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Abstract 

There are more than 60 Rab proteins in mammals constituting the largest family 

among the Ras superfamily of GTPases. Rab proteins are essential components 

of the intracellular secretory machinery, regulating transport and exocytosis of 

various intracellular organelles including secretory granules. Rab-regulated 

secretory functions are exerted by interaction with their downstream effector 

proteins, preferentially when they are activated into their GTP-bound state. 

Accordingly, Rab proteins can switch from active to inactive states through 

cycling from GTP- and GDP- bound forms, respectively.  

The Rab27 subfamily consists of Rab27a/b isoforms that have similar but not 

identical functions. Those functions include the regulation of trafficking, 

docking and fusion of various lysosome-related organelles and secretory 

granules; such as melanosomes in melanocytes and lytic granules in cytotoxic T 

lymphocytes. Rab27a/b exert their specific and versatile functions by interacting 

with eleven effector proteins, preferentially in their GTP-bound state. In recent 

years, a number of studies have identified roles for Rab27 proteins and their 

effectors in cancer cell invasion and metastasis, immune response, inflammation 

and allergic responses. These findings suggest that Rab27-effector protein 

interaction inhibitors could contribute to the development of effective strategies 

to treat these diseases. However, there has been very little research reported on 

the development and identification of such inhibitors.  

The foremost aim of the present study was to identify and develop candidate 

inhibitors of Rab27-effector protein interactions. To this end, fluorescent GST-

pull down and FRET-based protein-protein interaction assays were developed to 

be used as in vitro read-outs for Rab27-effector interactions. In addition, a 

melanosome clustering assay was used as an indirect read-out for Rab27-effector 

protein interactions in living cells. The binding affinity of Slp1 and Slp2 

effectors was determined using those in vitro assays. Furthermore, essential 

determinants of Rab27-Slp2 effector interaction were characterised and used to 

develop Slp2 super-effectors. The findings of this study suggest that the 

development of Rab27 super-effectors is an effective strategy to inhibit Rab27-

effector interactions. 
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1.1 The Ras superfamily  

The Rat sarcoma (Ras) superfamily are small monomeric G proteins (GTPases) 

that exert their actions by cycling between GTP- and GDP-bound active and 

inactive states, respectively (Oxford and Theodorescu, 2003; Wennerberg et al., 

2005).  

In general, the Ras superfamily can be classified into five families: Ras, Ras 

homology (Rho), Ras-like in brain (Rab), ADP-ribosylation factor (Arf) and 

Ras-like nuclear (Ran) (Pereira-Leal and Seabra, 2000; Wennerberg et al., 2005) 

(Figure 1.1).  

The Ras proteins control many intracellular compartments by translating the 

extracellular signals into wide range of specific intracellular events that organise 

the cellular growth and survival mechanisms in the cell (Ehrhardt et al., 2002; 

Mitin et al., 2005; Omerovic et al., 2007; Reuther and Der, 2000). In addition, 

Ras proteins have been implicated in the oncogenesis of human tumours 

(Rajalingam et al., 2007; Yan et al., 2015). Rho GTPases play an important role 

in regulating and maintaining cell-cell junctions (Arnold et al., 2017). Also, Rho 

GTPases act as key regulators of actin dynamics, regulating cell migration (Blom 

et al., 2017). Interestingly, during an attempt to identify members of the Ras 

family, Touchot and co-workers were able to isolate four genes from rat brain 

which encoded four novel Ras-like GTPases named  Rab l, -2, -3 and -4 (Touchot 

et al., 1987). The Rab GTPases represent the largest family among the Ras 

superfamily of GTPases and function as essential regulators of membrane 

trafficking of different intracellular organelles (Stenmark and Olkkonen, 2001; 

Zerial and McBride, 2001). Arf GTPases, like Rabs regulate intracellular 

membrane trafficking (Donaldson et al., 2016). In addition, they have been 

involved in cancer cell invasion and migration by promoting cell spreading and 

migration of primary tumours (Casalou et al., 2016). The Ran family 

(comprising only Ran) is involved in the regulation of cycling of the nuclear 

contents (import and export) (Reiner and Lundquist, 2016). It has also been 

implicated in the regulation of cell signalling pathways related to cell adhesion, 

migration and invasion (Yuen et al., 2016).  
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Figure 1.1. Human genes of the Ras superfamily. The Ras GTPases 

superfamily human genes with their essential functions; Ras, Rho, Rab, Arf and 

Ran are shown in red, blue, black, green and cyan, respectively. Other Ras 

GTPases are shown in purple.  Reproduced from (Prakash and Gorfe, 2016). 

 

1.1.1 Structure of the GTPase domain  

All Ras GTPases contain a GTPase domain, consisting of six β sheet strands 

surrounded by five α helices and connected by ten loops. The GTPase domain 

comprises five conserved motifs (G1-G5) clustered in loops, surrounding the 

nucleotide-binding site (Bourne et al., 1991; Colicelli, 2004; Vetter, 2014; Vetter 

and Wittinghofer, 2001) (Figure 1.2). The G1 motif (also called Walker A motif) 

(GXXXXGKS/T) contains two glycine residues responsible for phosphate-

binding, therefore it is also known as P-loop. In addition, it contains lysine 

residue, interacting with the β- and γ-phosphate oxygens. Serine or threonine 

hydroxyl groups are crucial for making contacts with β-phosphate oxygen and 

the magnesium ion. The G2 or the switch I region is implicated in effector 

binding as its conformation changes following GTP-GDP exchange, thus it is 

also termed effector region. The presence of the GTP γ-phosphate can be sensed 

by a conserved threonine residue in G2 domain, in addition threonine residue 

makes contacts with Mg2+. The G3 or the Walker B motif (DXXG) is in close 

proximity to the switch II region near aspartic acid contact with Mg2+. Switch II 

region is implicated in sensing the presence of the γ-phosphate and effector 

binding by regulating GTP-GDP exchange. In the G4 motif (N/TKXD), aspartic 

acid forms hydrogen bonds with the nitrogen atoms of the GTP guanine ring, 
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and asparagine can bind the oxygen of the purine. In addition, both asparagine 

and lysine can stabilise the GTP binding domain. The sequence of the G5 motif 

(SAK) is not highly conserved; it stabilises the asparagine and aspartic residues 

in the G4 motif.  

Upon binding with GTP γ-phosphate, the switch I and switch II regions adopt a 

more defined (less flexible) structure, preferentially triggering effector protein 

binding. Whereas, upon release of GTP γ-phosphate (GDP-bound state), the 

switch I and switch II regions become more flexible (open), conferring a lower 

affinity to effector protein (Vetter, 2014; Vetter and Wittinghofer, 2001). But the 

idea of the existence of the switch I and switch II regions in close and open states 

is further complicated by discovering that H-Ras (GTP-bound) exists in two 

conformational states, suggesting that further investigations need to be done 

accordingly (Shima et al., 2010; Zhao et al., 2017). 

 

Figure 1.2. Cartoon presentation of 3-D structure of Ras superfamily 

GTPases. A) 3-D structure of H-Ras-GTP complex, it consists of six β sheet 

strands flanked by five α helices. Conserved G1–G5 motifs are presented. B) 3-

D structure of Rho, Arf, Rab and Ran GTPases. Reproduced from (Loirand et 

al., 2013).     
 

1.1.2 Lipid modification of the Ras superfamily 

Lipid modification of proteins is required for membrane association and 

regulation of various cellular processes; such as intracellular membrane 

trafficking and signal transduction cascades (Casey and Seabra, 1996; Prakash 

and Gorfe, 2016). Therefore, to mediate protein association with phospholipid 
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bilayers, lipophilic moieties are added to their C-terminus by prenylation 

(Wright and Philips, 2006).  

Farnesyltransferase (FTase) and geranylgeranyltransferase I (GGTase I) 

enzymes recognise the CAAX motif (C; Cysteine, A; aliphatic residue and X; 

any residue) and add farnesyl (15 carbon) or geranylgeranyl (20 carbon) 

isoprenoid groups at the C-terminus of Ras and Rho proteins, respectively (Reiss 

et al., 1990; Seabra et al., 1991; Shinde and Maddika, 2017). The X residue plays 

significant role in determining enzyme selectivity: glycine, alanine, serine, 

threonine, histidine, asparagine, glutamine and cysteine serve as substrates for 

FTase enzyme. GGTase I enzyme works selectively on leucine, whereas valine, 

isoleucine, phenylalanine and methionine serve as substrates for both enzymes. 

Proline, tyrosine, tryptophan, lysine, arginine, aspartic acid and glutamic acid 

are very weak substrates for prenylation (Moores et al., 1991). Although FTase 

and GGTase I enzymes have their own preferences when interacting with their 

protein substrates (as described above), they can work on the same substrate; 

reviewed in (Wang and Casey, 2016).       

Rab proteins are modified by Rab geranylgeranyltransferase (RGGT) enzyme. 

This enzyme was first separated from rat brain cytosol as a multi-component 

enzyme (components A and B) (Seabra et al., 1992a; Seabra et al., 1992b). Rab 

prenylation motifs contain either one or two cysteine residues; i.e. CXC, XCC, 

CCXX, CCXXX, CCX and CXXX (Magee and Seabra, 2003; Pereira-Leal et 

al., 2001). Component A, also called Rab escort protein (REP), binds 

unprenylated Rabs, presenting them to component B (Andres et al., 1993). 

Component B is required for enzyme catalytic activity by recognising REP-

unprenylated Rab complex, attaching geranylgeranyl groups onto Rabs (details 

of Rab geranylgeranylation described in section 1.1.2.1) (Anant et al., 1998; 

Seabra et al., 1992b). 

Arf proteins are modified by N-terminal myristoylation (Donaldson and Jackson, 

2011; Jackson and Bouvet, 2014). In contrast to other Ras GTPases, Ran protein 

is characterised by nuclear localization and lacking of carboxyl terminal 

sequence required for posttranslational lipid modification, instead, it contains an 

acidic carboxyl terminus (Rush et al., 1996). 
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1.1.2.1 Rab geranylgeranylation pathways 

There are two pathways for Rab geranylgeranylation (Figure 1.3). The classical 

pathway involves first binding of unprenylated Rab protein to REP, forming a 

stable complex (Alexandrov et al., 1999; Andres et al., 1993),  this complex then 

becomes a substrate for RGGT enzyme and geranylgeranylation reaction occurs 

by adding two geranylgeranyl pyrophosphate (GGPP) molecules to Rab C-

terminus without prior dissociation of REP (Desnoyers and Seabra, 1998; 

Thoma et al., 2001c). The binding of new GGPP molecules to the Rab-REP-

RGGT complex then stimulates the dissociation of the ternary complex, 

releasing REP-prenylated Rab (Thoma et al., 2001b). REP can then deliver the 

newly prenylated Rab to its intracellular target membrane (Alexandrov et al., 

1994; Shen and Seabra, 1996).   

In the alternative pathway, GGPP increases the binding affinity between REP 

and RGGT, forming REP-RGGT complex. This complex then associates with 

unprenylated protein, leading to Rab prenylation (Thoma et al., 2001a). Baron 

and Seabra found that over-expression of REP (wild-type and mutants) in human 

embryonic kidney (HEK) 293 cells failed to form stable complexes with 

endogenous unprenylated Rabs. In addition, intracellular GGPP stabilises REP–

RGGT complexes in cells, suggesting the superiority of the alternative over the 

classical pathway in the mechanism of Rab prenylation (Baron and Seabra, 

2008). 
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Figure 1.3. The classical and alternative pathways of Rab 

geranylgeranylation. In the classical pathway, REP interacts with the newly 

synthesised Rab, this complex then serves as a substrate for GGPP-RGGT (α- 

and β-subunits), promoting geranylgeranylation reaction and adding 

geranylgeranyl groups to C-terminal cysteines of the Rab protein. This is 

followed by RGGT dissociation from REP-Rab complex, REP remains 

associated with prenylated Rab protein until delivered to the target membrane 

and REP is then directed to the cytosol to start a new prenylation cycle. In the 

alternative pathway, GGPP triggers the binding between RGGT and REP and 

subsequent binding with unprenylated Rab takes place, leading to the formation 

of prenylated Rab. This is followed by dissociation of RGGT and REP delivers 

prenylated Rab to the target membrane as described in the classical pathway. 

Reproduced from (Leung et al., 2006).     

 

1.2 The Rab proteins family 

So far, there are more than 60 Rab proteins identified in mammals, representing 

the largest family among Ras superfamily of GTPases (Figure 1.4) (Hutagalung 

and Novick, 2011; Li and Marlin, 2015; Pereira-Leal and Seabra, 2000). In 

comparison, the number of Rab proteins in Saccharomyces cerevisiae (yeast), 

Drosophila melanogaster (fly) and Caenorhabditis elegans (worm) are 11, 26 and 

31, respectively (Bock et al., 2001; Gallegos et al., 2012), suggesting that the 

number of Rab proteins increases based on the complexity of  the species.  
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Rab proteins play specific functions in regulating intracellular membrane 

trafficking, transport, docking, exocytosis and fusion of various intracellular 

organelles including secretory granules. Rab proteins exert their functions by 

interacting with specific effector proteins, thereby each interaction gives 

individual Rabs their function (Diekmann et al., 2011; Grosshans et al., 2006b; 

Izumi et al., 2003; Pfeffer, 2013; Seabra et al., 2002; Stenmark, 2009; Zerial and 

McBride, 2001).   

Rab GTPases interact with their effector proteins preferentially when they are 

activated into their GTP-bound state. Therefore, once Rab GTPases are 

transformed from the GTP- into GDP-bound state, the effector protein 

dissociates from interaction with its Rab GTPase (Figure 1.5). Therefore, the 

GTP- and GDP-bound reversible states represent a molecular switch mechanism 

from active to inactive states, respectively (Goody et al., 2017; Hammer and Wu, 

2002; Li and Marlin, 2015; Ostermeier and Brunger, 1999).  
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Figure 1.4. Phylogenetic analysis of mammalian Rab family proteins. The blue 

background represents the conserved Rabs from yeasts to humans; the magenta 

background represents shared Rabs among C. elegans, Drosophila, mice and 

humans; the green background represents vertebrate Rabs. Red lines represent 

Rabs implicated in regulating intracellular membrane trafficking; such as Rab3, 

Rab26, Rab27 and Rab37 (dotted box). The indicated arrows represent Rab-

associated disease states. Reproduced from (Fukuda, 2008).  
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Figure 1.5. Activation-inactivation model of Rab. The Rab associates with its 

effector in its GTP-bound state. Once the Rab is transformed into its GDP-bound 

state, the effector protein dissociates from interaction with Rab. Reproduced 

from (Ostermeier and Brunger, 1999).  

 

 

1.2.1 Structural characteristics of the Rab family 

As part of the Ras superfamily, the Rab family group of proteins shares some of 

the structural characteristics with other members of the Ras superfamily, 

including the GTPase domain (as described in section 1.1.1). In addition, Rab 

proteins family consists of  a  C-terminal Rab prenylation motif, containing 

either one or two cysteine residues (Khosravi-Far et al., 1991) (as described in 

section 1.1.2) and a hypervariable C-terminal domain (HVD) proposed to serve 

as a targeting signal, directing Rabs to their target membranes (Chavrier et al., 

1991). However, it was found that not only the HVD can determine Rab targeting 

(Stenmark et al., 1994), for instance other regions within the Rab family (RabF) 

and Rab subfamily (RabSF) motifs (details of these motifs discussed below) are 

implicated in Rab27a and Rab5a targeting to melanosomes and endosomes, 

respectively (Ali et al., 2004). Furthermore, substituting HVD with synthetic 

polyethylene glycol in Rab1 and Rab5 does not affect membrane targeting, 

suggesting that HVD is not the only determinant for membrane targeting and 

may partially act in this respect (Li et al., 2014a).  

Interestingly, by performing sequence alignment of large number of mammalian 

Rabs, Pereira-Leal and Seabra identified five specific Rab motifs of conserved 
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residues, termed RabF1-RabF5 (Pereira-Leal and Seabra, 2000). RabF1 

(IGVDF; loop 2, β2) is in the switch I motif, the other RabFs including RabF2 

(KLQIW; β3), RabF3 (RFRSIT; loop 4), RabF4 (YYRGA; α2, loop 5) and 

RabF5 (LVYDIT; β4, loop 6) are in the Switch II domain. Interestingly, the 

WDTAGQE motif within the Switch II domain of Rab7B and Rab28 

(WDIGGQT) is characterised by double double-glycine residues, equivalent to 

the highly-conserved glycine-glycine residues in the Arf GTPase family (Lee et 

al., 2008).   

Furthermore, four RabSF regions were identified by Pereira-Leal and Seabra as 

described below:  The already identified, highly conserved regions within Rab 

subfamilies (Moore et al., 1995) were verified by Pereira-Leal and Seabra, and 

termed RabSF2, RabSF3 and RabSF4. Notably, RabSF4 is identified in the HVD 

(a region with high sequence variability), indicating a high homology of this 

region among mammalian Rabs; on average, the identity of the HVD region and 

the Rab subfamily regions among Rabs are 14.4% and 58.4 %, respectively. In 

addition, the already identified 3D structure of Rab3a interaction with rabphilin-

3a (effector protein) (Ostermeier and Brunger, 1999) demonstrated that three 

regions within the N-terminus of Rab3a participate in the binding to rabphilin-

3a. These regions were termed Rab complementary-determining regions 

(RabCDRs): RabCDRI-RabCDRIII. RabCDRs are one of the key determinants 

of the specificity of binding of Rab proteins to their effectors as these regions 

have variable sequences among Rab proteins. RabCDRII and RabCDRIII 

correspond to RabSF3 and RabSF4, whereas RabCDRI is considered as an 

indicator of a conserved Rab subfamily and named RabSF1 (for further details 

see Figure 1.6).  

Interestingly, mapping of RabF and RabSF regions onto the 3D structure of 

Rab3a, revealed two subfamily specific surfaces (Pereira-Leal and Seabra, 

2000). The first one consists of RabSF1, RabSF3 and RabSF4, forming the 

interacting surface with rabphilin3-a effector protein (Ostermeier and Brunger, 

1999). RabSF2 locates on the opposite side (near or within the switch I region), 

forming the second subfamily specific surface which might act as interacting 

surface with other effectors. This suggests that RabSF regions confer a 

specificity for Rab-effector protein interaction as the same effector protein might 
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interact with different Rab isoforms (as they share the same subfamily specific 

regions) (Pereira-Leal and Seabra, 2000). The 3D structure of Rab27a in 

complex with its effector protein Slp2-a, revealed that specific interaction with 

Slp2-a is mediated by RabF1, RabF2, RabF3, RabSF1 and RabSF4 regions 

(Chavas et al., 2008). 

In addition, Rab proteins contain three hydrophobic conserved residues termed 

the invariant hydrophobic triad. This triad lies in the interface between switch I 

and switch II regions (Merithew et al., 2001). It was suggested that the 

hydrophobic interface between the switch regions, including the invariant 

hydrophobic triad, stabilises the active conformation of Rab3a (Dumas et al., 

1999). In Rab3a, this triad (F59, W76, Y91) determines the specificity of the 

binding between Rab3a switch regions and its effector, rabphilin3-a (Ostermeier 

and Brunger, 1999). However, the conformation of the invariant hydrophobic 

triad represents the major determinant of the effector protein recognition and 

specificity. This can be exemplified by abrogating the interaction between Rab5c 

and rabphilin3-a caused by changing the conformation of the invariant 

hydrophobic triad of Rab5c (F58, W75, Y90) (Merithew et al., 2001). Rab4a and 

Rab5a share the same effector protein, rabaptin5, but with different binding sites. 

This is related to a slight difference in the conformation of the invariant 

hydrophobic triad motif and the presence of V43, F70, V73 and S76 residues in 

Rab4a that adopt different surface topology and charge distribution to bind 

rabaptin5, thereby preventing the overlapping of Rab4a with the Rab5a-

rabaptin5 binding site; i.e. Rab4a and Rab5a interact with rabaptin5 at different 

binding sites (Huber and Scheidig, 2005).   
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Figure 1.6. Structural features of Rab GTPases. Sequence of Rab specific 

regions including (RabF1-RabF5), (RabSF1-RabSF4) and CDRI-CDRIII are 

mapped onto human Rab5a-GTP 3D structure (shown in orange-red). 

Characteristic Rab regions with high sequence identity (RabSF1-RabSF3) 

shown in green. The nucleotide displayed in pink. Reproduced from (Stein et al., 

2012). 

   
 

1.2.2 Mechanism of activation of Rab proteins 

As mentioned before, the Rab effector proteins interact preferentially with the  

GTP-bound state of Rab proteins, therefore thorough understanding of the 

mechanisms of Rab switching from GTP-bound active state into GDP-bound 

inactive state provides clues to disclose Rab protein functional pathways in the 

future (Fukuda, 2013). The switching between these two conformations (active 

and inactive conformations) involves the switch I and switch II regions that 

change their conformation during binding with GTP or GDP, therefore they play 

a considerable role during downstream signalling by allowing effector protein 

binding (Pfeffer, 2005).  

In general, activation of Rab proteins (Figure 1.7) requires Rab association and 

targeting to their specific intracellular membranes and organelles. This is 

accomplished by prenylation of Rab carboxyl terminal as described in section 

1.1.2.1 (Gomes et al., 2003; Pfeffer, 2001; Zhang et al., 2000). In addition, REP 

presents the GDP-bound form of Rab to RGGT, since REP has a higher affinity 
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to bind Rab in its GDP bound form (Seabra, 1996) (as mentioned in the classical 

pathway for geranylgeranyl prenylation of Rabs; section 1.1.2.1). Accordingly, 

REP interacts with Rab to form 1:1 complex and this binding involves ionic 

bonds interaction rather than depending on the presence of the two C-terminal 

cysteine residues in the Rab. (Anant et al., 1998; Andres et al., 1993; Hutagalung 

and Novick, 2011). This is followed by dissociation of Rab-REP complex from 

RGGT and delivering of Rab-GDP protein to its intracellular target membrane 

by REP (Alexandrov et al., 1994). Rab guanine-nucleotide dissociation inhibitor 

(GDI) then recognises the Rab-GDP bound form and redirects Rab from the 

membrane into its original site of distribution in the cytosol (Dirac-Svejstrup, 

1995; Muller and Goody, 2017; Pfeffer et al., 1995; Soldati et al., 1993; Ullrich 

et al., 1993). Furthermore, the GDI-displacement factor (GDF) plays additional 

role with GDI by re-targeting Rab-GDP to its specific membrane (Segev, 2001). 

GDF mediates Rab dissociation from GDI, promoting Rab association with its 

specific intracellular membranes (Dirac-Svejstrup et al., 1997). Interestingly, it 

was reported that human Yip3/PRA1, a Rab-interacting protein (Bucci et al., 

1999), has a proven GDF activity by catalysing the dissociation of GDI from 

Rab-GDI complexes (Muller and Goody, 2017; Sivars et al., 2005; Sivars et al., 

2003). In addition, the formation of chaperone complex consisting of heat-shock 

protein 90 (HSP90), heat shock cognate 70 protein (HSC70) and cysteine string 

protein displays some GDF activity by mediating membrane association of Rab-

GDI complex (Sakisaka et al., 2002).   

As described previously, the activation of Rab proteins occurs by cycling 

between the GTP and GDP forms, and this process is activated by guanine-

nucleotide exchange factor (GEF), releasing GDP and catalysing GTP binding 

(Barr and Lambright, 2010; Chavrier and Goud, 1999; Deneka et al., 2003).  

Once the Rab reaches its target membrane and interacts with its specific effector 

protein, it may be converted into its GDP-bound state by the action of GTPase-

activating protein (GAP) by catalysing the low intrinsic Rab GTPase activity 

(Cherfils and Zeghouf, 2013; Deneka et al., 2003; Pan et al., 2006; Segev, 2001) 

thereby releasing the Rab from effector interaction. This is followed by recycling 

of Rab-GDP from the membrane into the cytosol by GDI and a new cycle 

commences again.  
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Figure 1.7. The Rab activation and membrane association cycle. After 

synthesis of Rab (GDP) in the cytoplasm, RGGT binds Rab (GDP)-REP 

complex, catalysing Rab prenylation by adding two geranylgeranyl groups to the 

C-terminal cysteine residues; REP directs Rab (GDP) to its specific membrane. 

Next, Rab (GDP)-REP complex dissociates from RGGT association and GDI 

then recognises the Rab (GDP) (after REP dissociation) and redirects the Rab 

into its original site of distribution in the cytosol. Then GDF, targets Rab (GDP) 

into its specific site at the target membrane, allowing GEF to activate the Rab 

(GDP) into Rab (GTP), mediating the interaction of the Rab (GTP) with its 

downstream effector protein. Thereafter, GAP catalyses Rab GTPase intrinsic 

activity, converting Rab from the GTP- into GDP-bound conformation. GDI 

then recycles Rab (GDP) from the membrane into the cytosol and a new cycle 

can start again. 

 

1.2.2.1 REP and GDI proteins 

REP and GDI are required for regulation of Rab GTP-GDP cycle by binding to 

GDP-bound form of Rabs and displaying several functional similarities (Alory 

and Balch, 2003; Wu et al., 2007). In addition, they are structurally related by 

sharing several conserved motifs (Alory and Balch, 2000). REP can bind both 

prenylated and unprenylated Rabs. In comparison, GDI displays higher affinity 

for prenylated Rabs (in their GDP bound state) mainly (Pylypenko and Goud, 

2012; Pylypenko et al., 2006; Wu et al., 2007). There are two REP isoforms in 

mammals: REP1 (Choroideremia; CHM) and REP2 (Choroideremia like; 

CHML) with 72% amino acid identity (Cremers et al., 1994; Cremers et al., 

1992; Desnoyers et al., 1996; Wu et al., 1996). Furthermore, two GDI isoforms 

have been identified in mammals: GDIα and GDIβ isoforms are structurally 
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related and share similar functions, including the recycling of Rabs from 

membranes to the cytosol. They interact with Rab (GDP-bound) proteins in a 

proportion related to their relative cellular expression (Araki et al., 1995; 

Nishimura et al., 1994; Shisheva et al., 1994; Yang et al., 1994). 

REP and GDI share five regions of high sequence homology termed sequence 

conserved regions (SCRs): 1A, 1B, 2, 3A and 3B (Pylypenko et al., 2003; Schalk 

et al., 1996). In addition, analysis of the 3D structure of bovine α-GDI 

demonstrated that GDI consists of two domains: domain I (the Rab binding 

platform) comprises SCR1 and 3B; domain II (the mobile effector loop; MEL) 

consists of SCR 2 and 3A. SCRs consisting of 1, 3B and 3A are implicated in 

GDI recycling of Rab proteins (Luan et al., 2000; Schalk et al., 1996). Upon 

binding of GDI to the Rab, MEL adopts different conformation (a closed state), 

retrieving Rab from the membrane (An et al., 2003).  

Intriguingly, switch I and more likely switch II regions of Rab are significantly 

involved in the binding to the Rab binding platform (RBP) located in domain I 

of GDI (Sultana et al., 2011). In addition, mutational analysis revealed that 

conserved residues including glutamine-236, arginine-240 and threonine-248 are 

implicated in binding to Rab1a and Rab3a (Wu et al., 1998a). Shisheva et al. 

found that the 18-residue segment in the C-terminal variable region of GDIβ is 

not crucial for retrieving GDP-loaded Rabs (Rab2, Rab4, Rab5, Rab8, Rab9 and 

Rab11). Furthermore, introduction of M250Y mutation within the SCR 3B 

region abrogated GDI retrieval activity for all the previously mentioned Rabs. 

(Shisheva et al., 1999). For further details of Rab interaction with REP and GDI, 

see Figures 1.8 and 1.9. 
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Figure 1.8. Structure of Rab7-REP interaction complex. A) Ribbon diagram 

representation of REP-1 (blue) in complex with Rab7 (yellow). Domain I, 

domain II and the RBP of REP-1 are highlighted in dark blue, light blue and red, 

respectively. The C-terminus binding region (CBR) and MEL of REP-1 are 

shown in dark orange and sky blue, respectively. Rab7 geranylgeranyl groups 

are displayed as ball-and-stick models. The switch I (grey) and II (green) regions 

of Rab7 are highlighted. None-visible part of the switch I region of Rab7 are 

shown as dashed green line. The GDP (atomic colours) and Mg2+ ion are 

displayed as ball-and-stick and space filling models, respectively. B) REP-1 

binding residues to Rab7. REP-1 is shown in grey; REP residues involved in the 

binding to Rab7 are shown based on the degree of conservation between RGDI 

and REP: blue, green and red represent invariant residues, conserved residues 

and REP specific residues, respectively. Rab7 geranylgeranyl groups are shown 

as in A. Reproduced from (Rak et al., 2004). 
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Figure 1.9. Structure of the doubly prenylated Rab (Ypt1)-GDI interaction 

complex. Ribbon diagram representation of GDI (blue) in complex with Ypt1 

(yellow). Domain I, domain II, the RBP, CBR and MEL of GDI are highlighted 

in dark blue, light blue, red, gold and green, respectively. The switch I (green) 

and II (grey) regions of Ypt1 are highlighted. Domain II comprising helices of 

GDI are indicated by letters. The isoprenoid moieties 1 and 2 are shown in red 

and dark yellow ball-and-stick models, respectively. The GDP (atomic colours) 

and Mg2+ ion are displayed as ball-and-stick and space filling models, 

respectively. Reproduced from (Pylypenko et al., 2006).  

 

1.2.3 Functions of Rab proteins 

The specific and versatile functions of Rab proteins can be exemplified by their 

wide range intracellular distribution (Figure 1.10) which enables them to exert 

these specific roles (Zerial and McBride, 2001). In addition, the diversity and 

complexity of Rab proteins functions correlate with the degree of development 

and specialization of eukaryotic organs or tissues (Fukuda, 2013). 

Furthermore,  Rab proteins regulate many of the cellular endocytic pathways, 

participating effectively in the regulation of the host defence mechanisms against 

exogenous pathogens (Seabra et al., 2002). Notably, certain members of the Rab 
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family have specific roles in controlling the secretory functions of various 

secretory cells and granules; such as Rab3a/b/c/d, Rab4a, Rab8b, Rab11b, 

Rab26, Rab27a/b and Rab37 (Fukuda, 2008). Rab proteins regulation of 

membrane trafficking involves cargo sorting and vesicle formation, vesicle and 

organelle transport, vesicle tethering/docking and vesicle fusion (Kelly et al., 

2012) (Figure 1.11) as described in the subsequent sections. 

 

Figure 1.10. The intracellular distribution of Rab proteins. Rab1 and Rab2 are 

implicated in the regulation of endoplasmic reticulum (ER)-Golgi transport and 

retrograde transport from Golgi and the ER-Golgi intermediate compartment 

(ERGIC) back to the ER. Intra-Golgi traffic is regulated by Rab6. The 

biosynthetic transport of the glucose transporter type 4 (GLUT4) containing 

vesicles from the trans-Golgi network (TGN) to the plasma membrane is 

regulated by Rab8, Rab10, and Rab14. Rab3, Rab26, Rab27 and Rab37 are 

involved in the exocytosis of several secretory vesicles/granules (SV). In 

addition, Rab27, Rab32 and Rab38 are involved in melanosome transport. Rab5 

mediates the formation of the early endosome (EE), while trafficking towards 

the lysosome for degradation is mediated by Rab7. Directing of the membrane 

traffic from the early endosome to the recycling endosome (RE) is mediated by 

Rab15. The regulation of the fast and slow endocytic recycling is driven by Rab4 

and Rab11, respectively. Rab18 mediates the regulation of specialised functions, 

including regulation of lipid droplets (LD) and intracellular lipid storage 
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compartments. The formation of the preautophagosomal structure (PAS) is 

mediated by Rab24 and Rab33, this is followed by the formation of the 

autophagosome (AP) which is then targeted to the lysosome/vacuole (L/V). The 

transport of integrins is regulated by Rab21 and Rab25, controlling cell adhesion 

and cytokinesis. The formation of tight junctions in polarized epithelial cells is 

regulated by Rab13. The sonic hedgehog (Shh) signalling pathway is negatively 

regulated by Rab23. Rab40 regulates Wnt signaling by recruiting components of 

the ubiquitination machinery. Rab34 Rab35 and Rab39 are classified as poorly 

characterized Rabs. The regulation of the plasma membrane recycling of an 

essential factor in cytokinesis is driven by Rab35, while Rab34 and Rab39 are 

localised in the Golgi with uncharacterised functions. LE; late endosome. 

Reproduced from (Hutagalung and Novick, 2011). 

 

 

 

Figure 1.11. Intracellular secretory granules trafficking. Firstly, the 

transported molecules are assembled in a specific region of the donor membrane 

and encapsulated in vesicles, this is followed by detachment of the budding 

vesicle from the donor membrane (Rab1, Rab2, Rab5 and Rab9 are involved in 

this process). Secondly, the formed vesicles transport through the cytoplasm 

along the microtubules and/or actin filaments (Sec4, Rab5, Rab6 and Rab27 are 

involved in this process). Thirdly, these vesicles associate with the acceptor 

membrane by a process termed docking/tethering (Ypt1, Ypt7, Sec4, Rab1 and 

Rab5 are involved in this process). Fourthly, these vesicles undergo fusion 

process with the target membrane, releasing their contents into the target site. 

Reproduced from (Seabra et al., 2002). 

