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Summary 

There is increasing understanding that endocytosis and signalling are linked to each 

other. Signalling receptors are particularly interesting as cargoes which are precisely 

regulated through the process of endocytosis. However it is still not clear that how 

the overlap between endocytosis and signalling occurs mechanistically.  

Rme-6, a Rab5 GEF, is a potential candidate that is involved in the endocytosis of 

transferrin and EGFR and also the signalling pathway of Ang1-Tie2. The objective of 

this thesis was to investigate the structure/function relationship of hRme-6 to 

understand how it integrates trafficking and signalling processes.  

Initially I confirmed the RasGAP activity of RasGAP domain of hRme-6 and the 

Rab5GEF activity of Flag-hRme-6 purified from insect cells. I then explored the 

function of hRme-6 in an Ang1-Tie2 model in HUVECs and an EGF-EGFR model in HeLa 

cells. I demonstrated that hRme-6 specifically interacted with phosphorylated p42/44 

in Ang1 stimulated HUVECs and that overexpression of hRme-6 in EGF stimulated 

HeLa cells also changed the signalling output.  

In a second approach, I investigated the structure of hRme-6, showing by a variety 

of approaches that recombinant hRme-6 exists as two different multimeric 

conformations while endogenous hRme-6 in HeLa cells mainly exists as one higher 

molecular weight species. The higher multimer of Flag-hRme-6 was then separated 

through gel filtration and the structure of hRme-6 was reconstructed through 

negative staining combined with Imagic-5 software. Using this approach, the surface 

structure of hRme-6 was revealed.  

Thirdly I explored the function of hRme-6 through investigating the interaction 

partners of hRme-6 through SILAC experiments based on EGF stimulated HeLa cells. I 

successfully found several interaction partners of hRme-6, including SNX9, SNX24, 

IQGAP1 and CIP4. These potential candidates all showed direct interactions with 
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hRme-6 in vitro. CIP4 and IQGAP1 also showed in vivo interactions with hRme-6 while 

the interaction between IQGAP1 and hRme-6 was differentially regulated by cargo 

uptake.  

My data provided important insight into the structure and binding partners of 

hRme-6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

- 18 - 

 

1. Introduction  

1.1 General introduction 

Endocytosis was originally defined as a simple, fundamental process that delivers 

nutrients or other molecules that cannot pass through the plasma membrane into the 

cell. However, the role of endocytosis extends well beyond this. It involves almost all 

aspects of the relationships of the cell with the extracellular environment as well as 

intracellular communication, including integration of information and movement of 

material within the cell. It is a pathway often used by pathogens for cellular entry [1].  

Endocytosis is linked to all aspects of cell life through the organisation of cellular 

signalling, which provides real-time information to cells about the nature of their 

environment. Plasma membrane receptors deliver the extracellular message to the 

interior of the cells and the signal cascades, activating the corresponding physiological 

response. The balance between trafficking and signalling must therefore be tightly 

controlled through the endocytic compartments in order to achieve the appropriate 

cellular response [2].   

 

1.2 Pathways of endocytosis 

The functions of endocytosis are achieved by the diversity of pathways, which 

allows internalisation and different mechanisms of cargo sorting inside cells. 

According to the size of the initial membrane invagination, endocytosis can be 

classified into six groups (Figure 1.1). Large invaginations of membrane into 

phagosomes and macropinosomes is referred to as phagocytosis and 

macropinocytosis. Phagocytosis mainly refers to large particles (>500 nm), including 

pathogens and apoptotic cells[3], while macropinocytosis (0.2-10 μm) relates to 
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non-selective fluid uptake including solute molecules, nutrients and antigens which 

initialises from surface membrane ruffles[4]. These two processes are guided by actin 

filament remodeling but not dynamin filament remodeling. Conversely, small 

invaginations (<200 nm) relate to micropinocytosis, which can be further divided into 

clathrin-mediated endocytosis (CME) and clathrin-independent endocytosis (CIE)[2]. 

 

Figure 1.1 Multiple Endocytic trafficking pathways. Many different mechanisms are available for cargoes to enter 

the cell by. There is evidence for at least seven pathways, including phagocytosis, macropinocytosis, 

clathrin-mediated endocytosis, caveolae-, ADP-ribosylation factor 6(Arf6)-, flotillin-dependent endocytosis and fast 

endophilin-mediated endocytosis (not shown).  

 

Clathrin-mediated endocytosis is the canonical and best-described endocytic route. 

It involves the internalisation of cargo by endocytic vesicles coated with the protein 

clathrin [2, 5]. Clathrin functions by its triskelion-shaped conformation polymerising 

around the cytoplasmic face of membrane and vesicles [6, 7]. During the formation of 
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clathrin-coated vesicles, several stages can be defined.  

The initiation of clathrin-mediated endocytosis starts with the assembly of the 

coated pits which are specialised sites in the plasma membrane where clathrin 

polymerises[8]. Clathrin is unable to bind directly to membranes and so the adaptor 

protein 2 (AP2) forms a bridge between clathrin and cargo. Clathrin-coated pits begin 

to form when one clathrin and two AP2 molecules bind to an area of the plasma 

membrane enriched in phosphatidylinositol-4, 5-bis phosphate (PIP2)[9]. 

Phosphatidylinositol-4-kinase (PI4K) and phosphatidylinositol-4-phosphate-5-kinase 

(PI4P5K) catalyse the formation of PIP2 from phosphoinositide [10, 11]. Pit formation 

proceeds by adding clathrin triskelions, adaptors and receptors to the edge of the pits. 

The binding of clathrin and cargo also leads to the activation of AP2, which is 

autoinhibited when the level of PIP2 or cargo is low [12, 13]. Cargo molecules are 

recruited to coated the pits through the interaction of specific targeting sequences in 

their cytoplasmic tails with adaptor proteins [14, 15] and they in turn stabilise the 

forming clathrin-coat nucleation complexes [16, 17].  

With the accumulation of adaptor proteins on the lipid layer, more clathrin triskelia 

are recruited to the pit. The propagation of the clathrin lattice, combined with the 

internal stress leads to increased curvature and invagination of the membrane [18, 

19]. As the clathrin-coated pits grow, the concentration of cargo increases in the pits. 

During this process, the α-adaptin subunit of the AP2 complex mediates recruitment 

of accessory proteins which include other adaptor proteins, regulatory proteins such 

as kinases and curvature sensing proteins, like the Bin/amphiphysin/Rvs (Bar) 

domain-containing proteins, such as sorting nexin 9 (SNX9) and amphiphysin-1. 

Phosphatidylinositol-3, 4-bisphosphate (PI (3, 4) P2) is also catalysed by 

phosphatidylinositol-3-kinase C2α (PI (3) K C2α) and this allows the selective 

recruitment of SNX9 [20]. SNX9 and amphiphysin-1 can stabilise the membrane 

curvature, bind both clathrin and AP2, and recruit dynamin to the neck of the budding 

vesicle [21-24].   
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The final step in clathrin-coated pit formation is to pinch off the budding pit. Lots of 

proteins, like myosin and WASP, all have been discovered to play important roles in 

the invagination and stabilisation of clathrin-coated pits [25-27]. The major role in  

pit maturation is played by dynamin. Dynamin exists as a tetramer[28] and further self 

assembly into higher oligomers on the necks of invaginated pits[29, 30]. The 

self-assembled dynamin oligomers create force, compressing the membrane tubule 

and finally leading to scission [31]. SNX9 was also discovered to stimulate dynamin's 

GTPase activity and induce dynamin self-assembly[32].  

Following scission, the PIP2 level is decreased due to the 5’ lipid phosphatases [33]. 

After scission, phosphatidylinositol 3-phosphate (PI (3) P) then becomes the dominant 

phosphoinositide in early endosomes which is generated by class III PI3K Vps34 

complex II and class II PI3Ks [34-39]. 

 Soon after the budding, the clathrin-coated vesicle is quickly uncoated by 

removing the clathrin cage from the vesicle surface by the heat shock cognate 70 KD 

proteins (Hsc70) [40]and auxilin2 (cyclin-G-associated kinase, GAK) [41]to enable the 

fusion of the vesicles with the target membrane and also regulate recycling of coat 

components[42, 43]. In this process, one auxilin binds to one clathrin triskelion which 

causes further binding of three Hsc70-ATP molecules. Next, Hsc70-ATP hydrolysis 

catalysed by auxilin leads to the dissociation of the clathrin triskelion from the vesicle 

and leaves the free clathrin triskelion bound to Hsc70-ADP [44, 45]. The released 

vesicles are then transported along cytoskeletal networks to different early endosome 

populations[46].    

Clathrin-coated vesicles then fuse with early endosomes [47-50]. Early endosomes 

have an acidic internal environment (pH~6) due to H+ ATPase pumps in the endosomal 

membrane[51]. The acidic environments help the release of cargo from receptors or 

carrier proteins [52]. Cargo proteins are further sorted at early endosomes to be 

recycled back to the cell surface, or delivered to the multivesicular body (MVB) 

pathway and lysosomes for degradation[53]. Delivery of material to the MVB requires 
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the activity of the endosomal sorting complexes required for transport (ESCRT) 

proteins (Figure 1.1). 

Signalling receptors, for example most receptor tyrosine kinases (RTKs) and many G 

protein-coupled receptors (GPCRs), are internalised by clathrin-mediated endocytosis. 

During this process, ligand binding increases the recruitment of receptor to 

clathrin-coated pits through adaptors, such as AP-2 and β-arrestins. Clathrin then 

polymerises, which drives invagination of the pits which are then released to the 

cytoplasm through the function of the large molecular weight GTPase, dynamin[54]. 

However, receptor-mediated endocytosis can also be constitutive. In the constitutive 

process, receptors are constantly internalised, sorted in the endosome and then 

recycled back to the cell surface[55]. 

Compared to CME, CIE is not sensitive to clathrin depletion but is often sensitive to 

cholesterol depletion. There are several routes of clathrin-independent endocytosis 

which have been identified, including caveolae-, ADP-ribosylation factor 6(Arf6)-, and 

flotillin-dependent endocytosis, and fast endophilin-mediated endocytosis (FEME).  

 Caveolae are flask-shaped invaginations of the plasma membrane first found in 

endothelial cells [56-58]. Later caveolae were found in many cell types and are 

especially abundant in smooth muscle, fibroblasts and adipocytes. 

Caveolae-dependent endocytosis could be affected by overexpression of dynamin or 

disrupting actin assembly[59]. The abundance of caveolae in cells experiencing 

mechanical stress led to the finding that caveolae act as membrane stores that can be 

mobilised when cells need to increase the surface area of the plasma membrane [60, 

61]. 

Arf6 is a small molecular weight GTPase that is found at the plasma membrane and 

at endosomal compartments. Arf6 forms vesicular and tubular structures to mediate 

the internalisation of CD59, CD55, and MHC class I proteins, and GLUT1[62]. Like 

other GTPases, Arf6 cycles between its active GTP-bound and inactive GDP-bound 
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conformations to regulate ligand internalisation and endosomal recycling. Arf6 in its 

GTP conformation is required for ligand internalisation and recycling. It was also found 

that Arf6-GTP is associated with clathrin-coated pits at the plasma membrane via a 

requirement for the adaptor protein AP2 [63]. Arf6 could further recruit 

JNK-interacting protein 3 and 4 (JIP3 and JIP4) after clathrin uncoating to regulate a 

fast recycling pathway. After internalisation, membrane-associated Arf6 is recycled 

back to the cell surface. 

Flotillin-dependent endocytosis is involved in the uptake of GPI-anchored proteins: 

cholera toxin B subunit, cationic molecules and polyplexes, proteoglycans and 

proteoglycan bound ligands. Flotillin-dependent endocytosis is achieved by the 

ubiquitous and conserved flotillin proteins, flotillin-1 and flotillin-2[64]. Flotillin-1 and 

flotillin-2 bind to each other, form higher order oligomers in the plasma membrane 

and define specific microdomains. The microdomains created by flotillins are 

detergent-resistant and can directly bud into the cell [65, 66]. However, Flotillins are 

also found to form higher order oligomers to recruit transmembrane proteins, like 

dopamine transporters, into flotillin rafts for pre-endocytic clustering. Cargo then can 

be internalised without direct involvement of flotillins [67]. 

Fast endophilin-mediated endocytosis triggers the invagination of the membrane 

into tubular structures. Then endophilin, dynamin and actin regulate the tubule to 

form vesicles [68, 69]. This pathway is involved in the uptake of several GPCRs such as 

α2a- and β1-adrenergic, RTKs such as EGFR and HGFR, and the interleukin-2 receptor. 

It mainly happens at the leading edges of the cell, and also involves the formation of 

PI (3, 4) P2 from PI (3, 4, 5) P3 by SH2 containing inositol 5-phosphatase 1 (SHIP1) and 

SH2 containing inositol 5-phosphatase 2 (SHIP2).  

After internalisation, by either clathrin-mediated endocytosis or 

clathrin-independent endocytosis, internalised cargoes are routed to early 

endosomes, and then different cargoes are sorted to different fates: transported to 

the Golgi, recycled back to the plasma membrane or degraded in the lysosome. 
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During these processes, the small GTPase, Rab superfamily, plays important roles in 

the different sorting fates of cargoes.  

 

1.3 Rab proteins 

Though the different pathways of endocytosis each are regulated by their own 

specific factors, they all involve Rab GTPases which are recruited and involved in the 

process of endocytosis[70].  

Rab proteins belong to the Ras superfamily of small GTPases. Like other small 

GTPases, they function as molecular switches. Rabs cycle between an inactive 

(GDP-bound) and an active (GTP-bound) state, regulated by GTPase-activating 

proteins (GAPs) that promote GTP hydrolysis and guanine nucleotide exchange factors 

(GEFs) that promote exchange of GDP for GTP(Figure 1.2)[71].  
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Figure 1.2 Rabs switch and its circuitry. RabGEFs catalyse the exchange of GTP for GDP-bound Rab. The active Rab 

is recognised by multiple effectors and is converted back to a GDP-bound form by a RabGAP (GTPase activating 

protein). The GDP-bound Rab is kept soluble by Rab GDP dissociation inhibitor (GDI) [72, 73].  

Rab GTPase cycles through a soluble cytoplasmic pool and a membrane-associated 

pool. Rab proteins in their GDP conformation stay in the cytoplasm through 

association with Rab GDP dissociation inhibitor (GDI). RabGDI with the help of 

GDI-displacement factor[74] and Rab GEFs [75] serve to target the Rab-GDP to 

specific intracellular membranes. The membrane bound Rab-GDP is then converted 

to Rab-GTP by Rab GEFs. The activated Rab proteins can then interact with specific 

effector molecules. Over 80 different Rab effectors have been found, including 

sorting adaptors, tethering factors, kinases, phosphatases and motors, to regulate 

the trafficking process[76-78]. Conversely, Rab GAPs are thought to control the 

lifetime of the activated state of Rabs. 

  Due to the diverse range of Rab effectors and the distinct membrane localisation of 

different Rab proteins, Rab GTPases control specific membrane trafficking processes, 

including cargo binding during vesicle formation, driving interaction between motor 

proteins with membranes, regulating vesicle fusion and vesicle transport[79]. For 

example, Rab5, the first mammalian Rab protein identified, plays important roles in 

early endocytic pathways including endosome fusion, vesicle targeting, uncoating and 

signalling, which will be further described in the next section. Rab7 functions 

following those of Rab5, mainly in late endosomes and lysosomes. As a late 

endosome marker, it affects early-to-late endosome and late endosome-to-Golgi 

transport and also lysosome biogenesis [80-82]. Recent studies found that the roles of 

Rab7 also involved selective sorting of distinct cargoes at early endosomes [83, 84]. 

Rab4 and Rab11 are localised to recycling endosomes, which regulate the return of 

cargo to the cell surface with Rab4 regulating a fast recycling pathway and Rab 11 a 

slower one. Rab4 dependent cargo includes recycling integrins, receptor tyrosine 

kinases and also GPCRs. 
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As endocytosis impacts diverse cellular functions, Rab GTPases act not only as 

regulators of trafficking, but also directly or indirectly affect cell signalling, migration, 

cell division, cell polarity and even disease.   

 

1.4 Rab5 

The small GTPase, Rab5 is a 25 KD protein that is located at early endosomes and 

the plasma membrane [85].   

Rab5 was originally found to target plasma-membrane-derived vesicles to 

endosomes and to be in charge of fusion between endosomes [47, 48]. It modulates 

the half-life of CCVs on the plasma membrane and is directly involved in the fusion of 

uncoated vesicles with early endosomes (EE) and the fusion between EE[48]. In BHK 

and HeLa cells the expression of Rab5Q79L (constitutively active form) leads to a 

dramatic cell morphology change with the appearance of unusually large early 

endosomes. Expression of Rab5Q79L also increases the internalisation of transferrin 

and decreases recycling. Cytosol prepared from cells overexpressing Rab5Q79L greatly 

increase endosome fusion in vitro. However, overexpression of the dominant negative 

mutant, Rab5S34N, leads to the formation of very small endocytic vesicles and inhibits 

transferrin endocytosis. Rab5S34N also inhibits fusion between early endosomes in 

vitro[86]. These studies further suggested that the control of Rab5 activity is the 

rate-limiting step for early endocytosis. Later it was found that Rab5 also mediates the 

formation of clathrin-coated pits in the plasma membrane[87].  

Rab5 achieves its functions by binding to many different interacting proteins. For 

example, the Rab5 effector Rabaptin-5 interacts with Rab5-GTP and is also essential 

for endosome fusion[88]. Rabex-5, a Rab5 GEF, forms a tight complex with Rabaptin-5 

to stabilise Rab5 in its GTP conformation[89] and is also required for endosome 

fusion[90]. EEA1 is another Rab5 effector that functions in the endosome docking and 
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fusion process. It is a long coiled-coil molecule that is thought to tether endocytic 

vesicles to the endosomal membrane. EEA1 also binds to 

phosphatidylinositol-3-phosphate (PI3P) [91, 92], which is specifically on the early 

endosome. PI (3) Ks regulate the recruitment of EEA1 to early endosome membranes, 

which then leads to the binding of EEA1 to activated Rab5 and directs the transport of 

CCV to EE. 

The function of Rab5 extends far beyond control of endosomal fusion. The 

identification of over 20 proteins that bind specifically to Rab5-GTP suggested that 

Rab5 has a wider regulatory role than previously imagined[93]. Later Rab5 was 

confirmed as a key regulator of the early endocytic pathway. Rab5 not only controls 

vesicle formation, and endosomal fusion but also controls phosphoinositide synthesis, 

affects protein sorting within endosomes, regulates motility of early endosomes and 

affects signalling intensity. 

Regarding the phosphoinositide synthesis, Rab5 was found to interact with two PI 

3-kinases (Vps3 and PI3Kβ) and also interacts with PI5-and PI4-phosphatases 

(PI5-Pase, PI4-Pase). The interaction of PI5-Pase and PI4-Pase with Rab5 could 

stimulate their activities and the siRNA of the two phosphatases inhibited Tfn uptake 

in HeLa cells [94].  

Rab5 is involved in endosome protein sorting through the Rab5 effector 

Rabenosyn-5 by regulation of membrane tethering/fusion in early endosomes[95]. 

However Rabenosyn-5 not only interacts with Rab5 but also Rab4, which regulates 

rapid recycling. Overexpression of Rabenosyn-5 in A431 cells increase the co- 

localisation between Rab5 and Rab4, and in these cells there is faster recycling of Tfn 

from early endosomes to the cell surface [96]. It is suggested that Rabenosyn-5 works 

as a dual Rab effector to regulate protein sorting and recycling.  

Rab5 also regulates the interaction between endosomes and microtubules. 

Rab5-positive endosomes move on microtubules in vivo and an in vitro assay found 
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that Rab5 directed early endosome movement toward the minus ends of 

microtubules though the involvement of PI (3) K kinase hVPS34[49]. Another Rab5 

effector HTT-associated protein 40 (HAP40) mediates the recruitment of Huntingtin 

(HTT) onto early endosomes. Overexpression of HAP40 in HeLa cells significantly 

inhibited early endosomal motility through transferring the early endosomes from 

microtubules to the actin network [97]. 

During insulin stimulation, glucose transporter isoform 4 (GLUT4) is translocated 

from intracellular membrane compartments to the cell surface by an increase of 

GLUT4 exocytosis and inhibition of endocytosis. In 3T3-L1 cells, Rab5 was constantly 

associated with the motor protein dynein. The decrease of GLUT4endocytosis was 

achieved by the inhibition of Rab5 activation and dissociation of dynein from 

microtubules by microinjection of anti-Rab5 or anti-dynein antibody [98]. 

The relationship between Rab5 and signalling control came originally from the 

finding that Rab5a was strongly phosphorylated by ERK1[99]. Overexpression of 

Rab5S34N in NR6 cells greatly reduced EGF induced cell growth and activation of the 

Raf-MEK-p42/44 pathway while overexpression of Rab5WT or Rab5Q79L enhanced the 

activation of Raf-MEK-p42/44[100].  

The relationship between Rab5 and signalling was further confirmed by studies on 

the Rab5 effector adaptor protein, phosphotyrosine interacting with PH domain and 

leucine zipper 1 (APPL1) and adaptor protein, phosphotyrosine interacting with PH 

domain and leucine zipper 2 APPL2[101]. APPL1 and APPL2 are primarily located in 

the cell cytoplasm and on endosomes underneath the plasma membrane with little 

proximity to the nucleus. APPL1 and APPL2 specifically bind Rab5-GTP. Following 

serum starvation, APPL1 wholly remains in the cytoplasm. However, EGF stimulation 

leads to the translocation of APPL1 from the cytoplasm to the nucleus accompanied 

by Rab5 GTP hydrolysis. The nuclear translocation of APPL1 leads to cell proliferation 

through the interaction between APPL and metastasis associated protein MTA2, 

RbAp46 (components of nucleosome remodeling) and histone deacetylase 
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(NuRD/MeCP1 complex). The function of APPL1 was confirmed in zebrafish 

development[102]. It was found that APPL1 regulates Akt activity and is required for 

cell survival as the depletion of APPL1 in fish strongly diminishes Akt activity and 

induces apoptosis. Remarkably, the function of APPL1 is based on its endosomal 

localisation. 

Rab5 in its GTP form recruits many factors to promote the early endocytic process. 

However it is essential that Rab5 cycles back to its GDP conformation as 

overexpression of constitutively active Rab5Q79L leads to giant endosomes. RN-tre was 

found as a Rab5 GAP protein, the overexpression of which inhibited both EGFR and 

Tfn endocytosis [103, 104]. However the specificity of RN-Tre for Rab5 was 

subsequently challenged and it was suggested that it is actually a GAP for Rab41, with 

RabGAP-5 fulfilling the role of GAP for Rab5 on the endocytic pathway (Haas et al., 

Nat Cell Biol 2005).  

The function of Rab5 was also confirmed by an animal model. Depletion of all Rab5 

isoforms in mouse liver severely damaged the endocytic system. Loss of Rab5 leads to 

a significant decrease in the numbers of early endosomes, late endosomes and 

lysosomes. It also blocks the endocytosis of low density lipoprotein and damages the 

delivery of apical protein to bile canaliculi, which implies a function for Rab5 in cargo 

sorting in polarised cells [105].  

Although Rab5 contributes to endocytosis in the plasma membrane, few 

Rab5-interacting proteins were found to localise at the plasma membrane[106]. The 

C.elegans Rme-6 is a novel Rab5 GEF localised to the plasma membrane, which acts 

on clathrin-coated vesicles, andwhich has been identified as a likely candidate to 

integrate endocytic trafficking and signalling pathways. 
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1.5 Endocytosis and signalling 

Cell signalling and endocytosis membrane trafficking were traditionally viewed as 

two different processes. Although there are still some controversies, there is 

increasing evidences show that endocytosis and signalling are linked to each other. 

For example, evidence from EGF-stimulated NR6 cells found that stimulation induced 

rapid and transient activation of Rab5a[107]. EGF also leads to the translocation of 

EEA1 from cytoplasm to the endosomal membrane. In turn, Rab5a expression also 

activates EGFR endocytosis. 

Signalling receptors are particularly interesting endocytic cargoes that are precisely 

regulated through the process of endocytosis and hence provide clear evidence that 

endocytosis and signalling affect each other. 

 

1.5.1 Endocytosis regulates Signalling 

One early piece of evidence that directly showed trafficking affected signal 

transduction came from studies using the dynamin mutant K44A which cannot bind to 

GTP[108]. In EGF-stimulated HeLa cells, EGFR endocytosis was inhibited and it was not 

subject to normal ligand-induced degradation routes in cells overexpressing 

dynaminK44A compared to the cells overexpressing dynaminwt. The reduced 

endocytosis of EGFR also led to enhanced EGF-dependent cell proliferation, which 

suggested that receptor-mediated endocytosis plays important roles in the 

attenuation of EGFR signalling. The reduced endocytosis of EGFR also led to varied 

EGF-dependent tyrosine phosphorylation level, including decreased P13K, p42/44 

activity and increased SHC and phosphoinositide phospholipase C-γ (PLC-γ) activity. 

It is now clear that endocytosis is one of the primary ways to remove and degrade 

signalling receptors and their ligands from the cell surface[109]. The internalisation of 
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activated RTKs and GPCRs following delivery to lysosomes greatly decreases the 

amount of receptors on the cell surface and also within the cells [110, 111]. NR6 cells 

expressing the internalisation -defective EGFR showed enhanced ability to exhibit 

normal growth-factor responses at significantly lower ligand concentrations than the 

cells expressing WT receptors[112]. 

Recent studies have increasingly indicated that endocytosis is crucial for the 

regulation of intracellular signalling by controlling the number of active receptors in 

the plasma membrane and the activation of receptor or downstream effectors when 

plasma membrane receptors are stimulated by the extracellular ligand [113-117].  

After receptors bind their ligands, their cytoplasmic domain can be 

post-translationally modified, for example by phosphorylation or ubiquitination. This 

allows the recruitment of adaptor proteins for signalling or internalisation [118]. In 

yeast, the GPCR, Ste2, was quickly ubiqutinated following stimulation. The 

internalisation was severely inhibited in mutant yeast that lack ubiquitin-conjugating 

enzymes.  The β-catenin-mediated Wnt signalling pathway has a crucial role during 

animal development and tumor progression. Low-density lipoprotein receptor-related 

protein 6 (LRP6), a single pass transmembrane Wnt receptor, is rapidly 

phosphorylated by Wnt3a, which leads to binding to the axin complex and 

stabilization of β-catenin[119]. Inhibition of Wnt3a-dependent phosphorylation of 

LRP6 by Dickkopf1 (Dkk1) induced the internalised LRP6 to recycle back to the cell 

surface and respond to Wnt3a signalling again to extend the signalling.  

Different internalisation routes can also regulate the signalling output. In the 

internalisation of EGFR and transforming growth factor beta receptors (TGF-βR)[120, 

121], clathrin-mediated internalisation leads to the receptor being delivered to 

recycling endosomes thus prolonging the signalling but clathrin-independent 

internalisation directs the receptor to lysosomes, leading to signalling attenuation. 

After internalisation, the receptors and ligands arrive at endosomes. Endosomes 
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can provide key signalling platforms, thus further nuancing the signalling output. 

There are already numerous studies describing sustained signalling in endosomes 

from both RTKs and GPCRs. During EGF stimulation, endosomes containing Rab5 and 

EGFR recruit the Rab5 effectors APPL1 and APPL2, which leads to the activation of Akt 

to regulate cell survival[101, 102, 122]. Internalised TGF-βR interacts with the FYVE 

domain-containing adaptor SARA (SMAD anchor for receptor activation) in early 

endosomes, the interaction of which leads to the phosphorylation of SMAD family 

member 2 (SMAD2). SMAD2 then forms a complex with SMAD4 and translocates to 

the nucleus to regulate gene transcription [123-125].  

GPCR signalling plays important roles in regulating various physiological functions in 

cellular processes. It has been shown that the adaptor protein, β-arrestin, dissociates 

from the β2 adrenergic receptor (β2AR) at the plasma membrane, which then recycles 

and resensitises rapidly. By contrast, β-arrestin internalises together with the 

vasopressin V2 receptor (V2R) into endosomes, and recycles and resensitises very 

slowly. The binding between β-arrestin with the internalised receptor further 

recruites raf-1 and activates ERK, which is required for the activation of ERK 1/2[126, 

127]. These are good examples of how endocytosis can regulate both the type of 

signalling output and its magnitude. 

After delivery to the endosome, the receptors may be further sorted to be recycled 

in case the cell needs to maintain ligand stimulation, or be degraded causing 

desensitisation. Mutation of the EGFR ubiquitination sites does not affect the 

internalisation of EGFR but blocks EGFR in early endosomes, thus preventing delivery 

to lysosomes. This slow degradation EGFR mutant delays the dephosphorylation of 

MEK[128]. Similarly, increasing EGFR recycling following siRNA of the endosomal 

sorting complexes is required for transport I (ESCRT I) component tumor susceptibility 

gene 101 (Tsg 101) causes sustained EGF-activated MAPK pathway [129]. 

As signalling molecules traverse the endocytic pathway, they encounter different 

endocytic compartments harboring distinct signalling modules, linked to specific 



 

- 33 - 

 

signalling pathways. The rate of movement of signalling molecules along the 

endocytic pathway is crucial for the regulation of intracellular signalling pathway. The 

balance between the endocytosis and signalling must be achieved. 

1.5.2 Singnalling regulates endocytosis 

Numerous studies showed that endocytosis regulates signalling pathway and 

conversely, signalling also regulates endocytosis.  

Activated signalling molecules can directly affect the endocytic machinery. 

Activation of p38 kinase by stress or cytotoxic drugs causes the activation of GDI (GDP 

dissociation inhibitor) which increases the Rab5 cycle, resulting in accelerated 

endocytosis of the fluid phase marker, horseradish peroxidase [130]. Subsequent 

studies showed that activated P38 further enhanced the internalisation of EGFR that 

is not associated with ligand[131]. A genome-wide RNAi screen combined with cell 

proliferation and apoptosis assays in HeLa cells analysed the function of human 

kinases in clathrin- and caveolae/raft-mediated endocytosis and revealed that actually 

many kinases could regulate the endocytic process[132]. Several kinases were also 

found to regulate endocytosis through the activation of P38.  

 Knockdown of AP2 severely inhibited transferrin receptor endocytosis in HeLa cells 

but stimulation of EGF still induced coated pit formation that contained EGF, EGFR, 

clathrin and Grb2[133]. Pit formation required EGFR kinase activity and Grb2. The 

activation of EGFR also slowed early-to-late endosomal transport[134].  

 There are many signalling proteins that are involved in the process of endocytosis. 

Some of them even play a dual function in both signalling and endocytosis, such as 

β-arrestins, Grb2, P38 and APPL1 and APPL2[101, 102, 126, 130, 131, 135-137]. 

Studies have shown that the overlap between the process of endocytosis and 

signalling plays important roles in the regulation of cell proliferation, motility, survival 

and cell differentiation[138, 139]. However, it is still not clear how the overlap 
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between endocytosis and signalling occurs mechanically. As such, further 

investigation into the link between endocytosis and signalling is crucial. 

 

1.6 Ras 

Ras is a prototypical member of the Ras superfamily of small GTPases. As a GTPase, 

Ras also cycles between its GTP conformation and GDP conformation while the 

activity of Ras is controlled by Ras GEFs and Ras GAPs (Figure 1.2). Ras has been 

investigated as an oncogene which is important for tumour maintenance and also 

plays essential roles in controlling multiple signalling pathways [140, 141]. Activated 

Ras serves as the signalling station responsive to extracellular stimulation, controlling 

diverse processes including gene expression, cell proliferation, differentiation, cell 

adhesion and cell survival of which the pathways regulated by Ras, Ras/Raf/MEK/ERK 

pathway have been most intensively studied[142]. Recent studies showed that the 

Ras protein is also involved in the process of endocytosis.  

Early experiments showed that overexpression of H-Ras in NIT3T3 cells led to 

increased endocytosis of HRP through PKB/Akt[143]. More evidence about the 

relationship between Ras and endocytosis came from the Ras-mediated activation of 

extracellular-stimuli-regulated protein kinase 1/2 (ERK1/2 or p42/44) by EGFR[144]. 

EGF stimulation leads to the activation of EGFR and auto-phosphorylation of EGFR in 

the carboxyl terminus, which serves as a docking site to recruit the Grb2 adaptor and 

its associated protein Son-of-sevenless 1 and 2 (Sos 1/2). Sos 1/2, as a Ras GEF, then 

quickly leads to the activation of Ras, which then activates the Ras/Raf/MEK/ERK 

pathway. In the experiments, overexpression of dynaminK44A in HeLa cells blocked 

EGFR internalisation and also inhibited ERK activation[108]. However, the activation of 

Ras/Raf/MEK was not affected[145]. Previous studies using transiently or 

constitutively overexpressed Ras showed that the localisation of Ras was on 
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intracellular membranes[146]. However, a more recent study, using HRas labeled with 

the fluorescent protein mVenus, which was expressed at endogenous levels by gene 

editing, showed that endogenous levels of HRas are actually predominantly localised 

on the plasma membrane. During EGF stimulation, Ras is quickly activated but 

activated Ras does not colocalise with EGF or EGFR which are internalised into the 

endosome. A small amount of active EGFR, still localised at cell surface, ensures that 

Ras is constantly active and maintains the Ras/Raf/MEK/ERK signal pathway. This 

study showed that the main purpose of EGFR internalisation was to separate EGFR 

from Ras at cell surface [147].   

