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Summary

Rab GTPases are important regulators of cell trafficking steps such as vesicle 

fusion, budding and motility. They are often described as ‘on/off switches, interacting 

with specific effectors when bound to GTP. Although their secondary and tertiary 

structures are largely conserved they bind sometimes very diverse effectors sharing little or 

no homology. A similar but less prodigious situation is evident with guanosine nucleotide 

exchange factors, proteins that interact with Rab GTPases in order to facilitate the 

nucleotide exchange during the Rab GTPase cycling. Research efforts over the past decade 

have concentrated on finding the specificity determinants of Rab GTPases as well as the 

mechanisms of interaction. This has resulted in the determination of several Rab/effector 

complexes. The interactions involved however are as yet poorly understood, and more 

structural information is needed, especially of Rab/effector complexes involving larger 

constructs or where possible with full length effectors. In addition to this there has been an 

astonishing lack of thermodynamic analyses of these interactions due to difficulties in 

obtaining soluble effector proteins without employing the technique of co-expression.

In this study, the full length Rab27-effector JFCl was successfully expressed and 

purified and was used for thermodynamic analysis. The results show, that JFCl also 

recognises GDP bound Rab27, and provides an insight into the importance of several 

residues for affinity and specificity. Moreover, the yeast-Rab GTPase Ypt32 was 

successfully purified and crystallised in its active form. Comparisons between this and 

other yeast GTPase structures reveals that one notable residue is central to this interaction. 

It is also shown that the switch II region of Ypt32 is probably very flexible which may be 

important for effector recognition.

In conclusion, the overall work represents a significant contribution to our understanding of 

Rab GTPases and their interactions with effectors. However, despite the identification of 

well over 100 effectors of Rab GTPases, the thermodynamics and kinetics of complex 

formation are poorly described. Along with crystal structures and cellular assays, these 

interactions require more detailed analyses to understand the biology of membrane 

trafficking in health and disease.
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Chapter 1

Introduction



1.1. Intracellular trafficking

Eukaryotic cells are compartmentalised into membrane bound organelles that 

establish and manage functionally distinct environments. This facilitates diserete protein, 

lipid, nucleic acid, and molecular segregation and mediates cargo trafficking to various 

intra and extracellular destinations. As an example, proteins destined for different locations 

inside or outside the cell are initially produced by ribosomes that reside on the endoplasmic 

reticulum (ER). Secreted proteins are then transported through the Golgi complex for 

further processing and maturation. From there the proteins are transported to the plasma 

membrane where they are either released from the cell (exocytosis) or they remain tethered 

to the membrane. Figure 1.1 presents a schematic of intracellular transport pathways. In 

1974 G. Palade was awarded the Nobel Prize in medicine or physiology for the discovery 

of the protein secretory pathway in mammals [1]. Later it was shown that the vesicular 

transport machinery mechanism is the same in yeast and mammals [2-3]. Knowledge of 

transport pathways has advanced greatly but the molecular intricacies involved remain 

elusive.

Trafficking inside cells not only happens for the purpose of protein secretion. 

Endocytosis and transport to and from the lysosome also present an important part of cargo 

trafficking inside the cell. To facilitate trafficking between the different cell compartments, 

the cargo is packed into membrane enclosed transport vesicles. These vesicles are 

customised, somewhat ensuring that the cargo arrives at its destination through specific and 

directed movement. Regulation is also required so that only proteins destined for relocation 

are included in the transport vesicles. Thus regulation is needed at different steps and hence 

many different proteins are involved in the process. This results in a vast range of research 

that is needed for a better understanding of cargo trafficking inside the cell.

The process of vesicle transport can be divided in four main steps (Figure 1.2.): (1) 

a vesicle is formed, (2) the vesicle moves towards its target where, (3) tethering and 

doeking take place followed by, (4) fusion of the membranes and release of the cargo. 

Upon assembly of cargo proteins from the cytoplasm, vesicle budding is initiated and a 

protein coat is formed around the vesicle. The vesicle then moves towards the target by 

diffusion or facilitated by vesicle-associated motors that interact with the cytoskeleton of



the cell. Kinesin, dynein and myosin have all been shown to take part in motor mediated 

vesicle transport [4-6]. Once the vesicle reaches its destination tethering then takes place. 

Tethering describes the initial interaction between a vesicle and the target membrane. The 

protein coat was initially thought to be released from the vesicle before tethering, but more 

recent studies show that it is sometimes involved in initialising the tethering process and 

only then released to allow membrane fusion [7].

Proteins/protein complexes termed tethers or tethering factors were implicated in 

nearly all trafficking events [8]. Tethers, along with Rab proteins, small Ras related 

GTPases, are critical for the specificity of vesicle targeting and it has been proposed that 

tethers interact with Rab GTPases [9]. Upon tethering the vesicle membrane fuses with the 

target membrane. For this purpose soluble N-ethylmaleimide-sensitive factor attachment 

protein receptors (SNAREs) that are bound to the vesicle (v-SNARE) and the target 

membrane (t-SNARE) interact with each other [10].

The composition of the protein coat depends on the transport step. Three different 

types of coats have been identified thus far. Clathrin coats were the first to be identified 

[11-12] and were initially thought to be involved into most transport steps. Later studies 

showed that they are involved in post-Golgi locations including plasma membrane, the 

trans-Golgi network (TGN) and endosomes. Coat protein I (COPI) is known to take part in 

intra-Golgi transport as well as retrograde transport from the Golgi to the ER [13], while 

COPII mediates transport from the ER towards either the ER-Golgi intermediate 

compartment (ERGIC) or the Golgi complex [14].



Figure 1.1 Intracellular transport pathways.
This figure shows the compartments of the secretory, lysosomal/vacuolar, and endocytic 
pathways with directional transport indicated by arrows. The presumed locations of protein 
coats (COPIl (blue), COPl (red), and clathrin (orange)) are also presented.
Adapted from [15]
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Figure 1.2 Steps involved in vesicle budding and fusion.
(1) Budding; Cargo proteins diffuse into the budding site where they are trapped with coat 
proteins or cargo receptors. The coat is assembled and a bud that matures into a vesicle is 
formed. (2) Transport: The vesicle is transported towards the acceptor membrane by 
associating with cytoskeletal elements and transport motors (not shown). (3) Docking; When 
the vesicle comes close to the target membrane it is tethered to it by the combination of a 
GTP bound Rab, elongated coiled-coil tethering proteins and other tethering factors (not 
shown). After the tethering step an R-SNARE (VAMP) assembles with a Qa-SNARE 
(syntaxin), Qb-SNARE (SNAP N) and Qc-SNARE (SNAP C) forming a parallel, four- 
helical bundle. (4) Fusion: This so called Trans-SNARE, or ternary core fusion complex 
leads to further approach of vesicle and target membranes, possibly driving the fusion 
reaction. (5) Disassembly: After fusion has occurred Rab-GDP is released from the 
membrane by a GDI and then recruited back to the donor membrane. The SNARE-complex 
is disassembled by the ATPase N-ethylmaleimide-sensitive factor and a-SNAP in order for 
the SNAREs to be recycled. More recent studies showed that the uncoating of the vesicle 
(taking place immediately after scission from the donor membrane in this schematic) takes 
place later during the transport process [7]. Figure from [15]



1.2. Small GTPases

Guanine nucleotide-binding proteins (G-proteins) bind and hydrolyse the guanosine 

nucleotide GTP. Some G-proteins, i.e. Gsl, are large and comprise of heterotrimers with 

subunits Ga, Gp and Gy [16-17]. Furthermore there are large numbers of small G-proteins 

and the first members of this family to be detected were the Ras GTPases. Thus small G 

proteins are more often termed Ras GTPases (superfamily), small GTPases (of the Ras 

superfamily) or small Ras related GTPases, whereas the large G-proteins are usually 

referred to as G-proteins. Small Ras related GTPases with evolutionary conserved 

orthologs have been identified in all eukaryotic organisms. In lower organisms like 

Saccharomyces cerevisiae {S. cerevisiae) or Caenorhabditis elegans (C. elegans) there are 

fewer GTPases than in mammals, for example there are 35 human Ras subfamily proteins 

but only 12 in C. elegans [18]. The small Ras related GTPases superfamily can be divided 

into 5 subfamilies: Ras GTPases, Rho GTPases, Ran GTPases, Arf GTPases and Rab 

GTPases. Small Ras related GTPases share about 30% homology with up to 55% 

homology in the subfamilies [19]. The subfamilies of small Ras related GTPases differ in 

many ways but it has been shown that all share a similar mechanism of activation and 

deactivation which will be discussed further.

Small Ras related GTPases are typically monomeric and are homologous to the Ga 

subunit of large G-proteins. Their usual size ranges from 20-25 kDa and they function as 

GDP/GTP-regulated molecular switches [20-21]. They have a high affinity for GDP and 

GTP that requires the cofactor Mg^^. Since the GTP-bound forms of small Ras related 

GTPases are able to control the activities of their effectors, like molecular switches, they 

are considered active (or ‘on’) in the GTP bound form whereas the GDP-bound forms are 

considered inactive (or ‘off). With an ability to cycle between active and inactive states, 

small Ras related GTPases have evolved to become powerful regulators of various 

processes within the cell. The rate limiting factor for the protein activation is GDP-GTP 

exchange. Two main classes of regulatory proteins control the cycling between GDP- and 

GTP- bound states. Formation of the active form is facilitated by guanine-nucleotide 

exchange factors (GEFs) [22] while the intrinsic rate of GTP hydrolysis is accelerated by 

GTPase activating proteins (GAPs) [23]. In addition to these mediators, guanine nucleotide



dissociation inhibitors (GDIs) also exist. They bind to GDP-bound GTPases whieh 

prolongs the inactive state by inhibiting the release of GDP. The GTPase is released from a 

GDI through the activities of a GDI displacement factor (GDF) [24-26]. To date, GDIs 

have only been identified for Rho and Rab proteins which represent different subfamilies 

of small Ras related GTPases. An illustration of the GTPase eycle of Rab GTPases is 

shown in Figure 1.3.

1.2.1. Small Ras GTPases have different functions

Despite having structural similarities discussed in Section 1.2.2, it is important to 

note the distinct differences found between members of small Ras GTPase subfamilies. 

The effectors of each subfamily can be very distinct, and some Ras GTPases were shown to 

interact with more than one effector protein, for example Rab GTPases [27-28]. Apart from 

conserved so called G-box motifs, the sequences of small Ras GTPase subfamily members 

can vary greatly. The differenees in sequence makeup eombined with the degree of 

conformation flexibility of regions such as switch II has led to a diversification in the 

effectors recognised by these proteins. Most importantly, this has produced a 

diversifieation of function in the cell [18, 29]. The functions of the subfamilies members 

outlined earlier for example have distinct cellular function. The Ras subfamily of GTPases 

(Ras sarcoma oncoproteins) which were the first one to be identified, and was implicated in 

certain types of cancer [30-31]. Ras proteins are important in the regulation of cytoplasmic 

signalling networks that control gene expression as well as cell proliferation and 

differentiation. The Rho (Ras homology) subfamily proteins are closely related to the Ras 

subfamily. But they have been found to take part in cytoskeletal remodelling and cell 

polarity [32-33]. The Ran (Ras-like nuclear) proteins are involved in nueleocytoplasmic 

transport of proteins and RNA. Ran is the most abundant small GTPase in the cell [34]. Arf 

(ADP-ribosylation faetor) GTPases take part in the regulation of vesicular transport. The 

initiation step for COPl assembly requires activation and membrane recruitment of Arf 

[35]. Rab GTPases (Ypt in yeast), from Ras like protein in brain or sometimes Ras 

associated binding, were first purified from rat brain [36]. They are important for the 

regulation of intracellular vesicular transport of proteins in the endocytic and secretory



pathways and are implicated in the specificity of vesicle delivery to receptor membranes 

[28],

Synthesis

i
Biological

effects

Figure 1.3 The main steps involved in GTPase cycling.
Rab GTPases are used as an example for all Ras related GTPases. Unmodified GDP-bound 
Rab is recognised by Rab escort protein (REP) and presented to Rab geranylgeranyl 
transferase (RGGT; a and P subunits) which leads to prenylation of one or two C-terminal 
cysteines with geranylgeranyl. Prenylated Rab GTPase is then released from RGGT but 
remains in complex with REP which escorts it to its distinct organelle membrane where it 
anchors via insertion of the hydrophobic residues. Membrane bound Rab GTPase is then 
activated by a GEF which exchanges GDP to GTP. Now the Rab GTPase can interact with 
its effectors leading to biological effects that involve the small GTPase in cell signalling or 
trafficking. Afterwards GTP hydrolysis is accelerated by a GAP. GDP bound Rab protein 
is then extracted from the membrane by GDI, which recycles the Rab GTPase to its distinct 
organelle membrane. Where the GDF dissociates the Rab/GDl complex and enables 
activation by a GEF. For simplicity the other functions of Rab proteins such as interaction 
with motors or effectors are not shown. (After [37])



1.2.2. Structural properties of small Ras related GTPases

The structures of many small Ras related GTPases in both active and inactive states, 

have been determined. This has made it possible to characterise a Ras superfamily G- 

domain fold which consists of a six-stranded P-sheet, five parallel with one antiparallel, 

framed by five a-helices [21], also see Figure 1.4. It has also been shown that small Ras 

related GTPases possess a universal switch mechanism [20]. Generally the overall 

conformation of the protein does not change upon binding to GDP or GTP, except for two 

regions which show distinct changes. They ‘switch’ their positions depending on the 

nucleotide bound, and are referred to as switch 1 (Ras residues 30-38) and switch II (Ras 

residues 60-67) [20, 38]. These switch regions are able to distinguish the constitution of the 

bound nucleotide via invariant residues that bind to the y-phosphate of GTP [21]. But the 

switch regions also present an important part of the binding sites for effectors, thus 

coupling GTP hydrolysis directly to effector recognition and regulation.

Bourne and colleagues [39] identified conserved G-box GDP/GTP-binding motif 

elements that are found in all small Ras related GTPases: Gl, GxxxxGKS/T; G2, T; G3, 

DxxGQ/H/T; G4, T/NKxD; and G5, C/SAK/L/T (where X represents any amino acid). The 

Gl motif is also known as the phosphate-binding-loop (p-loop). It contains a Ser or Thr 

which is coordinated by the Mg ion in the active state. The p-loop mainly interacts with 

the P-phosphate of the nucleotide, keeping it in place within a shallow pocket at the surface 

of the protein [40]. Affinity studies showed it to be the most important part for the 

nucleotide-GTPase interaction, p-loops are common features for GTP and ATP binding 

sites [41]. The G2 Thr (positioned in switch 1) contacts the y-phosphate and is also 

coordinated by the Mg^^ ion in the active state. The Asp of G3 (switch II) stabilises the 

Mg^^ through interaetion with a water molecule, the backbone amide of Gly contacts the y- 

phosphate and the side chain of Gin serves as a catalytic residue for the intrinsic GTP 

hydrolysis. The conformational change in the switch regions is due to the loss of hydrogen 

bonds to the y-phosphate upon GTP hydrolysis. Changing the nucleotide binding and 

hydrolysis properties can be done by mutating conserved G box motifs. Most commonly 

used are substitution of the p-loop Ser/Thr to Asn (SN or TN mutant) and the G3 Gin to 
Leu (QL mutant). SN or TN mutants have a disrupted Mg^"^ binding site which results in 

reduced affinity for guanine nucleotides, in low Mg^"^ concentrations especially for GTP.
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This suggests a ‘GDP-locked’ state for these mutants [42], QL mutants are supposedly 

locked in the GTP bound state. The G4 and G5 motifs are involved in interactions with the 

guanine base, they discriminate the nucleotide binding pocket against other nucleotides 

such as ATP/ADP [43]. Figure 1.4 displays the 3-dimensional arrangement of G-box 

motifs.

Further analysis, shows that switch 1 and II are not found in one designated ‘on’ or one 

designated ‘off position, but in several conformations whereas the rest of the protein does 

not change in conformation. The NMR structure of H-Ras bound to GDP for example 

reveals that especially switch II, and to a lower magnitude also switch 1, are much more 

flexible than the rest of the protein (Figure 1.5) Although no NMR structure is available for 

a native GTP-bound Ras GTPase, NMR spectroscopy of Ras GTPases bound to GTP 

suggests that several distinct conformations exist for the switch regions [45-46]. It has been 

suggested that the different switch conformations, which pre-exist, are recognised by the 

different effectors and that effector-binding does not necessarily involve large changes in 

switch conformations, but that effectors preferably bind when the switch region adopts the 

most convenient conformation [46]. This has been shown not to be true for all Ras related 

GTPases. For example the structure of Rabl 1(GTP)/F1P2 shows that switch II undergoes a 

large conformational change in order to bind FIP2 [47]. Switch I is highly flexible in the 
GDP bound state but when bound to GTP it binds to the Mg^ cofactor and a conserved 

threonine residue forms a hydrogen bond with the y-phosphate of GTP which stabilises the 

loop [46]. Switch 11 is generally more ordered in the GTP state, and by definition, switch 1 

and II adopt different conformations in the GTP versus. GDP bound states. A comparison 

of various crystal structures of small Ras GTPases bound to GTP and GDP revealed that 

the switch regions adapt a less diverse conformation in the GTP-bound form than the GDP- 

bound form [21], illustrating the conformational changes of the switch regions and the 

higher switch flexibility in the GDP-bound state. But as different proteins are compared 

this does not prove that the switch regions do not adapt a single conformation for each 

nucleotide-bound state.



Figure 1.4 Visualization of the G-domain fold and arrangement of G-box motifs.
The structure presented is H-Ras in complex with the non-cleavable GTP analogue 
GppNHp. The different G-box motifs are coloured differently, GppNHp is represented as 
sticks and Mg^"*^ as a green sphere. PDB-file used for this figure: 5P21, [44]

Structures of different small GTPase/effector complexes indicate that the switch 

conformations found upon effector binding pre-exist as a repertoire of states. This would 

mean that the GTPases might exhibit a certain number of switch conformations that are 

specific for different binding surfaces. When binding to an effector, the GTPase stays in the 

corresponding switch conformation [46]. Small Ras GTPases have been found to bind to 

more than one effector. Analyses of the residues involved in the binding process showed 

that the interacting regions of the small Ras related GTPase are only partly the same for
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different effeetors, making it diffieult to predict the determinants of their specificity [21, 

48]. Although non switch regions have been identified to contribute to several complexes, 

the switch region residues present a higher multiplicity of conformations with some of their 

residues participating in almost all complexes formed. The high multiplicity of the switch 

regions is thought to be a reason for the ability of small Ras related GTPases to recognise 

multiple ligands and to be differentially regulated by them [21,49].

Switch II

Figure 1.5 NMR structure of H-Ras(GDP).
Carbon Ca traces of the ensemble of 20 conformations derived from the NMR structure 
of the GDP-bound form of H-Ras. The p-loop is coloured yellow, switch 1 is in blue 
and switch II in red. The main part of the protein, including the p-loop, is not very 
flexible, but near the two switch regions the Ca trace is disperse, indicating high 
flexibility. This is especially true for switch II which does not interact with the GDP. It 
is likely that a Ras(GTP) structure would show a less flexible switch II because the 
switch II interacts with the y-phosphate of GTP. PDB-file used for this figure: ICRP 
[50].
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1.3. Rab GTPases

1.3.1. Importance of Rab GTPases in trafficking

Rab GTPases present the biggest subfamily of small Ras related GTPases with over 

60 identified genes in humans and 11 in 5. cervisiae [19], Rab GTPases are essential for 

intracellular trafficking. The amount of Rab GTPase encoding genes increases significantly 

from yeast (11) to fly (32) to humans (over 60), which is in contrast to a relatively constant 

number of coat proteins, SNARE’S. These observations suggest a greater regulatory 

requirement for vesicle-trafficking pathways with increasing complexity of the organism 

[51]. Expression of evolutionary conserved Rab GTPases normally takes place in all cell 

and tissue types. Eess conserved Rab GTPases are found to function in more specific, often 

tissue dependent pathways [52]. Depending on the cell compartment, a unique set of Rab 

GTPases are found, and some Rab GTPases are only expressed in a specific subset of cells 

or tissues. For example Rab3a is only expressed in neurons [28, 53]. The importance of 

Rab GTPases in vesicle transport is highlighted by the finding that a large number of Rab 

isoforms are present on vesicles [54]. Furthermore Rab GTPases organise almost all 

trafficking processes in eukaryotic cells [27]. This is often mediated through indirect 

interactions with coat components, motors and SNAREs. ER-Golgi trafficking is mediated 

by Rabi, located at ER exit sites and the pre-Golgi intermediate compartment (IC). Rab2 is 

also located at the IC and might also regulate Golgi-ER trafficking. Rab6, Rab33 and 

Rab40 are localised in the Golgi and mediate intra-Golgi trafficking. Rab33, together with 

Rab24, also regulates the formation of autophagosomes. Constitutive biosynthetic 

trafficking from the TGN to the plasma membrane involves Rab8 that also participates in 

GLUT4 vesicle translocation (together with Rab 10 and Rab 14) as well as in ciliogenesis 

(with Rab 17 and Rab23). Rab3, Rab26, Rab27 and Rab37 are involved in various types of 

exocytic events. Rab27 also mediates the translocation of melanosomes to the cell 

periphery. The biogenesis of melanosomes involves Rab32 and Rab38, additionally Rab32 

controls mitochondrial fission. Assembly of tight junctions between epithelial cells is 

regulated by Rab 13 whereas Rab 18 controls the formation of lipid droplets. Rab22 is 

involved in trafficking between the TGN and early endosomes. Localised to early 

endosomes, phagosomes, caveosomes and the plasma membrane is Rab5, it mediates 

endocytosis and endosome fusion of clathrin coated vesicles (CCVs), macropinocytosis
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(with Rab34), and maturation of early phagosomes (with Rah 14 and Rab22). Integrin 

endocytosis is mediated by Rabl 1, Rab21 also takes part in this process. Rabl 1 and Rab35 

mediate slow endocytic recycling through recycling endosomes, whereas Rab4 mediates 

fast endocytic recycling directly from early endosomes. Rabl5 is not only involved in 

trafficking from early endosomes to recycling endosomes but also in the trafficking from 

apical recycling endosomes to the basolateral plasma membrane. Trafficking through the 

apical recycling endosomes to the apical plasma membrane is controlled by Rah 17 and 

Rab25. Rab7 is associated to the late endosome and mediates maturation of late endosomes 

and phagosomes, and their fusion with lysosomes. Rab9 is also associated to the late 

endosome and mediates trafficking from late endosomes to the TGN [27]. Figure 1.6 

presents Stenmark’s summation of known localisations of Rah proteins within the cell.

1.3.2. Rab GTPases in vesicle fusion

The first evidence for Rab GTPases involvement in intracellular trafficking was 

reported by Salminen and Novick [55]. They mutated Sec4 (a yeast Rab GTPase) and 

showed that this causes an accumulation of TGN-derived vesicles destined for secretion. 

They concluded that this GTPase plays an essential role in controlling a late stage of the 

secretory pathway. It was assumed that Rab GTPases were involved in tethering and 

docking of transport vesicles to their target membrane but were not responsible for the 

specificity. The most important determinants of specificity for membrane targeting were 

thought to be SNAREs [56]. It has now been shown that Rab GTPases are mainly 

responsible for the membrane specificity of the transport vesicle via their interactions with 

tethers and SNAREs which is consistent with the finding that almost all known tethers 

interact with Rab GTPases [8, 57-59].
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Figure 1.6 Subcellular localisation and function of selected Rab GTPases in an epithelial 
cell.
Figure from [27]

14



1.3.3. Rab GTPases in vesicle budding

Vesicles are formed by a process called vesicle budding. Transmembrane proteins 

that are cargo or cargo receptors associate with cytosolic coat protein complexes. Several 

factors are involved in the sorting of cargo destined for different locations. The coat 

complexes recognise different cargoes which makes the coat assembly cargo-specific. 

Furthermore other determinants such as membrane curvature, lipid composition as well as 

Rab GTPases enable specific cargo and/or coat recruitment which results in transport 

towards the right destination [15, 27]. It was shown for example that Rab9 significantly 

increases the affinity of cargo receptor TIP47 for its cargo and is thus regulating its uptake 

[60]. Some other Rab GTPases have been shown to be involved in vesicle budding or 

SNARE recruitment [60-63].

1.3.4. Rab GTPases in vesicle motility

In order to arrive at their destination, vesicles that are transported between different 

cell compartments have to be directed, from donor to target compartments. Several motor 

proteins have been implicated in this process, and involve both the microtubule and the 

actin network. The actin network is usually involved in transport over a shorter range 

whereas microtubules transport vesicles over a longer range [64]. Different motor proteins 

move along actins or microtubules and are thought to associate with cargo in order to 

transport it to its destination. Most kinesin motors move towards the plus ends of 

microtubules, dyneins towards the minus end [65-67]. Myosin motors (except for myosin 

VI) move towards the plus end of actins [68]. Myosins present a large protein family and 

have a variable tail domain that mediates interaction with specific cargoes [69]. Myosin V 

is the most efficient member of that family, it is able to slide along actin without 

dissociation [70]. Some Rab GTPases interact with motor proteins directly or via another 

protein, which highlights the importance of some Rab proteins in vesicle motility [4-5, 71]. 

Table 1.2 presents a summary of the different known Rab GTPase involvements with 

motor proteins.
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Table 1.1 Rab GTPases interacting with motor proteins 
(adapted from|72|)

Rab Motor Compartment Interaction Effector Reference
Rab4 KIF3B EE IP [73]

LlC EE Y2H [74]
Rab5 Die EE IP [75]

KIF16B EE No PI3K [76]
Rab6 pi 50™ Golgi Y2H BicDl/2 [6, 77]

p50 Golgi Pull down [6]
RB6K/MKLP2 Golgi Y2H, pull [78]

down
Rab7 Dynein/dynactin LE/Lys Unknown RILP [79]
Rab8 MyoVl Golgi Y2H, direct 

interaction
Optineurin [80-81]

Rabll MyoVb Recycling Y2H [82]
compartment Y2H Fip2 [83]

Rab27a MyoVa Melanosome Y2H, IP Melanophilin/Slac2 [84-88]
MyoVlla Melanosome Pull down MyRIP [89-90]

PIC, dynein intermediate chain; IP, immunoprecipitation; LlC, light intermediate chain; Y2H, yeast two-hybrid

1.3.5. Coordination of different Rab GTPase functions

As described in Section 1.3.1 different Rab GTPases are found to localise to distinct 

sub-cellular organelles. Furthermore it was found that different Rab GTPases, that are 

found on the same organelle, do not mix, but stay separated from each other and present 

distinct microdomains (also called Rab domains [91]). Over time a transport compartment 

can undergo a change of the associated Rab GTPases which causes a change of other 

associated proteins, converting it into another compartment, as happens for instance by 

exchange of Rab5 for Rab7 at the interface between early and late endosomes [92-93]. This 

implies that a mechanism exists which enables the selection of different Rab GTPases and 

facilitates their positioning on different parts of the membrane. It has been proposed that 

this could, at least in part, be mediated by Rab effectors [27]. It remains unclear however, 

how the different Rab GTPases coordinate such actions. Several ‘bivalent’ Rab effectors 

were found to have separate non-overlapping binding sites for different Rab GTPases, and 

interaction with one Rab can results in enhanced affinity for another Rab GTPase, 

suggesting possible cooperativity and coordination of Rab binding and subsequent 

trafficking [94]. Evidence has been found that Rab GTPases also confer membrane identity
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by controlling the phosphoinositide levels of their associated membranes, which would 

influence the recruitment of other membrane associated proteins [95-96].