 

1.2.3.1 Cargo sorting and vesicle formation (budding) 

Vesicle formation requires vesicle coating protein complexes such as coat 

protein (COP) I, COPII or clathrin and selection of cargo components. Several 
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Rab proteins have been  implicated in this process (Hutagalung and Novick, 

2011). For instance, Rab9 has been shown to be involved in the regulation of the 

mannose-6-phosphate receptor (MPR) transport between late endosomes and 

TGN (Lombardi et al., 1993; Riederer et al., 1994; Shapiro et al., 1993). Rab9 

exerts its function by interaction with its effector TIP47, inducing the interaction 

between MPR and TIP47 and budding of the late endosomes (Aivazian et al., 

2006; Carroll et al., 2001; Ganley et al., 2004). Interestingly, it has recently been 

shown that the constitutively active mutant of Rab9 (Q66L) is involved in the 

transport of cation independent-MPR (CI-MPR) from the TGN to endosomes 

(Kucera et al., 2016).  

In addition, it has been reported that Rab5 and Rab7 are implicated in the 

recruitment of the retromer associated trimer, Vps26-Vps29-Vps35 which is 

important for cargo binding, enhancing traffic of transmembrane proteins from 

endosomes to the TGN (Rojas et al., 2008). Furthermore, the interaction of 

Rab1b with its effector GBF1, enhances COPI recruitment, thereby regulating 

cargo sorting (Garcia et al., 2011). Also, many Rab proteins are involved in 

cancer progression and development, for instance Rab25 has been implicated in 

the regulation of activated α5β1 integrins sorting toward the chloride 

intracellular channel protein 3 (CLIC3)-positive late endosomes/lysosomes in 

A2780-Rab25 human ovarian carcinoma cell line (Dozynkiewicz et al., 2012). 

1.2.3.2 Vesicle transport 

Rab proteins regulate vesicle and organelle transport by interacting with 

effectors that recruit motor proteins, driving vesicle traffic along microtubules 

or actin filaments. The most prominent example of Rab regulation of vesicle 

transport is the Rab27-regulated melanosome transport mediated by interaction 

of Rab27a with its effector Slac2-a/melanophilin (Mlph), coupling Rab27a to 

myosin-Va motor protein, thereby transporting melanosomes to the plasma 

membrane in melanocytes (Hume et al., 2001; Hume et al., 2006; Hume et al., 

2007; Strom et al., 2002; Wu et al., 2001). In addition, plasma membrane 

recycling of endosomes is regulated by interaction of Rab11 with its downstream 

effector, Rab11 family interacting protein 2 (Rab11-FIP2) which serves as a 

linker protein with myosin-Vb motor protein (Hales et al., 2002; Schafer et al., 

2014). Also, the association of Rab11 with its effector, Rab coupling protein 



Raghdan Z. Al-Saad                                                                             PhD Thesis 

22 

 

(RCP), regulates the trafficking of the axonal β1 integrins in adult dorsal root 

ganglion neurons and differentiated PC12 cells (Eva et al., 2010). Depletion of 

Rab11a and Rab11b mediated by small interfering RNA (siRNA) reduces the 

intracellular recycling of the fibroblast growth factor 1 (FGF1) and the fibroblast 

growth factor receptor (FGFR) 4 in in U2OS cells stably expressing FGFR4 

(Haugsten et al., 2014).  

It has been reported that Rab6 is involved in the regulation of the retrograde 

transport between endosomes, Golgi and the ER (Del Nery et al., 2006; Iwanami 

et al., 2016; Martinez et al., 1997; Storrie et al., 2012). In addition, Rab6 

regulates the exocytosis to the plasma membrane, for instance the association of 

Rab6 with the kinesin-1 motor protein directs the exocytotic vesicles along the 

microtubules towards the plasma membrane (Grigoriev et al., 2007). The Rab6 

effector proteins, Bicaudal D1/D2 couple Rab6 with the dynein-dynactin motor 

complex, driving microtubule minus-end-directed traffic of the Rab6-containing 

vesicles (Matanis et al., 2002). Intriguingly, the interaction of Rab7 with the Rab 

interacting lysosomal protein (RILP) recruits the dynein-dynactin motor 

complex, trafficking late endosomes towards centrosomes and the lysosomes   

(Cantalupo et al., 2001; Guerra and Bucci, 2016; Johansson et al., 2007; Jordens 

et al., 2001; Wu et al., 2005a). In Drosophila, Rab4 directly interacts with 

kinesin-2 motor protein, directing Rab4-containing vesicles towards the synapse 

(Dey et al., 2017). It has been reported that Rab14 interacts directly with the 

kinesin-3 motor, KIF16B, transporting the FGFR 2 containing vesicles from 

Golgi towards the plasma membrane of mouse fibroblast during early stages of 

embryonic development (Ueno et al., 2011). 

1.2.3.3 Vesicle docking/tethering 

Fusion of membranes is commonly preceded by docking and tethering of 

intracellular vesicles. Vesicle docking/tethering involves Rab-mediated docking 

steps, this is followed by fusion of the docked vesicles by means of formation of 

the soluble N-ethylmaleimide–sensitive factor attachment protein receptor 

(SNARE) complex (Kummel and Ungermann, 2014). By using liposome–

liposome tethering assay, it was found that homotypic vacuole fusion and protein 

sorting (HOPS) complex binds the Rab7-like Ypt7, tethering the liposomes 
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containing liposomes carrying 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-

1carboxypentyl) iminodiacetic acid) succinyl] (Lurick et al., 2017).  

Early endosome antigen 1 (EEA1), a Rab5 effector protein, has been implicated 

in the early endosomes tethering. This is accomplished by association with 

endosomes through the phosphatidylinositol 3-phosphate binding region and 

interacting with syntaxin 6 SNARE protein (Christoforidis et al., 1999; Lawe et 

al., 2002; Mills et al., 2001; Simonsen et al., 1999; Simonsen et al., 1998). In 

addition, the Ypt1 Rab protein regulates tethering via recruiting its effector, the 

conserved oligomeric Golgi (COG) which serves as a tethering agent (Suvorova 

et al., 2002). For instance, direct interaction of COG complex with Sec1/Munc18 

(SM) protein Sly1, mediates the colocalisation of the t-SNARE, Syntaxin5 and 

the v-SNARE, GS15, thereby  regulating intra-Golgi transport (Laufman et al., 

2009). Many of the Rab27-effector protein interactions have been shown to be 

involved in the regulation of tethering of secretory granules. For instance, direct 

interaction of Rab27a with Munc13-4 is necessary for docking of secretory 

lysosomes at the plasma membrane of rat basophilic leukemia-2H3 (RBL-2H3) 

cells (Elstak et al., 2011). Moreover, Rab27a interaction with its effector, Slp2-

a mediates docking of Rab27a-containing vesicles to the plasma membrane in 

several secretory cells (Menasche et al., 2008; Mrozowska and Fukuda, 2016; 

Yasuda et al., 2015b; Yasuda et al., 2012).  

1.2.3.4 Vesicle Fusion  

Rab proteins regulate vesicle fusion by directly interacting with SNARE proteins 

or indirectly via interaction with SNARE regulating proteins (Hutagalung and 

Novick, 2011).  For instance, Sec4, a yeast Rab, interacts with its effector Sro7p, 

mediating Sro7p binding to Sec9p SNARE protein and forming a ternary 

complex consisting of Sec4, Sro7p and Sec9p, thereby regulating SNARE 

function (Grosshans et al., 2006a; Grosshans and Novick, 2008; Lehman et al., 

1999). Intriguingly, the Rab27 effector, Slp1 has been involved in insulin 

secretion by mediating fusion of undocked granules to the plasma membrane via 

association of its C2A domain with the plasma membrane phospholipids (Wang 

et al., 2013). Furthermore, Rab7 recruits its effector, the vici syndrome protein 

EPG5, mediating the assembly of trans-SNARE complexes and EPG5 binding 

to LC3/LGG-1 and assembled STX17-SNAP29 Qabc SNARE complexes, thus 
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promoting fusion of autophagosomes with the late endosomes (Wang et al., 

2016). 

1.3 Rab27 subfamily proteins  

There are two Rab27 isoforms (Rab27a and Rab27b) that share similar but not 

identical functions (Izumi, 2007). The type of the interacting effector protein 

represents the main determinant of their specific functions, especially the 

regulation of the exocytosis of various intracellular secretory granules and 

organelles (Fukuda, 2013; Itzen and Goody, 2008; Izumi et al., 2003; Stenmark, 

2009; Yamaoka et al., 2015). Although the Rab27 proteins are widely distributed 

among metazoans, no Rab27 proteins have been identified yet in yeasts and 

plants (Diekmann et al., 2011). 

It has been reported that amino acid and DNA sequence homology between 

mouse Rab27a and human Rab27a are 96% and 88%, respectively, whereas 

amino acid and DNA sequence homology between mouse Rab27a and human 

Rab27b are 72% and 67%, respectively (Ramalho et al., 2001). Furthermore, 

amino acid sequence similarity between human Rab27a and Rab27b is 81% 

(Chen et al., 1997). Notably, amino acid sequence alignment of Rab27a and 

Rab27b demonstrated that most of the Rab27 interacting residues with their 

effectors are conserved between them (Kukimoto-Niino et al., 2008) (for further 

details see Figure 1.12). This suggests that tissue expression of these isoforms 

might determine their functional specificity as both Rab27a/b can bind the same 

effectors and share most of the interacting residues with their downstream 

effectors.  

Notably, the Rab3 subfamily is closely related to Rab27a/b subfamily (Izumi, 

2007) as both subfamilies have moderate amino acid sequence homology (41-

44%) (Chen et al., 1997) (for further details of sequence homology see Figure 

1.12).  This might explain why both subfamilies share some effector proteins 

and sequence differences confer interaction specificity with their downstream 

effectors as described in sections 1.4, 1.4.1.3 and 1.4.2. Remarkably, Rab27a/b 

exhibit the slowest prenylation rate among many Rab proteins in vivo and in 

cells (Kohnke et al., 2013).  
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Figure 1.12. Amino acid sequence homology of mouse Rab27a, Rab27b and 

Rab3a. Mouse Rab27a and Rab3a sequences were aligned with the mouse 

Rab27b sequence in complex with Slac2-a. Switch I, switch II and RabCDRs are 

presented as yellow, green and red bars, respectively. The interacting residues of 

Rab27b with Slac2-a and those of Rab3a with rabphilin are indicated by orange 

and green asterisks, respectively. The arrowheads indicate mutated or inserted 

Rab27a and Rab3a residues tested by Kukimoto-Niino and colleagues. 

Reproduced from (Kukimoto-Niino et al., 2008). 

 

Intriguingly, it has been demonstrated that overexpression of the active Rab27a-

(Q78L) GTPase deficient mutant in melan-a cells (Menasche et al., 2003a) and 

in B16 melanoma cells (Bahadoran et al., 2003) induced significant perinuclear 

clustering of melanosomes. Further investigations revealed that the induced 

perinuclear clustering of melanosomes in melan-a cells caused by this Rab27a 

mutant is due to inability of this mutant to localise Rab27a on mature 

melanosomes (Rab27a is dispersed throughout the cytosol), thus disrupting 

Rab27a-dependent melanosome transport by competing with endogenous 

Rab27a for Slac2-a binding. This finding was confirmed by overexpression of 

Rab27a-(C219A, C221A) mutant, causing mutation of the geranylgeranylation 

sites and defective Rab27a attachment to the mature melanosomes, thereby 

inducing significant perinuclear clustering of melanosomes (Ishida et al., 2014).  

1.3.1 Regulators of Rab27 GTP-GDP cycle 

As members of the Rab family, Rab27 proteins functions are regulated by 

cycling between GTP- (active) and GDP- bound (inactive) states, and the main 

regulators of this process are GEF and GAP enzymes (for further details see 
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sections 1.2.2 and 1.2.2.1). So far, there are one Rab27 GEF termed Rab3 

guanine-nucleotide exchange protein (Rab3GEP) as it also acts on Rab3 protein 

(Figueiredo et al., 2008; Imai et al., 2013; Tarafder et al., 2011; Wada et al., 

1997). Silencing of RAB3GEP using siRNA induced perinuclear clustering of 

melanosomes in melan-ink4a melanocytes caused by reduction in localisation of 

Rab27a to melanosomes, indicating that Rab3GEP is required for Rab27 

targeting to melanosomes (Tarafder et al., 2011).  

On the other hand, there are two Rab27-GAP enzymes, a Tre-2/Bub2/Cdc16 

(TBC)-domain proteins: Rab27-GAPα/EPI64/TBC1D10A and Rab27-

GAPβ/FLJ13130/TBC1D10B (Fukuda, 2011; Hou et al., 2013; Imai et al., 2011; 

Ishibashi et al., 2009; Itoh and Fukuda, 2006). However, EPI64 and FLJ13130 

cannot be considered as specific Rab27 GAPs as they can act on several Rab, 

Ras and Arf proteins; e.g. Rab3a, Rab35, Rab8a, H-Ras and Arf6 (Chaineau et 

al., 2013; Hanono et al., 2006; Hokanson and Bretscher, 2012; Hsu et al., 2010; 

Ishibashi et al., 2009; Nagai et al., 2013). It has also been reported that Rab27-

GAP might promote Rab27a binding to its GDP-Rab27 effector, Coronin 3, 

regulating the endocytosis of the insulin secretory membrane in the pancreatic 

β-cell line MIN6 (Kimura et al., 2008; Kimura et al., 2010). Interestingly, 

stimulation of platelets by thrombin decreased Rab27-GTP, whereas Rab27-

GDP was increased and this might be due to activation of Rab27-GAP (Kondo 

et al., 2006). Notably, overexpression of Rab27-GAPα/EPI64 enhanced 

exosome secretion in human lung adenocarcinoma A549 cells by interacting 

specifically with Rab27a, but not Rab27b (Li et al., 2014b). Furthermore, it was 

found that parotid acinar cells stimulation by isoproterenol induced secretory 

granule exocytosis (amylase release) by promoting Rab27-GAPα/EPI64 

activity, thereby reducing the endogenous levels of Rab27-GTP (Imai et al., 

2011). Furthermore, overexpression of Rab27-GAPα/EPI64 and Rab27-

GAPβ/FLJ13130 caused perinuclear clustering of melanosomes in melan-a 

melanocytes by activating the intrinsic Rab27a GTPase activity, thereby 

transforming Rab27a into its GDP-bound inactive form and  inhibiting Slac2-a 

binding activity (Itoh and Fukuda, 2006) (for further details of the Rab27 GTP-

GDP cycle regulation see Figure 1.13). 



Raghdan Z. Al-Saad                                                                             PhD Thesis 

27 

 

 

Figure 1.13. Regulation of Rab27 GTP-GDP cycle during exocytosis of 

secretory granules. The exocytosis of secretory granules by parotid acinar cells 

was used as a model to depict the Rab27 GTP-GDP cycle. The Rab27 GTP-

bound form localises to the secretory vesicles, upon binding to Rab27 effectors, 

the secretory vesicles are anchored/tethered to the plasma membrane. Upon 

exposure to extracellular stimulus, the Rab27–effector complex(s) then mediates 

the exocytosis of secretory vesicles, followed by inactivation of Rab27 at the 

plasma membrane by the effect of the Rab27-GAP EPI64 and the inactive Rab27 

form (GDP-bound) is then detached from the plasma membrane by GDI. The 

Rab27-GEF then activates the GDP-bound form of Rab27 into its GTP-bound 

state (active form) and Rab27 localises again to the secretory vesicles in the 

cytosol to start a new cycle. Reproduced from (Fukuda, 2013). 

 

 

 

 

 

1.3.2 Functions and tissue expression of Rab27a/b proteins 

 

Rab27 subfamily proteins are tissue specific Rabs (Pereira-Leal and Seabra, 

2001), therefore their tissue expression determines their specific and versatile 

functions. In general, Rab27a and Rab27b share the same effector proteins, and 

Rab27b could compensate for loss of function caused by Rab27a deficiency. For 

instance, ubiquitous transgenic expression of Rab27b in the ashen mice (see 

section 1.3.3) compensates for Rab27a loss of function by restoring peripheral 

melanosomes distribution in melanocytes and thus curing the coat colour defects 
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in the ashen mice, indicating that there is functional redundancy between 

Rab27a/b isoforms (Barral et al., 2002).  

Rab27a/b isoforms are widely expressed in various cell types and tissues, but the 

tissue expression of Rab27b appears to be more specific, less abundant than 

Rab27a and restricted to specific cell types (Itzen and Goody, 2008; Ramalho et 

al., 2001) (see Table 1.1). 

Rab27a can be detected in mouse melanocyte cell lines: melan-a, melan-b and 

melan-c, but not Rab27b (Ramalho et al., 2001). It has also been shown that 

Rab27a is highly expressed in promyelocytic leukemia HL-60, chronic 

myelogenous leukemia K-562, Hela and melanoma (G361) cells, whereas 

Rab27b can be expressed in in Hela cells only (Chen et al., 1997). 

Rab27 protein has a significant role in the regulation of immune functions, for 

instance Rab27a is expressed abundantly and more highly than Rab27b, in 

human peripheral blood neutrophils, and functions by mediating the secretion of 

tertiary and specific granules (Herrero-Turrion et al., 2008). Rab27a has also 

been involved in the regulation of neutrophil migration by mediating elastase 

secretion from azurophilic granules at the rear of bone marrow 

polymorphonuclear leukocytes (Singh et al., 2012). Moreover, it has been 

suggested that Rab27b regulates neutrophil chemotaxis, probably by regulating 

primary granule exocytosis (Singh et al., 2014). In neutrophil-like differentiated 

HL60 cells, Rab27a functions a substantial role in neutrophil extracellular traps 

formation (Kawakami et al., 2014).  It has also been reported that Rab27a is 

involved in the delivery of lytic granules to the plasma membrane and also it 

participates in the regulation of lytic granules movement in the cytosol of natural 

killer cells (Liu et al., 2010).  

In ashen mice pancreatic acinar cells, although the total Rab27b expression was 

increased by 32.5%, the Rab27b-GTP active form was unchanged, suggesting 

that Rab27b could not compensate for Rab27a deficiency, causing a reduction 

in the amylase release in acinar cells (Hou et al., 2015). This suggests that 

Rab27a has a substantial role in the amylase release in acinar cells. However, 

Rab27b has also been shown to localise to zymogen granules and is involved in 

the regulation of the exocytosis of pancreatic acinar cells (Chen et al., 2004). In 
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addition, in the Rab27b knockout (KO) mouse model, the size of zymogen 

granules is decreased with a moderate decrease in amylase release by acinar cells 

(Hou et al., 2016), suggesting an additional role for Rab27b with Rab27a in 

amylase release. Interestingly, Rab27b is involved in the regulation of secretory 

vesicle formation and release by lacrimal gland acinar cells (Chiang et al., 2012; 

Chiang et al., 2011).  

Rab27a has a specific role in the regulation of dense-core vesicles docking to the 

plasma membrane in PC12 cells and the silencing of RAB27A using siRNA 

significantly reduced the docking of dense-core vesicles to the plasma membrane 

(Tsuboi and Fukuda, 2006a). In cystinosis, a lysosomal storage disorder, 

overexpression of the constitutively active, Q78L mutant of Rab27a in cystinotic 

fibroblasts, restores normal lysosomal transport and reduces endoplasmic 

reticulum stress, suggesting that Rab27a plays an essential role in the regulation 

of the intracellular lysosomal trafficking (Johnson et al., 2013). 

Early research conducted by Hume and colleagues revealed that overexpression 

of dominant negative Rab27a mutants, T23N and N133I, equivalent to the 

dominant negative Ras mutants S17N and N116I, respectively induced 

perinuclear clustering of melanosomes in melan-a cells, indicating an essential 

role of Rab27a in melanosome transport in melanocytes (Hume et al., 2001) (as 

described in section 1.4.1.3). Moreover, Rab27a and Rab27b play a substantial 

role in the regulation of dense granule exocytosis in platelets (Novak et al., 2002; 

Tolmachova et al., 2007). Notably, Rab27a deficiency in ashen mice bone-

marrow macrophages caused multi-nucleation and giant cell formation during 

osteoclasts differentiation, suggesting that Rab27 plays an essential role in the 

regulation of lysosome-related organelles transport in osteoclasts (Shimada-

Sugawara et al., 2015).  

In addition, Rab27a is essential for the establishment of an immediately 

releasable pool and determining the readily releasable pool size of insulin-

containing secretory granules in pancreatic β-cells (Cazares et al., 2014). 

Intriguingly, Rab27a acts as a negative regulator of angiogenesis in endothelial 

cells by stabilising membrane-localised vascular endothelial growth factor 
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receptor-1via regulation of palmitoylating enzyme DHHC3 trafficking (Boucher 

et al., 2017).  

Rab27a tissue expression Rab27b tissue expression 

 Eye, stomach, small intestine, 

large intestine, spleen, lung, 

platelets, kidney, liver, testis, 

prostate, ovary, oocytes, 

pituitary, leukocytes, skin, 

sebaceous glands and 

keratinocytes, but not in the 

brain (Barral et al., 2002; 

Chen et al., 1997; Kasai et al., 

2005; Seabra et al., 1995; 

Tolmachova et al., 2004; Yi et 

al., 2002). 

 Exocrine glands; such as 

serous and mucous acinar 

cells (Tolmachova et al., 

2004). 

 Endocrine organs such as α, β, 

δ pancreatic cells, adrenal 

medulla and cortex and 

thyroid gland (Merrins and 

Stuenkel, 2008; Tolmachova 

et al., 2004; Yi et al., 2002; Yu 

et al., 2007). 

 Ciliated and Clara cells of the 

murine bronchiolar 

epithelium (Bolasco et al., 

2011) 

 Brain, stomach, small 

intestine, large intestine, 

spleen, liver, pancreatic 

exocrine cells, testis, 

pituitary, urinary bladder, 

kidney, lung, submandibular 

salivary glands and eye (Chen 

et al., 1997; Gomi et al., 2007; 

Hendrix et al., 2012; Ramalho 

et al., 2001; Zhao et al., 2002). 

 Rab27b is highly expressed in 

platelets with less expression 

in the gastrointestinal tract, 

but not in melanocytes or 

cytotoxic T lymphocytes, 

indicating that Rab27b could 

compensate for Rab27a 

functions in platelets, but not 

for those functions in 

melanocytes or cytotoxic T 

lymphocytes (Barral et al., 

2002).  

 Ciliated and Clara cells of the 

murine bronchiolar 

epithelium (Bolasco et al., 

2011).  

 Eosinophils of the 

parenchyma of the lung mice 

(Bolasco et al., 2011). 

 

 

Table 1.1. Comparison of Rab27a/b tissue expression. 

1.3.3 Rab27-related diseases  

Rab27 and its effectors are involved in the regulation of various intracellular 

secretory functions and any defect in those functions is often associated with 

diseases. The most well documented Rab27-related disease is Griscelli 

syndrome (GS) (Griscelli et al., 1978) which can be classified into three types 

(see Table 1.2). GS type I occurs due to mutations within the MYO5A gene 

encoding myosin-Va motor protein (Pastural et al., 1997) and is characterised by 

albinism and neurological, but no immunological defects (Dessinioti et al., 
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2009). GS type I is the human equivalent to the dilute mouse model (Mercer et 

al., 1991).  

GS type II is caused by mutations in the gene encoding Rab27a, leading to 

albinism, immune deficiency and some neurological defects (Anikster et al., 

2002; Isikay, 2014; Menasche et al., 2000) and is similar to the ashen mouse 

model (Wilson et al., 2000). Three missense mutations within RAB27A gene: 

W73G, L130P and A152P have been identified in GS type II patients and found 

to cause defective cytotoxic T cell lytic granule exocytosis (Menasche et al., 

2000). Furthermore, it has been shown that Rab27a loses its GTP-GDP-binding 

ability upon introduction of the L130P and A152P mutations, possibly by 

impairing protein folding, whereas the W73G Rab27a mutant retains its GTP-

GDP-binding ability. Notably, the W73G, W73L and W73S Rab27a mutants 

lack the intrinsic GTP hydrolysis activity, probably by causing conformational 

changes at the P-Loop or the switch regions, impairing Slac2-a effector protein 

binding activity, pointing out the importance of W73 in maintaining Rab27a 

interaction with Slac2-a (Menasche et al., 2003a). It has also been reported that 

K22R, I44T, F46I, G43S, A87P and K134E missense mutations within RAB27A 

gene can also cause GS type II (Mamishi et al., 2008; Masri et al., 2008; Mishra 

et al., 2014; Ohbayashi et al., 2010; Westbroek et al., 2008; Zur Stadt et al., 

2006). In addition, it has been demonstrated that the G43S mutation located in 

the switch I region of Rab27a lacks Slac2-a binding ability in vitro and 

overexpression of this Rab27a mutant failed to restore normal melanosomes 

distribution in primary melanocytes from patients with GS type II (Westbroek et 

al., 2008). Furthermore, 2 heterozygote RAB27A missense mutations (L70P and 

A76V) and a homozygous RAB27A nonsense mutation (Q118X) have been 

identified in GS type II patients and found to disrupt Slp2-a effector protein 

binding in vitro (Menasche et al., 2008). Intriguingly, R82C has been identified 

as a novel mutation in Rab27a and causes immunodeficiency with normal 

pigmentation, completely disrupting the interaction of Rab27a with Munc13-4 

effector protein, but only partially inhibiting the interaction with Slac2-a (Netter 

et al., 2016). Notably, Munc13-4 (Rab27 effector protein) dysfunction causes 

type 3 familial hemophagocytic lymphohistiocytosis (FHL) which is 

characterised by defective cytotoxicity of cytotoxic T lymphocytes (Feldmann 
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et al., 2003; Yamamoto et al., 2004). In addition, it has been reported that 

deletion of R141, replacement of V142 by isoleucine or (A76V, Y159C, S163R) 

Rab27a missense mutations cause type 3 FHL without albinism and found to 

disrupt the interaction of Rab27a with Munc13-4 (Cetica et al., 2015).  

GS type III is caused by mutations within the MLPH gene encoding 

melanophilin/Slac2-a effector protein and is characterised by only albinism 

without any neurological or immunological defects (Menasche et al., 2003b; 

Tomita and Suzuki, 2004), and is the human equivalent to the leaden mouse 

model (Matesic et al., 2001). It has also been reported that the deletion of the 

REEERLQ motif (31-37 aa) from Slac2-a in leaden mice resulted in defective 

Slac2-a function (Matesic et al., 2001) and completely abolished Rab27a-

binding activity (Fukuda, 2002b). It has also been shown that the R35W 

mutation in Slac2-a causes GS type III (Menasche et al., 2003b; Nouriel et al., 

2015), since this slac2-a mutant lacks the ability to interact with Rab27a 

(Menasche et al., 2003b). In addition, it has been shown that primary epidermal 

melanocytes from patients with GS type III display a perinuclear clustering of 

melanosomes pattern, indicating that this mutation disrupts Rab27a-Slac2-a 

binding, thereby affecting melanosome transport in melanocytes and causing 

only hypopigmentation (Westbroek et al., 2012).  

It has also been shown that the Rab27a and Slp2-a are compensatory induced in 

dysferlin-deficient patients suffering from limb girdle muscular dystrophy 2B, 

thereby promoting vesicle trafficking pathways, but probably upregulating 

endocytotic vesicle release and causing subacute inflammatory response (Kesari 

et al., 2008). Recently, various mutations in Slac2-b (Rab27 effector protein) 

have been identified and found to cause inherited skin fragility (Liu et al., 2014; 

Malchin et al., 2016; McGrath et al., 2012; Turcan et al., 2016).   

Rab prenylation defects can be caused by mutations within the RGGT and REP 

genes, for instance RGGT dysfunction leads to the gunmetal mice phenotype, 

which is characterised by hypopigmentation and platelet coagulation defects 

(Detter et al., 2000; Novak et al., 1995; Swank et al., 1993). Whereas, REP 

dysfunction results in Rab underprenylation defects in the retinal pigment 
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epithelium, causing choroideremia which is characterised by progressive 

blindness and retinal degeneration (Seabra et al., 1995). 

GS 

type 

Mouse 

phenotype 

Mutated 

gene 

Mutated protein Pathological 

features 

I dilute MYO5A myosin-Va Albinism and 

neurological defects 

II ashen RAB27A Rab27a Albinism, immune 

deficiency and some 

neurological defects 

III leaden MLPH melanophilin/Slac2-

a 

Albinism 

Table 1.2. Griscelli syndrome types. 

 

1.4 Rab27 effector proteins  

So far, there are eleven distinct Rab27 effector proteins in human and mouse that 

interact preferentially with Rab27 in its GTP-bound state (Fukuda, 2005; 

Fukuda, 2013) (Figure 1.14). Rab27 effector proteins can be sub-classified 

structurally into three major groups. The first group consists of the 

synaptotagmin-like protein (Slp) family (Kuroda et al., 2002a) and rabphilin3-a 

(Fukuda, 2003a; Fukuda et al., 2004). Thus far, five distinct Slp proteins: Slp1, 

Slp2-a, Slp3-a, Slp4-a/b and Slp5 have been identified in mammals (Fukuda and 

Mikoshiba, 2001; Fukuda et al., 2001; Kuroda et al., 2002b). These Rab27 

effectors share two conserved, N-terminal α-helical Rab27 binding domains 

termed Slp homology domain (SHD) 1 and 2 (Fukuda, 2002a; Fukuda and 

Mikoshiba, 2001; Fukuda et al., 2001). However, there is a zinc finger motif 

between SHD1 and SHD2 of Slp3-a, Slp4-a, Slp5 and rabphilin3-a, while SHD1 

and SHD2 of Slp1 and Slp2-a are linked directly; i.e. they lack the zinc finger 

motif (Fukuda, 2005; Fukuda et al., 2001). The other characteristic feature of 

this group is the presence of two C-terminal tandem C2 domains termed A and 

B and these tandem C2 domains bind to membrane phospholipids (Fukuda, 

2002a). A linker sequence of various lengths connects the SHD and C2 domains. 

The C2 domains are phospholipids binding domains which are found in many 

calcium–dependent protein kinases C (α, βI, βII and γ), phospholipases C and 

GAPs (Ponting and Parker, 1996). In addition, it has been reported that there are 
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four Slp2 isoforms (Slp2-a-d) and two Slp3 isoforms (Slp3-a-b) and only A 

isoforms act as Rab27 effectors as other Slp isoforms lack the SHD domains 

(Fukuda et al., 2001).  

The second group of Rab27 effector proteins consists of Slac2 (Slp homologue 

lacking C2 domains) family (Slac2-a, Slac2-b and Slac2-c) (El-Amraoui et al., 

2002; Fukuda and Kuroda, 2002; Fukuda et al., 2002; Kuroda et al., 2002a; 

Matesic et al., 2001; Strom et al., 2002; Wu et al., 2002)  and Noc2 (Fukuda, 

2003a; Fukuda et al., 2004). Members of this group share the N-terminal SHD 

with Slp family, but lack the C2 tandem domains. In addition, Slac2-b lacks the 

zinc finger motif. Notably, SHD1 serves as a main Rab27-binding site, whereas 

SHD2 and the zinc finger motifs stabilise the whole SHD structure and 

determine Rab27 binding affinity and specificity (Fukuda, 2002b; Fukuda, 

2003b). The C-terminal regions of Slac2-a (amino acids 400–590) and Slac2-c 

(amino acids 670–856) are involved in actin binding (Fukuda and Kuroda, 

2002). Interestingly, it has been reported that SHD of Slp1, Slp2-a, Slp3-a, 

Slac2-a and Slac2-b specifically co-immunoprecipitated with Rab27a in COS-7 

cells, indicating that these effectors are specific Rab27effectors, whereas SHD 

of Slp4-a and rabphilin3-a co-immunoprecipitated with Rab3a, Rab8 and 

Rab27a, indicating that Slp4-a and rabphilin3-a are not specific Rab27 effectors 

(Kuroda et al., 2002a).  

The third group contains Munc13-4 only which can be considered as a new 

category of Rab27 effector proteins as the Rab27 binding domain (RBD) differs 

from that of Slp and Slac2 families (it does not contain SHD). The region 

between the C2A domain and MUN domain represents the RBD of Munc13-4  

(Elstak et al., 2011; Neeft et al., 2005; Shirakawa et al., 2004).  

Remarkably, Rab27 effectors can be sub-classified based on their Rab27 binding 

affinity into a high affinity binding group: Slp1, Slp2-a, Slp4-a, Slp5, Slac2-b, 

rabphilin and Noc2 and a low affinity binding group: Slp3-a, Slac2-a and Slac2-

c  (Fukuda, 2006).  

In addition to these Rab27-GTP binding effectors, Coronin 3, a Rab27-GDP 

binding effector, has been identified recently and found to have distinct functions 

in the regulation of the endocytosis of the insulin secretory membrane by 
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interacting with Rab27a-GDP through its N-terminal domain, thereby promoting 

F-actin assembly in pancreatic β-cells (Kimura et al., 2008; Kimura and Niki, 

2011; Kimura et al., 2010).  

 

 

Figure 1.14. A schematic representation of mouse Rab27 effectors structure. 
Synaptotagmine homology like domain (SHD) (dark purple) represents the 

Rab27-GTP binding domain of Slp family (Slp1-5 and rabphilin) and Slac2 

family (Slac2a-c and Noc2). Most of these Rab27-binding domains consist of 

two SHD domains connected by Zn2+-binding motif (light purple). The Rab27-

GTP-binding domain (RBD) of Munc13-4 differs from that of Slp and Slac2 

families. Coronin 3 interacts with Rab27a-GDP through its N-terminal domain. 

Myosin-Va-, myosin-Va/VIIa-, actin-, C2A- and C2B- binding domains are 

depicted. Reproduced from (Fukuda, 2013).  