Another connection between Ras and endocytosis is RIN1. RIN1 was found as a Ras 

effector to bind to activated Ras and inhibit its activity [148, 149]. Later inside the Ras 

binding region of RIN1, a conserved Rab5 GEF domain was found [150, 151]. RIN1 was 

found to be as a Rab5 GEF in vitro and the Rab5 GEF activity of RIN1 was enhanced by 

the interaction of Ras-GTP and RIN1. RIN1 is involved in endosome fusion through 

activation of Rab5. The stimulated endosome fusion by RIN1 could be further 

enhanced by Ras-GTP. Finally, overexpression of RIN1 in NR6 cells resulted in giant 

endosomes and increased the internalisation of EGF but did not alter the 

internalisation of transferrin. The increased internalisation of EGF by RIN1 could be 

further enhanced by co-expression of Rab5wt and Raswt. Overexpression of RIN1 could 

even rescue the inhibited internalisation of EGF in cells expressing RasS17N. But a RIN1 

mutant that lacks Rab5 GEF activity still inhibited the internalisation of EGF, 

suggesting RIN1 as a Rab5 GEF may specifically regulate certain receptors.  

 

1.7 Ras and Rab5 

The relationship between Rab5 and Ras was identified a long time ago even though 

there was no evidence of a direct interaction between Rab5 and Ras. Ras was known 
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to regulate endocytosis, especially fluid phase endocytosis [152]. It was found that the 

increased uptake of HRP in NIH3T3 cells overexpressing Ras was mediated by the Ras 

downstream effector PKB/Akt[143], but overexpression of dominant negative 

Rab5S34N blocked the increased endocytosis caused by overexpression of Ras or 

PKB/Akt. Inhibited endocytosis of HRP in cells expressing kinase-dead PKB/Akt was 

rescued by transient expression of Rab5wt and even increased by overexpression of 

Rab5Q79L. 

Another relationship between Rab5 and Ras was mediated by Rab5 GEFs, RIN1 and 

Rabex-5. RIN1 was found to be a Ras effector that interacted with Ras and then 

inactivates it. It also regulated multiple signalling pathway through binding with 

14-3-3, c-ABL and Ras [149, 153]. Later it was found to contain a Rab5 GEF domain. It 

stimulated the Rab5 guanine nucleotide exchange, regulated Rab5a-dependent 

endosome fusion and EGF receptor-mediated endocytosis[150]. The functions of RIN1 

all could be further enhanced by activated Ras. 

Rabex-5 is a well-characterised Rab5 GEF. It also contains a zinc finger at the amino 

terminus which works as an E3 ubiquitin ligase to specifically promote Ras 

ubiquitination [154-156]. Overexpression of Rabex-5 increases the location of HRas in 

endosomes and also promotes the fusion of endosomes. Further investigation 

showed that the ubiquitination of HRas mediated by Rabex-5 leads to a decrease of 

Ras-ERK signal. Overexpression of Rin1 also stimulates the ubiquitination of HRas 

while overexpression of Rab5Q79L obviates the effect of RIN1 [154-156].  

  Following on from the identification of Rin1, a new Rab5 GEF was found: Rme-6. It 

not only contains a Rab5 GEF domain but also a potential Ras GAP domain, which will 

likely further enhance the relationship between Rab5 and Ras and also mediated the 

endocytic trafficking and signalling pathways. 
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1.8 Rme-6 

Rme-6, also named as Gapex-5, is a multi-domain protein that is composed of a 

C-terminal Vps9 (Rab5 GEF) domain, which is strongly similar to the catalytic domains 

found in other Rab5 GEFs, and an N-terminal Ras GAP domain. The mammalian Rme-6 

contains a central proline-rich region (Figure 1.3). 

In vitro experiments have shown that the Vps9 domain of Rme-6 has GDP release 

activity for Rab5[157]. The yeast two-hybrid system further confirmed that Rme-6 

could interact with Rab5 through its GEF domain[158]. The Ras GAP domain is also a 

highly conserved domain, implying it is likely to have important functions[159]. Rme-6 

is ubiquitously expressed in different organs and species. The human hRme-6 and rat 

Rme-6 gene showed 90% identity to that of mouse. The Ras GAP, proline-rich region 

and GEF domains of Rme-6 exhibited 97%, 100%, and 100% identity respectively.  
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Figure 1.3 hRme-6 structure and comparison with Rabex-5. The mammalian hRme-6 contains an N-terminal Ras 

GAP, a C-terminal VPS9 domain, and a central proline-rich sequence. 

 

Figure 1.4 Predicted structure of hRme-6. The predicted structure of hRme-6 based on available structures of 

Rab5 GEF domain of Rabex-5 and Ras GAP domain of p120 by Singh using I-tasser software.   

 

Rme-6 was originally found to mediate both fluid phase and receptor-mediated 

endocytosis in C.elegans via its interaction with Rab5[160]. The Rme-6 mutant 
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strongly reduced YP170 (a reporter for clathrin-dependent endocytosis) in C.elegans 

uptake in oocytes and showed accumulation of a fluid-phase endocytosis maker in the 

body cavity. In the Rme-6 mutant coelomocyes, the accumulation of microinjected 

Texas-Red-labelled BSA was inhibited. In the Rme-6 mutant oocytes, yolk receptor 

Rme-2 docked very near to the plasma membrane in small vesicles unlike those seen 

in the wild type. The size of the GFP-Rab-5 positive structures was reduced threefold 

compared to the wild type. Studies demonstrated that Rme-6 colocalised with 

mRFP1–CHC-1 and mRFP1-α-adaptin but not with EEA1 or Rab5. Knockdown of CHC-1 

but not Rab5 disrupted the localisation of Rme-6 in oocytes, which indicated that 

Rme-6 colocalised with clathrin-coated pits and that clathrin is required for the 

localisation of Rab5 to the plasma membrane[160]. 

 

1.8.1 hRme-6 and Tfn endocytosis 

During clathrin-mediated endocytosis, AP2 adaptor complexes, clathrin and other 

components including cargoes form clathrin-coated pits. After budding of the pits, the 

removal of the AP2 adaptor protein complexes is crucial for endocytic 

progression[161]. The interaction of AP2 with the plasma membrane is mediated by 

PIP2 and enhanced by AP2-associated kinase 1(AAK1), which mediates 

phosphorylation of the μ2 subunit of AP2[162]. Phosphorylation of the μ2 subunit 

increases the interaction of AP2 with cargoes, such as transferrin receptor (TfnR)[163]. 

Studies showed that clathrin-coated vesicles containing Rab5 and Rab5 participated in 

the uncoating of AP2 from the clathrin-coated vesicles [157]. siRNA studies indicated 

that hRme-6, rather than rabex5, was the relevant Rab5 GEF for uncoating. hRme-6 

competed with AAK1 for binding to the α-adaptin ear of AP2. Although full-length 

hRme-6 did not show GEF activity, in the presence of ATP and α-adaptin ear domain 

hRme-6 showed GEF activity. siRNA of hRme-6 enhanced the levels of phospho-µ2 

while over-expression of hRme-6 decreased the amount of phospho-µ2. These data 
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suggested that Rme-6 regulated µ2 dephosphorylation to further regulate AP2 

uncoating [157]. It further confirmed that hRme-6 regulated Rab5 activity and the 

regulation of hRme-6 on Rab5 was relatively specific. 

1.8.2 hRme-6 and EGFR endocytosis  

Epidermal growth factor (EGF) stimulation causes EGFR to become rapidly 

ubiquitinated, internalised and sorted either to be recycled to the plasma membrane 

or delivered to MVBs or late endosomes for degradation to attenuate signalling [164, 

165]. EGF stimulation causes Rab5 activation and in turn Rab5 plays an important role 

in the early stages of EGFR trafficking[107]. C-Cbl is an ubiquitin E3 ligase, which is 

recruited to EGFR and initiates the ubiquitination of the activated receptor [166, 167]. 

During EGF-stimulated EGFR internalisation, down-regulation of hRme-6 by siRNA 

decreased EGFR degradation impaired EGFR internalisation, ubiquitination and 

delayed the dephosphorylation of the receptor. 

Knockdown of hRme-6 by siRNA also blocked EGFR trafficking from early 

endosomes to MVBs and late endocytic compartments. This was shown by an 

increased co-localisation between EGFR and EEA1. Further investigations found that 

the effect of loss of hRme-6 on EGFR endocytosis was through a reduction in the 

interaction between c-Cbl and EGFR. Overexpressed hRme-6 could interact with 

endogenous c-Cbl through the Ras GAP domain of hRme-6. Consistent with these 

results, over-expression of Rab5aS34N in CHO cells, expressing human EGFR, led to the 

inhibition of EGFR internalisation and degradation but dramatically lifted the 

ubiquitination level of EGFR. As depletion of Rab5 isoforms in HeLa cells did not 

inhibit EGFR ubiquitination, it was suggested that hRme-6 affected EGFR 

ubiquitination independent of Rab5 activity [159].  
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1.8.3 Rme-6 and insulin 

  Insulin stimulation causes the translocation of GLUT4 from intracellular storage 

vesicles to the cell surface. The underlying mechanism involves recruitment and 

activation of PI3K forming PIP3 [168, 169] and phosphorylation of the adaptor protein 

APS[170], c-Cbl[171] and activation of Rho GTPase TC10[172], which recruits 

downstream effectors including Cdc4-interacting protein 4 (CIP4)[173].  

A yeast two-hybrid screen using CIP4 as bait to explore the role of CIP4 in 

insulin-simulated GLUT4 translocation found that Rme-6 was a binding partner for 

CIP4. The proline-rich region of Rme-6 interacted with CIP4 SH3 domain [174]. 

Overexpression of Rme-6 in 3T3-L1 adipocytes inhibited the insulin-stimulated GLUT4 

translocation while if CIP4 was co-expressed with hRme-6 then, both proteins were 

translocated from an intracellular compartment to the plasma membrane following 

stimulation with insulin and rescued the inhibition of Rme-6 in insulin-stimulated 

GLUT4 translocation. A CIP4 mutant that lacks the Rme-6 interaction domain 

co-expressed with Rme-6 could not recruit Rme-6 and Rme-6 failed to translocate. 

However, it was very interesting that Rme-6 lacking the GAP domain also inhibited 

GLUT4 translocation, which was even stronger than the effect of Rme-6 lacking GEF 

domain [175]. 

  During this process the GEF domain of Rme-6 was found to be not just a Rab5GEF 

but also a stronger GEF for Rab31. Overexpression of Rab31 also blocked 

GLUT4translocation caused by insulin stimulation in adipocytes. Knockdown of Rab31 

in adipocytes did not affect GLUT4level or the phosphorylation of Akt or Cbl but 

enhanced glucose transport during low dose insulin stimulation. These all suggested 

that insulin stimulation led CIP4/Rme-6 to be translocated to the plasma membrane, 

which reduced Rab31 activity and then permitted GLUT4to be delivered to the cell 

surface. 

  However, the function of Rme-6 in insulin-stimulated 3T3-L1 adipocytes extended 
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further than these observations. It was shown that insulin stimulation leads to the 

activation of Rab5 at the plasma membrane[176], likely via CIP4-mediated 

recruitment of Rme-6 to the plasma membrane and plasma membrane targeted 

Rme-6-CAAX greatly increased Rab5 activation at the plasma membrane. This all 

suggested that Rab5 activation by insulin was mediated by Rme-6. 

To further explore the mechanism of Rab5 activation, it was surprisingly found that 

the GAP domain of Rme-6 interacted specifically with the Rho-GTPase TC10. However, 

the TC10 interaction with the GAP domain of Rme-6 was independent of its 

nucleotide state. TC10 could activate Rab5 through Rme-6, as the overexpression of 

active TC10Q75L increased Rab5 activity but co-expression of the Rme-6 mutant lacking 

the GEF domain blocked the activation of Rab5. siRNA of endogenous Rme-6 also 

blocked the activation of Rab5 caused by TC10. The activation of Rab5 by TC10 was 

also regulated by CIP4. 

Insulin stimulation not only activates Rab5 but also leads to the formation of PI (3) 

P at the plasma membrane [37, 176]. Rme-6 and Rab5 regulated the formation of PI 

(3) P during insulin-stimulated 3T3-LI adipocytes. However, the effect caused by 

Rme-6 was independent of its GEF activity to Rab31 but more likely dependent on the 

activation of Rab5 stimulated by insulin at the plasma membrane. Knockdown of 

Rme-6 also inhibited the translocation of GLUT4 and glucose uptake stimulated by 

insulin in adipocytes. 

Over all, the function of Rme-6 in adipocytes could be divided into two steps. In 

cells without insulin stimulation, Rme-6 is mainly found in the cytoplasm and 

maintains Rab31 in an active state to maintain GLUT4 within the cell. When cells are 

stimulated with insulin, the CIP4 and Rme-6 complex relocates to the plasma 

membrane and increases the activity of Rab5 while decreasing the activity of rab31.  

This causes GLUT4 to be translocated to the plasma membrane and increases 

insulin-stimulated glucose uptake 
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1.8.4 hRme-6 and signalling 

TEK tyrosine kinase (Tie2) is an endothelial tyrosine kinase receptor for Ang1, both 

of which are involved in numerous aspects of both normal and pathological 

angiogenesis[177]. Previous work from our lab showed that in Ang1 stimulated 

Human Umbilical Vein Endothelial Cells (HUVECs), phosphorylation of Tie2, Akt, p38 

and p42/44 MAPK increased. Other data demonstrated that Tie2 internalisation was 

required for Ang1/Tie2 induced phosphorylation of Akt. Dynamin is a major 

component and marker of the clathrin-mediated endocytic pathway [178]. 

Overexpression of dynaminK44A could significantly inhibit Ang1 induced Akt 

phosphorylation. However, following overexpression of HA-hRme-6 in human 

umbilical vein endothelial cells, the phosphorylation of Akt MAPK decreased and the 

phosphorylation of p38 (Figure 1.7) and p42/44 (data not shown) increased. 

 

 

Figure 1.5 hRme-6 regulated p38 and p42/44 signalling. (a) Ang1 activated HUVECs. HUVECs were stimulated with 
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Ang1 for various minutes. Whole cell lysates were prepared and phosphorylation of Tie2, Akt and p38 were 

analysed by Western blotting. (b) Levels of hRme-6 affect phosphorylation of Akt and p38. HUVECs were 

transfected with either mock or HA-hRme-6 construct. Forty-eight hours later, HUVECs were stimulated with Ang1 

for various minutes. Whole cell lysates were prepared and phosphorylation of Akt, p38 was analysed. Experiment 

performed by Emma Maxwell.   

1.8.5 hRme-6 and other Rab5 GEFs 

Beside Rme-6, there are several Rab5 GEFs that have been reported to regulate the 

Rab5a guanine nucleotide exchange, including RIN1, Rabex5. The relationship among 

these different Rab5GEFs is quite interesting.  

Rme-6, RIN1 and Rabex-5 were all reported to regulate the process of endocytosis 

through Rab5 GEF activity. Comparing the structures of these Rab5GEFs, it is 

interesting to find that they all contain a proline rich region beside the conserved 

Rab5 GEF domain. However, they appear to regulate endocytic processes in slightly 

different ways.  

Rabex-5 forms a tight complex with the Rab5 effector Rabaptin-5. Rabex5 on its 

own appears to be conformationally unstable and the Rabex-5 GEF domain is 

autoinhibited by the Rabex-5 coiled-coil domain[179]. The tight complex formed by 

Rabex-5 and Rabaptin-5 leads to the conformational change of Rabex-5, activating its 

GEF activity and leads to a conversion of Rab5-GDP to Rab5-GTP [179]. This complex is 

also essential for early endosome homotypic fusion [89, 90]. Co-expression of Rabex-5 

with EGFR-GFP in NF73 cells sharply increase the degradation of EGF while the siRNA 

Rabex-5 in HeLa cells do not affect AP2 uncoating, suggesting that it is likely to act 

more at endosomes than at the cell surface[180].  

RIN1 as a Rab5 GEF also regulates endosome fusion[150]. Levels of RIN1 affected 

EGFR but not Tfn receptor internalisation. Overexpression of RIN1 with Rab5a leads to 

the formation of giant endosomes, which was similar to the effect of Rabex-5. 
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However, hRme-6 was found to be involved in the endocytosis process of EGFR, 

GLUT4 and Tnf receptor [157, 174]. Overexpression of hRme-6 did not lead to 

apparent endosome enlargement [157].   

Similarities exist in the functions of Rabex-5, RIN1 and Rme-6 as they are all related 

to ubiqitination and Ras during the endocytic process in diverse ways. Rabex-5 

contains a zinc finger domain that functions as an E3 ubiquitin ligase. Rabex-5 was 

reported to interact with the ubiquitinated immunoglobulin superfamily cell adhesion 

molecule L1 and further regulate the endocytic trafficking of the adhesion molecule 

L1[181]. Compared to Rabex-5, RIN1 contained a Ras binding domain which allows 

direct interaction with Ras. Overexpression of RIN1 increases the ubiquitination of 

HRas and siRNA of RIN1 reduces it. However, there is cross-talk between these two 

GEFs. The ubiqutination effect mediated by RIN1 is dependent on Rabex-5, again 

highlighting a link between endocytosis and signalling[153]. By contrast, the Ras GAP 

domain of hRme-6 may potentially regulate the activity of Ras although it differs in 

structure from classical Ras GAP domains (see chapter 3). hRme-6 is also involved in 

the regulation of EGFR through the interaction with E3 ligase, c-Cbl, by the Ras GAP 

domain of hRme-6. 

However, there are also differences in the functions of different Rab5GEFs. For 

example, in C.elegans RNA interference of either the Rabex-5 worm orthologue 

RABX-5 or Rme-6 had significant effects on YP170-GFP endocytosis by oocytes, but 

RNAi RABX-5 or RABN-5 (Rabaptin-5 worm orthologue, forming a complex with 

RABX-5 for function) in the Rme-6 mutant background caused lethality, which is 

similar to the loss of Rab5 activity. The subcellular localisation of GFP-Rab-5 expressed 

in Rme-6 mutant or RABX-5 RNAi was also similar. When depleting RABX-5 in Rme-6 

mutant, GFP-Rab-5 totally disappeared. These indicated the partial redundancy 

between Rme-6 and RABX-5-RABN-5 complex during endocytic function. 
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1.9 The Sorting Nexin 9 and Sortin Nexin 24 

Sorting nexin 9 (SNX9) and sorting nexin 24 (SNX24) belong to the sorting nexin 

family, which has the potential for membrane association through the conserved PX 

(phox-homology) domain or protein interaction with membrane-associated proteins 

[182, 183]. The PX domain mostly interacts with PI3P [184], which is enriched in early 

endosomes. Beside the PX domain, sorting nexins also contain different 

protein–protein interaction motifs that lead to different subcellular localisation. So far 

33 mammalian sorting nexins have been already found. Sorting nexins involved in 

diverse endocytosis processes, including cargo sorting, endosomal sorting and 

signalling [185].  

SNX9 is one of the best characterized proteins in the sorting nexin family. It 

contains not only a PX domain, but also a C-terminal BAR domain and an N-terminal 

Src Homology 3 (SH3) domain[186]. SNX9 is known as an essential protein in clathrin 

mediated endocytosis through the interaction with AP2, clathrin and dynamin-2[32, 

187]. SNX9 is transiently recruited to clathrin-coated pits during late stages of vesicle 

formation. It recruits dynamin to the neck of the vesicle. The interaction between 

SNX9 and dynamin is through the interaction between the SH3 domain of SNX9 and 

the proline rich domain of dynamin. The SH3 domain of SNX9 also interacts with 

synaptojanin[188], N-WASP[189]. SNX9 is known to affect EGFR degradation through 

its SH3 domain interaction with non-receptor-activated Cdc42-associated kinase 

(ACK)[190]. In addition to these observations, SNX9 localizes in actin-rich structures 

and is involved in fluid phage endocytosis through regulating actin dynamics[191].  

  Compared to SNX9, the function of SNX24 is poorly understood. SNX24 contains 

only an N-terminal PX domain[185]. The gene expression level of SNX24 is regulated 

by estrogen in breast cancer cell lines[192]. It was also shown that siRNA of SNX24 did 

not directly affect the degradation of EGFR in HeLa cells [193]. 
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1.10 IQ motif containing GTPase activating protein 1 (IQGAP1) 

IQGAP1 is known as a scaffolding protein with multiple protein interaction domains. 

It contains four isoleucine and glutamine (IQ) domains, one calponin homology 

domain, one Ras GAP-related domain and one WW domain [194-196]. The Ras GAP 

domain of IQGPA1 is quite similar to the Ras GAP domain of hRme-6. But the Ras GAP 

domain of IQGPA1 does not have detectable GTPase-activating protein activity. 

IQGPA1 has been shown to interact with Cdc42, Rac 1 actin, calmodulin, E-cadherin, 

β-catenin and CLIP-170[197].  

IQGAP1 is involved in both Tfn and EGF endocytosis. SiRNA of IQGAP1 inhibits the 

endocytosis of Tfn in MIN6 cells [198]. It is known that EGF stimulation can induce 

phosphorylation of IQGAP1Ser1443[199]. Previous SILAC experiments by Matthias Mann 

et.al show that there is interaction between EGFR and IQGAP1[200]. IQGAP1 

affecttyrosine phosphorylation of EGFR during EGF stimulation. IQGAP1 later is found 

to work as a MAPK Scaffold to bind to EGFR and B-Raf, MEK, and p42/44 to regulate 

the signalling activity in response to EGF stimulation. Knockdown or overexpression of 

IQGAP1 could decrease EGF-stimulated activation of MEK and p42/44. EGF 

stimulation promot the interaction of IQGAP1 with MEK1, but decrease the binding of 

IQGAP1 with MEK2. However, the interaction between p42/44 and IQGAP1 is 

independent of EGF [199, 201]. 

 

1.11 The key unanswered questions about hRme-6 

There is still no clear evidence showing that the Ras GAP domain of hRme-6 has Ras 

GAP activity as there is a lack of the conserved arginine in its Ras GAP domain. 

Previous studies showed that dominant positive H-RasG12V delayed EGFR 

degradation[167]. This implies that the Ras GAPs may exhibit Ras GAP activity or 
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directly bind to Ras protein to regulate Ras and Ras downstream signalling pathways, 

affect the endocytosis of EGFR. However, if the Ras GAP domain displays Ras GAP 

activity, as activated Ras and Rab5 proteins both can stimulate the process of 

endocytosis, it implies that the functions of the Ras GAP and Rab5 GEF domains 

oppose each other. While Rab5 GEF domain activates Rab5 and and is predicted to 

further increase endocytosis, the Ras GAP domain would inhibit Ras activity and then 

inhibit endocytosis through decreasing Ras signalling. One possible explanation for 

this paradox could be that the activities of Rme-6 are different when Rme-6 

encounters different signals or cargoes. 

Moreover, previous work from the Smythe lab showed that when HUVECs were 

incubated with Ang1 and Cy5-transferrin (Tfn), no more than 10% of Ang1 colocalized 

with Tfn during the first ten minutes. Only after ten minutes, did the degree of 

co-localisation of Ang1 with Tfn significantly increase (Ferriera, Maxwell and Smythe, 

unpublished). As Rme-6 regulates Tfn endocytosis and also shifts the Tie2 signalling 

intensity in Ang1 stimulated HUVECs, one possibility is that hRme-6 is recruited to 

subpopulations of endosomes containing different cargoes which cause differences in 

the way the different activities are activated. 

Another question is the relationship between hRme-6 and other Rab5 GEFs. The 

different Rab5 GEFS all regulate Rab5 and have a connection with Ras. As Rme-6 

shows a potential interaction with Ras, it is possible that hRme-6 also could bind to 

Ras and different Rab5 GEF proteins form a network to regulate the dynamic process 

of endocytosis and signal transduction. But how Rme-6 formed this network is still 

unknown.  

 

1.12 Aims and objectives of this work 

The objective of this work were to investigate the domain functions of hRme-6 and 
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the regulation of the activities of hRme-6 to find the role of hRme-6 during integrated 

endocytosis and signalling process. 

  In this chapter I highlighted the relationship between endocytosis and signalling 

and described the major regulators, Rab5 and Ras. I have introduced the key studies 

in which hRme-6 was shown to relate to the functional regulation of Rab5, Ras and 

endocytosis and signalling process.  

  The first stage of my study attempted to confirm the domain activities of hRme-6 

and explored the functions of hRme-6 in different cell models. In the second stage of 

my study, I focused on the structure study of hRme-6 in vivo and tried to reconstruct 

the structure of hRme-6. The third stage of the research was the investigation of the 

interaction partners of hRme-6 in EGF stimulated HeLa cells.  

I wanted to understand the molecular mechanism of the domain functional 

regulations of hRme-6 behind integrated endocytosis and signalling process. Using 

these approaches I hope to gain insight into the relationship between endocytosis and 

signalling.  
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2. Materials and methods  

2.1 Reagents 

General laboratory chemicals were obtained from Sigma-Aldrich Ltd.(The Old 

Brickyard, New Road, Gillingham, England, SP8 4XT) or VWR International Ltd.(Merck 

House, Poole, England, BH15 1TD), unless otherwise indicated. Chemicals were 

AnalaR grade. Ultra Pure Protogel 30% (w/v) acrylamide: 0.8% (w/v) bis-acrylamide 

stock solution (37.5:1) mix was from Geneflow Ltd. (Fradley Business Centre, Wood 

End Lane, Fradley, England, WS13 8NF). Enhanced Chemiluminescence (ECL) reagent, 

Enhanced Chemiluminescence prime (ECL prime) and Enhanced Chemiluminescence 

select (ECL select) were from Amersham Biosciences UK Ltd. (Pollards Wood, 

Nightingales Lane, Chalfont St.Giles, England, HP8 4SP). Tissue culture plastic ware 

was obtained from Greiner Bio-one (Brunel Way, Stroudwater Business Park, 

Stonehouse, Glos.GL10 3SX). Hyclone foetal calf serum was from Perbio Science UK 

Ltd. (Century House, High street, Tattenhall, Chester, England, CH3 9RJ). Bio-Rad 

Protein (Bradford) assay reagent, Mini-proteanⅡprotein electrophoresis, Mini 

Trans-Blot protein blotting, wide min-sub cell agarose gel electrophoresis and gel 

drying equipment were from Bio-Rad Laboratories Ltd. (Bio-Rad House, Marylands 

Avenue, Hemel Hempstead, England, HP2 3TD). Schleicher & Schuell Protran 

Nitrocellulose transfer membrane was from Inverclyde Biologicals (2 Teal Court, 

Strathclyde Business Park, Bellshill, Scotland, ML4 3NN). Whatman 3MM paper was 

from Fisher Scientific UK Ltd. (Bishop Meadow Road, Loughborough, England, LE11 

5RG). Complete protease inhibitor cocktail tablets and Fugene 6 transfection reagent 

were from Roche Diagnostics Ltd. (Bell Lane, Lewes, England, BN7 1LG). Dulbecco’s 

Modified Eagle Medium (DMEM), Penicillin/streptomycin solution, trypsin-EDTA, 

glutamine, BL21 DE3 pLys bacteria, subcloning efficiency DH5α chemically competent 

E.coli and LipofectamineTm 2000 transfection reagent were obtained from Invitrogen 
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Ltd. (3 Fountain Drive, Inchinnan Business Park, Paisley, Scotland, PA4 9RF). Plasmid 

DNA purification kits and Qiaquick gel extraction kits were from Qiagen (Qiagen 

House, Fleming Way, Crawley, England, RH10 2AX). Jackson Immunoresearch HRP 

conjugated secondary antibodies were obtained from Stratech Scientific Ltd. (Unit 4, 

Northfield Business Park, Northfield Road, Soham, England, CB7 5UE). Konica AX blue 

X-ray film was obtained from Hospital Engineering Ltd. (Unit 6, Mercury Way, 

Manchester, England, M41 7HS). British Biocell International (Golden Gate, Ty Glas 

Avenue, llanishen, Cardiff, CF14 5DX) supplied 5nm colloidal gold. EM grids, uranyl 

acetate and EM grade paraformaldehyde were from Agar (66A Cambridge Road, 

Stansted, Essex, CM26 8DA). 5nm Ni-NTA-Nanogold was obtained from Universal 

Biologicals Ltd. (Passhouse Farmhouse, Papworth St. Agnes, Cambridge, CB23 3QU).  

 

2.2 Antibodies 

2.2.1 Primary antibody 

Antibody  species  Raised against supplier  Dilution  

anti-Akt Rabbit affinity purified mouse Akt 
Cell Signalling  

(prod.code:9272) 
WB 1:1000 

anti-CIP4 Mouse affinity purified 
467-558 aa  

of human CIP4 

Santa Cruz  

(prod.code:sc-166810) 

IF 1:500  

WB 1:1000 

anti-EGFR Mouse affinity purified human EGFR 
ThermoFisher 

(prod.code:MS-400-P1) 
IF 1:500 

anti-Flag Mouse affinity purified Flag Tag 
Sigma  

(prod.code:F3040) 

IF 1:500  

WB 1:5000 

anti-GST Mouse affinity purified GST 
Sigma  

(prod.code:G1160) 
WB 1:1000 

anti-hRme-6 Rabbit affinity purified 
700-750 aa  

of hRme-6 

Bethyl Lab 

(prod.code:A302-116A) 
IF 1:1000 

anti-hRme-6 Rabbit affinity purified 
550-600 aa 

 of hRme-6 

Bethyl Lab 

(prod.code:A302-115A) 
WB 1:1000 

anti-his Mouse affinity purified His Tag R&D system WB 1:1000 
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(prod.code:MAB050) 

anti-IQGAP1 Goat affinity purified human IQGAP1 
Santa Cruz 

(prod.code:sc-8737) 
IF 1:500  

anti-TfnR Mouse affinity purified TfnR B3/25 MAb In house IF 1:500 

anti-p42/44 Rabbit affinity purified Rat p44 MAPK 
Cell Signalling 

(prod.code:4695) 
WB 1:1000 

anti-p38 Rabbit affinity purified human p38 MAPK 
Cell Signalling 

(prod.code:9212) 
WB 1:1000 

anti-Phospho 

-p42/44 
Rabbit affinity purified 

Thr202/Tyr204 of 

human p44 MAPK  

Cell Signalling 

(prod.code:4370) 
WB 1:1000 

anti-Phospho 

-p38 
Rabbit affinity purified 

Thr180/Tyr182 of 

human p38 MAPK 

Cell Signalling 

(prod.code:9211) 
WB 1:1000 

anti-Phospho 

-Akt 
Rabbit affinity purified 

 Ser473 of 

 mouse Akt 

Cell Signalling 

(prod.code:4058) 
WB 1:1000 

anti-SNX9 Mouse affinity purified 
391-436 aa  

of human SNX9 

Santa Cruz 

(prod.code:sc-166863) 
IF 1:500 

Anti-Nup98 Mouse affinity purified 
581-880 aa of 

human Nup98 

Santa Cruz 

(prod.code:sc- 74553) 
IF 1:500 

Table 2.1 Primary antibodies used in this project. Table detailing the species, source, supplies and 

working concentrations of the primary antibodies used in this project.  

2.2.2 Secondary antibodies 

Antibody  species  
Raised 

against 
supplier  Dilution  

anti-rabbit HRP Goat affinity purified Rabbit IgG 
Jackson Immunoresearch Labs 

(Prod.Code: 111-035-144) 
1:5,000 

anti-mouse HRP Goat affinity purified Mouse IgG 
Jackson Immunoresearch Labs 

(Prod.Code: 111-035-003) 
1:5,000 

anti-mouse alexa 

fluor 488 

Donkey affinity 

purified 
Mouse IgG Invitrogen (Prod.Code: A21202) 1:1,000 

Table 2.2 Secondary antibodies used in this project. Table detailing the species, source, suppliers 

and working concentrations of the secondary antibodies used in this project.  