1.3.6. Rab GTPases and receptor signalling

Many signaling receptors have to traverse the endocytic pathway in order to arrive 

at their destination, and endosomal membranes are themselves organised into 

compositionally and functionally specialised domains [97], It has been shown that 

endocytosis is a fundamental organiser of the cell and coordinates the core variables in cell 

signaling (duration, intensity, integration, and spatial distribution) in order to control 

processes such as cell fate determination and cell migration [98]. Rab5 for example has 

been shown to be involved in epidermal growth factor receptor (EGFR) signaling [99]. 

Rab7 was found to be activated by growth factor withdrawal, suggesting it contributes to 

the induction of apoptosis and indicating that Rab7 dependent fusion reactions might be 

targeted by signaling pathways that limit growth factor-independent cell survival [100].

1.3.7. Rab GTPases and diseases

Rab GTPases have been linked to several genetic and acquired diseases, some of 

them through Rab-associated proteins. The Charcot-Marie-Tooth disease type lib 

(CMTB2) for example is characterised by prominent sensory loss, marked distal weakness, 

foot deformities and there is a high frequency of ulcers occurring with associated infection. 

As a consequence, amputation of toes is often necessary [101]. CMTB2 is caused by 

mutations in Rab7, which are thought to keep the protein in a GTP locked state [102]. 

Other examples are defects in Rab GTPase dependent transport steps that have been linked 

to the Griscelli syndrome, choroideremia and osteoporosis [103-105]. Several pathogens 

have been reported to modulate Rab GTPase function, especially in the endocytotic 

pathway which is involved in host pathogen defense by fusing the phagocytes with 

lysosomes [106]. At least one pathogen, Legionellapneumophilia, was reported to ‘hijack’ 

a Rab GTPase (Rabl) along with other host proteins to its legionella containing vacuole 

which adopts an ER like morphology. Until recently, in contrast to Ras and Rho GTPases, 

Rab GTPases were not linked to cancer. However this has changed and several Rab
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GTPases have been found to be aberrantly expressed in tumor cells [107]. Given their 

involvement in EGFR signaling, for example it is possible that altered expression of the 

involved Rab GTPases contributes to tumorigenesis [107]. Table 1.2 summarises all Rab 

GTPases that had been linked to diseases in 2011.

1.3.8. Rab GTPase cycle

After translation Rab GTPases undergo posttranslational modifications the most 

noteworthy being prenylation of one or two cysteins with geranylgeranyl (a C20 isoprenoid 

group) at their C-terminus [156]. In contrast to other small Ras related GTPases, Rab 

proteins do not present one prenylation motif but several: Cxxx, CC, Cxx or CCxx where x 

represents any amino acid. Sometimes only one cysteine residue is present for prenylation 

at the C-terminal. RGGT (Rab geranylgeranyl transferase) does not recognise Rab protein 

prenylation motifs alone, so in order to be prenylated the Rab must bind the REP (Rab 

escort protein), a 95 kDa protein, and only then can it be recognised as a substrate of 

RGGT [157]. Once prenylated, REP transfers the Rab GTPase to the membrane of its 

specific compartment where it is tethered to the membrane followed by activation by a 

GEE. It then interacts with its effectors and remains linked to the transport vesicle until the 

vesicle fuses with its target membrane. GTP is hydrolysed to GDP by means of a GAP and 

the Rab GTPase is separated from the membrane by GDI. Apart from inhibiting GDP to 

GTP exchange, GDIs are thought to catalyse insertion and recovery of prenylated Rab 

GTPases into and out of cellular membranes [158]. GDI then delivers the Rab protein back 

to the donor membrane, thus recycling it and completing the cycle, where the Rab-GDI 

dissociation involves a GDI displacement factor (GDF) [159]. Figure 1.3 depicts Rab 

GTPase prenylation and recycling as well as the GTPase cycle. Interestingly, GDIs are 

structurally related to REPs, binding Rab GTPases via interaction with a conserved ‘Rab- 

binding platform’ but GDIs do not interact with RGGT and have a very low affinity to 

unprenylated Rab proteins [160]. Three GDI isoforms have been isolated to date (GDIa, 

GDIpand GDIy) [149].
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Table 1.2 Rab GTPases implicated in monogenic and multigenic diseases. (Adapted from [108])

RAB isoforms Cellular
locations Functions Diseases

Elevated in tongue cancer [109],
Rabl A, B ER, Golgi ER-Golgi trafficking oculocerebrorenal syndrome [110],

infections [111-112]

Rab2 A, B ER, Golgi, PM, 
melanosomes ER-Golgi trafficking Elevated in various cancers [113-114]

Neurotransmitter release, Cancers of nervous system [115],

Rab3 A, B, C, D PM fusion of synaptic vesicle. neuro-endocrine related cancers [116],
exocytosis (insulin), protein pituitary adenomas [117-118],

transport Warburg Micro syndrome [119]
Rab4 A,B PM Protein transport Obesity [120], diabetes [121]

Various cancers [122-126],

Rab5 A, B,C PM, EE, 
melanosomes

Fusion of PM to EE, protein 
transport

oculocerebrorenal syndrome [110], 
neurodegenerative Diseases [127-128], 
Huntington’s disease [129], bacterial

infection[l 30], diabetes [121]
Rab6 A, A’, B Golgi membrane Golgi-ER trafficking Oculocerebrorenal syndrome [110] 

Hereditary sensory and autonomic

Rab7 A, B
LE, lysosome, 
phagosome, 

melanosomes

Late endocytic transport, 
maturation of phagosome

neuropathies [131], Niemann-Pick 
disease type C [132], Alzheimer’s 
disease [133-134], Chagas disease

[135], thyroid carcinoma [136]
Vesicular trafficking. Melanoma [137], retinal degeneration

Rab8 A, B PM neurotransmitter release, in mice/glaucoma [138], microvillous
dendrite extension. inclusion disease [139-140], Bardet-

ciliogenesis Biedel syndrome [141]
Rab9 A, B LE Endosome-TGN trafficking Niemann-Pick disease type C [132]

Neurotransmitter release.

Rab 10 PM vesicular trafficking, 
phagosome maturation, Type 2 diabetes [121]

Glut4 translocation
Rabl 1 family

A, B,C 
(Rabl 1C 

synonymous

Recycling 
endosome, 

Rab25 in apical 
recycling

Long loop recycling, Rab25 
implicated in integrin 

recycling, cell motility, 
ciliogenesis

Breast, lung, colon, ovarian 
endometrial, prostrate, bladder 

carcinomas [142], Rabl 1 implicated in 
Chagas disease [135], Rabl 1A in

with Rab25) compartments diabetes [121]

Rab 13 Tight junction Polarized transport, tight 
junction activity

Crohn’s disease [143], upregulated in 
tuberculosis [144]

Negative regulator of Sonic Carpenters syndrome [145],
Rab23 PM Hedgehog signaling, craniosynostosis[146], liver cancer

vesicular trafficking [147], gastric cancer [148]
Rab24 ER-Golgi, LE Autophagy Tuberculosis [144]

PM,
melanosomes

Choroidermia [149], Griscelli
Rab27 A,B Exocytosis syndrome 2 [104], type 2 diabetes 

[108], breast cancer [150-152]
Rab31 PM, TGN Anterograde transport Metastatic breast cancer [153]

Rab33 A, B Golgi Autophagosome formation Tuberculosis [144]

Rab38 Melanosomes Melanosomal transport, 
docking, sorting TYRPl

Hermansky-Pudlak syndrome [154- 
155]
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1.3.9. Rab family and subfamily motifs

Rab proteins are highly homologous, share a similar fold, and are very similar in the 

active (GTP) state; however they have very specific functions and unique properties. 

Generally every Rab GTPase has several effectors, and in turn some effectors act on more 

than one GTPase, while others are more specific. Rabphilin for example interacts mainly 

with Rab27, but can also interact with Rab3 and Rab8 whereas melanophilin only interacts 

with Rab27 [161]. It has been proposed that this may be a consequence of not only 

sequence variation but also the ability to form different conformations which distinguish 

Rab GTPases from each other [9]. In order to clarify how Rab GTPases account for their 

specificity several studies have been performed. One approach concentrated on the 

identification of distinguishing Rab GTPases features within subfamilies. Finding 

conserved sequence motifs would enable identification of differences that are likely to 

account for the specificity. Through sequence alignments of Rab GTPases several Rab 

family sequences (RabF) were identified: RabFl = IGVDF [162-163] RabF2 = KLQIW 

RabF3 = RFrsiT RabF4 = YYRGA RabF5 = LVYDIT [163]. FI, F3 and F4 are found in 

the switch domains. These motifs, together with the nucleotide binding and variation in 

prenylation motifs allow for Rab GTPases distinctions to be made between superfamily 

members, such as Ras and Ran. Defining and categorising these motifs helped in the 

identification of unknown Rab GTPases and also provided support for the idea that the 

switch regions, in addition to the other motifs mentioned, determine the specificity of 

binding to their effectors. Furthermore this analysis allowed the organisation of Rab 

GTPases into phylogenetic groups. These groups contain Rab subfamilies which tend to 

have similar function or are in fact isoforms [164]. Different authors refer to a different 

number of phylogenetie groups, Pereira-Leal and Seabra [163] make the point that it is 

difficult to draw a line between subgroups especially when it is unclear exactly how much 

homology is required to categorise two related proteins as isoforms (as for Rab la and 

Rablb for example). Pereira-Leal and Seabra identified 11 Rab subfamilies, while two 

other separate groups identified 10 [165-166].
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1.4. Structural properties and specificity of Rab GTPases

It is difficult to understand the underlying mechanisms employed in Rab GTPase- 

effector interactions, especially because it is hard to identify common sequences and 

structures in effectors. As a result structural analysis of Rab GTPase-effector interactions 

are very important in order to have a better understanding of trafficking mechanisms; 

combined with measurements of affinities and kinetics and mutational analysis they will 

allow understanding the processes taking place at the molecular level [51, 167],

As described for the superfamily of small Ras related GTPases, Rab GTPases are found to 

have less ordered switch regions in the GDP bound state, and very diverse conformations. 

In the active state, the conformations of Rab GTPases are much more similar. These 

observations present a conundrum - as discussed below, crystal structures of Rab-effector 

complexes (from our lab and others', i.e. [47, 168-169]) have revealed that the switch 

regions of active Rab GTPases are the key determinants of specificity, despite similar 

sequences and conformation. This dilemma is, at least partially, explained by the finding 

that Rab-effector specificity is very subtle, and dependent on a single or a few amino acid 

variants and also dependent on conformational heterogeneity (side chain and backbone) of 

highly conserved switch residues, but further analysis is necessary in order to understand 

the system quantitatively [167].

1.4.1. Structural basis for membrane targeting and extraction

As described in section 1.2.1 and 1.3.8 prenylated RabGTPases interact with 

RabGDI in their GDP-bound form when not bound to membranes [170-171]. They also 

retrieve prenylated Rab proteins from membranes and return them to their membrane of 

origin [171-172].

Several crystallographic structures of RabGDI and REP, in complex and alone have 

been determined [24, 173-177]. The overall architectures of RabGDI and REP are similar 

(Figure 1.7). Both have two distinct domains designated domain 1 and II. Domain II is 

comprised of approximately 100 residues and entirely helical, whereas the larger (~340 

residues) domain 1 contains several P-sheets and some conserved characteristics which are
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involved in Rab GTPase binding, including the so called ‘Rab-binding platform’ (RBP) 

[177-180]. This platform is adjacent to the switch and interswitch regions of the bound 

Rab. Through structural and sequence analysis Goody and colleagues identified a motif 

that consists of a large aliphatic residue followed by a polar amino acid, followed in most 

cases by a second large aliphatic residue and has been termed the ‘AxA box’ [37]. This 

motif is found in a non-conserved position within the hypervariable C-terminal extension 

of Rab GTPases and it interacts with the so-called ‘C-terminal binding region’ (GBR) of 

domain 1. Another part of domain I that interacts with the hypervariable C-terminal region 

is the ‘Mobile effector loop’ (MEL). Domain 11 contains a distinct prenyl group pocket into 

which one geranylgeranyl binds. If the Rab GTPase is double prenylated, the first prenyl 

group binds differently to the pocket in domain 11 and the second prenyl covers the first 

which leaves it partly exposed [24, 173-176]. Despite their structural similarities only REP 

interacts with RGGT. This is due to only two substitutions at the interaction interface of 

domain II [181].

Based on structural and biophysical data of Rab-GDl interactions a model 

explaining the mechanism in which prenylated Rab GTPases are extracted from the 

membrane was suggested [175], also see Figure 1.8. GDI recognises the membrane bound 

Rab GTPase and forms an initial low affinity complex via the Rab-binding platform. 

Binding of the conserved AxA box with the CBR then increases the affinity of the complex 

and as a result of structural adjustments to this the prenyl binding pocket of GDI is opened. 

This pocket would be located close to the membrane inserted prenyl groups of the Rab 

GTPase and as a result of the now high affinity of the GDI-Rab complex the prenyl groups 

are extracted from the membrane.
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REP-Rab GGTase Complex

Figure 1.7 Structures of RabGDI and REP with prenylated Rab GTPase or RGGT.
RabGDI and REP are shown in darker blue shades; Rab GTPases in grey with switch I in 
lavender, switch II in green, interswitch regions in yellow, complementary-determining 
regions (CDRs) in orange and C-terminal regions in purple. CDRs are discussed further in 
Section 1.4.3. Panel A: Structure of RabGDI in complex with mono-prenylated Yptlp 
(PDB ID lUKV, [173]). Panel B: Structure of REP in complex with mono-prenylated 
Rab7. The Rab-REP interaction interface and position of the prenyl binding pocket are very 
similar to the Rab-GDI interface shown in A (PDB ID IVGO, [174]). Panel C: Structure of 
REP in complex with RGGT (PDB ID ILTX, [182]). The domain II of the REP interacts 
with the a subunit of RGGT in a manner which orients the Rab-binding platform in a 
position that enables the Rab C-terminus to interact with the active site in the (3 subunit. 
Figure adapted from [166].
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Kd 0.1 mM

Figure 1.8 Putative mechanism of Rab membrane extraction by GDI.
1. Rab is anchored in the membrane. 2. First recognition and low affinity complex 
formation via Rab-binding platform interactions. 3. Further interactions result in a higher 
affinity of the complex, the prenyl binding pocket opens and since it is located close to the 
membrane anchored residues lipid transfer occurs. 4. The high affinity Rab-GDl complex 
is released from the membrane. Rab GTPase in red with yellow geranlygeranyl groups, 
GDI in green. Figure adapted from [175].

1.4.2. Structural basis for activation and inactivation of Rab GTPases

In order for the Rab GTPase to be activated, the GDP has to be exchanged with 

GTP. For this, the Rab/GDl complex has to be dissociated from the GDI first. As described 

in sections 1.2 and 1.3.8 the dissociation from GDI and the membrane recruitment of Rab 

GTPases are thought to be catalyzed by GDFs [183]. Only few GDFs have been identified 

so far, out of which one is the integral membrane protein Ypt-interacting protein 3 (Yip3) 

[25]. Subsequent research revealed that a family of Yips exists, and it has been proposed 

that these proteins serve as GDFs for the targeting of Rab GTPases in eukaryotic cells 

[184]. A general model forGDF function has also been suggested: The GDF recognises the 

Rab/GDI complex. The prenyl groups of the Rab GTPase might then be transferred from 

the GDI to the GDF which causes a conformational change in GDI that leads to its release. 

The Rab GTPase could then be transferred onto the adjacent membrane surface where the 

nucleotide exchange occurs [178]. This hypothesis still remains to be further investigated 

and has not been supported by a structure yet.
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The high affinity of the Rab GTPase for GDP prevents a fast nucleotide exchange 

and GEFs catalyse this reaction accelerating it by several orders of magnitude [185]. The 

general mechanism can be described as a series of fast reaction steps [21], Upon binding of 

the GEE to the Rab-nucleotide complex a Rab/nucleotide/GEF complex is formed. Binding 

of the GEE destabilises the interaction between the Rab GTPase and the nucleotide by 

opening the nucleotide binding pocket via movements of one or both switches [186]. The 

GEE stabilises the nucleotide free Rab GTPase and when a nucleotide binds the series of 

reactions is reversed. In the cell the GTP concentration is much higher than that of GDP, 

therefore GTP is much more likely to bind the Rab GTPase. Hence a GEE does not really 

act as nucleotide exchange protein, its function is better described as a catalyst that 

increases the rate at which the equilibrium between the Rab(GDP) and Rab(GTP) is 

reached [21]. GEEs have been found to be structurally very diverse, they range from small 

molecules over large modular proteins to multiprotein complexes. This makes it hard to 

identify them by amino acid and sequence analysis [186]. In contrast to this Rho-GEEs for 

example can be identified by their Dbl-homology or DOCK domain. Some similarities for 

Rab-GEEs of the same Rab-family could be identified. Eor example the GEE Rabex-5 

contains a Vps9 domain. This domain has been found in other proteins as well and Vsp9 

domain containing proteins have been shown to act on members of the Rab5 subfamily 

[187]. The structure of the Rab5-family GTPase Rab2l has been solved in complex with 

the Rabex-5 Vps9 domain [188]. The Vps9 domain was found to be in a novel fold of six 

a-heliees. The interaction with Rab21 results in an open state of switch I. An aspartate 

residue of Rabex-5 interacts with the conserved lysine in the p-loop (G1-motif 

GxxxxGK(S/T)) as well as the conserved glycine of switch II (G3-motif DxxGQ/H/T). 

This interaction mimics the interactions of the Rab GTPase with the y-phosphate of GTP, 

thus stabilising the nucleotide free form of the GTPase. A comparison of Rab2i(GDP) with 

the nucleotide free Rab2i lead to the suggestion that the GDP release is initiated by 

disruption of the Mg^^ binding site together with an electrostatic repulsion between the 

phosphate and the Rabex-5 aspartate residue. Other Rab/GEE structures revealed that the 

reaction is a common GEE mechanism although the high diversity of Rab-GEEs leads to 

differences in the details [189]. Another Rab/GEE structure is that of the Rab8 yeast 

homologue Sec4 in complex with its GEE Sec2 [190-191]. Here the nucleotide release is
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achieved in a different way. The GEF-domain of Sec2 interacts with the C-terminal end of 

switch 1 in a manner that forces the hydrophobic residue isoleucine into the binding 

site. In addition a conserved interaction between the guanosine base and a phenylalanine 

residue located at the N-terminus of switch I is also disturbed. A very interesting discovery 

was the fact, that the Legionella pneumophila {L. Pneumophilia) protein DrrA (SidM) has a 

combined GDF and GEF activity for Rabl [192-194]. Although further research revealed 

that the GDF function of DrrA was reported incorrectly, the GEF function could be 

structurally described [195-197]. The structure revealed a big conformational change of 

switch I that is displaced upon binding to DrrA. In general it can be said that GEFs enable 

the nucleotide exchange by interacting with the p-loop and the switch regions of the Rab 

GTPases, competing with the nucleotide to bind the GTPase [198-199] and that this general 

mechanism is different for individual GEFs.

Rab GTPases possess an intrinsical GTP hydrolysis mechanism. A nucleophilic 

water molecule approaches the GTP y-phosphate, the nucleophilic attack releases inorganic 

phosphate and this reaction depends on a magnesium ion. The details of the mechanism 

with regards to the transition state of the reaction are somewhat controversial [200-201]. 

However, this intrinsic reaction is slow (rate constants of 10' to 3 10 min ) and is 

accelerated by up to five orders of magnitude through interaction with GTPase activating 

proteins (GAPs) [202]. A characteristic protein domain could be identified for GAPs, it 

shared some sequence similarities with the human oncogene Tre2, with S. cervisiae Bub2 

and with S. pombe Cdcl6 and was therefore termed the TBC domain [203-208]. 

Description of this common domain enabled identification of GAPs by amino acid and 

sequence analysis. Only one GAP without a TBC domain has been identified so far, it is 

the Rab3GAPl/Rab3GAP2 complex [209].

The TBC domain comprises six sequence motifs designated A to F [208]. Three of 

these motifs contain invariant so-called signature sequences: RxxxW in motif A; IxxDxxR 

in motif B; and YxQ in motif C. The TBC domain is fully a-helical, and adopts ‘V’ shaped 

conformation [204]. It is also worth noting that highly similar TBC domains differ in their 

C-terminal subdomain which is most likely to contribute to Rab specificity [210].

Initially it was believed that the GTP hydrolysis catalysis mechanism of the TBC 

domain proteins for Rab GTPases would be the same as for Ras GTPases. This hydrolysis
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mechanism involves an arginine finger of the TBC domain and a conserved glutamine 

residue from the Ras GTPase [211-212], However, the first structure of a Rab/GAP 

complex showed that this mechanism was slightly different for Rab GAPs [213], Here both 

residues, arginine and glutamine, were provided by the TBC domain while the conserved 

Rab glutamine interacts with the TBC domain and is important for positioning the TBC 

domain glutamine. Positioning of the Glutamine of the TBC domain ensures the 

coordination of a water molecule for a nucleophilic attack on the y- phosphate [214], This 

nucleophilic attack causes a shift of negative charge from the y- to the P-phosphate of the 

nucleotide, a charge distribution closer to GDP than to GTP [215], The arginine provided 

by the TBC-domain compensates this negative charge and this reduces the activation 

energy for the p - y bond cleavage. In addition to this the movement of the arginine into the 

binding pocket ‘pushes’ water molecules out of the pocket, thus increasing the entropy for 

the reaction [216-217]. The inorganic phosphate released during the hydrolysis reaction can 

fuse back to form GTP again or become the leaving group and therefore its release is the 

rate-limiting step of this reaction [215],

1.4.3. Structural properties of Rab effectors

Once activated by a GAP, each Rab GTPase is thought to have several effectors and 

most effectors are specific for one Rab GTPase. More than 20 effectors have been 

identified for Rab5 alone [218], Hence the number of Rab effectors is far greater than the 

number of Rab GTPases. It is possible to identify small families of homologous Rab- 

binding domains (RBD) but apart from that, their effectors do not share much sequence 

homology and have great structural diversity [9, 166]. Rab effectors can be integral and 

peripheral membrane proteins, cytosolic proteins or complexes and do not employ the same 

recognition mechanisms or functional activities [219], Effectors with very different 

structures can be specific for the same Rab GTPase. Rab27 for example has several 

effectors that all contain a similar Rab-binding domain, but two of its effectors have a very 

different amino acid sequence with an unknown Rab binding domain [220], This diversity, 

plus the vast functional range of Rab GTPases presents an enormous challenge for the 

elucidation of cellular trafficking pathways. The identification and characterisation of Rab
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effectors and their mechanisms of interaction with Rab GTPases is an important goal and 

will without doubt provide molecular insights into many intracellular trafficking related 

diseases. Considering that there is little sequence homology, sequence analysis approaches 

provide very limited information for identifying new Rab-effectors. To date effectors have 

largely been identified experimentally, mainly utilising yeast-hybrid assays and GST-pull 

down assays [221]. Once identified effectors require in-depth structural analysis to identify 

the specificity determinants and mechanisms involved in Rab GTPase recognition and 

function.

A comparison of 10 Rab GTPases structures and their effectors focuses our 

attention on the conformational differences found in the interaction of Rab GTPases their 

effectors. It also helps to unearth some related types of interaction (Figure 1.9) Lee and 

colleagues established that Rab GTPase interactions with their effectors usually involve the 

conserved switch/interswitch regions with at least one residue of the hydrophobic triad. 

This manner of interaction seems to be present in all structures and can be considered a set 

of general recognition determinants characteristic of the Rab GTPase family. A 

characteristic shared by all but two Rab binding domains, is an a helical structure [166, 

222-223].

Structural analysis of Rab/effector complexes revealed conserved residues of a 

‘hydrophobic triad’ (interswitch Phe and Trp and switch II Tyr), located near the 

switch/interswitch junction, and these are found to adopt very different conformations in 

the GTP-bound state. It has been suggested that this is one of the major reasons for Rab 

GTPase specificity for recognition of different effeetors in the GTP bound state and 

presents a family recognition motif for Rab GTPase effectors [186, 224]. Additionally, 

several other specificity determinants have been proposed. These include complementary- 

determining regions (CDRs) and the identification of subfamily motifs that are conserved 

within the subfamilies [163, 168]. The CDRs were initially identified in a structure of the 

Rab3a/Rabphilin complex and they are located N-terminal to the pi, between a3 and P5 

(SF3) and near the C-terminal end of a5 [168]. CDRs and subfamily motifs seem to be 

crucial for some interactions but are not generally involved in every interaction. Altogether 

this shows that even subtle variations, especially within the switch regions, can produce
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very distinct surfaces in order to obtain the required specificity and these interactions are 

further enhanced by interactions of nonconserved regions of Rab GTPases with the effector 

[9], Sometimes the variations in the switch regions are not that subtle. The structure of 

GTP-Rabl 1 in complex with FIP2 revealed a large rearrangement of switch II in order to 

bind F1P2. The importance of such switch flexibility was not observed for active Rab 

GTPases until that point and it underlines the importance of the switch region conformation 

for effector binding [47], This structure also provided some evidence that the notion that 

Ras related GTPase effectors recognise a pre-existing switch conformation is not strictly 

true.

Although there has been sporadic elucidation of affinities and kinetics between 

Rab/effector complexes and analysis of the impact of mutations in both binding partners 

[i.e. 225, 226], more data is needed in order to identify specificity determinants for Rab 

GTPase/effector complexes.
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Figure 1.9 Structures of effector RBDs in complex with active Rab GTPases.
Panel A: The RBDs form an extended interface with the Rab GTPases in which 
switch/interswitch regions and all three CDRs are involved. Panel B: The effector RBD 
consists of interleaved helical hairpins, the 2:2 complex interacts via switch/interswitch 
regions and the N-terminal CDR of Rab7. Panel C: Although structurally different the two 
effectors induce similar switch/interswitch conformations. Panel D: Binding of the FIP3 
RBD to Rabll causes a substantial conformational change of the switch II region. Panel 
E: Different RBDs of the same effector (Rabenosyn-5) both interact with the 
switch/interswitch regions of Rab22 and Rab4 in a similar manner. Panel F: The C- 
terminal RBD of Rabaptin-5 interacts with the switch/interswitch regions of RabS in a 
similar manner to that described in Section E above, but by formation of a 2:2 complex. 
Figure adapted from [166].
The following PDB-files were used by Lee and colleagues to produce this figure: IZBD 
(Rabphilin-3A/Rab3A [168]); 2ZET (Slac2-a/Rab27B [169]); 3BC1 (Slp2-a/Rab27a 
[227]); lYHN (R1LP/Rab7 [228]); 3CWZ (Rab6IPl/Rab6A [229]); 3BBP 
(GCC185/Rab6A [230]); 2HV8 (FIP3/RabllA [231]); IZOJ (Rabenosyn-5/Rab22A 
[232]); IZOK (Rabenosyn-5/Rab4 [232]); 1TU3 (Rabaptin-S/RabSA [233]).
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1.5. Rab27 subfamily

The human Rab27 subfamily consists of two proteins, Rab27a and Rab27b that are 

81% similar. A sequence alignment of both proteins with closely related Rab8 and Rab3 

visualizes the high conservation of the parts that are usually involved in interactions with 

effectors (Figure 1.10). Both, Rab27a and Rab27b, are involved in the control of regulated 

secretion [234]. Rab27a and Rab27b are widely expressed in different cell types with both 

proteins present in some cells/tissues and only one protein present in others [235-236] and 

they both act through different effector proteins in a cell dependent manner [85, 237-238]. 

Rab27b for example, is highly expressed in brain tissue, whereas Rab27a is barely detected 

[239]. It has been shown that they are at least partly functionally redundant [240-241] 

however it is also clear that they can function in very distinct roles. Ostrowski and 

colleagues for instance reported that they have different subcellular localisations in HeLa 

cells where they take part in regulation of exosome secretion [242]. A summary of the 

localisation of Rab27 subfamily members is given in Table 1.3.

