of chlamydial
infection. FIP2 has been shown to be recruited to chlamydial inclusions. The
protein and its Rab interacting proteins have been implicated in chlamydial
infection. However no other member of the FIPs have been shown to be
localised to these structures [230, 278]. FIP2 silencing decreases the bacterial
progeny demonstrating its importance for bacterial replication. FIP2 binds to
Rabll at the inclusion membrane. The bound FIP2 then favours the
recruitment of Rab14. It is likely that the bacteria recruits FIP2 to hijack host
intracellular trafficking in order to redirect vesicles full of nutrients to the
inclusion [279].
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4.1.2 Scientific Objectives

To solve the structure of FIP2 in complex with Rab14, in order to
further understand the specificity of Rab14 for class | FIPs

To solve the structure of FIP2 (uncomplexed), in order to understand
the structure of the pre-binding state of the effector. Currently there

are no crystal structures of uncomplexed Class 1 or Class Il FIPs.
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4.2 Results

Initial crystallographic trials focused on obtaining crystals of the Rab14:FIP2
protein complex. Truncated Rab14 and FIP2 constructs extant in the lab were
chosen. These constructs have been shown, through previous work, to be well
expressed in E.coli culture and stable in solution for a long enough period of
time, and at a sufficient concentration, to allow them to be suitable candidates
for crystallisation trials. The initial purification strategy for the complex
involved purifying FIP2 (441-498) and Rab14 (7-175) separately by nickel
affinity chromatography followed by cleavage of the His tag, and then further
purifying the proteins by ion exchange to ensure their homogeneity. After the
ion exchange step, the proteins were combined and subjected to gel filtration
chromatography. However the Rabl4:FIP complex did not separate well
from the excess FIP2. The two Gaussian peaks expected to form under gel
filtration chromatography were merged and therefore the fractions containing
Rab14 also contained a non-stoichiometric amount of FIP2. The final sample,
which was set up in a crystallisation trial, was biassed towards FIP2. Despite
this obvious disadvantage, some crystals were obtained. Crystal growth
occurred after approximately two weeks post set up, at a protein
concentration of 6 mg/ml. The hit condition consisted of 0.01 M Cobalt
chloride 0.1 M Na acetate pH 4.6 1.0 M 1,6-Hexanediol from the sparce
matrix screen Structure Screen | and Il (Hampton Research).These crystals
were tested at the APS beamline and found to diffract to 2.37-2.29 A. Initial

attempts at molecular replacement from these crystals were unsuccessful.

The initial crystals produced in sparse matrix screening were replicated in
hanging drop 24 well screens. These crystals were produced in a much larger
volume of 4 pL drops and were accordingly much larger is size. Their
increased size allowed for the crystal composition to be analysed by SDS
PAGE. This analysis indicated that the crystals were formed exclusively from
FIP2 and any Rab14 in the solution was excluded from the crystal. With this
knowledge, further attempts to optimise the crystallisation strategy of FIP2
were made, excluding Rab14 from the purification. Optimised crystals were
produced from these more homogenous protein preparations and crystals of

a more regular morphology were obtained in a similar crystallisation
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condition. Slight adjustments of the pH of the sodium acetate crystallisation
buffer resulted in crystals of varying morphology. At pH 4.6, clumps of
crystals were formed around a single nucleation point. At pH 4.8, multiple
nucleation points allowed for the development of showers of single crystals.

In order to obtain phase information to rectify problems with molecular
replacement, an attempt was made to produce crystals using
selenomehtionine derivatised FIP2. The selenomethionine derivatised FIP2
was well expressed and purified to a sufficient concentration of homogenous
protein. However, no crystals were formed in the native crystal condition, or

when subjected to sparce matrix screening.

In order to gain some phase information an alternative strategy was adopted.
Upon data collection at Synchotron Soleil, an anomalous data set was
collected from native crystals along the cobalt energy edge. The presence of
cobalt chloride is required for crystal growth. Therefore, a reasonable
assumption was made that cobalt atoms occupied specific sites within the
crystal lattice. It was possible to obtain some phase information from the
cobalt atoms. Crystals produced in optimised, hanging drop screens were
tested at the Synchrotron Soleil facility and found to diffract to 3.5 A. An
anomalous data set was also collected along the cobalt energy edge. The data
was anomalous to approximately 5 A. Attempts to use this data set to provide

phasing information were, unfortunately, not successful.

Following these setbacks, the original data collected at APS beamline was re-
examined. A novel molecular replacement strategy using the programme
Arcimboldo was adopted. In this strategy, short poly-alanine alpha helices
were used as molecular replacement models and connected to build larger
alpha-helical segments. Four molecules of FIP2 were built by Arcimboldo
using only the reflection file as the starting point for ab initio structure
determination [286].
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4.2.1 Crystallisation of FIP2

The starting aim of this project was to achieve crystallisation of the
Rab14:FIP2 complex. With this aim in mind, Rab14 (7-175) and FIP2(441-
498) were expressed with a His tag in BL21 DE3 E.coli cells and purified by
nickel affinity purification (see Figure 4.2.1). Both proteins were well
expressed in a soluble form. The proteins were cleaved of their His tags.
However, the cleavage efficiency of Rab14 was poor and resulted in a
relatively small volume of dilute protein in comparison to that of FIP2.
Following affinity chromatography from cell lysate and subsequent cleavage,
the proteins were further purified by anion exchange chromatography using
amonoQ column to ensure their homogeneity as shown in figures 4.2.2-4.2.5.
The Rab14 and FIP2 were then combined and run over a superdex75 16/60
gel filtration chromatography column. It was expected that the gel filtration
column would separate out the Rab14:FIP2 complex from the excess FIP2
resulting in a stoichiometric complex. However, the two species were not
sufficiently separated and eluted from the column in two overlapping peaks
(see Figures 4.2.6 and 4.2.7). It is possible that, due to the non-spherical
coiled coil configuration of the FIP2, the protein eluted from the column at a
point which would represent a larger molecular weight than when visualised
under the denaturing conditions of an SDS PAGE. The purification strategy
resulted in a Rab14:FIP2 solution that was heavily biassed towards FIP2, the
solution also contained a significant impurity of around 30kDa (see Figure
4.2.8). Despite these disadvantages, protein crystals appeared under sparse
matrix screening (Structure Screen, Hampton Research). The hit condition
consisted of 0.01 M Cobalt chloride 0.1 M Na acetate pH 4.6 1.0 M 1,6-
Hexanediol from the sparce matrix screen Structure Screen | and Il (Hampton
Research), with a protein concentration of 6 mg/ml. The crystals appeared
after approximately 14 days. The crystals were shard like in nature with an
irregular, jagged appearance. The crystals appeared to have nucleated from a

brown protein precipitate which formed soon after the plate was set up.