 



 

- 53 - 

 

2.3 Primers used 

Subcloning of GST and hRme-6 into pSL1180 

F 5’ - TCC CCG CGG ATG TCC CCT ATA CTA GGT TA 

R 5’ -CTT CAA GAC AAG GTC CCC GGG CGC CGG CGT TT 

F 5’ – TTG CGG CCG CAT ACC CAT ACG ATG TTC CAG AT 

R 5’ -TTT TGG TAG CTA CTG GCT TTC GTA GTA GTA GTA GTA GTA ACT AGA TCT CG 

 

Subcloning of GST-hRme-6 into pRSET A  

F 5’ –CGA GCT CAA GAT GGA TCC ACT AGT CCA GTG TGG TG 

R 5’ –AAT TTT GGT AGC TAC TGG CTT TCA CTC CAT GGG G 

 

Subcloning of GST-hRme-6 into pcDNA3.1-Flag 

F 5’ –TTG CGG CCG CAG ATG GAT CCA CTA GTC CAG TG 

R 5’ -TTT TGG TAG CTA CTG GCT TTC ACT AGA TCT CG 

 

Subcloning of Ras GAP domain of hRme-6 into pRSET A 

F 5’ –CCC TCG AGT ACC CAT ACG ATG TTC CAG ATT 

R 5’ -TTT TGG TAG CTA CTG GCT TTC ACT CCATGG GG 

 

Subcloning of middle I domain of hRme-6 into pcDNA3.1-Flag 



 

- 54 - 

 

F 5’ –TTG CGG CCG CAT ACA ATA CAC CTC AGC TAT C  

R 5’ –AGG CCG TAT TCA CGT TGG AGA ACT AGA TCT CG 

 

Subcloning of middle II domain of hRme-6 into pcDNA3.1-Flag 

F 5’ –TTG CGG CCG CAT CTG AGG ATA TTC CCA ATA A  

R 5’ –TGA GAC GTT CGG TTC GTC GGA CTA GAT CTC G 

 

Subcloning of Rab5 GEF domain of hRme-6 into pcDNA3.1-Flag 

F 5’ –TTG CGG CCG CAG CCC ACC CGC AGG ATT CAG CT 

R 5’ -TTT TGG TAG CTA CTG GCT TTC ACT AGA TCT CG 

 

2.4 Common buffers 

2.4.1 PBS 

1.76 mM KH2PO4, pH 7.4, 137 mM NaCl, 2.68 mM KCl, 8.1 mM Na2HPO4 ( Sambrook 

et al., 1989). Store at room temperature.  

2.4.2 TBS  

20 mM Tris, pH 7.4, 137 mM NaCl. A 10X stock was made and stored at room 

temperature.  

2.4.3 KSHM buffer 

20 mM Hepes, pH 7.4, 100 mM potassium acetate, 85 mM sucrose, 1 mM MgCl2. 
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Buffer was sterile filtered and stored at 4°C for up to one week. 

2.4.4 5XSDS gel loading buffer 

   0.25M Tris, pH6.8, 0.5 M DTT, 10% (w/v) SDS, 0.25% (w/v) bromophenol blue, 50% 

(w/v) glycerol 

2.4.5 SDS electrophoresis running buffer  

  25 mM Tris, 190 mM glycine, 1% (w/v) SDS. Store at room temperature. 

2.4.6 Western blotting transfer buffer 

25 mM Tris, 190 mM glycine, 20% (v/v) methanol. Store at room temperature. 

2.4.7 TAE  

27. mM Tris acetate, 1 mM EDTA, pH 8.0 

2.4.8 HBS 

  27.2 mM HEPES, pH 7.0, 137 mM NaCl, 1.12 mM Na2HPO4.7H2O. Buffer 

components were mixed, filtered and re-adjusted. Store at -20°C in aliquots.  

2.4.9 4xNative PAGE sample buffer 

  50 mM Bis-Tris, 6 N HCl, 50 mM NaCl, 10% (w/v) Glycerol, 0.001% (w/v) Ponceau S, 

pH 7.2. Store at -4°C up to half year.  

2.4.10  Native PAGE running buffer 

  50 mM Bis-Tris, 50 mM Tricine, pH 6.8 
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2.4.11  Native PAGE dark blue Cathode buffer 

50 mM Bis-Tris, 50 mM Tricine, pH 6.8, 0.02% Coomassie G-250 

2.4.12  Native PAGE light blue Cathode buffer 

50 mM Bis-Tris, 50 mM Tricine, pH 6.8, 0.002% Coomassie G-250 

2.4.13  Native PAGE Coomassie R-250 stain solution 

0.02% (w/v) Coomassie R-250 in 30% (v/v) methanol and 10% (v/v) acetic acid 

2.4.14  Ponceau S stain solution 

0.1% (w/v) Ponceau S in 5% (v/v) acetic acid 

2.4.15  SDS trapping buffer  

   0.3 M Tris base, 30% (w/v) glycerol, 5% (w/v) SDS, 0.05% (w/v) bromophenol blue, 

pH 6.8 

2.4.16  10x GAP assay nucleotide loading buffer  

   500 mM Hepes, pH 6.8, 10 mg/ml BSA, 10 mM DTT 

2.4.17  γ-P32 GTP dilution buffer  

   50 mM Tris-HCl, pH 8.0, 1 mM DTT, 1 mM ATP. 

2.4.18  GEF assay preloading buffer 

   20 mM Tris-HCl, pH 8.0, 62.5 mM NaCl, 10 mM EDTA, 5 mM MgCl2, 0.36% (w/v) 

chaps, 0.5 mM DTT, 120 μM GDP. 
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2.4.19  GEF assay reaction buffer 

   40 mM Tris-HCl, pH 8.0, 62.5 mM NaCl, 5 mM EDTA, 15 mM MgCl2, 0.36% (w/v) 

chaps, 0.5 mM DTT, 100 μM GTP. 

2.4.20  GEF assay stop buffer  

20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 20 mM MgCl2 

2.4.21  CK2 assay enzyme buffer  

  50 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 0.1 mM EDTA, 2 mM DTT, 0.01% Brij 35 

2.4.22  PLA assay wash buffer A 

  10 mM Tris-HCl, 150 mM NaCl, pH 7.4, 0.05% (v/v) Tween 20. Buffer was filtered 

through a 0.22 μm filter and stored at 4°C. 

2.4.23  PLA assay wash buffer B 

  0.2 M Tris, 0.1 M NaCl. Buffer was filtered through a 0.22 μm filter and stored at 

4°C. 

 

2.5 Molecular biology techniques 

2.5.1  Transforming competent bacteria  

Competent bacteria were transformed as follows: 50 μl of competent bacteria cells 

(stored at -80°C) per transformation were thawed slowly on ice before 0.2 μg of 

plasmid DNA was added. The mixture was then incubated on ice for a further 20 
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minutes before heat shocking at 42°C for 90 seconds. The bacteria were placed on ice 

for 2 minutes. 800 μl of LB media without antibiotic was then added before incubating 

the cells at 37°C for 1 hour with shaking at 150 rpm (allowing the transformed cells to 

express antibiotic resistance genes). Cells were pelleted by centrifugation at 4,000 

rpm for 5 minutes and 600 μl media was discarded. The cells were re-suspended in 

the remaining 200 μl LB media and spread out on an LB plate supplemented with the 

appropriate selective antibiotic. The plate was incubated over-night at 37°C and 

colonies were selected for further processing. 

2.5.2 Preparation of glycerol stocks of bacteria for freezing 

3 ml of LB containing 100 μg/μl Ampicillin or 50 μg/μl Kanamycin was incubated 

with a single colony of bacteria over-night with shaking at 37°C. 1.5 ml of bacterial 

culture was pelleted by centrifugation at 4,000 rpm for 5 minutes. LB media was 

removed and the pellet resuspended in 400 μl LB media. After the addition of 400 μl 

40% (w/v) glycerol, the bacteria were frozen at -80°C. 

2.5.3 Isolation and purification of DNA (Mini prep protocol) 

  Plasmid DNA was isolated and purified from bacteria using QIAprep Miniprep 

according to the manufacturer’s instructions. Bacteria from a single colony were 

shaken overnight at 37°C in 3 ml LB media containing 100 μg /ml Amphicillin or 50 

μg/μl Kanamycin. 1.5 ml of bacteria was pelleted by centrifugation at 12,000 rpm for 

1 minute. The bacterial pellet was resuspended in 250 μl buffer P1 (10 mM Tris pH 8.0, 

0.5 mM EDTA, 100 μg /ml RNAse, pH 9.0). Bacteria were lysed by adding 250 μl buffer 

P2 (200 mM NaOH, 1% SDS). The mixture was inverted six times and left at room 

temperature for 1 minute. Then the reaction was neutralized by 350 μl buffer N3 (4.2 

M Gu-HCl, 0.9 M potassium acetate, pH 4.8) and centrifuged at 12,000 rpm for 10 

minutes to separate plasmid DNA with other materials in the cell. The supernatant 

containing plasmid DNA was transferred to QIAprep spin column and centrifuged for 
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60 seconds at 12,000 rpm. The column was then washed by 750 μl buffer PE (10 mM 

Tris-HCl, 80% ethanol, pH 7.5) and centrifuged for 30 seconds at 12,000 rpm. The 

plasmid was eluted with 65 μl distilled water and stored at -20°C.  

2.5.4 Purification of DNA (Maxi prep protocol) 

Plasmid DNA was purified from bacteria using Hipure Plasmid Filter Maxprep kit 

according to the manufacturer’s instructions. Bacteria from a single colony were 

incubated at 37°C in 250 ml LB media containing 100 μg /ml Amphicillin or 50 μg/μl 

Kanamycin for 16 hours. Bacteria were pelleted by centrifugation at 4000 rpm for 10 

minutes. The pellet was resuspended in 10 ml resuspension buffer R3 (50 mM Tris-HCl, 

pH 8.0, 10 mM EDTA, 20 mg/mL RNase A). Bacteria were lysed by adding 10 ml lysis 

buffer L7 (0.2 M NaOH, 1% (w/v) SDS).The mixture was inverted gently six times and 

left at room temperature for 5 minutes. Then the reaction was neutralized by 10 ml 

precipitation buffer N3 (3.1 M Potassium acetate, pH 5.5). The precipitated lysate was 

transfer in to the pre-equilibrated column to allow the plasmids to bind to the column. 

The column was washed by 50 ml buffer W8 (0.1 M Sodium acetate, pH 5.0, 825 mM 

NaCl, 80% ethanol). Plasmid was eluted by 15 ml elution buffer E4 (100 mM Tris-HCl, 

pH 8.5, 1.25 M NaCl). The elution was mixed with 10.5 ml isopropanol and centrifuged 

at 12,000 rpm for 30 minutes at 4°C. The plasmid pellet was further washed by 5 ml 

70% ethanol. After 15 minutes air-drying, 500 μl distilled water was added to the 

pellet to dissolve the plasmid. The plasmid concentration was measured and the 

plasmid was then stored at -20°C.  

2.5.5 DNA Agarose gel electrophoresis 

1% agarose gels were prepared by boiling 0.5 g agarose in 50 ml TAE. 2 μl ethidium 

bromide (10 mg/ml) or 5 μl SYBR® Safe DNA gel stain were added to the agarose prior 

to pouring into the gel apparatus. The gel was then allowed to solidify at room 

temperature for 20 minutes. Gels were run at 120 volts for 40 minutes. Images were 
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then captured by Bio-Rad Gel Doc EZ System.  

2.5.6 Purification of DNA from agarose gels 

  DNA was purified using a QIAquick gel extraction kit according to the 

manufacturer’s instructions. After electrophoresis, DNA bands were visualised under 

blue light and cut out of the gel by scalpel. The gel slice was resuspended in three 

volumes of buffer QG at 50°C for 10 minutes. After the gel dissolved, an equivalent gel 

volume of isopropanol was added to the sample and mixed. The whole sample was 

then applied to a QIAquick spin column and centrifuged at 12,000 rpm for 1 minute. 

The column was then washed by 750 μl buffer PE (10 mM Tris-HCl, 80% ethanol, pH 

7.5) and centrifuged for 30 seconds at 12,000 rpm. The plasmid was eluted with 35 μl 

distilled water and stored at -20°C.  

2.5.7 Restriction enzyme digests 

  1 μg DNA was digested with 10 U restriction enzyme in PCR tube at 37°C for 3 hours. 

If the sample was going to be used for DNA ligation, the vectors were treated with 1 μl 

Alkaline Phosphatase for 30 minutes to prevent self ligation after double digestion.  

2.5.8 DNA ligation 

  Ligation mix contained 33% empty vector (~33 ng), 67% insert gene (~64 ng), 400 

units of T4 DNA ligase in 1X T4 ligation buffer. Ligation was allowed to proceed for 12 

hours at 14°C. The ligation sample was then transformed into competent cells.  
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2.6 Mammalian cell culture techniques 

2.6.1 Culture conditions 

HEK293 and HeLa cells were cultured in Dulbecco's Modified Eagle Medium 

supplemented with 10% heat inactivated fetal bovine serum and 1% 

penicillin/streptomycin and glucose. Cells were incubated at 37°C in a humidified 

atmosphere with 5% CO2 and passaged 1:5 -1:10 every three days. 

2.6.2 Mammalian cell transfection strategies 

2.6.2.1 Transfection of HEK293 cells 

HEK293 cells were transfected by the calcium phosphate method (Sambrook et al). 

Cells were split to 20% confluence three hours before transfection in 10cm dishes. 10 

μg DNA was mixed with 62 μl 2 M CaCl2 and H2O to the final volume of 500 μl. This 

was added drop wise to 500 μl 2x HBS. 15 minutes later, the mixture was dropped to 

the cells. 48 hours later, the cells were harvested for further use.  

2.6.2.2 Transfection of HeLa cells 

HeLa cells were transfected by polyfect transfection reagent according to the 

manufacturer’s instruction. 4x105 cells were seeded in 6-well plates with 3 ml growth 

media 20 hours prior to transfection. The cells would be 40% confluent on the day of 

transfection and the cell media was changed to fresh cell growth media (containing 

serum and antibiotics) at the beginning of transfection. 1.5 μg of DNA was diluted in 

cell growth media containing no serum, protein, or antibiotics to the volume of 100 μl. 

12 μl polyfect transfection reagent was mixed with the DNA solution. This was then 

incubated at room temperature for 15 minutes. 15 minutes later, 600 μl cell growth 

media (containing serum and antibiotics) was added to the reaction tube. The mixer 
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was immediately added to the cells in the 6-well plate. 

 

2.7 Insect cell culture techniques 

2.7.1 Sf21 cell Culture  

Sf21 cells were cultured in Sf-900™ II SFM media supplemented with 5% heat 

inactivated foetal bovine serum and 1% penicillin/streptomycin and glucose. Cells 

were cultured at 25°C and split 1:5 -1:10 every three days and maintained between 

105-106 cells per ml. 

2.7.2 Baculovirus infection of Sf21 cells   

150 ml Sf21 cells were cultured in 0.5x106 density 16 hours before infection. 5 ml of 

baculovirus (6X106 pfu/ml, made by Elizebath Smythe, Department of Biomedical 

Science, University of Sheffield) was added to the cell. 72 hours later the cells were 

harvested for further use. The original viral stock was a generous gift from Professor 

Katada’s lab at the University of Tokyo. 

 

2.8 Protein techniques 

2.8.1 Bradford assay 

  Protein concentration was determined by the Bradford method (Bradford, 1976). 1 

ml Bradford dye reagent concentrate was diluted with 4 ml H2O. 5 μl of the protein 

sample to be assayed was added to 995 μl diluted dye. The absorbance was measured 

at 595 nm and compared to known BSA standards.   
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2.8.2 SDS-polyacrylamide gel electrophoresis 

  The separating gels were prepared as a 5 ml mix of 1.7 ml acrylamide (30%w/v), 

1.3 ml 1.5 M Tris (pH 8.8), 2 ml H2O, 50 μl 10% SDS, 50 μl ammonium persulphate and 

4 μl TEMED. The stacking gels were prepared as a 3 ml mix of 2.1 ml H2O, 500 μl 

acrylamide (30% w/v), 380 μl 1 M Tris (pH 6.8), 30 μl 10% SDS, 30 μl ammonium 

persulphate and 3 μl TEMED. Before electrophoresis, protein concentrations were 

measured by the Bradford assay. Samples were equalized for protein and boiled at 

100°C for 5 minutes in SDS loading buffer. Polymerized gels were assembled into a 

Bio-Rad Mini-Protein II apparatus and filled with SDS gel running buffer. The gel was 

run at 100 volts for 30 minutes until the samples had left the stacking gel and then 

120 volts for 1-2 hours to electrophorese through the separating gel. Protein ladders 

(colorplus prestained protein ladder broad range, New England Biolabs) were run 

alongside lysates to assess the size of protein bands. 

2.8.3 Coomassie blue staining of gels 

  A 45% (v/v) methanol, 10% (v/v) acetic acid solution was mixed with phast gel blue 

tables. Gels were stained for 2 hours and de-stained in de-stain buffer (10% v/v 

methnol, 10% v/v acetic acid) for 4 hours.  

2.8.4 Immunoblotting 

  After electrophoresis, gels were removed from the retaining plate and overlaid 

with pre-wet nitrocellulose sandwiched by Whatmann 3 MM paper. Transfer was 

carried out at 400 mA/constant current for 80 minutes at 4°C in Bio-Rad mini protean 

II apparatus. Once transferred, the membrane was stained with Ponceau S solution to 

check the transfer quality and blocked with 5% (w/v) milk powder dissolved in TBS for 

1 hour at room temperature. Following blocking, the membrane was incubated with 

primary antibody (see table 1) diluted in blocking buffer, against the target protein, 
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overnight at 4°C. The membrane was then rinsed in TBS 3 times for 10 minutes and 

incubated with secondary antibody conjugated to HRP at 1:5000 for 1 hour at room 

temperature. Following three x 10 minutes washes in TBS, membranes were 

incubated with ECL select western blotting reagents (GE Healthcare), according to the 

manufacturer’s instructions. Images were then captured by Bio-Rad cameras.  

2.8.5 Bis-Tris Native PAGE electrophoresis 

Native PAGE™ Novex™ 3-12% Bis-Tris Protein Gels were obtained from Invitrogen 

and assembled into XCell SureLock® Mini-Cell mini apparatus. Samples were mixed 

with 4X native PAGE sample buffer. Mixed samples and 5μL of Native Mark™ 

Unstained Protein Standard (Invitrogen) were loaded into the wells. Samples were 

then top filled with dark blue Cathode buffer to provide easy visualization of the 

sample wells. The upper buffer chamber was then filled with 220ml dark blue cathode 

buffer, so the buffer level did not exceed the level of the wells and the lower buffer 

chamber was filled with 200ml Native PAGE running buffer. Samples were run at 100 

volts for 1 hour. Then the upper buffer chamber was changed to light blue cathode 

buffer and the sample continued run at 150 voltages for 4-5 hours. 

2.8.6 Coomassie staining of native PAGE  

  After native PAGE electrophoresis, the gel was quickly placed in fix solution (40% 

methanol, 10% acetic acid), microwaved on high power for 45 seconds and incubated 

in fix solution for 15 minutes at room temperature. The gel was then stained in 100 ml 

Coomassie R-250 Stain solution for 2 hours at room temperature. The gel was finally 

de-stained in 8% acetic acid solution.  

2.8.7 Native PAGE western blot  

  The polyvinylidene difluoride (PVDF) membrane was pre-wetted in methanol for 15 
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seconds. The membrane was briefly rinsed in distilled water and then placed in 1X 

transfer buffer. After native PAGE electrophoresis, gels were removed from the 

retaining plate and overlaid with pre-activated PVDF membrane sandwiched by 

Whatmann 3 MM paper. Transfer was carried out at 25mA/constant current overnight 

at room temperature. After transfer, the membrane was incubated in 20 ml of 8% 

acetic acid for 15 minutes to fix the proteins. The membrane then could be used for 

immunoblotting. 

 

2.9 Protein purification 

2.9.1 Purification of GST fusion proteins  

  pGEX plasmids encoding GST fusion proteins were transformed into BL21 DE3 cell 

strain. A single colony from the transformed bacteria plate was cultured in 5 ml LB 

media containing 100μg/ml ampicillin at 37°C with shaking overnight. 5ml of the 

overnight media was transferred to 500ml LB media containing 100 μg/ml ampicillin. 

After 3 hours shaking at 37°C, when the OD of bacteria at 600 nm reached 0.6~0.7, 

IPTG was added to final concentration of 250 μM to induce the target protein 

expression. The bacteria were incubated with shaking at 37°C for another 4 hours 

before harvesting. For GST-GAP and GST-GEF fusion protein, the induction 

temperature was 25°C. For GST-hRme6 and GST-IQGAP1, fusion protein, the induction 

temperature was 20°C. Bacteria were harvested by centrifugation at 4,000 rpm for 10 

minutes in a JLA10.5 rotor. 

  The bacterial pellet was then resuspended in 25 ml cold TBST (TBS containing 1% 

Triton X-100 (w/v), complete protease inhibitor cocktail (Roche) and 1 mM PMSF). 

Bacteria were further broken by sonication with 10x10 second bursts with 20 seconds 

interval on ice. Samples were then centrifuged for 30 minutes at 12,000 rpm in a 
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Beckman JA 25.50 rotor to separate the insoluble material from the lysate. At the 

same time, 1 ml of glutathione agarose slurry was pre-washed twice with 50 ml cold 

TBS. The bacterial supernatant was isolated and incubated with glutathione agarose 

beads at 4°C for 1 hour on a rotating wheel. After incubation, the beads were washed 

three times with 50 ml cold TBS. Fusion protein was eluted from the beads by fresh 

made elution buffer (10 mM glutathione in TBS, pH 7.4). The purified GST fusion 

protein was aliquoted and stored at -80°C. The concentration of the protein was 

measured by Bradford method. 30 μl of beads and 30 μl eluted protein were prepared 

for SDS-PAGE to check the purity of the protein. 

2.9.2 Purification of GST-Rab5 protein 

  pGEX-6p-1 plasmids encoding GST-Rab5 protein were transformed into BL21 (DE3) 

cell line. Bacteria were grown according to the method described above for GST 

fusion proteins. The harvested bacterial pellet was resuspended in 25 ml cold buffer A 

(50 mM Tris, pH 7.5, 50 mM NaCl, 5 mM MgCl2, 50 μM GDP) with 1% Trion 

X-100(w/v)containing complete protease inhibitor cocktail and 1 mM PMSF. Bacteria 

were further broken by sonication with 10x10 second burst with 20 seconds interval 

on ice. Samples were then centrifuged for 30 minutes at 12,000 rpm in a Beckman JA 

25.50 rotor to separate the insoluble material from the lysate. 1 ml of 50 % 

gluytathione beads slurry was washed three times with 50 ml buffer A with 1% Trion 

X-100 and 100 μM GDP. The supernatant was then incubated with the beads at 4°C for 

1 hour on a rotating wheel. After incubation, the beads were washed three times with 

buffer A containing 1% Trion X-100 and twice more with just buffer A. The protein was 

then eluted from the beads by freshly made elution buffer (10 mM glutathione in 

buffer A, pH was checked to ensure that it was >8.0) 

2.9.3 Purification of his-SNX9 and his-SNX24 proteins from bacteria 

Bacteria were grown as described above for GST-fusion proteins. After sonication 
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and centrifugation, the supernatant was incubated with Ni-NTA resin at 4°C for 1 hour 

on a rotating wheel. The beads were washed three times with 50ml cold TBS 

containing 20 mM imidazole. The protein was eluted from the beads by TBS 

containing 250 mM imidazole (pH 7.4). The purified protein was aliquoted and stored 

at -80°C. The concentration of the protein was measured by Bradford method.  

2.9.4 Purification of Flag-hRme-6 from insect cells and HEK293 cells 

  Sf21 cells overexperssion Flag-hRme-6 were centrifuged and the pellet from 150 ml 

of cells was lysed in 20 ml lysis buffer (20 mM Hepes (pH 7.4), 150 mM KCl, 1 mM 

MgCl2, 1% Triton X-100 (w/v), containing complete protease inhibitor cocktail and 1 

mM PMSF )for 15 minutes on ice and centrifuged at 12,000 rpm for 30 minutes at 4°C. 

At the same time, 0.5 ml Flag M2 affinity gel slurry was pre-washed twice using 50 ml 

cold TBS. The insect cell supernatant was incubated with Flag M2 affinity gel at 4°C for 

2 hours on a rotating wheel. The beads were then washed three times with 100 ml 

cold TBS. Flag-hRme-6 was eluted from the beads by 1.5 ml TBS containing 50 ng/ml 

Flag peptide. The purified protein was aliquoted and stored at -80°C. The 

concentration of the protein was measured by Bradford method.  

pcDNA3.1-Flag-hRme-6 or pcDNA3.1-Flag-hRme-6-his plasmid was transfected into 

HEK293 cells by calcium phosphate[202]. 3x106 HEK293 cells overexpressing 

Flag-hRme-6 were lysed in 5 ml lysis buffer (20 mM Hepes (pH 7.4), 150 mM KCl, 1 

mM MgCl2, 1 mM CaCl2 containing 1% NP-40 (w/v) containing complete protease 

inhibitor cocktail and 1 mM PMSF ) for 15 minutes on ice. Cells were then centrifuged 

at 12,000 rpm for 30 minutes at 4°C. The Flag-hRme-6 was then purified as described 

above from insect cells.  
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2.10 Immunoprecipitation 

40 μl 50% protein G agarose beads slurry was washed twice with 1.5 ml PBS to 

remove the ethanol. The beads were then incubated with 2 μg antibody for the target 

protein for 1 hour at 4°C. Unbound antibody was removed by three washes in TBS. 

After cell stimulation, the cell culture dish was placed on ice and washed twice with 

cold PBS. Pre-chilled cell lysis buffer (1 ml per 107cells/100 mm dish/150 cm2 flask; 0.5 

ml per 5x106 cells/60 mm dish/75 cm2 flask) was added to the dish. Cells were then 

scraped off the dish using a cold plastic cell scraper and the cell lysate was gently 

transfered into a pre-cooled microfuge tube. The cell lysate was then kept on ice for 

10 minutes and centrifuged at 12,000 rpm for 30 minutes. After centrifugation, the 

supernatant was transfered to a fresh tube and kept on ice. The protein concentration 

of the lysate was measured by Bradford assay. 700 μg of cell lysis was mixed with the 

beads preloaded with antibody and incubated at 4°C under rotary agitation overnight. 

After incubation, the tube was centrifuged for 5 minutes at 500 g. The supernatant 

was removed and the beads were washed in lysis buffer three times (each time the 

beads were incubated with lysis buffer 5 minutes following centrifugation at 4°C and 

the supernatant was discarded). Finally, the last supernatant was removed and 20 µl 

of 2x loading buffer was added to the beads. The sample was boiled at 100°C for 5 

minutes to denature the proteins and separate them from the protein G beads. The 

sample was centrifuged and the supernatant was loaded to the SDS PAGE. After 

SDS-polyacrylamide gel electrophoresis, the sample was analyzed by Immunoblotting.  

 

2.11 In-vitro Ras GTPase stimulating assays (GAP assay) 

Recombinant human hRas was preloaded with γ-P32 GTP in a reaction containing 
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100 μl GST-Ras (34 ng/μl) protein, 100 μl γ-P32 GTP (4 pmol γ-P32 GTP) (6000 Ci/mmol; 

PerkinElmer Life Sciences) in 50 mM Hepes, pH 6.8, 1 mg/ml BSA, 1 mM DTT at 30°C 

for 30 minutes. The amount of bound γ-P32-GTP was determined by filtration of 1 μl of 

the pre-loaded GST-Ras onto a nitrocellulose filter and Cherenkov counting. During 

Ras preloading, 19 μl of the GAP sample to be assayed was mixed with 11 μl of 

reaction buffer (5 μl of 10x GAP assay nucleotide loading buffer, 5 μl of 10 mM GTP, 1 

μl of 250 mM MgCl2) on ice. The reaction was started by adding 20 μl of the 

pre-loaded GST-Ras to the 30 μl GAP/buffer combination, mixing, and placing at 30°C 

with gentle shaking. As there were high amount of nonradioactive GTP in the reaction 

buffer, GST-Ras cannot bind radioactive GTP again after hydrolysis, so the GAP activity 

was measured by the single round turnover of the released γ-phosphate into the 

reaction. At individual time points, 10 μl of the reaction sample was taken and mixed 

with 790 μl ice-cold 5% (w/v) activated charcoal in 50 mM NaH2PO4 to stop the 

reaction. The charcoal was pelleted, and the amount of released Pi32 in 400 μl of the 

supernatant was determined by Cherenkov counting. The percentage of released 

γ-Pi32 was then calculated and expressed as the amount of nonradioactive GTP been 

catalysed [203]. 

2.12 In-vitro GEF assay 

  400 μl GST-Rab5 proteins immobilized on glutathione agarose beads were washed 

once with fresh GEF assay pre-loading buffer and incubated in this buffer for 20 

minutes at 30°C with constant shaking to load GDP. The beads coupled with GST-Rab5 

protein were then washed twice with reaction buffer and mixed with 100 pmol α-P32 

GTP (6000 Ci/mmol; PerkinElmer Life Sciences) to the volume of 600 μl. Equal 

volumes of beads were added to various conditions and incubated at 30°C with 

constant shaking. A 50 μl reaction contained 30 μl preloaded GST-Rab5, 20 μl other 

additions including 4 pmol α-P32 GTP and 5 mmol cold GTP. The reaction was stopped 

by add 950 μl ice-cold stop buffer to the 50 μl reaction. The beads were then washed 
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twice with cold stop buffer at 2,000 rpm for 5 mins. The beads were then counted. 

The amount of nucleotide exchange was reflected by the amount of GTP bounded to 

GST-Rab5 on beads[157]. 

 

2.13 Gel filtration  

 SuperdexTM-200 gel filtration (GE Healthcare) column was equilibrated with cold 

KSHM buffer. Superose 6 HR 10/30 gel filtration column (GE Healthcare)was 

equilibrated with the control buffer (20 mM HEPES (pH 7.4), 100 mM KCl, 1 mM EDTA, 

1 mM EGTA, 2 mM MgCl2, 10% glycerol, and 0.5 mM DTT). Protein samples were 

centrifuged at 12,000 ×rpm for 10 minutes at 4°C before being injected into the 

column. 100-500 μg of the protein supernatant was loaded onto the column which 

was run at a flow rate 0.15 ml/min. Every 0.15 ml sample was collected as a fraction. 

25 μl aliquot of each fraction was subjected to SDS PAGE and checked by 

immunoblotting. 

 

2.14 Electron Microscopy 

2.14.1  Electron Microscopy hardware 

  All negative samples were sectioned using a Reichert-Jung Ultracut E microtome. 

Samples were examined at 100kv using the Philips CM100 transmission electron 

microscope which were recored by Gatan Multiscan 794, 1K X1K charge-couple device 

camera, and at an accelerating voltage of 80Kv using FEI Tecnai transmission electron 

microscope which were recorded using a Gatan Orius 1000 digital camera and Digital 

Micrograph software.  
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2.14.2  Negative staining 

2.14.2.1 Preparing uranyl formate 

0.75% uranyl formate was prepared and stored in the fridge. 4.5 ml boiling water 

was added to 0.0375 g of uranyl formate. This was protected from the light and stirred 

for 5 minutes. 5 M NaOH (~8 μl) was added until a slight change of the colour 

happened. The solution was stirred for another 5 minutes, filled to 5 ml and then 

filtered through a 0.2 μm filter.  

2.14.2.2 Glow discharging of carbon-coated grids  

  Glow discharge of grids was sectioned using a Reichert-Jung Ultracut E microtome.  

Glow discharge of grids was carried out on a parafilm coated microscope slide. Time 

for glow discharging varied but was typically 15 seconds for fresh grids, 25-30 seconds 

for one-week to one-month old grids and 30-60 seconds for grids older than one 

month. Times could be prolonged up to 120 seconds depending on the specimen. 

2.14.2.3 Negative staining 

Staining of the sample was carried out on a piece of parafilm on double sticky tape 

on a safe tray. Two drops of distilled water and two drops of 0.75% uranyl formate 

were placed on the parafilm. 5 μl of protein sample was dropped on to a freshly 

glow-discharged grid, left for 60 seconds and quenched by clean filter paper. The grid 

was then washed shortly over two drops of water and one drop of uranyl formate 

with blotting between each drop. The grid was then incubated in the final drop of 

uranyl formate for 20 seconds, blotted with filter paper and dried with the pump. The 

grids were then kept at room temperature for future use.  
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2.15 Fluorescence Microscopy 

2.15.1  Coverslip preparation 

  Coverslips were sterilized immediately before the experiment. This was achieved by 

microwaving the glass coverslips for three minutes at 900W in the Petri dish. 

2.15.2  Preparation of paraformaldehyde 

  4% (v/v) paraformaldehyde (PFA) was prepared. 8 g paraformadldehyde was added 

to 100 ml milliQ water. The mixture was stirred and heated to 60°C in the fume hood. 

NaOH was added drop-wise until the solid was completely dissolved. The solution was 

then cooled down to room temperature and mixed with 100 ml 2XPBS, and the pH 

readjusted. The final solution was then aliquoted and stored at -20°C. 

2.15.3  Immunofluorescence protocol  

 HeLa cells were grown on coverslips placed in 35-mm tissue culture dish the day 

before the experiment. Cells were seeded to achieve a maximum confluency of 60% 

the following day. On the next day the growth medium was removed and HeLa cells 

were incubated in media without serum for 24 hours before stimulation. After 

starvation HeLa cells were then stimulated with EGF for 2, 5, 10, 20 or 30 minutes or 

left untreated. Plates were then washed twice with PBS and fixed by 1 ml of 4% PFA 

for 20 minutes on ice. The plates were washed twice with 50 mM NH4CL in PBS to 

quench the PFA fixative. Cells were then permeabilized with 0.2% Triton X-100 in PBS 

for 3 minutes. To minimize nonspecific binding of the antibody, the coverslips were 

incubated with blocking buffer (0.2% fish skin gelatin in PBS) for 30 minutes. Cells 

were then incubated with primary antibodies diluted in blocking buffer at room 

temperature for 60 minutes or overnight at 4°C as below. 30 μl diluted primary 

antibody was dropped on clean parafilm for each coverslip. The coverslips were 
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carefully taken from the plates and inverted onto the 30 μl drop. After incubation, the 

coverslips were returned to the plates and unbound primary antibodies were 

removed by washing three times for 5 minutes with PBS. The fluorescence secondary 

antibody staining was performed as above for 30 minutes in the dark. After antibody 

incubation, the coverslips were put back to the plates and washed twice with PBS. To 

visualize nuclei, the coverslips were then incubated with DAPI at 1 μg/ml followed by 

three more washes with PBS and three times with milliQ water to remove any residual 

salt. A drop of pro-long mounting reagent was added to the glass and the coverslips 

were inverted onto it. The coverslips were left overnight in the dark to allow the 

mounting media to permeate the fixed cells. Slides were then stored at -20°C before 

further imaging.  