1.5.1. Rab27 and diseases

Rab27 has been linked to the following hereditary and acquired diseases: 

Choroidermia, breast cancer, and Griscelli syndrome 2. Due to its involvement in insulin 

release it is also suspected to be involved in type 11 diabetes [108].

Choroideremia is caused by a deviant geranylgeranylation of Rab27a by REPl in 

the retinal pigment epithelium. This is thought to be the reason for degeneration of the 

retinal pigment epithelium and the adjacent choroid and retinal photoreceptor cell layers, 

leading to blindness, [52, 103, 243].

Rab27a also has been shown to act as a mediator of invasion and metastasis 

promotion in human breast cancer cells [150]. In addition to this Rab27b has been reported 

to regulate invasive growth and metastasis in estrogen receptor-positive breast cancer cell 

lines. Its increased expression is associated with poor prognosis in humans and proven to 

be a generalised feature of human tumors [151-152]. The Griscelli syndrome is a human 

autosomal recessive disorder that causes pigment abnormalities, neurological defects and in 

many cases immunological disorders that include haemophagocytic syndrome and
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defective exocytosis of lytic granules from cytotoxic T lymphocytes [244-245]. Several 

mutations of RAB27A have been linked to the Griscelli syndrome type 2 causing mutations 

of W73G, L130P, A152P and in addition there are a number of nonsense and frame shift 

mutations [104], These mutations result in the loss of the interaction between Rab27a and 

melanophilin, which in turn disturbs melanosome transport in melanocytes. Other Griscelli 

syndrome types are caused by mutations in MY05A (encoding the motor protein myosin 

Va), Griscelli syndrome type 1, or MLPH (encoding the Rab27a effector melanophilin), 

Griscelli syndrome type 3 [246]. All types thus disturb the melanosome transport, but it is 

only Griscelli syndrome type 2 patients which present with haemophagocytic 

lymphohistiocytosis.

Table 1.3: Different cell types that express Rab27 subfamily members and the relevant 
effectors.
Modified from [234].

Cell types/types of secretion or membrane trafficking 

Rab27a

Endocrine cells/hormone secretion chromaffin and PC 12 cells 

Pituitary cells

Pancreatic p cells and cell lines

Pancreatic a cells and their cell lines
Gastric surface mucous cells/mucus secretion
Melanocytes/melanosome anchoring
Platelets/dense granule exocytosis
CTLs/cytotoxic granule exocytosis
Mast cells/histamine release
Granulocytes/azurophilic granule exocytosis
Endothelial cells/Weibel-Palade body exocytosis
Prostate carcinoma cells/prostate-specific marker secretion
Epithelial cells/epithelial sodium channel transport
Rab27b
Pituitary and AtT-20 cells 
Mast cells/histamine release

Parotid acinar cells/amylase release

Pancreatic acinar cells/zymogen granule exocytosis
Platelets/dense granule exocytosis
Axons/ selective anterograde transport of TrkB

Putative Rab effectors or 
binding proteins

Granuphilin, rabphilin, 
MyRlP, Noc2 [234] 
Granuphilin [234] 
Granuphilin, Slp5, MyRIP, 
Noc2 [234]
Slp2-a[234]
Slp2-a [234]
Melanophilin, Slp2-a [234] 
Muncl3-4 [234]
Muncl3-4 [234]
Muncl3-4 [234]
JFCl, Muncl3-4 [247] 
MyRIP [248]
JFCl [234]
Slp5, Muncl3-4 [234]

Granuphilin[234]
ND
Granuphilin-a, MyRIP, 
Noc2 [234]
ND
Muncl3-4 [234]
JFCl [249]
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Figure 1.10 Sequence alignment of Rab27a, Rab27b, Rab3a and RabSa.
Rab27 and RabS sequences are from human, Rab3 is from rat. Conserved residues of the 
SHDs are highlighted in black and least conserved residues (50%) are in light brown with 
a gradient from dark to light depending on the conservation. Switch I is underlined in 
blue, switch II in red and the CDRs are underlined in green. Residues that were chosen for 
mutational analysis are designed by a star.
The closely related sequences, especially of Rab27a and Rab27b from the Rab27 
subfamily are highly conserved, with the most diverse regions being the interswitch 
region and the C-termini.
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1.5.1. Rab27 effector proteins

In total there are 12 known effectors of Rahil subfamily members: 

exophilinl/rabphilin, exophilin2/granuphilin/Slp4, exophilin3/melanophilin/Slac2-a, 

exophilin4/Slp2 exophilin5/Slac2-b, exophilin6/Slp3, exophilin7/JFCl/Slpl, 

exophilin8/MyRIP/Slac2-c, exophilin9/Slp5, Noc2, Muncl3-4 and coronin3. Both, Rab27a 

and Rab27b, can interact with each of these effectors, although this is somewhat restrained 

by their differing tissue localisations [84, 161, 220]. The effector proteins can be divided 

into groups, depending on their structures and/or affinities [238]. The first group contains 

members of the synaptotagmin-Iike protein (Sip) family. They have several domains in 

common: a C-terminal tandem C2 domain (C2A and C2B domain) linked by a sequence of 

differing lengths to an N-terminal Sip homology domain (SHD) [250-251]. The SHD is 

composed of two conserved a-helical regions (SHD I and SHD II). These domains are 

either linked directly to each other or they are found separated by a zinc-binding motif, 

related to the FYVE domain. The FYVE-like domain is a phosphatidylinositol 3-phosphate 

(PtdIns(3)P) -binding domain that binds zinc, however it is noteworthy that the FYVE-like 

domain of rabphilin does not bind PtdIns(3)P [252-253] and additionally it was shown that 

it is not required to bind Rab27 [254]. The second group, synaptotagmin-like protein 

homologue lacking C2 domains (Slac2), does have SHDs but no C2 domains [250]. The 

previously described features are found in ten of the twelve Rab27 effectors and when they 

were first identified other authors named them exophilins (exocytosis-associated 

rabphilin3/granuphilin-like proteins) [255]. Some of the previously described effectors 

interact only with Rab27 (melanophilin, Slp2, Slac2-b and Slp3) whereas Noc2, rabphilin, 

granuphilin and JFCl have been shown to bind to Rab3 and/or Rab8 [161, 256] [257]. Two 

effector proteins however stand out over the other ten. Muncl3-4 consists of two separate 

C2 domains and two so called Muncl3 homology domains (MHDl and MHD2). As yet the 

Rab binding domain of Muncl3-4 has not been identified [220, 238]. Coronin 3 is an 

effector of Rab27 that interacts only with its GDP bound form, here as well no Rab-binding 

domain has been identified ([258]. Figure 1.11 depicts the different domains of Rab27 

effectors (except for coronin 3) and further information regarding the effector proteins will 

be discussed further.
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Sequence alignments of all SHD-containing Rab27 effectors reveals, that the SHD 1 is 

rather conserved, but the SHD II only contains few conserved residues (Figure 1.12).

Exophilin1/Rabphilin3

Exophilin2/Granuphilin-a

Exophilin3/Melanophllin
/Slac2-a

Exophilin4/Slp2

ExQDhilinS/Slac2-b

^xo£hilin6/Sl£^^^_

Exophilin7/JFC1/Slp1 

^xo£hilin8/M^RIP/Slac 2-c 

Exophilin9/SlpS
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Munc13-4
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Figure 1.11 Schematic domain distribution of the 11 Rab27 effector proteins.
The amino acid numbers shown on the right are of effector proteins from mice, numbers 
for humans are given in brackets. Effectors that have been determined to belong to a so 
called ‘high affinity group’ are underlined red and ‘low affinity group’ effectors in black. 
Modified from [259].
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Noc2 K V c T K C G I E A S P G O K R P L W L C K 1 c S E Q E V W K R

B
A WfclK 157

MyRIP N V c K S C C S Y . . Q K H E K A W V C C V c Q Q A lQr a Q L 123
Slp3 R V c A Q C R V F . . L R Q T H A W K C T V c F E D N V 1 K T G W F Y eM 122
Slp4 L V c R D c R 1 . . Q E S N G T W R C K V c A K E 1 eR K A T G D 121
SIpS R V c R E c R V ..AG P N G S W K C T V c D K 1 A qQr 1 T G 122
Slac2-b K T K R D R . . W . . . Qo G V T G

SBeQ
62

(S/THG/L)xW(F/Y),

Figure 1.12 Sequence alignment of all known SHD containing Rab27 effectors.
The names of high affinity group effectors are in red and that of low affinity group 
effectors in black. Conserved residues of the SHDs are in black and least conserved 
residues (50%) are in light brown with a gradient from dark to light depending on the 
conservation. SHD 1 and SHD II are depicted by cylinders above the first sequence line. 
The numbers above the sequences are from JFCl. The FYVE-like linker domain that is 
only present in some effectors is highlighted in grey, with the cysteine residues that are 
responsible for zinc binding in boxes. The (S/T)(G/L)xW(F/Y)2 motif is underlined in red. 
Especially the SHD I contains several highly conserved residues, the most conserved part 
of the SHD II is the (S/T)(G/L)xW(F/Y)2 motif
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Rabphilin was shown to be a Rab3 effector protein when first discovered and is 

therefore sometimes referred to as rabphilin3 [260]. In 2002, its interaction with Rab27 was 

first documented [261], Later it was shown that a Rab27/rabphilin/SNAP-25 protein 

complex connects the secretory vesicle and the plasma membrane in neuroendocrine and 

neuronal cells [262],

Granuphilin was the second Rab27 effector protein to be discovered, it mediates the 

docking of insulin granules to the plasma membrane [259], Since it is more similar to the 

other SHD containing effector proteins than rabphilin, it has enabled the identification of 

other Rab27 effectors by sequence comparisons [255, 263]. Interestingly, granuphilin was 

reported to interact with Rab27a Thr23Asn (inactive form) as well as Rab27a Gln78Leu 

(active form) but only with the active forms of Rab3a and RabSa [264]. It has been 

proposed that the interaction of granuphilin with Rab27 in its GDP bound form results in 

inhibition of dense-core vesicle exocytosis.

MyRIP/Slac2-c was first identified as a myosin Vila partner that is involved in 

recruiting retinal melanosomes [90]. It can interact with myosinV as well, and thus links 

Rab27 to motor proteins [89].

Muncl3-4 has been identified as a Rab27 effector protein despite the absence of a 

known Rab27 binding region [220]. It has been identified as the limiting factor for platelet 

granule release and hemostasis, loss of its function has been linked to hemophagocytotic 

lymphohistiocytosis type 3, which is caused by phagocytosis by macrophages of 

erythrocytes, leukocytes, platelets, and their precursors in bone marrow and other tissues 

[265-267].

Melanophilin/Slac2-a links Rab27a with myosin Va and is thus involved in the 

melanosome transfer from microtubules to actin filaments and then the actin based 

melanosome transport [84, 261, 268]. The SHD I of melanophilin has been shown to be a 

critical determinant of GTP-dependent specific binding to Rab27 whereas the SHD II is not 

necessary for the interaction [254].

The structure of the melanophilin Rab binding domain in complex with Rab27b was 

solved in 2008 [169]. Tyr6 from Rab CDR I and three residues from switch II of Rab27
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(Leu84, Phe88, and Asp91) were identified as the minimum determinants of melanophilin 

binding to Rab27. Those residues interact with the melanophilin SHD I and when the 

sequences of all SHD containing Rab27 effector proteins were compared it was revealed 

that the amino acids involved directly in the interaction with Rab27 were mainly conserved 

but some differences were found, for instance Vail8 and Val22 of melanophilin were 

conserved in MyRlP, which is also a low affinity group member. In high affinity group 

members isoleucine or leucine was present instead. The authors concluded that the 

combination of those sequence alterations might be the reason for different Rab27 

affinities.

Slp2 has been shown to be involved in localising melanosomes and glucagon 

granules toward the plasma membrane by the affinity of its C2A domain for membrane 

phospholipids. After the actin based melanosome transport mediated by melanophilin, 

Slp2-a interacts with Rab27a resulting in anchoring of melanosomes to the plasma 

membrane [269-270]. The structure of Rab27a/Slp2 revealed that the Rab27a residue 

Tyrl22 (in the CDR II) was a key residue for effector selectivity. Rab27 TyrI22 shows a 

slacking interaction with Slp2 Phe54 located in the (S/T)(G/L)xW(F/Y)2 motif which is 

characteristic of the SHD II and was previously described as a structural determinant for 

the interaction of Rab3a with rabphilin [168]. Contrary to melanophilin, the SHD II of Slp2 

is therefore likely to be important for the Rab27/effector interaction. The invariant 

hydrophobic triad found in Rab GTPases, composed of Phe46 and Trp73 from the 

interswitch region and Phe88 from the switch II element in Rab27, was found likely to be 

essential for effector recognition. Most of the Rab27-Slp2 interface involves the SHD I of 

Slp2 and interswitch and N-terminal regions of Rab27. The switch regions themselves are 

not that much involved in the interaction.

JFCI was discovered as a protein that binds to the p67(phox) component of 

NADPH oxidase [271]. It could be shown that JFCI binds and hydrolyses ATP in a 

magnesium dependent way, it does not have an affinity for GTP. The ATP binding site of 

JFCI is predicted to adopt a Bergerat fold but structural analysis is needed in order to 

confirm this [272-273]. Later on, JFCI was identified as a Rab27 effector. It contains a C- 

terminal tandem C2 domain and possesses SHD I and SHD II in its N-terminal region, but
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no FYVE-related domain is separating the two SHD domains [85]. It localises to the 

plasma membrane via its C2A domain, that specifically binds to Ptdlns(3,4,5)P3. JFCl is 

also phosphorylated by Akt, which is thought to control the cellular localisation of JFCl 

and probably initiate its recycling but the phosphorylation has been shown to have no effect 

on Rab27 binding [274], Additionally to Rab27, JFCl interacts with Rab8, controlling 

Rab8 membrane dynamics [256]. Hattula and colleagues found, that JFCl interacts 

stronger with Rab8 than Rab27 whereas others reported a weaker binding to Rab8 than to 

Rab27 [261]. JFCl has also been linked to the motor protein Kinesin-1 in a multiprotein 

complex [249]. Rab27/JFC1 form a complex with the cargo receptor collapsin response 

mediator protein-2 (CRMP-2). JFCl also binds directly to the growth factor receptor TrkB 

in a Rab27 dependent manner. Another protein of this complex, CRMP-2 interacts with 

Kinesin-1; therefore this complex regulates the axonal transport of neutrophin receptor 

containing vesicles.

It has been reported that JFCl does not bind Rab27a Thr23Asn, but does bind wild- 

type Rab27(GDP) [264, 274]. However, no biophysical data is available, therefore it is 

unknown if there is a difference in affinity of JFC1 for active/inactive Rab27 or not.

Recently a new protein was detected to bind to Rab27(GDP), but not 

Rab27(GppNHp), coronin3 [258]. Because this interaction regulates the endocytosis of 

insulin granule membranes, it does fall under the category of a Rab effector, although it 

does not bind to Rab27(GppNHp) which is part of the definition of Rab effectors. Coronin3 

does not have common domains with other known Rab27 effeetors.

The functions and mechanisms of the remaining Rab27 effector proteins remain elusive at 

the moment and therefore no further information has been included.

One study [225] investigated differences in binding affinities of all SHD containing 

effectors for Rab27a. A high affinity group containing JFCl, Slp2, granuphilin, Slp5, 

Slac2-b, rabphilin, and Noc2 and a low affinity group containing Slp3, melanophilin, and 

MyRIP have been identified. Kinetic analysis using surface plasmon resonance (SPR) was 

performed with melanophilin SHD, Slp4-a SHD and MyRIP SHD and the resulting 

equilibrium dissociation constants were determined to be 13.4, 19.2 and 112 nM
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respectively. The other effectors were attributed to the low or high affinity groups based on 

immunoblots.

The binding of Rab27a mutants to its effectors has also been investigated, with the 

main focus being melanophilin/Slac2-a [169, 261]. The following residues were amongst 

those mutated: Rab27 L84I+F88Y+D91G which effectively transforms the switch II region 

to that of Rab3 and Rab8. The W73G, L130P, and A152P mutants are found in Rab27a of 

Griscelli syndrome type II patients. Rab27a LI30P and AI52P mutants did not interact 

with any of the effectors, whereas W73G and L84I+F88Y+D9IG disrupted interactions 

with low affinity group effectors only but still allowed interaction with high affinity 

effectors (shown with immunoblotting). This suggests that these residues are important for 

the specificity in some effectors but not others. Further kinetic investigation of wild type 

versus mutants would shed light not just on the nature of these Rab effector complex 

interactions, but also on the functional implications of some of the natural mutants found in 

diseased states.
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Figure 1.13 Structures of Rab27/Slp2 and Rab27/melanophilin.
Rab27a/Slp2 is in green with Rab27 in dark and Slp2 in light green, 
Rab27b/melanophilin is in purple with Rab27 in dark and melanophilin in light purple. 
Switch 1 is in red, switch 11 in blue, the p-loop in yellow, nucleotides are shown as sticks, 
Mg^"^ as green spheres and Zn^"^ as blue spheres.
Both effectors are helical, SHD 1 and SHD II are connected with a short loop in Slp2 
whereas the FYVE-like domain eonnects them in melanophilin. The main binding 
interface is formed between the effector SHDs and the switch, interswitch and CDRs of 
Rab27 for both complexes. The melanophilin FYVE-like domain also interacts with the 
Rab27b but the residues involved are not conserved in Rab27a. Since melanophilin binds 
to Rab27a and Rab27b it is unlikely that the interaction is essential for the interaction.
The following PDB-files were used for this figure: 2ZET (Rab27b/melanophilin [169]) 
and 3BC1 (Rab27a/Slp2 [227]).
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1.6. Introduction to yeast trafficking

The main trafficking processes are conserved from yeast to human, but in contrast 

to other eukaryotic cells only eleven Rab GTPases have been identified in budding yeast 

[275]. Ypt GTPases usually share 54-71% sequence identity with their closest mammalian 

homologues and this conserved homology also extends on a functional basis. Yptl for 

example mediates ER to Golgi trafficking [276] as does its homologue Rabl [277]. Ypt51, 

Ypt52 and Ypt53 have a similar function as their mammalian counterpart Rab5 in the early 

endocytic pathway [278]. Yptl, Sec4 and Ypt31 and Ypt32 are essential for cell viability. 

Ypt31 and Ypt32 are homologues of Rabl 1, they share 81% sequence identity and 90% 

similarity and are functionally redundant [61]. Given their high sequence identities and 

redundant functions, RabGTPases will occasionally be referred to as Ypt31/32, denoting a 

single functional unit. Sec4 does not have a functional mammalian homologue, its closest 

homologue is Rab8 which plays a similar but more specialised role in trafficking [279]. 

With such similarities between human and yeast Rab GTPases, S. cervisiae is often used to 

identity trafficking systems and the Ypt/effector interaction mechanisms. Results from 

such studies have expanded our knowledge of equivalent mammalian Rab/effector 

interactions. The transport mechanisms regulated by yeast Rab GTPases are summarised in 

Table 1.4: Functions of yeast Rab GTPases

Even though the first Ypt GTPases and their involvement in trafficking were 

discovered almost three decades ago [55, 280], new functions are constantly being 

discovered, one of the latest being the involvement of Yptl in late Golgi transport [281]. 

Several findings indicate that Ypt GTPases not only regulate transport but also modulate 

each other. The Ypt GEE Transport protein particle (TRAPP) was found to be a Yptl GEE 

as well as Ypt31/32 and it was suggested that this might coordinate the function of these 

GTPases’ entry and exit from the Golgi [282]. The fact that both GTPases are activated by 

the same complex suggested the presence of a signaling cascade that directs membrane 

traffic through the secretory pathway [283]. In addition to this, the Ypt31/32 effector Sec2 

is a Sec4 GEE [284-285]. This possibility was even further strengthened by the findings 

from other GEE cascades in mammalians in which one Rab GTPase, in its GTP-bound 

state, recruits the GEE that activates the next Rab GTPase along the pathway [93, 284]. 

Recently it was reported that a counter-current GAP cascade serves to restrict the spatial
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and temporal overlap of two Rabs, YptI and Ypt32 on the exocytie pathway in S. 

cerevisiae [92], The same group suggested that GEF eascades which work together with 

counter current GAP cascades would be able to generate a programmed series of Rab 

GTPase conversions that regulate the choreography of membrane traffic.

Another interesting finding was that the localisation and half-life of the Ypt3l/32 

downstream effector Rcyl (mediating plasma membrane recycling and involved in 

phosphorylation and/or ubiquitination) is regulated by Ypt31/32 itself [286], The same 

study found that Ypt31/32 and Rcyl mediate endosome-to-Golgi transport and proposed 

that Ypt31/32 GTPases regulate the function of Rcyl in the phosphorylation and/or 

ubiquitination of proteins that recycle through the Golgi.

Cis Golgi cisternae mature to Trans Golgi cisternae, a process that involves a 

change of the attached Ypt GTPase. Yptl, which is found on cis Golgi cisternae is replaced 

by Ypt31/32[93J [287]. Ypt31/32 is required for the vesicle formation from the Trans Golgi 

[61, 288]. It interacts directly with the myosin V motor Myo2, recruiting it to the vesicle 

[289-290]. At the Trans Golgi phosphatidylinositol 4-phosphate (PI4P) is present on the 

membrane and promotes the recruitment of the Ypt31/32 effector Sec2 [291]. Sec2 itself is 

a GEF for Sec4, another Yeast Rab GTPase and thus Sec4 is subsequently recruited to the 

vesicle [284-285]. It could be shown that Ypt31/32 and Sec4 bind to different parts of 

Sec2. Ypt31/32 requires residues 161-374 for the interaction whereas Sec4 binding occurs 

between residues 1-161 [284]. The structure of the Sec4/Sec2 complex has been solved 

[190]. Sec4 was found in the typical G-domain fold of GTPases and the Sec2 GEF domain 

adapts a fold of 2 coiled-coiled a-helices (Figure 1.14). The coiled coil packing is disrupted 

between residues 94 and 119 of both monomers and this is the interaction site with Sec4. 

Especially the switch regions of Sec4 are involved in the interactions with Sec2. A 

comparison of Sec2 bound Sec4 with Sec4(GDP) and Sec4(GppNHp) reveals that the 

switch regions seem to be reordered upon binding to Sec2 [190]. The remodeling of the 

switch regions leads to an open nucleotide binding pocket. Although different in details the 

overall mechanism employed by GEFs for the nucleotide exchange (described in section 

1.4.2.) is the same.
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Figure 1.14 Structure of the Sec4/Sec2 complex.
Sec4 is in green with the p-loop in yellow, switch 1 in blue and switch ll-a2 in red. The two 
Sec2 molecules are shown in light blue shades. The Sec2 GET domain (residues 17-167) 
adopts the conformation of a coiled coil made of two Sec2 GEE domain molecules. Sec4 
adopts the overall fold of GTPases. The interaction between Sec2 and Sec4 mainly 
involves the switch regions of Sec4 and a part of Sec2 (residues 94-119) where the packing 
of the coiled coil is disrupted. The interaction leads to an opening of the nucleotide binding 
pocket, enabling nucleotide exchange.
PDB-file used for this figure: 20CY [190].

Sec4 also binds to Myo2, using the same interaction site as Ypt31/32 [292-293]. 

Ypt31/32 is released and the PI4P concentration diminishes as well [291]. Sec2 and Sec4 

both interact with the subunit of the exocyst tethering complex Seel 5 and this interaction is 

inhibited as long as P14P is present on the vesicle membrane [291, 294-295]. Additionally, 

the lab of Lois Weisman together our own lab recently showed that Sec 15 can bind directly 

bind to Myo2 at a site that is different from the Ypt31/32/Sec4 binding site [292]. Thus
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Myo2 is attached to the secretory vesicle through direct binding to several Rab proteins, 

starting from the vesicle formation (Ypt31/32) and proceeding to Sec4, until it directly 

attaches to the exocyst via Seel5 [292]. A model for the trafficking pathway, published in 

collaboration with the laboratory of Lois Weisman, is shown in Figure 1.15.

In mammalian cells the Ypt31/32 homologue Rabl 1 has been shown to bind to so 

called FIP proteins (Rabl 1-Family of Interacting Proteins), FIP2 and F1P3, which in turn 

interact with motor proteins [83, 296-297]. The closest Sec4 homologues are Rab8 and 

RablO, which both interact with myosin V [297-299]. Hence the processes involved in 

secretory vesiele trafficking in yeast are also found in mammalian cells, although they are 

more complex than in yeast.

Having resolved the steps that are necessary for vesicle secretion in yeast, it will 

now be interesting to include structural information about the interactions that take place. 

Structures of Yptl and Sec4 alone or in complex with effectors have been solved. A Ypt31- 

GDl structure is also available on the protein data bank, which is the only existing 

YPT31/32 structure resolved thus far.
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Figure 1.15 Model for the Rab-mediated trafficking of vesicles to the exocyst.
Ypt31/32 co-ordinates exit from Golgi, while Sec4 mediates later stages involving See 15 
and the exocyst. The vectorial transfer is facilitated by myosin.
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Table 1.4: Functions of yeast Rab GTPases

Ypt

Yptl

Sec4
Ypt31
Ypt32
YptSl
Ypt52
Ypt53
Ypt6

Ypt7

YptlO
Yptll

Transport steps regulated
ER-to-Golgi and cis-to-medial-to-trans;
retrograde to ER
Golgi to plasma membrane
Between and from Golgi compartments; 
Myo2 dependent motility 
Plasma membrane to early endosome , 
early to late endosome,
Golgi to early endosome.
Late Golgi, endosome
Late endosome to vacuole, vacuole- 
vacuole fusion
Endocytosis
ER and Golgi inheritance during budding

Reference

[276, 280-281,300] 

[55]

[61,288, 290]

[278,301]

[302]

[303]

[165]
[165,304]
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1,7. Rabl is ‘hi-jacked’ by host pathogen protein DrrA

The Rab GTPase Rabl is a regulator of ER to Goli transport [305], It is usually 

found on membranes of both, the ER and Golgi compartments [277], Not only is it 

necessary for the initial step of exporting proteins from the ER, it is also required for the 

transport between Cis- and Medial-Golgi compartments and obligatory in order to maintain 

a functional Golgi complex [306],

Legionella pneumophilia is a bacterial pathogen that causes both Legionnaires’ 

disease, which leads to pneumonia, and Pontiac fever, an illness that resembles acute 

influenza [307], After infecting its eukaryotic host cells L. pneumophilia replicates inside a 

specialised organelle, morphologically similar to the ER. This bacteria has been shown to 

modulate the transport of so called Legionella containing vacuole (LCV) [308]. Among the 

566 different host proteins found on the LCV membrane is Rabl. It is recruited to the LCV 

within minutes of L. pneumophilia uptake into the host cell [309-310]. Two separate 

groups identified the protein responsible for Rabl recruitment and named it SidM and 

DrrA respectively and both names are currently used in the literature [192, 311], however 

here it will be referred to as DrrA.

DrrA shares little sequence identity with other proteins and homologues are 

difficult to identify via sequence alignments. DrrA seems to be anchored to the LCV via 

interaction of its C-terminal region with phosphatidylinositol 4-phosphate (Ptdlns(4)P) 

[312]. The domain was called P4M domain for Ptdlns4P binding of SidM/DrrA and 

comprises residues 520-647. It could also been shown that a domain of residues 340-520 

has a guanosine nucleotide exchange activity, and also functions as a GDF [193-194]. 