 

Interestingly, in order to investigate the key determinates of the specificity of 

Rab27 interaction with its effectors, Itzen and Goody compared the structures of 

the complexes of interaction of Rab27b with Slac2-a and Slp2-a and Rab3a with 

rabphilin (Figure 1.15). They argue that Y6, F88 and D91 residues confer Rab27 

certain degree of specificity in terms of  binding to Slac2-a, Slp2-a and rabphilin, 

whereas the  equivalent Rab3a residues (F19, Y91 and G94) shift Rab3a binding 
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specificity to rabphilin only (Itzen and Goody, 2008) (see also sections 1.4.1.3 

and 1.4.2).  

 

Figure 1.15. Carton representation of Rab–effector interaction specificity. The 

3D structures of Rab27b-Slac2-a (left), Rab3a-rabphilin (middle) and Rab27b-

Slp2 (right) complexes are depicted. In the top panel, the key residues: Y6 

(Rab27)/F19(Rab3a), F88(Rab27)/Y91(Rab3a) and D91(Rab27)/G94(Rab3a) 

together with their binding partners are depicted  as a ball-and-stick models. In 

addition, Rab proteins are displayed as cartoon models; the effectors are shown 

inside ribbon representation. In the bottom panel, a schematic representation of 

the conserved interacting residues between Rab proteins and their effectors are 

depicted. The key binding residues in Rab27b:Slac2-a, Rab3a:rabphilin and 

Rab27a:Slp2-a complexes are displayed as boxes. Y6, F88 and D91 Rab27 

residues allow binding to Slac2-a, Slp2-a and rabphilin, whereas F19, Y91 and 

G94 Rab3a residues permit binding to rabphilin only. Polar and hydrophobic 

interactions are shown as blue and white dashes, respectively. Water molecules 

are displayed as red spheres. SHD represents Slp homology domains 1 and 2. 

Reproduced from (Itzen and Goody, 2008).  
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1.4.1 Functions and distinct features of Rab27 effectors 

As mentioned previously, Rab27 proteins exert their specific and versatile 

function by interacting with their downstream effectors. Occasionally, Rab27a/b 

have different roles even when they are co-expressed in the same cell. This can 

be exemplified by the diversity of their effector interactions in the same cell type 

that confers each Rab27 isoform its specific function (Singh et al., 2013). 

However, the functional roles of Rab27 effectors have not yet been fully 

elucidated and still require further investigations. Accordingly, the specific and 

distinct features of Rab27 effectors including cellular functions are described 

hereafter (see Table 1.3). In addition, details of Slp1, Slp2 and Slac2-a effectors 

described in the subsequent sections as they were used in this study. 

Rab27 effector Putative functions 

Slp1/JFC1/Exophilin-7  Regulation of the exocytosis of azurophilic 

granules by neutrophils (Brzezinska et al., 

2008; Johnson et al., 2012; Munafo et al., 

2007). 

 Control of lytic granule exocytosis by 

cytotoxic T lymphocytes via a Rab27a-

dependent interaction (Holt et al., 2008). 

 Regulation of amylase secretion from 

pancreatic acinar cells via a Rab27b-

dependent interaction (Saegusa et al., 

2008). 

Slp2-a/Exophilin-4  Involvement in the targeting of glucagon 

containing granules to the plasma 

membrane via the C2A domain in the 

pancreatic α cells through Rab27a-

dependent interaction manner (Yu et al., 

2007). 

 The association of Slp2-a with Rab27a is 

involved in the regulation of exocytosis of 

lytic granules from cytotoxic T 

lymphocytes (Holt et al., 2008; Menasche 

et al., 2008).  

 Regulation of the trafficking of the 

signalling molecule podocalyxin-

containing vesicles to the apical membrane 

in Madin–Darby canine kidney II (MDCK 

II) cells (Mrozowska and Fukuda, 2016; 

Yasuda et al., 2012).  

 Involvement in Schwann cell myelination 

via Rab27a interaction (Su et al., 2016). 
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Slp3-a/Exophilin-6  The Rab27a-Slp3a complex regulates lytic 

granules trafficking towards the immune 

synapse of cytotoxic T lymphocytes by 

interaction of the linker domain of Slp3-a 

with kinesin-1 via the tetratricopeptide 

repeat of the kinesin-1 light chain 

(Kurowska et al., 2012).  

 Slp3 links kinesin-1 to Rab27b-containing 

secretory granules in mast cells via a 

phosphatidylinositol 3-kinase-depedent 

stimulation, thereby mediating mast cell 

degranulation (Munoz et al., 2016). 

Slp4a/b/Granuphilin-

a/b/Exophilin-2 
 Involvement in the regulation of dense core 

secretory granules transport to the plasma 

membrane in MIN6 pancreatic β cells by 

interacting with Rab27a, thereby recruiting 

the brain-spliced isoform of myosin-Va 

(BR-MyoVa) motor protein to the plasma 

membrane by forming Slp4-a/b, Rab27a 

and BR-MyoVa tripartite complex (Brozzi 

et al., 2012).  

 Regulation of amylase secretion from rat 

parotid acinar cells by interaction with 

Syntaxin-2/3 via its linker domain in the 

presence of Munc18-2 via  (Fukuda et al., 

2005). 

 Slp4 association with Rab27b regulates 

pituitary hormones secretion in the pituitary 

endocrine AtT20 cells (Zhao et al., 2002). 

 Slp-4 promotes Weibel-Palade body 

exocytosis by interaction with syntaxin-

binding protein 1 in a Rab27a-depedent 

interaction manner (van Breevoort et al., 

2014).  

 Involvement in the regulation of 

stimulation-mediated release of receptor 

activator of NF-kB ligand (RANKL) in 

osteoblastic cells by interaction with 

Rab27/b (Kariya et al., 2011). 

Slp5/Exophilin-9  Negative regulation of the Rab27a-

depedent inhibition of the epithelial sodium 

channel activity in HT-29 cells through 

C2A/C2B domains-dependent 

phospholipids binding activity (Saxena et 

al., 2006). 

 Overexpression of Slp5 promoted high 

KCl-induced NPY secretion by PC12 cells 

(Tsuboi and Fukuda, 2006b). 



Raghdan Z. Al-Saad                                                                             PhD Thesis 

39 

 

Rabphilin3a/Exophilin-

1 
 Participation in maintaining N-methyl-D-

aspartate receptors (NMDARs) 

stabilization at synaptic sites by forming a 

ternary complex with GluN2A and PSD-95 

(Stanic et al., 2015).  

 Overexpression of rabphilin negatively 

regulates the high KCl-induced NPY 

secretion in PC12 cells through a Rab27a-

dependent interaction, suggesting that 

rabphilin controls dense-core vesicle 

exocytosis in PC12 cells (Fukuda et al., 

2004). 

Slac2-

a/Melanophilin/Exophil

in-3 

 Regulation of Rab27a-dependent 

melanosome transport via interaction with 

myosin-Va (Hume et al., 2007).  

 The Rab27a/Slac2-a/myosin-Va complex 

has a distinct inhibitory role in mast cell 

degranulation by regulating the integrity of 

cortical F-actin (Singh et al., 2013). 

Slac2-b/Exophilin-5  Slac2-b has a significant role in the 

regulation of keratinocyte adhesion and it 

has been shown to co-localise with Rab27b 

and β4 integrin in normal keratinocytes 

(McGrath et al., 2012). 

Slac2-c/Myosin-VIIa 

and Rab27 interacting 

protein 

(MyRIP)/Exophilin-8 

 Regulation of Rab27a-dependent 

melanosome trafficking in the retinal 

pigment epithelium via interaction with 

myosin-VIIa (El-Amraoui et al., 2002).  

 Involvement in the regulation of amylase 

secretion from rat parotid acinar cells (Imai 

et al., 2009; Imai et al., 2004).  

 Rab27a-Slac2-c complex associates with 

secretory granules in PC12 cells, linking 

secretory granules to F-actin and regulating 

their transport along actin cortex (Desnos et 

al., 2003).  

 Rab27a-Slac2-c complex has been 

implicated in the regulation of insulin 

exocytosis in pancreatic β cells by 

mediating the association of secretory 

granules with cortical actin (Mizuno et al., 

2011; Waselle et al., 2003). 

Noc2  Regulation of dense-core vesicle exocytosis 

in PC12 cells via specific interaction with 

Rab27a (Fukuda et al., 2004; Handley and 

Burgoyne, 2008).  

 Noc2 association with Rab27a is involved 

in the regulation of pancreatic β cells 

exocytosis, possibly through Noc2 
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interaction with Munc13 (Cheviet et al., 

2004). 

Munc13-4  Regulation of the exocytosis of matrix 

metalloproteinase (MMP)-9-containing 

granules in neutrophils (Brzezinska et al., 

2008; Pivot-Pajot et al., 2008).  

 Munc13-4 and Rab27a have been suggested 

to be involved in mediating 

lipopolysaccharide-dependent exocytosis 

in neutrophils (Johnson et al., 2011).  

 Involvement in late endosomal maturation 

in neutrophils by interacting with SNARE 

proteins, syntaxin 7 and vesicle-associated 

membrane protein (VAMP)-8 in a calcium-

dependent manner (He et al., 2016).  

 Munc13-4 plays an essential role with 

Rab27b and to a lesser extent Rab27a in 

enhancing mast cell degranulation in 

murine bone marrow-derived mast cells by 

mediating F-actin-dependent granule 

docking  (Singh et al., 2013).  

 Involvement in the in vitro regulation of 

dense core granule exocytosis in platelets in 

a Rab27a-depedent manner (Shirakawa et 

al., 2004). 

Table 1.3. Putative functions of Rab27 effectors.  

1.4.1.1 Slp1/JFC1/Exophilin-7 

Similar to other members of the Slp family, Slp1 has the N-terminal conserved 

SHD domains and the C-terminal tandem C2 domains, but lacks the zinc finger 

motif. The phosphatidylinositol 3,4,5-trisphosphate and, to a lesser extent, the 

phosphatidylinositol 3,4-diphosphate preferentially interact with the tandem C2 

domains (McAdara Berkowitz et al., 2001). Apparently, the C2A domain is 

responsible for binding the 3'-phosphorylated phosphoinositides, and also 

contributes to the membrane binding activity of Slp1 (Catz et al., 2002b). 

Interestingly, Slp1 is endogenously phosphorylated by the protein kinase Akt at 

serine 241, mediating Slp1 membrane disassociation and re-directing Slp1 to the 

cytosol, while maintaining Rab27a binding activity (Johnson et al., 2005b).  

The cooperation of the mammalian sterile 20–like kinase 1 (MST1) with Slp1 

regulates the trafficking of VLA-3 and VLA-6 containing vesicles to the 

neutrophil surface (Kurz et al., 2016). In the neuron axon terminus, Rab27b 

mediates the interaction of Slp1 with the neurotrophin receptor TrkB, also 
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collapsing response mediator protein-2 (CRMP-2) interacts with Slp1, 

connecting Slp1 to kinesin-1 and linking TrkB to Kinesin-1, thereby regulating 

the anterograde transport of TrkB (Arimura et al., 2009). Intriguingly, the 

interaction of Slp1 with the GTPase-activating protein Rap1GAP2 via its C2A 

domain and with Rab27 forms a trimeric complex, regulating the secretion of 

dense granules in the platelets (Neumuller et al., 2009).  

1.4.1.2 Slp2-a/Exophilin-4 

Like Slp1, Slp2-a has the N-terminal conserved SHD domains and the C-

terminal tandem C2 domains, and also lacks the zinc finger motif. The 3D 

structure of Slp2-a in complex with Rab27a has been identified (Chavas et al., 

2008). The structure of the Slp2-a binding domain to Rab27a consists of the long 

N-terminal α1 helix, SHD1 region (10-39 residues) and SHD2 region comprising 

the short α2 (42-50 residues) and α3 (51-56 residues) helices. The hydrophobic 

face of SHD1 region forms tight contacts with the Rab27a inter-switch domain 

(β2 and β3 strands), containing RabF1 and RabF2 and the switch II domain (α2 

helix), containing RabF3. In addition, the highly conserved charged residues in 

SHD2 region are involved in the interaction with Rab27a by forming 

electrostatic interactions, surrounding the interface. Interestingly, M49 in Slp2-

a can compensate for the lack of the zinc finger motif by packing the aromatic 

ring of Y8 in Rab27a, thereby connecting α1, α2 and  α3 helices to  the Rab27a 

RabSF1 and RabSF4 motifs (Chavas et al., 2008). For further details see (Figure 

1.16) and (Chavas et al., 2008).  

It has been reported that Slp2-a co-localises with Rab27a at the melanosomes of 

melanoma cells and both Rab27a and Slp2-a distribute to cell  periphery, 

especially at the dendritic tips in the B16-F1 melanoma cells (wild type), whilst 

they re-distribute to the perinuclear region in the melanosome transport-

defective S91/Cloudman melanoma cells,  indicating that Rab27a-Slp2-a 

complex plays additional role with Slac2-a (see section 1.4.1.3) in the regulation 

of melanosome transport in melanocytes (Kuroda et al., 2002a). Further research 

revealed that Slp2-a is required for melanosomes anchoring to the plasma 

membrane via its C2A phospholipids binding domain (by interacting mainly 

with phosphatidylserine), thereby maintaining peripheral melanosome 

distribution (Kuroda and Fukuda, 2004).  
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It has also been shown  that Slp2-a is abundantly expressed at the apical region 

of mouse gastric-surface mucous cells and SLP2-A deficient KO mice displayed 

defects in mucus granules docking to the apical plasma membrane, with an 

accompanying reduction in the number of mucus granules and in gastric mucus 

secretion in those cells (Saegusa et al., 2006). Interestingly, Slp2-a together with 

Rab27a play an essential role in HIV assembly in HIV-infected Jurkat cells by 

participating in the generation of phosphatidylinositol 4-phosphate and a pool of 

phosphatidylinositol 4,5-bisphosphate via mediating phosphatidylinositol 4-

kinase type 2α and CD63+ endosomes transport towards the plasma membrane 

(Gerber et al., 2015).  

Finally, Slp2-a has functions independent from association with Rab27, for 

instance it regulates renal cell size by interacting with Rap1GAP2 via a C2B 

domain-dependent manner (Yasuda and Fukuda, 2014). Furthermore, Slp2-a 

participates in the inactivation of ezrin in MDCK II cells by interacting with 

protein phosphatase 1 via its linker domain (which connects the SHD and C2 

domains), thereby localising protein phosphatase 1 to the plasma membrane and 

inactivating ezrin by protein phosphatase 1 (Yasuda et al., 2015a).  

   

 

 

Figure 1.16. Structure of Rab27a in complex with Slp2-a. Ribbon diagram 

representation of the 3D structure of Rab27a (orange/cyan)-Slp2-a (purple) 

complex: A and B represent front and back views, respectively. The green, blue 
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and red highlighted regions represent the switch I, inter-switch and switch II 

domains, respectively. GppNHp (GTP analogue) and Mg2+ are displayed as ball-

and-stick and space-filling models, respectively. Reproduced from (Chavas et 

al., 2008). 

 

   

1.4.1.3 Slac2-a/Melanophilin/Exophilin-3 

As a member of the Slac family, Slac2-a consists of the N-terminal SHD1/2 

domains separated by the zinc finger motif, but lacks the C2 tandem domains. 

Notably, the 3D structure of Slac2-a in complex with the constitutively active 

form of Rab27b (Q78L) has been identified (Kukimoto-Niino et al., 2008). The 

structure of the Slac2-a binding domain to Rab27b consists of the SHD1 (α1 

helix) and SHD2 (α3- α5 helices) regions surrounding the zinc finger motif (β1- 

β4 strands, L1–L5 loops and α1, η1, η2 helices). In addition, a coiled coil is 

formed between α1 and α3-α5 helices, thereby mediating intramolecular 

interaction of SHD1 with SHD2. The Rab27b binding interface consists of three 

contact areas: the coiled-coil regions of Slac2-a comprising the first and second 

contact areas, whereas the third contact area lies in the zinc finger motif which 

confers specificity for Rab27 binding. The first contact area of Slac2-a binding 

interface comprises residues 6–9 from RabCDRs, part of the switch and inter-

switch regions of Rab27b. The second contact area consists of a cavity in the 

RabCDRs that harbours the side chains of the residues in the 117-SLEWYY-122 

motif of Slac2-a. The third contact area comprises the prominent β2- β3 loop in 

Rab27b and the L5 loop of the zinc finger motif in Slac2-a. Those interactive 

residues with slac2-a are highly conserved between Rab27a/b. For further details 

see (Figure 1.17) and (Kukimoto-Niino et al., 2008).  

In addition, the L84, F88 and D91 amino acid residues in the switch II region of 

Rab27a are specifically recognised by the Slac2-a SHD, and those residues are 

not conserved in the Rab3 or Rab8 isoforms. Therefore, this might explain the 

Slac2-a SHD specificity to bind Rab27a rather than Rab3 or Rab8 (Fukuda, 

2002b).  Interestingly, the Rab3a-(F19Y, I87L, Y91F, G94D) mutant containing 

the equivalent Rab27a residues can bind Slac2-a, but to a lesser extent than 

Rab27a, suggesting that these residues confer some degree of specificity to 

Slac2-a binding (Kukimoto-Niino et al., 2008) (see also sections 1.4 and 1.4.2). 

It has also been reported that the first 150 residues of Slac2-a are essential for 
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Rab27a binding as they contain the SHD1/2 domains and the zinc finger motif 

(Hume et al., 2006). 

 

Figure 1.17. Structure of Rab27b in a complex with Slac2-a. Ribbon diagram 

representation of the 3D structure of Rab27b (orange)-Slac2-a (cyan) complex. 

The two models represent 1800 rotation around the vertical axis. The switch 1, 

switch 2 and RabCDRs regions of Rab27b are highlighted in yellow, green and 

red, respectively. The spheres represent GTP, Mg2+ and Zn2+. Reproduced from 

(Kukimoto-Niino et al., 2008).  

 

It has been shown that slac2-a binds to the globular tail of myosin-Va motor 

protein through its C-terminus half (Fukuda et al., 2002). In addition, Strom and 

colleagues found that Slac2-a (full length) and the truncations: 1–400, 150–590, 

367–590, 367–467 and 367–400 were able to interact with the tail of myosin-

Va, whereas Slac2-a truncations: 1–266, 150–338 and 467–590   were not able 

to interact, suggesting that amino acids 367–400 of Slac2-a represent the 

minimal determinant of myosin-Va-binding domain (Strom et al., 2002). It has 

also been demonstrated that D378, E380, E381 and E382 residues in the myosin-

Va binding domain (MBD) and K493, R495, R496 and K497 residues in the 

actin binding domain (ABD) are required for binding to myosin-Va and actin, 

respectively (Kuroda et al., 2003). Additionally, it has been shown that the exon 

F-binding domain (EFBD) (300-400 aa) within the MBD of Slac2-a is required 

for recruiting myosin-Va to the melanosomes, whereas the globular tail-binding 
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domain (GTBD) (150-246 aa) of Slac2-a has no role in this respect and it might 

function to stabilise the interaction with myosin-Va. Notably, a coiled-coil 

domain within the ABD (in the C-terminus) of Slac2-a potentially contributes to 

the interaction with myosin-Va (Hume et al., 2006). It has also been 

demonstrated that the GTBD region of Slac2-a activates the myosin-Va ATPase 

activity, thus promoting its motor activity (Li et al., 2005). For further details of 

Slac2-a structure see Figure 1.18. 

 

 

Figure 1.18. Structure of Slac2-a domains. Slac2-a consists of 1) A Rab27a 

binding domain (1-150 aa) comprising SHD1/2 and zinc finger motif (ZnF). 2) 

A myosin-Va binding domain (151-400 aa) which contains GTBD and EFBD 

subdomains. 3) An actin binding domain (401-590 aa) which includes the coiled-

coil (CC) region. Adapted from (Hume et al., 2006). 

 

 

Rab27a-Slac2-a-myosin-Va tripartite complex plays significant role in the 

regulation of melanosome transport in melanocytes as described below. It is 

thought that intracellular transport of organelles is mediated by microtubules and 

actin filaments which are responsible for long- and short- range transport, 

respectively (Langford, 1995). It has been suggested that mature melanosomes 

are transported bi-directionally from the perinuclear area along microtubules to 

the melanocyte cell periphery via kinesin and dynein motor proteins. Then at the 

cell periphery, mature melanosomes under go short-distance unidirectional 

transport along actin-filaments utilising Rab27a, Slac2-a and myosin-Va 

tripartite complex, where Rab27a associated-melanosomes interact with myosin-

Va motor protein via Slac2-a-dependent interaction, thereby mediating 

melanosome transport  towards the peripheral dendrites (Barral and Seabra, 

2004; Bennett and Lamoreux, 2003; Hume et al., 2007; Marks and Seabra, 2001; 

Wu et al., 1998b); for further details see Figure 1.19. Disruption of the tripartite 

complex causes perinuclear clustering of melanosomes by abolishing Rab27a-
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dependent melanosome transport (Fukuda and Kuroda, 2004; Hume et al., 2002; 

Hume et al., 2001; Hume et al., 2006; Hume et al., 2007; Kuroda and Fukuda, 

2004; Matesic et al., 2001; Robinson et al., 2017; Wu et al., 1998b). Recently, it 

has been argued that the anterograde transport of melanosomes occurs mainly 

along actin filaments via myosin-Va, whereas the retrograde transport occurs 

along microtubules via kinesin motor protein, suggesting that the actin 

filaments-dependent transport is crucial for melanosomes trafficking in 

melanocytes (Evans et al., 2014). In addition, by using immunoelectron 

microscopy, it was found that GFP-Rab27a associates mainly with intermediate 

to mature melanosomes in the tips of the dendrites of primary human epidermal 

melanocytes,  suggesting that Rab27a is involved mainly in the regulation of 

actin-based trafficking of mature melanosomes (Jordens et al., 2006).  

It has also been suggested that Slac2-a association with the microtubule plus-end 

tracking protein EB1 orients melanosome transfer from microtubules towards 

actin (Wu et al., 2005b). In addition, Slac2-a binding to myosin-Va reduces the 

speed of transfer of myosin-Va, while prolonging the run-length of the motor 

along actin filaments, thus promoting melanosomes transfer to the adjacent 

keratinocyte (Sckolnick et al., 2013). Notably, Slac2-a inhibits the association of 

the globular tail domain and the head of myosin-Va, thereby promoting motor 

activity (Yao et al., 2015). Interestingly, the in vitro protein kinase A (PKA)-

dependent phosphorylation of the Slac2-a C-terminal ABD domain favours 

binding to actin instead of microtubules (Oberhofer et al., 2017). 
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Figure 1.19. Cellular transport of melanosomes in epidermal melanocytes. 

Mature melanosomes are distributed in the perinuclear area of melanocytes, then 

transported along the microtubules in a bidirectional way to the cell periphery 

via kinesin and dynein motor proteins. At the cell periphery, melanosomes are 

transported along actin filaments in a unidirectional way to the peripheral 

dendrites via Rab27a, Slac2-a and myosin-Va tripartite complex. 

 

1.4.2 Rab27-effector protein interaction disrupting mutations 

A lot of research has been conducted to identify mutations that can disrupt 

Rab27-effector protein interactions. For instance, Kukimoto-Niino and 

colleagues tested the Slac2-a binding ability of different Rab27a mutants based 

on sequence alignment of Rab27 with Rab3a and the equivalent Rab3a residues 

were substituted in Rab27a. They found that Slac2-a binding was completely 

abolished by introducing the Y6F mutation and to a lesser extent by the D91G 

mutation. This might be caused by disrupting the specific hydrogen bonding 

between Rab27a and Slac2-a. In addition, the Rab27a-Slac2-a interaction was 

completely abolished by introducing the Y6F, L84I, F88Y and D91G mutations, 

suggesting that tyrosine-6 in the RabCDRs,  leucine-84, phenylalanine-88 and 

aspartic acid-91 in the switch II of Rab27 are the key determinants of Slac2-a 

binding (Kukimoto-Niino et al., 2008). In contrast, rabphilin retains the ability 

to interact with the (D91G) and (L84I, F88Y, D91G) Rab27a mutants (Fukuda, 

2002b).  

Notably, the Rab27a (Y6F) mutant had no effect on Rab27a binding to Slac2-c, 

rabphilin3a, Slp1, Slp2, Slp3, Slp4, Slp5 and Munc13-4 (Tarafder et al., 2011). 

Furthermore, the (E48V), (Y122W, C123W) and (C188S) Rab27a mutants do 

not affect Slac2-a binding significantly (Fukuda, 2002b). It has also been shown 
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that the Rab27a (L9M), (I10F) and (F12I) mutants and substitution of the 

RabSF2 residues (NSKFIT) in Rab27a corresponding to that of the Rab5a 

(HEFQES) had no effect on Rab27a binding to Slac2-a, Slac2-c, rabphilin3a, 

Slp1, Slp2, Slp3, Slp4, Slp5 and Munc13-4. Moreover, substitution of the 

FFRDAM Rab27a residues in the RabF4 motif by the corresponding residues in 

Rab3a (YYRGAM) abrogated the binding to Slac2-a, Slac2-c, rabphilin3a, Slp3 

and Munc13-4, but had no effect on the binding to Slp1, Slp2, Slp4 and Slp5 

(Tarafder et al., 2011). Interestingly, the (K22R) Rab27a mutant does not have 

the ability to bind Slac2-a, Slp2-a and Slp4-a, but can interact with Munc13-4, 

whilst the I44T mutation in Rab27a resulted in disrupting Slac2-a binding ability 

and reducing the interaction with Slp2-a and Munc13-4, but can bind to Slp4-a 

in vitro (Ohbayashi et al., 2010).  

In addition, mutating tyrosine-122 of Rab27a into alanine dramatically 

abrogated the interaction with Slp2-a, since Rab27a-Slp2a binding requires 

stacking of Rab27a-tyrosine-122 with Slp2-a-phenylalanine-54 (Chavas et al., 

2008).  

It was found that the introduction of the (E50A, I54A) and (E51A, I55A) 

mutations into rabphilin and Noc2, respectively completely abolished the 

interaction with Rab27a (Fukuda et al., 2004). Notably, replacement of cysteine 

138 and 141 within the zinc finger motif  with serine or mutating tryptophan-

154, phenylalanine-155 and tyrosine-156 within the Rab27-binding domain to 

alanines, completely abrogated Noc2 interaction with both Rab27 and Rab3 

(Cheviet et al., 2004). As expected, the GDP-bound Rab27b-(T23N) and 

Rab27b-(N133I) (low affinity for both GTP and GDP) mutants lack the 

interaction activity with granuphilin (Zhao et al., 2002). It has also been reported 

that the A87P mutation in Rab27a disrupts its binding to Munc13-4 and the 

L403P mutation in Munc13-4 inhibits its binding to Rab27a in vitro (Zur Stadt 

et al., 2006).  Interestingly, Munc13-4 can interact with the Rab27a-(W73G) 

mutant but to a lesser extent than with the wild-type Rab27a (Neeft et al., 2005). 

In addition, introduction of alanine point mutations into Munc13-4-(F80, Q81, 

L82) and Munc13-4-(I83, H84, K85) reduced 80% of their Rab27a binding 

activity (Elstak et al., 2011).  (For further details see sections 1.4, 1.4.1.3 and 

1.3.3). 
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In conclusion, these Rab27-effector interaction disrupting mutations can be 

utilised to identify candidate small molecule inhibitors of Rab27 interactions by 

focusing on the pockets of interaction of the wild residues. 

1.5 Rab27-related cancer cell invasion and proliferation 

Although a lot of research has been conducted, the Rab27-related cancer 

signalling pathways has not yet been fully investigated. Early research 

conducted by Ostrowski and colleagues revealed that short hairpin RNA 

(shRNA) silencing of RAB27A and RAB27B resulted in reducing exosome 

secretion and multivesicular endosomes docking to the plasma membrane in 

HeLa B6H4 tumour cell line stably expressing the transactivator CIITA, also 

shRNA silencing of SLP4 and  SLAC2B resulted in reducing exosome secretion 

and changing the distribution of multivesicular endosomes in a similar way to 

that produced by RAB27A and RAB27B silencing, respectively (Ostrowski et 

al., 2010). This suggests that Rab27a/b and their downstream effectors play a 

potential role in exosome secretion and exocytosis, thus promoting cancer cell 

invasion, metastasis and proliferation [for review see (Hendrix and De Wever, 

2013; Hendrix and Hume, 2011)]. In addition, shRNA silencing of RAB27A 

significantly reduced cell proliferation in WM1385 and WM1960 human 

melanoma short-term cultures highly expressing Rab27a relative to cell lines 

with lower Rab27a expression (Akavia et al., 2010).  

It has also been reported that Rab27b overexpression in human MCF-7 breast 

cancer cells resulted in increasing invasive tumour growth and proliferation and 

promoting HSP90α secretion (Hendrix et al., 2010b). HSP90α acts as an active 

regulator of proinvasive growth and MMP-2 activator (Eustace et al., 2004). 

Extracellular HSP90a might also mediate MMP-2 activation by chaperoning 

pro-MMP-2 and MT1-MMP complex (Hendrix et al., 2010c). Thus, activated 

MMP-2 degrades the extracellular matrix, releasing growth factors. HSP90α also 

facilitates the interaction of growth factors with their receptors, thereby 

mediating G1 to S phase transition, increasing cyclin A and E expression 

(positive cell cycle regulators) and reducing p27 expression (negative cell cycle 

regulator) (Hendrix et al., 2010b). Notably, CLIC3 has been implicated in the 

recycling of MT1-MMP in MDA-MB-231 breast cancer cell line, thus 
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promoting MT1-MMP-dependent invasion. Interestingly, Rab27a/b silencing 

resulted in reducing MT1-MMP recycling in a similar way to that of CLIC3 

silencing (Macpherson et al., 2014). This suggests that Rab27a/b have 

substantial role in the regulation of MT1-MMP recycling, thereby promoting 

cancer cell invasion and metastasis. Furthermore, Rab8 drives MT1-MMP 

trafficking towards the plasma membrane extensions, thereby mediating cancer 

cell invasion (Bravo-Cordero et al., 2007); for further details see Figure 1.20.  

 

Figure 1.20. A schematic representation of Rab27-regulated exocytosis in 

invasive cancers. Rab27b mediates the exocytosis of HSP90α-containing 

vesicles in the cancer cell. Rab27a/b, Rab8 and CLIC3 mediates MT1-MMP 

transport towards the plasma membrane, HSP90α then acts on MT1-MMP, 

leading to activation of MMP-2. Activated MMP-2 degrades extracellular 

matrix, releasing growth factors (brown semicircles). HSP90α then facilitates 

the binding of growth factors to their receptors, thus promoting G1 to S phase 

transition, increasing cyclin A and E expression and reducing p27 expression.  

 

Interestingly, selective inhibition of vacuolar H(+)-ATPase (V-ATPase) using 

bafilomycin A1 and siRNA silencing of V-ATPase V0a1 or V0d1 subunits in 

MCF-7 cells stably expressing Rab27b resulted in reducing Rab27b-dependent 

invasive growth,  decreasing HSP90α and MMP-2 secretion with an 

accompanying reduction in cyclin A and cyclin E positive cell cycle regulators, 

whilst p27 expression is increased, suggesting that selective targeting of V-
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ATPase activity represents an effective strategy to inhibit Rab27b-dependent 

oestrogen-receptor positive breast cancers (Hendrix et al., 2013). 

In addition, it has been found that Rab27b is highly expressed in oestrogen 

receptor-positive MCF-7 cells, whereas Rab27a is highly expressed in oestrogen 

receptor-negative MDA-MB-231 cells, suggesting that Rab27b can be used as a 

biomarker to determine the progression of oestrogen receptor-positive breast 

cancers (Hendrix et al., 2010a). In line with that, Zhang et al. found that the 

expression level of Rab27b is increased in human breast cancer and can be used 

as an indicator of the degree of lymph node metastasis and breast cancer 

progression, prognosis  and oestrogen receptor dependency (Zhang et al., 2012). 

Furthermore, by using 18 primary invasive breast cancer cell lines, it has been 

shown that mRNA expression of RAB27B and SYTL5 encoding Slp5 is higher 

in oestrogen receptor-α positive breast cancer cells than in oestrogen receptor-α 

negative breast cancer cells (Wright et al., 2009).  

It was found that shRNA silencing of RAB27A in TS/A and 4T1 mammary 

carcinoma cell lines resulted in reducing secretion of exosomes and MMP-9 in 

both cell lines, but tumour growth is only impaired in 4T1 cells (Bobrie et al., 

2012). In another study, the nanoparticle tracking analysis revealed that 

inhibition of RAB27A/B by using shRNA significantly reduced exosome 

secretion in MDA-MB-231 breast cancer cells (Zheng et al., 2013). Intriguingly, 

in MDA-MB-231 breast cancer cells, Rab27a has been implicated in the 

regulation of matrix degradation by controlling the late-endocytic transport of 

MT1-MMP through interaction with VPS39, an essential component of the post-

endocytic HOPS complex. It has also been shown to be involved in the 

regulation of Golgi-dependent trafficking of E-cadherin, thus promoting tumour 

invasiveness in breast cancer cells (Kajiho et al., 2016). 

It has also been reported that the degree of Rab27b expression is significantly 

correlated with tumour size in patients with gastrointestinal tumour and can be 

used as a prognostic marker for this type of cancer (Wang et al., 2014). Although 

knocking down of RAB27B resulted in reducing the exocytosis of miR23b 

microRNA (which has tumour-suppressor functions) in FL3 bladder carcinoma 

cells, intracellular (mature) miR23b, but not pri-miR23b is increased in parental 
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cells, thereby reducing cancer cell invasion and metastasis (Ostenfeld et al., 

2014). 