 

2.16 Proximity ligation assays 

After fixation and permeabilisation and incubation with primary antibody as 

described above for the immunofluorescence protocol, the coverslips were washed 

three times for 5 minutes each with wash Buffer A from the kit to remove unbound 

antibody. Secondary proximity probes are donkey anti-mouse, donkey anti-rabbit or 

donkey anti-goat affinity purified antibodies conjugated with aldehyde-modified 

oligonucleotides to generate mouse MINUS, rabbit PLUS probes, goat MINUS. The 

secondary antibodies were diluted 1:5 in blocking buffer and staining was performed 

as above for 60 minutes at 37°C in a humidified chamber. Unbound proximity probes 

were removed by washing twice for 5 minutes in wash buffer A. Then the 

hybridization/ligation mixture (10 mM Tris acetate at pH 7.4, 10 mM magnesium 

acetate, 50 mM potassium acetate, 250 mM NaCl, 0.25 μg/μl BSA, 0.05% Tween-20, 1 

mM ATP, 0.05 unit/μl T4 DNA ligase) was prepared. The coverslips were incubated in 

the ligation mixture for 30 minutes at 37°C in a humidified chamber. Residual ligation 
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mixture was removed by washing twice for 2 minutes in wash buffer A. Then the 

amplification was performed in amplification buffer (33 mM Tris acetate at pH 7.9, 10 

mM magnesium acetate, 66 mM potassium acetate, 0.25μg/μLBSA, 0.1% Tween-20, 1 

mM DTT, 250μM dNTP, 0.05 unit/μl DNA polymerase) for 100 minutes at 37°C in a 

humidified chamber. Residual amplification mixture was removed by washing twice 

for 10 minutes in wash buffer B and 1 minute in 0.01x wash buffer B. The coverslips 

were dried in the dark and mounted on microscope slides with Duolink in Situ 

mounting medium with DAPI. Slides were then stored at -20°C for further imaging. 

2.17 Mass spectrometry  

All the samples were preceded by in gel digestion as described below. 

2.17.1  Gel fragment preparation and destaining 

After immunoprecipitation of the target protein, the sample was electrophoresed 

in NuPAGE™ Novex™ 4-12% Bis-Tris Protein Gels (Life Technology). The gel was stained 

in InstantBlue (Expedeon) for 15 minutes in a clean petri dish and de-stained by 

washing 3 times for 5 minutes each with 40 ml Milli-Q water. The sample lane was 

then carefully cut into 1 mm piece within a fume hood by a fresh clean scalpel. The 

gel pieces were transferred into a clean siliconized eppendorf tube and dehydrated 

twice for 30 minutes with 200 µl 200 mM NH4HCO3 / 50% Acetonitrile. The pieces 

were then dried down in a vacuum concentrator for 15 minutes which caused the gel 

pieces to shrink and become white. 

2.17.2  Reduction and Alkylation 

The gel pieces were then rehydrated in 200 µl freshly prepared reduction buffer (10 

mM Dithiothreitol in 50 mM NH4HCO3) for 1 hour at 56°C. The gel pieces were then 

cooled down to room temperature and the reduction buffer was discarded. 200µl 



 

- 75 - 

 

freshly prepared alkylation buffer (55 mM iodoacetamide in 50 mM NH4HCO3) was 

added to the gel pieces and incubated at room temperature for 30 minutes in the 

dark. After the incubation, the alkylation buffer was discarded and the gel pieces were 

washed twice by 15 minutes in 50 mM NH4HCO3. Then 200 µl of 50 mM NH4HCO3 / 50% 

Acetonitrile were added to dehydrate gel pieces at 56°C for 30 minutes. The pieces 

were then dried down in a vacuum concentrator for 15 minutes. 

2.17.3  Trypsin Digestion 

Gel pieces were then rehydrated for 5 minutes at room temperature in 20 µl 

digestion solution containing 400 ng Trypsin (Promega Sequence Grade Modified) in 

40 mM NH4HCO3 / 9% Acetonitrile. The rehydrated gel pieces were overlaid with 50 µl 

of 40 mM NH4HCO3 / 9% Acetonitrile to keep the gel immersed throughout the 

digestion. The gel pieces were then incubated at 37°C overnight.  

2.17.4  Peptide recovery and solid phase extraction 

  After Trypsin digestion, the gel pieces were centrifuged at 13,000 rpm for 10 

seconds. The solution was then transferred to a fresh siliconized eppendorf tube. The 

gel pieces were then further extracted twice by incubated with 20 µl 100% 

Acetonitrile at 37 °C for 15 minutes, followed by 50 µl 5% Trifluroacetic acid at 37°C 

for 15 minutes. The gel pieces were finally extracted by 50 µl 50% Acetonitrile/5% 

Trifluroacetic acid at 37°C for 30 minutes. All the extracted solutions were collected to 

the siliconized eppendorf tube and dried completely in a vacuum centrifuge for 3 

hours. The peptides were then re-suspended in 20 µl of Millipore water / 0.1% TFA by 

incubating for 5 minutes at room temperature with intermittent vortexing. Sample 

pool was created by mixing of 10 µl of each digested sample. The sample pool would 

be re-dried and re-suspended to the final volumn around 20 µl. The sample was then 

transferred into a sample vial and loaded into autosampler tray of Dionex 3000 

system by Richard Beniston / Mark Collins (BiOMICs Facility, University of Sheffield). 



 

- 76 - 

 

Remaining individual samples were stored at -20°C.  
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3. Chapter 3 Exploration of the functional domains of hRme-6 

3.1 Introduction 

hRme-6 is a multi-domain protein which is involved in clathrin mediated endocytosis. 

It is composed of a C-terminal GEF or Vps9 domain, and an N-terminal potential Ras 

GAP domain. In vitro experiments have shown that the GEF domain of hRme-6 has 

GDP release activity for Rab5 [204]. The yeast two-hybrid system confirmed that 

Rme-6 had a strong interaction with Rab5-GDP [158, 160]. The Ras GAP domain is a 

highly conserved domain from C. elegans to human, implying that it may have 

important functions. However, it is still not clear how the activities of the two 

domains of hRme-6 are regulated and whether the activity of one is dependent on 

the other. Previous studies failed to identify genetic or physical interactions between 

Rme-6 and LET-60, the canonical C. elegans Ras [204]. Previous studies from our lab 

showed that hRme-6 recruited Rab5 to clathrin-coated vesicles via interactions with 

the AP2 adaptor complex. SiRNA of hRme-6 but not Rabex5 caused a delay in AP2 

uncoating during Tfn endocytosis in HeLa cells, suggesting a role of hRme-6 at the 

very early stages of endocytosis. Work from the Stahl group indicated that hRme-6 

also played important roles in EGFR phosphorylation, ubiquitination and degradation 

in HeLa cells [205]. The function of hRme-6 in EGFR endocytosis was independent of 

its GEF ability to activate Rab5 but through the interaction between its Ras GAP 

domain with the ubiquitin ligase, c-Cbl. These data implied that there might be the 

different functions of the Rab5 GEF domain and Ras GAP domain of hRme-6 

depending on which cargoes were being internalizsed. The underlying cause of the 

different functions is not yet known. Characterization of the domain activities should 

provide further insight into how the two domains of hRme-6 affect its functions.  

Previous work from our lab showed that in Ang1 stimulated HUVEC cells, the ligand 

Ang1 promotes internalisation of the receptor tyrosine kinase, Tie2, and 
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phosphorylation of Akt and p38 MAPK. However, over-expression of hRme-6 

decreased the phosphorylation of Akt and increased the phosphorylation of p38 

MAPK. This work suggested a role for hRme-6 during signal transduction of Tie2. 

However, whether the role of hRme-6 in Tie2 signal transduction was also applicable 

for other signalling cargoes and how hRme-6 was involved in signal transduction was 

unknown.  

My aim in this section was to investigate the activities of the Rab5 GEF and Ras GAP 

domains of hRme-6 and explore their roles during Tie2 and EGFR signal transduction. 

The objective was to get the outline of the domain activities and use the information 

to build the model system to investigate the biochemical basis for hRme-6-mediated 

segregation of signalling as hRme-6 appears to be required for transferrin 

internalisation while its overexpression appears to inhibit Tie2 uptake.  

 

3.2 Investigating the GAP domain of hRme-6 Ras GAP activity 

Although there was already some research that focused on the Rab5 GEF domain 

and Ras GAP domain of hRme-6 and its activities, there is still no clear evidence 

showing that the Ras GAP domain of hRme-6 has Ras GAP activity. I started to 

investigate the activity of Ras GAP domain of hRme-6 in vitro.  

The GAP domain of hRme-6 and Ras protein were expressed in E.coli BL21 (DE3) as 

described in Materials and Methods. The expression level of GST-hRme-6-GAP 

domain and GST-Ras were relatively high in E.coli BL21 (DE3). But most of the fusion 

proteins stayed in the pellet after sonication (Figure 3.1). Although the concentrations 

of the purified GST-hRme-6-GAP domain and GST-Ras were not high, they were 

greatly enriched following purification on GSH agarose and were thus suitable for 

testing in a GAP assay. 
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Figure 3.1 Purification of GST-hRme-6-GAP domain and GST-Ras from E.coli. pGEX-6p-1-hRme-6-GAP and 

pGEX-6p-1-Ras plasmids were transfected into BL21 (DE3) competent cells. Bacterial cell lysates were prepared as 

described in material and methods and incubated with GSH agarose beads at 4°C for 1 hour. The beads were 

washed three times with cold TBS containing 1% Triton X-100. GST proteins were further eluted by 15 mM GSH. 

Eluted GST proteins were analyzed by SDS-PAGE and stained with coomassie blue. The positions of the purified 

proteins are indicated by the arrows.  

 

The Ras GTPase stimulating assays were set up to test the Ras GAP activity of 

GST-hRme-6-GAP domain. As it is shown in figure 3.2, the GST-GAP domain of hRme-6 

displayed Ras GAP activity in vitro. In 30 minutes, 6.4 pmol of the GST-GAP domain of 

hRme-6 catalysed 0.43 nmol Ras-GTP to Ras-GDP. It was equal to that 2.26 mol of 

Ras-GDP was produced per 1 mol GAP per minute. The published data showed that 

the typical activity of Ras GAP protein p120 was around 10 mol/min. Compared to the 

p120 Ras GAP, the GST- Ras GAP damain of hRme-6 exhibited lower activity. However 

subsequent studies from our lab have revealed that full length Rme-6 can be activated 

to demonstrate RasGAP activity comparable to that of p120rasGAP. Further 

purification of GST protein would help the test and clarify the activity of Ras GAP 
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domain of hRme-6.  

 

Figure 3.2 Ras GAP domain of hRme-6 exhibits GAP activity. A GAP assay was carried out as described in Materials 

and methods. Reaction mixes contained GST-GAP protein, GST-Ras pre-loaded with γ-P
32

-GTP. The reactions were 

incubated at 30 °C and stopped at the indicated time points. The amount of released 
32

Pi was determined by 

Cherenkov counting and changed to GTP been catalysed in each asay. Results are the mean ± SD of two 

experiments each performed in duplicate. 

 

3.3 Investigating hRme-6 Rab5 GEF activity 

Full length Flag-hRme-6 was purified from the lysates of Sf21 cells that infected with 

baculovirus expression Flag-tagged hRme-6 (Figure 3.3A) and GST-Rab5 was purified 

from E.coli BL32 (DE3) (Figure 3.3B) as described in Materials and Methods.  
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Figure 3.3 purified Flag-hRme-6 from insect cells and GST-Rab5 from E.coli.  A, Flag-hRme-6 was 

immunoprecipitated using M2 anti-Flag beads from Sf21 cells overexpressing Flag-hRme-6. After elution from the 

beads by Flag peptide, 15μl purified Flag hRme-6 was loaded on 10% SDS-PAGE gel and stained with coomassie 

blue. The arrow shows the purified protein. B, GST-Rab5 was purified using glutathione agarose beads and eluted 

by 15 mM GSH. Eluted GST-Rab5 were analyzed by SDS-PAGE and stained with coomassie blue. The arrow showed 

the purified protein location. 

 

Previous work from our lab had shown that hRme-6, purified from HEK293 cells, 

has GDP release activity for Rab5 in vitro only in prescence of ATP and AP2 [206]. 

Using purified Flag-hRme-6 from insect cells and GST-Rab5 from E.coli BL32 (DE3) 

stains, the GEF assay was set up. As it is shown in Figure 3.4, Flag-hRme-6 also 

exhibited strong Rab5 GEF activity in presence of ATP and AP2. There is no GEF 

activity of hRme-6 on Rab5 with either ATP or AP2 single (data not shown as it just 

tested once). In 30 minutes time, the increase in GEF activity of hRme-6 alone was 

nearly the same as the increase of intrinsic activity of Rab5. However, in presence of 

A B

B 
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ATP and AP2, the Rab5 GEF activity of hRme-6 increased significantly compared to 

incubations missing one or the other of these components. After 30 minutes, the 

activity of hRme-6 slowed down relatively and the background increased.  

It is known that Rme-6 physically interacts with endogenous α-adaptin (AP2) [204]. 

Our labs previous data also showed that HA-hRme-6 purified from HEK293 cells also 

exhibited strong Rab5 GEF activity only in presence of ATP and AP2 [206], although 

the C-terminal Rab5 GEF domain alone also showed specific GEF activity against Rab5. 

It was also shown that hRme-6 F1487A, which could not bind to AP2, did not exhibit GEF 

activity in presence of ATP and AP2. This implied that the autoinhibition of the GEF 

activity of full-length hRme-6 may be based on a conformational change. Purified 

Flag-hRme-6 from insect cells showed the same characteristics as that from HEK293 

cells, which suggested that the recombinant protein had the same conformation and 

activity as the protein purified from HEK293 cells. However the amount of HA-hRme-6 

that could be purified from HEK293 cells was quite low whereas the amount of 

Flag-hRme-6 purified from insect cells was relatively large. Moreover the Rab5 GEF 

assay suggested that the purified Flag-hRme-6 from insect cells showed similar Rab5 

GEF activity to the HA-hRme-6 purified from HEK293 cells and thus could be used for 

further analysis. 
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Figure 3.4 hRme-6 exhibited GEF activity. GST-Rab5 beads were preloaded with 120 μM GDP and added to 

exchange reactions containing α-p
32 

labeled GTP in the presence or absence of 2 μM purified Flag-hRme-6, 1 mM 

ATP ATP and 2 μM GST –α-adaptin. At the indicated time points, Rab5 beads were taken from the reactions, 

washed and subjected to Cherenkov counting. The amount of GTP that bound to Rab5 in each assay was presented 

as a function of time. Results are the means ± SD of at least two experiments performed in duplicate.  

 

3.4 hRme-6 may interact with phosphorylated p42/44  

As mentioned above, Tie2 is an endothelial tyrosine kinase receptor for Ang1. 

Previous data from our lab suggested that hRme-6 modulates signalling by the Tie2 

receptor tyrosine kinase in endothelial cells. Ang1 is the ligand for Tie2 and both 

MAPK and Akt are activated following binding of Ang1 to Tie2. Overexpression of 

hRme-6 increased MAPK signalling while decreasing Akt signalling.  

To further investigate the role of hRme-6 in the regulation of Tie2 signal 

transduction, purified Flag-hRme-6 from insect cells (Figure 3.3A) that 
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immunoprecipitated by M2 Flag beads, was used as a bait to pull down interacting 

partners using lysates from Ang1 stimulated HUVECs cells. As shown in fFigure 3.5A, 

hRme-6 could bind to phosphorylated p42/44 MAPK. The interaction appeared to 

occur following 5 minutes of Ang1 stimulation and peaked at 10 minutes and started 

to decrease at 30 minutes. There was only a small but not significant interaction 

between Flag-hRme-6 and phosphorylated Akt and p38 (Figure 3.5B). It is worth 

noting that the appearance of phosphorylated p42/44 is time- and Ang1-dependent. 

Therefore this experiment has been quantified with the amount of phospho-p42/44 

and phosphor-Akt being estimated from the corresponding inputs at each time point 

(Figure 3.2B). 

A further control that could strengthen this experiment would be to confirm that 

Flag beads incubated with lysates from non-transfected cells do not capture 

phosph-p42/44.  

The fact that Flag-hRme-6 may bind to phosphorylated p42/44 MAPK suggested 

that hRme-6 may directly involve in the signal transduction process in Ang1 

stimulated HUVECs. However, the assay was based on an in vitro experiment and the 

role of hRme-6 in signalling transduction would require more direct evidence. But it 

does support the idea that Rme-6 might act as a signalling platform for Tie2 signalling.   
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Figure 3.5 hRme-6 binds phosphorylated p42/44 MAPK. A, Flag hRme-6 was immunoprecipitated from Sf21 cells 

as shown in Figure 3.3A. Flag-hRme-6 purified from insect cells conjugated to the beads was incubated with HUVEC 

cell lysates prepared from cells which had been stimulated with Ang1 for the indicated time points (the cell lysis 

was prepared by Dr Filipe Ferreira). The Flag beads were analyzed by SDS-PAGE followed by immunoblotting with 

the relevant antibodies. Input indicated 10% of cells lysates used for flag-hRme-6 M2 beads incubation. B, 

Quantification of the interaction signals. The amount of phospho-p42/44 and phospho-Akt bound to beads is 

expressed as a proportion of the input at the indicated times. Results are the means ± SD of two experiments.   

A 
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3.5 Overexpression Flag-hRme-6 in HeLa cells affects EGF 

signalling  

Previous data from our lab showed that overexpression of HA-hRme-6 changed the 

phosphorylation level of Akt, P38 and p42/44 MAPK in Ang1 stimulated HUVECs cells. 

However, whether hRme-6 functioned in a similar way in other cell types and other 

signalling models was still unknown. The Stahl group found the hRme-6 is involved the 

phosphorylation, ubiquitination and degradation of EGFR in HeLa cells[159]. This 

function of hRme-6 relied on the interaction between the Ras GAP domain and 

ubiquitin E3 ligase c-Cbl. So we decided that overexpression of hRme-6 in HeLa cells 

would be a good model to test the function of hRme-6 in signalling transduction. 
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Figure 3.6 Levels of Rme-6 affect phosphorylation of Akt and p42/44. (A) HeLa cells were transfected with either 

mock or Flag-hRme-6 construct. Forty-eight hours later, HeLa cells were stimulated with EGF for various minutes. 

Whole cell lysates were prepared and the levels of Akt, p42/44, pAkt, p-p42/44 and hRme-6 were analysed by 

Western blotting. (B) Quantification of the signal density of the phosphorylated Akt and p42/44 MAPK versus total 

Akt and p42/44 at the indicated time points. Results are the means ± SD of two experiments. 

 

As shown above, overexpression of Flag-hRme-6 in HeLa cells increased the level of 

phosphorylation of Akt at 10 minutes compared with mock transfected cells while 

A 

B 
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there was no significant change in the level of phosphorylation p42/44. These data 

were different from the overexpression of hRme-6 in Ang1 stimulated HUVECs. This is 

likely due to different cells lines and different ligand stimulations. However, it still 

confirmed that in EGF stimulated HeLa cells, Flag-hRme-6 is involved in the control of 

signal strength. 

 

3.6 CK2 but not non-phosphorylated p42/44 can phosphorylate 

hRme-6 

Casein kinase 2 (CK2) is the main kinase responsible for the phosphorylation of 

clathrin-coated vesicles associated proteins. It is activated once clathrin uncoating 

occurs [207]. Ji et.al found that during EGF stimulation, p42/44 MAPK which was 

activated by EGFR signalling directly bound to CK2 via the p42 docking groove, 

phosphorylated CK2 and subsequently enhanced CK2 activity[208]. Previous data 

from our lab showed that CK2 phosphorylates hRme-6 in vitro (Singh and Smythe, 

unpublished data). As my previous work found that the hRme-6 could specifically bind 

phosphorylated p42/44 MAPK in Ang1 stimulated HUVECs cells, it suggested the 

hypothesis that p42/44 MAPK might be involved in the phosphorylation of hRme-6 

through CK2. To address this question, an in vitro kinase assay using purified 

Flag-hRme-6 from insect cells (Figure 3.3A) was carried out using either CK2 or p42/44 

MAPK or both. 

As shown in Figure 3.7, CK2 did cause significant phosphorylation of Flag-hRme-6 

while p42/44 MAPK only caused a low level of phosphorylation of hRme-6. CK2 and 

p42/44 MAPK together led to a slightly increased phosphorylation level of 

Flag-hRme-6 although this is likely an additive rather than a synergistic effect. This 

data confirmed our previous data that CK2 could phosphorylate hRme-6 in vitro. 
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Although Flag-hRme-6 specifically bound phosphorylated p42/44 MAPK in Ang1 

stimulated HUVECs cells, purified Flag-hRme-6 was a poor substrate for p42/44 MAPK 

in vitro. Thus it is unclear whether the function(s) of hRme-6 could be regulated by 

phosphorylated p42/44. 

 

Figure 3.7 CK2 but not p42/44 MAPK phosphorylates hRme-6. Flag-hRme-6 purified from insect cells was 

incubated with 
32

P-ATP in presence of CK2 or p42/44 MAPK in 30°C for 30 minutes. Samples of two independent 

experiments were then loaded in 10% SDS-PAGE. The gel was dried and autoradiography was used to visualise the 

phosphorylation level of hRme-6. M, marker.  

 

3.7 In HeLa cells treated with a CK2 inhibitor, phosphorylation 

of p42/44 increases while the phosphorylation of Akt 

decreases during EGF stimulation 

My previous data showed that hRme-6 is involved in regulating signal transduction. 

Overexpression of hRme-6 shifted the signalling output in Ang1 stimulated HUVEC 

cells and EGF stimulated HeLa cell. An in vitro assay found that hRme-6 directly bound 

to p42/44 MAPK and CK2 phosphorylated hRme-6. It seems that CK2 and 

phosphorylated hRme-6 may play important roles in modulating signalling strength 

changes caused by overexpression of hRme-6. Pharmacological inhibition of CK2 
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activity could thus be a good way to investigate the function of hRme-6. I decided to 

test this by using the CK2 inhibitor tetrabromocinnamic acid (TBCA), which is a 

cell-permeable, ATP-competitive inhibitor. TBCA was used to pre-treat HeLa cells for 

10 minutes before EGF stimulation to investigate the role of hRme-6.  

As shown in Figure 3.8, following EGF stimulation p42/44 and Akt MAPK were both 

activated and phosphorylated in HeLa cells. But after CK2 inhibitor treatment, EGF 

stimulation caused the phosphorylation of p42/44 MAPK increasing. An Akt loading 

control is missing in Figure 3.8. However, it was demonstrated in subsequent 

experiments that the phosphorylation of Akt is modulated in the presence of a CK2 

inhibitor (E.Smythe, personal communication, University of Sheffield).  

This was very similar to the effects of overexpression of hRme-6 in Ang1 stimulated 

HUVEC cells. However, overexpression of hRme-6 in Ang1 stimulated HUVEC cells 

more potently inhibited the phosphorylation of Akt compared to CK2 inhibition 

treatment in EGF stimulated HeLa cells. In addition, overexpression of hRme-6 in Ang1 

stimulated HUVEC cells strongly activated p38 but had virtually no effect on p38 

activation in EGF stimulated HeLa cells. These data were different from the 

overexpression of hRme-6 in EGF stimulated HeLa cells which led to the 

phosphorylation of Akt increase but no effect in the phosphorylation level of p42/44.  

The data suggested that CK2 inhibition acts in the opposite way to the effect of 

overexpression of hRme-6 at least in some contexts. CK2 inhibition might decrease 

the phosphorylation of hRme-6 and the decreased phosphorylation of hRme-6 caused 

the subsequent change in the signal.  
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Figure 3.8 CK2 inhibiton altered signalling in EGF stimulated HeLa cells. HeLa cell was grown in 60 mm dish to a 

confluency of 60-70%. After 24 hours serum starvation, HeLa cell was stimulated by 50 ng/ml EGF or incubated 

with CK2 inhibitor TBCA for 10 minutes before 50 ng/ml EGF stimulation. At the indicated time points, cells were 

lysed and cell lysates was analyzed by immunoblotting.  

 

3.8 Discussion  

Rme-6 was found to mediate both fluid phase and receptor-mediated endocytosis 

in C.elegans via its interaction with Rab5 [204]. These studies demonstrated that 

Rme-6 colocalized with mRFP1–CHC-1 and mRFP1-α-adaptin but not with EEA1 or 

Rab5. Rme-6 also affected EGFR internalisation in HeLa cells and the trafficking of 

GLUT4 vesicles in adipocytes [174]. Together these studies showed that the function 

of hRme-6 relied not only on the Rab5 GEF domain but also on the Ras GAP domain. 

My initial aim in this section of work was to test the Ras GAP and Rab5 GEF activities 

of hRme-6 and further explore the functions of hRme-6. 

3.8.1 Analysis of the activities of hRme-6 

My early attempts demonstrated that the Ras GAP domain of hRme-6 alone may 

just show little GAP activity in vitro compared to the canonical p120 Ras GAP [209]. 

The low activity of the Ras GAP domain might be due to the lack of the conserved 
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arginine finger in the structure of hRme-6 as the arginine finger could help change the 

conformation of Ras-GTP to expose the GTP as a better substrate for the reaction. 

Previous work from Barbieri had shown that the Ras GAP domain of hRme-6 exhibited 

Ras GAP activity [158]. However I was unable to compare the specific activity of my 

preparations with their published data because they presented the activity as the 

percentage of saturated Ras GAP activity. 

An alternative explanation for the weak activity is that the Ras GAP activity of 

hRme-6 needs certain interaction partners to activate its GAP function. As the Rab5 

GEF domain of hRme-6 mainly exhibited Rab5 GEF activity in the presence of AP2 and 

ATP [157], the Ras GAP domain might also need some interaction partners to show 

the Ras GAP activity. Indeed preliminary data from our lab suggests that full length 

hRme-6 is also auto-inhibited for Ras GAP activity and that IQGAP1 (see chapter 5) 

can relieve this auto-inhibition (E.Smythe, unpublished data).  

  To get more information about the structure/function relationships of hRme-6, 

Flag-hRme-6 was then purified from Sf21 insect cells. Using this system, it was 

possible to purify high amounts of Flag-hRme-6 which was tested in a Rab5 GEF assay. 

My data confirmed that Flag-hRme-6 exhibited strong Rab5 GEF activity only in 

presence of AP2 and ATP, as had been shown for HA-hRme-6 purified from HEK293 

cells. Because it was possible to purify a significant amount of Flag-hRme-6 from 

insect cells, it made it possible to analyze the structure and characteristic functions of 

hRme-6.   

3.8.2 Identification of the function of hRme-6 in signal transduction 

Previous data from our lab found that the overexpression of hRme-6 altered 

signalling strength by Akt, p38 and p42/44 MAPK in Ang1 stimulated HUVEC cells. It 

seemed that hRme-6 was not only involved in the process of endocytosis by direct 

interaction with the important endocytic regulators, AP2 and Rab5, but may also play 

important roles in the control of signal strength. One possibility was that hRme-6 
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could directly regulate the signalling molecules to control the signal strength. To test 

this hypothesis, purified hRme-6 from insect cells was incubated with Ang1 stimulated 

HUVEC cells lysate. I observed that hRme-6 could bind to phosphorylated p42/44 

MAPK but not other signalling molecules. The Akt and p42/44 MAPK both act as 

molecular switches responsible for a variety of mitogenic, metastatic and other tumor 

promoting cellular activities. This specific binding implied that the outcome of p42/44 

MAPK may be modified by binding to hRme-6. Previously work from Annette Schenck 

et al found that APPL1 modulated Akt activity and specifically recruited GSK-3β but 

not TSC2 to Appl1 endosomes upon stimulation [102]. It suggested that APPL1 

defined a small subpopulation of endosomes and regulated its signalling specificity. It 

is possible that Rme-6 also sets up a signalling domain specific for p42/44 signalling in 

HUVECs.  

We do not understand why overexpression of hRme-6 inhibited Akt activation in 

Ang1 stimulated HUVECs but activated Akt in EGF stimulated HeLa cells. It is possible 

that overexpression of hRme-6 inhibited the process of clathrin mediated endocytosis 

which, in turn, caused changes in the signalling and the endocytic pathways of Tie2 

and EGFR. Work from our lab showed that siRNA of hRme-6 was inhibitory for 

transferrin internalisation. Stahl group found that siRNA of hRme-6 inhibited the 

internalisation and degradation of EGFR in HeLa cells and overexpression of hRme-6 

enhanced EGFR degradation in HEK293 cells, suggesting that the function of hRme-6 

may be limited in certain cell types, without compensation from other Rab5 GEFs. It 

has been shown that Akt phosphorylation could facilitate the degradation of EGFR 

[210]. Overexpression of hRme-6 enhanced the degradation of EGFR which may be 

due to the enhanced Akt activation. 

3.8.3 Phosphorylation of hRme-6 by CK2 

  One of the aims of this chapter was to clarify the activities of the different domains 

of Rme-6, in particular the Ras GAP domain. Previously our lab had shown that 



 

- 94 - 

 

hRme-6 was phosphorylated by CK2 (Singh and Smythe, unpublished). Protein 

phosphorylation not only has the potential to affect signal transduction but also could 

affect protein structure. Moreover CK2 is not only in charge of the phosphorylation of 

hRme-6 but also the main kinase responsible for the phosphorylation of CCV 

associated proteins. Evidence suggests that it is activated following CCV scission which 

is temporally the time when Rme-6 is thought to act. Since inhibition of CK2 led to 

effects similar to that of overexpression hRme-6, at least in some cell types, and 

hRme-6 could selectively bind to activated p42/44, I tested whether there is a direct 

crosstalk between p42/44 and CK2 as that has been shown in other systems [211], 

leading perhaps to enhanced phosphorylation of Rme-6. However there was no 

evidence that Rme-6 was a substrate for p42/44 or that there was direct cross-talk 

between CK2 and p42/44.  

Due to the lack of phosphorylated p42/44, the relationship between hRme-6 and 

phosphorylated p42/44 is still unclear. It is possible that the active form p42/44 may 

incharge of the phosphorylation of hRme-6. However, the purified Flag hRme-6 might 

already been partly phosorylated so that the phosphorylation of hRme-6 was not 

strongly dependent on p42/44 MAPK or phsophorylated p42/44 but mainly on CK2 in 

vitro. 

 

 

 

 



 

- 95 - 

 

4. Chapter 4 Structural studies on hRme-6  

4.1 Introduction 

A key question concerning hRme-6 is how its structure relates to function during the 

internalisation of different cargoes. Previous data from our lab had implied a role for 

the GEF domain in the uptake of the housekeeping cargo, transferring [157]. This 

contrasted with the uptake of the epidermal growth factor receptor (EGFR) where the 

Ras GAP domain of Rme-6 appeared to be the key[159]. The data I presented in the 

previous chapter showed that hRme-6 could regulate the endocytosis and signalling 

of both EGFR in HeLa cells and Ang1 in HUVECs. The Ras GAP domain and Rab5 GEF 

domain are connected by a large linker region including a proline rich domain which 

could allow considerable conformational changes within the protein. Together these 

observations led us to propose a hypothesis that different cargoes may have 

differential requirements for the Rab5 GEF and Ras GAP activities of hRme-6, as 

shown below (Figure 4.1). The different requirements for different cargos may lead to 

changes in the structure of hRme-6 as outlined below. 
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Figure 4.1 Hypothesis I for the structure/function relationship of hRme-6: Hypothesis for changes in the 

monomeric structure of hRme-6 in response to different cargo. Incubation of housekeeping cargo like Tfn may lead 

to the release of the autoinhibited conformation of hRme-6 and activation of GEF domain while stimulation of 

signalling cargo like Tie2 or EGF may lead to different conformations of hRme-6, affecting the activity of the Ras 

GAP domain.   

  

However, this hypothesis was based on a monomeric structure of hRme-6. There 

also could be another hypothesis to fit the diverse functions of hRme-6 as shown in 

Figure 4.2. Different cargo could cause changes in an oligomeric structure of hRme-6 

resulting in activation of different activities of hRme-6. Alternatively the structure of 

hRme-6 could reflect a combination of the two models above. Therefore it was 

important to investigate the structure of hRme-6. It was also anticipated that this 

might provide insight into the relationship between endocytosis and signalling. 