However it became apparent later on that the GDF activity is a result of the GEE activity 

[195]. The higher affinity of DrrA for Rabl over the affinity of GDI favors the complex 

formation with DrrA thus making a GDF activity unnecessary. The function of the N- 

terminal domain of DrrA, residues 1-340, remained unknown until the determination of its 

structure. It has an adenosine monophosphate (AMP)-transferring activity towards the 

switch II region of Rabl [313]. A threonine residue is AMPylated which prevents the 

access of GAPs and thus the catalysis of nucleotide hydrolysis. The AMPylation is also 

thought to prevent interaction of Rabl with at least some host effectors of Rabl [313].
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Several structures of DrrA and Rabl/DrrA have been solved recently [195, 197, 

313-314]. Different length DrrA fragments were employed but a full length structure of 

DrrA has not been solved yet. The structures revealed that DrrA is found in a hitherto 

unknown fold. The GEF domain adopts a raft like structure that is formed by 8 a helices 

(Figure 1.16 A and Figure 1.17 A). The nucleotide exchange mechanism employed by 

DrrA involves a huge conformational change of switch 1 (Figure 1.16). This results in an 

opening of the nucleotide pocket towards the solvent. The membrane anchoring P4M 

domain is comprised of 5 a-helices and like the GEF domain does not contain any P- 

strands (Figure 1.17 A). The fold of the N-terminal AMPylation domain resembles that of 

glutamine synthetase adenylyl transferase, both proteins share the catalytically important 

sequence motif G(x)iiDxD and a similar overall fold [313]. The structural resemblance 

with glutamine synthetase adenylyl transferase was the key factor for identifying the 

function of the N-terminal domain of DrrA.

Research conducted within the last few years has given insights on how host 

pathogens can employ host proteins for their purposes. The example of DrrA shows that 

bacterial proteins often combine several functions in one protein in order to successfully 

replicate in their host organism. It also emphasises the importance to solve structures of 

proteins/protein domains with unknown function since this can be the key to identifying 

this function.
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Figure 1.16 Structures of Rabl/DrrA, Rabl.
The p-loop is shown in yellow, switch 1 in blue, switch 11 in red, the nucleotide is shown as 
sticks and as a sphere. Panel A: Rabl/DrrA complex. Rab 1 is shown in cyan and 
DrrA334.533 in light blue. Upon binding to DrrA switch 1 opens up from the nucleotide 
binding pocket and forms a helix that interaets with DrrA. Panel B: Comparison of 
Rabla(GDP) with Rab lb when bound to DrrA. The Rabl taken from the structure with 
DrrA is in cyan, Rabl (GDP) in grey. The overall conformation of Rabl when bound to 
DrrA is the same as of Rabl (GDP). The a3 helix changes its position, as does the p-loop, 
but those changes are by far not as dramatic as the repositioning of switch 1. Switch II is 
disordered in the structure of Rabl(GDP), the interaction with DrrA stabilises it. PDB-files 
used for this figure: 2WWX (Rab 1/DrrA334-533 [314]); 2FOL (Rabl(GDP) [SGC]).
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Figure 1.17 Structures of DrrA fragments.
Panel A: Structure of DrrA317.647. This structure shows the Rabl interacting GET domain as 
well as the P4M domain that is involved in the anchoring of DrrA to the membrane. These 
domains are solely comprised of a-helices. Panel B: structure of the N-terminal 
AMPylation domain of DrrA. The catalytic domain is located between pi and P2, here in 
dark green. PDB-files used for this figure: 3LOM (DrrA3i7.647 [197]); 3NKU (DrrAi6-2i5 
[313]).
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1.8. Proposed studies and aims

Even though a considerable amount of research has provided insights into the 

specificity determinants for Rab/effector complexes, more information is needed for 

thorough understanding of Rab biology. Structural analysis of more complete fragments of 

effectors and other regulatory proteins in complex with Rabs are required for a better 

understanding of their detailed mechanisms in regulating cell dynamics. Effectors are 

modular-the RBD is responsible for cellular localisation, but the additional domains exert 

biological effects. Currently, there exists no structure of a Rab with the complete effector 

polypeptide - the vast majority of effectors have only had their RBD, generally a short a- 

helical motif (30-40 residues), in complex with their cognate Rab, as can be observed in 

Figure 1.9. The largest complex thus far is the Rab6 complex with Rab6-interacting protein 

1 (R6IP1), which is a 380-residue fragment of the effector that is only 1/3 of the total 

proteins [229]. The structure revealed the mechanism by which the ‘PLAT domain’ 

(acronym) could regulate lipid attachment. Furthermore, the thermodynamic and kinetic 

parameters are key to understanding the biological function of Rab complexes in vesicle 

trafficking.

Our lab’s work began with Rab27 and effectors since, at the time, no crystals 

structure of a Rab27/effector complex had been determined. Since then, two crystal 

structures have emerged; Rab27a/Slp2 [227] and Rab27b/melanophilin [169]. 

Nevertheless, the structure of Rab27/JFC1 remains interesting for several reasons. Firstly, 

no crystal structure of a complete effector has yet been determined (the Rab27 complexes 

involved the RBD of effectors), and JFCl may be amenable to crystallisation of the 

complete complex. Also, the soluble behavior of the effector allowed thermodynamic 

studies, which could now be extrapolated to the known structures in order to understand the 

significance of Rab/effector interfaces. Previous structural studies of Rab27/effector and 

the related Rab3/effector complexes all involved co-expression of the effector RBD to 

obtain soluble complexes for structural studies.

Other projects of our lab involve the investigation of yeast trafficking Rab GTPases 

as well as host pathogen - host interactions involving Rab GTPases.
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The individual goals of the various projects are listed below.

1. Crystallisation and thermodynamic studies of the complete JFCl in complex with 

Rab27

2. Crystallisation of Ypt32 and clarification of its role in yeast vesicle trafficking

3. Crystallisation of DrrA in complex with Rabl
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Chapter 2

Materials and Methods



2.1. Materials
Reagents used were of analytical grade where possible and generally obtained from Sigma- 

Aldrich unless specified otherwise.

2.2. DNA manipulation techniques

2.2.1. Plasmid extraction

LB medium (ForMedium), 5 ml containing the appropriate selective antibiotic was 

inoculated with a single colony of E.coli XLl-Blue cells harbouring the plasmid of interest 

and grown over night at 37°C (310 K) with shaking at 120 rpm. Cells were then harvested 

by centrifugation at 4000 g in a bench top centrifuge, and the supernatant removed. 

Plasmids were purified using the ‘PureYield Plasmid Miniprep System’ (Promega) using 

the protocol outlined by the manufacturers. When DNA sequencing was required, 5 pg of 

the extracted plasmids were sent to Source Bioscience Dublin for sequencing.

2.2.2. DNA electrophoresis

DNA was analysed by electrophoresis through 1% agarose gels containing 0.5 

ug/ml ethidium bromide. Gels were prepared by melting 100 ml of a 1% (w/v) agarose 

(Promega) in TAE buffer (40mM Tris-HCl, 20 mM acetic acid, ImM EDTA pH 8.5). The 

melted gel was poured and allowed to set in an ATTO AE-6100 gel box. Samples in 

volumes up to 20 pi (containing up to 50 ng DNA) were mixed with loading dye (0.4% 

orange G 0.03% bromophenol blue, 0.03% xylene cyanol, 15% Ficoll, 0.62% SDS, 50 mM 

EDTA, 10 mM Tris-HCl pH8). Samples were electrophoresed at 100 V for approximately 

50-60 minutes.

2.2.3. Site directed mutagenesis

Stock solutions of primers (10 pmol/pl), template DNA (10 ng/pl), dNTPs (5 mM) 

were prepared and used in PCR amplification reactions. Phusion High-Fidelity DNA 

Polymerase and Phusion HF Buffer containing 1.5 mM MgCl2 NEB was the polymerase of
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choice. Used primers are shown in Table 2.1. The PCR reaction was run using the 

following conditions: initial denaturation at 95°C for 90 sec followed by 18 cycles of 

denaturation (30 sec at 95°C) primer annealing (60 sec at 55°C) and extension (5.5 min at 

68°C). The final step was a 7 minute long elongation at 68°C before cooling the products at 

4°C until the samples were recovered.

A synthetic open reading frame (ORF) of Rabla (GeneArt) was used as template 

DNA. This construct encoded the active locked Rabla mutation (Q66L). Using site 

directed mutagenesis this template was used to produce the wild type (wt) Rabla form 

(Gln66). From the wild type a further mutation (S21N) was introduced to produce Rabla 

encoding the GDP locked form.

The synthetic ORF of Rab27a Serl23/Serl88 (GeneArt) was used as template DNA 

for mutations in order to obtain the wild type sequence (Cysl23/Cysl88). Rab27a 

Serl23/Serl88 was first mutated to Rab27a Cysl23/Serl88 which was then used as a 

template to obtain Rab27a Cysl23/Cysl88 (wt). The resulting wild type Rab27a was used 

as a template for the following mutations: Y8A; W73G; W73A; L841+F88Y+D91G 

(r3mut).

Table 2.1 Forward primers used in various amplification reactions
Templat
e

Primer
Name Sequence Vector

Rabl

L66Q FP GGGATACCGCAGGCCAGGAACGTTTTCGTAC pET 15b

S21NFP GCGGTGTTGGTAAAAACTGTCTGCTGCTGCG pET 15b

Rab27

S123C-FP CTGCAGATGCATGCATATTGCGAAAATCCGGATATTGTTC pET 28b

S188C-FP GAAACGTATGGAACGTTGCGTTGATAAAAGCTGGTAATA
AGG pET 28b

rY8A-FP GTCCGATGGCGATTATGATGCTCTGATTAAATTTCTGGCC
C pET 28b

rW73G-FP GTATTCATCTGCAGCTGGGGGATACCGCAGGTCAAG pET 28b

rW73A-FP GTATTCATCTGCAGCTGGCGGATACCGCAGGTCAAG pET 28b

r3mut-FP CGTTTTCGTAGCATTACCACCGCATATTTTCGTGGTGCAA
TGGGTTTTCTGC pET 28b
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2.3. Transformation of cells

Plasmids were transformed into 50 ^1 competent E. coli BL21 DE3 using a heat 

shock method. To the host cells 10 - 50 ng of the plasmid was added and the suspension 

was incubated on ice for 20 minutes followed by a 45 second heat shock at 42°C (315 K). 

The suspension was then incubated on ice for a further 2 minutes. To the cell suspension 1 

ml of LB (ForMedium) was then added and the mixture was incubated at 37°C (310 K) for 

1 hour with shaking at 120 rpm. The cells were then harvested through brief centrifugation 

at in a bench top centrifuge and 900 pi of the supernatant was removed. Cells were 

resuspended in the remaining medium and were spread onto LB agar plates containing 

selective antibiotics for each plasmid transformed. Plates were incubated over night at 

37°C (310 K) and then stored at 4°C (277 K). Selective antibiotics used were ampicillin 

(Amp) at a final concentration of 100 pg/ml and kanamycin (Kan) at a final concentration 

of 35 pg/ml agar or liquid medium. Table 2.2 shows details of each construct used.

Table 2.2 Details of constructs used in this study

Construct Size
(kDa) Supplier Vector Selective

antibiotic
Protease

(tag-cleavage) Tag Expression
temperature

DrrA
(1-647, FL) 73.4 GeneArt pET

15b Amp Thrombin His 37°C 
(310 K)

DrrA
(202-647) 50.5 In-house pNIC28

-Bsa4 Kan rTEV His 25°C 
(298 K)

Rabla
(1-175) 19.8 GeneArt pET

15b Kan Thrombin His 37°C 
(310 K)

Lois
Ypt32
(1-184) 20.3 Weisman, 

University of pMAL Kan rTEV MBP 37°C 
(310 K)

Michigan
Rab27a
(1-193) 22 GeneArt pET

28b Kan Thrombin His 37°C 
(310 K)

JFCl
(1-562, FL) 62 In-house pLlC-

Nus Amp rTEV Nus-
His

18°C 
(291 K)

FL, full length; Amp, Ampicillin; Kan, Kanamycin
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2.4. Protein expression

2.4.1. Small scale protein expression screening

Small scale expression screening of construct was performed before expressing the 

proteins of interest in large litre cultures, to establish whether or not the protein of interest 

was expressed and soluble. Starter cultures were prepared by inoculating 1 ml LB (1 pi of 

the selective antibiotic) with a colony from freshly transformed BL21 DE3 cells and 

growth at 37°C (310 K) over night. An aliquot (100 pi) of the overnight culture was then 

used to inoculate a 5 ml volume of 2xYT or LB. The culture was then incubated at 37°C 

(310 K) with shaking at 140 rpm until the OD6oonm reached 0.6 absorbance units. At this 

point a glycerol stock of this culture was made by mixing 400 pi of 50% glycerol with 300 

pi of bacterial solution and flash frozen in liquid nitrogen before storing at -80°C (193 K). 

The remaining 4.7 ml culture was then induced through addition of IPTG (final 

concentrations of 0.3 mM IPTG when inducing at for 25°C (298 K) and 0.2 mM IPTG 

when inducing at 18°C (291 K)). Protein expression was usually induced for 3 hours at 

37°C (310 K), 5 hours at 25°C (298 K) and 18 hours at 18°C (291 K). Cells were harvested 

by centrifugation at 7,000g and the supernatant decanted. Cells were lysed in 1 ml 

extraction buffer (20 mM Imidazole, 300 mM NaCl, 5 mM MgCl2, 10 mM P- 

Mercaptoethanol, 10 mM Tris-Cl pH 7.5). The pellet was then resuspended in 500 pi of 

double distilled water. To the supernatant 40 pi of a 50% Ni^'^-ChroMatrix slurry (Jena) 

was added and mixed gently for 5 minutes on a rotating disk mixer (60 rpm) at 4°C (277 

K). This solution was then centrifuged at 800 rpm on a bench top microcentrifuge for 3 

minutes and the supernatant discarded. The Ni^^-ChroMatrix beads were then washed by 

adding in 1000 pi extraction buffer and allowed to mix on a rotating disk and harvested by 

centrifugation as described above. The Ni^’*^-ChroMatrix beads with bound his tagged target 

protein was then prepared for analysis on SDS polyacrylamide gel electrophoresis 

(described in Section 2.8.1) by adding 10 pi 6 x SDS-PAGE sample buffer to the bead 

pellet. Of the insoluble fraction, 5 pi in 5 pi loading buffer were loaded.
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2.4.2. Large scale protein expression

A 10 ml overnight culture was prepared by adding 10 pi of the selective antibody to 

10 ml sterile LB media (ForMedium) which was then inoculated with E.coli BL21 DE3 

containing the plasmid for expression of the protein of interest. Overnight cultures were 

grown in a shaker incubator at 37°C (310 K) and 120 rpm. The following day 1 ml of the 

selective antibiotic was added to 1 liter of sterile 2xYT enriched expression media 

(ForMedium) in a 3 liter Erlenmeyer flask and this solution was then inoculated by the 

overnight culture. This culture was shaken at 37°C (310 K) and 120 rpm until the OD6oonm 

was between 0.6 and 0.8. Protein overexpression was then induced by adding 0.5 mM 

IPTG (ForMedium) and cells were harvested after 3 to 4 hour induction.

For proteins requiring expression at lower temperatures (DrrA202-647 at 25°C (298 K) and 

JFCl at 18°C (291 K)) the flask was transferred to an incubator shaker at 25°C (298 K) (or 

18°C (291 K)) when the ODeoonm reached 0.4. When the OD6oonm was between 0.6 and 0.8, 

protein overexpression was induced by adding a final concentration of 300 pM (or 200 

pM) IPTG. After 5 hours (or 18 hours) of induction cells were harvested.

2.4.3. Expression of selenomethionine containing protein

A 10 ml overnight culture was prepared by adding 10 pi of the selective antibiotic 

to 10 ml sterile LB media (ForMedium) which was then inoculated with E.coli BL21 DE3 

harbouring the plasmid of interest. Overnight cultures were grown in an incubation shaker 

at 37°C (310 K) and at 140 rpm. The following morning a filtered nutrient mix was added 

to 1 liter SeMet Medium Base (Molecular Dimensions) as well as the selective antibiotic. 

The media was then preheated at 37°C (310 K) and after 30 minutes the overnight culture 

was added. Cells were grown at 37°C (310 K) with shaking at 140 rpm until the OD6oonm 

reached 0.5. Amino acids were then added to the media as follows: 100 mg of Lys, Thr, 

Phe; 50 mg of Leu, He, Val; 50 mg of SeMet (L-stereoisomer). If necessary the culture was 

then moved to a different temperature and after 15 minutes protein expression was induced 

with a final concentration of 400pM IPTG.
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2.5. Protein purification

2.5.1. Cell harvesting and protein extraction

Cell harvesting was performed by centrifuging for 10 min at 4°C (277 K) and at 

4000 g. The supernatant was discarded and the pellet was resolubilised in PBS and 

centrifuged again for 10 min at 4°C (277 K) and 4000 g. The supernatant was discarded 

and the pellet frozen at -80°C (193 K) or immediately lysed by sonication for purification 

of the induced protein.

2.5.2. Purification of Rab27a and Rabla

For extraction, a cell pellet from a 1 litre culture (Section 2.4.2) was resuspended in 

20 ml of extraction buffer (20 mM Imidazole, 300 mM NaCl, 5 mM MgCb, 10 mM p- 

Mercaptoethanol, 10 mM Tris-Cl pH 7.5) containing 0.5 mM PMSF (Fluka). Resuspended 

cells were then sonicated on ice with a duty output of 35% and a power output of 4, over 4 

cycles with 1 minute sonication bursts followed by 1 minute incubating on ice. The 

resulting lysate was then centrifuged for 30 min at 4°C (277 K) and at 18,000 g. The 

supernatant was filtered with a Filtropour S filter (Sarstedt), poresize 0.45 pm, in order to 

remove remaining cellular debris and the remaining pellet was discarded. A gravity column 
was filled with 2 ml Ni^^-ChroMatrix resin (Jena bioscience) and equilibrated with 

extraction buffer. The filtered cell lysate was then loaded onto the column by gravity flow 

followed by rigorous washing with 100 ml of extraction buffer. Bound protein was eluted 

from the column with elution buffer (200 mM Imidazole, 300 mM NaCl, 5 mM MgC^, 10 

mM P-mercaptoethanol, 10 mM Tris-Cl pH 7.5). Cleavage of the His-tag was performed on 

addition of 10 units/ml of thrombin (GE Healthcare) while dialysing overnight (Thermo 

Scientific Snakeskin Dialysis Membrane (7 kDa MWCO)) against 150 mM NaCl, 5 mM 

MgCb 10 mM P-mercaptoethanol, 10 mM Tris-Cl, pH 8. After dialysis the NaCl 

concentration of the Rab protein solution was adjusted to a final concentration of 300 mM 

NaCl and 20 mM imidazole. A second Ni -ChroMatrix affinity chromatography step was 

performed by incubating 2 ml Ni resin with the protein solution for at least 15 minutes. 

The solution was then loaded into a gravity column and flow through and extraction buffer
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wash fractions that contained the eleaved protein were harvested. If the Rab was to be used 

for complex formation no further purification was performed and the protein was stored at 

-80°C (193 K) if required. Protein that was to be used for thermodynamics was 

concentrated if needed and loaded onto a Superdex-200 16/60 size exelusion column 

(mounted on AKTAbasic FPLC, GE Healthcare) equilibrated with 100 mM NaCl, 5 mM 

MgCb, 1 mM DTT and 10 mM Tris-Cl, pH 7.5. The purity of the protein was checked at 

each step by analysing with SDS-PAGE (described in Seetion 2.8.1).

2.5.3. Purification of JFCl

The pellet from a 2 litre indueed culture (Seetion 2.4.2) was resuspended in 40 ml 

of extraction buffer (300 mM NaCl, 5 mM MgC^, 10 mM P-mercaptoethanol, 10 mM 

Tris-Cl, pH 7.5) containing 0.5 mM PMSF (Fluka). Resuspended cells were then sonicated 

as deseribed in Section 2.5.2. The resulting cell lysates was then eentrifuged at 18,000 g for 

40 min at 4°C (277 K). The supernatant was filtered with a Filtropour S filter (Sarstedt), 

poresize 0.45 pm, in order to remove remaining eellular debris and the remaining pellet 

was discarded. A gravity column containing 3 ml Ni^^-ChroMatrix resin (Jena bioscience) 

was equilibrated with extraetion buffer. The filtered eell lysate was then loaded onto the 

eolumn and washing with 100 ml of extraetion buffer. Bound protein was eluted from the 

eolumn with elution buffer (200 mM Imidazole, 300 mM NaCl, 5 mM MgCb, 10 mM P* 

mereaptoethanol, 10 mM Tris-Cl, pH 7.5). Cleavage of the His-tag was achieved by 

addition of 10 pg rTEV protease per mg fusion protein and the mix was dialysed over night 

against 200 mM NaCl, 5 mM MgCb, 10 mM P-mercaptoethanol, 10 mM Tris-Cl, pH 8 

(Thermo Scientifie Snakeskin Dialysis Membrane (7 kDa MWCO)). The dialysed and 

eleaved JFCl protein solution was then dialysed further into a 100 times volume of low salt 

buffer (10 mM NaCl, 5 mM MgC12, 1 mM DTT, 10 mM Tris-Cl, pH 7.5) for 2 hours. The 

protein solution was then loaded onto a MonoQ 5/50 anion exchange eolumn conneeted to 

an AKTAbasic FPLC, GE Healthcare. Elution was performed with a linear salt gradient to 

1 M NaCl. Eluted fractions containing JFCl were combined, the NaCl concentration was 

adjusted to 300 mM and 20 mM imidazole was also added and the protein solution was 

subsequently loaded onto a 2 ml bed volume of Ni ChroMatrix, prequilibrated extraetion
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buffer (20 mM Imidazole, 300 mM NaCI, 5 mM MgCb, 10 mM P-mercaptoethanol, 10 

mM Tris-Cl pH 7.5). The same buffer was also used to wash the column after loading the 

protein solution. Flow through and washing fractions containing JFCl were then combined, 

and concentrated when necessary before loading onto a Superdex-200 size exclusion 

column (GE Healthcare), equilibrated in 100 mM NaCl, 5 mM MgC^, 1 mM DTT and 10 

mM Tris-Cl pH 7.5. The purity of the protein was analysed at each step using SDS-PAGE 

(described in Section 2.8.1).

2.5.4. Purification of full length DrrA

A cell pellet from a 1 litre induced culture (Section 2.4.2) was resuspended in 20 ml 

of extraction buffer (10 mM imidazole, 300 mM NaCl, 5 mM MgCb, 10 mM P- 

mercaptoethanol, 10 mM Tris-Cl pH 7.5) containing 0.5 mM PMSF (Fluka). The cell 

suspension was then sonicated as described in Section 2.5.2. The cell lysate was then 

centrifuged at 18,000g for 40 min at 4°C (277 K). The supernatant was filtered with a 

Filtropour S filter (Sarstedt), poresize 0.45 pm. The filtrate was loaded onto a gravity flow 

column containing 2 ml Ni^'^-ChroMatrix resin prequilibrated with extraction buffer and 

washed with 100 ml of extraction buffer. Protein was then eluted from the column using 50 

mM imidazole, 300 mM NaCl, 5 mM MgCl2, 10 mM p-mereaptoethanol, 10 mM Tris-Cl, 

pH 7.5 as elution buffer. Cleavage of the His-tag was performed in the presence of 10 

units/ml of thrombin (GE Healthcare) while dialysing overnight against 10 mM Tris-Cl, 

150 mM NaCl, 5 mM MgCb and 10 mM P-mercaptoethanol, pH 8. After dialysis the the 

DrrA protein solution was adjusted to a final concentration of 300 mM NaCl and 10 mM 

imidazole. A second Ni^'^-ChroMatrix affinity chromatography step was performed by 

incubating 2 ml Ni^"^ resin with the protein solution for at least 15 minutes. The solution 

was then loaded into a gravity column and the flow through containing the cleaved DrrA 

protein was retained. The combined fractions were dialysed into a low salt buffer (10 mM 

NaCl, 5 mM MgCb, 1 mM DTT, 10 mM Tris-Cl, pH 7.5) for at least 2 hours and then 

loaded onto a MonoQ 5/50 anion exchange column (mounted on AKTAbasic FPLC, GE 

Healthcare). Elution from the column was performed with a linear salt gradient to 1 M 

NaCl. Elution fractions containing DrrA were loaded onto a Superdex-200 16/60 size
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exclusion column (mounted on AKTAbasic FPLC, GE Healthcare) equilibrated with 100 

mM NaCl, 1 mM DTT and 10 mM Tris-CI pH 7.5. The purity of the protein was analysed 

at each step using SDS-PAGE (described in Section 2.8.1).

2.5.5. Purification of DrrA (residues 202-647)

A cell pellet from 1 litre induced culture (Section 2.4.2) was resuspended in 20 ml 

of extraction buffer (20 mM imidazole, 300 mM NaCl, 5 mM MgCb, 10 mM P- 

mercaptoethanol, 10 mM Tris-Cl, pH 7.5) containing 0.5 mM PMSF (Fluka). The cell 

resuspension was sonicated, centrifuged and the resulting supernatant filtered as described 
in Section 2.5.2. A gravity column was filled with 2 ml Ni^^-ChroMatrix resin and 

equilibrated with extraction buffer. The filtered cell lysate was then loaded onto the column 

by gravity flow and washed with 100 ml of extraction buffer. Bound protein was eluted 

from the column with elution buffer (200 mM Imidazole, 300 mM NaCl, 5 mM MgCh, 10 

mM p-mercaptoethanol, 10 mM Tris-CI, pH 7.5). Cleavage of the His-tag was performed 

in the presence 10 pg rTEV protease per mg protein while dialysing overnight against 10 

mM Tris-CI, 200 mM NaCl, 5 mM MgCb and 10 mM P-mercaptoethanol pH 8. The 

dialysed protein sample had its final concentration of NaCl and imidazole adjusted to 300 
mM and 20 mM respectively. A second Ni^’^-ChroMatrix affinity chromatography step was 

performed by incubating 2 ml Ni^^ resin with the protein solution for at least 15 minutes. 

The slurry was then loaded into a gravity column and the flow through eontaining the 

cleaved protein was retained. The protein sample was then dialysed into 100 times volume 

low salt buffer (10 mM NaCl, 5 mM MgCI2, 1 mM DTT, 10 mM Tris-CI, pH 7.5) for 2 

hours and then loaded onto a MonoS 5/50 anion exchange column (mounted on 

AKTAbasic FPLC, GE Healthcare). Elution from the column was performed with a linear 

salt gradient to 1 M NaCl. Elution fractions containing the protein were loaded onto a 

Superdex-200 16/60 size exclusion column (mounted on AKTAbasic FPLC, GE 

Healthcare) equilibrated with 100 mM NaCl, 1 mM DTT and 10 mM Tris-CI pH 7.5. The 

purity of the protein was analysed at each step using SDS-PAGE (described in Section 

2.8.1).
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2.5.6. Purification of Ypt32

A cell pellet from 1 litre IPTG induced eulture (Section 2.4.2) was resuspended in 

20 ml of ‘MBP extraction buffer’ (200 mM NaCl, 20 mM Tris-Cl, pH 8). For 20 ml of 

lysate 4 ml of amylose resin (NEB) were used. The resin was poured into a gravity column 

and equilibrated with 20 ml MBP extraction buffer. The eell lysate was then loaded onto 

the amylase resin by gravity flow and washed with 60 ml of MBP extraction buffer. The 

protein of interest was then eluted with MBP elution buffer (10 mM maltose, 200 mM 

NaCl, 10 mM Tris-Cl, pH 7.7). The MBP-tag was cleaved with 10 pg rTEV protease per 

mg protein by dialysing the protein solution over night into 200 mM NaCl, 10 mM P- 

mercaptoethanol, 20 mM Tris-Cl, pH 8. Following the overnight dialysis the dialysis tube 

was transferred into a 100 times volume of low salt buffer (10 mM NaCl, 5 mM MgC12, 1 

niM DTT, 10 mM Tris-Cl, pH 8) for 2 hours. The Ypt32 protein solution was then loaded 

onto a MonoQ 5/50 anion exchange column. Elution from the column was performed with 

a linear salt gradient to 1 M NaCl. Elution fractions containing DrrA were loaded onto a 

Superdex-200 16/60 size exclusion column equilibrated with 100 mM NaCl, 5 mM MgCb, 

1 mM DTT and 10 mM Tris-Cl, pH 8. The purity of the protein was assessed at each step 

by SDS-PAGE analysis (described in Section 2.8.1).