Interestingly, it has been reported that the nuclear factor-κB (NF-κB) 

transcriptionally activates Slp1 in the presence of tumour necrosis factor α 

(TNFα), thereby increasing promoter activity and protein expression of Slp1 in 

PC-3 prostate carcinoma cell line (Catz et al., 2002a). Furthermore, Slp1 

regulates the androgen-dependent secretory machinery of the prostate-specific 

antigen and the prostatic-specific acid phosphatase in human LNCaP prostate 

carcinoma cells in a Rab27a-depedent manner, suggesting that Slp1 plays a 

significant role in prostate cancer metastasis (Catz, 2008; Johnson et al., 2005a). 

Similarly, the NF-κB signalling pathway acts on Rab27a promoter activity in 

HT29 colon cancer cells, increasing CD44+ proportion, facilitating transition 

from G0 and G1 to S phase and stimulating secretion of vascular endothelial 

growth factor and transforming growth factor-β, thus promoting tumour 

progression in colon cancer cells (Feng et al., 2016). Notably, Slp1 is 

transcriptionally targeted by MEIS1, a TALE-class homeoprotein, mediating the 

activation of Slp1 effector protein which in turn promotes the activation of the 

CXCL12/CXCR4 axis, stimulating leukemogenesis and leukemic cell homing 

in H9M1 cells (Yokoyama et al., 2016).  

In pancreatic cancer, high Rab27b protein expression is significantly correlated 

with vascular invasion and pancreatic cancer metastasis, suggesting that Rab27b 

inhibition can be used as a novel strategy to treat pancreatic cancers (Zhao et al., 

2016). Remarkably, microarray and proteomics analysis showed that RAB27B 

gene is upregulated by K-Ras oncogene in lung adenomas of K-Ras transgenic 

mice (Lee et al., 2009). It has been reported that shRNA silencing of RAB27A 

in human lung adenocarcinoma A549 cells resulted in a significant reduction in 

exosome secretion, suggesting that that Rab27a might be a specific target for 

inhibition of cancer metastasis in lung adenocarcinoma (Li et al., 2014b).  

Exosome release has also been inhibited by RAB27A silencing in mouse 

astrocytes using RAB27A siRNA, also RAB27A/B shRNA silencing resulted in 

reducing TSG101+ and CD63+ exosomes secretion in mouse brain parenchyma 

(Zhang et al., 2015). In addition, siRNA knockdown of RAB27a in B16-F10 and 
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SK-Mel-28 melanoma cell lines caused 50% reduction in exosome secretion 

with an accompanying decrease in the secretion of placental growth factor 2, 

platelet-derived growth factor A chain homodimer and osteopontin (the primary 

tumour growth and metastasis were decreased as well). (Peinado et al., 2012).  

It has also been shown that exosome secretion was inhibited by 82% through 

selective Rab27a knockdown using ribozyme transgenes in Du145 prostate 

cancer cells, abolishing differentiation of stromal myofibroblasts (Webber et al., 

2015). In addition, it has been reported that Rab27b is involved in the 

progression and metastasis of hepatocellular carcinoma (Yang et al., 2017), 

rectal adenocarcinoma (Hua et al., 2017), ovarian cancer (Ren et al., 2016) and 

colorectal cancer (Bao et al., 2014).  

Notably, VAMP-2, a protein implicated in the exocytosis of human neutrophils 

specific and tertiary granules (Mollinedo et al., 2003), co-localises with Rab27a 

and Slp1 (Munafo et al., 2007) and with Rab27b (Johnson et al., 2010a). In 

addition, shRNA silencing of SLP5 reduced CXCL12- and CCL2-dependent 

migration in human SupT1 cells (T cell lymphoma cells) and THP-1 cells 

(human monocytic leukemia cells), respectively indicating that Slp5 positively 

regulates chemokines involved in leukocyte cell migration (Colvin et al., 2010). 

Accordingly, these studies suggest that inhibition of Rab27-effector interactions 

might be an effective strategy for treating inflammatory diseases in the future.  

Accordingly, the interaction of Rab27a/b with their effector proteins plays an 

essential role in cancer growth, progression, invasion and metastasis. Therefore, 

by blocking those interactions, the subsequent signalling pathways promoting 

cancer cell proliferation, invasion and metastasis might be inhibited.  
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1.6 Inhibitors of small GTPases protein-protein interactions  

Although the identification of inhibitors of small GTPases protein-protein 

interactions is still a challenging goal, many attempts succeeded in producing 

inhibitors of these interactions. For instance, by performing NMR-based 

screening, several small molecule inhibitors with a unique binding pocket 

between α2 helix and β1–β3 sheets of K-Ras were identified, thereby inhibiting 

the interaction with son of sevenless (SOS), a guanine nucleotide exchange 

factor (Maurer et al., 2012). Similarly, Sun and colleagues succeeded in 

identifying small molecule inhibitors of K-Ras interaction with SOS by binding 

between switch I and switch II regions (Sun et al., 2012).  

In addition, small molecule inhibitors of the oncogenic mutant K-Ras (G12C) 

were identified using a fragment-based screening. It was found that these small 

molecules can bind to K-Ras (G12C) via a specific pocket below the switch II 

region, disrupting GTP binding ability, thereby impairing the interaction with its 

effector Raf (Ostrem et al., 2013). Furthermore, in silico virtual screening in the 

libraries for inhibitors of H-Ras by targeting the surface pockets of the Ras:GTP 

conformation resulted in identifying Kobe0065 and its analogue Kobe2602 

small molecules, inhibiting H-Ras interaction with its effector c-Raf-1 both in 

vivo and in vitro (Shima et al., 2013). 

 Interestingly, anti-K-Ras (G12V) cell-permeable bicyclic peptide was identified 

by screening in a bicyclic peptide library, which had in vitro blocking effects on 

Ras-Raf interaction, thereby inhibiting Ras-regulated tumour growth in different 

cancer cell lines (Trinh et al., 2016).  

Recently, targeting of multiple sites at the switch I and switch II regions of K-

Ras (G12D) resulted in identifying the small molecule inhibitor 3144, which can 

bind to K-Ras (G12D), K-Ras, H-Ras and N-Ras, and exhibited inhibitory 

effects on tumour growth in different cancer cell lines (Welsch et al., 2017).  

In conclusion, these findings suggest that small GTPases protein-protein 

interactions are potential druggable targets that can be inhibited by identifying 

unique binding pockets on their structures. 
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1.7 Aims and objectives  

Rab27a/b proteins regulate trafficking and exocytosis of various intracellular 

organelles including secretory granules, thereby controlling exosomes secretion, 

tumour growth, cancer cell invasion and metastasis. This suggests that blocking 

of Rab27-regulated tumour growth pathways by disrupting Rab27-effector 

protein interactions might be an effective strategy to treat cancers and prevent 

cancer metastasis. The main aims of this study were as follows:  

 Identification of the key determinants of Rab27-effector interactions 

using:   

a) In vitro fluorescent GST-pull down protein-protein interaction assay. 

m.Cherry-Rab27b and either GST-Slp1 or GST-Slp2 were used as interacting 

partners. 

b) In vitro fluorescence resonance energy transfer (FRET)-based protein-protein 

interaction assay. m.Cherry-Rab27a/b and either GFP-Slp1 or GFP-Slp2 were 

used as interacting components. Note that the conditions of these two assays 

were optimised. In addition the specificity of them were confirmed using 

unlabelled Rab27a and Rab27b as competitive inhibitors of Rab27-effector 

interactions. These assays were used to determine the binding affinity of Slp1 

and Slp2 to Rab27.  

c) Cellular melanosome clustering (transport) assay in which the effect on 

Rab27-Slac2-a interaction-dependent melanosome transport in melan-a murine 

melanocytes was considered as a read-out for Rab27-effector interaction.   

 Identification of candidate inhibitors of Rab27-effector protein 

interactions: Slp2 super-effectors and small molecule inhibitors using the 

in vitro FRET-based protein-protein interaction assay and the cellular 

melanosome clustering assay. Those candidate inhibitors can be tested in 

the future using cancer cell lines. 
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2.1 Molecular Biology techniques   

2.1.1 Plasmid DNA preparation Techniques 

2.1.1.1 Simple polymerase chain reactions (PCR) 

All the PCR primers were synthesised by Sigma-Aldrich; the PCR primers were 

designed according to the specifications of the cDNA of interest to be used for 

PCR amplification (specifically described later for each PCR product). To 

ensure high fidelity and accurate PCR amplification, Pfu DNA Polymerase was 

used in the subsequent PCR and site-directed mutagenesis reaction mixtures. For 

a simple PCR amplification, a standard PCR reaction mixture (50μl) was made 

in the following order using a 200μl PCR tube: 31μl Milli-Q water, 5μl 10x Pfu 

DNA polymerase reaction buffer (Promega), 4μl dNTPs mix (2.5mM each) 

(Promega), 4μl forward primer (10μM), 4μl reverse primer (10μM), 1μl (50 

ng/μl) cDNA template, 1μl (2 units) Pfu DNA polymerase enzyme (Promega). 

The PCR mixture was gently pipetted (to ensure homogenous mixing), 

centrifuged at 2,000 rpm for 1 min. Sensoquest thermocycler was used for all 

the simple PCR and site-directed mutagenesis reactions. The following PCR 

cycles were followed (Table 2.1):  

Stage Temperature (oC) Time (min) Cycles 

Denaturation 95 1 1 

Denaturation 95 1 30 

Annealing 55 1 30 

Extension 72 1.5 30 

Extension 72 10 1 

Table 2.1. Simple PCR reaction Conditions. 

The PCR products were then purified using a NucleoSpin gel and PCR clean-up 

kit (MACHERY-NAGEL) as per manufacturer’s instructions. This involved 

adding 2 volumes of NTI binding buffer per 1 volume of PCR mixture and about 

700μl of this mixture was loaded into the NucleoSpin gel and PCR clean-up 

column (DNA binding column) which was already placed into a collection tube. 

To bind the DNA onto the column, the DNA binding column was centrifuged 

for 30 seconds at 11,000 g, the flow-through was discarded and this process was 

repeated to load the remaining sample. A washing NT3 buffer (ethanol 

containing) was loaded into the column, followed by centrifugation for 1 min at 

11,000 g. To ensure complete removal of ethanol, an additional centrifugation 
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for 1 min at 11,000 g was performed. Finally, to elute the DNA, 15–30μl NE 

buffer was added and the mixture was incubated at room temperature for 1 min 

and then centrifuged for 1 min at 11,000 g. To collect the DNA, the collection 

tube was replaced by a new Eppendorf tube, the column was then centrifuged 

for 1 min at 11,000 g and the DNA was collected. The following PCR primers 

were used to amplify DNA inserts that were sub-cloned into vectors (Table 2.2): 

PCR product Primers sequences Restriction 

sites 

Human (h) Rab27b-(1-

218; T23N) 

5'ACTTGCGGCCGCGATGACCG

ATGGAGACTATGAT3' 

5'AAGTGCGGCCGCCTAGCAGA

TACATTTCTTCTC3' 

5'NotI/3'Not

I 

Mouse (m) Slp2-(3-

80) 

5'CGTACAGGATCCGACTTAAGT

TTCCTGACAGAG3' 

5'GCATGAGAATTCCTACTTCTT

CCTTCTCATGGATGC3' 

5'BamHI/3'

EcoRI 

Green fluorescent 

protein (GFP)-mSlp2-

(3-80) 

5'CGTACAGGATCCGATGGTGA

CAAGGGCGAGGAG3' 

5'GCATGAGCGGCCGCCTACTTC

TTCCTTCTCATGGATGC3' 

5'BamHI/3' 

NotI 

mSlp2-(3-80) 5'CGTACAGGATCCGGACTTAA

GTTTCCTGACAGAG-3' 

5'GCATGAGCGGCCGCCTACTTC

TTCCTTCTCATGGATGC3' 

5'BamHI/3' 

NotI 

mSlp2-(3-80) 5'CGTACAGAATTCGACTTAAGT

TTCCTGACAGAG3'  

5'GCATGAGGATCCCTACTTCTT

CCTTCTCATGGATGC3' 

5'EcoRI/3' 

BamHI 

mSlp1-(1-116) 5'CGTACAGAATTCATGCCCCAG

AGAGGCCACCCA3' 

5'GCATGAGGATCCCTATTGGTC

CCCCTTTGGGCTCTT3'  

5'EcoRI/3' 

BamHI 

mSlp2-(10-41) 5'CGTACAGAATTCGAGGAGCA

AGACGCCATCTTA3' 

5'GCATGAGGATCCCTACTTAAT

TTTTTCAGGCAGATG3' 

5'EcoRI/3' 

BamHI 

mSlp2-(10-50) 5'CGTACAGAATTCGAGGAGCA

AGACGCCATCTTA3' 

5'GCATGAGGATCCCTAACTCAT

ATTCTTTAGTTGTTG3' 

5'EcoRI/3' 

BamHI 

mSlp2-(10-56) 5'CGTACAGAATTCGAGGAGCA

AGACGCCATCTTA3' 

5'GCATGAGGATCCCTATTCATA

AAACCATTGGCCACT3' 

5'EcoRI/3' 

BamHI 
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mSlp2-(10-56; K26R, 

A28R, Q44R, N48I ) 

5'CGTACAGAATTCGAGGAGCA

AGACGCCATCTTA3' 

5'GCATGAGGATCCCTACTTCTT

CCTTCTCATGGATGC3' 

5'EcoRI/3' 

BamHI 

mSlp2-(10-56; K26R, 

A28R, Q44R, N48I, 

E56F) 

5'CGTACAGAATTCGAGGAGCA

AGACGCCATCTTA3' 

5'GCATGAGGATCCCTACTTCTT

CCTTCTCATGGATGC3' 

5'EcoRI/3' 

BamHI 

mSlp2-(10-56; K26R, 

A28R, Q44R, N48I, 

G51L, E56F) 

5'CGTACAGAATTCGAGGAGCA

AGACGCCATCTTA3' 

5'GCATGAGGATCCCTACTTCTT

CCTTCTCATGGATGC3' 

5'EcoRI/3' 

BamHI 

mSlp1-(1-74) 5'CGTACAGAATTCATGCCCCAG

AGAGGCCACCCA3' 

5'GCATGAGGATCCCTACCAGG

GGTCTTCCAGGGAGGC3' 

5'EcoRI/3' 

BamHI 

mSlp1-(70-116) 5'CGTACAGAATTCCTGGAAGA

CCCCTGGCAGCTG3' 

5'GCATGAGGATCCCTATTGGTC

CCCCTTTGGGCTCTT3' 

5'EcoRI/3' 

BamHI 

m.Cherry  5'CGTACAACCGGTACCATGGT

GAGCAAGGGCGAGGAG3'  

5'GCATGAGAATTCCTTGTACAG

CTCGTCCATGCC3' 

5'AgeI/3' 

EcoRI 

mSlp2-(10-67) 5'CGTACAGAATTCGAGGAGCA

AGACGCCATCTTA3' 

5'GCATGAGGATCCCTACTTCTT

CCTTCTCATGGATGC3' 

 

5'EcoRI/3' 

BamHI 

mSlp2-(10-67; K26R, 

A28R, Q44R, N48I) 

5'CGTACAGAATTCGAGGAGCA

AGACGCCATCTTA3' 

5'GCATGAGGATCCCTACTTCTT

CCTTCTCATGGATGC3' 

5'EcoRI/3' 

BamHI 

mSlp2-(10-67; K26R, 

A28R, Q44R, N48I, 

E56F, H62R, R63F) 

5'CGTACAGAATTCGAGGAGCA

AGACGCCATCTTA3' 

5'GCATGAGGATCCCTACTTCTT

CCTTCTCATGGATGC3' 

5'EcoRI/3' 

BamHI 

mSlp2-(10-67; K26R, 

A28R, Q44R, N48I, 

G51L, E56F, H62R, 

R63F) 

5'CGTACAGAATTCGAGGAGCA

AGACGCCATCTTA3' 

5'GCATGAGGATCCCTACTTCTT

CCTTCTCATGGATGC3' 

5'EcoRI/3' 

BamHI 

Table 2.2. List of PCR primers used to perform simple PCR in this study. 

Restriction enzyme sites, stop codons and parts of Kozak consensus sequence 

highlighted in green, red and blue, respectively. Inserted nucleotide(s) is in bold 

to avoid a stop codon.   
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2.1.1.2 Site directed mutagenesis 

A standard site-directed mutagenesis protocol was followed, this involved 

designing of the appropriate primers to mutate a maximum of 2 amino acids or 

4 base pairs (BP). To ensure complete annealing of the designed primers, 21 BP 

were included in the coding sequence in both sides of the mutated BPs, unless 

otherwise indicated. The standard PCR reaction mixture was followed as 

described in section 2.1.1.1 except of using 100 ng/μl cDNA template instead. 

The following PCR cycles were followed (Table 2.3):  

Stage Temperature (oC) Time (min) Cycles 

Denaturation 95 0.5 1 

Denaturation 95 0.5 18 

Annealing 55 1 18 

Extension 72 1.5/kb 18 

Extension 72 10 1 

Table 2.3. Site-directed mutagenesis reaction Conditions. 

To digest any dam methylated DNA (template), a DpnI restriction enzyme 

digestion was performed using17μl PCR product mixed with 2μl CutSmart 

buffer (NEB) and 1μl (20 units) DpnI (NEB) enzyme. The mixture was then 

incubated for 1 hour at 37oC followed by DpnI enzyme heat inactivation for 20 

mins at 80oC. This was followed by transformation of the linear PCR product 

into DH5α E. coli competent cells as described in section 2.1.2.2  [E. coli cells 

were generated and maintained as described by (Chung et al., 1989)]. DNA 

amplification and purification was then performed as described in section 

2.1.2.3. Details of primers used to perform site-directed mutagenesis reactions 

described in Table 2.4: 

Construct 

produced 

Primers sequences 

pETDuet-1-

m.Cherry-

hRab27a 

5'ATGGACGAGCTGTACAAGGCGGCCGCGTCGGATG

GAGATTATGA3' 

5'TCATAATCTCCATCCGACGCGGCCGCCTTGTACAG

CTCGTCCAT3' 

pETDuet-1-

m.Cherry-

hRab27b-(1-

218) 

5'TGTGTATCTATAAAGAAATGTTGTCTTCCCCACCC

CTGAATCCC3' 

5'GGGATTCAGGGGTGGGGAAGACAACATTTCTTTA

TAGATACACA3' 

pETDuet-1-

m.Cherry-

5'CAGCTTTGGGACACTGCGGGACTAGAGCGGTTCC

GGAGTCTCACC3' 
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hRab27b-(1-

218; Q78L) 

5'GGTGAGACTCCGGAACCGCTCTAGTCCCGCAGTG

TCCCAAAGCTG3' 

pETDuet-1-

m.Cherry-

hRab27b-(1-

200) 

5'ATCCCTGATACTGTCAATGGTTGAAATTCTGGAAA

CTTGGAT3' 

5'ATCCAAGTTTCCAGAATTTCAACCATTGACAGTAT

CAGGGAT3'   

pGEX-4T1-

mSlp2-(3-41) 

5'CATCTGCCTGAAAAAATTAAGTAGGACCAACAAC

TAAAGAATATG3' 

5'CATATTCTTTAGTTGTTGGTCCTACTTAATTTTTTC

AGGCAGATG3' 

pGEX-4T1-

mSlp2-(3-56) 

5'AGTGGCCAATGGTTTTATGAATAGAAGGCAAAAA

GACACAGGGAC3' 

5'GTCCCTGTGTCTTTTTGCCTTCTATTCATAAAACCA 

TTGGCCACT3'  

pETDuet-1-

GFP-mSlp1-

(1-116) 

5'CCAAAGGGGGACCAATGATTCGAATTCTGCAGT3' 

5'ACTGCAGAATTCGAATCATTGGTCCCCCTTTGG3' 

pETDuet-1-

GFP 

5'GGCATGGACGAGCTGTACAAGTGAGGAATGCCCC

AGAGAGGCC3' 

5'GGCCTCTCTGGGGCATTCCTCACTTGTACAGCTCG

TCCATGCC3' 
pETDuet-1-

mSlp2-(3-80; 

K26R, A28R) 

5'CTGCAGAGGGATGCTGCCCTGAGGAGGCGTGAAG

AGGAGAGAGTCAGACAT3' 

5'ATGTCTGACTCTCTCCTCTTCACGCCTCCTCAGGG

CAGCATCCCTCTGCAG3' 

pETDuet-1-

mSlp2-(3-80; 

K26R, A28R, 

Q44R) 

5'CCTGAAAAAATTAAGGATGACCGACAACTAAAGA

ATATGAGTGGC3' 

5'GCCACTCATATTCTTTAGTTGTCGGTCATCCTTAA

TTTTTTCAGG3' 

pETDuet-1-

mSlp2-(3-80; 

K26R, A28R, 

Q44R, N48I) 

5'AAGGATGACCGACAACTAAAGATTATGAGTGGCC

AATGGTTTTAT3' 

5'ATAAAACCATTGGCCACTCATAATCTTTAGTTGTC

GGTCATCCTT3' 

pETDuet-1-

mSlp2-(3-56) 

5'AGTGGCCAATGGTTTTATGAATAGAAGGCAAAAA

GACACAGGGAC3' 

5'GTCCCTGTGTCTTTTTGCCTTCTATTCATAAAACCA 

TTGGCCACT3' 

pETDuet-1-

mSlp2-(3-56; 

K26R, A28R, 

Q44R, N48I) 

5'AGTGGCCAATGGTTTTATGAATAGAAGGCAAAAA

GACACAGGGAC3' 

5'GTCCCTGTGTCTTTTTGCCTTCTATTCATAAAACCA 

TTGGCCACT3' 

pETDuet-1-

mSlp2-(3-67) 

5'AGACACAGGGACAAAATCCACTGAGCTGACATCA

TCAGAGCATCC3' 

5'GGATGCTCTGATGATGTCAGCTCAGTGGATTTTGT

CCCTGTGTCT3' 

pENTR-

EGFP-C2-

mSlp2-(3-80; 

D3A) 

5'CGAGCTCAAGCTTCGAATTCGCCTTAAGTTTCCTG

ACAGAGGA3' 

5'TCCTCTGTCAGGAAACTTAAGGCGAATTCGAAGC

TTGAGCTCG3' 
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pENTR-

EGFP-C2-

mSlp2-(3-80; 

R32W) 

5'CTGAAGAGGGCTGAAGAGGAGTGGGTCAGACATC

TGCCTGAAAAA3' 

5'TTTTTCAGGCAGATGTCTGACCCACTCCTCTTCAG

CCCTCTTCAG3' 

pENTR-

EGFP-C2-

mSlp2-(3-79) 

5'AGAGCATCCATGAGAAGGAAGTAGTAGGGATCCA

CCGGATCTA3' 

5'TAGATCCGGTGGATCCCTACTACTTCCTTCTCATG

GATGCTCT3' 

pENTR-

EGFP-C2-

mSlp2-(3-80; 

K58A) 

*5'GGTTTTATGAAGCTGCGGCAAAAAGACACAGGG

AC3' 

*5'GTCCCTGTGTCTTTTTGCCGCAGCTTCATAAAAC

C3' 

pENTR-

EGFP-C2-

mSlp2-(3-80; 

R61A) 

*5'GAAGCTAAGGCAAAAGCACACAGGGACAAAATC

C3' 

*5'GGATTTTGTCCCTGTGTGCTTTTGCCTTAGCTTC3' 

pENTR-

EGFP-C2-

mSlp2-(3-80; 

H62A) 

*5'GCTAAGGCAAAAAGAGCCAGGGACAAAATCCAC

G3' 

*5'CGTGGATTTTGTCCCTGGCTCTTTTTGCCTTAGC3' 

pENTR-

EGFP-C2-

mSlp2-(3-80; 

G68I) 

*5'GACACAGGGACAAAATCCACATCGCTGACATCA

TCAGAGCATC3' 

*5'GATGCTCTGATGATGTCAGCGATGTGGATTTTGT

CCCTGTGTC3' 

pENTR-

EGFP-C2-

mSlp2-(3-80; 

D70A) 

*5'CAAAATCCACGGTGCTGCCATCATCAGAGCATCC

3' 

*5'GGATGCTCTGATGATGGCAGCACCGTGGATTTTG

3' 

pENTR-

EGFP-C2-

mSlp2-(3-80; 

I71A) 

*5'AATCCACGGTGCTGACGCCATCAGAGCATCCATG

3' 

*5'CATGGATGCTCTGATGGCGTCAGCACCGTGGATT

3' 

pENTR-

EGFP-C2-

mSlp2-(3-80; 

R73A) 

*5'CGGTGCTGACATCATCGCAGCATCCATGAGAAG

G3' 

*5'CCTTCTCATGGATGCTGCGATGATGTCAGCACCG

3' 

pENTR-

EGFP-C2-

mSlp2-(3-80; 

S75A) 

*5'GACATCATCAGAGCAGCCATGAGAAGGAAGAAG

T3' 

*5'ACTTCTTCCTTCTCATGGCTGCTCTGATGATGTC3' 

pENTR-

EGFP-C2-

mSlac2-a-(1-

146) 

5'GGTCTCTCTGTGGGCGGCTGCAGTGAGGAGGTGG

ATCTGAGCCAAGCTT3' 

5'AAGCTTGGCTCAGATCCACCTCCTCACTGCAGCCG

CCCACAGAGAGACC3' 

pENTR-

EGFP-C2-

mSlp2-(3-41) 

5'CATCTGCCTGAAAAAATTAAGTAGGACCAACAAC

TAAAGAATATG3' 

5'CATATTCTTTAGTTGTTGGTCCTACTTAATTTTTTC

AGGCAGATG3' 
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pENTR-

EGFP-C2-

mSlp2-(3-56) 

5'AGTGGCCAATGGTTTTATGAATAGAAGGCAAAAA

GACACAGGGAC3' 

5'GTCCCTGTGTCTTTTTGCCTTCTATTCATAAAACCA 

TTGGCCACT3' 

pENTR-

EGFP-C2-

mSlp2-(3-56; 

K26R) 

5'CTGCAGAGGGATGCTGCCCTGAGGAGGGCTGAAG

AGGAGAGAGTCAGACAT3' 

5'ATGTCTGACTCTCTCCTCTTCAGCCCTCCTCAGGG

CAGCATCCCTCTGCAG3' 

pENTR-

EGFP-C2-

mSlp2-(3-56; 

A28R) 

5'CTGCAGAGGGATGCTGCCCTGAAGAGGCGTGAAG

AGGAGAGAGTCAGACAT3' 

5'ATGTCTGACTCTCTCCTCTTCACGCCTCTTCAGGG

CAGCATCCCTCTGCAG3' 

pENTR-

EGFP-C2-

mSlp2-(3-56; 

K26R, A28R) 

5'CTGCAGAGGGATGCTGCCCTGAGGAGGCGTGAAG

AGGAGAGAGTCAGACAT3' 

5'ATGTCTGACTCTCTCCTCTTCACGCCTCCTCAGGG

CAGCATCCCTCTGCAG3' 

pENTR-

EGFP-C2-

mSlp2-(3-56; 

K26R, A28R, 

Q44R) 

5'CCTGAAAAAATTAAGGATGACCGACAACTAAAGA

ATATGAGTGGC3' 

5'GCCACTCATATTCTTTAGTTGTCGGTCATCCTTAA

TTTTTTCAGG3' 

pENTR-

EGFP-C2-

mSlp2-(3-56; 

Q44R) 

5'CCTGAAAAAATTAAGGATGACCGACAACTAAAGA

ATATGAGTGGC3' 

5'GCCACTCATATTCTTTAGTTGTCGGTCATCCTTAA

TTTTTTCAGG3' 

pENTR-

EGFP-C2-

mSlp2-(3-56; 

K26R, A28R, 

Q44R, N48I) 

5'AAGGATGACCGACAACTAAAGATTATGAGTGGCC

AATGGTTTTAT3' 

5'ATAAAACCATTGGCCACTCATAATCTTTAGTTGTC

GGTCATCCTT3' 

pENTR-

EGFP-C2-

mSlp2-(3-56; 

N48I) 

5'AAGGATGACCAACAACTAAAGATTATGAGTGGCC

AATGGTTTTAT3' 

5'ATAAAACCATTGGCCACTCATAATCTTTAGTTGTT

GGTCATCCTT3' 

pENTR-

EGFP-C2-

mSlp2-(3-56; 

Q44R, N48I) 

5'AAGGATGACCGACAACTAAAGATTATGAGTGGCC

AATGGTTTTAT3' 

5'ATAAAACCATTGGCCACTCATAATCTTTAGTTGTC

GGTCATCCTT3' 

pENTR-

EGFP-C2-

mSlp2-(3-56; 

K26R, A28R, 

Q44R, N48I, 

G51L) 

5'CGACAACTAAAGATTATGAGTCTCCAATGGTTTTA

TGAATAGAAG3' 

5'CTTCTATTCATAAAACCATTGGAGACTCATAATCT

TTAGTTGTCG3' 

pENTR-

EGFP-C2-

mSlp2-(3-56; 

K26R, A28R, 

Q44R, N48I, 

G51L, E56F) 

5'ATGAGTCTCCAATGGTTTTATTTCTAGAAGGCAAA

AAGACACAGG3' 

5'CCTGTGTCTTTTTGCCTTCTAGAAATAAAACCATT

GGAGACTCAT3' 
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pENTR-

EGFP-C2-

mSlp2-(3-56; 

K26R, A28R, 

Q44R, N48I, 

E56F) 

5'AAGGATGACCGACAACTAAAGATTATGAGTGGCC

AATGGTTTTAT3' 

5'ATAAAACCATTGGCCACTCATAATCTTTAGTTGTC

GGTCATCCTT3' 

pENTR-

EGFP-C2-

mSlp2-(3-67) 

5'AGACACAGGGACAAAATCCACTGAGCTGACATCA

TCAGAGCATCC3' 

5'GGATGCTCTGATGATGTCAGCTCAGTGGATTTTGT

CCCTGTGTCT3' 

pENTR-

EGFP-C2-

mSlp2-(3-67; 

K26R, A28R) 

5'CTGCAGAGGGATGCTGCCCTGAGGAGGCGTGAAG

AGGAGAGAGTCAGACAT3' 

5'ATGTCTGACTCTCTCCTCTTCACGCCTCCTCAGGG

CAGCATCCCTCTGCAG3' 

pENTR-

EGFP-C2-

mSlp2-(3-67; 

K26R, A28R, 

Q44R) 

5'CCTGAAAAAATTAAGGATGACCGACAACTAAAGA

ATATGAGTGGC3' 

5'GCCACTCATATTCTTTAGTTGTCGGTCATCCTTAA

TTTTTTCAGG3' 

pENTR-

EGFP-C2-

mSlp2-(3-67; 

K26R, A28R, 

Q44R, N48I) 

5'AAGGATGACCGACAACTAAAGATTATGAGTGGCC

AATGGTTTTAT3' 

5'ATAAAACCATTGGCCACTCATAATCTTTAGTTGTC

GGTCATCCTT3' 

pENTR-

EGFP-C2-

mSlp2-(3-67; 

K26R, A28R, 

Q44R, N48I, 

G51L) 

5'CGACAACTAAAGATTATGAGTCTCCAATGGTTTTA

TGAATAGAAG3' 

5'CTTCTATTCATAAAACCATTGGAGACTCATAATCT

TTAGTTGTCG3' 

pENTR-

EGFP-C2-

mSlp2-(3-67; 

K26R, A28R, 

Q44R, N48I, 

G51L, E56F) 

5'ATGAGTCTCCAATGGTTTTATTTCGCTAAGGCAAA

AAGACACAGG3'  

5'CCTGTGTCTTTTTGCCTTAGCGAAATAAAACCATT

GGAGACTCAT3' 

pENTR-

EGFP-C2-

mSlp2-(3-67; 

K26R, A28R, 

Q44R, N48I, 

G51L, E56F, 

H62R, R63F) 

5'TATTTCGCTAAGGCAAAAAGACGCTTCGACAAAA

TCCACTGAGCTGAC3' 

5'GTCAGCTCAGTGGATTTTGTCGAAGCGTCTTTTTG

CCTTAGCGAAATA3' 

Table 2.4. List of PCR primers used to perform site-directed mutagenesis in this 

study. Mutagenic base-pairs highlighted in red.* refers to primers which were 

kind gifts from Dr Alistair Hume.  
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2.1.1.3 Restriction endonuclease digestion protocol 

Restriction enzymes along with their buffers were purchased from either NEB 

or Promega. The following restriction enzymes and their buffers were used 

(Table 2.5): 

Enzyme Source 10x Buffer 

BamHI NEB NEBuffer 3.1 

BamHI-HF NEB CutSmart 

EcoRI NEB NEBuffer 2.1 

EcoRI-HF NEB CutSmart 

NotI NEB NEBuffer 3.1 

NotI-HF NEB CutSmart 

AgeI NEB NEBuffer 1.1 

Thermosensitive alkaline 

phosphatase (TSAP) 

Promega Multi-Core 

PacI NEB CutSmart 

Table 2.5. A list of the restriction enzymes and buffers used in this study.  

For a single or double restriction enzyme digestion, the following protocol was 

used: 2μl appropriate10x buffer (as recommended by the manufacturer), up to 

1μg plasmid or insert DNA, unless otherwise indicated, 1μl of each restriction 

enzyme, in a final volume of 20μl with Milli-Q water. The reaction mixture was 

incubated for between 1-16 hours at 37ºC as per manufacturer’s instructions. 