  



 

- 97 - 

 

 

Figure 4.2 Hypothesis II for the structure/function relationship of hRme-6. Hypothesis for a multimeric structure 

of hRme-6 Incubation of cells with different cargos may lead to different conformations of hRme-6. 

 

When this work started, there was very little known about the structure of hRme-6. 

The conserved Ras GAP domain and Rab5 GEF domain from other proteins provided 

some information about the structure of these domains. However, these two domains 

constitute only about 50% of the entire protein. Besides these, a proline rich region 

had been identified (residues 876 to 885) and shown to bind the SH3 domain 

containing protein, endophilin (Singh and Smythe, unpublished). Furthermore, there 

was no information about the conformation of hRme-6. 

The primary aim of this section was to investigate the structure of hRme-6 in order 

to allow a better understanding for the structure/function relationships of hRme-6.  

 

4.2 hRme-6 exists in an SDS resistant form 

The predicted molecular weight of hRme-6 based on its sequence is approximately 

166KD. However on SDS-PAGE, hRme-6 from a variety of sources, insect, mammalian 

and bacterial, appears as a band of approximately 230 KD (Figure 3.3A). Its identity 

was confirmed by immunoblotting (Figure 3.5A). In order to understand whether 
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hRme-6 adopts different conformations or oligomers and the nature of the kinetic 

stability of these structures, a time-dependent SDS trapping assay was used to analyze 

the equilibrium of hRme-6. SDS-resistant proteins refer to those proteins that would 

not be denatured by SDS without heating. Previous studies had shown a correlation 

between kinetic stability and resistance of a protein to SDS [212] . 

Purified hRme-6 from insect cells was incubated with SDS trapping buffer at 70°C 

for different time points and subjected to SDS PAGE. As shown in Figure 4.3 A, hRme-6 

migrated at 230 KD when the sample of hRme-6 was boiled at 100 °C in normal SDS 

PAGE loading buffer. However, when purified hRme-6 protein was incubated in SDS 

trapping buffer (1% SDS) at 70°C, three bands appeared on the gel, one band of 230 

KD and another two bands at higher molecular weights. It was unclear as to whether 

the top band had even entered the resolving gel from the stacking gel. There was no 

difference between the time treatments. This experiment suggested that purified 

hRme-6 protein is an SDS resistant protein, which requires boiling at 100°C in order to 

generate the 230 KD form. The higher bands also suggested that purified hRme-6 

might exist in higher molecular weight conformations. It was also very interesting that 

all other lower molecular weight protein bands present in normal SDS PAGE 

disappeared in SDS trapping assay buffer (compare Figure 4.3 A with Figure 4.3 B). It 

seems that SDS treatment without boiling led to a stronger interaction or aggregation 

of hRme-6, or it may be just SDS treatment could not denature the structure of 

hRme-6. Boiling of the sample in SDS buffer resulted in the breakdown of hRme-6 

complex. 

Over all, it indicated that hRme-6 would not be denatured by SDS without boiling 

and that hRme-6 exists in SDS resistant forms. It also suggested that the structure of 

hRme-6 oligomers was likely to be very tight. 
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Figure 4.3 hRme-6 exists in SDS resistant forms. A, 4μg purified hRme-6 was boiled in SDS buffer in 100°C for 5 

minutes. Samples were loaded in SDS page. B, Aliquots of 4 μg purified hRme-6 were incubated with 5XSDS 

trapping buffer at 70°C at different times. Samples were then directly loaded on SDS page.  

 

4.3 hRme-6 can assemble into oliogomeric structures in cells 

The previous results suggested that hRme-6 exists in multimeric forms. To address 

this more rigorously I tested if oligomers could be detected in cells. hRme-6 was 

cloned into both pcDNA3.1-Flag and pcDNA3.1-HA plasmids to create hRme-6 with 

two different tags. HeLa cells were then co-transfected with the same amount of 

pcDNA3.1-Flag-hRme-6 and pcDNA3.1-HA-hRme-6 plasmids. hRme-6 was then 

immunoprecipitated from HeLa cell lysates expressing both Flag-hRme-6 and 

HA-hRme-6, using either anti-HA antibody or anti-Flag antibodies  

As shown in Figure 4.4, anti-HA antibodies successfully immunoprecipitated 

HA-hRme-6. In the anti-HA immunoprecipitation, it detected Flag-hRme-6. However, 

although the anti-Flag antibody also immunoprecipitated significant amounts of 
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Flag-hRme-6, there was no HA -hRme-6 detected in the sample (in the lane of IP: 

anti-Flag).  

One possible explanation may be due to the fact that the FLAG antibody is much 

less efficient at immunoprecipitation compared to the anti-HA antibody. As shown in 

Figure 4.4, the HA antibody captured ~50% of HA-hRme-6 from the whole cell lysate 

while the anti-Flag antibody only captured 2-4% of total Flag-hRme-6 in the whole cell 

lysate. It is possible that the small amount of HA-Rme-6 co-immunoprecipiated in the 

anti-FLAG immunoprecipitation was too low to be detected by the anti-HA antibody 

on Western blots.  

 

Figure 4.4 hRme-6 forms multimers in cells. HeLa cells were co-transfected with the same amount 

pcDNA3.1-Flag-hRme-6 and pcDNA3.1-HA-hRme-6 plasmids. hRme-6 was then immunoprecipitated from HeLa cell 

lysates by anti-HA or anti-Flag antibody. The immuneprecipitates were then analyzed by immunoblotting with 

anti-HA antibody or anti-Flag antibody respectively. Lysis indicated 2% of total cell lysates used for 

immunopreciputaion.Results were one of two repeat experiments. 

 

4.4 Gel filtration shows that hRme-6 exists in multimeric forms 

As my previous experiment showed that HA-hRme-6 could interact with 

Flag-hRme-6, it provided one line of evidence that hRme-6 may exist in multimeric 
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forms. To further analyze the conformation of hRme-6, purified Flag-hRme-6 from 

insect cells was injected onto a SuperdexTM-200 gel filtration column. Fractions from 

the column were analyzed by immunoblotting using anti-hRme-6 antibodies. As 

shown in Figure 4.5, hRme-6 eluted from elution volume 10.05 ml to 14.7 ml and was 

observed to elute as two peaks, Peak 1 (elution volume: 10.05 to 11.25 ml) and Peak 2 

(elution volume: 13.35 to 14.7 ml). To get a better estimate of the molecular weight of 

hRme-6, purified clathrin heavy chain trimer (CHC) and normal rabbit lgG were also 

injected into the column with purified hRme-6. As shown in Figure 4.5, the first peak 

of hRme-6 co-eluted with clathrin heavy chain from elution volume 10.05-11.25 ml, 

implying that this conformation of hRme-6 has the same molecular weight as clathrin 

heavy chain trimer (molecular weight ~ 630 KD). The second peak of hRme-6 eluted at 

a volume that corresponded to a larger molecular weight than normal rabbit lgG 

(molecular weight at 150 KD).  

The calculated molecular weight of hRme-6 by amino acid is 166 KD. But the size of 

purified hRme-6 protein from insect cells or mammalian cells on SDS-PAGE was 

around 230 KD (Figure 4.3A). By gel filtration, purified hRme-6 migrated at the same 

fraction as CHC. It indicated that purified hRme-6 from insect cells exists in a 

multimeric form. However, it was still unclear about the accurate molecular weight of 

the multimeric form of hRme-6 and the conformations of hRme-6 in vivo.  

 



 

- 102 - 

 

 

Figure 4.5 hRme-6 exists in multimeric forms. 20 μg purified Flag-hRme-6 from insect cells, 8 μg clathrin heavy 

chain (trimer formation) and 8 μg normal rabbit lgG were injected into Superdex
TM

-200 gel filtration column. 

Aliquots of 20 μl column fractions were analyzed by immunoblotting. Results are repeated at least twice. 

 

In previous experiment, purified hRme-6 from insect cells was used and multimeric 

conformations of hRme-6 were found. However, there was a possibility that the 

multimeric forms of hRme-6 were due to the aggregation of hRme-6 but not the 

native conformation of hRme-6. To check the conformation of hRme-6 in vivo, HeLa 

cells were transfected with pcDNA3.1-HA-hRme-6. Cell lysates were injected into the 

SuperdexTM-200 gel filtration column and the eluted fractions were analyzed by 

immunoblotting. As shown in Figure 4.6, HA-hRme-6 eluted from elution volume 10.2 

ml to 15.6 ml. In order to estimate the molecular weight of HA-tagged hRme-6, CHC 

and lgG were injected together with the HeLa cell lysates at the same time and also 

tested by immunoblotting. The results indicated that clathrin heavy chain trimer 

conformation eluted slightly earlier than hRme-6 from the column. But hRme-6 did 

not colocalize with lgG. This experiment further confirmed the existence of hRme-6 

multimeric forms not only in the purified protein but also in vivo. 
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Figure 4.6 Overexpressed HA-tagged hRme-6 exists as a higher order oligomer. 1200 μg of lysate prepared from 

HeLa cells overexpressing HA-hRme-6, 12 μg clathrin heavy chain (trimer conformation) and 8 μg normal rabbit lgG 

were injected into Superdex
TM

-200 gel filtration column. Aliquots of 20 μl of each column fractions were analyzed 

by immunoblotting. Results are repeated at least twice. 

 

My previous experiment in Figure 4.5 showed that gel filtration successfully 

separated purified hRme-6 from insect cells into two peaks. The SDS trapping assay 

showed that hRme-6 existed in SDS resistant forms. The samples from the gel 

filtration were further tested to see if the SDS-trapping assay could detect any 

differences between the different peaks of hRme-6 separated by gel filtration. 

Fractions from elution volume 10.2 ml, 12 ml and 14.1 ml were analyzed. As shown in 

Figure 4.7, the different fractions showed different behavior following SDS treatment. 

There were mainly two bands detected in all the fractions, indicating that in the 

previous experiment, the top band (Figure 4.3) was very likely to be samples stacked 

in the bottom of the stacking gel and unable to enter the resolving gel. Samples from 

elution volume 10.2 ml and 12 ml only showed bands higher than 230 KD and the 

sample at volume 10.2 ml was more SDS-resistant. Samples from elution volume 14.1 

ml existed mainly at 230 KD. It further confirmed that there were different 
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conformations of hRme-6 in the purified sample and the two conformations of 

hRme-6 exhibited different SDS resistance. 

 

Figure 4.7 Different conformations of hRme-6 show different SDS resistance. 20 μg purified Flag-hRme-6 from 

insect cells was injected into Superdex
TM

-200 gel filtration column. Aliquots of 20 μl hRme-6 from gel filtration 

fraction at 10.8 ml, 12 ml, 14.1 ml were incubated with 5XSDS trapping buffer at 70°C for the indicated times. 

Samples were loaded in SDS PAGE and analyzed by immunoblotting. Results were repeated twice. 

 

4.5 Native gels reveal two higher molecular weight 

conformations of hRme-6    

My previous experiment showed that purified hRme-6 existed in multimeric forms. 

However, the precise molecular mass and multimeric conformations of hRme-6 was 

still not clear. To address these questions, native PAGE was used as it could show 

high-resolution analysis of native proteins, protein complexes for molecular mass 

estimations and assessment of purity. Purified Flag-hRme-6 from insect cells was 

subjected to native gel electrophoresis. As shown in Figure 4.8, most of the purified 

Flag-hRme-6 migrated as two species around 720 KD and 480 KD. Flag-hRme-6 
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purified from insect cells (Figure 4.3A) migrated as a 230 KD species on SDS-PAGE. But 

the results from the native gel implied that hRme-6 is unlikely to exist in a monomeric 

conformation in native conditions. It also matched with previous data from gel 

filtration and SDS trapping assay that purified hRme-6 from insect cells exists in higher 

order conformations.  

 

Figure 4.8 hRme-6 exists in multimeric forms. Purified Flag hRme-6 from insect cells was mixed with native 

PAGE loading buffer and loaded on a 3-12% native PAGE and stained with commassie blue.  

 

4.6 Native gels confirmed that hRme-6 exists in multimers in 

HeLa cells  

Although native gels showed that purified Flag hRme-6 existed in multimeric forms, 

there were some possibilities that these conformations of hRme-6 were due to the 

aggregation of purified proteins or that multimeric forms may alter in vivo. Further 

investigation of the native conformation of endogenous hRme-6 in cells was required. 

In addition I wanted to check whether cargoes would affect the multimeric structure 

of hRme-6. So lysates from HeLa cells treated plus or minus EGF, were subjected to 
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native gel electrophoresis. As shown in Figure 4.9, after stimulation with 50 ng/ml EGF 

at different time points, HeLa cells were immediately lysed, loaded on native PAGE 

and followed by immunoblotting using antibodies specific for hRme-6 to check the 

conformations of endogenous hRme-6. Endogenous hRme-6 showed clearly one band 

at 720 KD in native PAGE but not two bands found in purified hRme-6 from insect cells. 

This result suggested that the 480 KD band observed in purified hRme-6 from insect 

cells may not be a true physiological conformation of hRme-6. It may be due to the 

degradation of hRme-6 or just the dissociation of the multimer of hRme-6.   

 

Figure 4.9 Endogenous hRme-6 exists in a higher molecular weight conformation in HeLa cells independently of 

EGF stimulation. HeLa cells were serum starved for 24 hours and then were stimulated by 50 ng/ml EGF at 

different time points. Cells were lysed and subjected to native PAGE followed by immunoblotting using antibodies 

specific for hRme-6.  

 

Evidence in support of the former option was that when lysates from HeLa cells 

were first frozen before being subjected to Native PAGE, a band around 480 KD 

appeared on the gel (Figure 4.10). It was similar to that in purified Flag-hRme-6 from 

insect cells. The lower band of endogenous hRme-6 was not due to EGF stimulation 

and there was no significant change between the two conformations of hRme-6 

during EGF stimulation. Interestingly, there was also no species of hRme-6 lower than 

480 KD, which also implied that endogenous hRme-6 did not exist in a monomeric 
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conformation. 

Overall, these experiments further confirmed that the endogenous hRme-6 exists 

mainly in multimeric forms around 720 KD. 

 

 

 

 

 

 

 

 

 

Figure 4.10 Endogenous hRme-6 appears as a lower molecular weight conformation following freezing of HeLa 

cell lysates. HeLa cells were serum starved for 24 hours and then were stimulated by 50 ng/ml EGF at different 

time points. Cells were lysed and the lysates were frozen at -80 °C overnight and then subjected to native PAGE 

followed by immunoblotting using antibodies specific for hRme-6.   

 

4.7 Mass spectrometry analysis of hRme-6 multimers 

As endogenous hRme-6 appeared as only one band at 720 KD on native PAGE but 

two bands in frozen samples while the purified Flag-hRme-6 from insect cells also 

showed two species around 480 KD and 720 KD, it was possible that the 480 KD band 

in purified Flag-hRme-6 from insect cells might be a degraded form of hRme-6. To test 
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this hypothesis, purified Flag-hRme-6 from insect cells was loaded on the 3-12% 

Bis-Tris native PAGE. The two bands around 480 KD and 720 KD were cut separately 

from native PAGE followed by reduction, alkylation and trypsin digestion. The 

peptides from the two species were then injected into autosampler tray of Dionex 

3000 system and analyzed by Dr Richard Beniston (BiOMICs, University of Sheffield). 

The data is shown in table 4.1 and appendix 1. 

proteins found in 720 kD band  

Accession Description Coverage MW [kDa] calc. pI 

Q14C86 GTPase-activating protein and VPS9 domain-containing protein 

1  

62.04 164.9 5.22 

P29844 Heat shock 70 kDa protein cognate 3  14.79 72.2 5.36 

P11147 Heat shock 70 kDa protein cognate 4  12.29 71.1 5.52 

P06603 Tubulin alpha-1 chain  42.00 49.9 5.14 

Q24560 Tubulin beta-1 chain  32.21 50.1 4.86 

P61858 Tubulin beta-2 chain  16.14 49.8 4.83 

Q05825 ATP synthase subunit beta, mitochondrial  27.52 54.1 5.27 

O97125 Heat shock protein 68 9.45 69.7 5.83 

P29843 Heat shock 70 kDa protein cognate 1  10.30 70.6 5.49 

Q26365 ADP,ATP carrier protein  20.83 34.2 9.80 

P02572 Actin-42A  12.77 41.8 5.48 

P0CG69 Polyubiquitin  40.63 85.7 7.66 

P35381 ATP synthase subunit alpha, mitochondrial  7.79 59.4 9.01 

P29845 Heat shock 70 kDa protein cognate 5  3.50 74.0 6.35 

     
proteins found in 480 kD band  

Accession Description Coverage MW [kDa] calc. pI 

Q14C86 GTPase-activating protein and VPS9 domain-containing protein 

1  

68.67 164.9 5.22 

P11147 Heat shock 70 kDa protein cognate 4  13.06 71.1 5.52 

P29844 Heat shock 70 kDa protein cognate 3  8.23 72.2 5.36 

P06603 Tubulin alpha-1 chain OS 29.78 49.9 5.14 

O97125 Heat shock protein 68 OS 7.72 69.7 5.83 

P61858 Tubulin beta-2 chain OS 7.62 49.8 4.83 

P29845 Heat shock 70 kDa protein cognate 5  3.50 74.0 6.35 

Q24560 Tubulin beta-1 chain  19.24 50.1 4.86 

Q05825 ATP synthase subunit beta, mitochondrial  8.32 54.1 5.27 

P0CG69 Polyubiquitin  40.63 85.7 7.66 

Table 4.1 Mass spectrometry analysis of the protein composition of the 480 and 720 KD forms of hRme-6. 
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Purified Flag hRme-6 from insect cells was subjected to Native PAGE. The two bands of Flag-hRme-6 were excised 

separately from the gel. The proteins within each of the bands were then identified by in gel digestion coupled to 

mass spectrometry. The MS data was further analyzed by MaxQuant compared with the database of Homo sapiens 

and Drosophila melanogaster. 

 

In both bands, the major peptides found all belonged to hRme-6. There was no 

significant difference or loss of specific peptides between the peptides found in the 

two bands. The peptides of the two bands found in MS covered 60% (720 KD) and 66% 

(480 KD) of the whole range of the hRme-6 protein sequence from the N-terminus to 

the C-terminus. This suggested that the 480 KD conformation of hRme-6 was not a 

degradation form but more likely, a disassembled form from the bigger conformation. 

Apart from hRme-6, there were also some other proteins present in small amounts in 

both bands: 13 other proteins in 720 KD band and 9 other proteins in 480 KD. These 

included Actin, Tubulin and some mitochondrial proteins which are likely to be 

contamination proteins from the purification process or sample preparation steps. 

Heat shock 70 KD protein was the main protein present in both conformations. A 

likely role for this chaperone is to ensure correct folding of hRme-6. However, both 

hRme-6 (Semerdjieva et al) and HSC70 have been implicated in clathrin-coated vesicle 

uncoating [40, 43, 44]. So we cannot rule out the possibility that they are associated 

because of common roles in the removal of the clathrin coat.  Interestingly, there 

were also some polyubiquitin but not any ubiquitin-related enzymes in both 

conformations of Flag-hRme-6. It indicated that Flag-hRme-6 purified from insect cells 

may be ubiquitinated. However, most of the contaminants were present in very small 

amounts which indicated that hRme-6 isolated from insect cells was quite pure. Over 

all, these data indicated that the 480 KD band of hRme-6 purified from insect cell was 

not a degradation form and the purity of hRme-6 purified from insect cell was quite 

high. 
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4.8 Sec-malls experiment estimate the molecular weight of 

hRme-6 monomers 

Although the purified Flag-hRme-6 from insect cells contained two conformations 

of ~720 KD and ~480 KD, the accurate molecular weights of them were still unknown. 

To help explore the size of the hRme-6 monomers, I attempted to use Size Exclusion 

Chomatography- Multi-Angle Laser Light Scattering (sec-malls). Purified Flag-hRme-6 

from insect cells was analyzed by the Molecular Interactions Lab at Department of 

Biology, University of York. The results were as shown (Figure 4.11 and appendix 2). 

  There were clearly two UV peaks formed when the hRme-6 sample eluted from the 

Superdex S200 column. The first peak (from 15.51 min to 17.24 min, which is equal to 

elution volume 7.75 ml to 8.62 ml) showed a significant refractive index (RI). But this 

peak seems to represent the bigger aggregated form of Flag-hRme-6 as the matched 

molecular weight of this peak was 10 MKD, which was never found in the running of 

Flag-hRme-6 in SuperdexTM-200 gel filtration column. It is possible that the separation 

range was too small in SuperdexTM-200 column so these giant oligomers were not 

detected.  

The second peak (from 17.25 min to 24.02 min, which equals to elution volume 

8.625 ml to 12.01 ml) was the main peak of Flag-hRme-6. The average molecular 

weight of this peak was 330 KD. However, it was also notable that in the beginning of 

the second peak, the matched molecular weight was above 1000 KD while the low 

molecular weight towards the end of the second peak was 250 KD. As the purified 

sample contained different conformations, the column failed to separate the different 

conformations of Flag-hRme-6 as shown in Figure 4.6. There was just one big peak 

cross the column. So the calculated average molecular weight based on the mixture 

was 330 KD  

  The overall picture from this assay suggested that the monomer size of 
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Flag-hRme-6 may be around 250 KD. However it was impossible to draw any firm 

conclusions from these experiments. 

 

Figure 4.11 hRme-6 elution profile and peak positions in sec malls experiment. Flag-hRme-6 was injected into 

Superdex S200 column linked to a Shimadzu HPLC system (SPD-20A UV detector, LC20-AD isocratic pump system, 

DGU-20A3 degasser and SIL-20A autosampler, which was connected with a Wyatt HELEOS-II multi-angle light 

scattering detector and a Wyatt rEX refractive index detector). The elution profile shows UV (280 nm) in green, 

refractive index (RI) in blue, light scattering (LS) in red and quasi-elastic light scattering (QELS) in magenta. The 

thick red trace showed the MW analysis across the whole of the eluted material (right hand Y axes). 

 

4.9 Gel filtration separates the 720 and 480 KD conformations 

of Flag-hRme-6 purified from insect cells 

  As purified Flag-hRme-6 from insect cells contained two different conformations 

while endogenous hRme-6 in HeLa cells mainly showed the higher species, we wanted 

to understand how the different conformations of Flag-hRme-6 identified on gel 

filtration linked to the species observed in native gels. As shown in Figure 4.12, 
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purified Flag-hRme-6 was gel filtered in SuperdexTM200. The chromatogram showed 

the absorbance at 280 nm and Flag-hRme-6 eluted in three peaks as before. The 

fractions from the three peaks were then further analyzed by SDS-PAGE and also by 

Native PAGE. SDS-PAGE revealed that the purity of all the fractions from three peaks 

was quite high. In each fraction the main protein was hRme-6 (Figure 4.12B). When 

the same fractions were subjected to Native PAGE, samples from the first peak did not 

show any bands between 720 KD and 12 KD. It might be because the first peak was 

some kind of aggregation of the protein, which was not easy to get into the native 

PAGE. The amount in this peak was also much less so it was difficult to detect by 

native PAGE. Later it was found that the molecular weight of this peak was above 

1000 KD. Samples from the second peak only contained one conformation of ~720 KD 

while the fractions from the third peak had species that migrated both at ~720 KD and 

480 KD.   

Overall, the fraction from the second peak of gel filtration contained the same 

conformation as the endogenous hRme-6, which implied that the separation of 

hRme-6 was successful and the fractions from the second peak could be used for 

further analysis.  
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Figure 4.12 Gel filtration separates different conformations of hRme-6. A, 80 μg purified-Flag hRme-6 was 

injected into a Superdex
TM

-200 gel filtration column. The chromatogram shows the absorbance at 280 nm. B, 

Aliquots (20 μl) of the indicated column fractions from peaks 1-3 (A) were analyzed by 10% SDS-PAGE. The arrow 

indicates full-length hRme-6. C, Aliquots (20 μl) of the indicated column fractions from peaks 1-3 (A) were 

subjected to native PAGE and further analyzed by immunoblotting using antibodies specific for hRme-6. 

A 

B C 
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4.10 Negative staining reveals the basic shape of hRme-6 

Having demonstrated that endogenous hRme-6 exists as a high molecular weight 

multimer, we wanted to gain more information about the structure of hRme-6. 

Previous studies implied that the functions of hRme-6 were highly dependent on its 

activities and the activities of hRme-6 might be modulated by different cargoes. 

Therefore understanding the structure of hRme-6 should help us to understand the 

structure/function relationship of hRme-6. 

Although high amounts of Flag-hRme-6 could be purified from insect cells, it 

existed in two conformations. Gel filtration allowed successful isolation of the 

different conformations of hRme-6, but the amount of the 720kD conformation was 

not much. Although it was possible to achieve concentrations of Flag-hRme-6 of 1.3 

mg/ml from insect cells, after gel filtration the concentration of Flag-hRme-6 dropped 

to only 0.08 mg/ml in Peak 2 from the gel filtration column. Another factor which 

prevented the possibility of preparing samples with high concentrations was the 

aggregation of hRme-6. This often occurred when attempts were made to concentrate 

samples after gel filtration. Additionally I had also shown that hRme-6 purified from 

insect cell existed in two conformations and hence the dynamic equilibrium could 

affect visualization of the structure of Flag-hRme-6. All those reasons made it hard to 

get highly concentrated hRme-6 in a single conformation. The large size of hRme-6 in 

its monomeric form also made it difficult to get the structure of hRme-6 through 

protein crystallization. However, as I could get the single high molecular conformation 

of Flag-hRme-6, an alternative approach was to use single particle electron 

microscopy (EM), including both negatively stained and cryo-microscopy (cryo-EM) of 

unstained samples in combination with image analysis, to get some information of the 

structure of hRme-6. This approach also required considerably less protein.  

Samples of each of the fractions from gel filtration (shown in Figure 4.12) were 

loaded on carbon coated grids, stained by uranyl formate solution and viewed by 
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transmission electron microscopy. As displayed in Figure 4.13, all three samples 

clearly showed single particles. Samples in the first peak were large aggregations and 

the sizes of the particles were quite random (Figure 4.13A) in accordance with the 

behavior of this peak in native- and SDS-PAGE. Samples from the second peak, which 

contained only the 720 KD conformation of Flag-hRme-6, were stained much more 

uniformly. Some surface information of hRme-6 was shown. Samples from the third 

peak, as shown by native PAGE, were mixed with both large particles, similar to those 

from Peak 2, and also smaller particles. 
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Figure 4.13 Negative staining of different conformations of hRme-6. Negative staining was performed on 

carbon-coated, 600-mesh copper grids that were glow-discharged prior to staining and viewing by electron 

microscopy.  A: fraction from Peak 1 staining of hRme-6. B: fraction from Peak 2 staining of hRme-6. C: fraction 

from Peak 3. Arrows indicate the protein aggregation present in peak 1, arrowheads indicate the large protein 

particles present in both Peaks 2 and 3 and triangles indicate the smaller particles only evident in Peak 3 in the 

staining of hRme-6. 

 

4.11 Single particle reconstruction of the structure of hRme-6 

After obtained the images of hRme-6 from the second peak by EM negative staining, 

Imagic-5 software was used for further data analysis in collaboration with Dr. Svetomir 

Tzokov (Department of Molecular Biology and Biotechnology, University of Sheffield). 

All the particles with the same magnification obtaineded from EM images were picked 

out (totally 1,900 single particles) and boxed into one initial file (named as bxd1, 

Figure 4.14A) to start the data process.  

As shown below, the particles were first processed by direct alignment. The process 

started from the initial alignment (Figure 4.14A, initial alignment). Briefly, the paticles 

C 
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were averaged and a total sum view of all the particles (named as tot0, Figure 4.14A) 

was generated. The averged view ‘tot0’ was then rotated, centered, band pass filtered 

and thresholded to center the particle, and remove noisy spatial frequencies. After 

these processes, the initial reference, named as ref0 (Figure 4.14A), was generated, 

which also contained all information of these processes. Ref0 was used to align with 

initial individual particals. Specifically, individual particals were processed according to 

the ref0.   

After the initial alignment, the aligned particles (named as ali0, Figure 4.14A) were 

then re-averaged and re-generated a new sum view ((named as tot1, Figure 4.14A). 

The sum view tot1 was then band pass filtered, thresholded and generated the 

second alignment reference (named as ref1, Figure 4.14A) to align with all particles 

showed in Figure 4.14A, direct alignment 1. The same step of direct alignment 1 was 

repeated four times to further remove all noisy spatial frequencies and get clear 

structure information of hRme-6. However, the protein blobs did not exhibit a regular 

distribution after these calculations (Figure 4.14 C). 
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Figure 4.14 Direct alignments of all the particles. A. Initial alignment and direct alignment 1 process. Initially, all 

paticles were boxed into one file named as bxd1. It was then averaged to generate a total sum view of all the 

particles named as tot0 . The total sum tot0 was then rotated, centered, band pass filtered, thresholded and initial 

reference (ref0) was generated. Then all particles were processed according to the initial reference information. 

The aligned particles were then processed in direct alignment 1 through averaging, band pass filtering, 

thresholding and generating the second reference (ref1). The particles were re-aligned according to ref1. The file 

names at each step were indicated at the quotation mark. B. total sum views of hRme-6 particles during five steps 

of alignment.  C. According to the reference generated from sum4, the top views of hRme-6 particles were 

classified to 20 groups.  

 

As there is still lack clear information of the structure of hRme-6, alignment by 

classification was also then performed, which is a method that obtains classes by 

aligning the particles to references generated from the data set itself by multivariate 

statistical analysis (MSA).  

Brifely, after the final direct alignment, all particles were classified into 20 groups. 

All groups were band pass filterd, thresholded and generated references accrodingly. 

Multi-reference alignment (MRA) was first performed against all particles using these 

references. After MRA, the aligned particles were re-divided in to new groups 

according to symmetry and particle numbers in MRA reference groups. The new 

groups of particles were then summed up, band pass filtered, thresholded to 

re-generated multi-references for the next MRA distrubtion. There were totally five 

multi-reference alignments that were carried out. And the final selected top views 

were used to reconstruct the structure of hRme-6 are shown in Figure 4.15. The final 

reconstructed structure of hRme-6 was shown in Figure 4.16. 
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Figure 4.15 A selection of the final top view images used to reconstruct the structure of hRme-6. A, the selected 

top views after the fifth multi-reference alignments. B, the corresponding Euler angles of each view.  
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Figure 4.16 A reconstruction of hRme-6. The final reconstructued structure of hRme-6 viewed in different angles. 

 

4.12 Nanogold labeling of His-hRme-6  

  As the structural information for hRme-6 still needed improvement, we planned to 

establish conditions for cyro-EM. As a first step, I developed conditions for   

nanogold labeling to help identify hRme-6 particles in cryo-EM. In addition, although 

the negative staining analysis had provided some surface information of hRme-6, 

there was still no clear information about monomer numbers in the higher multimeric 

conformation of hRme-6 (720KD). An alternative way to get the information about the 

multimer information was to use nanogold labeling. As purified hRme-6 from insect 

cells contained only Flag tagged protein and contained equal amount of the two 

conformations, I decided to investigate whether the amount of the 720 KD species 
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could be boosted by using a mammalian expression system. hRme-6 was cloned into 

pcDNA3.1-Flag plasmids with or without a 6XHis tag at the C-terminus. 

pcDNA3.1-Flag-hRme-6-his and pcDNA3.1-Flag-hRme-6 plasmids were transfected 

into HEK293 cells. Flag-hRme-6-his and Flag-hRme-6 were immunoprecipitated by 

Flag M2 affinity gel. As Figure 4.17A showed, Flag-hRme-6-his and Flag-hRme-6 were 

successfully purified from HEK cells. Purified protein was also checked by native PAGE 

(Figure 4.17B). The purified Flag-hRme-6-his from HEK293 cells contained both the 

720 KD and 480 KD conformations of hRme-6. But the 720 KD species constituted 

approximately 90% of the total protein. 

 

Figure 4.17 Purified Flag-hRme-6 and Flag-hRme-6-his from HEK cells. A, Flag-hRme-6 and Flag-hRme-6-His were 

immunoprecipitated by M2 anti-Flag beads from HEK293 cells that overexpressed Flag-hRme-6 and 

Flag-hRme-6-his. A. purified protein was loaded on 10% SDS-PAGE gel and stained with coomassie blue. B, Purified 

Flag-hRme-6-his from HEK cells were mixed with native PAGE loading buffer and loaded on a 3-12% native PAGE. 

The PAGE was further analyzed by immunoblotting using antibodies specific for hRme-6. 

A B 
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  To analysis the constitution of the multimeric form of hRme-6, purified 

Flag-hRme-6-His, Flag-hRme-6 and BSA, were incubated with 5 nm Ni-NTA-Nanogold, 

followed by negative staining. As shown (Figure 4.18), there was clear co-localisation 

between the purified Flag-hRme-6-his and nanogold. BSA and Flag-hRme-6 did not 

show co-localisation with 5 nm Ni-NTA-Nanogold. It indicated that the labeling of 

naogold was specific. The purified Flag-hRme-6-His particles bound to at least one 

nanogold while the majority colocalized with two nanogold. Some particles even 

bound with three or four nanogold.  