2.6. Complex formation

A protein-protein complex was formed between Rab27a(GppNHp) or 

Rab27a(GDP) and JFCl by incubating JECl with an excess of nucleotide exchanged 

Rab27a (exchange process is described in Section 2.8). This complex incubation solution 

was then loaded onto a Superdex-200 16/60 size exclusion column equilibrated with 100 

mM NaCl, 5 mM MgCh, 1 mM DTT and 10 mM Tris-Cl, pH 7.5. The eluted peak 

fractions were analysed by SDS-PAGE for the presence of JFCl and Rab27a in the same 

fraction. Similarly, DrrA was incubated with an excess amount of the Rabla S21N mutant 

protein and the solution was proeessed in the same manner as JFC1/Rab27a complex.
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2.7. Nucleotide exchange

Nucleotide exchange was performed by incubating the protein with 5 mM EDTA 

and then removing the MgCb and EDTA from the protein solution with a PD 10 desalting 

column (GE Healthcare). Then a 5 fold concentration of GppNHp or GDP, and 5 mM 

MgCb (final concentration) was added to the protein solution.

The efficiency of nucleotide exchange was determined by HPLC, using a Dionex, 

Umitimate 3000 system with a Discovery Cl8 column (Supelco) attached. The column was 

equilibrated with HPLC running buffer (0.1 M KH2PO4, 5 mM tetrabutyl ammonium 

hydrogen sulfate, 8% acetonitrile, pH 6.5). Samples (containing 0.5-1 mg/ml protein in 100 

mM NaCl, 5 mM MgCb, 1 mM DTT and 10 mM Tris-Cl, pH 7.5) and standards of GDP, 

GppNHp (containing 10 pM nucleotide in sample buffer) and GTP (5 pM in sample 

buffer) were prepared by incubating at 98°C (371 K) for 3 minutes followed by 

centrifugation at 13,000 rpm for 30 minutes. To 100 pi of supernatant 50 pi of HPLC 

buffer were added and 50 pi of this solution was injected onto the column, a run lasted 20 

minutes with an isocratic gradient of HPLC buffer. Data processing was performed using 

Chromeleon software (Dionex).

2.8. Protein analysis techniques 

2.8.1. SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)

The presence and purity of proteins was analysed by SDS-PAGE [315] using Tris- 

Cl/Glycine gels on a mini-slab size electrophoresis system (ATTO corporation). Briefly, 

protein solutions were mixed with SDS containing sample buffer (2% (w/v) SDS, 0.5% 

(v/v) 2-mercaptoethanol, 25 mM Tris-Cl pH 6.8, 0.0012% bromophenol blue and 10~% 

(v/v) glycerol) and boiled at 370 K and then spun down by flash centrifugation. Typically 

15 pi protein sample containing 5-10 pg protein and 10 pi protein molecular weight marker 

14-116 kDa (Jena Bioscience) were loaded onto an acrylamide gel and run at constant 

current of 25 mA. The 12% acrylamide resolving gel (10 ml) was made by mixing the 

following components; 3.3 ml H2O, 4 ml 30 % Bis Acrylamide mix (National Diagnostics) 

0.1 ml 10% SDS, 2.5 ml 2.5M Tris-HCl (pH 8.8) 0.1 ml 10% ammonium persulphate, 4pl
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TEMED) The 5% acrylamide stacking gel (4 ml) was made by mixing the following 

components; 2.7 ml H2O, 0.67 ml of 30 % Bis Acrylamide mix ( National Diagnostics) 

0.04 ml of 10% SDS, 0.5 ml of I.5M Tris-HCI (pH 6.8) 0.04 ml of 10% ammonium 

persulphate, 4|il TEMED) The electrophoresis buffer contained 400 mM glycine, 0.1% 

(w/v) SDS, 50 mM Tris-HCI pH 8.3. In order to visualise the protein bands the gels were 

briefly washed with water and then stained with Instant Blue (Molecular Dimensions Inc.).

2.8.2. Protein concentration determination

Several methods were used in order to determine the concentration of proteins in solution.

2.8.2.1. Nanodrop

The NanoDrop ND-IOOO was used to determine the protein concentration at 280 

nm. For this purpose 2 pi protein solution was loaded onto the measurement pedestal and 

the absorption was measured. To obtain the concentration the Lambert-Beer equation was 

used.

A = E • b • c

A is the absorbance represented in absorbance units (A), E is the wavelength- 

dependent molar extinction coefficient with units of liter/mol-cm, b is the path length in 

cm, and c is the analyte concentration in moles/liter.

2.8.2.2. Bradford protein assay

Bovine serum albumin (BSA) standard solutions at the following concentrations 

were prepared in 0.15 M NaCI: 0, 200, 400, 600, 800 and 1000 pg/ml. Samples were 

diluted with 0.15 M NaCI where necessary so as to lie within the concentration of protein 

standards. To 20 pi of each sample 480 pi of Quick Start Bradford dye reagent was added 

and the solution was mixed thoroughly. After incubation for 5 minutes at room temperature 

the absorbance of each solution at 595 nm was measured. A standard curve was produced 

by plotting the absorbance of the standard solutions versus their concentrations and 

calculating a line through linear regression in Microsoft Excel. The equation for the linear 

regression line was then used to calculate the concentration of the samples.
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In order to detect protein in eluted samples a colour change in 1 x Bradford reagent 

(BioRad) when mixed with the sample was used. This was done by pipetting 2 pi of the 

eluate into 30 pi Bradford reagent.

2.8.2.3. Bicinchoninic acid assay (BCA assay)

The QuantiPro BCA assay kit (Sigma) was used as described in the kit’s protocol. 

The working reagent was prepared by mixing 25 parts of buffer A (NaaCOa, Na2C4H406, 

NaHCOa in 0.2 M NaOH pH 11.25) with 25 parts of buffer B (4% (w/v) bicinchoninic acid 

pH 8) and 1 part of reagent C (4% (w/v) CuS04 -5H20).

Standard solutions were prepared with 0.5, 5, 10, 20 and 30 pg/ml BSA and protein 

samples were diluted if necessary. The same buffer of the protein sample itself was used to 

make dilutions and also used as a blank. 1 ml of each standard and sample was added to 1 

ml of the working reagent. The solutions were then incubated at 333 K for 1 hour. The 

absorption was measured at 562 nm. A standard curve was produced by plotting the 

absorbance of the standard solutions versus their concentrations and calculating a linear 

regression line using Microsoft Excel. The equation of the standard line was then used to 

calculate the concentration of the samples.

2.8.3. Isothermal Titration Calorimetry

Calorimetric measurements were performed using the ITC-200 instrument 

(MicroCal, Inc). Purified and nucleotide exchanged Rab27 (wt or mutant) and JFCl were 

dialysed against 100 mM NaCl, 1 mM DTT and 10 mM Tris-Cl pH 7.5. Rab27 proteins 

were concentrated to approximately 100 pM and JFCl to 10 pM.

Titrations were performed at 293 K with JFCl in the reference cell and Rab27 in the 

syringe.

Concentrations were usually 6-10 pM in the cell and 50-100 pM in the syringe. Data 

analyses by peak integration and curve fitting were performed using the Origin software 

7.0, and curves were fitted to a single-site binding model to give the binding constant (Kd), 

enthalpy change (AH), and entropy (AS) of complex formation.
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2.8.4. Homology modelling of JFCl

The coordinates of the Slp2-RBD were obtained from the protein data bank 

(www.rcsb.org [316]; PDB ID 3BC1 [227]). The amino acid sequence of the Slp2 RBD 

was then aligned with that of the JFCl-RBD and 3BC1 was then used as a template to 

model the JFCl-RBD using the molecular operation environment (MOE; Chemical 

Computing Group, Montreal, Canada). The resulting structure was validated with Procheck 

[317] and via superimposition with the reference molecule using the secondary structure 

matching algorithm in Coot [318].

2.8.5. Static light scattering

A Superdex-200 10/300 size exclusion column (GE Healthcare), equilibrated with 

buffer (10 mM Tris-HCl pH 7.5 supplemented with 100 mM NaCl, ImM DTT) was loaded 

with purified proteins (typically 0.1-0.5 mg total). The FPLC system was connected in-line 

with the miniDAWN multiangle light-scattering system, followed by an Optilab 

refractometer (Wyatt Technologies). Processing of data and absolute molecular mass 

calculations were performed using ASTRA software (Wyatt Technologies).

2.9. Crystallisation techniques
2.9.1. Crystallisation condition screening

Protein samples that were considered sufficiently pure by SDS-PAGE analyses 

were subjected to crystallisation trials. Typically proteins were concentrated to between 5 

and 20 mg/ml using concentrators of suitable molecular weight cut offs (Amicon or 

Pierce). Initial screening for crystallisation was achieved using sparse matrix screening 

using the sitting drop vapor diffusion method at 18°C (291 K). Drops containing 100 nl of 

protein sample (in the buffer of the final purification step) at concentrations between 5 and 

20 mg/ml and 100 nl of a reservoir solution were set up in 96-well sitting drop plates using 

a Mosquito robot (TTP Labtech). Usually two drops with one lower and one higher protein 

concentration were set up per condition. The reservoir volume was 70 pi. Commercial 

screens with 96 different conditions from Jena Bioscience, Molecular Dimensions and
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Quiagen were used. If a potential crystallisation condition hit was achieved the condition 

crystal growth was optimised in a grid screen. Grid screens were set up in Linbro 24-well 

plates using hanging drop vapor diffusion methods with a reservoir volume of 500 pi.

2.9.2. Seeding

Different seeding techniques were used. Streak seeding was performed by touching 

crystals in a drop with a seeding tool (Hampton research) and streaking the needle through 

a new drop. Cross seeding was performed by transferring a drop containing crystals, into a 

microcentrifugation tube containing 50-100 pi of the reservoir solution. This solution was 

shaken vigorously for 10 sec and the thus produced seed stock solution was then used to set 

up crystallisation drops with 1 pi seed stock solution and 1 pi protein solution. 

Alternatively the seed stock solution was also used for streak seeding.

2.10. Data collection and structure determination

2.10.1. Ypt32 crystal diffraction, data collection and refinement

Diffraction data were collected at beamline BM14 at 0.9784 A the European 

Synchrotron Radiation Facility (ESRF) in Grenoble, France using tbe oscillation method 

under cryogenic conditions. Prevention of ice formation was obtained by soaking the 

crystals in a cryoprotectant solution containing 25% xylitol before flash freezing them at 

lOOK. The obtained data was integrated and scaled using the XDS package [319]. The 

structure of Ypt32 with GppNHp was solved by molecular replacement using MolRep 

[320], with a Ypt32 GDP structure that had previously been solved in the lab as search 

model (www.pdb.org [316]; PDB ID 3RWO, [321]). The structures were refined in 

reciprocal space using Refmac5 [322]. MolRep and Refmac5 are available through the 

CCP4 suite [323]. Structures were optimised in real space with the program Coot [318]. 

Part of the model and GppNHp were manually built by alternating cycles of model building 

with Coot and refinement with Refmac5. Water molecules were built with Coot. Pictures of 

molecules and electronic densities were prepared using PyMOL [324].
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2.10.2. DrrA202-647 crystal diffraction, data collection and refinement

Diffraction data were collected at beamline 24ID-C at the advanced photon source, 

Chieago, USA using the oscillation method under cryogenic conditions. Prevention of ice 

formation was obtained by soaking the crystals in a cryoprotectant solution containing 20% 

glycerol before flash freezing them at lOOK. The obtained data was integrated and sealed 

using the HKL2000 package [325] Phases were determined with molecular replacement 

using MolRep [320], and PDB ID 3JZ9 (www.rcsb.org [316]; [195]) as template.

2.11. Sequence alignments

Sequences for alignment were obtained from the database UniProtKB 

(http://www.uniprot.org). Protein sequences were aligned using Multiple Sequence 

Comparison by Log- Expectation [MUSCLE, 326] and images of the alignment were 

produced using the program ALINE [327].
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Chapter 3

Rab27 and its effectors



3.1. Introduction 

3.1.1. Rab27 effector complexes

Rab27/effector complexes are involved in various steps of exocytosis. Depending 

on the cell type, Rab27 recruits a distinct effector to vesicles via a highly conserved RBD 

on the effector protein. Sometimes Rab27 interacts with more than one effector in 

succession [269], From the 12 identified effectors, some additionally bind to Rab3 and/or 

Rab8 [161,256-257], One effector exclusively binds to GDP-bound Rab27 [258].

From many studies of the interactions between Rab GTPases and their effectors, it can be 

concluded that most Rab/effector interactions involve helical domains of the effector [166], 

There are two exceptions to this general rule the Early Endosomal Autoantigen 1 (EEAl; 

[222]) and the Lowe Syndrome protein OCRLl [223], which have non-helical RBDs. 

Importantly, despite approximately 10 Rab/effector structures, there is very little 

information regarding the thermodynamics and kinetics of effector recruitment. Since 

many crystallisation studies were performed by co-expression of Rab/effectors to enable 

soluble expression, it has not been possible to understand the strength of Rab/effector 

interfaces and the contribution of various residues to the binding affinities.

To date, two Rab27/effector structures have been solved [169, 227] and several 

mutational studies have been performed that helped identify residues that might be 

important for Rab27 specificity. Interestingly, the Rab27 effectors were divided into a high 

affinity and low affinity group from initial analyses of the binding affinities [169, 225, 

261]. Surface plasmon resonance data was obtained with the Rab binding domains of three 

out of the twelve effectors (Slp2-a SHD, Slp4-a SHD and Slac2-a SHD, [225]).

The two structures of Rab27/effecor-RBDs solved so far, combined with mutational 

analysis, revealed that the two a-helixes of the SHDs both contribute to the interaction but 

with differing importance for each complex [169, 227]. The structure of

Rab27a/melanophilin the melanophilin contact areas identified involved the coiled coil of 

the SHD 1, the motif of the SHD II and the FYVE-like zinc binding domain and the Rab27 

contact areas involved the switch, interswitch and CDR regions. The residues that are 

important for the interaction of melanophilin with Rab27 are Tyr6 from Rab CDR I (that 

forms a hydrogen bond with melanophilin E32) and three residues from switch II of Rab27
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(Leu84, Phe88, and Asp91). They were identified as the minimum determinants of 

melanophilin binding to Rab27 with hydrogen bonding between Rab27 Asp91 and 

melanophilin Arg29 and melanophilin Glyl33. Although the side chain of Rab27 Tyrl22 

interacted with melanophilin Trpl20 and melanophilin Tyrl21 from the 

(S/T)(G/L)xW(F/Y)2 motif, this interaction was not necessary for complex formation. This 

is different for the interaction of Rab27 with Slp2. Here Rab27 Tyrl22 of the 

(S/T)(G/L)xW(F/Y)2 motif from the SHDll, that stacks with Slp2 Phe54, is a key residue 

for the interaction. The invariant hydrophobic triad found in Rab GTPases (Phe46 and 

Trp73 from the interswitch region and Phe88 from the switch 11 element in Rab27) seemed 

to be essential for effector recognition as they form, together with several more Rab27 

residues, an extended hydrophobic cluster that contacts the SHD 1 of Slp2. Most of the 

Rab27-Slp2 interface involves the SHD 1 of Slp2 and interswitch and N-terminal regions of 

Rab27. The switch regions themselves though are not much involved in the interaction 

which might be the reason for interaction of granuphilin and JFCl with GTP and GDP 

Rab27.

According to Fukuda [225] SHD containing effectors can be separated into a high 

affinity group (JFCl, Slp2, granuphilin, Slp5, Slac2-b, rabphilin, and Noc2) and a low 

affinity group (Slp3, melanophilin and MyRlP). Kinetic analysis by surface plasmon 

resonance was used to determine the equilibrium dissociation constant for three effectors, 

Slp2-a SHD (13.4 nM), granuphilin SHD (19.2 nM) and melanophilin (112 nM). 

Attribution of the other effectors to the high or low affinity groups was based on 

immunoblots. Therefore no biophysical data is available to support the classification. 

Different affinities of effectors for one Rab GTPase would be a way to enable sequential 

interaction of the different effectors with the same Rab GTPase and a hierarchy in Rab27 

effectors would be one way to achieve this.

3.1.2. Mutagenesis and Griscelii Disease

Several missense mutations of Rab27 are found in Griscelii syndrome type II 

patients, namely W73G, L130P, and A152P. The L130P and A152P mutations disrupt GTP 

and GDP binding, and are thought to disrupt proper folding of Rab27. When the protein
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contains either of these mutations, it will not interact with its effectors [225, 328]. Trp73 is 

part of the hydrophobic triad, and the W73G mutation presumably abolishes interactions 

with melanophilin, MyRIP, and Slp3-a. However, interactions of Rab27 (W73G) with 

other effectors such as JFCl and granulophilin are not apparently affected by this mutation, 

at least when tested by GST pull down experiments [225],

Tyr8 of CDR 1 is conserved in Rab GTPases and has been reported to be important 

for the interaction of Rab27 with Slp2 [227] but does not seem to have any importance for 

the Rab27/melanophilin interaction. The interaction with Slp2 is mainly mediated by 

Met49, and in JFCl the analogous residue is Leu79. Homology modeling of JFCl carried 

in the course of this study suggests that the hydrophobic interaction might be even stronger. 

A Rab27 Y8A mutant and its thermodynamic investigation might shed light onto the 

importance of this residue for the interaction. If it is essential for the interaction with JFCl, 

the affinity would strongly diminish.

Some Rab27 effectors, amongst which is JFCl, have also been reported to bind to 

other Rab GTPases. Studies have revealed that the residues Leu84, Phe88 and Asp91 are 

specific for Rab27. When those residues were mutated to the analogous residues in Rab3 

and Rab8 (L84I, F88Y and D9IG) it appeared that the interaction between Rab27 and 

JFCl was not affected, whereas Slp2 seemed to bind with less affinity and melanophilin 

did not bind at all [225]. These conclusions were made using immunoblotting techniques, 

which are not quantitative. Further analysis is needed in order to confirm that the triple 

mutant binds JFCl with the same affinity as the wild type, especially because there is 

controversy about the affinities of JFCl for Rab27 vs. Rab8 [256, 261]. Measuring the 

affinity of WT Rab27 and a triple mutant (L841+F88Y+D91G) that resembles Rab8 may 

give more insight Rab/effector specificity.

It has also been reported that GDP-locked Rab27 (mutant T23N) retains binding to 

granuphilin [264]. Further complicating the issue is the observed binding of JFCl Rab27 in 

the GDP form in vitro, but not to the GDP-locked T23N mutant of Rab27 [274]. It is 

possible that the WT Rab27 did contain some GTP and that the interaction with JFC1 was 

therefore detected. However, a Rab27 effector - Coronin 3 - that exclusively interacts with 

Rab27(GDP) has been reported as well [258]. This is contradictory to the commonly
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accepted view of Rab GTPase specificity for effectors. Investigation of the 

thermodynamics involved in this mechanism would provide quantitative numbers for such 

interactions and enable better comparison of the interaction between Rab27(GTP) and 

Rab27(GDP).

3.1.3. Goals

No full length Rab effector structure is known so far. It would be a major step in the 

understanding of how effector proteins exert their biological function if we could visualize 

a complete Rab/effector complex. Because JFCl has also been reported to have an ATP- 

binding site, possibly adopting a Bergerat-fold, and the three-dimensional structure would 

enable its visualisation. An analysis of the structure of the Rab27/JFC1 SHD is very likely 

to resemble the other two structures that have already been solved. However, the small 

differences in amino acid position or a different amino acid in one place can be very 

important for the interaction. Detecting those small differences and also a eomparison to 

the unbound Rab27 forms, would doubtlessly add to the knowledge about specificity and 

affinity determinants for Rab/effector interactions, which is needed in order to understand 

the biology of vesiele trafficking.

Isothermal titration calorimetry is a technique that enables the determination of the 

equilibrium dissociation constant as well as determination of stoichiometry, enthalpy and 

entropy. It is therefore a powerful method to investigate the thermodynamics of protein- 

protein interactions and was hence the method of our choice for the investigation of the 

interaction of active and inactive Rab27 as well as several Rab27 mutants with the effeetor 

protein JFCl.
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3.2. RESULTS

3.2.1. Production of a wild-type Rab27a expression plasmid

The Rab27a construct available in the laboratory (purchased from Geneart AG) had 

two mutated residues incorporated, namely Seri23 and Seri 88, which are actually cysteine 

in the wild-type Rab27a sequence. Therefore the first step was to mutate these serines back 

to cysteine. This side directed mutagenesis was performed in two steps, firstly mutating 

Seri23 to cysteine and secondly, using the resulting plasmid as a template for the mutation 

of serine 188 back to cysteine. Once nucleotide sequencing confirmed that the Rab27a wild 

type sequence had been obtained, the protein was expressed and purified. Site directed 

mutagenesis methods are discussed in Section 2.2.3.

3.2.2. Rab27 - Expression and purification

WT Rab27a was expressed at 37°C (310 K) and purified as described in the 

sections 2.4.2., 2.5.1. and 2.5.2. For initial purification nickel affinity chromatography was 
performed, followed by cleavage of the His-Tag. A second Ni^'^-affmity column was then 

used to remove the His-Tag and proteins that co-purified during the first affinity 

chromatography step. Size exclusion chromatography was used to remove soluble 

aggregates and ‘polish’ the protein. Rab27a eluted at 90 ml from the Superdex 200 16/60 

column and SDS-PAGE analysis. Figure 3.1.
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Figure 3.1 The purification of Rab27a.
Following cleavage of the 6xHis tag (Section 2.5.2) the Rab27a protein was loaded onto 
a Superdex-200 16/60 size exclusion column equilibrated with 100 mM NaCl, 5 mM 
MgCb, 1 mM DTT and 10 mM Tris-Cl, pH 7.5. The purity of the protein was checked 
at each step by analysing with SDS-PAGE. Panel A: Elution profile of Rab27a from a 
Superdex 200 column. Rab27 elutes at 90 ml. Panel B: 12% SDS-PAGE analysis of the 
elution peak of Rab27a. lOpl of the Rab27a peak fraction as eluted from the Superdex 
SX200 column were loaded. Molecular weight markers were from Jena.
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3.2.3. Rab27a nucleotide exchange and HPLC analysis

Wild type Rab27a has a catalytic activity and hydrolyses GTP to GDP. Therefore 

the purified Rab27a would supposedly be in complex with no or only a very small amount 

of GTP. Depending on the required form of Rab27a (active or inactive), a nucleotide 

exchange with GppNHp (a non hydrolysable GTP analogue) or GDP was performed, as 

described in material and methods section 2.7. Analysis with High-Performance Liquid 

Chromatography (HPLC) was the method of choice to reveal how well the nucleotide 

exchange worked. In order to test the effectivity of the nucleotide exchange, the protein 

samples had to be denaturated by boiling, followed by removal of the protein debris from 

the solution by centrifugation. The supernatant then contained the nucleotide that had been 

bound to the protein before its denaturation. The column was equilibrated with HPLC 

running buffer (0.1 M KH2PO4, 5 mM tetrabutyl ammonium hydrogen sulfate, 8% 

acetonitrile, pH 6.5). Samples (containing 0.5-1 mg/ml protein in 100 mM NaCl, 5 mM 

MgCIa, 1 mM DTT and 10 mM Tris-Cl, pH 7.5) and standards of GDP, GppNHp 

(containing 10 pM nucleotide in sample buffer) and GTP (5 pM in sample buffer) were 

prepared by incubating at 98°C (371 K) for 3 minutes followed by centrifugation at 13,000 

rpm for 30 minutes. To 100 pi of supernatant 50 pi of HPLC buffer were added and 50 pi 

of this solution was injected onto the column, a run lasted 20 minutes with an isocratic 

mobile phase of HPLC buffer. The elution profiles of standards and nucleotide extracted 

from Rab27a are shown in Figure 3.3 A. GDP and GppNHp elute close to each other but 

the peaks are still distinguishable. The elution profile of GDP has one single peak at 6.8 

minutes and GTP having a single peak at 9 minutes whereas GppNHp elutes in two peaks, 

the first at 6.2 minutes, and a second peak at 7.6 minutes. Reversed phase chromatography 

revealed that the nucleotide exchange was not 100% successful but most of the Rab27a had 

GppNHp bound and some still GDP (Figure 3.2 A). A test sample with non-exchanged 

Rab27a contained almost 100% GDP, therefore a nucleotide exchange with GDP was not 

essential when Rab27a with GDP bound was required.
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Figure 3.2 Rab27a nucleotide exchange and HPLC analysis.
Samples were loaded onto the CIS column as described in Section 3.1.3. Nucleotides 
were eluted with an isocratic flow of 0.1 M KH2PO4, 5 mM tetrabutyl ammonium 
hydrogen sulfate, 8% acetonitrile, pH 6.5.
Panel A: Elution profile of the different nucleotide standards from the CIS column. The 

absorbance was measured at 254 nm. GDP elutes after 6.8 minutes, GppNHp elutes with 
2 peaks, one after 6.2 and one after 7.6 minutes and GTP elutes after 9 minutes. GDP 
and GppNHp were used at 10 pM, GTP at 5 pM.
Panel B: Example of elution profiles of nucleotides from Rab27 samples (absorbance at 
254 nm). To obtain the Rab27-GDP form a nucleotide exchange was not necessary. To 
obtain Rab27 bound to mainly GppNHp a nucleotide exchange was necessary. Rab27 
that has been nucleotide exchanged with GppNHp does still contain GDP.
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3.2.4. Expression and puriflcation of JFCl

A plasmid encoding Nus-tagged JFCl had been produced in-house. It was 
expressed at 18°C (291 K) and purified as described in 2.4.2. 2.5.1. and 2.5.3. Briefly, an 
initial nickel affinity chromatography step was performed (Figure 3.3) followed by 
cleavage of the Nus-Tag over night. The protein solution was dialysed into a low salt buffer 
(10 mM NaCl, 5 mM MgCb, 1 mM DTT, 10 mM Tris-Cl, pH 7.5) and loaded onto an 
anion exchange column. The proteins were eluted from the column using a gradient up to 
600 mM NaCl. The elution profiles shown in Figure 3.4 and Figure 3.5 reveal that JFCl is 
easily separated from the Nus-tag by anion exchange chromatography, and both proteins 
run approximately at the expected sizes of 62 kDa for JFCl and 57 kDa for the his tagged 
Nus.