This was followed by a heat in-activation step according to the manufacturer’s 

instructions. Note that a CutSmart buffer was used for both BamHI-EcoRI and 

BamHI-NotI double restriction enzyme digestion. NEBuffer 1.1 was used for 

AgeI-EcoRI double restriction enzyme digestion (as recommended by the 

manufacturer). To prevent singly digested vectors from re-ligating, the reaction 

mixture (20μl) was then dephosphorylated using 1μl (1 unit) Alkaline 

Phosphatase enzyme (to remove the 5′ phosphate groups from DNA), 2.5μl 

appropriate10x buffer (as recommended by the manufacturer) and 1.5μl Milli-Q 

water. The reaction mixture was then incubated at 37ºC for 15 mins, and heat 

inactivated at 74ºC for 15 mins. The efficacy of the restriction enzyme digestion 

was then assessed by electrophoresis of 10% of the reaction volume on 1% 

agarose gel (see section 2.1.1.5). A further purification step was then carried out 

using a NucleoSpin gel and PCR clean-up kit (MACHERY-NAGEL) as 

described in section 2.1.1.1. This was performed to remove any impurities or 

small DNA fragments from DNA vectors, thus preventing the vector from 
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ligation with itself and increasing the ligation efficacy. In addition, upon DNA 

purification, a more accurate DNA concentration will be obtained as the 

impurities and small DNA fragments might affect the sensitivity of the 

Nanodrop spectrophotometer (accurate DNA concentrations are required to 

ensure higher ligation efficacy to obtain 3:1 insert/vector molar ratio as described 

in section 2.1.1.4).   

2.1.1.4 Ligation of restriction endonuclease digested DNA fragments 

DNA ligation reactions were performed using T4 DNA Ligase enzyme 

(Promega). In these reactions, digested insert and vector were mixed in a 3:1 

molar ratio using a ligation calculator tool (http://www.insilico.uni-

duesseldorf.de/Lig_Input.html): 150 ±10 ng digested vector was used, 1μl 

(1unit)  T4 DNA ligase enzyme,  2μl  T4 DNA ligase buffer and made up to a 

total volume of 20µl with MilliQ water. The ligation reaction mixture was then 

incubated at 16ºC for 16-18 hours. This was followed by transformation into 

DH5α E. coli competent cells, amplification and purification as described in 

sections 2.1.2.2 and 2.1.2.3. In order to assess the ligation efficacy, a diagnostic 

restriction enzyme digestion was carried out using the appropriate restriction 

enzymes as described in section 2.1.1.3, followed by performing 1% agarose gel 

electrophoresis to visualize the bands of interest as described in section 2.1.1.5.  

2.1.1.5 Agarose gel electrophoresis 

An ethidium bromide stained 1% (w/v) Tris-HCl/Borate/EDTA 

(ethylenediaminetetraacetic acid) [TBE] agarose gel was used to separate and 

visualize DNA bands. To prepare 1% (w/v) TBE agarose gel, the appropriate 

amount of agarose (to make 1% w/v gel) was added to 1x TBE buffer (1.08% 

w/v Tris base, 0.55% w/v boric acid, 0.0585% EDTA w/v in dH2O, adjusted to 

pH8.0), mixed gently in 500ml conical flask, followed by heating in a microwave 

for 30 seconds (repeated 3 times). The mixture was then moved into a fume hood 

and cooled down to about 50ºC, followed by adding ethidium bromide 

(0.5μg/ml). The agarose gel mixture was then poured into an appropriate casting 

tray, ensuring that the gel was 5-7mm thick. A comb was then inserted to make 

the wells and the mixture was left at room temperature until solid (15-30 mins). 

A gel tank was then filled with 1x TBE buffer, after removal of gel comb, the 

casting tray (containing the gel) was then placed into the tank.  For DNA loading, 

http://www.insilico.uni-duesseldorf.de/Lig_Input.html
http://www.insilico.uni-duesseldorf.de/Lig_Input.html
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10μl DNA was added to 2μl 6x DNA loading buffer (40% sucrose, 0.25% 

bromophenol blue in Milli-Q water), pipetted gently and 10μl DNA mixture was 

then loaded into each well. Either 1 Kb Plus DNA Ladder Thermo Fisher 

Scientific; #10787018 or 1 Kb DNA Ladder NEB; #N3232S were used as 

molecular weight standards. Agarose gel electrophoresis was continued at 75mA 

until complete separation of the molecular weight standards (the lowest band in 

the marker reached the end of the gel), then visualised using a Gel Doc 

(Syngene).  

2.1.1.6 DNA quantification 

DNA concentrations were measured using the ThermoScientific NanoDrop 2000 

spectrophotometer. Briefly, the upper and lower optical pedestal surfaces were 

cleaned using 2μl HPLC water and wiped using dry lab wipes. 2μl HPLC water 

was dispensed into the lower optical pedestal surface which was considered as a 

blank, the pedestal surfaces were wiped and dried again. 2μl DNA sample was 

then dispensed into the lower optical pedestal surface to be measured.  DNA was 

considered as pure for a value of 1.8-2 using the 260/280nm sample purity ratios.   

2.1.1.7 DNA sequencing 

DNA sequencing was performed by Source BioScience; a 5μl plasmid DNA 

(100ng/μl) along with 10μl (3.2pmol/µl) primer were sent per reaction. 

Otherwise, appropriate primers from Source BioScience primers stock were used 

wherever possible. The sequencing data were then translated into the 

corresponding protein amino acid sequence and compared with protein 

databases as described in section 2.7. 

2.1.1.8 Generating vector maps 

SnapGene Viewer 3.2.1 software was used to create vector maps.                     

2.1.2 Bacterial cell culture techniques 

2.1.2.1 Preparation of lysogeny broth (LB) medium and agar plates  

To prepare LB bacterial growth medium, the following components were used: 

10g tryptone, 5g yeast extract and 10g sodium chloride were mixed and 

dissolved in a final volume of 1L with distilled water and autoclaved to be used 

for the subsequent experiments. LB agar plates were prepared using 1.5% w/v 

agar in LB medium, this was followed by autoclaving of the whole mixture, 
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cooling to approximately 50ºC, the appropriate antibiotic(s) concentration 

(100μg/ml ampicillin, 35μg/ml chloramphenicol, 50μg/ml kanamycin) was then 

added and mixed to ensure complete distribution of the antibiotic. Agar medium 

was then poured into petridish plates to be stored at 4ºC.     

2.1.2.2 Transformation of E. coli competent cells 

To perform DNA bacterial transformation, thawing of 50μl DH5α E. coli 

competent cells was performed on ice for 30 mins, 2μl plasmid DNA (50-

100ng/μl) was then added and gently mixed. The cells-DNA mixture was 

incubated on ice for 30 mins, and then heat shocked at 42oC for 60 seconds using 

a heat plate, followed by incubation on ice for 5 mins. Autoclaved LB medium 

(800μl) was then added and the cells were incubated at 37ºC for 60 mins with 

continuous agitation at 175 rpm. For all transformation reactions followed 

ligation reactions, transformation of the digested vector and insert was 

performed as a negative control and to ensure that complete digestion of the 

vector was performed and the cut insert did not contain any undigested remnant 

of the original vector (the vector used for PCR amplification of the insert). 

Finally, the cells were pelleted by centrifugation (5,000-6,000 rpm for 5 mins), 

re-suspended in 100μl LB, spread on LB agar plates containing the appropriate 

antibiotic(s) concentration and incubated at 37ºC for approximately 16 hours. 

“Note that” ampicillin was used for transformation of pETDuet-1, pGEX-4T1 

and pAd/PL-DEST vectors, whereas kanamycin was used for pENTR vectors as 

they contain those antibiotic resistance genes.   

2.1.2.3 Plasmid DNA amplification, isolation and purification from E. coli 

competent cells 

For plasmid DNA amplification, 5-10ml LB medium containing the appropriate 

antibiotic concentration was poured into a sterile Sterilin tube, followed by 

picking of single colonies from agar plate and inoculating into the LB medium. 

Subsequently, bacterial cell cultures were incubated at 37ºC with continuous 

agitation (175-200 rpm) for 16-18 hours (to ensure sufficient bacterial growth 

and efficient DNA amplification).  For plasmid DNA isolation and purification, 

NucleoSpin plasmid DNA purification kit (MACHERY- NAGEL) was used as 

per manufacturer’s instructions. The overnight cultures were centrifuged (using 

an Eppendorf 5804 swinging-bucket centrifuge) at 4,000 rpm for 5 mins, the 
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supernatant was discarded and the cell pellets were re-suspended in 250μl chilled 

A1 buffer containing RNase enzyme (to catalyse bacterial RNA degradation), 

then transferred into 1,500μl micro-centrifuge tubes, followed by lysis of 

bacterial cells using 250μl A2 lysis buffer, the mixture was then gently inverted 

6-8 times and incubated at room temperature for 5 mins. For DNA binding, 

300μl A3 binding buffer was added, followed by centrifugation for 5 mins at 

11,000 g, then the supernatant was loaded into NucleoSpin Plasmid / Plasmid 

(NoLid) column (DNA binding column) which was already placed into a 

collection tube. To bind the DNA onto the column, the DNA binding column 

was centrifuged for 1 min at 11,000 g and the flow-through was discarded. A 

washing step was performed using 500μl AW buffer (preheated to 50ºC), then   

the column was centrifuged for 1 min at 11,000 g and washed with 600μl A4 

buffer (supplemented with ethanol) and centrifuged for 1 min at 11,000 g. 

Further centrifugation step for 2 min at 11,000 g was performed to ensure 

complete removal of ethanol. For elution of DNA, 50μl AE buffer was added 

and the mixture was incubated for 1 min at room temperature. For DNA 

collection, the collection tube was replaced by a new Eppendorf tube, the column 

was then centrifuged for 1 min at 11,000 g and the DNA was collected.  

2.1.3 Generating plasmid DNA constructs  

2.1.3.1 Generating m.Cherry-hRab27b expressing vectors 

To produce m.Cherry-hRab27b expressing vectors, pETDuet-1-m.Cherry-

hRab27b vectors were generated as described below.  

A PCR amplification of hRab27b-(1-218; T23N) cDNA using a pEGFP-

hRab27b-(1-218; T23N) mammalian expression vector (was a kind gift from Dr 

Alistair Hume) was performed to incorporate NotI restriction sites into the 5' and 

3' ends of hRab27b cDNA (as described in section 2.1.1.1). PCR clean-up was 

performed as described in section 2.1.1.1.  

A site-directed mutagenesis (as described in section 2.1.1.2) was performed 

using the pETDuet-1-m.Cherry-hRab27a vector (was a kind gift from Dr Alistair 

Hume) in order to incorporate a NotI restriction site into the 5' end of hRab27a; 

this vector originally contained a NotI restriction site at the 3' end of hRab27a. 

The digested PCR product (using NotI restriction enzyme) was then sub-cloned 
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into the digested pETDuet-1-m.Cherry vector (as described in sections 2.1.1.3 

and 2.1.1.4). DNA transformation into DH5α E. coli competent cells and 

subsequent amplification were performed using the indicated concentration of 

ampicillin, followed by subsequent DNA isolation and purification (as described 

in sections 2.1.2.2 and 2.1.2.3). A diagnostic restriction enzyme digestion was 

performed with NotI restriction enzyme as described in sections 2.1.1.3 and 

2.1.1.5; NotI digestion confirmed the sub-cloning of hRab27b into the digested 

vector. Subsequently, this vector was sequenced (as described in section 2.1.1.7) 

using a forward primer generously given by Dr Alistair Hume to amplify 

m.Cherry: 5'GCGCGGATCCGCATGGTGAGCAAGGGCGAG3' and the Duet 

Down1 reverse primer from Source BioScience primers stock to amplify 

hRab27b: 5'GATTATGCGGCCGTGTACAA3'. “Note” that all the sequencing 

data obtained in this project were translated into the corresponding protein amino 

acid sequence and compared with protein databases as described in section 

2.1.1.7.   

In order to produce a wild hRab27b (to remove the T23N mutation), the newly 

generated vector was site-directed mutagenized (as described in section 2.1.1.2) 

DNA transformation, amplification and purification steps were performed as 

described in sections 2.1.2.2 and 2.1.2.3. A diagnostic restriction enzyme 

digestion was performed with NotI restriction enzyme (as described in sections 

2.1.1.3 and 2.1.1.5), followed by sequencing of the vector (as described in 

section 2.1.1.7) using the forward and reverse primers utilised before for 

hRab27b PCR amplification. To produce the constitutively active GTPase 

deficient form of Rab27b, a Q78L mutant was generated. To this end, a site-

directed mutagenesis was performed (as described in section 2.1.1.2) using the 

newly generated vector as a template. This was followed by performing the 

subsequent DNA transformation, amplification and purification steps as 

described in sections 2.1.2.2 and 2.1.2.3. A diagnostic restriction enzyme 

digestion was performed with NotI restriction enzyme as described in sections 

2.1.1.3 and 2.1.1.5, followed by sequencing of the vector (as described in section 

2.1.1.7) using the Duet Down1 reverse primer from Source BioScience primers 

stock. 
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In order to obtain a more purified m.Cherry-hRab27b protein, a C-terminus 

truncated hRab27b protein was produced (the reasons behind producing a C-

terminus truncated hRab27b protein discussed in section 3.3.1.2). To this end, a 

site directed mutagenesis reaction was performed using the pETDuet-1-

m.Cherry-hRab27b-(1-218) vector as a template (as described in section 

2.1.1.2). Plasmid DNA transformation, amplification and purification steps were 

then performed as described in sections 2.1.2.2 and 2.1.2.3. A diagnostic 

restriction enzyme digestion was performed with NotI restriction enzyme as 

described in sections 2.1.1.3 and 2.1.1.5. The newly generated vector was then 

sequenced using the Duet Down1 reverse primer from Source BioScience 

primers stock as described in section 2.1.1.7. 

2.1.3.2 Generating 6x histidine-Rab expressing vectors 

pET-14b-rat (r) Rab27a-(1-221) (Seabra et al., 1995), pET-15b-hRab27b-(1-

218) (Chen et al., 1997) and pET-14b-hRab5a-(1-216) (Farnsworth et al., 1994; 

Strom et al., 2002) were obtained generously from Dr Alistair Hume. In order to 

confirm the molecular weight of these vectors, BamHI restriction enzyme 

digests of these vectors were loaded into agarose gel as described in sections 

2.1.1.3 and 2.1.1.5. Also, these vectors were sequenced using the T7 promoter 

(F) primer (5'TAATACGACTCACTATAGGG3') from Source BioScience 

primers stock as described in section 2.1.1.7. 

2.1.3.3 Generating Glutathione-S-Transferase (GST)-mSlp1 and GST-

mSlp2 expressing vectors 

pGEX-4T1-mSlp1-(1-201) vector was obtained generously from Dr Alistair 

Hume. A diagnostic restriction enzyme digestion was performed using BamHI 

and EcoRI restriction enzymes as described in sections 2.1.1.3 and 2.1.1.5. This 

vector was then sequenced (as described in section 2.1.1.7) using the following 

primers: the PGEX 5' forward primer 

5'GGGCTGGCAAGCCACGTTTGGTG3' and the PGEX 3' reverse primer 

5'CCGGGAGCTGCATGTGTCAGAGG3' from Source BioScience primers 

stock.  

In addition, mSlp2 was produced as GST-tagged protein using the pGEX-4T1 

vector. Note that A isoform of mSlp2 was used in all experiments in this project. 
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The mSlp2 expressing vector was generated as follows: mSlp2-(3-80) was PCR 

amplified (as described in section 2.1.1.1) using pEGFP-mSlp2-(1-133)  vector 

(was a kind gift from Dr Alistair Hume); BamHI and  EcoRI restriction enzyme 

sites were introduced into the 5' and 3' ends of mSlp2 cDNA, respectively. PCR 

clean-up was performed as described in section 2.1.1.1.  5' BamHI and 3' EcoRI 

restriction enzyme sites in the pGEX-4T1 vector (obtained generously from Dr 

Alistair Hume) were used to ligate the digested insert and vector as described in 

sections 2.1.1.3 and 2.1.1.4, followed by transformation into DH5α E. coli 

competent cells, DNA amplification and isolation as described in sections 

2.1.2.2 and 2.1.2.3. A diagnostic restriction enzyme digestion was performed 

using BamHI and EcoRI restriction enzymes as described in sections 2.1.1.3 and 

2.1.1.5. This vector was then sequenced (as described in section 2.1.1.7) using 

the PGEX 5' forward primer and the PGEX 3' reverse primer from Source 

BioScience primers stock.  

Furthermore, pGEX-4T1-mSlp2-(3-41) and pGEX-4T1-mSlp2-(3-56) vectors 

were generated by site-directed mutagenesis of the pGEX-4T1-mSlp2-(3-80) 

vector as described in section 2.1.1.2. A subsequent DNA transformation into 

DH5α E. coli competent cells, DNA amplification and isolation were performed 

as described in sections 2.1.2.2 and 2.1.2.3. A diagnostic restriction enzyme 

digestion was performed using BamHI and EcoRI restriction enzymes as 

described in sections 2.1.1.3 and 2.1.1.5. Subsequently, these vectors were 

sequenced as described in section 2.1.1.7 using the PGEX 5' forward primer 

from Source BioScience primers stock.  

2.1.3.4 Generating GFP-mSlp1, GFP-mSlp2 and GFP expressing vectors 

pETDuet-1-GFP-mSlp1-(1-116) vector was generated by site-directed 

mutagenesis (as described in section 2.1.1.2) of the pETDuet-GFP-mSlp1-(1-

116)-m.Cherry-hRab27a vector (was kind gift from Dr Alistair Hume). This 

vector was sequenced using the EGFP C F primer from Source BioScience 

primers stock as described in section 2.1.1.7: 5'CATGGTCCTGCTGGA 

GTTCGTG3'). “Note” that GFP refers to the enhanced GFP (EGFP) variant and 

not wild GFP. The primers used to perform the site-directed mutagenesis 

reaction were obtained generously from Dr Alistair Hume. This was followed by 

performing DNA transformation into DH5α E. coli competent cells and 
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subsequent DNA amplification and isolation steps as described in sections 

2.1.2.2 and 2.1.2.3.  

In addition, the pETDuet-1-GFP-mSlp2-(3-80) vector was generated by PCR 

amplification of GFP-mSlp2-(3-80) cDNA (as described in section 2.1.1.1) 

using the pENTR-EGFP-mSlp2-(3-80) vector (the generation steps of this vector 

described in section 2.1.3.6.1). BamHI and NotI restriction enzyme sites were 

introduced into the 5' and 3' ends of GFP-mSlp2-(3-80) cDNA, respectively. 

PCR clean-up was performed as described in section 2.1.1.1. The digested GFP-

mSlp2-(3-80) (insert) was then sub-cloned into the pETDuet-1 vector (Novagen; 

obtained generously from Dr Alistair Hume) using the 5' BamHI and 3' NotI 

restriction sites as described in sections 2.1.1.3 and 2.1.1.4. This was followed 

by transformation into DH5α E. coli competent cells and subsequent DNA 

amplification and isolation were performed as described in sections 2.1.2.2 and 

2.1.2.3. The pETDuet-1-GFP vector was then generated using the pETDuet-1-

GFP-mSlp1-(1-116) vector (mentioned before) as a template to perform a site-

directed mutagenesis reaction (as described in section 2.1.1.2). Subsequent DNA 

transformation into DH5α E. coli competent cells, DNA amplification and 

isolation steps were performed as described in sections 2.1.2.2 and 2.1.2.3. 

A diagnostic restriction enzyme digestion (for vectors mentioned before) was 

performed using BamHI and NotI restriction enzyme sites as described in 

sections 2.1.1.3 and 2.1.15, followed by DNA sequencing using the EGFP CF 

primer from Source BioScience primers stock as described in section 2.1.1.7. 

2.1.3.5 Generating 6x Histidine-mSlp2 expressing vectors 

To generate 6x Histidine-mSlp2 expressing vectors, mSlp2-(3-80) cDNA was 

first PCR amplified (as described in section 2.1.1.1) using pGEX-4T1-mSlp2-

(3-80) vector (the generation steps of this vector described in section 2.1.3.3). 

BamHI and NotI restriction sites were introduced into the 5' and 3' ends of 

mSlp2-(3-80). PCR clean-up was performed as described in section 2.1.1.1. 

mSlp2-(3-80) cDNA was then sub-cloned into the pETDuet-1 vector (Novagen) 

using 5' BamHI and 3' NotI restriction sites to generate the pETDuet-1-mSlp2-

(3-80) vector as described in sections 2.1.1.3 and 2.1.1.4. This was followed by 

transformation into DH5α E. coli competent cells and subsequent DNA 
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amplification and isolation as described in sections 2.1.2.2 and 2.1.2.3. A 

diagnostic restriction enzyme digestion was performed using BamHI and NotI 

restriction enzymes as described in sections 2.1.1.3 and 2.1.1.5. This vector was 

then sequenced using the Duet Down1 reverse primer from Source BioScience 

primers stock as described in section 2.1.1.7.  

To generate the pETDuet-1-mSlp2-(3-56; K26R, A28R, Q44R, N48I) vector, a 

sequential site-directed mutagenesis (as described in section 2.1.1.2) was 

performed using the pETDuet-1-mSlp2-(3-80) vector as a template. Firstly, a 

site-directed mutagenesis was performed using the pETDuet-1-mSlp2-(3-80) 

vector as a template to generate the pETDuet-1-mSlp2-(3-80; K26R, A28R) 

vector. Secondly, a site-directed mutagenesis was then performed using the 

pETDuet-1-mSlp2-(3-80; K26R, A28R) vector as a template to generate the 

pETDuet-1-mSlp2-(3-80; K26R, A28R, Q44R) vector. Thirdly, the pETDuet-1-

mSlp2-(3-80; K26R, A28R, Q44R) vector was then used as a template to 

perform site-directed mutagenesis to generate the pETDuet-1-mSlp2-(3-80; 

K26R, A28R, Q44R, N48I) vector.  

To generate the pETDuet-1-mSlp2-(3-56) and the pETDuet-1-mSlp2-(3-56; 

K26R, A28R, Q44R, N48I) vectors, site-directed mutagenesis was performed 

(as described in section 2.1.1.2) using the pETDuet-1-mSlp2-(3-80) and the 

pETDuet-1-mSlp2-(3-80; K26R, A28R, Q44R, N48I) vectors as templates, 

respectively. In addition, the pETDuet-1-mSlp2-(3-67) vector was generated by 

site-directed mutagenesis of the pETDuet-1-mSlp2-(3-80) vector.  

These vectors were transformed into DH5α E. coli competent cells and 

subsequent DNA amplification and purification were performed as described in 

sections 2.1.2.2 and 2.1.2.3. A diagnostic restriction enzyme digestion was 

performed using BamHI and NotI restriction enzymes as described in sections 

2.1.1.3 and 2.1.1.5. This was followed by sequencing of these vectors using the 

Duet Down1 reverse primer from Source BioScience primers stock as described 

in section 2.1.1.7.  

2.1.3.6 Generating adenoviral vectors 

Initially, to generate adenoviral vectors, the gene of interest was PCR amplified 

from the appropriate vector using the appropriate primers containing the required 
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restriction enzyme sites. The digested PCR product was then sub-cloned into the 

pENTR vector (ThermoFisher Scientific) using the appropriate restriction 

enzyme sites and both the insert and vector were ligated using DNA ligase 

enzyme as described in sections 2.1.1.3 and 2.1.1.4. Note that Kozak consensus 

sequence was included in all of the inserts used in this study to ensure proper 

initiation of the translation process in mammalian cells (Kozak, 1990; Kozak, 

1991). This was followed by DNA transformation, amplification, purification 

and sequencing as described in sections 2.1.2.2, 2.1.2.3 and 2.1.1.7. Next, a 

recombination reaction with pAd/PL-DEST (Invitrogen) destination vector was 

performed in order to transpose the gene of interest into this vector. This 

involved incubation of 150ng entry clone (pENTR-gene of interest vector) 

with150ng destination vector (pAd/PL-DEST vector; obtained generously from 

Dr Alistair Hume) in a total volume of 8μl using Tris/EDTA (TE) buffer, pH 8.0 

(1M Tris-HCl, 0.5M EDTA in MilliQ water). LR Clonase II enzyme (Invitrogen) 

was thawed in ice for about 2 mins with vortexing, 2μl LR Clonase II enzyme 

was then added to the mixture with incubation at 25ºC for 1 hour (preferably 

overnight to ensure successful recombination reaction results). To terminate the 

reaction, 1μl Proteinase K enzyme was then added to the mixture and incubated 

at 37ºC for 10 mins.  3-5μl was then transformed into DH5α E. coli competent 

cells, as described in section 2.1.2.2, followed by DNA amplification and 

purification as described in section 2.1.2.3. DNA sequencing was performed 

(using EGFP CF primer mostly from Source BioScience primers stock) as 

described in section 2.1.1.7 to ensure successful transposition of the gene of 

interest into the pAd/PL-DEST vector without any mutation(s). This was 

followed by transfection of HEK293A cells using the generated pAd/PL-DEST 

vectors as described in section 2.4.2.  

2.1.3.6.1 Generating GFP-mSlp2-(3-80), GFP-mSlp1-(1-116) and GFP-

mSlac2-a-(1-146) expressing adenoviral vectors 

In order to produce GFP-mSlp2-(3-80) expressing adenoviral vector, pENTR-

EGFP-C2-mSlp2-(3-80) vector was generated; the generation steps were as 

follows. mSlp2-(3-80) was PCR amplified (as described in section 2.1.1.1) using 

the pGEX-4T1-mSlp2-(3-80) vector (the generation steps of this vector 

described in section 2.1.3.3). EcoRI and BamHI restriction enzyme sites were 
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introduced into the 5' and 3' ends of mSlp2 cDNA, respectively. PCR clean-up 

was performed as described in section 2.1.1.1. The PCR product and the pENTR-

EGFP-C2 vector (was a kind gift from Dr Alistair Hume) were then digested 

using EcoRI and BamHI restriction enzymes as described in section 2.1.1.3. 5' 

EcoRI and 3' BamHI restriction enzyme sites were then used to ligate the 

digested insert and vector as described in section 2.1.1.4, followed by 

transformation into DH5α E. coli competent cells and subsequent DNA 

amplification and isolation as described in sections 2.1.2.2 and 2.1.2.3. “Note” 

that for all the pENTR-EGFP-C2 vectors, a subsequent diagnostic restriction 

enzyme digestion was performed using EcoRI and BamHI restriction enzymes 

(as described in sections 2.1.1.3 and 2.1.1.5), followed by sequencing using the 

EGFP C F forward primer from Source BioScience primers stock as described 

in section 2.1.1.7, unless otherwise indicated.  

Site-directed mutagenesis reactions using this newly generated vector were 

performed to generate the pENTR-EGFP-C2-mSlp2-(3-80; D3A), pENTR-

EGFP-C2-mSlp2-(3-80; R32W) and pENTR-EGFP-C2-mSlp2-(3-79) vectors. 

Plasmid DNA was then transformed into DH5α E. coli competent cells and 

subsequent DNA amplification and isolation steps were performed as described 

in sections 2.1.2.2 and 2.1.2.3. The pENTR-EGFP-C2-mSlp2-(3-80; D3A) and 

the pENTR-EGFP-C2-mSlp2-(3-79) vectors were then sequenced utilising the 

forward primer used to generate the D3A mutant of mSlp2 and the reverse primer 

used to generate mSlp2-(3-79).  

Furthermore, different mutations: K58A, R61A, H62A, G68I, D70A, I71A, 

R73A and S75A were individually introduced into the pENTR-EGFP-C2-

mSlp2-(3-80) vector. Accordingly, the pENTR-EGFP-C2-mSlp2-(3-80) vector 

was used as a template to perform site-directed mutagenesis (as described in 

section 2.1.1.2). 

Subsequently, DNA was transformed into DH5α E. coli competent cells, 

followed by DNA amplification and isolation steps as described in sections 

2.1.2.2 and 2.1.2.3.    
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To produce GFP-mSlp1-(1-116) expressing adenoviral vector, pENTR-EGFP-

C2-mSlp1-(1-116) was generated. mSlp1-(1-116) was PCR amplified (as 

described in section 2.1.1.1) using the pGEX-4T1-mSlp1-(1-201) vector 

(mentioned in section 2.1.3.3).  EcoRI and BamHI restriction enzyme sites were 

introduced into the 5' and 3' ends of mSlp1-(1-116) cDNA, respectively. PCR 

clean-up was performed as described in section 2.1.1.1. 5' EcoRI and 3' BamHI 

restriction enzyme sites in pENTR-EGFP-C2 vector were used to ligate the 

digested insert and vector as described in sections 2.1.1.3 and 2.1.1.4, followed 

by transformation into DH5α E. coli competent cells and subsequent DNA 

amplification and purification as described in sections 2.1.2.2 and 2.1.2.3.  

In order to generate the GFP-mSlac2-a-(1-146) expressing adenoviral vector, 

pENTR-EGFP-C2-mSlac2-a-(1-266) vector (was a kind gift from Dr Alistair 

Hume) was used as a template to perform site-directed mutagenesis (as described 

in section 2.1.1.2). Subsequently, this vector was transformed into DH5α E. coli 

competent cells, amplified and purified as described in sections 2.1.2.2 and 

2.1.2.3.  

To produce the entire adenoviral vectors, recombination reactions were then 

performed using these pENTR-C2 vectors and the pAd/PL-DEST vector as 

described in section 2.1.3.6.     

2.1.3.6.2 Generating GFP-mSlp2-(10-41), GFP-mSlp2-(10-50) and GFP-

mSlp2-(10-56) expressing adenoviral vectors 

In order to generate pENTR-EGFP-C2-mSlp2-(10-41), pENTR-EGFP-C2-

mSlp2-(10-50) and pENTR-EGFP-C2-mSlp2-(10-56) vectors, mSlp2 cDNA 

was PCR amplified (as described in section 2.1.1.1) using the pENTR-EGFP-

C2-Slp2-(3-80) vector (the generation steps of this vector described in section 

2.1.3.6.1) in order to introduce EcoRI and BamHI restriction enzyme sites at the 

5' and 3' ends of mSlp2 cDNA, respectively. PCR clean-up was then performed 

as described in section 2.1.1.1. The digested inserts were then sub-cloned into 

the digested pENTR-EGFP-C2 vector using 5' EcoRI and 3' BamHI restriction 

enzyme sites as described in sections 2.1.1.3 and 2.1.1.4, followed by plasmid 

DNA transformation into DH5α E. coli competent cells and subsequent DNA 

amplification and purification as described in sections 2.1.2.2 and 2.1.2.3. 
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To generate pENTR-EGFP-C2-Slp2-(10-56) vectors containing (K26R, A28R, 

Q44R, N48I), (K26R, A28R, Q44R, N48I, E56F) and (K26R, A28R, Q44R, 

N48I, G51L, E56F) mutations, the following vectors were used as templates to 

perform PCR amplification of these mSlp2 cDNAs (to introduce EcoRI and 

BamHI restriction enzyme sites at the 5' and 3' ends of mSlp2 cDNA, 

respectively) as described in section 2.1.1.1: pENTR-EGFP-C2-mSlp2-(3-56; 

K26R, A28R, Q44R, N48I), pENTR-EGFP-C2-mSlp2-(3-56; K26R, A28R, 

Q44R, N48I, E56F) and pENTR-EGFP-C2-mSlp2-(3-56; K26R, A28R, Q44R, 

N48I, G51L, E56F); the generation steps of these vectors described in section 

2.1.3.6.3. PCR clean-up was then performed as described in section 2.1.1.1. The 

digested inserts were then sub-cloned into the digested pENTR-EGFP-C2 vector 

using 5' EcoRI and 3' BamHI restriction enzyme sites as described in sections 

2.1.1.3 and 2.1.1.4. Subsequently, plasmid DNA transformation into DH5α E. 

coli competent cells, DNA amplification and purification were performed as 

described in sections 2.1.2.2 and 2.1.2.3. 

Next, the entire adenoviral vectors were generated by performing recombination 

reactions using these pENTR-EGFP-C2 vectors and the pAd/PL-DEST as 

described in section 2.1.3.6.   

2.1.3.6.3 Generating GFP-mSlp2-(3-41), GFP-mSlp2-(3-56), GFP-mSlp1-

(1-74), GFP-mSlp1-(70-116) and m.Cherry-mSlp1-(1-74) expressing 

adenoviral vectors  

In order to generate GFP-mSlp2-(3-41) and GFP-mSlp2-(3-56) expressing 

vectors, a site-directed mutagenesis was performed (as described in section 

2.1.1.2) using the pENTR-EGFP-C2-mSlp2-(3-80) vector as a template (the 

generation steps of this vector described in section 2.1.3.6.1). These vectors were 

then transformed into DH5α E. coli competent cells, amplified and purified as 

described in sections 2.1.2.2 and 2.1.2.3. 

Next, the pENTR-EGFP-C2-mSlp2-(3-56) vector was used as a template to 

perform a sequential site-directed mutagenesis (as described in section 2.1.1.2) 

as follows: a site-directed mutagenesis was performed using this vector as a 

template to generate the pENTR-EGFP-C2-mSlp2-(3-56; K26R) and pENTR-

EGFP-C2-mSlp2-(3-56; A28R) vectors.  
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In addition, the pENTR-EGFP-C2-mSlp2-(3-56) vector was used as a template 

to perform site-directed mutagenesis reaction in order to produce the pENTR-

EGFP-C2-mSlp2-(3-56; K26R, A28R) vector. These vectors were then 

transformed into DH5α E. coli competent cells, amplified and purified as 

described in sections 2.1.2.2 and 2.1.2.3. 