The purified Flag-hRme-6-His protein preparation still contained lower molecular 

weight conformations of hRme-6. Due to time limitations, purified proteins were not 

gel filtered to separate the different conformations, so the nanogold labeling was 

expected to label a mixture of structures. The nanogold labeling indicates that the C 

terminus of hRme-6 is exposed to the outside and not buried inside the multimer. 

From this we can conclude that the multimer constitution of hRme-6 would be at 

least a dimer as we cannot rule out the possibility that the C-terminus of hRme-6 was 

hidden inside the structure. It also could be because of the steric block that the 

nanogold could not bind to the particles effectively. Over all, the purification of 

hRme-6 from HEK293 cells was successful. The nanogold labeling of Flag-hRme-6-his 

was specific and effective. This thus lays the foundation for future cryo-EM studies of 

hRme-6. 
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Figure 4.18 Ni-NTA-Nanogold labeling of hRme-6. Negative staining was performed on carbon-coated, 600-mesh 

copper grids that were glow-discharged prior to staining. 10 μl of the samples (around 0.12 μg) in 16 mM imidazole 

were mixed with 1 μl 0.5 μM 5 nm Ni-NTA-Nanogold on ice for 10 minutes. 5 μl of the mixture was loaded on grids. 

The sample was adsorbed for 60s, washed with 32 mM imidazole, stained with freshly filtered 0.75 % uranyl 

acetate, dried, and then viewed in the electron microscope at 100 kV. A, nanogold labeled BSA. B, nanogold 

labeled Flag-hRme-6. C, nanogold labeled Flag-hRme-6-his. 

 

4.13 Domain interaction test  

Although the reconstructed structure of Flag-hRme-6 revealed some surface 

information about hRme-6, how the different domains of hRme-6 interacted with 

each other to form the multimers was still unknown. To investigate the potential 

interaction among different domains of hRme-6, a construct encoding the Rab5 GEF 

C 
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domain with a Flag tag was engineered. HEK293 cells were co-transfected with this 

plasmid and pCDNA3.1-HA –hRme-6 plasmids. HA-hRme-6 and Flag-GEF was then 

immunoprecipitated from HEK293 cell lysates using either an anti-HA or anti-Flag 

antibody.  

As is demonstrated on Figure 4.19, HA-hRme-6 can be detected in the sample 

immunoprecipitated with anti-Flag antibody. Conversely, in the HA-hRme-6 

immunoprecipitate, Flag-GEF was detected. Although this suggests that the full-length 

protein can interact with the GEF domain, the experiment would need to be 

strengthened by carrying out incubations with a control IgG. This would provide more 

conclusive evidence that the GEF domain can interact with the full length hRme-6. 

Overall, this experiment just gave a brief hint that GEF domain of hRme-6 may 

interact with full-length HA-hRme-6.  

 

Figure 4.19 The GEF domain of hRme-6 can interact with full length HA-hRme-6. HEK293 cells were 

co-transfected with the same amount of pcDNA3.1-HA-hRme-6 plasmids and pcDNA3.1-Flag-GEF plasmids. 

HA-hRme-6 and Flag-GEF was then immunoprecipitated from HEK293 cell lysates by either an anti-HA antibody or 

anti-Flag antibody. The immunoprecipitated samples were then analyzed by immunoblotting with anti-HA antibody 

or anti-Flag antibody. Lysis indicated 2% of total cell lysates used for immunopreciputaion. 
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4.14 CK2 inhibition changes the conformation of hRme-6 in EGF 

stimulated HeLa cells 

My previous experiments showed that CK2 inhibitor treatement altered EGF 

signalling. To further explore the relationship between the signal changes with the 

structure of hRme-6, lysates from CK2 inhibitor treated HeLa cells followed by 

different times of EGF stimulation were gel filtered in a SuperdexTM-200 column. 

Fractions were analyzed by immunoblotting. Figure 4.20 showed that in HeLa cells, 

treated with a CK2 inhibitor, hRme-6 appeared as two peaks (peak1: 7.65 ml to 8.85 

ml; peak 2: 9.15 ml to 10.5 ml). However after 10min EGF stimulation, Peak 1 of 

hRme-6 shifted and hRme-6 eluted mainly in Peak 2. This experiment showed that 

CK2 inhibitor changed the conformations of hRme-6 in EGF stimulated HeLa cells and 

suggested that there may be a dynamic equilibrium between the two conformations 

in vivo. 

 

Figure 4.20 Inhibiting CK2 changes the conformation of hRme-6 in EGF stimulated HeLa cells. Following 24 hours 

serum starvation, HeLa cells were stimulated by 50 ng /ml EGF plus or minus a 10 minute pre-incubation with the 

CK2 inhibitor, TBCA. At the indicated time points, cells were lysed and cell lysates was injected into Superdex
TM

-200 

gel filtration column. Fractions were analyzed by immunoblotting specifically to hRme-6. 
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4.15 Discussion  

hRme-6 is a multidomain protein with a Ras GAP and a Rab5 GEF domain. One of 

the main aims of my project was to understand how these different domains of the 

protein might be regulated. Previous studies had implicated the activity of the Rab5 

GEF domain in transferrin endocytosis[157] while other studies showed that EGFR 

internalisation was more dependent on the Ras GAP domain [159]. The experiments 

described in this chapter aimed to understand the structure of hRme-6 in order to 

understand more fully its diverse functions. 

 

4.15.1  hRme-6 forms multimers in vitro and in vivo 

  There were early hints that hRme-6 might adopt an oligomeric structure: the 

protein migrated as a species of 230 KD on SDS-PAGE instead of the predicted 166 KD. 

Then in SDS trapping assay, purified hRme-6 from insect cells showed clear signs of 

SDS resistance and there were higher molecular bands of hRme-6 in the SDS trapping 

buffer treated protein sample.  

The first experiments to understand the conformation of hRme-6 showed that 

overexpressed HA-hRme-6 in HeLa cells could co-immunoprecipitate overexpressed 

Flag-hRme-6. Other evidence supporting a higher order structure was the gel filtration 

data which showed that purified hRme-6 from insect cells or hRme-6 overexpressed in 

HeLa cells eluted in multiple peaks. The largest of the peak was the same, or slightly 

larger than, the molecular weight of a CHC trimer (~630kD). Furthermore hRme-6, 

purified from insect cells, subjected to native PAGE further confirmed that hRme-6 

forms multimers of ~ 720 KD and 480 KD. Endogenous hRme-6 in HeLa cell lysates 

mostly migrated at a molecular weight around 720 KD. Overall all the data showed 

clear evidence that hRme-6 forms high molecular weight multimers in vitro and in 
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vivo.  

These data provided strong evidence that hRme-6 existed as a multimer in vivo and 

in vitro. This indicated that hypothesis I about the function/structure relationship 

(Figure 4.1) was likely to be incorrect. Neither was our second hypothesis that hRme-6 

might assemble into a multimeric conformation supported by our experimental 

findings: endogenous hRme-6 mainly existed as the larger 720 KD conformation with 

little at 480 KD and EGF stimulation did not lead to a conformation change of hRme-6. 

However, it might be expected that the diverse functions of hRme-6 might require a 

structural basis. It is still possible that the activities of hRme-6 differ depending on 

cargo and that there are alterations in the structure which are not reflected in 

changes in the conformation. An alternative possibility is that hRme-6 may form a big 

platform to interact with different proteins depending on the uptake of specific cargo. 

Evidence in support of the former option was that during CK2 inhibitor treatment 

combined with EGF stimulation the conformation of hRme-6 shifted (Figure 4.20). As 

my previous work showed that CK2 could phosphorylate hRme-6, CK2 inhibitor 

treatment may inhibit phosphorylation of hRme-6. But the conformation of hRme-6 

after CK2 inhibitor treatment warrants further exploration. It is possible that changes 

in hRme-6 conformation coupled to changes in different binding partners contribute 

to differential functions of hRme-6 in cargo uptake. The interaction partners of 

hRme-6 have been further explored in next chapter. 

 

4.15.2  Determination of the size of hRme-6 monomers 

An important question which I tried to address was the size of the monomeric form 

of hRme-6. The calculated molecular weight of hRme-6 by amino acid sequence is 166 

KD. However, hRme-6 purified from insect cells or HEK293 cells both migrated at 230 

KD in normal SDS PAGE. Even the purified hRme-6 from E.coli (data not shown) also 
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migrated at 230 KD in normal SDS PAGE. The sec malls results suggested that the 

lowest molecular weight of hRme-6 was around 250 KD, which also seemed to 

support the idea that monomer size of hRme-6 was 230 KD. However, if the oligomer 

size of hRme-6 is 230 KD, it is unclear about the reason that leads the shift of the size 

from 166 KD to 230 KD. In normal SDS PAGE, the sample should be totally boiled and 

the multimeric conformations should be disassembled and it would be expected that 

the size would represent the monomeric conformation. It appears that there was 

some unknown robust conformation or modification to hRme-6 which led to the 

molecular weight shift. There may be several different possible modifications, like 

ubiquitination or glycosylation, which could cause such a shift in the monomer 

molecular weight.  

Another possibility was that there could be a strong binding partner that did not 

dissociate, even following treatment of the sample at high temperature and high 

concentrations of SDS. However, again this seemed unlikely given that the mass 

spectrometry analysis of the 480 KD and 720 KD forms after native PAGE did not 

reveal the presence of any major interacting partner.  

In immunoblotting assays, there was sometimes a band detected by anti-hRme-6 

antibodies around 190 KD, which was still higher than 166 KD. It was possible that this 

band could be a protein degradation product from the native higher molecular weight 

form as this band was often observed in frozen but not fresh samples. The 

commercial antibody for hRme-6 was targeted to the sequence from 550 aa to 650 aa 

of the protein. This region is just in the middle of the structure of hRme-6, which also 

made it impossible to gain additional information as to whether the lower form was a 

degradation product. 

Based on these approaches we were still unable to determine accurately why 

Rme-6 migrates enormously on SDS-PAGE. 
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4.15.3  Rme-6 exists in several multimeric forms 

One question that I addressed was about the exact subunit composition of the 

multimeric conformation of hRme-6. In gel filtration column, purified hRme-6 from 

insect cells co-eluted with CHC, which has a molecular weight around 630 KD. 

However in native PAGE, hRme-6 migrated higher than 720 KD. The difference 

between gel filtration and native PAGE may be due to poor resolution within the 

higher molecular weight ranges as the separation range of SuperdexTM-200 column is 

from 5 KD to 500 KD. It maybe cannot separate the bigger size particles properly, 

which caused the CHC trimer conformation and hRme-6 of 720 KD conformation 

overlapped.  

Another question which I tried to address was how many monomers formed the 

high molecular multimer of hRme-6. As I could not determine a precise monomer 

molecular weight, the number assembling to form the multimer is also controversial. 

In native PAGE, the molecular weight is dependent on the native structure as well as 

the molecular weight. If hRme-6 was modified as suggested above, this might also 

affect its migration on native PAGE. If the calculation of monomer of hRme-6 was 166 

KD, the conformation of nature hRme-6 around 720 KD would be a tetramer or 

pentamer. However if the calculation was based on 230 KD, the conformation hRme-6 

would be more like a trimer.  

As the sec malls data did not provide a clear answer to the molecular weight of the 

protein, I also tried the nanogold labeling to get an estimate of the number of 

subunits present in the multimeric conformation. As you could see from Figure 4.18, 

there was a mixture of conformations in the sample with labeling from one nanogold 

particle to four nanogold particles per particle of hRme-6. As the structure of the 

multimer was unknown, the nanogold bound to the protein should be equal to or 

lower than the number of monomers as some of the His tag may be hidden inside the 

particles. It is also possible that there were steric blocks which inhibited the effective 
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labeling of nanogold to the protein. Although the information obtained is not 

conclusive, it should be possible to perform further separation of the different 

conformations of hRme-6 by gel filtation, to further improve the label specificity and 

to expose the hints of the multimer conformation. The nanogold labeling also could 

guide identification of the orientation of hRme-6 subunits during cryo-EM. 

Another way that could be used to calculate the number of the monomers in 

multimeric forms of hRme-6 is by crosslinking. Crosslinking could potentially stabilize 

dimeric, trimeric, pentameric or tetrameric forms of hRme-6. The size change of 

hRme-6 after crosslinking could be compared with the native conformations of 

hRme-6. However, as the mechanism of crosslinking requires the formation of 

covalent bonds between two proteins by using bifunctional reagents [213], we would 

have to make an assumption as to the monomeric molecular weight of hRme-6. And 

another things was that the electrophoretic mobility of hRme-6 following SDS-PAGE is 

already relatively big and crosslinking would increase this even further making it 

difficult to distinguish the band in normal SDS-PAGE gels. Moreover, as the 

mechanism of crosslinking is different from that of native PAGE, samples after 

crosslinking may also exhibit different sizes compared to native PAGE results. This 

might facilitate determination of subunit composition. 

In addition to the 720 KD conformation, hRme-6 purified from insect cells showed 

an additional species of approximately 480 KD. Similarly hRme-6 in HeLa lysates which 

was frozen and then thawed also showed two conformations at 720 KD and 480 KD. It 

seemed to match the two species from insect cells. In some preparations as the 

length of time of storage at -80°C increased, the proportion of the 480 KD 

conformation increased. Flag-hRme-6 purified from HEK293 cells also contained two 

species similar to those from insect cells, but the 480 KD conformation was much less 

compared to that from insect cells. This contrasted with endogenous hRme-6 in HeLa 

cell lysates which were assayed immediately following lysis and only contained the 

720 KD conformation. The underlying cause for the conformation of 480 KD is unclear. 
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As the 480 KD conformation increased with storage and time, it was initially suspected 

to be a protein degradation product. However, data from mass spectrometry of the 

two different conformations of hRme-6 suggested that the 480KD conformation was 

more likely to be a dissociation form from the larger conformation. In addition my 

previous data (Figure 4.20) showed that in CK2 inhibitor treated HeLa cells, the 

conformation of hRme-6 shifted from 720kD to 480kD, and again these two 

conformations of hRme-6 just matched the two bands found in purified hRme-6 

protein from HEK cells and insect cells. This suggests that the two conformations may 

both represent functional intermediates although it is interesting that the lower 

molecular weight form is only seen when cells are treated with a pharmacological 

reagent. One way to test this idea would be to run the sample from the corresponding 

fractions in native page to check the size of hRme-6. It is possible that the shifting 

between the different conformations helps to control the protein activities and the 

functions of hRme-6. This could be tested by looking for differences in the interaction 

partners of hRme-6, which is further explored in next chapter. An alternative 

possibility is that the different conformations of hRme-6 may show differences in Ras 

GAP, Rab5 GEF activities and even the binding ability to phosphorylated P42/44 or 

other signalling molecules.  

One way to test the dynamic equilibrium between the 720 and 480 KD species 

would be to re-run the different peaks of hRme-6 after gel filtration again in the same 

gel filtration column. However, due to the limited amount of sample volume that 

could be injected into gel filtration column and the low protein concentration of 

hRme-6 which was difficult to concentrate, this was not technically feasible as 

reinjection of the sample resulted in too much dilution a making the protein difficult 

to detect.  

Together these results indicate that Rme-6 exists as a higher order multimer in vitro 

and in vivo. 
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4.15.4  Towards an EM reconstruction of hRme-6  

Although relatively high amounts of hRme-6 could be purified from insect cells, and 

subsequent gel filtration allowed for significant enrichment of the protein, there was 

a corresponding sharp loss in yield. When the purified protein was held at high 

concentration, it also led to aggregation of the protein. Additionally the relatively 

large size of the individual monomers, independent of the multimeric state, would 

make X-ray crystallography of the whole protein a challenge. However, as the 

structure of Rab5 GEF domains of Rabex5 [214]and Ras GAP domains of p120 

[215]has been crystallized, 50% information about the structure of hRme-6 was 

known due to the similarities of the Ras GAP domain of hRme-6 to p120 and Rab5 

GEF domain of hRme-6 to Rabex-5. My studies using negative staining resulted in 

clear images of the particles to allow reconstruction of the structure of the protein. 

The known crystal structures of the Rab5 GEF domain and Ras GAP domain will help 

to check the reconstructed structure.  

From the reconstructed structure of the 720 KD conformation of hRme-6, some 

surface information of hRme-6 was revealed. The shape of hRme-6 appeared to be 

irregular and the structure was also asymmetrical. The whole structure was like an 

irregular tetrahedral. The length was longer than width while the thickness was less 

than the width. The two sides of the structure were also different. One side was 

smoother while the other one contained several bulges. 

However, there was no clear information about the domain structure and 

monomer constitution displayed from the reconstructed structure. The structure I got 

was just an initial surface view of the structure of hRme-6. Due to the irregular and 

asymmetrical structure, it is impossible to identify the structure of the monomer or 

distinguish the distribution of the monomers. Although we already had some 

structural information of the Ras GAP domain and Rab5 GEF domain of hRme-6 from 

other conserved Ras GAPs and Rab5 GEFs, the asymmetrical structure of hRme-6 
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made it difficult to distinguish the location of the two domains of hRme-6 in the 

reconstructed structure. The average image resolution was around 40 Å, which also 

made it impossible to get more information about the peptide distribution. 

There were several reasons that contributed to the lack of clarity in understanding 

the shape of hRme-6 from the reconstructed structure. The samples used for negative 

staining were from insect cells where two kinds of conformation existed in the sample. 

Although gel filtration could separate the different conformations, there were still 

other contaminating proteins present in the sample (Figure 4.12B). Although these 

contaminants were present in low abundance, they still are likely to have disturbed 

the image data. However, as the negative staining is more sensitive with big particles 

that are larger than 500 KD, small molecular weight proteins would not affect so much 

the images.  

Since there were two kinds of conformations of hRme-6 in dynamic equilibrium in 

purified hRme-6, the separated single conformation might also quickly form a new 

dynamic equilibrium. Although native PAGE immunoblotting showed that there was 

only one conformation in the second peak, there may be still a certain amount of the 

480 KD conformation. As the separation range of gel filtration column we used was 5 

KD to 500 KD, the separation was not perfect. During the sample preparation the new 

protein equilibrium may form again. As a result the negatively stained samples I 

prepared were likely to be a mixture. Although negatively staining particles from Peak 

2 were much more uniform compared to those from Peaks 1 and 3, the particles sizes 

of the second peak still drifted a lot. There were some particles the sizes of which 

were indeed bigger than others as well as some of which were quite similar to the 

particles in the images from Peak 3. Basically during negative staining the particles 

could be fixed in all orientations, so the reconstruction process can shift and combine 

all the orientations together to form the final structure. However, the possibility that 

there were other conformations of hRme-6 made it difficult to distinguish the 

particles because the smaller particles may be at different angles of the protein or 
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small conformations of hRme-6. So during the reconstruction process, all the particles 

were picked. It is properly that the final reconstructed structure is a mixed structure 

of the two conformations of hRme-6. It makes the structure difficult to interpret. 

There are several ways to improve the negative staining. As my previous mass 

spectrometry data found that the 720 KD conformation was quite pure, a sample 

eluted from the 720kD band on native gels would be one way to avoid contamination 

with other proteins. Alternatively the eluted sample from the gel could be gel filtered 

to further improve the purity of the sample. Another way would be to improve the gel 

filtration conditions, as the separation range of the gel filtration column used in the 

experiment was relatively narrow. A Superose 6 10/300 with a separation range of 5 

KD to 5,000 KD, might more fully separate the two different conformations of hRme-6. 

So further purifying the samples of hRme-6 could greatly improve the uniform of the 

particles and make the reconstruction more reliable.  

One more method was to analyze the protein structure by cryo-EM. Although 

negative staining could show the surface structure of hRme-6 and improved method 

will make the surface structure more clear, the image resolution of the reconstructed 

structure from negative staining will be still above 10 Å and the detail about the 

protein structure will be limited. However, cryo-EM, where the sample is studied at 

cryogenic temperatures, could arrive at near atomic resolution. As the images are 

taken under the nature condition, it also does not affect much of the protein structure 

[216-218]. So cryo-EM will further help investigate the structure of hRme-6. My early 

experiment already tried several conditions and got some basic images of hRme-6 

which can be used to build on in future cryo-EM studies. Cyro-EM will further help 

investigate the structure of mutant forms hRme-6, especially phosphorylation 

mutations and mutations in the proline rich region, which will greatly help understand 

the structure of hRme-6. 
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4.15.5  The domain interaction test 

My previous works showed that hRme-6 formed a high molecular multimer in vivo. 

But I did not get a clear image about the structure of hRme-6 from negative staining 

and the reconstructed structure. hRme-6 were divided into four main domains, 

including Ras GAP, middle 1, middle II and Rab5 GEF domians. So one way to 

investigate the structure of hRme-6 was to find how the multimer of hRme-6 was 

formed and which domains of hRme-6 could interact with itself. As shown in Figure 

4.19, there was som early evidence that the GEF domain of hRme-6 may interact with 

full length hRme-6. Due to the time limit, other domains of hRme-6 were not tested 

for interactions. But this will be a useful approach which will synergize with structural 

studies. 

 

4.15.6  Benefits of a multimeric structure 

  The multimeric structure of hRme-6 could allow the functions of hRme-6 to be 

regulated in multiple ways and also increase the number of its functions.  

During purification of the Rab5 GEF and Ras GAP domains, most of the sample 

stayed in the protein pellet. Only a small amount of soluble protein was purified. It 

implied that the Rab5 GEF and Ras GAP domains might be hydrophobic and buried 

inside the structure of hRme-6. The mutlimeric structure will make it possible for the 

Rab5 GEF and Ras GAP domains to hide inside the structure.  

On the other hand, the multimeric form of hRme-6 made it possible to interact 

with different proteins at the same time. The big structure of hRme-6 may function as 

a platform to integrate different information and regulate the related activities of 

interaction partners. The different multimer conformation also may make it possible 

to regulate the functions of hRme-6 though the change of conformations of hRme-6, 
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which could lead the different functions of hRme-6 interaction partners. 
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5. Chapter 5 Identification of interacting partners of hRme-6  

5.1 Introduction 

Previous data in this thesis and within the Smythe lab had shown that hRme-6 

played important roles not only in the trafficking of Tfn and EGFR, but also in 

signalling intensity regulaition. The structural studies about hRme-6 demonstrated 

that hRme-6 exists as a higher order multimer, which raised the possibility that 

hRme-6 could interact with many proteins. Identification of the interaction partners of 

hRme-6 could give insight to explore the functions of hRme-6 during endocytosis and 

signalling intensity control. 

At the start of this work, hRme-6 was known to interact with AP2 [157], Rab5 [160], 

c-cbl [159]and clathrin (Sato et al) and my previous work found that hRme-6 could 

interact with phosphorylated p42/44. None of the interaction partners of hRme-6, 

apart from p42/44, were directly related to signalling control.  

My studies and work from other labs showed that during EGF simulated HeLa cells, 

hRme-6 affected the internalisation and signalling of EGFR. This made the model of 

EGF stimulated-HeLa cells a good candidate to study the multi-functions of hRme-6. 

Previous work (this thesis and Singh and Smythe, unpublished) found that CK2 could 

phosphorylate hRme-6. During EGF stimulation, inhibiting CK2 with the inhibitor, 

TBCA, altered the signalling profile of targets, downstream of EGFR, and also shifted 

the conformation of hRme-6 in HeLa cells (Figure 3.8 and 4.20). These data implied 

that the function of hRme-6 was partly dependent on the phosphorylation of hRme-6, 

which mediated by CK2. I therefore decided to combine CK2 inhibitor treatment with 

EGF stimulation in HeLa cells as a model to investigate the interaction partners of 

hRme-6.  

The experimental approach that I decided to use was Stable Isotope Labeling with 
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Amino Acids in Cell culture (SILAC) which is a straightforward approach for in vivo 

mass spectrometry (MS)-based proteomics. As SILAC experiments can directly show 

quantitative protein changes under different stimulation conditions, it would provide 

not just the interaction partners of hRme-6 but also how they changed during 

different stimulations. 

 

5.2 SILAC experiments to identify proteins that interact with 

hRme-6 

In the initial experiments, double-labeling SILAC experiments were set up. One 

contained the light labeling (R0K0) and the other one contained heavy labeling 

(R10K10). When cells are growing in the SILAC media, they incorporate the different 

isotopic arginine and lysine residues into all of their proteins. HeLa cells have a 

doubling time of 20 hours. So in two weeks time, the cell population increased 218 

times and it was predicted that nearly all of the proteins in the cells would 

incorporate the corresponding label. To verify this, the cell lysates were load on SDS 

PAGE. Individual bands from the gels were excised, reducted, alkylated and digested 

by trypsin. The digested peptides were then injected into autosampler tray of Dionex 

3000 system and analyzed by Richard Beniston (BiOMICs, University of Sheffield). The 

lysates all showed efficient labeling and there was no cross labeling contamination 

(appendix 3). 

  SILAC experiments were then set up according to the protocol shown in table 5.1. 

After stimulation, no detergent was added but the cells were permeabilised by 

freeze/thraw. The cell lysates were then incubated with anti-hRme-6 antibody. After 

immunoprecipitation, the samples from each of the immunoprecipitations were 

mixed, subjected to SDS PAGE and individual bands from the gels were excised, 
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reducted, alkylated and digested by trypsin as described in the Materials and 

Methods. The digested peptides were then injected into autosampler tray of Dionex 

3000 system and analyzed by Richard Beniston (BiOMICs, University of Sheffield). 

The data were shown in table 5.2 and appendix 4. As experiments 3 and 4 were 

actually control experiments to test the background created by the CK2 inhibitor 

treatment, the data were not included in table 5.2.  

However, as shown in table 5.2, these initial experiments did not find any known 

interaction partners of hRme-6, like AP2, Rab5, c-Cbl and TC10. There were still some 

interesting candidates in the list, including transferrin receptor protein 1, Ras-related 

protein Rab-11A and Ras GTPase-activating-like protein IQGAP1. Later Triton X-100 

was used in the lysis buffer, but there was still no improvement in identifying either 

known or potential interaction partners of hRme-6 (appendix 5). 

 

Table 5.1 Protocol for double-labeling SILAC experiments. Cell populations grown in either light or heavy medium 

as indicated were grown in dishes. Cells were serum starved for 24 hours and then treated with 50 ng/ml EGF for 

10 minutes in the presence or absence of CK2 inhibitor TBCA. 
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Experiment 1  

Gene name H/L protein intensity  

Ubiquitin-like modifier-activating enzyme 1  3.907 5.327E6 

L-lactate dehydrogenase A chain 3.002 7.811E7 

Plastin-3  2.455 4.912E6 

Alpha-crystallin B chain 2.405 2.291E6 

Transferrin receptor protein 1 0.494 1.450E7 

Germinal-center associated nuclear protein  0.488 2.382E6 

Nucleolar pre-ribosomal-associated protein 1  0.485 2.803E6 

Protein RRP5 homolog 0.457 3.503E6 

N-acetyltransferase 10  0.454 2.484E6 

Small subunit processome component 20 homolog  0.453 1.770E6 

Nucleolar protein 6  0.452 5.458E6 

Disks large homolog 5  0.438 6.820E6 

Desmoplakin  0.423 1.076E6 

E3 ubiquitin-protein ligase TRIP12  0.394 6.929E5 

Dolichol-phosphate mannosyltransferase subunit 1 0.332 1.745E6 

Kinesin-like protein KIF14  0.318 1.732E6 

Keratin, type II cytoskeletal 2 epidermal  0.252 1.702E8 

Dermcidin  0.139 7.372E6 

Keratin, type II cytoskeletal 6C  0.074 7.285E7 

Keratin, type I cytoskeletal 10  0.054 2.070E8 

Keratin, type I cytoskeletal 9  0.048 1.705E8 

Keratin, type II cytoskeletal 1  0.041 3.347E8 

Serum albumin  0.031 2.193E9 

Experiment 2 

Gene name H/L protein intensity  

Transketolase  1.653E8 0.498 

L-lactate dehydrogenase B chain 6.093E7 0.429 

Peroxiredoxin-2 2.640E7 0.426 

Ubiquitin-like modifier-activating enzyme 1  3.464E6 0.411 

Carbamoyl-phosphate synthase [ammonia], mitochondrial  1.442E7 0.400 

Hornerin  2.698E8 0.320 

L-lactate dehydrogenase A chain  1.224E8 0.283 

Protein-glutamine gamma-glutamyltransferase 5  7.025E6 0.254 

Keratin, type I cytoskeletal 17  1.095E9 0.174 

Keratin, type II cytoskeletal 1  1.895E10 0.105 

Catalase  4.131E7 0.095 

Keratin, type II cytoskeletal 5  2.272E9 0.068 

Keratin, type II cytoskeletal 6A 2.272E9 0.054 
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Keratin, type II cytoskeletal 2 epidermal  2.699E9 0.035 

Keratin, type I cytoskeletal 10  1.445E9 0.034 

Table 5.2 Candidate hRme-6 interactors identified by mass spectrometry in experiment 1 and experiment 2. The 

protein hits were selected based on a H/L ratio which was higher than 2 or lower than 0.5. 

 

The weak signals and failure to identify known interaction partners of hRme-6 may 

be due to the absence of detergent or using the wrong detergent in the lysis buffer. So 

other optimization trials included lysis in the presence of 1% Triton X-100, 0.5% NP 40 

or 0.2 M salt in 20 mM Hepes buffer were performed. 

 

Figure 5.1 Different cell lysis buffers lead to different protein extraction efficiency. HeLa cells were serum starved 

for 24 hr and then stimulated with 50 ng/ml EGF for 10 minutes. The cells lysates were prepared in 20 mM Hepes 

buffer, pH 7.4 containing different detergents, including no detergent but freeze/ thaw, 1% Triton X-100, 0.5% NP 

40 or 0.2M salt. Cell lysis was then analyzed by immunoblotting with antibodies to hRme-6, actin and EGFR. 

 

  As shown, when Triton X-100 and NP 40 were used in the lysis buffer, it was 

possible to clearly detect hRme-6 in the cell lysate. Lysis in the presence of high salt 

showed a relatively weak extraction of hRme-6 from the cells, perhaps because of 

aggregation and precipitation of hRme-6. However, since hRme-6 is a cytosolic protein 

which is recruited to endosomal membranes in order to activate Rab5, I wanted to be 

sure that the lysis conditions gave a good extraction of membrane proteins. To check 
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this, I used the extraction of EGFR as a positive control to assess which lysis conditions 

gave the best extraction. I found that the presence of NP40 gave the best extraction of 

EGFR. 

To further improve the accuracy of the experiment, triple labeling SILAC 

experiments were set up. As shown in Figure 5.2, HeLa cells were cultured in light 

isotope labeling media (R0K0), medium isotope labeling media (R6K4) and heavy 

isotope labeling media (R10K8) accordingly. HeLa cells from the different labeling 

conditions were then treated as shown in table 5.3. The light labeled cells were used 

as the control groups, in which two dishes of cells were treated with 50 ng/ml of EGF 

for 5 minutes, with or without TBCA. The medium labeling cells were treated with 

both EGF and CK2 inhibitor while the heavy labeling cells were just treated with EGF 

for 5 minutes.  

 

Table 5.3 Triple labeling SILAC cell treatment. Three cell populations with different labeling were grown in four 

dishes. Cells without labeling were treated with 50 ng/ml EGF or pretreated with CK2 inhibitor. Cells with medium 

labeling were treated both CK2 inhibitor TBCA (40 μM) and 50 ng/ml EGF while the cells with heavy labeling were 

just stimulated by 50 ng/ml EGF.  

After the different treatments, cells were lysated in presence of NP40 and 

processed as shown in Figure 5.2. After immunoprecipitation, different samples were 

mixed and run in SDS-PAGE. The gel staining is shown in Figure 5.2B. Individual bands 

from the gels were excised, reducted, alkylated and digested by trypsin as described 

in the Materials and Methods. The digested peptides were then injected into 
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autosampler tray of Dionex 3000 system and analyzed by Richard Beniston and Mark 

Collions (BioMICs, University of Sheffield). Data was shown in Figure 5.3, appendix 6. 
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Figure 5.2 Triple labeling SILAC experiment protocol. A, three cell populations are labeled separately with light 

amino acids, medium (L-ARGININE-13C6 HYDROCHLORIDE, L-LYSINE-4, 4, 5, 5-D4 HYDROCHLORIDE), or heavy 

amino acids (L-ARGININE-13C6, 15N4 HYDROCHLORIDE, L-LYSINE-13C6, 15N2 HYDROCHLORIDE). Lysates were 

either incubated with anti-hRme-6 or anti-IgG antibodies and samples were then combined and analyzed together 

by LC-MS/MS. In the MS spectra, each peptide appears as a triplet with distinct mass differences. The ratios 

between the samples are calculated directly by comparing the differences in the intensities of the peaks. B, after 

mmunoprecipitation, different samples were mixed and run through 4-15% gradient SDS-PAGE at 130 KV for 15-20 

minutes. The gel was then stainied by instant blue. 

 

5.3 Mass Spectrometry data further analysis  

Appendix 6 showed the results of the mass spectrometry of the triple SILAC labeled 

samples. Figure 5.3 below showed the ratio of the protein groups compared between 

heavy and light, medium and light respectively. 