116

66.2

Imidazole

cf

JFCl

Figure 3.3 12% SDS-PAGE analysis of the elution of Nus-JFCl from the nickel resin 
with a multiple step imidazole gradient.
The nickel resin was washed with 30 mM imidazole until no more protein could be 
detected in the flow through. Then this was repeated with the next higher concentration of 
40 mM imidazole until a concentration of 80 mM imidazole was reached, then a last wash 
step was performed with 200 mM imidazole. JFCl eluted at all imidazole concentrations. 
Lane 1 is unrelated to this project.
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Figure 3.4 12% SDS-PAGE analysis of different fractions from a second nickel affinity 
step performed right after cleavage of the Nus-Tag.
The 61.9 kDa JFCl and the 57 kDa Nus both do elute within the flow through (FT) and 
in a wash with 20 mM imidazole. A 200 mM imidazole wash contains only Nus.
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Figure 3.5 Separation of Nus and JFCl by anion exchange.
Purified and rTEV cleaved Nus-JFCl fusion protein was loaded onto a MonoQ 5/50 
anion exchange column. Elution was performed with a linear salt gradient to 600 mM 
NaCl (30%) in 10 mM NaCl, 5 mM MgCh, 1 mM DTT, 10 mM Tris-Cl, pH 7.5. Panel 
A: Elution profile of JFCl and the Nus tag from anion exchange. JFCl elutes at 240 mM 
NaCl and Nus at 380 mM NaCl. Panel B: 12 % SDS-PAGE analysis of JFCl and the 
Nus-Tag from anion exchange peaks.
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After the anion exchange chromatography JFCl is still relatively impure. In order 

to improve the purity a second nickel affinity chromatography step was introduced at this 

state in order to improve protein purity (Figure 3.6). After the second nickel affinity 

chromatography the protein was concentrated and a final size exclusion chromatography 

step was performed. Interestingly JFCl eluted at different volumes from a Superdex 200 

16/60 column. The first peak was observed eluting at 62 ml whereas the second peak eluted 

at 73 ml (Figure 3.7). For the following results it is assumed that the peak at 62 ml 

contained a dimeric form of JFCl and the peak at 73 ml a monomeric form. After size 

exclusion chromatography JFCl was relatively pure (Figure 3.8) and used for eomplex 

formation with Rab27a. The protein was also used for subsequent biophysical analysis.

66.2

37.6

28.5

18.4(

Figure 3.6 SDS-PAGE analysis of the different fractions obtained during the 
purification process of JFC1.
Lane 1 is from a first nickel affinity elution step. Lane 2 is from combined peak 
fractions from the anion exchange chromatography step outlined in section 2.5.3. Lane 3 
is the flow through of the second nickel affinity step. The 2"'* nickel affinity does 
improve the purity slightly.
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3.2.5. Complex formation of Rab27 with JFCl

Rab27a that had been obtained as described above was then used to form a complex 

with its effector JFC1. For this purpose JFC1 was incubated with Rab27a at a ratio of 1 pM 

to 2 pM. This was necessary because the complex formation would not shift the elution 

peak of JFCl sufficiently to allow separation of the complex from excess JFCl. Active 

(GppNHp-bound) Rab27a bound to the monomeric form of JFCl but not the dimeric one 

(Figure 3.9). SDS-PAGE analysis revealed that the complex still contained some impurities 

(Figure 3.8) but it was decided to use it for crystallisation trials.

It was also detected that the inactive Rab27a(GDP) bound JFCl.

Figure 3.7 Different elution profiles of monomeric and dimeric JFCl. 
Monomeric JFCl elutes at 73 ml whereas dimeric JFCl elutes at 62 ml.
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Figure 3.8 12% SDS-PAGE analysis of JFCl and of the Rab27a-JFC1 complex after 
elution from the size exclusion column.
Most contaminants have been removed.
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Figure 3.9 Complex formation of monomeric JFCl with Rab27a.
Panel A: Complex formation of Rab27-GppNHp with JFCl. The complex elutes slightly 
faster (70 ml) than JFCl alone (72 ml). Rab27 that is in excess and thus does not interact 
with JFCl elutes at 90 ml. The elution profile of Rab27 alone (dashed line) does show 
soluble aggregates which elute at 48 ml.
Panel B: Elution profile of dimeric JFCl with Rab27. Rab27 does not interact with JFCl, 
thus no peak shift is detected.
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3.2.6. Crystallisation of JFCl and Rab27(GppNHp)-JFCl

Purified Rab27a(GppNHP)/JFCl complex as well as JFCl and Rab27(GppNFlp) 

were then used to set up initial crystallisation screens. For this purpose the proteins were 

concentrated up to 12 mg/ml. Because GppNHp absorbance, that has a maximum at 254 

nm, interfered with the concentration determination at 280 nm, the concentration was 

determined with Bradford protein assay or BCA assay.

Several commercially available sparse matrix and grid screens were set up with 

concentrations of 12 mg/ml, 10 mg/ml, 8 mg/ml and 4 mg/ml for the protein complex and 

concentrations of 10 mg/ml and 5 mg/ml were used for JFCl (section 2.9). No hits were 

observed for JFCl or Rab27a(GppNFlp). After six weeks crystals were observed for the 

Rab27a(GppNHp)-JFCl complex in two conditions of the Structure Screen namely 

conditions E4 and ElO (Molecular Dimensions). Figure 3.10 shows the crystals obtained in 

condition ElO (0.01 M NiCb, 0.1 M Tris pH 8.5, 20% w/v PEG 2000 MME). These 

crystals have a rectangular shape and are approximately 10-20 pm in length. The crystals 

observed in condition E4 (0.2 M MgCh, 0.1 M Tris pH 8.5, 3.4 M 1,6-hexanediol) are 

similar to those presented in the picture, but much smaller and are difficult to photograph. 

Although large amounts of grid screens have been set up, these crystals have yet to be 

reproduced.
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Figure 3.10 Rab27a/JFC1 crystals.
Crystals were obtained in the Molecular Dimensions ElO condition of the Structure 
Screen (0.01 M NiCE, 0.1 M Tris pH 8.5, 20% w/v PEG 2000 MME). Drops were set 
up with 8 mg/ml solution of the Rab27(GppNHp) JFCl complex.

3.2.7. Homology modeling and mutagenesis of Rab27a

Mutants were designed on the basis of homology modeling of the JFCl-RBD 

complex which was created in silico using the structure of Slp2/Rab27a (Figure 3.11). With 

this model and through an extensive review of the literature, potentially functionally 

important residues were identified. The homology model revealed that Trp73 is placed in 

the centre of a large hydrophobic interface of Rab27 and JFCl. Thus it is likely that the 

loss of this residue does result in an effect on the interaction. Leu84, Phe88 and Asp91 are 

different residues in Rab3 and Rab8 (L841, F88Y and D91G) and had been shown to be 

important for the specificity of the interaction of Rab27 with melanophilin. Phe8 is 

involved in hydrophobic stacking at a second interface (Figure 3.11) and seems to be 

important for the Rab27 - Slp2 interaction.
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SHI) II

Rab27

Figure 3.11 Homology model of JFCl with Rab27.
JFCl is shown in green and Rab27 in light blue with the p-loop in yellow, the switch I in 
dark blue, switch II in red, chosen residues and GppNHp as sticks and Mg^^ as a sphere. 
Sticks of residues chosen later for mutational analysis are slightly thicker than others. 
The model accounts for JFCl residues 35-86. Panel A gives an overview of the binding 
interface of Rab27/JFC1 with the large SHD I helix and the smaller SHD II. Panel B 
shows residues present at the binding interface with SHD I that are important for the 
mutational analysis. Panel C shows residues present at the binding interface with SHD 
II, Tyr8 was chosen for mutational analysis later on.
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It was decided to create the following Rab27a mutants: W73G and W73A, Y8A and 

a triple mutant with L84I+F88Y+D91G. Only W73A, Y8A and L841+F88Y+D91G were 

successfully expressed and purified.

3.2.8. Biophysical characterization of the interaction between Rab27a and JFCl 

3.2.3.1. Static light scattering

In order to find out about the nature of the complex formed, static light scattering 

was performed coupled to a size exclusion chromatography as described in Section 2.8.5. 

The mass of the eluted Rab27a/Nus-JFC1 complex was calculated to be 140,000 g/mol 

(140 kDa) (Figure 3.12).

Figure 3.12 Static light scattering coupled to size exclusion chromatography of the 
Rab27a Nus-tagged JFCl protein complex.
The molar mass of the elution peak from the size exclusion column is calculated to be 
140 kDa. (See section 2.8.5.)
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3.2.3.2. Thermodynamics of the Rab27a/JFC1 complex formation

Isothermal titration calorimetry was selected as a quantitative approach to 

determine the thermodynamic properties behind Rab27a and JFCl complex formation. The 

following wild type Rab27a(GppNHp), Rab27a(GDP) and the selected mutants, Rab27a 

W73A (GppNHp), Rab27a Y8A(GppNHp) and finally the triple mutant Rab27a 

L84I+F88Y+D91G(GppNHp) were titrated into JFCl or Nus tagged JFCl.

It is very important for correct results that the exact protein concentrations are 

known. Several methods were tested and the Bradford protein assay and the BCA assay 

were both tested and found to be consistent.

Examples of titration profiles are shown in Figure 3.13 to Figure 3.17 and values 

obtained from those titrations are presented in Table 1.3. WT Rab27a(GppNHp) binds 

JFCl in the low nanomolar range, the average from two titrations was resulted in a Kd of 

67 nM. WT Rab27a(GDP) did interact with JFCl as well, and with a Kd of 46 nM the 

affinity was as high as that of WT Rab27a(GppNHp). Rab27a Y8A did reveal a Kd of 296 

nM which is 5 times less than WT Rab27a. The Kd of Rab27a L84F+F88Y+D91G was 330 

nM and thus about 6 times weaker than that of WT Rab27a. Mutating Rab27a Trp73 to Ala 

had the strongest effect on the interaction, resulting in a Kd of 613 nM which is more than 

eight times lower than that of WT Rab27a.
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Table 3.1 ITC results from titrations with WT Rab27a(GppNHp), WT Rab27a(GDP) and 
Rab27a mutants.
The corresponding figures are given in brackets

Rab27 Kd (pM) AH (kcal/mol) AS (cal/mol/deg) N
WT(GppNHp) 
(Figure kl3 A) 0.097 -15.1 -19.5 1.1

WT(GppNHp) 
(Figure ^13 B) 0.037 -11.9 -6.4 0.7

WTGDP) 
(Figure 3.14) 0.046 -19.1 -34.4 0.8

Y8A
(Figure 3.15) 0.296 -14.3 -18.8 1.0

L84F+F88Y 
+D91G 

(Figure 3.16)
0.313 -27.7 -64.8 0.90

W73A
(Figure 3.17) 0.613 -12.9 -15.7 1.2
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Figure 3.13 Titrations of WT Rab27a(GppNHp) into JFCl.
Panel A: Titration of 120 pM WT Rab27a(GppNHp) into 10 pM Nus-JFCl. 
Panel B: Titration of 100 pM WT Rab27a(GppNHp) into 10 pM JFCl.
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Figure 3.14 Titration of 90 |aM WT Rab27a(GDP) into 11 ^iM Nus-JFC 1.

91



Figure 3.15 Titration of 95 tiM Rab27a Y8A into 6 nM JFCl.
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Figure 3.16 Titration of 65 |iM Rab27a L84F+F88Y+D91G into 5 )iM JFCl.
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Figure 3.17 Titration of 108 |iM Rab27a W73A into 6 fiM JFCl.
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3.3. Discussion

3.3.1. Rab27a expression and purification

The Rab27a construct that had been used for previous studies by our group 

contained two mutated residues: C123S and C188S. Those two cysteine residues can lead 

to the formation of a disulfide bond, as was observed in the crystal structure of 

Rab27a(GDP) [329], This disulfide bond changes the conformation of the a3-P5 loop, 

which is involved in the effector recognition process. In order to obtain crystals of the 

Rab27b/Slp2 complex, the formation of the disulfide bond had to be prevented by mutating 

the involved cysteine residues to serine [227], This construct was used in our group as well 

in order to improve crystals of a Rab27a/MyRIP complex. However it became clear that 

this did not improve the crystal formation of Rab27a/MyRlP. It was therefore decided to 

use a wild-type Rab27a for the Rab27a/JFC1 studies. After successfully mutating the 

Rab27a sequence back to the wild-type form, the protein was then expressed in order to be 

used for structural and thermodynamical studies.

Rab27a was expressed without its C-terminal region (expression of residues 1-193 

out of 221), because this region is the flexible tail of the protein that anchors to the 

membrane with the geranylgeranyl groups. Most Rab GTPases that are not used for studies 

with REP or GDI are expressed without their C-terminal tail region, for example most Rab 

GTPase structures in the protein data bank do not contain this region. The purification of 

Rab27a proved to be straightforward with three consecutive purification steps. The elution 

volume of the 22 kDa protein from the size exclusion column was 90 ml which is the 

volume that would be expected for a monomeric protein this size (Figure 3.1 A). After the 

last step SDS-PAGE analysis of the concentrated protein reveals no detectable 

contaminants and can be used for crystallisation as well as thermodynamic assays (Figure 

3.1 B).

In order to obtain the active or inactive form of Rab27a, a nucleotide exchange had 

to be performed. Because of the intrinsic hydrolysis activity of Rab GTPases, that would 

hydrolyse GTP to GDP, the GTP analogue GppNHp was chosen. GppNHp contains a 

nitrogen atom at the position of the oxygen atom that links the p to the y phosphate of GTP. 

This disables hydrolysis of the y phosphate and a GppNHp bound protein is therefore 

locked in the active state. After a nucleotide exchange Rab27a was mainly in the GppNHp
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bound form, although some GDP was still present as well, and could be used to form a 

complex with an effector or for thermodynamical analysis of the active state. Rab27a that 

had been freshly purified was shown to contain no GTP and was thus in the inactive state. 

(Figure 3.2)

3.3.2. JFCl expression and purification

The expression and purification of JFCl proved to be more challenging. JFCl was 

expressed with a Nus-tag. NusA is an E.coli protein that has been shown to greatly enhance 

the solubility of target insoluble proteins [330] and the construct used in this study 

contained an N-terminal hexa histidine-tag that enabled purification with affinity 

chromatography. The Nus-JFCl purification showed to be very sensitive towards the 

amount of imidazole present in the used buffers. The standard protocol used for initial 

purification of a protein uses an extraction and wash buffer for the first nickel affinity step 

that contains 10 to 20 mM imidazole in order to prevent non-specific interactions between 

proteins and the nickel resin. It became apparent however that the imidazole at this level 

led to heavy bleeding of the protein from the nickel resin. This could be reduced when no 

imidazole was used in the buffers for extraction and wash steps. As the Nus-JFCl seemed 

to bind weakly to the nickel resin, an imidazole gradient with several steps was performed 

in order to find out if it was possible to eliminate contaminants by eluting the protein from 

the column at a low imidazole concentration. For this purpose the column was washed with 

buffer that contained a certain amount of imidazole until no more protein was detected to 

elute. Elution fractions from each step were analysed by SDS-PAGE (Figure 3.3) which 

revealed that most Nus-JFCl eluted at an imidazole concentration of 30 mM, along with a 

considerable amount of what seems to be cleaved JFCl. But even though the nickel resin 

was washed with each buffer until no more protein eluted, Nus-JFCl eluted at higher 

imidazole concentrations. Therefore it was decided to elute the protein with a single step 

gradient of 200 mM imidazole. According to standard protocol the cleavage of the Nus-tag 

was followed by a second nickel affinity chromatography step. SDS-PAGE analysis of the 

elution fractions revealed, that the Nus-Tag was not retained efficiently by the nickel resin 

(Figure 3.4). Most of the Tag eluted with JFCl. It was thus decided to separate the JFCl 

from its tag in another way. The theoretical isoelectric point of JFCl is 5.32 whereas that of
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Nus is 4.65. Therefore it was decided to try separating the two proteins by anion exchange 

chromatography prior to a second nickel affinity step. Following the Nus-tag cleavage, the 

protein solution was directly dialysed into a low salt buffer and loaded onto an anion 

exchange column. The elution profile shown in Figure 3.5 A reveals that the two proteins 

are easily separated by anion exchange, but SDS-PAGE reveals that JFCl is still relatively 

impure. In order to improve the purity a second nickel affinity chromatography step was 

introduced at this state. The SDS-PAGE analysis of the flow through from a second nickel 

affinity step reveals that the purity can be slightly improved (Figure 3.6). The last 

purification step was size exclusion chromatography. The 62 kDa, full length JFCl would 

be expected to elute at 73 ml and an elution at 62 ml corresponds to approximately double 

the molecular weight of JFCl (Figure 3.7). Hence the two elution peaks represent two 

different species of protein, possibly one monomeric and one dimeric. The buffers used for 

all purifications were the same but a test showed that the dimeric form of JFCl seemed to 

occur after freezing of the bacterial pellet prior to extraction of the protein and when the 

pellet was very large and the resolubilised pellet was very concentrated in the extraction 

buffer. It is likely that the dimerisation of JFCl is due to misfolding caused by freezing 

and/or sonication. However this last step further enhanced the JFCl purity; although 

contaminant proteins are still present (Figure 3.8). From four litres of bacterial culture 

usually 1-2 mg of pure protein could be obtained. Because of the low yield it was decided 

to use the protein for further experiments, as introducing further purification steps would 

decrease the yield even further.

3.3.3. Formation of a Rab27a/JFC1 complex

After successful purification of Rab27a and JFCl the Rab27a/JFC1 complex was 

formed. When the complex formation was attempted with monomeric JFCl, the complex 

was formed with the GppNHp- and the GDP-bound form of Rab27a (Figure 3.9 A). This 

shows that JFCl does indeed interact with both forms of Rab27, active and inactive. It had 

previously been shown that the inactive mutant (T23N) does not bind JFCl [264] but 

another study shows that the GDP-bound wild-type does [274], Our result confirms this 

latter finding. This is especially interesting because Rab GTPases with mutations of the
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analogous residue are commonly used to prove that an effector protein does not interact 

with the GDP-bound Rab GTPase. Ideally it would have to be confirmed that a Rab27 

T23N does not interact with JFCl when both proteins are prepared the same manner as 

presented here. An explanation for this could be the fact that the threonine to asparagines 

mutation causes a disrupted Mg^"^ binding site resulting in reduced affinity for guanine 

nucleotides [42]. Alternatively, Thr23 may directly interact with the effector JFCl. 

GppNFlp-bound Rab27a bound to the monomeric form of JFCl, but not the dimeric one 

(Figure 3.9 B), which also hints at the fact that the dimeric form might have its Rab- 

binding region involved in the dimerisation , or that it is mis-folded. SDS-PAGE analysis 

of the complex reveals that the contaminants present in JFCl are also present in the 

purified complex (Figure 3.8). Because of the low yield it was attempted to crystallise a 

Rab27a(GppNFIp)/JFCl complex without further improving the purification.

3.3.4. Crystallisation of Rab27a/JFC1

It was possible to obtain crystals in two conditions that are slightly different; they 

both contain the same buffer and low molecular alcohols and different salts. The condition 

yielding the crystals shown in Figure 3.10 contains 0.01 M NiCl2 which is a very low salt 

concentration. It is still possible that salt crystals have been formed, but the fact that similar 

crystals were found in a similar condition as well as the difficulties to reproduce the 

crystals suggest that they are actually protein crystals. Until now the small crystals could 

not be harvested and shipped to a synchrotron in order to check for diffraction and ideally 

collect a native data set.

3.3.5. Static light scatterning

Static light scattering of the Rab27a/Nus-JFC1 revealed a molar mass of 147,000 

g/mol (147 kDa) which roughly corresponds to the expected molecular mass of a monomer 

of the complex (i.e. 141 kDa; Figure 3.12). It can therefore be concluded that the complex 

formed by Rab27a and Nus-JFCl is a 1:1 complex.
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3.3.6. Thermodynamic analysis of the Rab27a - JFCl interaction

The aim of this study was not only to crystallise the Rab27a-JFC1 complex, but 

also to characterise the interaction thermodynamically using active and inactive Rab27a 

and Rab27a mutants. Since Rab27 had been reported to recruit effectors in its active and 

inactive form, and we had observed this as well, we attempted to see if there was a 

difference in the affinities of JFCl for active and inactive Rab27. From two titrations with 

Rab27(GppNHp) into JFCl two different values were obtained for the Kd, 97 nM and 37 

nM (Table 3.1, Figure 3.13). The values for all other parameters also differ from each 

other. The stoichiometry (N) obtained from isothermal titration calorimetry is a good 

indicator if the values obtained are precise. Since we had determined the Rab27a/JFC1 

complex to have a 1:1 stoichiometry N should ideally be 1. If the protein concentration 

provided is not correct, this has an impact on determination of all values and an incorrect 

value for the stoichiometry can be an indicator for this. One reason for the different values 

of the dissociation constant could be caused by the fact that JFCl contained some 

contaminants, and thus the real concentration of JFCl was in reality lower than determined. 

Another problem was the low signal to noise ratio, caused by the low protein concentration 

used. Fluctuations of the baseline thus had more impact on the value obtained from 

integration of the peaks and might have caused the differences. Although the signal to 

noise ratio was higher than ideally should be the case, it was still within a reasonable range, 

and therefore repeating the titration with purer protein would possibly improve the 

accuracy. For this purpose more purification steps would have to be introduced, which 

would require a larger expression volume. Even though the values for the experiment are 

not a perfect match, it can still be shown that the affinity is in within the low nanomolar 

range.

The Kd of Rab27(GDP)/JFCl was determined to be 46 nM. This is within the same 

low nanomolar range as for Rab27(GppNHp)/JFCl. In order to obtain a more reliable value 

the titration will have to be repeated several times, but the result obtained hints strongly at 

the fact, that the affinity of JFCl for active and inactive Rab27a is approximately the same. 

Improving the nucleotide exchange procedure for obtaining Rab27(GppNFIp) might lead to 

a slightly stronger affinity of Rab27(GppNFIp)/JFCl.
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The first mutant chosen was Rab27a Y8A. Tyr8 is positioned in the CDR I of 

Rab27a and has been reported to be important for the interaction of Rab27a with Slp2 

[227]. The homology model shows that it is involved in hydrophobic interaction with Ile78 

and Leu79 of JFCl and also Met 185 of Rab27a (Figure 3.11). This hydrophobic interaction 

pattern is lost when the residue is mutated, but the position is not within the mayor 

interface and thus does not disturb other interactions. We expected a reduced affinity. 

Indeed the Kj of 296 nM obtained from one titration indicates that the affinity is at least 

three times lower compared to the affinities obtained for wild-type Rab27a. The 

hydrophobic interactions involving Tyr8 are not necessary for the interaction to take place, 

but they may contribute significantly to the overall interaction.

JFCl had been reported to bind Rab8 addition to Rab27 with some controversy 

about which interaction is stronger [256, 261]. It has previously been shown that Rab27 

L84I, F88Y and D91G are important for the specificity of Rab27 versus Rab3/Rab8. The 

homology model revealed that the residues are part of the main interaction surface (Figure 

3.11). L841 and F88Y do not present big changes, the residues stay hydrophobic and only 

(he space occupied by them slightly changes. Asp91 has a negative charge and is in 

proximity to JFCl Arg56 and Asp52. It is highly possible that these residues do contact 

each other by means of hydrogen bonds via a water molecule as is the case in the 

Rab27a/Slp2 structure. Mutating Asp91 to glycine would prevent hydrogen bonding and 

therefore lead to a loss in affinity. Therefore we expected a decrease in affinity of JFCl for 

the mutant. Indeed the titration of Rab27a L84I-I-F88Y+D91G into JFCl affirmed this 

assumption, giving a Kj of 313 nM, but since this value is derived from one titration, more 

titrations are needed in order to confirm it. The individual contributions to the binding 

affinity would require single mutagenesis and subsequent binding studies.

Rab27a W73G that is found in patients with the Griscelli syndrome type II. The 

mutated protein does abolish the interaction with several effectors (melanophilin, MyRlP 

and Slp3) but seems to bind to the other Rab27 effectors [225]. A comparison between the 

structures of Rab27/melanophilin and Rab27/Slp2 does not reveal a reason why the 

mutation should have a fatal effect on the interaction with melanophilin but not Slp2. 

Because JFCl had been shown to bind the Rab27 W73G mutant beforehand, we
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hypothesised that the binding would still take place but that the impact on the affinity 

would be considerable. Currently, we have only been able to produce a W73A mutant. The 

homology model revealed that this mutant is very likely to have the same effect as W73G, 

and if anything, the glycine mutation would be more severe. When the tryptophan is 

changed to alanine the hydrophobic surface at the middle of the protein-protein interface is 

lost the same as when the residue is mutated to glycine. Isothermal titration calorimetry 

revealed that the interaction affinity was indeed much reduced compared to the wild-type 

Rab27. The Kd came to 613 nM and is thus closer to the low micromolar range.
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Chapter 4

Structural analysis of the Rab GTPase

Ypt32



4.1 Introduction and goals
The yeast Rab GTPases Ypt3]/32 are involved in the formation of vesicles from the 

Trans Golgi, where they recruit the effector Sec2 (which also acts as a Sec4 GET) as well 

as the myosin V motor protein Myo2 [289-290] [285], Sec2 binding sites for the two 

functionally distinct Rabs, Ypt31/32 and Sec4, are situated on distinct segments of a 

coiled-coil region of Sec2 [190], The subsequently recruited Sec4 also binds to Myo2. The 

affinities of Sec4 and Ypt32 for Myo2 were determined using surface plasmon resonance 

which revealed that Sec4 has a modestly greater affinity for Myo2 than Ypt32. Both 

affinities were in the low micromolar range, and it was observed that Myo2 contains 

overlapping binding sites for Ypt31/32 and Sec4.

In summary, Ypt31/32 and Sec4 have distinct functions in vesicle trafficking, but 

they bind to common interacting proteins, including the effector Myo2. Excluding the 

prenylated tails, Ypt32 and Sec4 share 48% identities (68% homology) in their globular 

domains (Figure 4.1). Although Ypt31 has been crystallised in complex with GDI, the 

structure of uncomplexed Ypt31/32 has not been determined. Here, the structures of 

Vpt32(GDP) and Ypt32(GTP) are presented. Active Ypt31 and Sec4 are compared and 

their switch 1 and 11 regions are analysed in order to understand the molecular basis for 

their distinct functions in the transport of exocytic vesicles. In addition, the structures are 

compared to the complex Ypt31/GDI, which represents the conformation of Ypt31(GDP) 

following membrane extraction. Analyses of the inactive and active structures are 

presented here seamlessly, but it is important to emphasise that my specific role was the 

expression, purification, crystallisation and structure determination of Ypt32(GTP). The 

work involving inactive Ypt32(GDP) was performed by Dr. Azmiri Sultana, and the 

functional analyses of the proteins was a collaboration with the laboratory of Prof Lois 

Weisman (University of Michigan).
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Figure 4.1 Sequence alignment of Ypt32, Ypt31 and Sec4.
Conserved residues are shown in dark blue when conserved in all sequences and light blue 
when conserved in two sequences. The secondary structure elements are as found in the 
Ypt32(GppNHp) structure and the p-loop and switch regions are underlined.
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4.2 Results

4.2.1 Ypt32 - Expression and purification

Ypt32 was expressed and purified as described in section 2.5.6. The first 

purification step was affinity chromatography with amylose resin, followed by cleavage of 

the MBP-Tag overnight. SDS-PAGE analysis of the elution fraction from the amylose resin 

shows that the cleaved MBP-Tag is present as well (Figure 4.2). After the Tag-cleavage the 

protein solution was dialysed into a low salt buffer (10 mM NaCl, 5 mM MgCb, 1 mM 

DTT, 10 mM Tris-Cl, pH 8) and then anion exchange chromatography was performed. 