The pENTR-EGFP-C2-mSlp2-(3-56; K26R, A28R) and the pENTR-EGFP-C2-

mSlp2-(3-56) vectors were then used as templates to perform site-directed 

mutagenesis reactions to generate the pENTR-EGFP-C2-mSlp2-(3-56; K26R, 

A28R, Q44R) and the pENTR-EGFP-C2-mSlp2-(3-56; Q44R) vectors, 

respectively. Subsequent plasmid DNA transformation into DH5α E. coli 

competent cells, amplification and purification were performed as described in 

sections 2.1.2.2 and 2.1.2.3. 

Subsequently, the newly generated pENTR-EGFP-C2-mSlp2-(3-56; K26R, 

A28R, Q44R) vector was used as a template to perform site-directed 

mutagenesis in order to produce the pENTR-EGFP-C2-mSlp2-(3-56; K26R, 

A28R, Q44R, N48I) vector. Furthermore, the pENTR-EGFP-C2-mSlp2-(3-56) 

vector was used as a template to perform site-directed mutagenesis in order to 

produce the pENTR-EGFP-C2-mSlp2-(3-56; N48I) vector.  

In addition, the pENTR-EGFP-C2-mSlp2-(3-56; Q44R) vector was used as a 

template to perform site-directed mutagenesis reaction in order to generate the 

pENTR-EGFP-C2-mSlp2-(Q44R, N48I) vector. To generate the pENTR-EGFP-

C2-mSlp2-(3-56; K26R, A28R, Q44R, N48I, G51L) vector, a site-directed 

mutagenesis was performed using the pENTR-EGFP-C2-mSlp2-(3-56; K26R, 

A28R, Q44R, N48I) vector as a template. Plasmid DNA transformation into 

DH5α E. coli competent cells was then performed, followed by DNA 

amplification and purification as described in sections 2.1.2.2 and 2.1.2.3. 

The newly generated pENTR-EGFP-C2-mSlp2-(3-56; K26R, A28R, Q44R, 

N48I, G51L) vector was then used to perform site-directed mutagenesis reaction 

in order to produce the pENTR-EGFP-C2-mSlp2-(3-56; K26R, A28R, Q44R, 

N48I, G51L, E56F) vector. Subsequent plasmid DNA transformation into DH5α 

E. coli competent cells, amplification and purification steps were performed as 

described in sections 2.1.2.2 and 2.1.2.3. 
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To generate the pENTR-EGFP-C2-mSlp2-(3-56; K26R, A28R, Q44R, N48I, 

E56F) vector (to remove the G51L mutation), the pENTR-EGFP-C2-mSlp2-(3-

56; K26R, A28R, Q44R, N48I, G51L, E56F) vector was then used as a template 

to perform site-directed mutagenesis reaction. Plasmid DNA transformation into 

DH5α E. coli competent cells was then performed, followed by DNA 

amplification and purification as described in sections 2.1.2.2 and 2.1.2.3. 

To generate the pENTR-EGFP-C2-mSlp1-(1-74) and the pENTR-EGFP-C2-

mSlp1-(70-116) vectors, mSlp1-(1-74) and mSlp1-(70-116) were PCR 

amplified (as described in section 2.1.1.1) using the pGEX-4T1-mSlp1-(1-201) 

vector (mentioned in section 2.1.3.3). To PCR amplify mSlp1-(1-74) and mSlp1-

(70-116), EcoRI and BamHI restriction enzyme sites were introduced into the 5' 

and 3' ends of mSlp1 cDNA, respectively. PCR clean-up was performed as 

described in section 2.1.1.1. The digested inserts were then sub-cloned into the 

digested pENTR-EGFP-C2 vector using 5' EcoRI and 3' BamHI restriction 

enzyme sites as described in sections 2.1.1.3 and 2.1.1.4, followed by 

transformation into DH5α E. coli competent cells and subsequent DNA 

amplification and isolation as described in sections 2.1.2.3 and 2.1.2.4.  

In order to generate the pENTR-m.Cherry-mSlp1-(1-74) vector, m.Cherry 

cDNA was PCR amplified (as described in section 2.1.1.1) using the pETDuet-

1-m.Cherry-hRab27b vector (mentioned in section 2.1.3.1). AgeI and EcoRI 

restriction sites were introduced into the 5' and 3' ends of m.Cherry cDNA, 

respectively. PCR clean-up was then performed as described in section 2.1.1.1. 

The digested insert was then sub-cloned into the digested pENTR-EGFP-C2-

mSlp1-(1-74) vector (the generation steps of this vector described before) using 

5' AgeI and 3' EcoRI restriction enzyme sites as described in sections 2.1.1.3 and 

2.1.1.4 (by digesting this vector, EGFP was removed and replaced by m.Cherry), 

followed by transformation into DH5α E. coli competent cells and subsequent 

DNA amplification and isolation as described in sections 2.1.2.3 and 2.1.2.4. 

This vector was then sequenced using the forward primer utilised before to 

amplify m.Cherry as described in section 2.1.1.7.  

Next, recombination reactions were performed using these pENTR-C2 vectors 

and the pAd/PL-DEST vector as described in section 2.1.3.6.     
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2.1.3.6.4 Generating GFP-mSlp2-(3-67) and GFP-mSlp2-(10-67) expressing 

adenoviral vectors  

In order to generate the pENTR-EGFP-C2-mSlp2-(3-67) vector, a site directed 

mutagenesis reaction (as described in section 2.1.1.2) was performed using the 

pENTR-EGFP-C2-mSlp2-(3-80) vector as a template (mentioned in section 

2.1.3.6.1). Subsequently, plasmid DNA was transformed into DH5α E. coli 

competent cells, amplified and purified as described in sections 2.1.2.3 and 

2.1.2.4. 

Furthermore, sequential site-directed mutagenesis reactions (as described in 

section 2.1.1.2) were performed using this newly generated vector as an initial 

template to produce the following mSlp2-(3-67) mutants: (K26R, A28R), 

(K26R, A28R, Q44R), (K26R, A28R, Q44R, N48I) and (K26R, A28R, Q44R, 

N48I, G51L). Subsequently, plasmid DNA was transformed into DH5α E. coli 

competent cells, amplified and purified as described in sections 2.1.2.3 and 

2.1.2.4. In addition, to generate the pENTR-EGFP-C2-mSlp2-(3-67; K26R, 

A28R, Q44R, N48I, G51L, E56F) vector, a site-directed mutagenesis (as 

described in section 2.1.1.2) was performed using the pENTR-EGFP-C2-mSlp2-

(3-67; K26R, A28R, Q44R, N48I, G51L) vector as a template. Subsequently, 

plasmid DNA was transformed into DH5α E. coli competent cells, amplified and 

purified as described in sections 2.1.2.3 and 2.1.2.4. This newly generated vector 

was then used as a template to perform further site-directed mutagenesis reaction 

(as described in section 2.1.1.2) in order to produce the mSlp2-(3-67; K26R, 

A28R, Q44R, N48I, G51L, E56F, H62R, R63F) mutant. Subsequently, plasmid 

DNA was transformed into DH5α E. coli competent cells, amplified and purified 

as described in sections 2.1.2.3 and 2.1.2.4. 

In order to generate the following vectors: pENTR-EGFP-C2-mSlp2-(10-67), 

pENTR-EGFP-C2-mSlp2-(10-67; K26R, A28R, Q44R, N48I), pENTR-EGFP-

C2-mSlp2-(10-67; K26R, A28R, Q44R, N48I, E56F, H62R, R63F) and pENTR-

EGFP-C2-mSlp2-(10-67; K26R, A28R, Q44R, N48I, G51L, E56F, H62R, 

R63F),  mSlp2-(10-67) cDNAs containing the specified mutations were PCR 

amplified (as described in section 2.1.1.1). The following vectors were used to 

perform the PCR amplification: pENTR-EGFP-C2-mSlp2-(3-67), pENTR-

EGFP-C2-mSlp2-(3-67; K26R, A28R, Q44R, N48I), pENTR-EGFP-C2-mSlp2-
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(3-67; K26R, A28R, Q44R, N48I, E56F) and pENTR-EGFP-C2-mSlp2-(3-67; 

K26R, A28R, Q44R, N48I, G51L, E56F); the generation steps of these vectors 

described before. PCR clean-up was then performed as described in section 

2.1.1.1. The digested inserts were then sub-cloned into the digested pENTR-

EGFP-C2 vector using 5' EcoRI and 3' BamHI restriction enzyme sites as 

described in sections 2.1.1.3 and 2.1.1.4, followed by transformation into DH5α 

E. coli competent cells and subsequent DNA amplification and purification as 

described in sections 2.1.2.3 and 2.1.2.4. The entire adenoviral vectors were then 

produced by performing recombination reactions using these pENTR-C2 vectors 

and the pAd/PL-DEST vector as described in section 2.1.3.6.     

2.2 Protein production and purification techniques  

2.2.1 Small-scale protein production 

Small scale protein induction was performed to optimise the protein induction 

conditions; such as the incubation time and temperature and the optimum 

isopropyl β-D-1-thiogalactopyranoside (IPTG) concentration, whenever 

required (for example, if the protein was produced for the first time or problems 

happened during the large-scale protein production). Details of protein 

production described below in section 2.2.2.    

2.2.2 Large-scale protein production  

To produce and purify recombinant proteins, DNA transformation into Rosetta 

E. coli competent cells was performed as described in section 2.1.2.2, then 5-

10ml LB medium containing the appropriate antibiotics concentration 

(100μg/ml ampicillin and 35μg/ml chloramphenicol) was poured into a sterile 

Sterilin tube, followed by picking of single colonies from agar plate and 

inoculating into the LB medium. Bacterial cell cultures were then incubated at 

37ºC with continuous agitation (175-200 rpm) for 16-18 hours (to ensure 

sufficient bacterial growth). Subsequently, the 5-10ml bacterial medium was 

further grown using 125ml LB medium containing the appropriate antibiotics 

concentration (in a 500ml autoclaved conical flask) at 37ºC with continuous 

agitation (175-200 rpm) for 16-18 hours. This was followed by inoculation of 

4L LB medium containing the appropriate antibiotics concentration with 100ml 

of bacterial culture (25ml/L; using four 2L autoclaved conical flasks). Bacterial 
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growth was performed under the specified conditions until reaching an optical 

density600 (OD600) value of 0.4-0.6 at 600nm (normally 1-2 hours; depending on 

the rate of bacterial growth and concentration). At this point, protein production 

was induced using 0.5Mm IPTG (Sigma) at 37oC with continuous agitation at 

175 rpm for 2-3 hours. Subsequently, bacterial cells were harvested by 

centrifugation at 5,000 rpm for 20 mins at 4oC using ThermoScientific Sorvall 

RC3BP Plus centrifuge. The cell pellets were then re-suspended in ice-cold 1x 

Phosphate buffered saline (PBS) (Lonza) (20ml/pellet ≈ 1g), harvested by 

centrifugation at 5,000 rpm for 10 mins at 4oC (using an Allegra 64R;  Beckman 

Coulter centrifuge) and  stored at -80oC to be used for subsequent protein 

purification.   

2.2.3 Purification of recombinant proteins 

2.2.3.1 Purifying poly histidine-tagged recombinant proteins 

The induced cell pellets (prepared as described in section 2.2.2) were re-

suspended in ice cold lysis buffer (20ml/pellet ≈ 1g): 50mM Tris-HCl pH 7.5, 

150mM sodium chloride, 5mM magnesium chloride, 1mM β-mercaptoethanol 

(BME) (Sigma) and one protease inhibitor cocktail tablet/10ml (Roche). Tris-

HCl was added to regulate the acidity and keep the buffer in the 7.5-9.0 pH range, 

sodium chloride was included in the buffer to provide the required ionic strength, 

BME was working as a reducing agent by breaking disulphide bonds, 

magnesium chloride was added to maintain stabilisation of the nucleotides. The 

cell lysates were further lysed mechanically at 35 kilo-pound-force per square 

inch (Kpsi) using high pressure cell disruptor (CONSTANT SYSTEMS Ltd), 

followed by centrifugation (using SW 41 Ti Rotor; Beckman Coulter) at 100,000 

g for 1 hour at 4oC using a 10ml centrifuge tubes. The supernatant was then 

adjusted to 500mM sodium chloride and purified using the immobilized metal 

affinity chromatography (IMAC) system. In this system, the supernatant was 

mixed with a thoroughly washed nickel sepharose beads (using a 50ml Falcon 

tube) in dialysis buffer (50mM Tris-HCl pH 7.5, 500mM sodium chloride, 5mM 

magnesium chloride and 1mM BME) and incubated with rotation at 4oC for 2-

16 hours. The principle of the purification process was based on the affinity 

interaction between Ni2+ and the 6x histidine residues in the 6x histidine-tagged 
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proteins [by binding of the electron donor groups of the imidazole ring of 

histidine to Nickel (Bornhorst and Falke, 2000)].  

The nickel sepharose beads were prepared as follows: 5-10ml chelating 

sepharose fast flow (GE Healthcare Life Sciences) was poured into a sterile 50ml 

Falcon tube, centrifuged (using an Eppendorf 5804 swinging-bucket centrifuge) 

at 2,000 rpm for 3 mins, re-suspended in 25-50ml distilled water, centrifuged at 

2,000 rpm for 3 mins, re-suspended in 5-10ml of 250mM nickel sulphate and 

incubated for 1 hour at room temperature. Subsequently, the nickel-sepharose 

beads mixture was centrifuged at 2,000 rpm for 3 mins, re-suspended in 25-50ml 

distilled water, centrifuged at 2,000 rpm for 3 mins, re-suspended in 25-50ml 

acetate buffer pH 4 (41ml of 0.1M acetic acid mixed with 9ml sodium acetate in 

a final volume of 100ml with distilled water at pH 4) and centrifuged at 2,000 

rpm for 3 mins. Finally, the Nickel-sepharose beads mixture was washed several 

times (2-3 times) by re-suspending in 25-50ml dialysis buffer and centrifugation 

at 2,000 rpm for 3 mins.  

The supernatant-nickel sepharose beads mixture was then centrifuged (using an 

Allegra 64R; Beckman Coulter centrifuge) at 2,000 rpm for 3 mins at 4oC and 

washed with dialysis buffer; this was repeated at least 3 times. The supernatant-

nickel sepharose beads mixture was then re-suspended in a sufficient volume of 

dialysis buffer, poured into a poly-prep chromatography column (Bio-Rad). The 

column was then washed several times with dialysis buffer to discard the non-

specifically bound proteins to the nickel column; the flow-through was collected 

and kept to be analysed later. Subsequently, increasing concentrations of 

imidazole (20, 50, 100, 200 and 250 mM) in dialysis buffer at pH 8 (to maintain 

protein stability) were used to displace protein from binding to nickel beads (the 

flow-through using 20mM imidazole was discarded to remove low affinity 

bound proteins). The eluates were then collected and the presence of proteins 

was tested by adding 5μl of eluate/60μl of Coomassie protein assay reagent 

(ThermoScientific)/ using a 96-well plate (blue colour was considered as an 

indicator for the presence of the proteins). The successful protein eluates were 

then dialysed using 12–14 or 3.5KDa (based on protein molecular weight) 

molecular weight cut off visking dialysis tubing (Medicellmembranes) in a 2L 

dialysis buffer at 4oC with continuous stirring for 16-18 hours. To purify Rab 
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proteins, 0.21g GDP (Alfa Aesar) was added to the dialysis buffer to keep them 

in the GDP-bound inactive state as they possess intrinsic GTPase activity; i.e. 

stabilising them (Rybin et al., 1996). A further dialysis step was then performed 

using a new 2L dialysis buffer for 4 hours under the same conditions (without 

adding GDP). The purified protein was then collected from the dialysis tube and 

quantified using the NanoDrop 2000 spectrophotometer as described in section 

2.2.7. In addition, the protein was then analysed as described in sections 2.2.4.1 

and 2.2.4.2.  

2.2.3.2 Purifying GST-fused recombinant proteins 

The induced cell pellets (prepared as described in section 2.2.2) were re-

suspended in ice cold lysis buffer (20ml/pellet ≈ 1g): 50mM Tris-HCl pH 7.5, 

150mM sodium chloride, 5mM magnesium chloride, 1mM dithiothreitol (DTT) 

(Sigma) and one protease inhibitor cocktail tablet/10 ml ‘Roche’; DTT was 

working as a reducing agent by breaking disulphide bonds. The cell lysates were 

additionally lysed mechanically at 35 Kpsi using high pressure cell disruptor 

(CONSTANT SYSTEMS Ltd), followed by centrifugation (using SW 41 Ti 

Rotor; Beckman Coulter) at 100,000 g for 1 hour at 4oC using a 10ml centrifuge 

tubes. The supernatant was then added (using a 50ml Falcon tube) to an 

extensively washed reduced glutathione (GSH)-sepharose beads (GE Healthcare 

Life Sciences) in dialysis buffer (the same contents of the lysis buffer without 

adding the protease inhibitor) and incubated with rotation at 4oC for 2-16 hours. 

The beads were prepared by washing with dialysis buffer as follows: 5-10ml 

GSH-sepharose beads were poured into a sterile 50ml Falcon tube and washed 

several times (2-3 times) by re-suspending in 25-50ml cold ice dialysis buffer 

and centrifugation at 2,000 rpm for 3 mins at 4oC. The principle of the 

purification process using this system was based on the interaction between GSH 

and GST in the GST-fused proteins. The supernatant-GSH beads mixture was 

then centrifuged (using an Allegra 64R; Beckman Coulter centrifuge) at 2,000 

rpm for 3 mins at 4oC and washed by dialysis buffer; this was repeated at least 3 

times. The supernatant-GSH beads mixture was then re-suspended in a sufficient 

volume of dialysis buffer and poured into a poly-prep chromatography column 

(Bio-Rad). The column was then washed several times with dialysis buffer to 

discard the non-specifically bound proteins to the GSH beads (the flow-through 
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was collected and kept to be analysed later. This was followed by protein 

displacement from binding to GSH beads using increasing concentrations of free 

reduced GSH (Sigma) in dialysis buffer (10, 20, 100mM at pH 7). The flow-

through using 10mM free glutathione was discarded to remove low affinity 

bound proteins. The eluates were then collected and tested for the presence of 

proteins by adding 5μl of eluate/60μl of Coomassie protein assay reagent 

(ThermoScientific)/ using a 96-well plate (blue colour was considered as an 

indicator for the presence of the proteins). The successful protein eluates were 

then dialysed using 12–14 molecular weight cut off visking dialysis tubing 

(Medicellmembranes) in a   2L dialysis buffer at 4oC with continuous stirring for 

16-18 hours. A further dialysis step was performed using a new 2L dialysis 

buffer for 4 hours under the same conditions. The purified protein was then 

collected from the dialysis tube and quantified using the NanoDrop 2000 

spectrophotometer as described in section 2.2.7. In addition, the protein was then 

analysed as described in section 2.2.4.1.  

 

2.2.4 Electrophoresis 

2.2.4.1 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE) 

To separate medium- to large- molecular weight proteins (greater than 20KDa), 

10% (v/v) SDS-PAGE gel was prepared using the components outlined below 

(Table 2.6); ammonium persulfate (APS) (Fisher Scientific)  was freshly 

prepared at the time of use.   
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Separating Gel (10ml) 

ddH2O 4.8ml 

40% acrylamide   2.5ml 

1.5M Tris-HCl pH 8.8 2.5ml 

10% APS   100μl 

10% SDS   100μl 

N,N,N,N’-tetramethyethylene-

diamine (TEMED) 

4μl 

Stacking Gel (5ml) 

ddH2O 3.65ml 

40% acrylamide 625μl 

1M Tris-HCl pH 6.8 625μl 

10% APS   50μl 

10% SDS   50μl 

TEMED 5μl 

Table 2.6. Components of 10% (v/v) SDS-PAGE gel. 

Gels were casted using the Mini-PROTEAN Tetra Cell (BioRad) system (1.5mm 

spacer plates were used) and placed in the Mini-PROTEAN Tetra Cell tank 

(BioRad) using SDS-PAGE running buffer (25mM Tris-HCl, 192mM glycine, 

0.1% (w/v) SDS). Protein samples were prepared by mixing with protein loading 

buffer (5x buffer: 0.3M Tris-HCl pH 6.8, 10% (w/v) SDS, 40% (v/v) glycerol, 

0.02% (w/v) bromophenol blue and 10% (v/v) BME) by multiple pipetting of 

the mixture, then boiled at 100ºC for 5-10 mins, mixed and centrifuged for 1 min 

at 10,000 g. Protein samples were then loaded into 10% (v/v) SDS-PAGE gel 

and electrophoresed at 40mA per gel until complete separation of the molecular 

weight standards (the lowest band in the marker reached the bottom edge of the 

gel). 5μl of BLUeye Prestained Protein Ladder (Geneflow; # 94964) was used 

as a molecular weight standard and run alongside protein samples. This was 

followed by either transferring into polyvinylidene difluoride (PVDF) 

membrane for western blot analysis (as described in section 2.2.5) or staining 

with Instant Blue Protein Stain (Expedeon). The staining involved washing the 

gel gently with water then incubation using Instant Blue Protein Stain at room 

temperature by placing the gel in a tray with continuous agitation for 1-2 hours, 

this was followed by incubation in water for 2-16 hours, followed by 2-3 washes 

with water to be visualised later as described in section 2.2.6.  
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2.2.4.2 Protein SDS-PAGE pre-cast-gel 

To achieve better separation of low-molecular weight proteins (less than 

20KDa), the Invitrogen NuPAGE 4-12% Bis-Tris pre-cast gel system was used. 

Almost the same steps for loading protein samples using the 10% SDS-PAGE 

gel was followed. In this system, the comb and tape of the gel were removed 

carefully, the wells of the gel were then washed with water and well spacers were 

re-aligned using a gel-loader-tip. The Invitrogen LDS-NuPAGE (4x stock to 

make 1x final concentration) loading buffer was used for loading samples (0.5M 

DTT; 10x stock was made to 1x in loading buffer at time of preparation; used as 

a reducing agent). The following running buffer was used:  20ml running buffer 

(Invitrogen Tris-MES-SDS) was combined with 20ml running-buffer-diluent 

(5g SDS and 1.5g EDTA in 0.5L water) in a final volume of 800ml with ddH2O. 

5μl of Novex Sharp Pre-Stained protein marker (ThermoFisherScientific) was 

used as a molecular weight standards. Protein samples were then electrophoresed 

at 200V for 60-75 mins (until complete separation of the protein). This was 

followed by either transferring into PVDF membrane for western blot analysis 

(as described in section 2.2.5) or staining with Coomassie blue. To stain protein 

gels with Coomassie blue, the gel was rinsed with water in a clean tray for 2-3 

times and placed in a clean tray. 20-50ml Blue-Silver stain (Candiano et al., 

2004) was then added and agitated at room temperature for between 1 to 16 

hours. The Blue-Silver stain was prepared as follows: Reagent (A) was prepared 

by adding 118mL (85%) phosphoric acid to 500ml water with continuous 

mixing, followed by adding 100g ammonium sulphate and made up to 800ml 

with water. Reagent (B) was prepared by dissolving 1.2g Coomassie Blue G-250 

(BIO-RAD) in 200ml methanol. To prepare 1x Blue-Silver stain, 4 parts of 

reagent (A) were added to 1 part of reagent (B) immediately before use. The gel 

was then rinsed 2-3 times with water, placed in a clean tray with water and 

agitated at room temperature for between 1 to 16 hours to be visualised later as 

described in section 2.2.6. Note that all the reagents used for Protein SDS-PAGE 

pre-cast-gel system were prepared by and obtained generously from Dr David 

Tooth with the required technical support.  
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2.2.5 Western blot analysis 

To transfer medium- to large- molecular weight proteins (greater than 20KDa), 

immobilon-P PVDF transfer membrane (0.45μm) was used; whereas for low-

molecular weight proteins (less than 20KDa), MACHEREY-NAGEL-Porablot 

PVDF (0.2μm) was used to avoid the over-transfer of the transferred proteins. 

The PVDF membrane was pre-soaked in 100% methanol for 15-30 seconds, then 

incubated in transfer buffer (25mM Tris-HCl, 192mM glycine, 20% methanol) 

for 2-5 mins at room temperature. The gel was then placed in the transfer 

sandwich using the following order: (two pieces of 7 x 9 cm 3mm filter paper, 

PVDF transfer membrane, the gel and two pieces of filter paper) and immersed 

in transfer buffer (air bubbles were avoided as much as possible by rolling and 

socking with transfer buffer). The transfer sandwich was placed in the Geneflow 

cassette (Geneflow wet transfer system). The cassette was then placed in a tank 

filled with ice cold transfer buffer. The PVDF membrane was faced to the 

cathode and transferred at 4ºC using either 150V for 3 hours, or 30V for 18 

hours. The same steps were followed for transfer of low-molecular weight 

proteins except of using of Novex wet transfer system instead and proteins were 

transferred at 25V for 90 mins.  

After transfer completion, the membrane was then blocked with 1x PBS, 0.1% 

Tween-20 and 5% skimmed milk for 1 hour at room temperature to block the 

non-specific binding to the primary antibody. This was followed by incubation 

with primary antibody using1x PBS and 0.1% Tween-20 for 16 hours at 4ºC. 

The membrane was then washed 3x with 1x PBS and 0.1% Tween-20 as follows: 

the membrane was placed in a clean tray filled with 1x PBS and 0.1% Tween-

20 and agitated for 10 mins, followed by rinsing and the process was repeated 3 

times. Subsequently, the membrane was incubated with the appropriate 

secondary antibody in 1x PBS and 0.1% Tween-20 for 1 hour at room 

temperature. The washing steps for the primary antibody were repeated except 

of using 5 mins instead. Details of antibody used are described below in Table 

2.7. 
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Primary Antibody  Source   Dilution  

 

Catalogue 

no.  

Goat anti-m.Cherry Sicgen  1:1,000 AB0040-200 

Mouse anti-poly-histidine  Sigma-Aldrich 1:1,000 H1029 

Goat anti-GFP Sicgen  1:1,000

  

A0020-200 

Secondary Antibody 

 

Source Dilution Catalogue 

no. 

Donkey anti-Goat IR800 Licor 1:30,000 P/N 926-

32214 

Donkey anti-Mouse IR680 Licor 1:10,000 P/N 926-

68072 

Table 2.7. A list of the antibodies used in this study. 

2.2.6 Imaging 

The Licor Odyssey instrument was used to visualise SDS-PAGE gels and PVDF 

membranes. The PVDF membrane or gels were placed facing the glass scanning 

area of the instrument; air bubbles were avoided as much as possible by wetting 

the glass surface with 1x PBS. Image Studio Ver 3.1 software was used to 

acquire images by applying the following settings: resolution; 84μm, quality; 

high, offset; 0.5mm, intensity; 5. 

2.2.7 Determination of protein concentrations 

Protein concentrations were measured using the ThermoScientific NanoDrop 

2000 spectrophotometer. The same steps for DNA quantification described in 

section 2.1.1.6 were followed for protein quantification. The absorbance 

measurements for the purified proteins were performed at 280nm using the 

molecular weight and extinction coefficient of the quantified proteins which 

were measured using the expasy online tool for protein molecular weight 

determination (http://web.expasy.org/protparam/). The concentration of the 

purified protein was then measured by quantifying the band of interest from 

SDS-PAGE gel using ImageJ software. This was performed by measuring the 

intensity of the whole well, the background and the band of interest; then the 

percentage of the band of interest from the total signal of the well was calculated 

accordingly. The concentration of the purified protein was then calculated by 

multiplying the percentage of the band of interest by the already measured 

protein concentration using the NanoDrop 2000 spectrophotometer.   

http://web.expasy.org/protparam/
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2.2.8 Mass spectrometry analysis 

Proteomic analysis using mass spectrometry was performed by Dr David Tooth 

(Centre for Biomolecular Sciences, University of Nottingham). This involved 

separation of the purified protein using 10% SDS-PAGE gel, the bands of 

interest were then excised and proteomic analysis was performed. In this method 

of analysis, the protein was digested using trypsin (trypsin catalyses protein 

degradation at the carboxylic side of lysine or arginine, unless followed by 

proline), the resulted smaller peptides were then analysed by mass spectrometer 

to identify the amino acid residues of these peptides. The identified amino acid 

residues were then compared with protein databases to determine amino acid 

sequence homology.  

2.3 Protein-protein interaction assays 

2.3.1 Fluorescent GST-pull down protein-protein interaction assay 

experiments  

The fluorescent GST-pull down assay had been used to measure the binding 

affinity of m.Cherry-hRab27b recombinant protein (fluorescent protein) to GST-

mSlp1-(1-201) and GST-mSlp2-(3-80) recombinant proteins. Furthermore, this 

assay can be used to determine the inhibitory activity of the proposed blockers 

for these interactions (Rab27-effector protein interactions) in the future. In this 

assay, the fluorescence of m.Cherry-hRab27b protein was considered as a read-

out for the bound fraction of Rab27b. The procedure of the fluorescent GST-pull 

down assay was as follows:  

The glutathione magnetic beads (GE Healthcare Life Sciences) were poured into 

sterile Eppendorf tubes (1,000-1,500μl/tube) and washed several times (2-3 

times) with 1x dilution buffer (50mM Tris-HCl pH 7.5, 150mM sodium chloride, 

1mM DTT and 1 % bovine serum albumin; BSA) using a special magnet 

(ThermoFisherScientific; #12321D) (Figure 2.1) to collect the glutathione 

magnetic beads at the bottom and sides of the Eppendorf tube.  The reaction 

mixture consisted of: m.Cherry-hRab27b, 0.5μM GST-mSlp1-(1-201) or GST-

mSlp2-(3-80) , 3mM GTP (GE Healthcare Life Sciences), 10% glutathione 

magnetic beads and 5x dilution buffer (diluted to 1x) in a total volume of 200μl. 

In addition, another set of reactions contained the same components except of 
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using 0.5μM GST instead of GST-mSlp1-(1-201) or GST-mSlp2-(3-80) to 

normalise the data and served as a negative control for reactions. The reaction 

mixture was then incubated at room temperature for 2 hours using a 96-well 

microplate (ThermoFisherScientific; # 611F96; clear, flat bottom) with gentle 

agitation (100 rpm). This step was followed by transferring the supernatant 

(100μl) using a special magnetic stand (ThermoFisherScientific; # 12027) 

(Figure 2.2) into a new 96-well microplate. The fluorescence of the supernatant 

was considered as read-out for the unbound fraction and used indirectly to 

calculate the bound fraction as described below. The fluorescence of the 96 well 

microplate was then measured using the CLARIOstar (BMG Labtech) 

microplate reader (mostly) by exciting m.Cherry-hRab27b at 562.5-577.5nm 

and the emission was measured at 610-630nm. In addition, the PHERAstar 

(BMG Labtech) microplate reader was used to measure the fluorescence of the 

96 well microplate by exciting m.Cherry-hRab27b at 570nm and the emission 

was measured at 610nm. Note that by using the CLARIOstar microplate reader, 

the range of the excitation and emission wave length can be increased, whereas 

only constant excitation and emission wave length can be used with the 

PHERAstar microplate reader. 

The corrected fluorescence was measured in arbitrary units (a.u.) by subtracting 

the fluorescence of the supernatant of either the GST-mSlp1-(1-201) or GST-

mSlp2-(3-80) included reactions from the average of the fluorescence of the 

supernatant of the GST included reactions for each specific m.Cherry-hRab27b 

concentration; i.e. the corrected fluorescence was considered as an indirect read-

out of the m.Cherry-Rab27b  bound fraction and GST was used to normalise the 

data and served as a negative control; for further details see the following 

equation: 

Corrected fluorescence = (fluorescence of m.Cherry-hRab27b-GST reaction 

mixture – (fluorescence of m.Cherry-hRab27b-GST-effector reaction mixture)                                                                                                   

(2.1) 

Accordingly, the EC50 values of m.Cherry-hRab27b for binding GST-mSlp1-

(1-201) and GST-mSlp2-(3-80) were determined.  
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In the competition-binding experiments, unlabelled rRab27a and hRab27b were 

used as typical competitive inhibitors (hRab5a was used as a negative control) 

and tested in terms of disrupting the interaction between a constant concentration 

of m.Cherry-hRab27b (double the EC50 values were used to saturate the binding 

of hRab27b with either mSlp1 or mSlp2) and 0.5μM GST-mSlp1-(1-201) or 

GST-mSlp2-(3-80). This was performed in order to investigate the specificity of 

the fluorescent GST-pull down assay in terms of testing the inhibitory effects of 

candidate inhibitors of Rab27-effector protein interactions in the future.  

Note that the dimensions of the 96-microplate were requested from the supplier 

and customised accordingly using the attached software of the microplate reader. 

The following settings were used: 40 flashes per well and the gain was set to 

40%. The control software was used to interface with the CLARIOstar or the 

PHERAstar microplate readers and the MARS Data Analysis Software was used 

to acquire the data. 

 

Figure 2.1. Magnet used to collect glutathione magnetic beads using 

Eppendorf tubes.  
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Figure 2.2. Magnet used to collect glutathione magnetic beads using a 96-

well microplate.  

 

2.3.2 FRET-based protein-protein interaction assay experiments   

Another in vitro protein-protein interaction assay utilising the FRET principle 

was used to determine the binding affinity of different Rab27-effector proteins 

(mSlp1 and mSlp2) to hRab27a/b, therefore it can be used to test and determine 

the inhibitory effects of the candidate inhibitors of these interactions in the 

future. GFP-mSlp1-(1-116) and GFP-mSlp2-(3-80) recombinant proteins were 

used as donor fluorophores, whereas m.Cherry-hRab27a/b recombinant proteins 

were used as acceptor fluorophores.  