 

Figure 5.3 Protein ratio distributions in M/L and H/L. The protein ratio was calculated by comparing the protein 

intensities of the matched light labeling peptides (L) with that of medium labeling (M) and heavy labeling (H) 
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respectively. The green triangle shows the ratio of hRme-6 comparing medium labeling peptides with light labeling 

peptides (M/L). The blue stars showed the ratio of hRme-6 comparing heavy labeling peptides with light labeling 

peptides (H/L). The yellow triangle showed the H/L ratio of CIP4 and the red diamond showed the ratio H/L of 

SNX24. The Y axis shows the logarithm of total protein intensity. 

 

It was reassuring that high amounts of hRme-6 were found in the 

immunoprecipitates from medium (M) and heavy (L) labeled cell lysates but not in the 

light (L) lysates (the ratio M/L and H/L was 93.752 and 168.7 respectively). It 

suggested that the immunoprecipitation of hRme-6 was successful and the antibody 

for hRme-6 used in immunoprecipitation was specific. The protein intensity of the 

proteins found in Mass Spectrometry spread from 108 to 1010, which suggested that 

the proteins found were reliable. To analyze the data, the ratio was defined to be 

significant if the ratio of the comparison was higher than 2 or lower than 0.5. Table 

5.4 showed the protein hits which were sensitive to EGF in the presence or absence of 

CK2 inhibitor TBCA.  
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Protein names Ratio M/L  Ratio H/L  

Protein 

Intensity  

Opsin-5 161.6 139.42 4.05E+08 

Large proline-rich protein BAG6 119.8 112.52 6.95E+08 

GTPase-activating protein and VPS9 domain-containing protein 1 113.88 106.68 1.86E+10 

Sjoegren syndrome/scleroderma autoantigen 1 43.968 43.242 2.5E+08 

Microtubule-associated protein 1B;MAP1B heavy chain;MAP1 light 

chain LC1 42.75 31.718 2.91E+09 

Cell cycle and apoptosis regulator protein 2 30 23.546 6.09E+09 

Protein IWS1 homolog 26.103 12.492 5059200 

Formin-like protein 1 23.049 20.025 49326000 

WD repeat-containing protein 91 21.826 22.695 4.49E+08 

Chromosome alignment-maintaining phosphoprotein 1 22.23 19.174 79385000 

Protein Hook homolog 3 20.55 17.714 30128000 

MKL/myocardin-like protein 2 18.03 14.878 1.75E+08 

Caspase recruitment domain-containing protein 10 14.424 8.2974 20127000 

Sorting nexin-24 13.014 12.087 70702000 

Kaptin 12.457 12.186 1970600 

Vimentin 9.9947 0.82889 21501000 

WD repeat-containing protein 81 8.6322 7.8747 2.31E+08 

Casein kinase I isoform delta;Casein kinase I isoform epsilon 8.3858 9.1038 24948000 

Golgi to ER traffic protein 4 homolog 6.4193 5.0839 8878900 

Serine/threonine-protein phosphatase PGAM5, mitochondrial 6.0125 5.4263 11461000 

Protein kinase C delta-binding protein 5.7332 6.1264 11347000 

Polymerase I and transcript release factor 5.0568 4.6991 2.75E+08 

Ensconsin 5.1877 4.7168 1.83E+08 

14-3-3 protein epsilon 4.6799 3.9545 4202600 

Eukaryotic translation initiation factor 3 subunit G 3.3471 2.4983 33105000 

Eukaryotic translation initiation factor 3 subunit A 4.4038 3.1338 1.84E+08 

Cdc42-interacting protein 4 4.304 6.0231 1838800 

Protein AHNAK2 4.428 4.8068 7535000 

Eukaryotic translation initiation factor 3 subunit F 3.8807 2.0589 5.16E+08 

Eukaryotic translation initiation factor 3 subunit E 4.1363 2.9957 44763000 

Eukaryotic translation initiation factor 4 gamma 1 3.8373 3.9398 18951000 

Folate receptor alpha 3.0608 1.081 2124900 

Protein PRRC2A 2.9079 1.3407 4453400 

Heat shock protein HSP 90-beta;Heat shock protein HSP 90-alpha 2.4243 2.0459 71098000 

Ras GTPase-activating protein-binding protein 1 2.4053 1.9283 55490000 

Splicing factor 3B subunit 2 2.4275 1.8226 1.22E+08 

14-3-3 protein gamma;14-3-3 protein gamma, N-terminally 2.4264 1.5604 6984700 
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processed 

KH domain-containing, RNA-binding, signal 

transduction-associated protein 1 2.2221 1.8512 2.44E+08 

40S ribosomal protein S23 2.0208 1.8877 10013000 

40S ribosomal protein S7 1.7059 2.0991 17445000 

WD repeat-containing protein 74 1.7955 2.0678 2166800 

Thioredoxin domain-containing protein 5 1.6088 2.0826 3370600 

Splicing factor 1 0.79234 0.24126 13622000 

AT-rich interactive domain-containing protein 1B 0.58853 0.44673 23419000 

SWI/SNF-related matrix-associated actin-dependent regulator of 

chromatin subfamily D member 2 0.48098 0.2669 20733000 

Splicing factor, proline- and glutamine-rich 0.49311 0.42382 3.42E+08 

Ataxin-2-like protein 0.46694 0.41153 64951000 

Papilin 0.47542 0.7436 1090200 

SWI/SNF-related matrix-associated actin-dependent regulator of 

chromatin subfamily E member 1 0.4751 0.15018 35928000 

Actin-like protein 6A 0.4508 0.34757 2.09E+08 

SWI/SNF complex subunit SMARCC1 0.42836 0.35315 4.18E+08 

 

0.43158 0.3416 93521000 

Probable E3 ubiquitin-protein ligase TRIM8 0.38469 0.55391 2399600 

SWI/SNF-related matrix-associated actin-dependent regulator of 

chromatin subfamily D member 3 0.42096 0.35742 2990700 

Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1 0.36582 0.79711 1.29E+08 

SWI/SNF-related matrix-associated actin-dependent regulator of 

chromatin subfamily D member 1 0.34622 0.31983 29717000 

Zinc finger protein ubi-d4 0.37705 0.31967 39428000 

AT-rich interactive domain-containing protein 1A 0.35243 0.2945 2.95E+08 

Non-POU domain-containing octamer-binding protein 0.34508 0.38179 28852000 

UPF0568 protein C14orf166 0.33596 0.27097 3.22E+08 

Importin subunit alpha-5;Importin subunit alpha-5, N-terminally 

processed 0.34576 0.33344 9045700 

Zinc finger CCCH-type antiviral protein 1-like 0.31897 0.27916 3480800 

tRNA-splicing ligase RtcB homolog 0.33799 0.30934 1.07E+09 

Zinc finger protein 281 0.33274 0.33379 6062900 

Histone H1x 0.32187 0.37562 11593000 

Complement C4-B;Complement C4 beta chain;Complement C4-B 

alpha chain;C4a anaphylatoxin;C4b-B;C4d-B;Complement C4 

gamma chain;Complement C4-A;Complement C4 beta 

chain;Complement C4-A alpha chain;C4a 

anaphylatoxin;C4b-A;C4d-A;Complement C4 gamma chain 0.3228 0.080224 30854000 

Serpin H1 0.33373 0.29562 66530000 

SWI/SNF complex subunit SMARCC2 0.31387 0.27519 1.32E+08 
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Protein FAM98A 0.29419 0.25591 4.77E+08 

Transcription activator BRG1 0.32642 0.42075 2.83E+08 

Probable ATP-dependent RNA helicase DDX6 0.27552 0.29756 11533000 

ATP-dependent RNA helicase DDX1 0.29419 0.33207 1.76E+08 

Forkhead box protein C2 0.28056 2.1426 5992300 

Ubiquitin-associated protein 2-like 0.28523 0.31064 1.76E+08 

Desmocollin-1 0.2529 0.92236 1098300 

Histone H4 0.21806 0.078712 1.73E+08 

Probable ubiquitin carboxyl-terminal hydrolase FAF-X 0.22288 0.23526 1087000 

Src substrate cortactin 0.19709 0.26742 25496000 

ELM2 and SANT domain-containing protein 1 0.19583 0.25019 2068100 

Calcium homeostasis endoplasmic reticulum protein 0.18111 0.43542 15743000 

Ig kappa chain V-I region AU;Ig kappa chain V-I region WAT;Ig 

kappa chain V-I region WEA;Ig kappa chain V-I region Rei;Ig kappa 

chain V-I region Hau;Ig kappa chain V-I region Gal;Ig kappa chain 

V-I region AG 0.16845 0.051261 8925300 

Transcriptional-regulating factor 1 0.17162 0.18689 12996000 

Protein transport protein Sec31A 0.1462 0.18052 22473000 

Splicing factor 1 0.13741 0.14124 1.17E+08 

U2 snRNP-associated SURP motif-containing protein 0.13577 0.13634 6449800 

Histone H3;Histone H3.3C;Histone H3.2;Histone H3.1t;Histone 

H3.3;Histone H3.1 0.12787 0.074214 11150000 

ATP synthase subunit beta;ATP synthase subunit beta, 

mitochondrial 0.12138 0.15793 53129000 

Pre-B-cell leukemia transcription factor 1 0.11436 0.060734 11634000 

Sodium/potassium-transporting ATPase subunit 

alpha-3;Sodium/potassium-transporting ATPase subunit alpha-1 0.10117 0.086882 5528100 

Paraspeckle component 1 0.090109 0.062993 29000000 

YLP motif-containing protein 1 0.089836 0.05622 14598000 

Ubiquitin-associated protein 2 0.079064 0.079346 1.79E+08 

Endoplasmic reticulum resident protein 44 0.079624 0.077892 40366000 

Ataxin-2 0.054502 0.063463 2.24E+08 

Uncharacterized protein C17orf53 0.045783 0.046903 18599000 

Serine/threonine-protein kinase greatwall 0.03171 0.22644 55368000 

Ig gamma-1 chain C region;Ig gamma-2 chain C region;Ig gamma-4 

chain C region;Ig gamma-3 chain C region 0.019022 0.020796 1.59E+08 

Protocadherin gamma-C3 0.012336 0.005991 2.02E+08 

Table 5.4 Potential candidate hRme-6 interactors sensitive to EGF stimulation identified from Mass Spectrometry 

following triple label mass spectrometry experiments. The protein hits were selected if the ratio of M/L or H/L 

was higher than 2 or lower than 0.5. 
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The data were also analyzed by comparing the protein intensities of the matched 

medium labeling peptides with heavy labeling peptides. These data would suggest 

that the protein hits interacted with hRme-6 but were also sensitive to the treatment 

with CK2 inhibitor TBCA during EGF stimulation. Figure 5.4 shows the distribution of 

protein ratio between medium labeling peptides with heavy labeling peptides. Here, 

the ratio was defined to be significant if the ratio was higher than 1.5 or lower than 

0.5. Table 5.5 shows the protein hits which were sensitive to the CK2 inhibitor TBCA 

during EGF stimulation. 

 

Figure 5.4 Protein ratio distribution of H/M following triple label SILAC experiment. The protein ratio was 

calculated by comparing the protein intensities of the matched medium labeling (M) peptides with heavy labeling 

(H) peptides. The red square indicates the ratio of hRme-6 comparing heavy labeling peptides with medium 

labeling peptides (H/M). The yellow diamond shows the H/M ratio of CIP4, the yellow circle shows the H/M ratio 

of SNX24, the brown circle shows the H/M ratio of SNX9 and the red star shows the H/M ratio of IQGAP1. The Y 

axis shows the logarithm of total protein intensity. 
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Protein names Ratio H/M  Intensity  

Forkhead box protein C2 7.7889 5992300 

Serine/threonine-protein kinase greatwall 7.6159 55368000 

Eukaryotic translation initiation factor 3 subunit K 5.5179 2128200 

Sulfide:quinone oxidoreductase, mitochondrial 2.799 1070200 

Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1 2.3302 1.29E+08 

Malectin 2.1494 9639800 

Calcium homeostasis endoplasmic reticulum protein 1.6694 15743000 

Small nuclear ribonucleoprotein-associated protein N;Small nuclear 

ribonucleoprotein-associated proteins B and B 1.6388 25993000 

Putative elongation factor 1-alpha-like 3;Elongation factor 1-alpha 

1;Elongation factor 1-alpha;Elongation factor 1-alpha 2 1.5739 3.01E+08 

Protein IWS1 homolog 0.50108 5059200 

Mitochondrial ribonuclease P protein 1 0.48988 8460600 

Protein LSM14 homolog A 0.45298 775950 

Protocadherin gamma-C3 0.44128 2.02E+08 

Folate receptor alpha 0.41931 2124900 

Histone H4 0.36977 1.73E+08 

Splicing factor 1 0.36089 13622000 

SWI/SNF-related matrix-associated actin-dependent regulator of 

chromatin subfamily E member 1 0.32791 35928000 

Keratin, type I cytoskeletal 18 0.18021 3152700 

Vimentin 0.082688 21501000 

Table 5.5 Potential candidate interactors of hRme-6 that are sensitive to CK2 inhibition selected from mass 

spectrometry data. The protein hits were defined as the ratio of which was higher than 1.5 or lower than 0.5. 

 

As shown in table 5.4 and table 5.5, the proteins that showed significant ratios, 

beside hRme-6, were mainly cytoskeletal as well as lots of proteins from the nucleus, 

ribosome or related to nucleus and ribosome in all three immunoprecipitations. There 

were not many proteins related to endocytosis or signal transduction on the list. Most 

of the known interaction partners of hRme-6, like AP2, Rab5, c-Cbl, were not 

identified by mass spectrometry. From the list of top hits I identified four candidates 

that were related to signalling or endocytosis: Cdc42 interacting protein (CIP4), 

Sorting nexin 9 (SNX9), sorting nexin 24 (SNX24) and IQGAP1. CIP4 is a previously 

identified binding partner of hRme6 and was found to interact with hRme-6 during 
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insulin stimulation (Lodhi et al). My data showed that CIP4 also interacted with 

hRme-6 in EGF stimulated HeLa cells. CK2 inhibitor treatment caused the interaction 

between hRme-6 and CIP4 decrease. The identification of CIP4 also indicated that the 

SILAC method to find the interaction partners of hRme-6 was effective. The sorting 

nexins are involved in trafficking and SNX9 is known to regulate the late stages of CCV 

budding. IQGAP1 acts as a scaffold in many signalling pathways including EGFR 

signalling [199, 201]. Additionally SNX24 and IQGAP1 had been identified as 

interaction partners for Rme-6 in the BioGrid database 

(http://thebiogrid.org/117568/summary/homo-sapiens/gapvd1.html) by 

immunoprecipitation of a tagged hRme-6 from in HEK293 cells.  

  There were also some other potential interaction proteins of hRme-6 in the list, like 

14-3-3 proteins, Sec16A, Galectin-1, Opsin-5, Large proline-rich protein BAG6. But due 

to the time limit and their more defined roles in endocytosis or signalling, I mainly 

focused on the relationship of hRme-6 with CIP4, SNX24, SNX9 and IQGAP1.  

 

5.4 Verification of mass spectrometry ‘hits’ by in vitro binding 

assays 

In order to verify these ‘hits’ and to investigate the relationsips of the candidates 

with hRme-6, I set up in vitro binding assays. Plasmids that contained the cDNA for 

the potential interaction partners were purchased from Addgene. The plasmids were 

transfected into E.coli BL21 (DE3) competent cell strain for protein expression. The 

corresponding proteins were purified and direct interaction tests between 

Flag-hRme-6 purified from HEK293 cells and selected candidates were investigated. 

http://thebiogrid.org/117568/summary/homo-sapiens/gapvd1.html
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5.4.1 Interaction test between hRme-6 and SNX24 

Flag-hRme-6 was purified from HEK293 cells, overexpressing Flag-hRme-6, by Flag 

M2 affinity gel (Figure 4.17A). SNX24 protein was expressed in E.coli BL21 (DE3) as 

described in Materials and Methods. The fusion protein was purified by Ni-NTA 

agarose beads. As shown below, the concentrations of the purified His-SNX24 were 

very high and the purity was suitable for an interaction test. 

 

Figure 5.5 Purification of His- SNX24 from E.coli. pNIC28-Bsa4s-SNX24A-c003 plasmids were transfected into BL21 

(DE3) competent cell strain. Bacterial cell lysates were prepared as described in material and methods and 

incubated with Ni-NTA agarose beads at 4°C for 1 hour. The beads were washed three times with cold TBS 

containing 25 mM imidazole. His-SNX24 was eluted by 250 mM imidazole. Eluted proteins were analyzed by 

SDS-PAGE and stained with coomassie blue. The arrow shows the purified His-SNX24. 
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His-SNX24 conjugated to Ni-NTA agarose beads was incubated with Flag-hRme-6 

that was purified from HEK293 cells. Conversely, Flag-hRme-6 conjugated to Flag M2 

affinity beads was incubated with His-SNX24 purified from bacteria. The beads from 

each experiment were then tested by both anti-hRme-6 antibody and anti-His 

antibody. As shown below, Flag-hRme-6 conjugated to Flag M2 affinity gel bound a 

significant amount of His-SNX24, indicating a good interaction. At the same time a 

weak band of 230 KD corresponding to hRme-6 was detected on His-SNX24 

conjugated Ni-NTA agarose beads. However, there was a much stronger band around 

150 KD at the same lane, which also was present in the Flag-hRme-6 lane. This lower 

molecular weight species was occasionally observed following SDS-PAGE of hRme-6. It 

is possible that His-SNX24 binds better to a disassembled form of Rme-6 but further 

experiments would be required to verify this. 
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Figure 5.6 His-SNX24 and Flag-hRme-6 interact directly in vitro. A, Flag-hRme-6 purified from HEK293 cells was 

isolated on Flag beads and incubated with His-SNX24 (lane 6). SNX24 conjugated to Ni-NTA agarose beads was 

incubated with Flag-hRme-6 that was purified from HEK293 cells (lane 8). At the same time Flag M2 beads were 

also incubated with His-SNX24 (lane 3) and His beads without protein were also incubated with Flag-hRme-6 (lane 

4) as control experiments. The beads were then washed with cold TBS and analyzed by immunoblotting. M, marker. 

B, over-exposure of lane 5-8. The arrow showed the size of hRme-6. M, marker. Results are representative of one 

of three experiments. Note the blots were cropped to probe for anti-flag antibody in the same blot . 

5.4.2 Interaction test between hRme-6 and SNX9 

Flag-hRme-6 was purified from HEK293 cells, overexpressing Flag-hRme-6, by Flag 

A 

B 



 

- 159 - 

 

M2 affinity gel as Figure 4.17A. SNX9 protein was expressed in E.coli BL21 (DE3) as 

described in Materials and Methods. The fusion protein was purified by Ni-NTA 

agarose beads. As shown below, the concentrations of the purified His-SNX9 were 

very high and the purity was suitable for an interaction test. 

 

Figure 5.7 Purification of His- SNX9 from E.coli. 6XHis-SNX9 pET15b plasmids were transfected into BL21 (DE3) 

competent cell. Bacterial cell lysates were prepared as described in material and methods and incubated with 

Ni-NTA agarose beads at 4°C for 1 hour. The beads were washed three times with cold TBS containing 25 mM 

imidazole. His tag proteins were further eluted by 250 mM imidazole. Eluted proteins were analyzed by SDS-PAGE 

and stained with coomassie blue. The arrow showed the location of SNX9. 

 

His-SNX9 conjugated to Ni-NTA agarose beads was incubated with Flag-hRme-6 that 

was purified from HEK293 cells. Conversely, Flag-hRme-6 conjugated to Flag M2 

affinity gel was incubated with His-SNX24 purified from bacteria. The beads from each 

experiment were then immunoblotted with both anti-hRme-6 antibody and anti-His 
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antibody. As shown below, Flag-hRme-6 conjugated to Flag M2 affinity gel bound a 

significant amount of His-SNX9. A clear band of 230 KD corresponding to hRme-6 was 

detected in His-SNX9 conjugated to Ni-NTA agarose beads. This assay indicated a good, 

direct interaction between the two proteins in vitro.  

 

Figure 5.8 His-SNX9 and Flag-hRme-6 directly interact in vitro. Flag-hRme-6 purified from HEK293 cells was 

isolated on Flag beads and incubated with His-SNX9 (lane 1). SNX9 conjugated to Ni-NTA agarose beads was 

incubated with Flag-hRme-6 purified from HEK293 cells (lane 3). At the same time Flag M2 beads were also 

incubated with His-SNX9 (lane 4) and His beads without protein were also incubated with Flag-hRme-6 (lane 5) as 

control experiments. The beads were then washed with cold TBS and analyzed by immunoblotting. The asterisk 

showed the band of hRme-6. M, marker. Results are representative of one of three experiments. 

5.4.3 Interaction test between hRme-6 and IQGAP1 

Flag-hRme-6 was purified from HEK293 cells, overexpressing Flag-hRme-6, by Flag 

M2 affinity gel (Figure 4.17A). GST and GST-IQGAP1 protein were expressed in E.coli 

BL21 (DE3) as described in Materials and Methods. The fusion proteins were purified 

by GST agarose beads. As shown below, the purified GST protein was very clean. 

However, the purified GST-IQGAP1 on GSH beads contained many other 

contaminating proteins. The eluted protein also contained the same contaminants. 

However there was still clearly detectable GST-IQGAP1 associated with the beads and 

in the elution sample. So the interaction test between hRme-6 and IQGAP1 was still 
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set up. 

 

Figure 5.9 Purification of GST and GST-IQGAP1 from E.coli. pGEX-GST and pGEX-2T-IQGAP1 plasmids were 

transfected into BL21 (DE3) competent cell strain. Bacterial cell lysates were prepared as described in material and 

methods and incubated with GST agarose beads at 4°C for 1 hour. The beads were washed three times and further 

eluted by 10 mM Glutathione. Eluted proteins were analyzed by SDS-PAGE and stained with coomassie blue. The 

arrow shows the location of the purified GST and GST-IQGAP1. 

GST and GST-IQGAP1 conjugated to GST agarose beads were incubated with 

purified Flag-hRme-6 and the beads were then subjected to Western blotting. Figure 

5.10 indicates that only beads with GST-IQGAP1 could capture Flag-Rme-6 (Lanes 3 

and 4). In the converse experiment, Flag-hRme-6 conjugated to Flag M2 affinity gel 

was incubated with soluble GST or GST-IQGAP1. The beads from each experiment 

were then tested by Western blot using anti-GST antibodies. Beads with Flag-Rme-6 

captured GST-IQGAP1 althouth they also captured a small amount of GST as well 

(Lanes 1 and 2) which calls into question the specificity of the interaction with 
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GST-IQGAP1. A further caveat of this experiment is that the preparation of 

GST-IQGAP1 contained many bands that cross-reacted with anti-GST antibodies. 

These may have been degradation products or premature translation products arising 

from bacterial expression of such a large protein (~150kDa). Future confirmation of 

this in vitro experiment would require incubation of GST and GST-IQGAP1 with FLAG 

beads without Rme-6 and also the expression of IQGAP1 in a system that yielded a 

more homogenous preparation of protein. 

Over all, this experiment suggested that hRme-6 and IQGAP1 may interact with 

each other , however, the high numbers of contaminants in the sample and lack of 

controls make it difficult to draw a confirm conclusion from this experiment. 

 

Figure 5.10 GST-IQGAP1 and Flag-hRme-6 interact in vitro. Flag-hRme-6 purified from HEK293 cells was isolated 

on Flag beads and incubated with GST-IQGAP1 (lane 2) and GST (lane 1). GST and GST-IQGAP1 conjugated to GST 

agarose beads were incubated with Flag-hRme-6 respectively. The beads were then washed with cold TBS and 

analyzed by immunoblotting. The bands of Flag-hRme-6 beads and GST beads and GST-IQGAP1 beads directly 

scannd from the membrane without exposure. Results are representative of two experiments. 
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5.5 Validation of the mass spectrometry ‘hits’ in cells 

My previous experiments tested the interactions between hRme-6 and SNX24, 

SNX9 and IQGAP1 using purified proteins in vitro. The four candidates that were 

identified by the SILAC experiments were based on EGF stimulated HeLa cells. CIP4 

and SNX24 were even both sensitive to EGF stimulation. I wanted to test the 

interactions in cells and particularly following EGF stimulation.  

As the first step I wanted to see whether hRme-6 or any of its interacting partners 

could be co-localized on membranes of the endo-lysosomal system following EGF 

stimulation by immunofluorescence. To test the co-localisation of hRme-6 with other 

candidates, mcherry-CIP4 and mcherry-SNX9 plasmids were transfected into HeLa 

cells. The co-localisation of endogenous hRme-6 with SNX9, CIP4 was examined by 

confocal microscopy. As shown in Figure 5.11, cells that were transfected with 

mCherryCIP4 and mCherry SNX9 showed diffuse cytoplasmic labeling as the same of 

hRme-6. Following EGF stimulation there was no obvious recruitment of these 

proteins to the membranes. It is possible that if a small population was recruited to 

membranes that it was masked by the high levels of cytoplasmic staining. 
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Figure 5.11 Immunofluorescence shows that SNX9, CIP4 and hRme-6 were largely cytoplasmic following 

overexpression. HeLa cells were transfected with mCherry-CIP4 or mCherry-SNX9 as indicated.  Cells were serum 

starved for 24 hr and then stimulated with 50 ng/ml EGF at different time points. The cells were then fixed with 4% 
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paraformaldehyde, permeabilized with 0.2% Triton X-100, and stained with anti-hRme-6, followed by Alexa Fluor 

488 conjugated secondary antibody and analyzed by confocal microscopy. Results were repeated three times. 

 

5.6 Proximity ligation assay to validate hRme-6 interactions in 

cells. 

Proximity ligation assay (PLA assay) is a powerful technology to detect single 

protein events such as protein protein interactions and modifications in tissue and cell 

samples. It can directly detect endogenous protein interactions within a 40 nm range. 

Our hypothesis was that Rme-6 might interact with different proteins depending on 

the cargo that was being internalised. To test the interactions of hRme-6 with the 

different candidates, the internalisation of transferrin and EGF in HeLa cells was used 

as a model. 

To establish the PLA assay, it was important to carry out controls for specificity. One 

set of controls is set up based on one of the primary antibodies or secondary 

antibodies used in subsequent experiments. As shown in Figure 5.12, this resulted in 

little or no signal for all of the antibodies tested.  
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Figure 5.12 PLA assay primary antibody control test. HeLa cells were serum starved for 24 hours and then 

stimulated with 50 ng/ml EGF for 5 minutes. The cells were then fixed with 4% paraformaldehyde, permeabilized 

with 0.2% Triton X-100, and stained with only one primary antibody or one secondary antibody as indicated above, 

followed by Duolink® In Situ Red Starter Kit and analyzed by confocal microscopy. Results were repeated three 

times. 

5.6.1 PLA assay between hRme-6 and SNX9 

HeLa cells were seeded on coverslip for 20 hours and then serum starved for 24 hr. 

The cells were then incubated with 50 ng/ml EGF or 15 μg/ml Tfn. The cells were fixed, 

processed using Duolink® In Situ Red Starter Kit Mouse/Rabbit according to the 

manufacturer’s instructions. The endogenous hRme-6 and SNX9 interaction was 

revealed. As shown below, the signal between SNX9 and hRme-6 from PLA assay was 

very weak during both EGF and Tfn incubation. The signal was nearly the same as the 

background and did not change during the different cargo stimulations. This 

contrasted with the strong in vitro interaction between these two proteins. It may be 

that EGF stimulation or Tfn incubation are not the best cargoes with which to analyze 

the interaction between SNX9 and hRme-6. The weak interaction was more in line 

with the SILAC data which also suggested a weak interaction between the two 

proteins.   
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Figure 5.13 PLA assay to test an in vivo interaction between hRme-6 and SNX9. HeLa cells were serum starved for 

24 hours and then incubated with 15 μg/ml Tfn or stimulated with 50 ng/ml EGF at different time points. The cells 

were then fixed with 4% paraformaldehyde, permeabilized with 0.2% Triton X-100, and stained with anti-hRme-6 

and anti-snx9 antibody, followed by Duolink® In Situ Red Starter Kit and analyzed by confocal microscopy. Results 

were repeated three times. 

5.6.2 PLA assay between hRme-6 and CIP4 

To test the interaction between hRme-6 and CIP4, a PLA assay was carried out as 

above. As shown in Figure 5.14, the PLA signal between hRme-6 and CIP4 was very 

strong. However, the PLA signal in the case of both EGF stimulation and Tfn incubation 

were unstable, which made it difficult to distinguish a clear trend of the signal. 

 It is also notable that without cargo stimulation, there were also clear interaction 

signals. It implied that the interaction between hRme-6 and CIP4 was very robust. 

Later I found that in purified hRme-6 from HEK293 cells there was CIP4 associated 

with hRme-6 constantly (data not shown).  
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Figure 5.14 PLA assay tested the in vivo interaction between hRme-6 and CIP4 in Tfn incubation and EGF 

stimulation. HeLa cells were serum starved for 24 hours and then incubated with 15 μg/ml Tfn or stimulated with 

50 ng/ml EGF at different time points. The cells were then fixed with 4% paraformaldehyde, permeabilized with 0.2% 

Triton X-100, and stained with anti-hRme-6 and anti-CIP4 antibody, followed by Duolink® In Situ Red Starter Kit and 

analyzed by confocal microscopy. 

 

5.6.3 PLA assay between hRme-6 and IQGAP1 

A PLA assay to test the interaction between endogenous hRme-6 and IQGAP1 was 

performed as described in the previous section. As shown below, after serum 

starvation, incubation with either transferrin or EGF resulted in an increased PLA 

signal. The increase in the presence of transferrin may reflect the longer serum 

starvation (see section 5.6.4). However, in the presence of EGF there was a transient 

two-fold increase in the association of IQGAP1 with hRme-6. These results suggested 

that the interaction between IQGAP1 and hRme-6 was different depending on 

different cargos. 
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Figure 5.15 PLA assay test of the in vivo interaction between hRme-6 and IQGAP1 following Tfn incubation and 

EGF stimulation. HeLa cells were serum starved for 24 hours and then incubated with 15 μg/ml Tfn or stimulated 

with 50 ng/ml EGF at different time points. The cells were then fixed with 4% paraformaldehyde, permeabilized 

with 0.2% Triton X-100, and stained with anti-hRme-6 and anti-IQGAP1 antibody, followed by Duolink® In Situ Red 

Starter Kit and analyzed by confocal microscopy.   

 

 

Figure 5.16 Quantification of the PLA assay signal between hRme-6 and IQGAP1 in Tfn incubation and EGF 

stimulation. Quantification of the interaction dots by Image J in the indicated time point. Results are the means of 

at least 37 cells. The error bars indicated the Standard Error. Values are signifi cantly different at P < 0.01 (**). 

5.6.4 PLA assay to test the interaction between cargo receptors and 

hRme-6. 

As PLA assay is based on protein distance and antibody, it can detect protein 

interactions within 40 nm. It is possible to test the weak interactions between two 

proteins if the proteins are sufficiently close. The difference in the interactions 

between hRme-6 and IQGAP1 during Tfn and EGF stimulation led me to explore 
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whether I could detect interactions of hRme-6 with the cargo receptors. Since hRme-6 

was reported to be involved in the internalisation of Tfn and EGFR, I wanted to see 

whether PLA could be used to determine an interaction between Rme-6 and either 

TfnR or EGFR. 

A Tfn receptor (TfnR) antibody (B3/25) that recognises the ectodomain of the TfnR 

was used to check the co-localisation between hRme-6 and TfnR. As shown below, 

there were generally strong interaction signals between hRme-6 and TfnR. It is an 

indication of the distances over which PLA can generate a signal that there is 

detectable interaction between an antibody bound to the ectodomain of TfnR and 

and antibody to hRme-6 which would be located on the cytoplasmic face of the 

vesicle. 

 But it was very interesting that the interaction between hRme-6 and TfnR was 

affected by starvation. Figure 5.17 and 5.18 showed that 30 minutes starvation did 

not change the interaction between hRme-6 and TfnR and the interaction signal was 

nearly the same during addition of ligand. However, 24 hours starvation significantly 

changed the mode of the interaction between TfnR and hRme-6. The initial 

interaction signal was 30% lower compared to that at 30 minutes starvation. The 

interaction between hRme-6 and TfnR quickly doubled at 2 minutes compared to that 

at 0 minutes. The interaction signal was approximately the same as that at 30 minutes 

starvation. However, after 10 minutes the degree of interaction returned to the same 

as the starting point. This is surprising as TfnR has been shown to be constitutively 

internalised regardless of the presence of ligand (Watts, 1980). Hence if hRme-6 is 

involved in transferrin uptake, the results after 30 minute serum starvation are 

consistent with what we might expect as the association of TfnR with hRme-6 is 

relatively constant and is unchanged by ligand. The results after 24 hours serum 

starvation suggest that long times of serum starvation may disrupt normal endocytic 

trafficking.   
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Figure 5.17 PLA assay tested the in vivo interaction between hRme-6 and TfnR following different times of 

serum starvation during uptake of Tfn. HeLa cells were serum starved for 30 minutes or 24 hours and then 

incubated with 15 μg/ml Tfn for different time points. The cells were then fixed with 4% paraformaldehyde, 

permeabilized with 0.2% Triton X-100, and stained with anti-hRme-6 and anti-TfnR antibody, followed by Duolink® 

In Situ Red Starter Kit and analyzed by confocal microscopy. 