These crystals were analysed at the Advance Photon Source (APS) beamline
and were found to diffract to 2.37-2.29 A. Initial attempts at molecular

replacement were not successful. It was suspected that the composition of the
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crystals was not Rab14:FIP2 complex and further investigation as to their

composition ensued (see section 5.2.2).
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FIP2 Rabl14

12 3 4 5 6 7 8 9 1011 12 13

Lane 1. Ladder

Lane 2. FIP2 HB10C supernatant

Lane 3. Flow through, not bound to column
Lane 4. 10 mM imidazole wash

Lane 5. 30 mM imidazole wash

Lane 6. 200 mM imidazole elute

Lane 7. Second nickel purified, cleaved protein
Lane 8. Rabl14 supernatant

Lane 9. Rab14 flow through, not bound to column
Lane 10. Rab14 10mM imidazole wash

Lane 11. Rab14 30mM imidazole wash

Lane 12. Rab14 200 mM elute

Lane 13. Second nickel purified, cleaved protein

Figure 4.2.1 Nickel Affinity Chromatography and Cleavage. Lanes 2-7 show
FIP2 purified from cell lysate by nickel affinity chromatography and subsequent
cleavage with rTEV protease. Lanes 8-13 show a similar purification strategy for
recombinant Rab14
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18.
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Lane 1. Ladder

Lane 2. Mono Q elute 9 ml
Lane 3. Mono Q elute 10 ml
Lane 4. Mono Q elute 11.5 ml
Lane 5. Mono Q elute 13 ml
Lane 6. Mono Q elute 14 ml
Lane 7. Mono Q elute 26.5 ml
Lane 8. Waste

Figure 4.2.2 lon Exchange Purification of Rab14. Lanes 2-7 represent a series
of Gaussian peaks produced by ion exchange chromatography purification of
Rab14 analysed by SDS PAGE. Lane 8 shows the material which did not stick to
the ion exchange column.
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Figure 4.2.3 lon Exchange Purification of Rab14. The figure above (top panel)
shows a series of Gaussian peaks produced by Mono Q purification of Rab14.
The black line represents the absorbance at 280 nm and the red line denotes the
conductance in mS. The black arrow above the graph indicates the distribution of
the samples taken and analysed by SDS PAGE in the lower panel. Similarly the
black star indicates a sample taken from a peak eluting in higher salt. As reflected
in the SDS gel, this peak does not contain significant quantities of protein.
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Lane 1. Ladder
Lane 2. Mono Q elute Q 9.5 ml
Lane 3. Mono Q elute 10 ml
Lane 4. Mono Q elute 11 ml
Lane 5. Mono Q elute 22.5 ml
Lane 6. Mono Q elute 24 ml
Lane 7. Mono Q elute 14.5 ml
Lane 8. Waste

Figure 4.2.4 lon Exchange Purification of FIP2. Lanes 2-7 consist of samples
taken from a single peak of FIP2 eluted from a Mono Q column and analysed by
SDS PAGE. Initially the cleaved product of FIP2 is eluted (lane 1), followed by
FIP2 contaminated by the uncleaved His tagged precursor. Further optimised
purification strategies have managed to increase the cleavage efficiency and
increase the level of separation between the two species via ion exchange. Lane
8 shows the material which did not stick to the ion exchange column
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Figure 4.2.5 lon Exchange Purification of FIP2. The top panel of the figure
overleaf shows a series of peaks produced by ion exchange purification of FIP2
on amono Q column. The black line represents the absorbance at 280 nm and the
red line denotes the conductance in mS. The bottom panel shows an SDS PAGE
analysis of the purification, as described in figure 4.2.4. The black arrow indicates
the range of samples taken across the peak under the corresponding black arrow
in the top panel, the black star indicates a sample taken from the peak elution
later in the profile under higher salt concentrations. No useful target protein is
found to be eluting in this peak.
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< FIP2

Lane 1. Ladder

Lane 2. Gel Filtration elute 73 ml
Lane 3. Gel Filtration elute 74.5 ml
Lane 4. Gel Filtration elute 79 ml
Lane 5. Gel Filtration elute 82.5ml
Lane 6. Gel Filtration elute 105 ml

Figure 4.2.6 Co-Gel Filtration of Rab14-FIP2. The two proteins shown were
combined in non-stoichiometric amounts. When run on an sx75 gel filtration
column, the complex and FIP dimer peaks do not separate sufficiently. This is
illustrated in the SDS PAGE shown above where Rab14 is only present in the
fractions shown in lanes 2-3, representing the first half of the peak (see Figure
5.2.7). The SDS gel itself has flaws running at similar heights to the protein
ladder. This is likely a result of an error during loading of the gel.
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Figure 4.2.7 Co-Gel Filtration of
Rab14-FIP2. As discussed in figure
4.2.6, the gel filtration elution profile
(top panel) and corresponding SDS
gel analysis (bottom panel) shown in
the panels above represent the result
of combining non-stoichiometric
amounts of FIP2 and Rabl4 and
subjecting the complex to gel
filtration chromatography using a
Superdex 75 16/60 column. The black
arrow corresponds to samples taken
from the single peak eluted in the
profile. The peak displays a hump on
the left side. SDS PAGE analysis in
the bottom panel shows that all the
Rabl14 in the sample is localised to
this side of the peak, indicating that a
Gaussian  peak containing the
complex and a separate peak
containing the FIP2 dimer exist and
have not separated correctly. This
results in the fractions containing the
complex having an excess of FIP2.
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Figure 4.2.8 Crystallisation Trials. The purified complex shown in panel A
contains some impurities, the most significant of which runs at a molecular
weight between the 25 kDa and the 35 kDa markers. Furthermore the complex
appears to have a significant stoichiometric bias towards FIP2. Despite these
obvious drawbacks, some irregularly shaped crystals were obtained under sparse
matrix screening (panel B). These crystals appeared after two weeks, and were
nucleated from a brown protein precipitate. Crystals appeared in the sparse matrix
screen Structure Screen | and Il (Hampton Research) in the condition 0.01 M
Cobalt Chloride, 0.1M Sodium Acetate pH 4.6, 1 M 1,6-Hexanediol.
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4.2.2 Crystal Replication and Optimisation

From the results of the initial diffraction experiments, the composition of the
crystals was called into question. It became important to replicate and
optimise the crystals in order to analyse them to establish their composition,
and also to optimise the diffraction. The morphology, size and internal order

of a crystal all play a role in the quality of diffraction data produced.