This assay involved incubating the reaction mixture (the donor and the acceptor 

fluorophores) in a total reaction volume of 100μl at room temperature for 2 hours 

using a 96-well microplate (ThermoFisherScientific # 611F96; clear, flat 

bottom, the dimensions of this plate were customised accordingly using the 

attached software). The same dilution buffer used in the fluorescent GST-pull 

down assay (section 2.3.1) and 3mM GTP were used in these reactions. In 

addition, another set of reactions containing the donor and acceptor fluorophores 

as individual components were incubated using the same conditions and the 

FRET was calculated as described below. In order to quench the effect of GTP 

and BSA fluorescence on the FRET signals, another set of reactions was 
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incubated using the same reaction conditions without using any fluorophore (as 

described below).    

 The fluorescence of the wells of the 96-well microplate was then measured 

using the following settings: 40 flashes per well and the gain was set to 40%, 

samples were excited at 470-490nm (excitation wave length of the donor 

fluorophore; GFP-Rab27 effector protein) and the emission of light was 

measured at 600-610nm (the emission wave length of the acceptor fluorophore; 

m.Cherry-hRab27a/b). The control software was used to interface with the 

CLARIOstar microplate reader and the MARS Data Analysis Software was used 

to acquire the data.  

The corrected fluorescence was measured by subtracting the average of the 

fluorescence of the individual components of the mixture (GFP and m.Cherry 

recombinant proteins) from the fluorescence of the total mixture. Note that the 

corrected fluorescence was considered as an indirect read-out of the net FRET. 

In addition, the fluorescence of the whole 96-well plate was normalised against 

the fluorescence of BSA and GTP by subtracting the fluorescence of the buffer 

and GTP mixture from each well; for further details see the following equation: 

Corrected fluorescence = [fluorescence of m.Cherry-hRab27b-GFP-effector 

reaction mixture] – [(fluorescence of m.Cherry-hRab27b) + (fluorescence of 

GFP-effector)]                                                                                                  (2.2) 

Accordingly, the EC50 values of GFP-mSlp1-(1-116) and GFP-mSlp2-(3-80) 

for binding m.Cherry-hRab27a/b were determined and double that 

concentrations were used in the competition-binding experiments (to saturate the 

binding with m.Cherry-hRab27). Unlabelled rRab27a and hRab27b were used 

as typical competitive inhibitors (hRab5a was used as a negative control) to 

disrupt the binding between m.Cherry-hRab27b and either GFP-mSlp1-(1-116) 

or GFP-mSlp2-(3-80); i.e. fixed concentrations of both the donor and acceptor 

fluorophores were used in these competition experiments. This was performed 

to investigate the specificity and fidelity of this assy. The same reaction 

conditions of competition experiments were used to test and determine the 

inhibitory effects of different small molecule and peptide inhibitors of Rab27-

effector protein interactions.   
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2.4 Tissue culture and microscopy techniques 

2.4.1 Maintenance of growth of mammalian cell lines 

2.4.1.1 Melan-a melanocytes 

 Murine melan-a melanocytes (Bennett et al., 1987) were maintained at 37ºC 

with 10% (v/v) CO2 using Roswell park memorial institute (RPMI) 1640 (+L-

Glutamine) medium (Sigma), supplemented with 10% (v/v) foetal bovine serum 

(FBS) (Gibco), 100 units penicillin/ml (Sigma), 172μM streptomycin (Sigma) 

and 200nM Phorbol-1,2-myristate 1,3-acetate  (PMA). 

Melan-a melanocytes were grown until become 80-90% confluent, at this stage, 

the cells were passaged by detaching them using 0.05% trypsin and 0.02% 

EDTA (Sigma) in 1x PBS (Lonza) at 37ºC with 10% (v/v) CO2 for 2-5 mins. 

This was followed by gentle agitation of the flask, addition of complete RPMI-

1640 medium to quench trypsin and performing multiple pipetting steps to 

collect the cell suspension (details of volumes used mentioned in Table 2.8). The 

cell suspension was then transferred to a sterile 25ml Sterilin tube and 

centrifuged at 1300 g using a Heraeus Biofuge Primo centrifuge (Thermo 

Scientific) for 5 mins. The cell pellets were re-suspended using 5-10ml complete 

RPMI-1640 medium. This was followed by splitting the cells into either T25 

(Nunc) or T75 (Corning) filter cap flasks using 5ml or 10ml complete RPMI-

1640 medium, respectively.  

Flask/Plate 1x Trypsin/EDTA RPMI/ DMEM 

T-25 (Nunclon) 1.5ml 2ml 

T-75 (Corning) 4ml 5ml 

6-well (Nunclon) 1ml 1.5ml 

24-well (Nunclon) 0.5ml 1ml 

10cm dish (Corning) 4ml 5ml 

Table 2.8. Volumes used for passaging melan-a and HEK293A cells. 

2.4.1.2 HEK293A cells 

Human embryonic kidney (HEK) 293A cells were maintained at 37ºC with 10% 

(v/v) CO2 using Dulbecco’s modified Eagle’s medium (DMEM) (+L-

Glutamine) (Sigma), supplemented with 10% (v//v) FBS, 100 units penicillin/ml 

and 172μM streptomycin. HEK293A cells were passaged as described in section 

2.4.1.1.  
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2.4.1.3 Freezing and thawing cell stocks 

Melan-a melanocytes and HEK293A cells were (90-100% confluent cells) 

trypsinised, centrifuged and re-suspended in complete medium (as described in 

section 2.4.1.1) containing 7.5% dimethyl sulphoxide (DMSO). The cells were 

then then aliquoted into 1ml stocks using cryovials (Thermo Scientific), stored 

at -80ºC for 7-14 days using a cryogenic freezing container (Thermo Scientific) 

filled with isopropyl alcohol (to prevent the formation of ice crystals) and 

transferred into liquid nitrogen for long-term storage. 

To re-grow cell stocks, the cryogenically frozen cell stocks were thawed by 

placing them in a 37ºC water bath for 2-5 mins (until the cells mixture was 

completely defrosted). The cells mixture was then transferred to a 25ml Sterilin 

tube and 5ml complete medium was added. The cells mixture was then 

centrifuged and the pellet re-suspended in complete medium as described in 

section 2.4.1.1. This was followed by transferring the cells mixture to a T25 filter 

cap flask and incubating them at 37ºC in 10% CO2 for 24 hours. The cells were 

then washed in 1x PBS to remove any dead cells and the cells were grown again 

using fresh complete medium until becoming 80-90% confluent. After which 

time the cells were ready to be transfected by either plasmids or viruses.    

2.4.2 Generating adenoviruses and transfection of HEK 293A cells using 

adenoviral vectors 

Plasmid DNA (5μg pAd/PL-DEST vector containing gene of interest) was 

digested using PacI enzyme as described in section 2.1.1.3 [to expose the left 

and right viral inverted terminal repeats (ITRs) and remove bacterial sequences 

such as pUC origin and ampicillin resistance gene] and heat inactivated as 

instructed by the manufacturer. HEK293A cells were trypsinized, counted and 

plated at 5×105 cells per well using a 6-well plate (Corning) in 2ml of complete 

DMEM medium containing the appropriate concentrations of ampicillin and 

streptomycin (as described in sections 2.4.1.1 and 2.4.1.2) and left to grow 

overnight. To perform transfection, OptiMEM (Gibco) medium was used to 

dilute Fugene 6 (Promega) transfection agent using an Eppendorf tube in the 

proportion of 4.5μl transfection agent/900μl OptiMEM medium without serum, 

the mixture was inverted for at least 3 times to ensure homogeneity and 

incubated at room temperature for 5 mins. This was followed by addition of the 
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digested plasmid DNA, mixing, inverting the mixture and incubation at room 

temperature for 15 mins (to allow the formation of the DNA-transfection agent 

complex). The DMEM medium was then removed from cells by aspiration and 

replaced with the DNA-transfection agent mixture. This was followed by 

incubation of cells at 37ºC with 10% CO2 for between 3 and 16 hours. 

Subsequently, the DNA-transfection agent mixture was removed and replaced 

with the original growth medium; i.e. DMEM medium containing ampicillin and 

streptomycin. To ensure complete expression of plasmid DNA, cells were 

further grown for between 24 and 72 hours. To check the success of the 

transfection process, the transfected HEK293A cells were then examined using 

a Zeiss AxioVert S100 inverted fluorescence microscope as described in section 

2.4.4; this was performed to ensure that the cells were expressing the indicated 

fluorescent tag using the appropriate fluorescent channel (GFP or m.Cherry 

channel). At this point, the cells were mechanically detached from the plastic by 

multiple pipetting of the medium over them and the cell-medium mixture was 

transferred to a 10cm sterile dish and made up to10ml with complete DMEM. 

The cells were grown as described in section 2.4.1.2 and the medium was 

changed every 2-3 days until plaques formed (after about 10 days). The death of 

cells was tested visually and microscopically (the cells rounded up and detached 

from plastic); this was a strong indicator of adenovirus formation and complete 

infection of HEK293A cells caused by viruses. Subsequently, the cells were 

mechanically detached as described in section 2.4.1.1 and the cell-medium 

mixture was transferred to a 15ml Falcon tube. To prepare a crude viral stock, 

the cell-medium mixture was subjected to several freezing/thawing cycles to lyse 

the cells and release of adenoviral particles. Briefly, this involved freezing the 

mixture at -80ºC for 30 mins, followed by incubation at 37ºC (in water bath) for 

15 mins; these freezing/thawing cycles were repeated twice. Finally, to pellet 

cell debris, the cell lysates were centrifuged at 3,000 rpm for 15 mins at room 

temperature using an Eppendorf 5804 swinging-bucket centrifuge. The 

supernatant was then harvested under sterile conditions and transferred into 

Eppendorf tubes and stored at -80ºC. 

In order to generate a highest adenoviral titer, amplification of the crude viral 

stock was performed. To accomplish this, 100-1,000μl of the crude adenoviral 
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stock was then used to infect an 80% confluent HEK293A cells (3×106 cells) 

using a 10cm sterile dish and 10ml DMEM medium (grown and maintained as 

described in section 2.4.1.2). Typically, amplification of the original adenoviral 

stock was detected 2-3 days post- infection and this was confirmed by visual and 

microscopical detection as described before. The same steps (described before) 

for lysis of the cells and release of adenoviral particles were repeated. The 

amplified adenoviral stocks were then titrated by infecting HEK293A cells using 

different adenoviral concentrations until obtaining 90% protein expression 

which was detected by visualising HEK293A cells using a Zeiss AxioVert S100 

inverted fluorescence microscope as described in section 2.4.4. GFP and 

m.Cherry protein expression was considered as a read-out for recombinant 

protein expression. The amplified adenoviral stocks were then used to infect 

melan-a melanocytes as described in section 2.4.3. Note that GFP and GFP-

mSlac2-a-(1-266) adenoviruses were kind gifts from Dr Alistair Hume.    

2.4.3 Infection of melan-a melanocytes using adenoviruses  

Melan-a melanocytes were plated 12-24 hours prior to infection with 

adenoviruses using 24-well (Nunc) at 3×104cells/well as described in section 

2.4.1.1. After which time, the cells were tested microscopically to ensure that > 

95% of melan-a cells had dispersed melanosome distribution, different 

concentrations of the amplified adenoviral stock were used to infect melan-a 

cells and the optimum concentration of the virus was titrated accordingly to 

ensure that 80-90% of melan-a cells were infected. The cells were then visualised 

24-72 hours post-infection using a Zeiss AxioVert S100 inverted fluorescence 

microscope as described in section 2.4.4. 

 

2.4.4 Live-cell Microscopy  

The cells were seeded using the appropriate plate where indicated and visualised 

using a Zeiss AxioVert S100 inverted fluorescence microscope. AxioVision rel 

4.8 software was used to acquire cell images. The fluorescent protein was 

coloured white; the brightfield and the fluorescent protein images were overlaid 

using ImageJ software.   
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2.4.5 The cellular melanosome clustering assay  

Cell images were taken as described in section 2.4.4, the cells were manually 

scored as either clustered or dispersed based on melanosome distribution (Figure 

2.3) and counted using ImageJ software. The images of the infected cells (4 

images/experiment) had been chosen randomly from three independent 

experiments. Cells with more than 50% clustered melanosomes around the 

nucleus were considered as clustered; for further details see (Hume et al., 2001). 

The percentage of the clustered cells per image was then calculated and data 

were presented as mean ± standard error of the mean (SEM). 

 

Figure 2.3. A schematic representation of the dispersed and clustered 

melanocyte phenotypes. Infection of wild-type melanocyte using GFP-effector 

protein encoding adenovirus causes perinuclear clustering of melanosomes, this 

is caused by competing with Slac2-a for Rab27a binding, resulting in blocking 

the trafficking of melanosomes in the cytosol. 

 

 

   

2.5 Molecular dynamics simulation of Rab27-Slp2-a effector protein 

interaction 

Molecular dynamics simulation (MDS) of Rab27a-Slp2-a effector protein 

interaction studies were performed by Mohammed Tumbi under supervision of 

Dr Charles Laughton (The University of Nottingham, Centre for Biomolecular 

Sciences). Briefly, the identified crystal structure of the Rab27a-Slp2-a complex 

interface: Protein Data Bank (PDB) accession code; 3BC1) (Chavas et al., 2008) 

was used to perform MDS of the Rab27a-Slp2-a complex interaction. As the 

Slp2-a-(5-56) binding interface was identified, MDS and energy contribution of 

these residues were calculated as described below. 
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The crystal structure of the Rab27a-Slp2-a complex was processed using the 

ambpdb utility of the Amber14 Molecular Dynamics Package. The generated 

PDB files were then opened with Xleap programme of Amber14 using ff14SB 

force field. To neutralise the simulation systems and made them isotonic, 

appropriate number of counter ions was added. These systems were then 

solvated using a   TIP3P water box ensuring that at least 10 Å of the solvent 

exists around every atom of the protein. Under these conditions, the parameter 

topology and input coordinates files were generated. The MDS was performed 

using the PMEMD.cuda_SPFP program in AMBER14 package. The 

temperature of the systems was controlled using Langevin dynamics; a time step 

of 2fs was used to heat the systems gradually during the first 50 ps. The solute 

atoms were subjected to a position restraint; the position restraint was gradually 

reduced (from 10 to 0 kcal/mol-Å2) at equilibration. The Shake algorithm was 

then used to constrain the bond lengths. For the non-bonded interactions, a 9 Å 

cutoff was chosen to be used. Finally, the systems were processed using 20ns 

MDS (with different initial velocities).  

MMPBSA.py script (Miller et al., 2012) in the AmberTools14 package was used 

to perform the MMGBSA calculations and per residue decomposition analysis. 

In addition, the custom Python scripts were used to analyse each MDS replicate.  

To visualise and perform structural and energetic analyses of the trajectories, 

PyMOL software (Delano, 2002), VMD (Visual Molecular Dynamics) software 

(Humphrey et al., 1996) and ptraj utility of Amber14 software were used. For 

further details of the methods used for performing MDS, see (Garton and 

Laughton, 2013). 

In order to accomplish MDS for larger Slp2 fragment, homology modelling was 

performed using the identified crystal structure of the Rab27b-Slac2-a complex 

interface (PDB accession code; 2ZET) (Kukimoto-Niino et al., 2008). Therefore, 

based on sequence alignment between Slac2-a and Slp2-a, the corresponding 

Slp2-a residues were deposited into the crystal structure of the Rab27b-Slac2-a 

complex interface. These substituted residues were then added to the previously 

identified Rab27a-Slp2-a complex interface (to the crystal structure) to generate 

the crystal structure of the extra Slp2-a residues. Molecular dynamics simulation 
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for the Rab27a-Slp2-a-(10-78) interaction was then performed as described 

before.       

2.6 Small molecule inhibitors 

Two candidate small molecule inhibitors of Rab27-effector protein interaction 

were tested in this study (hesperidin and BMD-20). Hesperidin (M.W 610.54 

g/mol) was bought from ACROS Organics (≠123460050) and BMD-20 (M.W 

314 g/mol) was synthesised and analysed chemically by Dr Michael Stocks (The 

University of Nottingham, Centre for Biomolecular Sciences) (Figure 2.4). To 

use them, stock solutions of 1,000μM were prepared by dissolving them in 

DMSO (sigma) and stored at 4ºC (maximum one week; as hesperidin is 

hygroscopic) to be used later. 

 

 
 

Figure 2.4. BMD-20 chemical structure. BMD-20 exists as 2 isomers in a 1:1 

ratio; chemical formula: C17H18N2O4; molecular weight: 314.34; the HPLC 

purity was >98% pure and mass spectrum was m/z 315.1 (M+H)+. 

 

  

2.7 Sequence alignments 

 CLC Sequence Viewer 7.7.1 was used to generate protein amino acid sequence 

alignments. In addition, the blastx tool in the NCBI site 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastx&PAGE_TYPE=B

lastSearch&LINK_LOC=blasthome) was used to translate nucleotide sequences 

into the corresponding protein amino acid sequences to be compared with protein 

databases.  

2.8 Statistical analysis 

Statistical data analysis was performed using Microsoft excel-2013 and 

GraphPad Prism-7. Unpaired t-test and both one and two-way analysis of 
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variance (ANOVA) were used to test significant differences where indicated. 

The non-linear regression was used to generate dose-response sigmoid curves 

and pEC50 (-logEC50) values were calculated accordingly. pIC50 (-log IC50) 

values were calculated by setting the bottom and top constraints to constant 

values of 0.0 and 100.0, respectively unless otherwise indicated; this was 

performed to accurately compare the pIC50 values. Statistical differences were 

determined as follows: nsP>0.05 was considered as non-significant, *P ≤ 0.05, 

**P ≤ 0.01, ***P ≤ 0.001 and ****P ≤ 0.0001.    
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Chapter 3 

Development of the fluorescent GST-pull down assay as 

an in vitro measure of the binding affinity of Rab27 to its 

effectors 
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3.1 Introduction 

The current literature suggests that Rab27a/b proteins control cancer cell 

invasion and proliferation in different tumours (Hannafon et al., 2015; Harris et 

al., 2015; Huang and Feng, 2016; Miller and Grunewald, 2015; Ostenfeld et al., 

2014) (as described in section 1.6). Rab27a/b small GTPases play an essential 

role in the regulation of exocytosis of various secretory vesicles or granules in 

the cell by interacting with their cognate effectors, preferentially in their GTP-

bound state, thereby exerting their specific functions (Hume et al., 2002; Izumi 

et al., 2003; Ostermeier and Brunger, 1999; Stenmark, 2009).  Accordingly, the 

interaction of Rab27a/b with their effectors might play a considerable role in 

cancer cell progression and metastasis and by inhibition of those interactions, 

the subsequent signalling pathways that might regulate cancer cell invasion and 

proliferation can be blocked. For these reasons, the focus of this project was to 

identify candidate inhibitors of Rab27-effector interactions in order to block the 

cancer regulating intracellular signalling pathways. 

Although, a lot of research and efforts have been performed in this area, the 

identification of Rab27 inhibitors is still an early and promising approach for the 

treatment of cancer. Therefore, there is a necessity to develop and design in vitro 

and cellular assays to determine the Rab27-effector interactions which can be 

used further for testing the effects of the candidate inhibitors of these 

interactions. For instance, one of the early approaches to test the effects of the 

candidate Rab27 inhibitors was based on the use of the already established 

cellular melanosome clustering assay (Joung et al., 2014) (see section 6.3.4). In 

another study, the identification of Rab27-effector interaction inhibitors was 

based on developing a time resolved FRET assay (Johnson et al., 2016). 

Furthermore, the early studies to determine the binding of different Rab27 

effectors were based on using the co-immunoprecipitation assays and simple 

GST-pull down techniques (Fukuda, 2006). The problem with these techniques 

is that the accuracy depends on the specificity of the used antibodies and some 

of the bound proteins are lost during multiple experimental steps. In addition, 

these techniques require performing SDS-PAGE electrophoresis and western 

blot analysis of protein complexes. Therefore, these techniques might be 

considered as effective qualitative rather than accurate quantitative measures of 
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the protein-protein interactions. This provokes the identification and 

development of an assay that can be used in determining Rab27-effector 

interactions, both quantitatively and qualitatively, which can be utilised further 

in testing the effects of the candidate inhibitors of those interactions.   

As mentioned previously, there are 11 Rab27 effectors in human and mouse 

(Fukuda, 2005; Fukuda, 2013).  Two of Rab27 effectors (Slp1 and Slp2) were 

chosen to be produced and tested in terms of binding to Rab27 as the 3D structure 

of the interface of interaction between Slp2 and Rab27a has been identified 

(Chavas et al., 2008) and both Slp1/Slp2-a effectors are structurally related 

(Fukuda and Mikoshiba, 2001).  

To this end, a fluorescent GST-pull down assay was established and developed 

to be used as an in vitro measure of the Rab27-effector interactions (by 

determining the EC50 of binding). In addition, it can be used for testing the 

effects of the candidate inhibitors of these interactions (by measuring the IC50 

of the candidate inhibitors).  

The early attempts to produce a red fluorescent protein was performed in 1999 

using the drFP583 protein (also called DsRED) from Discosoma, giving orange-

red fluorescence (Matz et al., 1999). Then more mature variants of the DsRED 

with less green emission and brighter red fluorescence were produced; such as 

DsRed.T1, DsRed.T3 and DsRed.T4 (Bevis and Glick, 2002). Furthermore, a 

monomeric red fluorescent protein 1 (mRFP1) was generated using the DsRed 

protein; mRFP1 maturation is faster than DsRed, but the photo-stability is lower 

(Campbell et al., 2002). These continuous efforts based on performing 

mutagenesis and substitutions on mRFP1 succeeded in producing a monomeric 

fluorescent protein named m.Cherry; m.Cherry has faster maturation than 

mRFP1 with ten folds phot-stability higher than mRFP1 (Shaner et al., 2004). 

Therefore, hRab27b was produced as m.Cherry recombinant protein and used as 

a fluorescent protein in the fluorescent GST-pull down assay experiments. In 

addition, mSlp1 and mSlp2 were produced as GST-recombinant proteins. In 

these experiments, the binding affinity of hRab27b to mSlp1 and mSlp2 was 

determined as described in the subsequent sections (for further details of the 
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advantages of the fluorescent GST-pull down assay over the co-

immunoprecipitation assays see Figure 3.1). 

 

 

Figure 3.1. Comparison of the fluorescent GST-pull down and co-

immunoprecipitation assays. A) A schematic representation of the 

fluorescent GST-pull down assay. Upon binding of Rab27 and its effector 

protein, a complex will be formed consisting of GST-effector-m.Cherry-

Rab27. Glutathione magnetic beads then bind to this complex by interacting 

with GST, leading to pull-down of the bound fraction of m.Cherry-Rab27 

(using a magnet). By measuring the fluorescence of the supernatant, the bound 

fraction can be calculated indirectly. B) A schematic representation of the co-

immunoprecipitation assay. Upon interaction of the binding partners (A and 

B proteins), a complex will be formed. Anti-A antibody conjugated beads are 

then added to the reaction mixture and by centrifugation, the A-B proteins 

complex can be pulled down. Multiple washing steps of the beads are then 

performed to remove the unbound fraction of protein B. This is followed by 

SDS-PAGE gel electrophoresis and immunoblotting (using anti-B antibodies) 

to quantify the A-B proteins complex.  
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3.2 Aims 

The premier aims of these experiments were to establish an in vitro assay for 

determining the Rab27-effector protein interactions which can be used further 

for testing the effects of the candidate inhibitors of these interactions in future 

studies. Accordingly, the conditions of the fluorescent GST-pull down 

experiments were optimised and the specificity of this assay was investigated.    
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3.3 Results     

3.3.1 Generation of 6x Histidine-m.Cherry-hRab27b recombinant proteins 

A preliminary study was performed by Dr Alistair Hume and Deborah Briggs to 

test Rab27a binding to Slp1 using m.Cherry-hRab27a recombinant protein (data 

not shown). Based on this, a fluorescent hRab27b protein was produced by 

fusing hRab27b to the C-terminus of m.Cherry to be used later for determining 

the binding affinity of hRab27b to mSlp1 and mSlp2 effector proteins using the 

fluorescent GST-pull down assay.  

In these in vitro binding affinity experiments, Rab27b was used in the majority 

of experiments and in the cellular melanosome clustering assay (see chapter 5 

and 6) the functional effects of different Rab27 effectors fragments and 

candidate inhibitors on Rab27a-Slac2-a interaction-dependent melanosome 

transport were tested. Therefore, the effects of the candidate inhibitors against 

Rab27a-dependent functions and Rab27b-effector interactions can be tested so 

that high-affinity and robust inhibitors for these interactions can be identified.   

To produce 6x Histidine-m.Cherry-hRab27b recombinant protein, the 

concentration of IPTG to induce protein expression in Rosetta E. coli competent 

cells was optimised. Therefore, a small scale protein production was induced 

with different IPTG concentrations (0.5, 2.0 and 10.0 mM) using the pETDuet-

1-m.Cherry-hRab27b-(1-218; T23N) vector (see section 2.1.3.1) for 3 hours at 

37ºC as described in section 2.2.2. Analysis of lysates from the uninduced and 

induced bacterial cell cultures using instant blue stained 10% SDS-PAGE gel 

demonstrated that abundant protein bands were produced at the expected 

molecular weight (55.3KDa) for the 6x Histidine-m.Cherry-hRab27b (1-218; 

T23N) recombinant protein in the IPTG induced bacterial cultures using all the 

tested concentrations, whereas this band was absent from the uninduced bacterial 

cell lysates (Figure 3.2), indicating that induction of protein production using 

0.5mM IPTG for 3 hours at 37ºC was successful and sufficient to produce 

abundant amount of protein. Accordingly, induction of protein production was 

performed using 0.5mM IPTG for 3 hours at 37ºC in the subsequent 

experiments. Notably, Rab27 protein co-localises with fusion vesicles, (Chen et 

al., 1997; Chen et al., 2003), this makes its subcellular distribution in the 
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cytoplasm mostly, thus the production and purification of this protein is easier 

than the plasma membrane associated proteins.  

 

Figure 3.2. Small scale induction of the 6x Histidine-m.Cherry-hRab27b (1-

218; T23N) recombinant protein production. Rosetta E. coli competent cells 

were transformed with the pETDuet-1-m.Cherry-hRab27b-(T23N) vector and 

small scale protein production was induced with different IPTG concentrations 

(0.0, 0.5, 2.0 and 10.0mM) for 3 hours at 37ºC. Bacterial cultures were pelleted 

and the cell lysate extracts were then analysed using instant blue stained 10% 

SDS-PAGE gel. Abundant protein bands (the arrow indicated bands) were 

produced at the expected molecular weight (55.208KDa) for the 6x Histidine-

m.Cherry-hRab27b-(1-218; T23N) recombinant protein in the IPTG induced 

bacterial cultures using all the tested IPTG concentrations (M; molecular weight 

standards). 

 

 

To produce 6x Histidine-m.Cherry-hRab27b (1-218; T23N) GDP-bound form 

(Menasche et al., 2003a), 6x Histidine-m.Cherry-hRab27b (1-218) and 6x 

Histidine-m.Cherry-hRab27b (1-218; Q78L) GTPase deficient form (Menasche 

et al., 2003a) recombinant proteins, the pETDuet-1-m.Cherry-hRab27b-(1-218; 

T23N), pETDuet-1-m.Cherry-hRab27b-(1-218) and pETDuet-1-m.Cherry-

hRab27b-(1-218; Q78L) vectors were transformed into Rosetta E. coli 
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competent cells and protein production was induced with 0.5mM IPTG as 

described in section 2.2.2, this was followed by performing protein purification 

using the IMAC system as described in section 2.2.3.1. The purified protein, 

uninduced and induced cell lysates and protein samples from various protein 

purification steps were then analysed using instant blue stained 10% SDS-PAGE 

gel (see Figure 3.3 as an example). An abundant protein band was detected at 

the expected molecular weight of 55.3KDa. 

 

 

Figure 3.3. Production and purification profile of the 6x Histidine-m.Cherry-

hRab27b-(1-218; T23N) recombinant protein. Rosetta E. coli competent cells 

were transformed with the pETDuet-1-m.Cherry-hRab27b-(1-218; T23N) 

vector and protein production was induced using 0.5mM IPTG for 3 hours at 

37ºC. An instant blue stained 10% SDS-PAGE gel showing the analysis of the 

protein production and purification steps: M; molecular weight standards, PP; 

purified protein, U, I; uninduced and induced E. coli cell extracts, BC; cell 

lysates before centrifugation, AC; supernatant after centrifugation, FT1, 2, 3; 1st, 

2nd and 3rd flow-through from nickel column after several washes with the 

dialysis buffer. An abundant protein band (the arrow indicated band) was 

detected at the predicted molecular weight for the 6x Histidine-m.Cherry-

hRab27b-(1-218; T23N) recombinant protein (55.3KDa). 
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To further assess the produced proteins, a western blot analysis using anti-

m.Cherry primary antibodies (Figure 3.4) was performed to determine whether 

the abundant protein bands detected previously using the SDS-PAGE gel 

electrophoresis were m.Cherry-tagged or not. This demonstrated that two 

abundant m.Cherry-tagged protein bands were produced, and the upper bands 

were detected at the predicted molecular weights for the transferred proteins 

(55.3KDa), indicating that protein induction was successful. 

 

 

Figure 3.4. Western blot analysis of different 6x Histidine-m.Cherry-hRab27b 

recombinant proteins. The 6x Histidine-m.Cherry-hRab27b- [(1-218), (1-218; 

T23N), (1-218; Q78L)] and 6x Histidine-m.Cherry-hRab27a-(1-221) (as a 

positive control; obtained generously from Dr Alistair Hume) recombinant 

proteins were loaded into 10% SDS-PAGE gel, transferred into PVDF 

membrane (0.45μm) and immunoblotted with anti-m.Cherry antibody. All the 

analysed proteins expressed two bands (m.Cherry fused proteins). However, 

abundant protein bands (the arrow indicated bands) were detected at the 

predicted molecular weights for the transferred proteins (55.3KDa) (M; 

molecular weight standards).  
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Therefore, a proteomic analysis (see section 2.2.8) using mass spectrometry was 

performed by analysing these two bands (the upper and lower bands for the 6x 

Histidine-m.Cherry-hRab27b-1-218). This was performed to determine whether 

the purified protein was N- or C- terminal truncated hRab27b protein. The 

proteomic analysis (Appendix: Figure 8.9) revealed that the lower band is a C-

terminal truncated hRab27b protein (1-200). Accordingly, in order to obtain a 

more homogenous preparation of protein, a C-terminal truncated 6x Histidine-

m.Cherry-hRab27b (1-200) recombinant protein was produced and purified as 

described in sections 2.2.2 and 2.2.3.1. Analysis of this protein using 10% SDS-

PAGE gel (data not shown) demonstrated that two abundant protein bands of 

different molecular weights were again produced and the C-terminal truncated 

protein production strategy was not efficient to produce a more homogenous 

preparation of protein, thus a full length hRab27b protein was used in the 

subsequent experiments. In addition, for this reason and to resemble the normal 

physiological conditions, the wild-type m.Cherry-hRab27b-(1-218) recombinant 

protein was only used in the subsequent binding affinity experiments of this 

study.  

3.3.2 Generation of 6x Histidine-Rab recombinant proteins  

In order to disrupt the interaction between hRab27b protein and their effectors, 

unlabelled Rab27a/b and Rab5 proteins were produced and purified. Those 

proteins were used later to assess the specificity of the developed binding assay 

(as described in the subsequent sections).   

3.3.2.1 Protein production and purification of 6x Histidine-Rab 

recombinant proteins 

To produce 6x Histidine-rRab27a, 6x Histidine-hRab27b and 6x Histidine-

hRab5 recombinant proteins, pET-14b-rRab27a, pET-15b-hRab27b,  and pET-

14b-hRab5a vectors were transformed into Rosetta E. coli  competent cells and 

protein production was induced with 0.5mM IPTG as described in section 2.2.2, 

followed by performing protein purification steps using the IMAC system as 

described in section 2.2.3.1. 

Analysis of these proteins using 10% SDS-PAGE gel  demonstrated that 

abundant protein bands were produced at the expected molecular weights of 
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28.85KDa, 28.38KDa and 27.20KDa for the 6x Histidine-rRab27a-(1-221) (see 

Figure 3.5), 6x Histidine-hRab27b-(1-218) (data not shown)  and the 6x 

Histidine-hRab5a-(1-216) (data not shown) recombinant proteins, respectively. 

Furthermore, a western blot analysis using anti-histidine antibodies confirmed 

that those proteins were induced successfully at the expected molecular weights 

(Figure 3.6).  