 

Figure 5.18 Quantification of the PLA assay signal between hRme-6 and TfnR in Tfn incubation. Quantification of 

the interaction dots by Image J in the indicated time point. Results are the means of at least 34 cells. The error bars 

indicated the Standard Error. Values are significantly different at P < 0.01 (**). 

 

I also measured the interaction between EGFR and hRme-6 (Figure 5.19). Before 

EGF stimulation, HeLa cells were starved for 24 hours to totally remove the cell 

surface EGF. The signal dot number between EGFR and hRme-6 was generally less 

than that between TfnR and hRme-6. There are approximately 1 million of Tfn 

receptors but only 35,000 EGF receptors per HeLa cells [147, 219]. The lower signal 

dot number could be because of the different receptor numbers. However, according 

to the signal measured by PLA, even though there were fewer dots detected between 
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EGFR and hRme-6, the signal density of EGFR-hRme-6 was actually higher than 

TfnR-hRme-6. It also could be possible that long time serum starvation changed both 

TfnR and EGFR sensitivities, which led less hRme-6 interacted with EGFR.   

 

Figure 5.19 PLA assay tested the in vivo interaction between hRme-6 and EGFR. HeLa cells were serum starved 

for 24 hours and then stimulated with 50 ng/ml EGF for different time points. The cells were then fixed with 4% 

paraformaldehyde, permeabilized with 0.2% Triton X-100, and stained with anti-hRme-6 and anti-EGFR antibody, 

followed by Duolink® In Situ Red Starter Kit and analyzed by confocal microscopy. 
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Figure 5.20 Quantification of the PLA assay signal between hRme-6 and EGFR in EGF stimulated HeLa cells. 

Quantification of the interaction dots by Image J in the indicated time point. Results are the means of at least 29 

cells. The error bars indicated the Standard Error. Values are not significantly different at P>0.5.  

 

5.6.5 The interaction between CIP4 and EGFR is enhanced following 

overexpression of Flag-hRme-6. 

As a test for the specificity of the interaction between Rme-6 and its binding 

partners, HeLa cells overexpressing Flag-hRme-6 were analyzed with anti-CIP4 and 

anti-EGFR antibodies in the PLA assay. Following the PLA assay, cells were incubated 

with Alexa Fluor 488 conjugated secondary antibody to highlight the cells 

overexpressing Flag-hRme-6. As shown below, in cells that overexpress hRme-6, 

Flag-hRme-6 shows significantly increased interaction with EGFR and CIP4. The strong 

co-localisation did not change in presence of different time EGF stimulation (data not 

shown). The conclusions from this experiment could be further strengthened by using 

siRNA to ablate Rme-6 and demonstrating that the interactions with the cargo and 

binding partners are no longter evident. And there is slightly lack overexpression of 

unrelated flag-tagged protein to confirm that the signal specifity between 
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Flag-hRme-6 and CIP4, EGFR. None-the-less, these data still gave some support for the 

interaction between endogenous hRme-6 and CIP4 and EGFR.  
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Figure 5.21 PLA assay tested the in vivo interaction between Flag-hRme-6 and CIP4, EGFR in HeLa cells, 

overexpressing hRme-6. HeLa cells were transfected with Flag-hRme plasmids. After 24 hr, cells were serum 

starved for 24 hours and then stimulated with 50 ng/ml EGF at different time points. The cells were then fixed with 

4% paraformaldehyde, permeabilized with 0.2% Triton X-100, and stained with anti-CIP4/anti-Flag antibody or 

anti-EGFR/anti-Flag antibody, followed by Duolink® In Situ Red Starter Kit. Samples were then stained with Alexa 

Fluor 488 conjugated secondary goat anti mouse antibody and analyzed by confocal microscopy.  

To further validate the signal specificity of the interactions of Rme-6, another 

negative control checked the signal between hRme-6 and Nup98 (component of 

nuclear pore complex) (Figure 5.22). Compared to the signal observed with the 

interactors of Rme-6 identified by mass spectrometry and in vitro binding, there is 

fewer dots obsereved between hRme-6 and Nup98, which further supports that the 

PLA assay is specific for the interaction between hRme-6 and the interaction partners. 

 

Figure 5.22 PLA assay tested the in vivo interaction between hRme-6 and nup98. HeLa cells were serum starved 

for 24 hours and then stimulated with 50 ng/ml EGF for 2 minutes. The cells were then fixed with 4% 

paraformaldehyde, permeabilized with 0.2% Triton X-100, and stained with anti-hRme-6 and anti-Nup98 antibody, 

followed by Duolink® In Situ Red Starter Kit and analyzed by confocal microscopy. 

To summarise these data, PLA assay revealed that there are interactions between 
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hRme-6 and CIP4, IQGAP1, TfnR and EGFR but not with SNX9. The interaction 

between hRme-6 and CIP4 was not affected by cargo uptake while the interaction 

between hRme-6 and IQGAP1 varied during incubation of EGF compared to the 

incubation of Tfn in HeLa cells. 

Over all, PLA assay still showed strong evidence that there are potential 

interactions between hRme-6 and several candidates. 

 

5.7 Discussion  

 To understand the functions of hRme-6, my main aim in this chapter was to identify 

and explore the interaction proteins of hRme-6. SILAC experiments yielded a long list 

of hRme-6 interaction partners. From this list, four interactions partners were chosen 

and further explored. In vitro interaction tests and in vivo immunofluorescence 

experiments confirmed the interactions between hRme-6 and the potential 

candidates. The PLA further checked the specific interaction between hRme-6 and the 

candidates in vivo during EGF stimulation and Tfn incubation. One candidate, IQGAP1, 

was found to exhibit specific increased interaction with hRme-6 during EGF 

stimulation.  

 

5.7.1 SILAC experiment to find the interaction partners of hRme-6   

  To find the potential interaction partners of hRme-6 that might be involved in the 

diverse functions of hRme-6, triple labeling SILAC experiment were set up. As shown 

in appendix 6, over 500 proteins were found that were specifically 

immunoprecipitated by an anti-hRme6 antibody that recognises the endogenous 

hRme-6. Many of the proteins found from the SILAC experiment were actually related 
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to the nucleus, ribosome and mitochondria. It is perhaps not surprising that 

ribosomal proteins were identified since the antibody may have immunoprecipitated 

newly translated hRme-6. But the high proportion of nuclear and mitochondrial 

proteins was unexpected. One possible reason that led to this result may be because 

the hRme-6 antibody used for immunoprecipitation was a polyclonal antibody, which 

may have bound many non-specific proteins. One method to solve this problem could 

be pre-saturate the antibody by BSA to decrease the non specific binding. Another 

way is to remove contaminating membranes by centrifugation. But since we were 

interested in both the membrane and cytosolic pool of Rme-6, we wanted to avoid 

this step. 

Another thing that greatly affected the result was the cell lysis method. Many lysis 

methods were tried during optimization of the SILAC experiment. I found that only 

NP40 was effective at releasing membrane components. This is the same condition 

used in a previous paper that explored the interactome of the EGFR using a SILAC 

experiment [200]. The known functions of hRme-6 during endocytosis are mainly in 

the early stages of endocytosis, which involves receptor internalisation and vesicle 

uncoating. I have shown that hRme-6 was found to function as a high molecular 

weight complex which is SDS resistant. It is possible that the inclusion of some strong 

detergent might increase the number of interacting proteins found in the 

immunoprecipitate of hRme-6.  

In the triple labeling SILAC experiments the cells were stimulated for 5 minutes 

with EGF and this experiment was repeated twice. A third replicate would be required 

to get a statistically significant analysis of the interactome. However, the hits we chose 

were robust and appeared in several experiments under different conditions. Another 

thing found in SILAC experiments was the differences between different EGF 

stimulation time. An early SILAC experiment that examined the interacting partners of 

hRme-6 used 10 minutes for EGF stimultaion. Most of the selected candidates, 

including SNX24, SNX9, CIP4 and IQGAP1 were found under these conditions 
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(appendix 4). However, the ratio of these candidates following 5 minutes and 10 

minutes EGF stimulation was slightly different. In particular, SNX24 showed significant 

interaction with hRme-6 at 5 minutes but little interaction at 10 minutes EGF 

stimulation. It suggested that the flux of EGF through the endocytic pathway affects 

the interactions of hRme-6 with its binding partners. 

  In the proteins found from mass spectrometry, beside CIP4, other known hRme-6 

interaction partners, like AP2, Rab5, c-cbl, TC10, p42/44, were not found. It is possible 

that the binding of the antibody to hRme-6 is blocked when hRme-6 is in complex 

with some of these binding partners.  

Alternatively the interaction between hRme-6 and some of endocytosis interaction 

partners may be relatively weak and/or transient. The condition used in my assay 

would not select for these interactions. An alternative mass spectrometry approach 

such as BioID might be more suitable for detecting such interactions, as BioID was 

based on the proximity to find all the potential nearby biotinylated interaction 

proteins by co-expression of a bacterial biotin ligase [220]. So BioID would show more 

interacting proteins in living cells and may reveal some weak interaction partners that 

could not be found through classical immunoprecipitation.  

After analyzing the list of candidate hits, only four potential candidates were 

selected to test further due to limited time. But there should be still more candidates 

sitting in the list that may also affect the functions of hRme-6. It is nearly impossible 

to check all the hits one by one. One way to solve this problem would be to use an 

RNAi screen combined with the SILAC experiment. After SILAC experiment, the RNAi 

screen would highlight all the strong candidates directly that affect the EGF 

internalisation.  
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5.7.2 The interaction between hRme-6 and SNX24 

  From SILAC experiment, in vitro binding experiment and the online data bases 

SNX24 was selected as a strong interaction partner. Due to the lack of good antibody 

for SNX24, the in vivo PLA assay was not carried out. In my SILAC experiment, the 

ratio of SNX24 changed a lot compared to the control groups during both experiments. 

It suggested that the binding of SNX24 to hRme-6 was specifically modulated in EGF 

stimulated HeLa cells. How SNX24 involved in the function of hRme-6 during EGF 

stimulation need further exploration. 

 

5.7.3 The interaction between hRme-6 and SNX9 

  A second selected candidate SNX9 was selected to test by both in vitro and in vivo 

experiment. SNX9 and hRme-6 were both reported to interact and colocalize with AP2. 

SNX9 interacted with β2 domain and α-adaptin while hRme-6 interacted with 

α-adaptin. However, while these two proteins interacted very well in an in vitro assay, 

the interactions in the SILAC experiments and PLA assay were relatively weak. 

There may be several reasons for these differences. The PLA assay is based on the 

recognition of the primary antibody to the protein, the weak signal may be because 

the SNX9 antibody did not bind to the antigen properly. Another reason could be that 

SNX9 forms a tight complex with clathrin, AP2 and dynamin 2 so that in the SILAC 

experiment the anti-hRme-6 antibody was unable to capture them. In my SILAC 

experiment assay, neither clathrin, AP2 nor dynamin 2 were found. It is possible that 

in the SILAC experiment the immunoprecipitation of hRme-6 captured only SNX9 that 

was freely available in the cytoplasm but not that in complex with AP2, clathrin and 

dynamin. 

However, there is another explanation about these phenotypes. It is that the 
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interaction between SNX9 and hRme-6 is very transient. SNX9 was colocalized with 

EGFR at very early time points (10 s~2 minutes) [221]. It may be that SNX9 functions 

at an earlier time point than hRme-6. Live cell imaging shows a recruitment of SNX9 

to clathrin coated pits just at the point of scission which would be earlier than the 

expected recruitment of hRme-6 during uncoating [222]. This may also be the reason 

that there was not a strong signal between SNX9 and hRme-6 in the PLA assay. The 

strong in vitro protein interaction may suggest that there is a hand over process 

between SNX9 and hRme-6.  

  Another question about SNX9 concerned the domain of SNX9 that interacted with 

hRme-6. SNX9 and SNX24 both belong to the sorting nexin family. SNX24 is likely to 

interact with hRme-6 through its PX domain. SNX9 was reported to interact with ACK2 

proline-rich domain via its SH3 domain [190]. hRme-6 also contains a proline rich 

motif. But the interaction domains between hRme-6 and SNX9 are still unknown. If 

SNX9 and SNX24 both interact with hRme-6 through PX domain, they may interact 

with the same region with hRme-6. There may be a competition among the 

interaction of hRme-6, SNX24 and SNX9. 

It is notable that SNX9 and hRme-6 both mediate fluid phage endocytosis 

(macropinocytosis). The Rme-6 mutant showed accumulation of a fluid-phase 

endocytosis marker in the body cavity in C.elegans while Alexa-568-labeled dextran 

accumulation [160]and horseradish peroxidase (HRP) uptake were all reduced in 

SNX9-depleted cells [191]. It is possible that the strong interaction of hRme-6 and 

SNX9 in vitro reflects a real interaction which is not required during EGF stimulation 

but is more related to the process of macropinocytosis.   

 

5.7.4 The interaction between hRme-6 and CIP4 

The interaction between hRme-6 and CIP4 was first found in 3T3-L1 adipocytes to 



 

- 187 - 

 

regulated GLUT4 translocation by insulin stimulation. Although CIP4 was not required 

in the early stage of clathrin mediated endocytosis of EGFR, CIP4 colocalized with 

EGFR and Rab5 in early endosome. CIP4 promotes lysosomal targeting and 

degradation of EGFR [223]. My SILAC experiment suggested hRme-6 interacted with 

CIP4 during EGF stimulation as well and furthermore the interaction between CIP4 

and hRme-6 decreased during CK2 inhibitor treatment.  

Due to the interaction between hRme-6 and CIP4 already tested in vitro, it was not 

tested in my vitro experiment. However, later I found that purified Flag-hRme-6 from 

HEK293 cells contained CIP4. It also matched with the PLA assay that without 

stimulation there was already interaction between CIP4 and hRme-6. Overexpression 

Flag-hRme-6 data further confirmed the interaction.  

But the quantifications of PLA signal during Tfn incubation and EGF stimulation 

were not stable, it failed to show whether the interaction between hRme-6 and CIP4 

changed in presence of different cargoes. How CIP4 involved in the function of 

hRme-6 during EGF stimulation need further exploration. 

 

5.7.5 The interaction between hRme-6 and IQGAP1 

The interaction between IQGAP1 and hRme-6 was very exciting. Actually previous 

studies using SILAC to analyze EGF signalling related proteins had already found that 

IQGAP1 was recruited to activate Grb2-EGFR complex and directly involved in 

signalling[224]. My SILAC data suggested that IQGAP1 was a robust interaction 

partner with hRme-6. Furthermore the SILAC experiment suggested that the 

interaction between IQGAP1 and hRme-6 decreased during CK2 inhibitor treatment. 

In vitro experiments, due to the purified IQGAP1 and Flag-hRme-6 were not so pure 

and lacks of proper controls, there is not clear conclultion for the interaction between 

Flag-hRme-6 and IQGAP1. It is just an early hint that there may be interaction 
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between Flag-hRme-6 and IQGAP1. However, the PLA assay revealed that the 

interaction between hRme-6 and IQGAP1 increased during EGF stimulation but not in 

Tfn incubation in HeLa cells. This specific change suggested that the interaction 

between hRme-6 and IQGAP1 may be different depending on which cargo was 

internalized. It also matched with the original hypothesis that the function of hRme-6 

was different during different cargo stimulation. It is possible that the different 

interaction model between IQGAP1 and hRme-6 leads to different downstream 

reactions in the cell. 

My previous experiments found that overexpression of hRme-6 or treating cells 

with a CK2 inhibitor both caused a change in the signal intensity of p42/44 and Akt. 

But how hRme-6 is involved in these processes was unknown. However, IQGAP1 was a 

strong interaction candidate that is directly involved in the signalling control via 

hRme-6.  

The signal intensity change of Akt caused by hRme-6 overexpression happened 

mainly at 10 minutes EGF stimulation (Figure 3.6). But the PLA assay found that 

IQGAP1 and hRme-6 showed peak interaction at very early time point (2 minutes). At 

5 minutes stimulation time, the interaction between IQGAP1 and hRme-6 had already 

started to decrease. It is possible that the interaction between hRme-6 and IQGAP1 

regulates the EGFR signal intensity. It also explained the interaction of hRme-6 and 

IQGPA1 during Tfn incubation as the interaction mainly started at 5 minutes ligand 

incubation, at which hRme-6 mediates vesicle uncoating. During Tfn incubation 

because there is no requirement for signal control, this may also delay the interaction 

between hRme-6 and IQGAP1. 

However, there is another reason which may cause the interaction between 

IQGAP1 and hRme-6 to be more sensitive during EGF stimulation. My experiments 

showed that serum starvation greatly affected the receptor reaction to the ligand. 

During Tfn incubation the interaction between TfnR and hRme-6 increased but did not 

significantly change between EGFR and hRme-6 during EGF stimulation. It appears 
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that starvation changed the interaction model between hRme-6 and receptors. TfnR 

recruited more hRme-6 during ligand incubation while EGFR released certain hRme-6.    

Another notable thing was that IQGAP1 and hRme-6 both contain a Ras GAP 

domain. The two Ras GAP domains even show sequence similarity. But the Ras GAP 

domain of IQGAP1 lacks GAP activity towards Ras but instead interacts with Rac and 

Cdc42 [225]. The Ras GAP domain of hRme-6 exhibited some low Ras GAP activity. 

However, the full length hRme-6 did not show significant Ras GAP activity. 

Interestingly the full length hRme-6 showed Ras GAP activity in presence of IQGAP1 

(E.Smythe preliminary experiments). If it is true, it suggests that the interaction 

between hRme-6 and IQGAP1 would exhibit Ras GAP activity in vivo as well. It is 

known that EGF stimulation leads the EGFR to activate the tyrosine kinase activity of 

the cytoplasmic domain and EGFR becomes phosphorylated. Phosphorylation of EGFR 

leaded the docking of GRB2 and GRB2 guanine nucleotide exchange factor SOS and 

SOS became activated. Activated SOS then promoted the removal of GDP from Ras 

and activated Ras. Activated Ras then activates RAF kinase. Then RAF kinase 

phosphorylates and activates MEK. MEK then further activates MAPK, like p42/44. If 

the interaction between IQGAP1 and hRme-6 led to the Ras GAP activity of hRme-6 

being activated, which would in turn inactive Ras and cause the downstream signal to 

change and diversify the signal intensity. However, combined with the relationship 

between IQGAP1 and signalling, the interaction between hRme-6 and IQGAP1 could 

fine-tune the signal. 

 

5.7.6 The interaction between hRme-6 and receptors 

  As the PLA assay was based on the distance between proteins but not necessarily 

direct protein interactions, it also can be used to test the interactions between 

receptors and associated proteins. My previous study found that the co-localisation 

between hRme-6 and IQGAP1 showed a dramatic change during EGF stimulation. So 
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the interaction of hRme-6 and different receptors was tested to check if the change 

between hRme-6 and IQGAP1 was accompanied by the changes between hRme-6 and 

receptors. As shown in Figure 5.17 and Figure 5.19, the interactions between hRme-6 

and EGFR and TfnR were tested successfully. There were generally stronger 

interaction between hRme-6 and TfnR than that between hRme-6 and EGFR. 

Interestingly, the interaction between hRme-6 and TfnR sharply increased after 2 

minutes of Tfn incubation in 24 hours serum starvated Hela cells. 

  The PLA assay signals between hRme-6, EGFR and TfnR were more likely close 

proximity but not a direct protein interaction, as neither TfnR nor EGFR were 

identified in the mass spec screens. Nor has Rme-6 been identified in other screens 

for interactomes of receptors. So the PLA assay signal suggested that hRme-6 was 

recruited to the vicinity of the receptors.  

In the PLA assay, an interaction between hRme-6 and TfnR was detected 

independent of ligand stimulation. As TfnR is a housekeeping cargo, the endocytosis 

of TfnR constantly happens in cells and it is known that hRme-6 participates in 

uncoating of TfnR containing vesicles, it was not surprising that there was always 

co-localisation signal between hRme-6 and TfnR. But it is surprising to find that 

actually the interaction signal between hRme-6 and TfnR was changed by the long 

time serum starvation. After 24 hours serum starvation, the interaction signal 

decreased nearly 30% compared to that in 30 minutes starvation. During Tfn 

incubation, there was a transient peak of the interaction between hRme-6 and TfnR, 

which suggested that hRme-6 was disassociated with the Tfn receptor after 24 hours 

serum starvation and ligand stimulation recruited hRme-6 to the receptor again. It 

was shown that in HeLa cells starvation suppressed mTORC1 activity and promoted 

perinuclear clustering of lysosomes [226]. But it is still unknown why long time 

starvation led to the separation of hRme-6 with TfnR. 

My previous experiment found that short term starvation was not sufficient to 

cause complete inhibition of phosphorylation of p42/44, p38 and Akt phosphorylation 
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following EGF stimulation (data not shown). So 24 hours serum starvation was used 

before EGF stimulation. Unlike TfnR, co-localisation between hRme-6 and EGFR 

slightly decreased during ligand stimulation. It suggested that after EGF stimulation, 

some hRme-6 may actually be released from endosomal membranes. But it is very 

interesting that IQGAP1 and hRme-6 showed high interaction at 2 minutes EGF 

stimulation. IQGAP1 is known to interact with EGFR. It is still not clear how the 

interaction between IQGAP1 and hRme-6 changed during EGF stimulation. The 

different interactions of hRme-6 during EGF and Tfn incubation also indicated that the 

functions of hRme-6 during the different cargoes appear to be different. A recent 

study found that the internalisation of EGFR was varied by concentration [227, 228]. 

When the concentration of EGF applied to the cells was lower than 5 ng/ml, the 

endocytosis of EGFR was clathrin-dependent. However, if the concentration was 

higher than 5 ng/ml, the internalisation of EGFR was mediated by both 

clathrin-dependent endocytosis and clathrin-independent endocytosis. In my 

experiments I used 50 ng/ml EGF. Different endocytic pathways may affect the 

functions of hRme-6. It also suggest that the function of hRme-6 in endocytosis is not 

limited to clathrin mediated endocytosis.  

  It was interesting to find that the interactions between hRme-6 and TfnR, EGFR, 

CIP4 all greatly increased in over-expression hRme-6 HeLa cells. It suggested that the 

interactions were limited by the amount of hRme-6 and also further confirmed that 

specificity of the interactions.  
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6. Chapter 6 Conclusion and future perspectives  

6.1 Discussion 

The aim of this study was to investigate the structure/function analysis of hRme-6 in 

trafficking and signalling. My study focused on three aspects: exploring the domain 

functions of hRme-6, investigating the structure of hRme-6 and finally identifying the 

interacting partners of hRme-6.  

There are more and more evidence that endocytosis and signalling are deeply 

connected with each other. Signalling receptors, such as EGFR, pass through the 

trafficking process to attenuate the signal while the trafficking process potentially 

regulates the magnitude and specificity of the signalling. The combined effect from 

trafficking and signalling then leads to diverse impacts on the cellular functions. 

The function of hRme-6 was deeply dependent on the structure of hRme-6, which 

contains a Rab5 GEF domain and also a Ras GAP domain. The Rab5 GEF domain 

exhibited GEF activity in presence of AP2 and ATP, implying that structural changes 

regulated the GEF activity. The Ras GAP domain of hRme-6 interacted with c-Cbl to 

mediate the functions of hRme-6 in EGFR trafficking. Subsequently, Rme-6 was found 

also involved in the translocation of GLUT4 in insulin stimulation. The function of 

hRme-6 was mediated by the proline rich region of hRme-6 with SH3 domain of CIP4.  

Therefore I want to investigate the structure/function relationship of hRme-6 to 

take a glance at the in integrated trafficking and signalling process.  

  In the first instance I confirmed the activity of Ras GAP domain of hRme-6 in vitro. 

And the Rab5 GEF domain activity was checked using Flag-hRme-6 purified from 

insect cells. The purified hRme-6 from insect cells did show the same Rab5 GEF 

activity as that from HEK cells. So the following experiments were mainly based on 

the purified protein from insect cells.  
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  As Previous data from our lab showed that overexpression of hRme-6 increased 

MAPK signalling while decreasing Akt signalling in Ang1 stimulated HUVECs (Emma 

Maxwell and Smythe, unpublished data), I investigated the role of hRme-6 in the 

regulation of Tie2 signal transduction by using the purified Flag-hRme-6 from insect 

cells bound to M2 Flag beads as a bait to pull down interacting partners using lysates 

from Ang1 stimulated HUVECs cells. It is interesting to find that hRme-6 could 

specifically bind to phosphorylated p42/44, which also showed the hint for the role of 

hRme-6 during signalling transduction. Further explore the overexpression of hRme-6 

in EGF stimulated HeLa cells increased Akt signalling but not show significant effect on 

MAPK signalling. The different effect may be due to the different cell lines, but it still 

confirmed the effect of hRme-6 during signalling transduction. 

As the Rab5 GEF activity of hRme-6 relied on AP2 and ATP, which implied that 

function of hRme-6 may be dependent on phosphorylation. hRme-6 previously was 

found to be phosphorylated by CK2 in vitro (Singh and Smythe, unpublished data). I 

then checked whether p42/44 could also phosphorylate hRme-6 in vitro. However, 

there was no significant phosphorylation of hRme-6 caused by p42/44, which 

indicated that probably the binding of p42/44 may be not in charge of the 

phosphorylation of hRme-6 in vitro. 

I also observed that the inhibition the activity of CK2 led the increases of 

phosphorylated p42/44 and the decreased of phosphorylated of Akt in EGF stimulated 

HeLa cells. The inhibition of CK2 seems got the opposite effect compared to 

overexpression of hRme-6 in EGF stimulated HeLa cells but similar to the effect of 

hRme-6 in Ang1 stimulated HUVECs. Overall, these effects led the conclusion that 

hRme-6 not only involved in the signalling pathway of Ang1-Tie2 but also EGF-EGFR 

processes. But the clear mechanism of the role of hRme-6 in signalling pathway needs 

further exploration.  
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On the following aspect of the study, I decided to focus on the structure study of 

hRme-6.  As the Ras GAP domain and Rab5 GEF domain of hRme-6 all showed 

activities, but the functional domain in Tfn endocytosis was properly Rab5 GEF 

domain while that in EGFR endocytosi was mainly the Ras GAP domain of hRme-6. 

The structure of hRme-6 would support the key question of hRme-6 about how the 

different domains of hRme-6 functioned in different cargo stimulation like Tfn and 

EGFR.  

The early stage assays, including SDS trapping assay, immunoprecipitation 

HA-hRme-6 with Flag-hRme-6, native PAGE and gel filtration assay, showed clearly and 

solid data that hRme-6 formed multimers in vitro and in vivo. However, although the 

mainly size of hRme-6 was around 720 KD, the formation of hRme-6 around 480 KD 

was confusion as it did not existed in fresh cell lysis sample. Although there is strong 

doubt that the lower band around 480 KD was a degradation form of hRme-6, mass 

spectrometry analyze indicated that the small band of hRme-6 was not a degradation 

form. Sec malls data suggested that the monomer size of hRme-6 would be around 

250 KD, which made the formation of hRme-6 multimer even confusion as there was 

actually no monomer conformation of hRme-6 found around the size of 250 KD in 

native conditions. As a new superose 6 gel filtration column arrived, I would consider 

running the purified sample again to further check the conformation of hRme-6 if the 

opportunity arises.  

Due to the limit of the character of hRme-6 itself, the further structure analyze was 

done by negative staining and Single particle Reconstruction. However, there was just 

a surface structure of hRme-6 revealed from it. It could not show the information 

about the domain structure and monomer constitution. Following nanogold labeling, 

the monomer constitution was still unclear. The nanogold labeling also argued that 

the C-terminal of hRme-6 was not buried inside even the Rab5 GEF activity strongly 

rely on the ATP and AP2 and the purified Rab5 GEF domain showed limited solubility. 

Nonetheless, it would be possible to uncovering the detailed structure of hRme-6 
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using cryo-EM to finally answer these questions. Cryo-EM also will help to reveal the 

structure of the GEF mutant form hRme-6F1487A which did not show GEF activity in AP2 

and ATP. 

Despite the study of structure of hRme-6, I found the conformation change of 

hRme-6 caused by CK2 inhibition combined with EGF stimulation in HeLa cells. This 

argued that there may be still dynamic equilibrium in the conformation of hRme-6 in 

vivo and CK2 inhibitor combined with EGF stimulation in HeLa cells could be a good 

model to investigate it.  

 

The final aspect of my study proposed the investigation of the interaction partners 

of hRme-6.  

Based on the double and triple labeling SILAC experiments, the potential 

interaction partners of hRme-6 showed up. Four candidates, including SNX9, SNX24, 

IQGAP1 and CIP4 were selected according to the ratio and frequency existed in the 

experiments. However, there are still several potential candidates in the list waiting to 

be further identified. Further RNAi screen of all the proteins found in SILAC 

experiment may help identify other potential proteins involved in the function of 

hRme-6. The weak in vivo interaction between SNX9 and hRme-6 suggested that the 

interaction may be stronger in other unknown situation. However, the interaction 

between CIP4 and hRme-6 will need further investigation during EGF stimulated HeLa 

cells.  

Then in vitro test found that SNX9, SNX24 and IQGAP1 all showed directly 

interaction with hRme-6. In vivo PLA assay showed that the interactions between 

SNX9 and hRme-6 in Tfn and EGF stimulation were generally very weak and the 

interactions between CIP4 and hRme-6 in both Tfn and EGF stimulation were 

relatively strong.  
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It is interesting that the interaction signal between IQGAP1 and hRme-6 specific 

increased at 2 minutes EGF stimulation compared to other time points or Tfn 

incubation. It suggested that the interaction between IQGAP1 and hRme-6 may work 

potentially to regulate EGFR trafficking process. Especially IQGAP1 and full hRme-6 

together showed Ras GAP activity in vitro (E Smythe, unpublish data). It implied that 

the interaction between IQGAP1 and hRme-6 in vivo may activate the Ras GAP activity 

of hRme-6, which then could affect the signalling output during the EGFR endocytosis 

from early time point. 

It is also interesting that the interaction between TfnR and hRme-6 sharply 

increased at 2 minutes Tfn incubation in 24 hours serum starved HeLa cells while 

there is no significant change in 30 minutes serum starvation or EGF stimulation in 24 

hours serum starved HeLa cells.  

In conclusion, this study showed that hRme-6 formed multimer in vivo. The 

function of hRme-6 involved with the interaction with CIP4 and IQGAP1.   

6.2 Future perspectives  

  The aim of this study was to investigate the structure/function analysis of hRme-6 

in trafficking and signalling. My study focused on three aspects: exploring the domain 

functions of hRme-6, investigating the structure of hRme-6 and finally identifying the 

interacting partners of hRme-6. Future experiments could be performed to gain more 

ideas about the structure of hRme-6 and how hRme-6 function with its interaction 

partners to regulate trafficking and signalling.  

  The surface structure of hRme-6 is already revealed. But the detail of the structure 

of hRme-6 still needs to be elucidated. Further improvement of the purity of 

Flag-hRme-6 protein by gel filtration should be feasible to perform. The pure protein 

then could be used for cryo-EM to resolve the structure of hRme-6. The total 

separation of different conformations of hRme-6 could also be used for the GEF and 
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GAP activity test.   

As I have demonstrated the GEF domain of hRme-6 could interact with full length of 

hRme-6, more investigation about the interaction domain of hRme-6 will also help the 

resolve the structure of hRme-6 and answer how the monomer of hRme-6 form 

multimer in vivo. One more exciting approach would be analyzing the effect of 

phosphorylation to the structure of hRme-6. Especially hRme-6F1487A and the amino 

acid that is sensitive to CK2 inhibitor would give insight about the structure change of 

hRme-6 in vivo.  

  The SILAC experiment found lots of potential interaction partners of hRme-6, but 

only four candidates were selected for further validation. Combining mass 

spectrometry with RNAi screens could facilitate validation of more candidates from 

the SILAC experiments. In particular, some ER proteins gave some robust signals and it 

would be of interest to investigate potential roles for hRme-6 in the formation of 

ER/endosome contacts sites [229].  

For the selected four candidates, further questions arise about the functions of 

hRme-6 with the potential candidates. 

  The interaction of IQGAP1 and hRme-6 seems specific for EGFR trafficking. To 

understand how IQGAP1 and hRme-6 are involved in signalling further studies could 

combine siRNA of IQGAP1 with overexpression of hRme-6 plus EGF stimulation in the 

presence or absence of CK2 inhibitor to test whether the signal intensity changes, and 

or conformational changes in hRme-6.    

  The interaction between hRme-6 and CIP4, SNX24 in Hela cells need be further 

validated through both PLA assay. From my finding I have demonstrated that hRme-6 

interacted with SNX9 directly in vitro. Since SNX9 and hRme-6 both involved in fluid 

phage endocytosis, testing the interaction of SNX9 and hRme-6 during fluid phage 

endocytosis would give insight about the function of the interaction between SNX9 

and hRme-6.  

  My findings have given insight the structure of hRme-6 and how it interacted with 

interaction partners to affect trafficking and signalling of signalling receptors. 
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