The initial replication strategy followed an identical procedure to that
undertaken during the production of the initial crystals. This purification
scheme produced protein of a similar composition and concentration to the
initial crystallisation experiment. Hanging drop screens were set up in a 24
well grid format, maintaining similar crystallisation conditions to those in
the initial sparse matrix screen, (0.01 M Cobalt Chloride, 0.1M Sodium
Acetate pH 4.6, 1 M 1,6-Hexanediol) but with slight variations in pH. Crystal
screens were incubated at 16 °C for two weeks before crystal growth was
observed. Replicated crystals developed at a varied pH to the initial condition
(0.01 M Cobalt Chloride, 0.1IM Sodium Acetate pH 4.7, 1 M 1,6-
Hexanediol). The crystals appeared to have formed from a central nucleation
site and had a clumped morphology with protruding spikes (see Figure
4.2.10). The replicated crystals were larger than the initial crystallisation hit,
reflecting the larger drop size and volume of protein in the screen. These
crystals were analysed by SDS PAGE analysis and found to contain only
FIP2, with Rabl4 being excluded from the crystal. Further attempts at
molecular replacement using the FIP2 seen in the Rab11:FIP2 complex were
not successful. Therefore optimising the crystals for improved data collection

became an important goal.

In an attempt to optimise crystal growth, screening of multiple conditions
were undertaken. The purification strategy for the crystallisation experiment
was altered to exclude the Rab14 from the protein solution. As a result the
solution also contained fewer non-specific protein impurities and a more
homogeneous solution of concentrated FIP2 was obtained. Variations in the
salt, precipitant, buffer and pH were all attempted (see Table 4.2.9). Of these
variations, crystal growth was only observed following a small change in the
pH of the sodium acetate buffer (0.01 M Cobalt Chloride, 0.1 M Sodium
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Acetate pH 4.8, 1 M 1,6-Hexanediol). The morphology of the optimised
crystals was strikingly different to the crystals produced under sparse matrix
screening and to the crystals replicated in 24 well screens using the initial
purification strategy. Multiple nucleation sites allowed for the growth of
many, individual crystals. This was unlike previous efforts where crystals
appear to grow from a single or few nucleation sites resulting in clumps of
crystals. The morphology of the crystals was more regular with well-defined
sharp edges and faces (see Figure 4.2.11).

The quality of the crystals declined over time. Therefore crystals were
harvested promptly after their formation and stored in liquid nitrogen.
Crystals were cryo-protected using 25% glycerol. After harvesting, new
crystal growth appeared in re-sealed drops. In this case few, large, individual
crystals appeared. This is in contrast to the showers of crystals that appeared
in the fresh drop. The growth of new crystals in a re-sealed drop was a good
indicator that crystal seeding would be a useful strategy to obtain single, large
crystals. However all attempts at streak seeding and micro-seeding were

unsuccessful.
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Optimisation of Crystallisation Conditions:

Initial

Hit

Hit

Hit

Variation

Variation

Variation

Variation

Variation

Variation

Variation

Variation

Variation

Variation

Variation

Variation

Salt

0.01 M Cobalt
Chloride

0.01 M Cobalt
Chloride

0.01 M Cobalt
Chloride

0.01 M Sodium
Chloride

0.01 M
Magnesium
Chloride

0.01 M Calcium
Chloride

0.01 M Cobalt
Chloride

0.01 M Cobalt
Chloride

0.01 M Cobalt
Chloride

0.01 M Cobalt
Chloride

0.01 M Cobalt
Chloride

0.01 M Cobalt
Chloride

0.01 M Cobalt
Chloride
0.0025 M
Cobalt Chloride
0.005 M Caobalt
Chloride

Buffer

0.1M Sodium
Acetate pH 4.6

0.1M Sodium Acetate
pH 4.7

0.1M Sodium Acetate
pH 4.8

0.1M Sodium Acetate
pH 4.6

0.1M Sodium Acetate
pH 4.7

0.1M Sodium Acetate
pH 4.6

0.1M Sodium Acetate
pH 5

0.1M Sodium Acetate
pH 4.6

0.1M Sodium Acetate
pH 4.6

0.1M Sodium Acetate
pH 4.8

0.1M Sodium Acetate
pH 4.8

0.1M Sodium Acetate
pH 4.8

0.1M Zinc Acetate pH
4.8

None

None
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Precipitant
1M 1,6-
Hexanediol
1M1,6-
Hexanediol
1M1,6-
Hexanediol
1M1,6-
Hexanediol
1M1,6-

Hexanediol

1M 1,6-
Hexanediol
1M1,6-

Hexanediol

11.8% Isopropanol

11.8% Ethanol

0.6 M 1,6-
Hexanediol
0.8 M 1,6-
Hexanediol
1.2 M 1,6-
Hexanediol
1M1,6-

Hexanediol
1M1,6-

Hexanediol
1M1,6-

Hexanediol



Variation | 0.01 M Cobalt None 1 M 1,6-Hexanediol
Chloride

Variation | 0.02 M Cobalt None 1 M 1,6-Hexanediol
Chloride

Variation | 0.01 M Cobalt 0.1M MES pH 6 1 M 1,6-Hexanediol
Chloride

Table 4.2.9 Optimisation of Crystallisation Conditions. The table overleaf
lists the crystal conditions trialled in an attempt to optimise the crystallisation of
FIP2. The initial hit condition produced under sparse matrix screening is shown
in bold. Of the novel conditions, only two which were similar to the initial hit
(except for slight variations in the pH) produced crystals. These conditions were:
0.01 M Cobalt Chloride, 0.1M Sodium Acetate pH 4.7, 1 M 1,6-Hexanediol and
0.01 M Cobalt Chloride, 0.1M Sodium Acetate pH 4.8, 1 M 1,6-Hexanediol. The
condition with a pH of 4.7 produced clumps of crystals growing out of a nucleus
of protein precipitation. The condition with a pH of 4.8 produced showers of
single crystals.
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Figure 4.2.10 Replication of Crystals in 24 Well Screens. Initial attempts at
replicating crystal growth in hanging drop screens followed a purification
strategy similar to that undertaken for the original crystallisation hit. Panel A
shows the protein which was set up in the hanging drop experiment. Similar to
the initial hit condition, the protein solution contained a non-stoichiometric
amount of Rab14. Crystal replication was successful and a crystal sample was
washed and analysed by SDS PAGE. Panel B shows the SDS gel of the washed
protein crystals. The Control lane is protein from the drop solution. The Washed
Crystals lane shows the crystals washed in buffer and run on an SDS PAGE.
Panel C shows the morphology of the crystals produced in the condition: 0.01 M
Cobalt Chloride, 0.1 M Sodium Acetate pH 4.7, 1 M 1,6-Hexanediol. The crystals
produced nucleated from a central point and had a clumped, jagged morphology.
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Figure 4.2.11 FIP2 Crystal Optimisation. Shown above are the results of
crystal optimisation. The crystals in panel A were formed in the condition 0.01
M CoCl;, 0.1 M Na Acetate pH 4.7, 1 M 1,6-Hexanediol from protein
purifications containing FIP2 and a non-stiochiometric amount of Rab14. These
crystals nucleate from a single point and have a less regular morphology. The
crystals in panels B-E were formed in the condition 0.01 M CoCl,, 0.1 M Na
Acetate pH 4.8, 1 M 1,6-Hexanediol. These crystals represent growth from
multiple nucleation sites and are largely singular well defined crystals. The large
individual crystal shown in panel D is an example of a crystal which developed
from a drop that had been re-sealed after the crystals which formed earlier had
been harvested. This crystal is much larger than previous crystal growth. Panel F
shows the purity of the protein set up in the trials which produced the crystals in
panel B-E. Unlike the protein solution in figure 4.2.10, Rab14 was excluded from
the purification strategy resulting in much improved homogeneity and purity of
FIP2
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4.2.3 Data Collection

Optimised crystals were analysed at Synchrotron Soleil, Paris, France. Native
data sets were collected to a resolution of 3.5 A. This did not represent an
improvement on the original data set collected at APS.