MBP eluted from the column at 120 mM NaCl and Ypt32 at 230 mM NaCl. As can be 

observed in Figure 4.3 A, the peaks are close together and SDS-PAGF analysis reveals that 

a small amount of MBP is still present in the Ypt32 elution fraction (Figure 4.3 B). The 

Ypt32 elution peak fraction was then injected into a pre-equilibrated size exclusion column 

and eluted at 92 ml which is the expected elution volume for the 20.5 kDa protein. SDS- 

PAGE analysis revealed that the MBP had been eliminated and no contaminants could be 

detected (Figure 4.4).
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Figure 4.2 SDS-PAGE analysis of the amylose affinity chromatography step.
A part of the MBP-Ypt32 fusion protein is found in the flow through (FT) when the 
column is loaded with the bacterial cell lysate. Some more detaches from the column 
duiring the wash step. The eluted fraction contains MBP-Ypt32 but also a large amount 
of MBP. Only a small amount of cleaved Ypt32 is detected throughout the affinity 
chiromatography.
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Figure 4.3 Elution of MBP and Ypt32 from anion exchange chromatography.
Panel A: During a gradient with high salt buffer up to IM NaCI (100% high salt) in 5 
mM MgCb, 1 mM DTT, 10 mM Tris-Cl, pH 8, MBP elutes at 120 mM NaCI and Ypt32 
at 230 mM NaCI. The two protein peaks are close together.
Panel B: SDS-PAGE analysis of the elution peaks presented in panel A. The first peak 
can be identified as MBP and the second peak fraction contains mainly Ypt32 as well as 
some MBP.
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Figure 4.4 Size exclusion chromatography of Ypt32.
Panel A: Elution profile of Ypt32 from the size exclusion column. Ypt32 elutes at 92 
ml.
Panel B: SDS-PAGE analysis of size exclusion peak fractions. No contaminants can be 
detected.
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4.2.2 Crystallisation of Ypt32(GppNHp)

Purified Ypt32 was incubated on ice with a tenfold excess of GppNHp for 30 

minutes and then subjected to crystallisation trials. Several initial crystals were found in 

two conditions, 0.2 M MgCb, 0.1 M HEPES pH 7.0, 20 % w/v PEG 6000 and 0.2 M 

MgCh, 0.1 M MES pH 6.0 20 % w/v PEG 6000 (Figure 4.5 A). Optimisation of these 

resulted in small rod-like shaped crystals (in 0.2 M MgCb, 0.1 M MES pH 6 and 20 % w/v 

PEG 6000; Figure 4.5 B) as well as bigger diamond shaped crystals (in 0.2 M MgCb, 0.1 

M HEPES pH 7 and 15 % w/v PEG 6000 + streak seeding; Figure 4.5 C). One diamond 

shaped crystal was used for structure determination of GppNHp bound Ypt32.

B

Figure 4.5 GppNHp-Ypt32 crystals.
Panel A: Initial crystals (0.2 M MgCb, 0.1 M MES pH 6.0 20 % w/v PEG 6000)
Panel B: Optimised crystals (0.2 M MgCb, 0.1 M MES pH 6 and 20 % w/v PEG 6000) 
Panel C: Optimised crystal obtained with seeding, used for data collection (in 0.2 M 
MgCb, 0.1 M HEPES pH 7 and 15 % w/v PEG 6000 + streak seeding)

4.2.3 Data collection and structure determination of Ypt32(GppNHp)

The crystal diffracted X-rays to 2.0 A resolution on beamline BM14 at ESRF. It 

belongs to the orthorhombic spacegroup P2i2i2| with one molecule in the asymmetric unit 

and the following unit cell parameters: a = 47.09 A, b = 49.89 A, c = 90.66 A and a = P = 

Y =90°C. A summary of the data collection and refinement statics is given in Table 4.1.
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Table 4.1 Data collection and refinement statistics.
Data Collection
Beamline BM14
Wavelength (A) 0.9784
Space group P2i2i2i
a, b, c (A); a P Y 47.09, 49.89, 90.66;

Rsym (%)
90°
6.9 (44.6)

Molecules in Asymmetric unit 1
I/SigI 23.57 (4.24)
No. of observations 106280 (14395)
No. of unique reflections 14958(1991)
Completeness (%) 99.6(100)
Multiplicity 7.1 (7.2)
Wilson B factor (A^) 17.2
Refinement
Resolution (A) 45.33-2.0
Rwork (%) 19.4

Rfree (%) 24.0
Number of amino acids (in the ASU) 179
Number of atoms (in the ASU)
Protein 1458
Ligand 66
Metal ions (Mg) 1
Water 192
B factor (A^)
Protein overall 16.11
Protein main chains 15.36
Protein side chains 16.85
Ligand 21.88
Metal ions (Mg) 27.07
Solvent 22.07
Deviations from ideals (r.m.s.d.)
Bond length (A) 0.010
Bond angle (°) 2.014
Ramachandran plot (%)
Most favoured region 93.4
Additional allowed region 6.6
Generously allowed region 0.0
Disallowed region 0.0
Values in brackets are for the highest resolution shell (2.0-2.1 A)
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4.2.4 The structure of Ypt32(GppNHp)

The final model of Ypt32 with GppNHp was refined using data to 2.0 A and data 

has been deposited at the protein data bank, PDB ID 3RWM [321], The overall structure of 

Ypt32-GppNHp resembles that of other Ras related GTPases (Figure 4.6): five parallel and 

one antiparallel P-strands, framed by five a-helices. The nucleotide GppNHp was well 

defined by the electron density in the binding pocket (Figure 4.7), only the side chains of 

residues Tyr75 and Arg76 in the a-2 helix adjacent to switch II were disordered but the 

main chain was clearly defined in electron density maps (Figure 4.8).

Figure 4,6 Sructure of Ypt32 with GppNHp.
GppNHp is shown as sticks, Mg^^ as a sphere. The p-loop is colored yellow, switch I is in 
dark blue and switch 11 with part of the adjacent a2 helix in red. a-helices and P-sheets are 
numbered according to their occurrence from N-ter to C-ter. Ypt32 adapts the typical G- 
fold.
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-ph^phate

Snitch I

Figure 4.7 2Fo-Fc map around GppNFIp atl o.
Switch I is in blue, switch II in red, the p-loop in yellow, is shown as a sphere, 
GppNHp as sticks and the 2Fo-Fc map as a blue mesh. The electron density clearly 
defines the GppNHp molecule including the y-phosphate.

Figure 4.8 2Fo-Fc map around switch II at 1 a.
The protein is shown as ribbon with colours as in Figure 4.7. The switch II region and 
part of the a2 helix is shown as sticks, as is the GppNHp. The main chain is well defined 
by the electron density but the side chains of residues Tyr75 and Arg76 in the a2 helix 
adjacent to switch II could not be built.

Ill



GppNHp binding involves hydrophobic as well as polar interactions. In Figure 4.9 the 

surface of Ypt32 is coloured accordingly to the charges of the adjacent amino acids. The G- 

box motif amino acids involved in GppNHp phosphate binding are shown in Figure 4.10. 

Ser27 (Gl), located in the p-loop, and Thr45 (G2), located in switch I, are coordinated by 

the GppNHp cofactor Mg^”^ that itself interacts with the P and y phosphate of GppNHp. 

Asp68 (G3), located in switch II, interacts with Mg^"^ v/a two hydrogen bonds, the first one 

from Asp68 to a water molecule and the second from the water molecule towards the Mg . 

Likewise the backbone amide of Gly71 interacts with the y phosphate by hydrogen bonding 

via a water molecule. The side chain of Asp 129 (G4) forms a hydrogen bond with the NH2 

of guanine. Another polar interaction is the formation of a hydrogen bond between the 

guanine carbonyl and the backbone amide of Alai 57. Hydrophobic residues pointing into 

the guanine binding pocket are lle40, Phe38 and Alai57. They are all oriented towards the 

imidazole part of the guanosine.

A second GppNHp molecule is found to bind at the interface of two 

crystallographically-related Ypt32 proteins (Figure 4.11). Its position is away from the 

nucleotide binding pocket. It interacts with the N-terminal region and the p2-p3 loop of one 

Ypt32 molecule. The interactions with the other Ypt32 molecule involve the a3-P5 loop 

and a4-p6 loop.
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Figure 4.9 Surface of the Ypt32-GppNHp binding pocket.
Negative charged surface residues are in red, positive charged ones in blue.

Figure 4.10 Interactions of Ypt32 with the P and y-phosphate of GppNHp.
Switch 1 is in blue, switch II in red, the p-loop in yellow, Mg^^ and a water molecule 
are shown as spheres, GppNHp and highlighted residues as sticks. Ser27 from the p- 
loop and Thr45 from switch 1 coordinate the Mg2^ ion that itself coordinates the p and 
Y-phosphate of GppNHp. The backbone NH of Gly71 from switch II coordinates the y- 
phosphate directly whereas Asp68 interacts with the Mg^"^ ion via a water molecule.
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Switch I,

Switch

Figure 4.11 Ypt32 symmetry molecules with GppNHp at the interface.
Switch I is in blue, switch II in red, the p-loop in yellow, GppNHp as sticks, the 
GppNHp molecule positioned at the interface between two Ypt32 molecules is coloured 
pink. Its position is not close to a nucleotide binding pocket. The interactions involve the 
N-terminal region and the P2-P3 loop of one Ypt32 molecule as well as the a3-p5 loop 
and a4-p6 loop of the other Ypt32 molecule.

4.2.5 Comparison of Ypt32(GppNHp) with Ypt32(GDP)

Comparing the Ypt32(GppNHp) structure to a Ypt32(GDP) structure that had recently 

been solved in our group (PDB ID 3RWO, [321]) revealed no change in the overall 

structure. Only the conformation of the switch regions changes (Figure 4.12) Upon 

GppNHp binding the switch 1 main chain moves closer to the nucleotide, Thr45 is flipped 

180° so that its side chain can interact with the y-phosphate. The conformation of switch II 

changes even more drastically. It moves 6 A towards the y-phosphate and the p-loop, 

enabling the interaetion of the backbone NH of GlyVl with the y-phosphate.
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Switch II

Switch I

Figure 4.12 Superimposition of Ypt32(GppNHp) with Ypt32(GDP).
Nucleotides and important residues are shown as sticks and as spheres.
Ypt32(GDP) is shown in grey, Ypt32(GppNHp) is coloured green. Interactions between 
the nucleotide and Mg^^ are depicted by dashes.
The overall structure is very similar, but distinct changes can be observed in the switch 
regions. Thr45 is flipped 180° enabling interaction with the y-phosphate via hydrogen 
bonding with Mg^"^. Switch 11 moves 6 A towards the y-phosphate and the p-loop, 
enabling the interaction of the backbone NH of Gly71 with the y-phosphate.
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4,2.6 Comparisons of active Ypt32(GppNHp) and Sec4
Sec4 comes next in the Rab-cascade, and also binds Sec2 and Myo2. Aligning the 

sequences of Ypt32 and Sec4 reveals that the switch I region is highly conserved and the 

switch II regions are almost identical (Figure 4.1). Excluding the C-termini, that usually are 

very diverse in Rab GTPases, they share 48% identities with 68% homology. A 

superimposition of the structures of Ypt32(GppNHp) and Sec4(GppNHp) (PDB ID 1G17, 

[219]) using the secondary structure matching algorithm in Coot [318] results in a root- 

mean-square deviation of 1.14 A for the 163 common Ca atoms. The overall confirmation 

is very similar, only switch II has a different conformation (Figure 4.13 A). Although the 

main chain conformation is conserved in switch I, the side chains are partly different and 

adapt diverse conformations. Despite the highly conserved sequence, the switch II regions 

adapt very different conformations. The Ypt32- switch II - a2 moves further out such that 

the distance equivalent Ca atoms of Ypt32-Arg76 and Sec4-Arg83 amounts to 7.8 A. The 

Ypt32 structure reveals the existence of a salt bridge of 2.7 A between Arg74 of switch II 

and Glul 10 from the a3-helix.
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Figure 4.13 Comparison of Ypt32(GppNHp) and Sec4(GppNHp).
Ypt32 is coloured green and Sec4 yellow. Nueleotides and important residues are shown 
as sticks. Panel A: The overall conformation is similar, except for switch II and the 
adjacent a3-helix. Panel B: The switch II Arg78 forms a salt bridge to Glul 10 of the a3- 
helix. In Sec4 Thrll7 corresponds to Ypt32-Glul 10. Thrll7 is packed against Tyr90 
and Thr87.
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4.3 Discussion

4.3.1 Crystallisation and comparisons of active/inactive structures
Ypt32 was successfully expressed, purified and crystallised allowing determination 

of its structure. Seeding improved the crystallisation and led to large, well diffracting 

crystals. Interestingly the active mutant had to be incubated with GppNHp prior to 

crysitallisation; otherwise GDP was observed in the nucleotide binding pocket. This 

indi cates that the mutation of Q72L does not always inhibit the hydrolysis of GTP to GDP. 

Although the side chains of Tyr75 and Arg76 could not be found in the electron density, 

the main chain was well defined (Figure 4.8). If a part of a molecule is very mobile, this 

part cannot always be observed in the electron density because the atoms move and hence 

theiir diffraction cannot be sourced to a specific location in the crystal. Both side chains are 

part of the switch II region, and the switch regions with especially switch II of GTPases 

have been shown to be very mobile [21, 46]. It is therefore not very surprising that the 

electron density of these regions is not well ordered. The high mobility of this region is 

also reflected in higher B-factors of approximately 50 as opposed to the 20-30 found 

for most of the protein.

One additional GppNHp molecule was found on the interface of two 

crys.tallographically-related Ypt32 proteins (Figure 4.11). It is possible that it binds to a 

seccmd nucleotide binding pocket. However, two Ypt32 molecules are involved in the 

interaction and especially the phosphates are very mobile, indicating loose binding. The 

GppiNHp concentration in the crystallisation solution was very high (10 fold excess). Taken 

together this suggests that the second GppNHp molecule is probably a crystal induced 

artefact and does not have any relevant function.

GppNHp is a homologue of GTP that cannot be hydrolysed. The presence of 

GppiNHp should induce the same fold and interactions as does binding to GTP. The 

interactions involved in the binding of GppNHp to Ypt32 are mainly of polar character 

(Figure 4.9). The conserved G-box motif residues are all involved into polar interactions 

with the nucleotide which indicates that this is common among all G-proteins. The only 

parts of Ypt32 that change their conformation upon GTP-binding are the switch regions 

(Fig ure 4.6). Lack of the y-phosphate during GDP binding results in fewer interactions with
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the nucleotide and thus the switch conformation changes.This is a common mechanism in 

G-proteins [21] and the results show that Ypt32 is not an exception to this.

4.3.2 Comparisons of Active Ypt32 and Sec4
Post-Golgi vesicle transport involves several proteins, Sec2 is an effector of Ypt32 

and a GEF for Sec4, and therefore Sec4 is also recruited to the vesicle [284-285]. Indeed 

Ypt32 and Sec4 interact with Myo2 at the same site with the possibility that the interaction 

follows a similar mechanism [292]. A comparison of active Ypt32 with active Sec4 reveals 

that the switch I region has a similar conformation when observing the main chain, but the 

variation of the sequence results in diverse chemistry that is displayed for effector 

recognition. Most importantly in Ypt32 a positively charged Lys43 is present in contrast to 

the hydrophobic analogue lle50 in Sec4. The divergence in composition (despite identical 

conformation) may play a part in the detailed interaction with effectors, such as Myo2.

In direct contrast to a conserved switch 1 conformation and divergent chemistry, the 

switch II conformation is highly divergent despite a highly conserved composition, with 

only two conservative amino acid substitutions (Figure 4.1). Indeed, this region is tbe most 

divergent in conformation upon alignment of Ypt32 and Sec4. The root-mean-square (rms) 

deviation of 163 Ca atoms upon superposition using the secondary structure matching 

algorithm in COOT [318] is 1.14 A. The equivalent Ca atoms of Arg76 (Ypt32) and Arg83 

(Sec4) reside 7.8 A apart following the alignment. This major difference is caused by a 

GTP-dependant salt bridge between Arg78 (switch II) and Glul 10 (a3 helix) that positions 

the switch II further away from the a3 helix compared to the switch II position in Sec4 

(Figure 4.13). The a3 helix is divergent in RabGTPases and part of the RabSF3 motif 

[163]. The amino acid in the equivalent position of Glul 10 is Thrl 17 in Sec4. Thrl 17 is 

involved in hydrophobic packing with Thr87 and Tyr90. Thus, the a3 helix influences the 

switch II conformation, resulting in two different recognition surfaces for effectors.
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4.3.3 GDI binding to Ypt31/32

Ongoing work in our lab included the determination of the Ypt32(GDP) structure. 

Because of the high sequence identity and functional redundancy of Ypt31 and Ypt32 the 

Ypt32(GDP) structure was compared to the structure of Ypt31 in complex with GDI [321]. 

This comparison revealed that the switch II helix (or a2) undergoes a significant 

conformational re-arrangement upon binding to domain 1 of GDI (Figure 4.14 A and B). 

The different switch conformations of Rab GTPases in GDP-bound versus GTP-bound 

form are most likely the reason for the recognition of the GDP-bound Rab and not the 

GTP-bound by GDI [178]. The structure comparison between Ypt32(GDP) and 

Ypt32(GppNHp) revealed a conformational change of especially switch II. Thus the switch 

II position of Ypt32(GDP) very possibly facilitates binding to GDI.

When compared to other Rab(GDP) structures, it was revealed that the switch II 

helix is one turn shorter in Sec4(GDP) and Yptl(GDP) than in Ypt32(GDP) [321]. The 

structure of Sec4(GDP) depicts two distinct conformations of the four molecules in the 

asymmetric unit [219]. When compared to the structure of Sec4(GDP)/GDI it is revealed 

that the conformation of two Sec4 molecules is almost identical to the conformation of 

Sec4 when bound to GDI (Figure 4.14 C). Binding of Sec4 to GDI thus seems to involve 

much less conformational changes than Ypt31/32 to GDI. In addition Sec4(GDP) also has a 

higher affinity for GDI (Kd = 0.33 pM) than Ypt31/32(GDP) (Kd = 18.9 pM and 1.5 pM 

respectively) [175]. The Ypt31/32 affinity to GDI is an order of magnitude weaker than 

Sec4/GD1, which could be explained by a possibly increased thermodynamic penalty 

caused by remodeling of switch II in Ypt31/32 in contrast to an almost ‘rigid dock’ of Sec4 

to GDI.
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Figure 4.14 Comparison of Ypt32(GDP) to Ypt31/GDI, Sec4(GDP) and Sec4/GDI.
GDI is in grey, Ypt31/32 in cyan, Sec4 in pink and light blue.
Panel A: Structure of Ypt31/GDI. The RBP is emphasised by the rectangle.
Panel B: Left, uncomplexed Ypt32(GDP); right Ypt32(GDP)/GDl, corresponding to the 
region indicated by the rectangle. Observation of the loss of one helical turn of switch II is 
facilitated by showing bound and unbound Ypt with the same orientation and scale.
Panel C: Left, superimposition of both conformations found in uncomplexed Sec4(GDP) 
(molecule A and C); right Sec4(GDP)/GDI complex. Sec4(GDP) bound to GDI has almost 
the same conformation as molecule A of uncomplexed Sec4(GDP).
Figure from [321]; PDB-files used for this figure: Ypt31(GDP)/GDI 3CPJ, [175]; 
Sec4(GDP) 1G16 [219]; Sec4(GDP)/GDI 3CPH [175]; Ypt32(GDP) 3RWO [321]
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Chapter 5

Rabl and the host pathogen protein DrrA



5.1. Introduction of Rabl and DrrA and goals

Rabl is a regulator of ER to Golgi trafficking and usually found to reside on the 

membranes of these compartments [277, 305], The host pathogen L. pneumophilia is 

capable of ‘hi-jacking’ host proteins, creating a LCV that is morphologically similar to the 

ER [308-310]. One of the proteins involved in this mechanism is DrrA that recruits Rabl to 

the LCV where it is activated by nucleotide exchange mediated by the GEE activity of 

DrrA as well as AMPylated by a different domain of the same protein.

When our group started working with DrrA the membrane anchoring function of 

the P4M domain as well as the AMPylation function had not been discovered yet. It was 

further thought, that apart from being a GEE, DrrA was also a GDE [192-193]. No structure 

of any of these domains had been solved. Structural analysis of DrrA promised to give 

more insight into the mechanisms employed by this unusual protein as well as enabling the 

identification of the functions of its C-terminal and N-terminal domains. In addition to this 

it would be an exciting opportunity to investigate the mechanism employed by DrrA for its 

GEE land GDE activity. However, during the course of this work several other groups 

published structures and more information about the functions of DrrA [195-197, 312, 

331]. The only challenge that has not been successfully overcome yet is the structure 

determination of the full length protein.

Our initial goal was to determine the structure of full length DrrA with or without 

Rabl, but the structure determination of smaller fragments of DrrA was considered as an 

alternative. When the first structures of DrrA fragments were published, we concentrated 

our efforts fully on the determination of the structure of full length DrrA, with and without 

Rabl.
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5.2. Results

5.2.1. Production of a GDP locked Rabla mutant

Rabla Q66L is in a GTP locked state. DrrA interacts with the inactive, GDP bound 

form. Since our lab had the active form of Rabla, it was first mutated back to the wild type 

sequence (L66Q). After this had been successfully performed the wild type Rabla plasmid 

was used for a S21N mutation. The resulting product was then used for further studies of 

Rabla-DrrA interactions.

5.2.2:. Rabl - Expression and purification

Rabla S21N was expressed at 37°C (310 K) and purified as described in the 

sections 2.4.2, 2.5.1 and 2.5.2. For initial purification nickel affinity chromatography was 

performed, followed by cleavage of the His-Tag. A second Ni-affinity column was then 

used to remove the His-Tag and proteins that co-purified during the first affinity 

chromatography step. Size exclusion chromatography was used to remove soluble 

aggregates and ‘polish’ the protein. The 19.8 kDa Rabla eluted at 70 ml from the 

Superdex-75 column (Figure 5.1 A). SDS-PAGE analysis shows that the protein is purer 

after each purification step and that no contaminants can be detected after the last step 

(Figure 5.1 B).
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Figure 5.1 Purification of Rabla Ser21Asn.
Panel A: Elution profile of Rabla from a Superdex-75 size exclusion column. Rabla 
elutes at 70 ml.
Panel B: SDS-PAGE analysis of the Rabla containing fractions after each purification 
step. After size exclusion no other bands can be detected on the SDS-PAGE.
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5.2.3. DrrA full length - Expression and purification

DrrA was expressed and purified as described in sections 2.4.2., 2.5.1. and 2.5.4. 

For initial purification Nickel affinity chromatography was performed (Figure 5.2). This 

was followed by cleavage of the His-Tag. A second Ni-affmity column was then used to 

remove the His-Tag and proteins that co-purified during the first affinity chromatography. 

SDS-PAGE reveals that the solution contains significant amounts of contaminant proteins 

after this second purification step (Figure 5.2).
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Figure 5.2 SDS-PAGE analysis of the first purification steps of DrrA.
Panel A: The eluted fraction from the first nickel affinity chromatography with 50 mM 
imidazole reveals several undesired bands. The flow through fraction of the second Ni 
affinity chromatography improves the purity slightly but still contaminating proteins are 
found.
Panel B: Step gradient elution of DrrA. The nickel resin was washed with 100 ml of 10 
mM imidazole. Then the resin was washed subsequently with 10 ml extraction buffer 
containing ascending concentrations of Imidazole. DrrA eluted at all imidazole 
concentrations with most of the protein having eluted after washing with 60 ml Imidazole.
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The protein solution was then dialysed into a low salt buffer (10 mM NaCl, 5 mM 

MgCb, 1 mM DTT, 10 mM Tris-Cl, pH 7.5) and loaded onto an anion exchange column. 

The protein was eluted from the column using a gradient up to 1 M NaCl and DrrA eluted 

at a concentration of 175 mM NaCl (Figure 5.3). SDS-PAGE analysis of the elution peak 

reveals that several contaminating proteins cannot be removed with this technique and the 

higher the salt concentration in the elution peak, the more contaminants are present. The 

less contaminants containing part of the elution peak from anion exchange chromatography 

was then further purified with a final size exclusion chromatography step. The 73.4 kDa 

protein eluted after 77 ml and the elution peak had a shoulder (Figure 5.4 A). SDS-PAGE 

analysis of the elution peak revealed that the DrrA that eluted with the main peak contained 

significantly less contaminants than before, but DrrA that eluted within the shoulder did 

contain more contaminants, one contaminant band is as strong as the DrrA band (Figure 5.4 

B) indicating that the two proteins have a similar concentration. The elution fractions that 

contained the least amount of contaminating proteins were used for further studies.
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Figure 5.3 Elution of DrrA from anion exchange.
The DrrA containing flow through fraction from a second affinity chromatography was 
loaded onto a MonoQ 5/50 anion exchange column. Elution was performed with a linear 
salt gradient to 1 M NaCl (50%) in 10 mM NaCl, 5 mM MgCb, 1 mM DTT, 10 mM 
Tris-Cl, pH 7.5.
Panel A: Elution profile of DrrA from anion exchange, DrrA eluted at 175 mM NaCl. 
Panel B: SDS-PAGE analysis of the DrrA elution peak from anion exchange. The higher 
the salt concentration during the elution the more impurities are detected.
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Figure 5.4 Size exclusion chromatography of DrrA.
Panel A: Elution profile of DrrA from a Superdex-200 column. The 73 kDa protein elutes 
after 77 ml and the elution peak has a shoulder.
Panel B: SDS-PAGE analysis of the DrrA elution peak from the size exclusion column. 
The main peak fraction contains only few impurities whereas the DrrA that elutes within 
the shoulder of the peak contains more contaminants.
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5.2.4. Complex formation of Rabla with DrrA

Rabla S21N that had been obtained as described above was then used to form a 

complex with DrrA. For this purpose DrrA was incubated with Rabla at a ratio of 1 pM to 

2 pM. This was necessary because the complex formation would not shift the elution peak 

of DrrA sufficiently to allow separation of the complex from excess DrrA. In order to 

separate the complex from excess Rabla size exclusion chromatography was performed. 

The 93 kDa Rabla/DrrA complex eluted after 73 ml, when compared to the elution profile 

of DrrA alone a shift of the peak can be detected. Excess Rabla elutes after 92 ml (Figure 

5.5 A). SDS-PAGE analysis revealed that the complex still contained a few impurities 

(Figure 5.9 B).
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Figure 5.5 Complex formation of Rabla/DrrA.
Panel A: Elution profiles of DrrA/Rabla and DrrA from a Superdex-200 column. The 93 
kDa complex elutes after 73 ml, which is faster than DrrA alone (77 ml). Rabl a that is in 
excess and thus does not interact with DrrA elutes at 92 ml.
Panel B: SDS-PAGE analysis of the elution peak maxima fractions from size exclusion 
chromatography with Rabl a and DrrA. The peak that starts eluting at 77 ml contains 
DrrA and Rabl a, proving that a complex has been formed, whereas unbound Rabl a 
elutes at 92 ml.
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5.2.5. DrrA 202-647 - Expression and purification

DrrA202-647 was expressed and purified as described in section 2.4.2., 2.5.1. and 

2.5.5. For initial purification Nickel affinity ehromatography was performed. This was 

followed by cleavage of the His-Tag. A second Ni-affmity column was then used to 

remove the His-Tag, the used protease and proteins that co-purified during the first affinity 

chromatography. SDS-PAGE of the two affinity chromatography steps reveals that the 

solution contains significant contaminants after this second purification step (Figure 5.6).
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Figure 5.6 SDS-PAGE analysis of the first and second affinity chromatography steps of 
DrrA202-647-

The elution fraetion of the first nickel affinity step contains mainly DrrA202-647 but also 
many undesired contaminant proteins. The flow through fraction of the second nickel 
affinity step contains cut DrrA202-647 and the purity is slightly improved.
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The protein solution was then dialysed into a low salt buffer (10 mM NaCl, 5 mM 

MgCb, 1 mM DTT, 10 mM Tris-Cl, pH 7.5) and loaded onto a cation exchange column. 

Thie protein was eluted from the column using a gradient up to 500 mM NaCl and DrrA202- 

647 eluted at 230 mM NaCl (Figure 5.7). SDS-PAGE analysis of the elution peak reveals 

that the higher the salt concentration in the elution peak, the more contaminants are present. 

Thie less contaminants containing part of the elution peak from anion exchange 

chiromatography was then further purified with a final size exclusion chromatography step. 

Thie 50.5 kDa DrrA202-647 eluted after 73 ml and the elution peak had a shoulder (Figure 5.8 

A)). SDS-PAGE analysis of the elution peak revealed that the DrrA202-647 that eluted within 

the first peak elution fractions contained less contaminant proteins than the DrrA202.647 that 

eluited within later fractions, especially the fractions from the peak shoulder (Figure 5.8 B). 

Thie elution fractions that contained the least amount of contaminant proteins were used for 

further studies.

Selenomethionine containing DrrA202-647 was produced as described in section 2.4.3 

amd purified in the same way as DrrA202-647. During the purification process the 

Sgllenomethionine DrrA202-647 behaved like native DrrA202-647-
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Figure 5.7 Elution of DrrA202-647 from ion exchange chromatography.
The DrrA202-647 containing flow through fraction from a second affinity chromatography 
was loaded onto a MonoS 5/50 cation exchange column. Elution was performed with a 
linear salt gradient to 500 mM NaCl (50%) in 10 mM NaCl, 5 mM MgC12, 1 mM DTT, 
10 mM Tris-Cl, pH 7.5.
Panel A: DrrA202-647 elutes at 230 mM NaCl.
Panel B: SDS-PAGE analysis of the elution peak reveals that with rising salt 
concentration during the elution, more proteins co-elute with DrrA202-647-
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Figure 5.8 Elution of DrrA202-647 from size exclusion chromatography.
Panel A: Elution profile of DrrA202-647 from a Superdex-200 column. The 50.5 kDa 
protein elutes from 73 ml onwards, the elution peak has a large shoulder.
Panel B: SDS-PAGE analysis of the elution peak from size exclusion chromatography. 
The peak fractions closer to 73 ml contain less contaminant proteins than those that elute 
within the shoulder.
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5.2.6. Complex formation of Rabla with DrrA202-647

Rabla S21N that had been obtained as described above was then used to form a 

complex with DrrA202-647- For this purpose DrrA202-647 was incubated with Rabla at a ratio 

of 1 pM to 2 pM. In order to separate the complex from excess Rabl size exclusion 

chromatography was performed. The 70 kDa Rab 1/DrrA202-647 complex eluted after 70 ml, 

when compared to the elutioin profile of DrrA202-647 alone a shift of the peak can be 

detected. Excess Rabla elutes after 91 ml (Figure 5.5 A). SDS-PAGE analysis revealed 

that the complex still contained contaminant proteins.
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Figure 5.9 Complex formation of Rabl/DrrA202-647-
Panel A: Elution profiles of DrrA202-647/Rab 1 and DrrA202-647 from a Superdex-200 
column. The 70 kDa complex elutes after 70 ml, which is faster than DrrA202-647 alone (73 
ml). Rabl that is in excess and thus does not interact with DrrA elutes at 92 ml.
Panel B: SDS-PAGE analysis of the elution peak maxima fractions from size exclusion 
chromatography with Rabl and DrrA202-647- The peak that starts eluting at 70 ml contains 
DrrA202-647 and Rabl, proving that a complex has been formed, whereas unbound Rabl 
elutes at 92 ml.

137



5.2.7. Crystallisation of DrrA and Rabl/DrrA

DrrA and Rabla/DrrA that had been purified as described in sections 5.2.2, 5.2.3 

and 5.2.4 were subjected to crystallisation trials. For this purpose the proteins were 

concentrated up to 15 mg/ml. Several commercially available sparse matrix and grid 

screens were set up with varying concentrations of DrrA and Rabla/DrrA as described in 

section 2.9. No hits were observed for Rabla/DrrA but for DrrA several initial hits could 

be obtained. In two very similar conditions (0.2 M Na2S04, 20 % PEG 3350, 0.1 M Bis 

Tris propane (BTP) pH 7.5 or pH 8.5) needle like crystals were observed after one to three 

days (Figure 5.10). Optimisation led to bigger and better separated crystals. Cube or 

diamond shaped crystals could be observed in a different condition after six to eight weeks 

(0.2 M NaBr, 20 % PEG 3350, 0.1 M BTP pH 7.5; Figure 5.11). One crystal diffracted to 7 

A in the APS (Figure 5.12). Until now those crystals could not be repeated in a customised 

screen.

Figure 5.10 Needle like DrrA crystals.
Panel A; Crystals obtained in an initial commercial screen. Those crystals were obtained 
in two similar conditions; 0.2 M Na2S04, 20 % PEG 3350, 0.1 M Bis Tris propane (BTP) 
pH 7.5 or pH 8.5.
Panel B: Crystals obtained in a customised grid screen with in 0.2 M MgS04 20% PEG 
3350 0.1 M BTP pH 7.5. Compared to the initial crystals the optimised crystals are bigger.
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Figure 5.11 Diamond shaped DrrA crystal.
The diamond shaped crystals could be observed six to eight weeks after set up of the 
screens. The condition (0.2 M NaBr, 20 % PEG 3350, 0.1 M BTP pH 7.5) is also similar 
to the conditions in which needle like crystals were observed. Initial diffraction to 7 A 
could be collected at the APS.
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Figure 5.12 Diffraction pattern of DrrA.
Panel A: Diffraction spots can be found up to a resolution of 7 A, with single spots up to 
almost 5 A. Some spots are very clear whereas others seem to be a bit smeared.
Panel B: Diffractiion of DrrA when the crystal is turned 45°. At this angle the crystal 
does not diffract as far as seen in the previous image. Some spots are broad and smeary.
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5.2.8. Crystallisation of DrrA202-647 and Rabl/DrrA202-647

DrrA202-647 and Rab 1 a/DrrA202-647 that had been purified as described in sections 

5.2.2, 5.2.5 and 5.2.6 was concentrated up to 15 mg/ml and used for crystallisation trials. 

Several commercially available sparse matrix and grid screens were set up with varying 

concentrations of DrrA202-647 and Rab 1 a/DrrA202-647 as described in section 2.9. Initial 

crystals could be obtained in a condition similar to the condition found for DttAfl (0.1 M 

BTP pH 7.5 and 20 % PEG 3350). The crystals were needle like or very thin plates (Figure 

5.13 A). It was possible to optimise these crystals in 0.1 M MgS04, 12% PEG 10 000, 0.1 

M Tris pH 8 (Figure 5.13 B) and they diffracted up to 8 A.

Selenomethionine DrrA202-647 was also subjected to crystallisation trials. Initial plate 

shaped crystals were obtained in 0.5 M LiS04, 15 % PEG 8000 (Figure 5.14). Crystal 

growth could not be reproduced in larger drops or customised grid screens. These initial 

crystals diffracted up to 4.5 A at 24ID-C (APS, Chicago) and it was possible to solve the 

structure using molecular replacement.

140



100 urn

B

Figure 5.13 DrrA202-647 crystals.
Panel A: Initial crystals of DrrA202-647 observed in 0.1 M BTP pH 7.5 and 20 % PEG 3350. 
Some needle clusters are present as well as very thin plates that are almost undetectable in 
the picture.
Panel B: Optimised crystals of DrrA202-647 in 0.1 M MgS04, 12% PEG 10 000, 0.1 M Tris 
pH 8 that diffract up to 8 A at BM14 (ESRF, Grenoble).

Figure 5.14 Selenomethionine DrrA202-647 crystals.
The plate shaped crystals were observed in a commercial screen (0.5 M LiS04, 15 % PEG 
8000) and diffracted up to 4.5 A at 24ID-C (APS, Chicago).
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5.3. Discussion

5.3.1. Rabla expression and puriflcation

Once Rabla had been mutated to the GDP locked form (S21N), the protein could 

be expressed for structural studies with DrrA. Like Ypt32 and Rab27a presented here and 

also like in most studies, the Rabla construct used did not contain the C-terminal region. 

Rabla behaved as expected during purification and the elution profile from the size 

exclusion chromatography indicates that it is present in a monomeric form (Figure 5.1 A). 

No contaminating proteins could be observed when the purity of the protein was analysed 

with SDS-PAGE (Figure 5.1 B).

5.3.2. DrrA and DrrA202.647 expression, purification and complex formation with 

Rabla

The His-tagged DrrA protein was highly expressed in E.coli, but the purification 

proved to be difficult. The initial purifieation step for His-tagged proteins is usually affinity 

chromatography. DrrA seemed to be sensitive towards the imidazole concentration present 

in the used buffers. It seemed that even at a low amount of imidazole the protein eluted 

from the column and a wash step with 20 mM imidazole containing buffer prior to elution 

led to loss of a large amount of protein. A step gradient elution showed that the interaction 

of DrrA with the nickel resin was indeed not very strong. The protein bled off the resin 

even at imidazole concentrations as low as 10-20 mM and 30 mM imidazole already eluted 

a large amount of protein (Figure 5.2 B). In order to avoid heavy loss of protein but to 

minimise the amount of contaminants present in the DrrA elution fraetion, it was decided 

to extract the protein and wash the nickel resin with 10 mM imidazole containing buffer 

instead of 20 mM. An elution step with 50 mM imidazole was chosen so that 

contaminating proteins did not co-elute but sticked to the resin. The eluted fraction from 

the nickel resin still contained several eontaminant proteins. However SDS-PAGE analysis 

of the flow through fraction of affinity chromatography after cutting the His-tag reveals 

that most contaminant bands have a lower size than after the first affinity chromatography 

(Figure 5.2 A). This indicates that the contaminating proteins are in fact degradation
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products of DrrA that do contain a His-tag that is cut off by the protease, as happens with 

the full length DrrA. The degradation products are present from the first purification step 

onwards and do not seem to accumulate which indicates that the degradation takes place 

during protein expression or extraction, but stops latest once the eell lysate has been 

separated from the protein of interest. The next purification step after affinity 

chromatography was anion exchange. DrrA eluted from the column when the salt gradient 

reached 175 mM NaCl (Figure 5.3 A). The steep gradient led to an increasing salt 

concentration while DrrA was still eluting from the column which led to elution of 

contaminants together with DrrA (Figure 5.3 B). However most of the bands that appear on 

the SDS-PAGE with rising salt concentration are present in the first fraction as well and as 

the concentration of eluted DrrA rises, their concentration rises as well. This is possibly 

due to the fact that most contaminants are probably degradation products of full length 

DrrA and are therefore likely to have properties similar to those of full length DrrA. The 

size exclusion chromatography that is then performed with the less contaminant containing 

DrrA eliminates most of the other proteins present in the elution peak from anion exchange 

(Figure 5.4). Although a part of the DrrA elutes with a strong contaminant within the 

shoulder of the DrrA elution peak, the bigger part does contain only few contaminants. 

SDS-PAGE analysis reveals several weak contaminants in the fractions that contains the 

peak maxima but is relatively pure.

DrrA202-647 includes the Rab-binding domain (residues 340 - 520; [193-194]) and 

was thus appropriate for complex formation. It behaved in a similar way as full length 

DrrA during the purification process. The only difference was that a cation exchange 

column had to be used instead of an anion exchange column for full length DrrA indicating 

that the isoelectric point of the smaller DrrA construct had changed. SDS-PAGE analysis 

of the elution peak from size exclusion seems to reveal a higher amount of contaminants, 

but the overall coneentration of DrrA202-647 is higher and it is therefore only normal that a 

higher concentration of contaminating proteins is also detected.

It was possible to form a complex of both DrrA constructs with Rabla. The same 

low amounts of contaminants that were found in purified DrrA and DrrA202-647 were 

present in the elution fractions of the complex (Figure 5.5 and Figure 5.9).
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5.3.3. Crystallisation of DrrA, DrrA/Rabla, DrrA202-647 and DrrA202- 
647/Rabla

Although no crystals could be obtained for the complexes, it was possible to 

crystallise DrrA202-647 and DrrA. The data set collected from a DrrA202-647 crystal had a 

resolution of 4.5 A. This is not enough to identify each atom’s position in the electron 

density, however the overall conformation and the course of the main chain can be 

observed. Just after collection of this data set, the first structures of DrrA fragments with 

and without Rabla were published [195-197]. The DrrA fragments were as follows: 

Schoebel and colleagues: 340-533; Suh and colleagues: 317-533; Zhu and colleagues: 195- 

550 in the structure of the complex and 317-647 of DrrA alone. This study used a DrrA 

construct with the residues 202-647. Superimposition of Rabl/DrrA 195.550 and DrrA3i7-647 

with the unrefined DrrA202-647 structure revealed that the conformation of all three DrrA 

constructs was very similar. This means that the structure of the construct used here had 

been solved at a higher resolution than obtained by us thus far, therefore no further trials 

for higher diffracting crystals were set up and the existing data was not refined. The effort 

was targeted onto the crystallisation of full length DrrA. A structure of the N-terminus is 

known since the end of 2010 [313] but this structure is of a only the N-terminus (9-218) 

and therefore the full length DrrA still remains to be crystallised. Only recently this was 

successfully accomplished within the work presented here. Two types of crystals could be 

obtained. One crystal type (Figure 5.10) has not been proven to be a protein crystal yet, but 

its appearance and touch strongly suggest it is. It was possible to observe an initial 

diffraction pattern for the other crystal (Figure 5.11), but no complete data set at a high 

enough resolution that would permit structure determination has been collected yet.
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Chapter 6

Final discussion and conclusion



6.1. Thermodynamics of Rab-effector complexes

The thermodynamic studies presented here are the first for detailed studies of 

Rab27 and its interactions with effectors. The technical difficulties associated with 

expression of soluble, full-lengfh effectors, has also been overcome in this project. 

Although the effector is not perfectly pure, JFCl has been purified to reasonable 

homogeneity and the the values for affinities can be reproducibly measured by isothermal 

titration calorimetry.

Fukuda had determined Kj values for three other Rab effectors and separated them 

into two groups, a high affinity group (Kd of 13.4 and 19.2 nM) and a low affinity group 

(Kd of 112 nM) [225]. The results obtained for WT Rab27 (46 nM) are in between those 

values. It is therefore difficult to confirm the affiliation of JFCl to the so called Mow 

affinity group’. Possibly there are no different affinity groups but an affinity gradient, at 

least />/ vitro. In the cell, there are likely additional factors like the localisation in the cell 

and the relevant concentrations. As there was a fraction of protein associated with GDP, it 

is likely that a Kd of 46 nM is the upper limit of the interaction, and the interaction is 

somewhat stronger than this value. However, the GDP impurity is unlikely to lead to a 5- 

fold difference in Kd, especially given the observation that Rab27(GDP) retains significant 

binding affinity to JFC1.

Mutagenesis and comparisons of binding affinities can give insight into the 

importance that residues might have for complex formation. Here we could show that Tyr8 

does contribute significantly to the affinity at the binding interface with JFCl. Tyr8 is 

conserved in Rab GTPases, indicating that its presence is not important for the specificity 

determination, but definitely for the fonnation of a tight complex. Asp91 has been shown 

to be important for the specificity of some effectors for Rab27. The fact that JFCl is able to 

interact with Rab8 as well as Rab27, indicates that the residue might not be of a high 

importance for the recognition of Rab27 by JFCl. Here we show that the mutation, in the 

context of the triple mutant L84I+F88Y+D91G, still has a considerable effect. Rab27 and 

Rab8 can be co-localised within the cell [27, 256], this indicates that the interaction with 

Rab27 may be preferred if the proteins are present at similar concentrations. However, the 

affinity of Rab8 and JFC 1 requires measurement to provide more insight into the structural 

basis for Rab/effector specificity.
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The impact of the W73G mutation on the interaction of Rab27 with melanophilin 

was known to be devastating, but other Rab27 regulated pathways are not interrupted. Our 

results show, that the residue is of importance for a tight Rab27/effector interaction. The 

reduced affinity of a mutant can be expected for all Rab27/effector complexes, although in 

some effectors this loss can be compensated by the high contribution of other residues for 

the binding, whereas this is not the case in melanophilin, MyRIP and Slp3. An alanine 

scanning mutagenesis of residues identified to be important for some Rab27/effector 

interactions combined with an analysis of the thermodynamics would provide the different 

contributions of each towards the overall affinity and thus enable to qualitatively identify 

important residues.

It seems that there is no significant difference in binding affinity of JFCl for active 

and inactive Rab27. A comparison of the switch regions of a Rab27(GDP) structure (PDB 

ID 2IEY [329]) with the known Rab27/effector structures does not provide information 

about a conformational change because the Rab27(GDP) structure shows a swapped dimer, 

a result of crystallisation [329], also see Figure 6.1. The swapped dimer arises from a non- 

canonical ‘protruding’ conformation of switch and interswitch regions that mediate 

dimerisation during crystal lattice formation [329]. The entire segment from (32 to P3 

unravels and forms a domain-swapped homodimeric interface. However, the solution state 

of Rab27(GDP) is not dimeric, as evidenced by gel-filtration, pull-down, dynamic light 

scattering and small-angle X-ray diffraetion [329]. Therefore, the relevance of the ‘open’ 

conformation is unclear, although most Rabs in their GDP state reveal significantly more 

flexibility in switch I. The solved Rab27/effector structures and our homology model 

reveal that the switch regions are involved in the interaction, but are not the only 

components. Because active and inactive Rab27 are recognised by JFCl with similar 

affinities, it is possible that the switches involved in the binding have the same 

conformation, no matter which nucleotide is bound. Presuming that the switch/interswitch 

regions are flexible in the GDP state, it is possible that JFCl binds to a pre-existing 

conformer that resembles the GTP-state, at an entropic cost. This would be consistent with 

the high negative AS observed upon complex formation between Rab27(GDP) and JFCl 

(Table 3.1). On the other hand, the structure of uncomplexed Rab27(GppNHp) has not 

been determined. This structure needs to be visualised in order to complete the structural
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and thermodynamic comparisons of GTP vx GDP selectivity in Rab27 recognition by 

JFCl.

The biological implications of the relatively strong affinity between Rab27(GDP) 

and JFCl remain to be elucidated. It has recently been observed that the interaction 

between the effector granuphilin and Rab27(GDP) is important for dense core vesicle 

exocytosis [264], Moreover Rab27(GDP) is specifically recognised by coroninS, and this 

interaction has been shown to be important for the endocytosis of insulin granule 

membranes [258], Previously a Rab(GDP) effector had also been reported for Rabl 1 [332]. 

The general wisdom is that an effector is defined as a GTP-dependent Rab-interacting 

protein that subsequently exerts a biological effect. However, the interactions between 

Rabs and interacting proteins may require consideration on a more individual basis, rather 

than a generalised conceptual view that may not hold true for all interacting proteins. 

Rab27 T23N does not interact with JFCl but WT Rab27(GDP) does, which suggests that 

the mutation itself, rather than the nucleotide, is a determinant of binding [333]. Therefore, 

these studies imply caution when interpreting data from expression of GTP- and GDP- 

locked forms of Rabs in cells.

6.2. Structure determination of Ypt32 and comparison with other yeast trafficking 

proteins

A comparison of the structures of Ypt32(GppNHp) and Sec4(GppNHp) was 

performed in order to identify the determinants for effector recognition. It could be 

concluded that the a3 helix influences the switch II conformation, resulting in two different 

recognition surfaces for effectors. Both proteins interact with Myo2 at the same interface 

(and similar affinities) but with different domains of Sec2 as well as different other 

effectors [284-285, 292]. Interestingly the salt bridge forming GlullO is conserved in all 

yeast Rab GTPases except for Sec4, where the corresponding residue is Thrl 17. However, 

mutational analysis suggests that Glul 10/Thrl 17 is not the only residue important for 

different effector recognition by these GTPases [321].
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It is possible that binding to Myo2 induces a change of the switch II region in one 

or both GTPases, that results in a common switch II conformation. Large conformational 

changes of the switch II region upon effector binding could be observed for human Rabl 1 

in complex with Rabl 1-Family interacting proteins (FIP) FIP2 and FIP3 [47, 231, 334]. 

However, all other known Rab/effector complexes involve a pre-formed switch I/ll 

conformation that effectively docks onto the Rab-binding domain of effectors [166]. The 

other possibility is that Ypt32 and Sec4 have different ways of recognising Myo2. Indeed 

their distinct roles in vesicle delivery and different binding affinities to Myo2 suggest that 

subtle differences in binding are possible, despite binding to an overlapping region of 

Myo2 [292]. Interestingly we could show, that switch II of Ypt32(GDP) undergoes a 

dramatic conformational change upon binding to GDI whereas the interaction of GDI with 

Sec4(GDP) requires few conformational changes of Sec4. This might be an indicator for a

Switch I

Figure 6.1 Crystal structure of Rab27(GDP).
Rab27 is shown in green, the p-loop in yellow, switch I in blue, switeh II in red, GDP as 
sticks and Mg^"^ as a green sphere. The first Rab27 molecule is depicted in darker colours 
and the second in light colours. The structure of Rab27(GDP) forms a swapped dimer 
upon crystallisation. The swapped dimer conformation involves the switch and interswitch 
regions; they mediate dimerisation during crystal lattice formation. PDB-file used for this 
figure: 2IF0, [329].
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general higher flexibility of the Ypt32 switch II region. However it has to be taken into 

account that the GTP-bound form of a Rab GTPase is characterised by interactions 

between switch II and the y-phosphate, and this is likely to reduce the switch flexibility 

compared to the GDP-bound form.

The question of how Myo2 recognises both GTPases, at different steps of the 

trafficking pathway, requires further investigation. More information is necessary - ideally, 

structures of Ypt32/Myo2 as well as Sec4/Myo2 - in order to understand the details of the 

Myo2 interaction site.

6.3. Rab-host pathogen and GEF interactions

The work presented here describes the crystallisation of a DrrA fragment (202-647) 

and full length DrrA. Although protein crystals could be obtained for both, the crystals 

could not be used for the collection of high resolution data. While crystal optimisation was 

ongoing, other groups published several structures of DrrA fragments and Rabl/DrrA- 

fraglTients [195-197, 313]. However no structure of full length DrrA has been solved so far. 

Since it has been shown that in addition to the GEF domain, DrrA possesses an additional 

AMPylation domain an observation of the 3-dimensional arrangement of all domains 

together might give more insight on how Rabl is interacts with both domains [313]. Very 

recently, I was able to grow improved DrrA crystals (Figure 5.10), but no diffraction 

experiments have been performed on these, at this stage. However there is a possibility that 

these crystals will enable us to solve the structure of full length DrrA in the near future.

6.4. General implications of the work presented

The projects described in this work have focused on the identification of specificity 

determinants and mechanisms employed in interactions of Rab GTPases with various 

protein partners. Methods employed were crystallisation for structure determination and 

thermodynamic analyses. Over the course of this work it became clear, that the initial 

challenge of obtaining pure protein for those analyses was difficult to overcome, especially 

when using full length interaction partners of Rab GTPases. A review of the Rab/effector
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structures deposited at the PDB (http://www.rcsb.org [316]) reveals that most Rab-effector 

complexes investigated structurally have to be obtained by co-expression of the partners. 

Therefore, despite approximately 10 Rab/effector structures, there is very little information 

regarding the thermodynamics and kinetics of effector recruitment. Hence it has not been 

possible to understand the strength of Rab/effector interfaces and the contribution of 

various residues to the binding affinities. Employing the bacterial protein Nus-A as a fusion 

protein for solubilisation as described by De Marco and colleagues [335], soluble 

expression of the full length Rab27 effector JFCl was achieved. This enabled the 

investigation of the affinity determinants of one Rab-effector pair (Rab27-JFC1). The Nus- 

fusion technique seems promising in order to obtain other soluble Rab effectors that could 

then be used for thermodynamic analysis of the interactions employed by Rab/effector 

complexes.

Thermodynamic analysis enabled insights into the recognition mechanism employed 

by Rab/effector complexes. It was possible to confirm that a tryptophan mutation with a 

devastating impact on some Rab/effector complexes [104] does indeed reduce the affinity 

of our model system, Rab27/JFC1, to a significant extent. Our results emphasise the need 

of more thermodynamic analyses of Rab/effector complexes in order to improve our 

understanding of the biology. One interesting observation to emerge from this work is the 

significant residual affinity of Rab27(GDP) for JFCl. Some ‘effectors’ do interact with 

GDP-bound Rab [258, 264]. JFCl had been the subject of controversy, as it had been 

reported to bind to WT Rab27 but not Rab27 T23N [274]. This study clearly shows a 

strong interaction between Rab27(GDP) and JFC1. The question is raised whether mutation 

of the p-loop serine or threonine to asparagine should be the method of choice for 
simulation of GDP-bound Rab. It is thought that this mutation disrupts the Mg^^ and that 

this reduces the affinity especially for GTP [42]. It is a possibility that at least in some Rab 

GTPases this mutation does not result in a correct simulation of the WT-GDP-bound Rab. 

It has to be noted that the GDP-locked mutant Rab27 T23N did bind granuphilin and 

coronin3 [258, 264], meaning that use of the T23N mutant only led to misleading results 

for the Rab27/JFC1 interaction. In any case these various studies bring into question the 

perception of Rab GTPases as ‘on/off switches [27-28, 336], although the reported 

interactions might just be very few exceptions from the general rule. Moreover, it is
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important to consider the context of these interactions. If the binding of GDP dissociation 

inhibitor (GDI) is very tight for Rab27(GDP), then JFCI and other effectors would be 

effectively out-competed and Rab27 would be extracted from the lipid bilayer. Thus, JFCI 

would show an apparent GTP-dependence, although the relevant affinities are similar. This 

possibility necessitates the biophysical analyses of the interactions between GDI and 

Rab27, which unfortunately have not been performed to date. There are, however, very 

thorough structural and biophysical studies of yeast Rabs with GDI [24, 175]. The affinity 

between GDI and Sec4(GDP) is sub-nanomolar, implying that at least some Rabs are 

bound very tightly by GDI, whereas the interactions between Rab/effector complexes are 

generally weak with rapid on/off kinetics [226, 337].

In conclusion, the overall work represents a significant contribution to our 

understanding of Rab GTPases and their interactions with effectors. The wide range of 

Rab/effector affinities also raises key questions regarding the biology of vesicle trafficking. 

Placing the affinity of the W73A mutant of Rab27 into context, the affinity to JFCI (Kd = 

613 nM) is actually quite respectable, relative to other active Rab/effector complexes. For 

example, it is similar to the affinities between Rabl 1 and its effectors [47, 231, 334]. Some 

of the Rabl 1 effectors also contain a myosin binding site for aiding in vesicle transport. For 

example Ripl 1 and FIP2 have been shown to be involved into interactions with myosin V 

[338-340]. Although JFCI does not link Rab27 to myosin, it has been reported to be 

involved in a multiprotein complex that mediates the interaction with kinesin [249]. In 

addition to this, melanophilin and other proteins with JFCI-like RBDs bind to myosin and 

mediate cargo transport. Thus, biological activity such as binding to myosin does not 

necessarily correlate with a requirement for higher affinity. Flowever, a general observation 

is that Rab effectors that appear to act primarily in a tethering role appear to have relatively 

weak molecular interactions. In particular, the on/off rates of Rab6 with numerous effectors 

are fast, presumably to enable promiscuity and avoid becoming trapped. The association of 

Rab27 with actin or kinesin may require a tighter binding, e.g. for long-range vectorial 

transfer of vesicles. However, despite the identification of well over 100 effectors of Rab 

GTPases, the thermodynamics and kinetics of complex formation are poorly described.
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Along with crystal structures and cellular assays, these interactions require more detailed 

analyses to understand the biology of membrane trafficking in health and disease.
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