Due to the difficulty in achieving successful molecular replacement data,
attempts were made at producing selenomethionine substituted crystals (see
Figure 4.2.12). Although milligram amounts of purified selenomethionine
FIP2 were obtained, crystallisation was not successful. Therefore, a strategy
to obtain phase information using the cobalt chloride in the crystallisation
condition was employed. It was found to be possible to use the cobalt in the
crystallisation solution to obtain anomalous diffraction data at Synchrotron
Solei. Given that crystal formation appears to be dependent on cobalt, it was
postulated that the cobalt ions may occupy specific points in the lattice and
be useful in providing phase information. Further experiments were run at
APS using crystals which had been soaked in a solution similar to the mother
liquor but excluding the cobalt. This process may have aided in removing
non-specific cobalt from the crystal, leaving those cobalt ions which occupy
specific points in the lattice. Some anomalous data was obtained, to a
resolution of 5 A. However, this was not sufficient for molecular

replacement.

At this point, the first data set obtained at APS was re-examined. Structure
determination was achieved from this data using the programme Acrimboldo.
Short, poly-alanine a-helices were used as molecular replacement models and
connected to build larger helical segments (see Figure 4.2.13). Four
molecules of FIP2 were built by Arcimboldo, using only the reflection file as

the starting point for ab initio structure determination [286].
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Figure 4.2.12 Selenomethionine Derivatised FIP2. Figure shows purified FIP2
substituted with selenomethionine. Crystallisation trials were set up in the same
manner as native FIP2 in 24 well hanging drop format screening around similar
conditions to the native hit condition. These trials did not yield any crystals.
Further attempts were made to re-screen using sparse matrix screening. These
attempts also proved unsuccessful.
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Table 4.2.13 Statistics of Data Collection and Reduction

FIP2 — Rab-binding domain

Resolution range (A) 46.16-2.29 (2.37-2.29)
Space group c2221

Unit cell (A) 62.54 68.43 172.09 90 90 90

Total reflections 72768 (6855)
Unique reflections 16934 (1611)
Multiplicity 4.3 (4.3)
Completeness (%) 99.4 (95.3)
Mean I/sigma(l) 8.8 (1.7)
R-merge 0.111 (0.924)

R-meas 0.126 (1.048)

R-pim 0.059 (0.483)

Values in parentheses are for the highest resolution shell

= ‘v""’)

it

Figure 4.2.13 Crystal Structure of the Uncomplexed FIP2 RBD. Although
traditional molecular replacement failed, the structure was determined using the
programme Arcimboldo. Short poly-alanine a-helices were used as molecular
replacement models and connected to build larger a-helical segments. The bottom
left panel shows the electron density map of the final model showing side-chains
beyond alanine, which provide evidence for correctness of the initial model. The
bottom right panel shows packing in a section of the crystal, with the unit cell
shown as yellow lines. Four molecules of FIP2 (red, green, brown and blue) were
built by Arcimboldo, using only the reflection file as the starting point for ab initio

structure determination [286].
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4.3 Discussion

Initial crystallisation attempts were focused on the complex Rabl4-FIP2.
Rab14-FIP2 interactions pose an interesting question in that the complex
formed between them has a lower affinity than a complex formed between
FIP and Rab11 family members [284]. What elements of this new structure
could underpin to the individual affinities produced between two group Il
Rabs with a common, shared effector. The purification strategy for these
attempts was flawed, in that the complex produced was heavily biassed
towards FIP2. Protein crystals produced from sparse matrix screening were
replicated in 24 well screens and determined to be composed of FIP2 and
independent of Rabl14. This allowed us the opportunity to examine the
structure of a class | FIP independent of a bound Rab. No such crystal
structure currently exists and the structure of the unbound effector may reveal
elements of conformational change which occur upon binding. The challenge
of molecular replacement from the original FIP2 data was significant,
therefore multiple attempts at replicating the crystals to obtain better

diffraction data and phase information were undertaken.

Replicated crystals of FIP2 were produced in a similar condition to the
original hit (pH 4.7). These crystals formed from protein precipitate and
adopted a clumped ‘fist-like’ morphology. Optimised crystals, produced
from an updated crystallisation strategy excluding Rab14 and at a slightly
higher pH of 4.8, formed showers of crystals of various sizes. These crystals,
although being of a more regular morphology and formed from FIP2
solutions of significantly better homogeneity, did not diffract to higher

resolution than the original crystals produced under sparse matrix screening.

In an attempt to alleviate the challenge of molecular replacement, attempts at
producing selenomethionine derivitised crystals were made. These however
were unsuccessful. Nevertheless some phase information was obtained from
the native crystals by taking advantage of the dependency of crystal formation
on the presence of cobalt in the crystallisation condition. Although
anomalous data was collected, it was not of sufficient resolution to be of

significant help to structure resolution.
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The issue of structure resolution was finally resolved by a novel approach
using the programme Arcimboldo [286]. This was achieved by Dr Khan using
computing facilities at Harvard University. The resulting structure indicates
that the structure of the uncomplexed effector is significantly different to the
structure visualised in complex with the Rab11l family members. Further
analysis and discussion of this structure was performed and is discussed in
Chapter 5 of this work.
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Chapter 5:

Structural Analysis of

Uncomplexed FIP2
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5.1. Introduction

Existing crystal structures of Class I and Il FIPs all show the structure of the
effector in complex with its cognate Rab [202, 204, 284, 285]. In contrast, as
outlined in Chapter 4, we have successfully crystallised and refined the

structure of FIP2, independent of its Rab binding partner.

In the case of Rab11:FIP2, the complex forms a central symmetric coiled coil
of FIP2 with Rab binding sites on either side. Switch | of Rab11 is embedded
between the FIP dimer and forms hydrophobic interactions while the switch
Il of the Rab molecule is in a more flexible conformation than switch | which
IS unique to Rab11 [281].

The novel structure discussed in this chapter is significantly different from
the Rab:FIP structures existing in the literature. Here, we will examine the
novel FIP2 structure and analyse its relevance in comparison to previous

structures of FIP2.
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5.1.2 Scientific Objectives
e To analyse the novel crystal structure of FIP2 in comparison to

existing structures.
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5.2 Results
5.2. Structure Comparison of Novel FIP2 Structure with FIP2 as seen in
the Rab11:FIP2 Complex.

Major differences can be seen in the structure of the uncomplexed FIP2 in
comparison to the structure of FIP2 when in complex with Rab11l family
members. We examined, for comparison, the structure of the Rab11:FIP2

complex in contrast with the novel FIP2 structure [281].

In complex with Rab11, FIP2 forms a centrosymmetric parallel coiled coil.
In the case of the uncomplexed effector, two non-parallel pairs of FIP2
molecules form the asymmetric unit of the crystal lattice. One of the
molecules of FIP2 is inverted with respect to the other and further crystal
contacts exist between the FIP2 pairs. Some differences in the length of the
defined FIP2 molecules exist. In the case of Rab11:FIP2, the pdb structure,
29zh, has FIP2 residues defined from 447-503 (shown in Figure 5.2.4).
However, in the case of the novel FIP2 structure, 4 molecules of FIP2 are
refined with slightly different boundaries (shown in Figure 5.2.5). For the
purposes of this comparison, we will examine molecule A, the most fully
defined FIP2 protomer which is refined from residue 445-497. Upon further
inspection, the ‘dimers’ in the novel FIP2 structure appear loosened, with the
two molecules bowed away from each other when compared to the structure
of the FIP2 dimer in complex with Rab11. It is possible that the structure
actually represents four monomers of FIP2 which have formed these dimers

under the high protein concentration of the crystallisation condition.

Analysis of the structures by the Protein Interfaces, Surfaces and Assemblies
(PISA) server reinforces the hypothesis that the novel FIP2 structure is not
representative of a strict dimer. The buried surface area between the
protomers shows a significant difference between the novel structure and the
FIP2 dimer formed in the Rab11:FIP2 complex. Analysis by PISA indicates
a buried surface area between FIP protomers A and D of the novel structure
of 586.6 A2, In contrast the two protomers of the FIP2 dimer in the complex
have a higher buried surface area of 1659.7 A2 (see Table 5.2.1). Furthermore,

significant differences in the predicted Gibbs free energy for the formation of
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the interfaces exist, -20 kcal/mol for the FIP2 dimer as seen in the complex,
in contrast to 0.8kcal/mol for the novel structure, indicating that the dimer
formation is less energetically favourable. There are also differences in the
calculated complexation significance score. This value reflects the
significance of the interface for assembly formation. The score for the novel
structure is lower than that of the FIP2 dimer as seen in the complex, again
indicating that stable dimerisation is not supported in the novel structure.
Furthermore, DLS analysis shows that the radius of the FIP2 particles in
solution is roughly halved in accordance with lowering the pH to that similar

to the crystallisation condition (see Table 5.2.2).
Circular Dichroism analysis of FIP2 at a range of pH values

In order to investigate the change in orientation between the coiled coil in the
Rab11:FIP2 structure (and other similar Rab11:FIP structures) and the novel
FIP2 structure, circular dichroism analysis was applied to a solution of FIP2
at a range of pH values. The CD measurements trend towards increased
helicity at more physiological pH values. The decrease in helicity measured
at less physiological pH may indicate an ‘unwinding’ of the coiled coil as the

protomers change conformation and orientation (see Figure 5.2.3).

Further evidence for this theory can be found from examination of the
structures by superimposition. Superimpositions of the novel FIP2 ‘A’
protomer with the structure of FIP2 in complex were performed using Pymol.
An image of the superimposition is shown in figure 5.2.6.. These in silico
comparisons indicate that there is some similarity between the structures of
the FIP2 protomers in their a-helical segment between residues 454-491 with
a RMSD of 1.46. In contrast, when including the N and C-termini of the
structures, the RMSD rises to 6.07. In conclusion, there are significant
differences in the structures of the protomers, the most dramatic of which are
localised at the N and C termini of the FIP2. In the complex the direction of
the polypeptide reverses to orient the C-terminus towards the second
protomer of the dimer which serves to re-inforce the dimerisation of FIP2.
The C-terminus of the uncomplexed FIP2 is truncated with respect to the

complexed form, ending at a residue 497 as opposed to residue 502. The C-
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terminal portion of both forms represent the end of the a-helix followed by a
short helical segment which is roughly perpendicular to the a-helix. The
nucleation of the second helix is mediated by a proline residue, P493, which
is conserved in all FIPs. In the complex form, another proline residue, P499,
changes the direction of the polypeptide and allows the protomers to wrap
around each other and reinforce the dimerisation. There are interactions
between the side chain of Tyr500 and Glu491 and also between the phenyl
ring of Try500 lying below the guanidine group of Arg487, forming a cation-
n interaction. However, in the uncomplexed form, these reinforcing
interactions do not exist with the polypeptide ending at residue 497. The
position of the short helical segment is displaced relative to its position in the
FIP2 dimer in complex. Furthermore, the section bends away from the partner

molecule and does not provide any contacts which would stabilise a dimer.
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Table 5.2.1 PISA Analysis of FIP2

Interfacing Buried AG Salt Hydrogen Complexation

structures Surface (kcal/mol) Bridge Bond Significance
Area (A% Score

FIP2 dimer | 1659.7 -20.5 6 13 0.657

(Rabl11:FIP)

FIP2 A:D | 586.6 0.8 16 11 0.178

interface

Table 5.2.1 PISA Analysis of FIP2. Analysis shows significant differences in
the predicted buried surface area, Gibbs free energy (AG) and complexation
significance score between the FIP2 interface in the novel structure and in the
complex with Rab11. The lanes labelled salt bridge and hydrogen bond represent
predicted numbers of each interaction between the protomers.

Table 5.2.2 DLS Measurements of FIP2

sample | % mass Radius (nm)
FIP2 pH 7.5 | 100 3
FIP2 pH 4.8 | 99.2 1.4

Table 5.2.2 DLS Measurements of FIP2. DLS measurements were performed
on FIP2 which had been diluted into buffer at pH7.5 and pH4.8, similar to the
ratios used in the crystallisation set up. The table above shows that the radius of
the FIP2 particles has approximately halved at the lowered pH.
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Figure 5.2.3 FIP Circular Dichroism Analysis. The CD spectra for FIP2 were
measured at a range of pH values: 5.8, 6.5, 7 and 8. The spectra indicate that FIP2
forms an a-helical secondary structure consistent with the crystallisation data.
Increasing helicity is seen at pH values closer to physiological pH whereas, at pH
5.8, decreased helicity of the FIP2 molecule is shown. The noise level increases
at lower wavelengths.
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FIP2
Dimer

N-term

N-term

Figure 5.2.4 Rabl1:FIP2 Crystal Structure. The figure above shows the
structure formed between Rabll and FIP2. A dimer of FIP2 forms a
centrosymmetric coiled coil (shown in green). FIP2 forms a parallel coiled coil
with the Rab11 binding site at the C-terminus. At the C-terminus, the a-helix
terminates and a short 310 helix is nucleated. A proline residue at position 499
changes the direction of the polypeptide and allows the protomers to wrap around
each other and reinforce the dimerisation. Two Rabl11 binding sites are formed
on either side of the FIP2 dimer. Both helices of the FIP2 are involved in the

RBD.
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A: N-term

D: C-term

B: N-term
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A: C-term

D: N-term

B: C-term

Figure 5.2.5 FIP2 Crystal Structure. The figure above shows the novel FIP2
effector crystal structure independent of a bound Rab. Four molecules of FIP2
are refined in the crystal structure. The molecules are labelled A, D, B, E.
Molecules A and D and B and E appear to be arranged in pairs in an antiparallel
fashion. Figure made using Pymol [2].
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Figure 5.2.6 Superposition of the Novel FIP2 Crystal Structure with a FIP2
Protomer from the Rab11:FIP2 Complex. The figure above shows the novel
FIP2 effector crystal structure (green helices) superimposed onto a FIP2
protomer as seen in the crystal structure of Rabl11:FIP2 (shown in cyan).
Residues 454-491 are superimposed with a RMSD of 1.46. In the complex
structure, the FIP2 forms a parallel coiled coil whereas, in the novel structure the
FIP2 molecules form an anti-parallel pairs. For this reason the second protomer
in the complex form has been excluded from the figure as sequence alignment
for both FIP2 molecules simultaneously is impossible. The superimposition
shows major differences in the structure of the FIP2 protomers, particularly
evident at the N-terminus and C-terminus of the molecules. Figure made using
Pymol [2].
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5.3 Discussion

It can be concluded that major differences exist between the existing
structures of Rab11:FIPs present in the literature and the novel structure
resolved in this work. Overall, the binding site of Rab11 is abolished in the
structure. In the complex, switch | of Rabll, residues 44-46 are buried
between the two helices of the FIP2 dimer with both protomers of FIP2
interacting with the Rab11 molecule. The RBD involves both protomers of
FIP2 and due to the inversion of the coiled coil in the novel crystal lattice, the
Rab binding site is no longer present. Furthermore, as indicated by PISA
analysis and supported by CD and DLS data, it is possible and indeed likely
that the novel structure actually represents the structure of monomers of FIP2
in solution. PISA analysis indicates that the dimerisation indicated in the
crystal structure is not energetically favourable with a low CSS. DLS data
show a decrease in the radius of the FIP2 particles consistent with a dimer to
monomer shift. CD data indicates a lowering of helicity in pH values closer
to the crystallisation condition and analysis of the structure itself indicates a
loss of reinforcing interactions which exist at the C-terminus of the dimer in
the complex structure. All of this evidence suggests that the asymmetric unit

formed in the crystal is not indicative of stable dimers of FIP2.

The question of why the novel structure is so different to structure of FIP
effectors crystallised in complex remains. One possible reason is that the non-
physiological conditions of the crystallisation experiment are contributing to
the altered conformation of FIP2. This appears to be supported by CD
analysis, with the FIP2 showing decreased helicity at pH 5.8 in comparison
to pH8. However, the crystallisation conditions of Rab11:FIP2 complex, used
here for comparison, range from pH4.8-5.5 [204]. It is possible that FIP2
favours the monomeric form at lowered pH, and that the dimer conformation
of FIP2 is captured and stabilised by Rab binding. Another possibility is that
the truncation of FIP2 in the novel crystal structure (ending residue 497) is
contributing to the lack of dimerisation. In the complex, further contacts exist

at the C-terminus which re-inforce the interaction between protomers.

133



Chapter 6:

Discussion and Conclusions
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6.1 Rab11/ Rab14 Show Different Affinities for their Shared Effectors,
the Class | FIPS

Rab proteins all contain the same basic fold, yet they associate specifically
with a large number of structurally diverse effectors [196]. By studying the
underlying mechanisms by which Rabs encode effector specificity, we may
contribute towards unravelling the mechanisms behind the larger questions

of what determines protein-protein specificity and affinity.

The Rabl1l subfamily is comprised of a set of three closely related Rabs
(Rab11a, Rab11b and Rab25) which share a high level of sequence similarity.
This Rab family shares a set of effectors - the Rab11FIPs [230]. Multiple
structures of Rabll family members and their FIP effectors exist in the
literature [204, 208, 244, 284, 285]. Interestingly, Rab14, a Rab of the same
functional group as Rab11, shares the ability to interact with a subset of FIP
effectors, namely the class | FIPs [233]. Rabl14 interacts with FIPs with
distinct specificity and affinity. By examining the literature, we see that
Rabl14 interacts with FIP2 with an affinity that is approximately tenfold
weaker than the interaction between Rablla and FIP2 [284]. This raises the
questions as to which factors allow Rabl4 to retain FIP-binding
characteristics, and which factors influence the specificity and affinity of
these interactions. Although the structure of Rab14-FIP2 has not been solved,
we can examine the structure of another Rab14-FIP interaction which is
present in the literature for clues as to the factors which may account for
Rab14 and Rabl1 displaying such variable affinities for class I FIPs.

Crystal structures of both Rabll and Rabl4, in complex with their FIP
effectors, allow for well-reasoned arguments to be presented for a number of
factors which may influence this differential affinity. However, currently no
thorough experimental investigation is present in the literature [204, 231,
284]. From the structure of Rab14-RCP, we see that a number of distinct
features exist. The most unusual of these features is an intramolecular
disulphide bond which exists between residue 26 and residue 40 which is in
the switch I region of Rab14. This is disulphide thought to be GTP dependent.
It is present in the structure of Rab14-RCP but not in the structure of Rab14

(GDP) [199, 284]. If these structures are true representations of the in vivo
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nucleotide state of Rab14, it follows that the disulphide is present during the
membrane localised interactions between Rab14 and FIP2. It is possible that
this bond is of significance to the interaction and we aimed to establish
whether this unique feature is an influencing feature for Rab14-FIP2 affinity.

We introduced a single cysteine mutation and, subsequently, a double
cysteine mutation into Rab11 in order to examine its effect on the structure
and affinity for FIP2. We demonstrated that, although the mutants have an
effect on the molecular characteristics of Rab11, as demonstrated by analysis
by SDS PAGE under non-reducing conditions, no significant change in
affinity is recorded between mutant and wild type Rab11. We must conclude
that this unique feature of Rab14 is not an important factor in determining its
affinity to class | FIPS. Furthermore, our SDS PAGE results do not prove the
existence of a disulphide bond. It is possible that variations seen under SDS
PAGE analysis are merely due to different oxidation states of the cysteine
residue and that the intramolecular disulphide shown in the Rab14:RCP
structure is an artefact of the crystallisation condition. Further structural
analysis, including the structural solution of the Rab14:FIP2 complex would
shed light on this issue. However, this study clearly shows that this feature is
not a determining factor in the affinity of Rab14 for FIPs.

The question of which factors are important in influencing effector affinity
remained unsolved. However, further experiments showed that, although we
initially hypothesised them to be of secondary concern to the disulphide bond,
two amino acid differences between Rab14 and Rab11 family members are
instrumental in governing the affinity of Rab14-FIP. We examined a Rab11
mutant which introduced these two amino acid substitutions, namely a serine
at position 20, which is substituted for a methionine in Rab14, and a lysine at
position 41, which is substituted for a proline in Rabl14. The differences
between Rabll and Rabl4 at these particular positions are illustrated in
figure 6.1.1. After introducing both of these mutations into Rab11, a threefold
decrease in affinity for FIP2 was measured. We can see from comparing the
crystal structures of Rab11-FIP2 and Rab14-RCP that the S20M mutation in
a P-loop residue causes a knock-on effect in the switch Il region of the Rab.

The altered conformation induced by the S20M mutation may contribute to
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the reduced affinity of Rab14-FIP2. Alternatively, or as a combining factor,
the K41P mutation in the switch I region of Rab14 may contribute to the
reduced affinity for the effector. Although the conformation of switch | seen
in the crystal structures is similar in Rab14-RCP and Rabl1-FIPs, this
mutation contributes to a lack of electrostatic parity between the Rab and the
effector. In the case of Rab14, a conserved glutamate in the FIP effector has
no electrostatic partner, whereas, in the Rab11 subfamily members, it is met
with a lysine or arginine at position 41 [281, 284].

Our experiments show that the influencing factors in the specificity of Rab14-
FIP2 and, with some extrapolation, the specificity of Rab14-FIPs do not
include the unique disulphide present in Rab14. Rather, other residues which
have an influence on the electrostatic parity of the complex as well as the
conformation of the switch Il region affect the affinity. However, these
regions are not sufficient to explain the reduction of affinity outlined in the
literature. We must conclude that Rab-effector specificity is a multifactorial
process that is influenced by the cumulative effect of small sequence

differences in non-conserved residues which differ between Rabs.
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Figure 6.1.1 Structural determinants of Rab affinity for FIP2. The two red
circles (filled and transparent) denote the site of Rab11l mutations, S20M and
K41P (bottom panel). Rab14 is shown in green cartoons and sticks, while Rab11
is grey, FIP2 is shown in violet. GTP from Rabll is shown in orange stick
models. The figure was made using Pymol [2] by Dr A.Khan.
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6.2 Structural Determination of FIP2

Our initial aim in crystallisation experiments was to solve the structure of the
Rab14-FIP2 complex. By doing this we aimed to reinforce and confirm the
structure of Rab14 in complex with class | FIPs and highlight differences in
structure which may underpin the differential specificity of Rab14-FIPs in
comparison to Rabll-FIPs. Indeed, we expected to produce another
‘butterfly’ shaped structure, reminiscent of Rab11-FIPs in which the FIP
forms a central symmetric coiled coil with equivalent Rab binding sites on
either side. Serendipitously, we instead crystallised FIP2 independent of Rab.
This afforded us the opportunity to address a more interesting question- what
is the structure of FIP2 independent of Rab? No crystal structure for a FIP
effector independent of Rab is currently present in the literature.

Multiple challenges presented during attempts at structure resolution. The
helical structure of FIP2 complicated matters, as fitting a molecular
replacement structure to the correct helix pitch was difficult. In order to aid
this process, FIP2 crystals were replicated in an effort to produce higher
resolution data sets. Multiple FIP2 crystals were replicated with increasingly
regular and attractive morphology. Crystal production was improved from
jagged, shard-like crystals to regularly shaped, large, individual crystals as
crystallisation conditions were optimised. However, these apparent
improvements were not reflected in the resolution of diffraction data and
molecular replacement was not possible. Attempts were made at producing
selenomethionine derivatised crystals. However, although some spherulites
were produced, no crystals of diffraction quality were obtained. A more
innovative strategy was adopted in an attempt to generate phase information.
The growth condition of the crystals required the presence of cobalt. We
postulated that the cobalt may occupy specific positions in the crystal lattice
and that perhaps some phase information could be gleaned from collecting
diffraction data at the cobalt absorption edge. Although this strategy was
partially successful, the anomalous data was not of sufficient resolution to be
useful for structure determination. Finally a successful structure solution was
achieved by Dr Khan using the programme Arcimboldo and computer
facilities at Harvard University. The programme is named after the painter
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Giuseppe Archimboldo, whose paintings use multiple objects, often fruit, to
create images of human faces. In a similar fashion, the programme used short

multi-alanine helices to build longer alpha helices and solve a structure [286].

The structure of FIP2 features four a-helices which appear to interact in pairs.
However, the helices are not reminiscent of the coiled coil formed in the
Rab11-FIP structures. Most dramatically, one helix in the pair is flipped
relative to the other, forming anti-parallel pairs of helices. This flipping
abolishes the reinforcing C-terminal interactions which are important to the
structure of Rab11-FIP2. In the case of Rab11-FIP2, these interactions form
contacts with a B-strand in the Rab structure. More dramatically still, the Rab
binding site is completely abolished by the change in helix orientation. In
complex, the Rab makes contact with both helices of the FIP2 dimer.
Analysis by PISA and DLS indicates that the pairs in the crystal structure are
not truly representative of a dimer, but rather monomers of FIP2 arranged in
this fashion in the high protein concentration of the crystallisation condition.

What factors have caused this large conformational change between the novel
structure of FIP2 and the structure of FIP2 in complex with Rab? It is possible
that the C-terminally truncated FIP2 used for crystallisation contributes to the
lack of reinforcing contacts of the dimer. Another explanation for the
dramatically different conformation of FIP2 could be the artificially low pH
of the crystallisation condition. The protein crystallises at a maximum pH4.8.
CD analysis and DLS reinforce the hypothesis that destabilisation of the
dimer is increased as the pH is lowered. However, the Rab11-FIP2 structure
itself was crystallised at low pH in 0.3 M ammonium phosphate pH 4.8 [281].
We conclude that the monomeric form of FIP2 resolved in the crystal
structure becomes more favourable as the pH is lowered and that dimer

formation is stabilised by Rab binding.

An NMR structure of the C-terminal region of FIP2 has been published. The
structure shows FIP2 as a slightly curved alpha helix from Thr452 to Asn483.
The region resolved in this structure is C-terminally truncated and does not
retain the ability to bind to Rab, calling into question the relevance of the

structure. Wei et al show that the dimer retains a coiled coil structure with
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some fraying of the coil at the C-terminus [287]. The authors suggest that a
preformed helix is not necessary for Rabll binding. However, the
interactions between the switch regions of the Rab and the binding surface of
FIP2 are formed by both helices of the coiled coil dimer. Furthermore,
additional Rab contacts and reinforcement of the homodimer occur at the C-
terminus. Therefore, we feel that a pre-formed helix must be a requirement
of Rab binding. The analysis of our FIP2 construct, which retains Rab-
binding ability, supports the hypothesis that Rab reinforces the dimer

conformation of FIP2.

6.3 Future Perspectives

Future work would aim to expand on the biophysical work shown here. While
this work serves to rule out the intramolecular disulphide bond which exists
in Rab14 as a factor in its reduced affinity for class | FIPs, further work to
identify those sites in Rab14 which contribute to the lowered affinity is
necessary. This work has begun the process of elucidating these factors. Here,
we have identified two mutations which together account for a threefold
reduction in affinity of Rab14:FIP2 in comparison to Rab11:FIP2. To further
this work, individual mutations at these residues (S40M and K41P) should be
generated to further examine the significance of the proline, which
contributes to a lack of electrostatic parity, and the methionine, which
contributes to the altered conformation of switch II. It is possible that one of
these mutations contributes more to the lowered affinity than the other.
Furthermore, the effect of these particular mutations on Rab14 interactions
with other class | FIPs should be analysed to reinforce the importance of these
mutations on interactions between Rabl4 and the remaining FIP family

members.

Our study has only identified sites which account for a threefold decrease in
the affinity of Rabl14:FIP2 in comparison to Rabll:FIP2. However, the
literature indicates a tenfold difference in affinity between the complexes.
Further analysis to identify other important residues which differ between the
complexes and may have influence on their affinities should be considered.
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Structural questions also remain. Our biophysical work would be further
supported by determining the structure of Rabl4:FIP2 with the aim of
analysing the electron density to determine if the novel disulphide bond
present in Rab14:RCP is also present in other Rab14:FIP complexes. Perhaps,
this feature of the Rab14:RCP complex is an artefact of the crystallisation

condition and not truly representative of the complex in vivo.

In tandem with biophysical and structural work, it is important that our results
be supported by cell biology studies. The S20M and K41P mutations, which
have been identified as important, should be expressed in cell culture both as
double mutation and single mutation variants in order to examine any
possible effect they may have on the localisation of Rabll and its FIP2
effector. Do these mutations infer Rabl4-like character in a cellular
environment? If so, we may determine whether our biophysical studies have

functional relevance in vivo.

142



Appendix

143



pPET28b

Source/Vendor:

Alt Name:

Plasmid Type:
Expression Level:
Size:

5" Sequencing 1 Primer:
Tag 1:

Bacterial Resistance:
Notes:

Stable:

Constitutive:
Viral/Non-Viral:

CRF frame 1
FanR2
Smal [£209)
Xmal (4287)
Clzl (4118)
Mrul {4082)

pEBRIZZ_origin

pGEX_3_primer

ROP

EMD Biosciences

pET28b

Bacterial Expression

High

5368

T7 Fwd

His (Nterm and Cterm)

Kanamycin

Nterm thrombin cleavage site

Transient

Constitutive

Nonviral
T7_terminator
T7_Terminal_primer
¥hal {158)
Motl (165)
Eagl {165)
Hindl Il {173}
Sall (179)
Sacl (180)
Ecofl (182)
BamHI {188)
T7_leader
Mhel (2307)
Mdel (237)
Xpress_fwd_primer
Meol (285)
T7_transl_en_RES
¥bal {224)
acD
T7_promoter
Bglll (400}

pBRrevBam_primer
tet (200 - 583)

ORF frame 3
Bell (1128}

lac

Apal [1333)

DRF frame
EcoR [1572)
Hpal (1828)

et (576 - B51)

Fspl (2204)
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PET15b

Source/Vendor: | Novagen (EMD Millipore)
Alt Name: | pET15b
Plasmid Type: | Bacterial Expression
Promotor: | AmpR, lacl
Expression Level: | High
Size: | 5708
5' Sequencing 1 Primer: | T7 Fwd
Tag 1: | His (Nterm)
Bacterial Resistance: | Ampicillin
Notes: | Nterm thrombin cleavage site
Stable: | Transient
Constitutive: | Constitutive
Viral/Non-Viral: | Nonviral

Clal (24)
Hindlll {29}
T7_terminator
T7_Terminal_primer
BamHI (318)
Xhal [324)
Mdel {331)
Mool [288)
EcoRI (5708) T7_fransl_en_RBS
Aatll (5535) Xbal (428)
AmpR_promoter 1]
CRF frame 2 T7_promoter
Ampicillin Baglll (494)
pERrevBam_primer

CRF frame 1
Ball (1220)
lac!

Pstl (4858)

5708 bp

tat (576 - 1180
Nrul (2318)
Mscl (2791

145



pNIC BSA4

Vector backbone: | pET28a
Backbone manufacturer | Novagen
Vector Type: | Bacterial Expression
Promotor: | AmpR, lacl
Growth Strain: | DH5alpha
Cloning Method: | Restriction enzyme
Size: | 7284 bp
5" Sequencing 1 Primer: | T7 Fwd
Tag 1: | His (Nterm)
Bacterial Resistance: | Kanamycin
Notes: | His — TEV (N-terminal on backbone)
Viral/Non-Viral: | Nonviral
Citation | [288]

(7224} Sgral T7 (1.200
(7182 .. 7201} pBRrevBam | Xbal (47}
(7076) Sphi Ndel (87)
) SP \ | Neel (1531
(6867) BStAPI \ [ ) Zral (166)
(6543) ™Ml Ny [y

(6529) Bell*

(6361} BstEN
(6343) NmeAlll *
|&340) Apal
16336] PSpOMI

Stul * (857)
Mscl (B79)

16132} BssHIl

W BsrGl (1206
W SnaBl (1365)

- Sacll (1695)
(5486 Bgll
15485) Fspl - FspAl pNIC28-Bsad .
(5437) PpuMl 7284 bp BamHI (2083)
e EcoRl (2105)
EeaS53kl (2113}
/7 Sael 12115)
.~ Sall (2113)
ff .~ Hindill (2124
¥ Eagl - Natl (2131)
| PaeR7I - PspXl - Xhol (213¢
| Blpl 2218
T7 Term {2215 ..2233
480D . 4822} PGEX 3 T N " Flor-A (2400 .. 2419
7000 PAIFL - Tth111l Dralll (2545)
(4640 . 4659) pRS-marker Flori-F (2610 .. 2631)
(4559 BspQl - Sapl
(4540 .. 4557) L4440
4367 . 4306) pBRIZZOM-F / 71

14269) BssSal / [
! | AsiSl - Pyul (3246)

: ' [ . TspMI - Xmal (3368)
14033} AlwNI smal 13370)
|
f Kan-R (3584 .. 3603)
(3663 .. 3667) PENTA-R Nrul (3567)

All plasmid maps are sourced from Addgene
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