 

 

Figure 3.5. Production and purification profile of the 6x Histidine-rRab27a-

(1-221) recombinant protein. Rosetta E. coli competent cells were transformed 

with the pET-14b-rRab27a-(1-221) vector and protein production was induced 

using 0.5mM IPTG for 3 hours at 37ºC. Protein production and purification steps 

were analysed using an instant blue stained 10% SDS-PAGE gel: M; molecular 

weight standards, PP; purified protein, U, I; uninduced and induced E. coli cell 

extracts, BC; cell lysates before centrifugation, AC; supernatant after 

centrifugation, FT1, 2, 3; 1st, 2nd  and 3rd  flow-through from nickel column after 

several washes with the dialysis buffer. An abundant protein band (the arrow 

indicated band) was detected at the predicted molecular weight for the 6x 

Histidine-rRab27a (1-221) recombinant protein (28.85KDa).  
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Figure 3.6. Western blot analysis profile of different 6x Histidine-Rab 

recombinant proteins. 6x Histidine-hRab5a (27.20KDa), 6x Histidine-hRab27b 

(28.38KDa), 6x Histidine-rRab27a (28.85KDa), 6x Histidine-m.Cherry 

(obtained generously from Dr Alistair Hume) (30.86KDa), 6x Histidine-

m.Cherry-hRab27b (55.3KDa), 6x Histidine-m.Cherry-hRab27b-(T23N) 

(55.3KDa)  and 6x Histidine-m.Cherry-hRab27a (55.3KDa) recombinant 

proteins were loaded into 10% SDS-PAGE gel, transferred into PVDF 

membrane (0.45μm) and immunoblotted with monoclonal anti-poly-Histidine 

antibody. Abundant protein bands (the arrow indicated bands) were detected at 

the predicted molecular weights for the transferred proteins (M; molecular 

weight standards). 

 

3.3.3 Generation of GST-mSlp1 and GST-mSlp2 recombinant proteins 

In order to test the binding affinity of Rab27 to different effector proteins, GST-

mSlp1/mSlp2 recombinant proteins were produced to be used later in the 

fluorescent GST-pull down assay experiments.  

To produce GST, GST-mSlp1-(1-201) and GST-mSlp2-(3-80)  proteins, The 

pGEX-4T1, pGEX-4T1-mSlp1-(1-201) and pGEX-4T1-mSlp2-(3-80) vectors 

(section 2.1.3.3) were transformed into Rosetta E. coli competent cells and 

protein production was induced with 0.5mM IPTG as described in section 2.2.2, 

this was followed by performing protein purification steps using an affinity 

interaction with reduced glutathione (GSH)-sepharose beads as described in 

section 2.2.3.2).  
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Analysis of the purification profile of GST (27.5KDa)  (see Figure 3.7), GST-

mSlp1-(1-201) (50.77KDa) (data not shown) and  GST-mSlp2-(3-80) (38.1KDa) 

(data not shown) proteins using 10% SDS-PAGE gel demonstrated that abundant 

protein bands were detected at the predicted molecular weights for these 

proteins. 

 

 
 

Figure 3.7. Production and purification profile of the GST protein. Rosetta E. 

coli competent cells were transformed with the pGEX-4T1 vector protein 

production was induced using 0.5mM IPTG for 3 hours at 37ºC. Protein 

production and purification steps were analysed using an instant blue stained 

10% SDS-PAGE gel: M; molecular weight standards, PP; purified protein, U, I; 

uninduced and induced E. coli cell extracts, FT; flow-through from GSH column 

after several washes with the dialysis buffer. An abundant protein band (the 

arrow indicated band) was detected at the predicted molecular weight for the 

GST protein (27.5KDa).  
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3.3.4 Optimising the conditions of the fluorescent GST-pull down assay 

experiments 

In order to determine the binding affinity of Rab27 protein to different Rab27 

effectors, a fluorescence-based GST-pull down assay was established and 

optimised. In this assay, different concentrations of m.Cherry-hRab27b were 

used to saturate the binding with fixed concentrations of either GST-mSlp1-(1-

201) or GST-mSlp2-(3-80) effectors (for further details of the principle of this 

assay see Figure 3.1). As described previously (see section 3.1), glutathione 

magnetic beads were used to bind the GST-effector-m.Cherry-hRab27b complex 

by interacting with GST, and the corrected fluorescence was calculated as 

described in section 2.3.1 by normalising the data using GST-included reactions 

(instead of GST-effector). The optimisation approaches of this assay will be 

discussed in detail thereafter. 

3.3.4.1 Determining the optimum concentration of GTP, glutathione 

magnetic beads and incubation time  

As the main aim of this assay was to determine the Rab27b binding affinity to 

mSlp1 and mSlp2 effectors, a constant concentration (0.5μM) of either GST-

mSlp1-(1-201) or GST-mSlp2-(3-80) recombinant proteins was used in the 

subsequent Rab27b binding affinity experiments.  

To optimise the conditions of the fluorescent GST-pull down assay, different 

reaction conditions were used to determine the binding between 4.5μM 

m.Cherry-hRab27b (this concentration was used in order to saturate the 

interaction with GST-mSlp1 as much as possible) and 0.5μM GST-mSlp1 (1-

201). Thus, different incubation times (1, 2 and 4 hour) and GTP concentrations 

(0, 1, 2 and 3 mM) were tested using different concentrations of glutathione 

magnetic beads (5%, 10% and 15%). The findings of these experiments 

suggested that 1 or 2 hour incubation time at room temperature was enough to 

obtain maximum binding as the interactions using these incubation times were 

not significantly different from that of 4 hour incubation (data not shown). In 

addition, using of 3mM GTP was optimum to obtain higher binding fractions 

than using of 1mM or 2mM GTP (see Figure 3.8).  
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Figure 3.8. Effect of incubation time and GTP concentration on the binding 

between m.Cherry-hRab27b and GST-mSlp1-(1-201). Different incubation 

times (1, 2 and 4 hour) and GTP concentrations (0, 1, 2 and 3mM) using 10% 

glutathione magnetic beads concentration were used to test the binding of 4.5μM 

m.Cherry-hRab27b for 0.5μM GST-mSlp1-(1-20. Data points represent mean ± 

SEM of 3 independent experiments performed in quadruplicates. Two-way 

ANOVA: nsP > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001;****P ≤ 0.0001.   

 

 

Although the effect of using of 10% glutathione magnetic beads was not 

statistically different from that of using 5% and 15 % glutathione magnetic 

beads, higher binding was obtained using this concentration, indicating that 10% 

glutathione magnetic beads was enough to obtain optimum binding results (see 

Figure 3.9). Altogether, the findings of these experiments indicated that 

consistent and reliable binding affinity results can be obtained by using 3mM 

GTP, 10% glutathione magnetic beads and 2 hours incubation. 
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Figure 3.9. Effect of GTP and glutathione magnetic beads concentration on 

the binding between m.Cherry-hRab27b and GST-mSlp1-(1-201). Different 

GTP concentrations (0, 1, 2, and 3mM) and glutathione magnetic beads 

concentrations (5%, 10% and 15%) after 2 hours incubation were used to test the 

binding of 4.5μM m.Cherry-hRab27b for 0.5μM GST-mSlp1-(1-201) at room 

temperature. Data points represent mean ± SEM of 3 independent experiments 

performed in quadruplicates. Two- way ANOVA: nsP > 0.05; *P ≤ 0.05; **P ≤ 

0.01.  

 

 

 

To further investigate these findings, different GTP concentrations (3, 6 and 9 

mM) were tested using10% glutathione magnetic beads and 2 hours incubation. 

All the tested GTP concentrations were not statistically different (Figure 3.10). 

Consequently, 3mM GTP, 10% glutathione magnetic beads and 2 hours 

incubation time at room temperature (reaction conditions) were used in the 

subsequent Rab27b-effector binding affinity experiments. Typically, GTP 

concentration in human cells is 0.305mM (Traut, 1994). In addition, in GST-pull 

down experiments performed by other group, 0.5mM GTPγS was used to 

prepare GTP-loaded Rab27a (Kuroda et al., 2002b), indicating that 3mM GTP 

was enough to saturate Rab27-GTP binding site. 
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Figure 3.10. Effect of using different GTP concentrations on the binding 

between m.Cherry-hRab27b and GST-mSlp1-(1-201). The binding between 

4.5μM m.Cherry-hRab27b and 0.5μM GST-mSlp1-(1-201) was tested using 

different GTP concentrations (3, 6 and 9mM), 10% glutathione magnetic beads 

and 2 hours incubation. Data points represent mean ± SEM of 3 independent 

experiments performed in quadruplicates. One-way ANOVA: nsP > 0.05. 

 

 

 

3.3.4.2 Comparing the binding of full length and C-terminal truncated 

hRab27b protein  

To further optimise the conditions of the fluorescent GST-pull down assay, the 

binding of the full length (1-218) and C-terminal truncated (1-200) hRab27b to 

mSlp1 effector protein was tested. The results of these experiments (Figure 3.11) 

demonstrated that the binding of the full length Rab27b to mSlp1 was slightly 

higher that of the C-terminal truncated hRab27b and they were significantly 

different. Consequently, the full length hRab27b-(1-218) was used in the 

subsequent binding affinity experiments. 
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Figure 3.11. Comparison of the binding of the full length and C-terminal 

truncated hRab27b to mSlp1 effector protein (1-201). A) The binding 

between 1μM m.Cherry-hRab27b (full length, 1-218; C-terminal truncated, 1-

200) and 0.5μM GST-mSlp1-(1-201) was tested. Data points represent mean 

± SEM (n=10).  B) The binding between 4.5μM m.Cherry-hRab27b (full 

length, 1-218; C-terminal truncated, 1-200) and 0.5μM GST-mSlp1-(1-201) 

was tested. Data points represent mean ± SEM of 3 independent experiments 

performed in quadruplicates. Unpaired t-test: *P ≤ 0.05. 

 

 

 

3.3.5 Determination of Rab27b binding affinity to mSlp1 and mSlp2 effector 

proteins using the fluorescent GST-pull down assay 

To determine the binding affinity of hRab27b to mSlp1 and mSlp2 effectors, 

different concentrations of m.Cherry-hRab27b (0.0, 0.05, 0.15, 0.5, 1.5, 4.5 and 

6.0 μM) were incubated with 0.5μM of either GST-mSlp1-(1-201) or GST-

mSlp2-(3-80). These experiments demonstrated that m.Cherry-hRab27b pEC50 

value to bind GST-mSlp2-(3-80) (6.38M) was slightly higher than that for 

interaction with GST-mSlp1-(1-201) (6.16M), suggesting that hRab27b binding 
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affinity to mSlp2 was slightly higher than that to mSlp1 (Figure 3.12). These 

findings were investigated further using the FRET-based protein-protein 

interaction assay in chapter 4 (see section 4.3.3.2). 

 

Figure 3.12. The binding affinity profile of hRab27b to mSlp1 and mSlp2 

effector proteins. Different concentrations (0.0, 0.05, 0.15, 0.5, 1.5, 4.5 and 6.0 

μM) of m.Cherry-hRab27b were used to determine the binding affinity to 0.5μM 

GST-mSlp1-(1-201) and 0.5μM GST-mSlp2-(3-80) using the fluorescent GST-

pull down assay. The pEC50 values of m.Cherry-hRab27b to bind GST-mSlp1-

(1-201) and GST-mSlp2-(3-80) were 6.16M and 6.38M, respectively. Data 

points represent mean ± SEM of 3 independent experiments performed in 

quadruplicates.  

 

3.3.6 Disruption of Rab27b-effector protein binding using unlabelled 

Rab27a/b 

In order to determine the specificity of the fluorescent GST-pull down assay, 

different unlabelled (non-fluorescent, His-tagged) Rab proteins were produced 

and used as competitive inhibitors. To this end, unlabelled Rab27a/b were used 

as typical competitive inhibitors for Rab27-effector protein interactions and 

Rab5 was used as a negative control. In addition, sequence alignment of 

Rab27a/b proteins (Figure 3.13) demonstrated that these proteins share high 

amino acid sequence similarity, especially at the N-terminus which is essential 

for Rab27a/b interaction with their effectors (Kukimoto-Niino et al., 2008). 

Since the N-terminal Rab27-effector interacting residues are conserved between 

Rab27a and Rab27b, it was supposed that they might exhibit the same binding 
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affinity to their effectors and can be used interchangeably when testing the 

binding affinity of different Rab27 effectors, therefore they used as typical 

competitive inhibitors to investigate the specificity of this assay.    

 

 

Figure 3.13. Amino acid sequence alignment of Rab27a/b proteins. 

Sequence alignment of mRab27a; GenBank: AAG24638.1, rRab27a; NCBI 

Reference Sequence: NP_059013.1, hRab27a; GenBank: CAG38735.1, 

hRab27b; GenBank: AAK11243.1 and mRab27b; GenBank: BAF02885.1 

was performed with CLC sequence viewer 7.8.1. The sequence alignment is 

highlighted based on the degree of sequence homology, * stands for low 

sequence homology and the degree of conservation is presented as bar plots 

from 0 to 100%. Most of the amino acid residues in the N-terminus are 

conserved among these proteins. 

 

 

   

 

To disrupt the binding between hRab27b and mSlp1 effector protein, a constant 

concentration of GST-mSlp1 (0.5μM) and 1.4μM m.Cherry-hRab27b (double 

the calculated EC50; to saturate the binding with mSlp1 completely) were 

incubated and different concentrations (0.0, 0.03, 0.1, 0.3, 1.0, 3.0 and 4.5 μM) 

of unlabelled rRab27a, hRab27b and hRab5 were used to test the possibility of 
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disrupting the interaction of hRab27b with mSlp1 (Figure 3.14: A). Both 

unlabelled Rab27a (pIC50; 6.86M) and Rab27b (pIC50; 6.84M) succeeded in 

disrupting the interaction between hRab27b and mSlp1 (evidenced by pIC50 

values), whereas Rab5 (pIC50; 3.97M) failed to disrupt the interaction. In 

addition, Rab5 failed to produce an inhibitory sigmoid curve, whereas by using 

Rab27a/b inhibitory sigmoid curves were obtained. 

Next, to better determine the specificity of this assay, unlabelled rRab27a, 

hRab27b and hRab5 were used again to test the possibility of disrupting the 

interaction between hRab27b (0.82μM m.Cherry-hRab27b; double the 

calculated EC50) and mSlp2 (0.5μM GST-mSlp2) (Figure 3.14: B). Again, the 

interaction between hRab27b and mSlp2 was completely disrupted using 

unlabelled rRab27a (pIC50; 6.67M) and hRab27b (pIC50; 6.78M), whereas 

hRab5 (pIC50; 4.10M) failed to disrupt the interaction.   

Overall, the findings of these experiments showed that comparable results were 

obtained using the unlabelled Rab27a, Rab27b and Rab5 in disrupting the 

interaction of hRab27b with either mSlp1 or mSlp2. Based on this, the 

fluorescent GST-pull down assay can be used in the future to test and determine 

the effects of the candidate inhibitors of Rab27-effector interactions. 
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Figure 3.14. Disrupting hRab27b binding to either mSlp1 or mSlp2 effector 

proteins. Different concentrations (0.0, 0.03, 0.1, 0.3, 1.0, 3.0 and 4.5 μM) of 

unlabelled rRab27a and hRab27b; hRab5 (was used as a negative control) 

were used to disrupt the binding between: A) 1.4μM m.Cherry-hRab27b and 

0.5μM GST-mSlp1-(1-201). The calculated pIC50 values were 6.86M, 6.84M 

and 3.97M for unlabelled rRab27a, hRab27b and hRab5, respectively. B) 

0.82μM m.Cherry-hRab27b and 0.5μM GST-mSlp2-(3-80). The calculated 

pIC50 values were 6.67M, 6.78M and 4.10M for unlabelled rRab27a, 

hRab27b and hRab5, respectively. Data points represent mean ± SEM of 3 

independent experiments performed in quadruplicates.  
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3.4 Discussion 

This chapter has been focused on establishing and optimising a fluorescent-

based protein-protein interaction assay utilising the GST-pull down strategy to 

be used for determining the in vitro binding affinity of Rab27b to different Rab27 

effectors (mSlp1 and mSlp2).  

In the classical GST-pull down assays, the specificity of protein-protein 

interactions can be tested i.e. they serve as qualitative measures for protein 

binding and to a lesser extent these assays can work as sensitive quantitative 

measures for protein-protein interactions. These assays involve performing 

multiple experimental steps, including: binding of the GST-fused proteins to 

GSH, washing off the unbound protein fractions, elution of the bound proteins, 

separation of the bound proteins using SDS-PAGE and analysing them by 

western blot which occasionally requires high quality specific antibodies 

(Casanova, 2012; Luo et al., 2014; Schechtman et al., 2003; Wang and Zeng, 

2000). This suggests that some bound proteins might be lost during performing 

those steps, thus affecting the sensitivity of those assays. In addition, accurate 

measures of the binding affinity cannot be obtained, for instance it is difficult to 

measure the EC50 values of the protein-protein interactions and the IC50 values 

for the candidate inhibitors as binding affinity sigmoid curves cannot be 

established accurately. Therefore, a fluorescent GST-pull down assay was 

optimised to be used as an in vitro read-out for the Rab27-effector interactions. 

Initial experiments aimed to optimise the conditions of this assay and, therefore 

m.Cherry-hRab27b was produced along with GST-mSlp1-(1-201) and GST-

mSlp2 (3-80). The conditions of the reaction mixture were optimised including 

the concentration of GTP and glutathione magnetic beads and the incubation 

time. According to the results of the optimisation experiments, 3mM GTP, 10% 

glutathione magnetic beads and 2 hours incubation at room temperature were 

optimum to determine Rab27-effector binding (Figures 3.8, 3.9 and 3.10).         

In addition, comparison of the binding of full length and C-terminal truncated 

hRab27b protein to mSlp1 effector protein demonstrated that the binding of the 

full length hRab27b was higher than that of the C-terminal truncated hRab27b 
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and they were significantly different. Thus, the full length hRab27b was used in 

the fluorescent-GST pull down assay experiments (Figure 3.11).    

These reaction conditions were then used to establish and determine the binding 

affinity of hRab27b to mSlp1 and mSlp2 effector proteins and the EC50 values 

for binding to mSlp1and mSlp2 were determined accordingly. The binding 

affinity experiments (Figure 3.12) demonstrated that the EC50 for binding to 

mSlp2 (pEC50; 6.38M) was lower than that for binding to mSlp1 (pEC50; 

6.16M), suggesting that the binding affinity of hRab27b to mSlp2 is slightly 

higher than that to mSlp1. In agreement with this finding, the Rab27a binding 

affinity to different effector proteins was determined using immunoprecipitation 

assay in COS-7 cells; the descending order of the binding affinity was found to 

be as follows: rabphilin > Slp2-a > Slp1 > Slp5 > Slp4-a > Slac2-b > Noc2 > 

Slac2-a > Slac2-c > Slp3-a. Accordingly,  rabphilin, Slp2-a, Slp1, Slp5, Slp4-a, 

Slac2-b and Noc2 effectors were considered as a high affinity binding group for 

Rab27a, whereas Slac2-a, Slac2-c and Slp3-a were considered as a low affinity 

binding group (Fukuda, 2006).These findings provided the basis for focusing on 

mSlp2 when developing Rab27-effector interaction inhibitors  (see chapter 5 and 

6) as the Rab27 binding affinity for Slp2 was higher than that to Slp1.  

In order to determine the specificity of this assay in terms of testing the effects 

of the candidate inhibitors of Rab27-effector interactions, unlabelled rRab27a 

and hRab27b (hRab5 was used as a negative control) were used as typical 

competitive inhibitors to disrupt the interaction between m.Cherry-hRab27b and 

either GST-mSlp1 or GST-mSlp2. The results of these experiments 

demonstrated that both unlabelled Rab27a and Rab27b were able to disrupt the 

interaction of hRab27b with either mSlp1 or mSlp2 ((Figure 3.14), assuring the 

specificity of this assay in terms of testing the effects of the candidate inhibitors 

of Rab27-effector interactions.  

In conclusion, the fluorescent GST-pull down assay serves as an indirect read-

out of Rab27 interaction with its effectors in vitro (both qualitatively and 

quantitatively) and can be used in the future to test the effects of the candidate 

inhibitors.  
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3.5 Conclusions 

According to the current results of these experiments, the fluorescent GST-pull 

down assay is a valuable and reliable quantitative and qualitative read-out for 

the Rab27-effector interactions, since the EC50 for these interactions and the 

IC50 of the candidate inhibitors can be determined. In addition, this assay has 

many advantages over the classical GST-pull down assays as it involves 

performing fewer experimental steps and does not require using of high quality 

specific antibodies, thereby it functions as an effective and sensitive measure for 

Rab27-effector interactions. This suggests that this assay can be used in the 

future for testing the effects of the candidate inhibitors of Rab27-effector 

interactions. 
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Chapter 4 

Determining the Rab27-effector protein binding affinity 

using a FRET-based assay  
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4.1 Introduction 

As described previously in chapter 3, there is a continuous necessity to establish 

and develop a convenient in vitro assay for measuring Rab27-effector 

interactions which can be used later for identifying and determining the effects 

of the candidate small molecule or peptide inhibitors of these interactions. In 

addition, there are some limitations to the use of the fluorescent GST-pull down 

assay. These include: multiple pipetting steps, the use of the glutathione 

magnetic beads and related problems of stickiness and volume variability as the 

beads were reconstituted in the dilution buffer and contamination of the 

supernatant (unbound fraction) with glutathione beads which might affect the 

accuracy of the results. Therefore, an alternative approach was established and 

developed to determine Rab27-effector interactions. To achieve this goal, the 

principle of the FRET was exploited and used to establish and develop a protein-

protein interaction assay. By definition, the FRET involves excitation of a donor 

fluorophore, this is followed by non-radiative energy transfer from the donor to 

the acceptor fluorophore; the excitation wave length of the acceptor should be 

within the emission wave length of the donor (Förster, 1947; Förster, 1948). The 

transfer of energy occurs by dipole-dipole interaction between the donor and 

acceptor when they come in close proximity to each other (1–10nm) (Banterle 

and Lemke, 2016) (Wu and Brand, 1994) without involving transfer of photons 

(Ma et al., 2014; Stryer, 1978). In general, FRET can be classified into two types: 

the intermolecular and intramolecular FRET. The intermolecular FRET occurs 

when the acceptor and donor fluorophores are attached to the interacting 

components separately; in this case the FRET is directly dependent on the 

binding between the interacting components and upon dissociation of these 

components, FRET signals are almost diminished. The intramolecular FRET 

occurs when the donor and acceptor fluorophores are attached to the interacting 

components in a complex form, thus the FRET is not always specific and directly 

related to the binding between the interacting components as they are already 

found in a complex form. It is more dependent on protein conformational 

changes than depending on direct protein-protein interaction, thus requiring 

further optimisation experiments in order to obtain specific FRET signals 
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(Miyawaki, 2011). Therefore, in this project, intermolecular FRET strategy was 

used and optimised as described thereafter.  

Better selection of the donor and acceptor fluorophores is a key determinant of 

the FRET assay efficacy and specificity. Fluorescent proteins, organic dyes, and 

quantum dots represent the main fluorophore classes that can be used in FRET 

assays. The main advantage of the fluorescent proteins over organic dyes and 

quantum dots is that the fluorescent proteins are easily genetically engineered 

and attached to the interacting components without involving chemical labelling 

or antibodies (Bajar et al., 2016; Masharina et al., 2012). In addition, using of 

the fluorescent proteins ensures that both the fluorophore and the host protein 

are found in 1:1 ratio and more consistent results could be obtained, whereas 

upon chemical labelling of the interacting proteins, a uniform chemical labelling 

cannot always be assured (Ratner et al., 2002) which affects the consistency and 

accuracy of the results. 

FRET-based assays have been used for many years for determining protein-

protein interactions in cells using fluorescent recombinant proteins (Zaccolo, 

2004). In addition, many protein-protein interactions have been determined in 

vitro using FRET-based techniques, for example excitation of Cy3-labelled 

Annexin A2 (donor), a Ca2+ and phospholipids-binding protein  and its binding 

protein Cy5-labelled S100A10 (acceptor)  at 488nm resulted in producing 

significant FRET signals at 670nm, thereby determining the binding affinity (Li 

et al., 2010).    

To establish a FRET-based protein-protein interaction assay, GFP-Rab27 

effector proteins (mSlp1 and mSlp2) were used as donor fluorophores, whereas 

m.Cherry-hRab27a/b (hRab27b was used mostly) recombinant proteins were 

used as acceptor fluorophores. The excitation-emission spectra of these 

fluorophores overlap, thus they were appropriate and efficient FRET 

fluorophores as described below. GFP wild protein was first discovered in 

Aequorea jellyfish by Shimomura and colleagues in 1961, it is expressed along 

with aequorin protein (Shimomura, 2005; Shimomura et al., 1962). Then in 

1974, GFP  was successfully purified and crystallized  (Morise et al., 1974). The 

structure of the chromophore of Aequorea GFP was then partially resolved in 
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1979 (Shimomura, 1979) and completely identified by Cody and colleagues 

(Cody et al., 1993). This protein was successfully expressed in E. coli and the 

excitation-emission spectra were comparable to that of the native Aequorea GFP 

protein (Inouye and Tsuji, 1994). This was followed by identification of the 3D 

structure of GFP protein (Yang et al., 1996a). Furthermore, different GFP 

variants were produced and the excitation-emission spectra were examined 

(Cubitt et al., 1995; Heim and Tsien, 1996). In this study, the enhanced GFP 

protein (F64L, S65T GFP variant) was used instead of the wild-type GFP as the 

fluorescence intensity of this GFP variant is 30-fold higher than the wild-type 

GFP and these mutations increase protein expression, folding and solubility in 

bacteria over the wild type (Cormack et al., 1996; Yang et al., 1996b).  

In addition, the excitation-emission spectra analysis of the enhanced GFP protein 

demonstrated that maximum excitation and emission occur at 470-475nm and 

509nm, respectively with an additional shoulder at 550nm (Patterson et al., 

2001). In the current FRET-based assay experiments, m.Cherry protein was used 

as an acceptor fluorophore due to its high photostability and fluorescence 

intensity advantages over many acceptor fluorophores (Seefeldt et al., 2008) (for 

further details see section 3.1). Furthermore, excitation of m.Cherry at 450-

625nm (maximum at 575nm) resulted in an emission at 575-700nm (maximum 

at 610nm) (Albertazzi et al., 2009). Accordingly, it was supposed that FRET 

could occur upon excitation of m.Cherry at 562.5-577.5nm. GFP emission 

spectrum overlaps with m.Cherry excitation spectrum at the shoulder of GFP 

emission spectrum as the excitation wave length of m.Cherry is within this range. 

Therefore, GFP-fused effector proteins were used as donor fluorophores (GFP-

mSlp1and GFP-mSlp2) and m.Cherry-hRab27a/b recombinant proteins were 

used as acceptor fluorophores (for further details see Figure 4.1). 
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Figure 4.1. A schematic representation of the FRET-based protein-protein 

interaction assay. Upon binding of GFP-effector protein and m.Cherry-Rab27, 

a complex will be formed (GFP-effector protein-m.Cherry-Rab27 complex). 

Then, upon excitation of the donor fluorophore GFP-effector protein at 470-

490nm, emission of light occurs at 562.5-577.5nm, this excites the acceptor 

fluorophore (m.Cherry-Rab27) (if the binding components come close to each 

other and the distance between them is less than 10nm) at this wave length which 

in turn emits light at 600-610nm, indicating FRET occurrence (transfer of energy 

from the donor fluorophore to the acceptor fluorophore.   

  

 

4.2 Aims 

As a preliminary study performed by Wenhua Zhou and Dr Alistair Hume (data 

not shown) demonstrated that FRET can occur using GFP and m.Cherry as donor 

and acceptor fluorophores, respectively. The main aims of these experiments 

were to confirm this finding, validate and optimise the conditions of the FRET-

based protein-protein interaction assay. These involved choosing the appropriate 

fluorescence microplate reader, optimising the concentration of GTP, incubation 

time and fixing the concentration of the acceptor protein. In addition, to confirm 

the specificity of the assay, unlabelled Rab27a/b were used as typical 

competitive inhibitors for Rab27-effector protein interaction.   Accordingly, this 

assay was used to determine the binding affinity of mSlp1 and mSlp2 effector 

proteins. This provides the basis for identifying and testing the effects of the 

candidate inhibitors of Rab27-effector protein interactions in the future, 

including small molecule and peptide inhibitors by comparing the IC50 values 

of those candidate inhibitors. 
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4.3 Results 

4.3.1 Generation of 6x Histidine-[GFP-mSlp1-(1-116), GFP-mSlp2-(3-80) 

and GFP] recombinant proteins 

GFP-mSlp1-(1-116) and GFP-mSlp2-(3-80) chimeric proteins were expressed 

in E. coli and used as donor fluorophores in the FRET-based protein-protein 

interaction assay. In addition, GFP protein was produced to be used as a negative 

control for establishing this assay.  

To optimise the conditions of protein expression in E. coli, a small scale protein 

production was performed with different IPTG concentrations (0.5, 2.0 and 

5.0mM) using different conditions: induction for 3 and 20 hours at 37ºC and 

20ºC, respectively using the pETDuet-1-GFP-mSlp1-(1-116) vector (section 

2.1.3.4) as described in section 2.2.2. Analysis of lysates from the uninduced and 

induced bacterial cell cultures using 10% SDS-PAGE instant blue staining 

demonstrated that abundant protein bands were produced at the expected 

molecular weight (43.97KDa) for the 6x Histidine-GFP-mSlp1-(1-116) 

recombinant protein in the IPTG induced bacterial cultures using all the tested 

IPTG concentrations and conditions, whereas this band was absent from the 

uninduced bacterial cell lysates (Figure 4.2). This indicates that induction of 

protein production using 0.5mM IPTG for 3 hours at 37ºC was successful and 

sufficient to produce abundant amount of protein. Accordingly, induction of 

protein production was performed using 0.5mM IPTG for 3 hours at 37ºC in the 

subsequent experiments.  
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Figure 4.2. Small scale induction of the 6x Histidine-GFP-mSlp1-(1-116) 

recombinant protein production. Rosetta E. coli competent cells were 

transformed with the pETDuet-1-GFP-mSlp1-(1-116) vector and small scale 

protein production was induced with different IPTG concentrations (0.0, 0.5, 2.0 

and 5.0mM) for 3 and 20 hours at 37ºC and 20ºC, respectively. Bacterial cultures 

were pelleted and the cell lysate extracts were then analysed using instant blue 

stained 10% SDS-PAGE gel. Abundant protein bands (the arrow indicated 

bands) were produced at the expected molecular weight (43.97KDa) for the 6x 

Histidine-GFP-mSlp1-(1-116) recombinant protein in the IPTG induced 

bacterial cultures using all the tested IPTG concentrations and conditions.  

 

 

 

 

 

The pETDuet-1-GFP-mSlp1-(1-116), pETDuet-1-GFP and pETDuet-1-GFP-

mSlp2-(3-80)  vectors (section 2.1.3.4) were then transformed into Rosetta E. 

coli competent cells and protein production was induced with 0.5mM IPTG as 

described in section 2.2.2, this was followed by performing protein purification 

steps using the IMAC system (see section 2.2.3.1). Analysis of these proteins 

using 10% SDS-PAGE gel  demonstrated that abundant protein bands were 

detected at the expected molecular weights of 43.97KDa, 41.33KDa and 

30.034KDa for the 6x Histidine-GFP-mSlp1-(1-116), 6x Histidine-GFP and 6x 

Histidine-GFP-mSlp2-(3-80) (data not shown) recombinant proteins, 
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respectively. Furthermore, a western blot analysis using anti-GFP primary 

antibodies confirmed that the 6x Histidine-GFP-mSlp1-(1-116) (Figure 4.3) and 

6x Histidine-GFP-mSlp2-(3-80) (data not shown) recombinant proteins were 

induced successfully at the expected molecular weights. 

 

 

Figure 4.3. Western blot analysis of the 6x Histidine-GFP-mSlp1-(1-116) 

recombinant protein. 6x Histidine-GFP-mSlp1-(1-116) recombinant protein 

(different protein batches) and 6x Histidine-GFP protein (as a positive control) 

were loaded into 10% SDS-PAGE gel, transferred into PVDF membrane (0.45 

um) and immunoblotted with anti-GFP antibody. Abundant protein bands (the 

arrow indicated bands) were detected at the predicted molecular weights for the 

6x Histidine-GFP-mSlp1-(1-116) (43.97KDa) and 6x Histidine-GFP 

(30.03KDa) (M; molecular weight standards).  

 

 

 

 

 

4.3.2 Establishing and optimising the FRET-based protein-protein 

interaction assay experiments 

In order to measure and determine the binding affinity of different Rab27 

effectors to Rab27 protein, a FRET-based protein-protein interaction assay was 
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established and optimised. As described previously, in this assay GFP-fused 

effector proteins were used as donor fluorophores [(GFP-mSlp1-(1-116) and 

GFP-mSlp2-(3-80)] and m.Cherry-hRab27a/b recombinant proteins were used 

as acceptor fluorophores. In these experiments, different concentrations of GFP-

mSlp1 and GFP-mSlp2 were used to saturate the binding with fixed 

concentration of m.Cherry-hRab27a/b (for further details of the principle of this 

assay see Figure 4.1). 

 

Preliminary studies were performed by Wenhua Zhou and Dr Alistair Hume to 

test the possibility of FRET occurrence using GFP and m.Cherry as donor and 

acceptor fluorophores, respectively (data not shown). These studies 

demonstrated that inter-molecular FRET signals were detected due to the 

interaction between mSlp1-(1-116)-GFP and mCherry-hRab27a. In addition, 

these preliminary experiments demonstrated that the detected intra-molecular 

FRET signals in COS7 cells using GFP-mSlp1-(1-116)-m.Cherry-hRab27a 

probe were higher than that of mSlp1-(1-116)-GFP-m.Cherry-hRab27a probe. 

Therefore, Rab27 effector proteins (Slp1 and Slp2) were fused to the C-terminus 

of GFP protein in these FRET-based assay experiments (instead of fusing them 

to the N-terminus of GFP). In addition, as the N-terminal domains of Slp1 and 

Slp2 are the main binding sites for Rab27 protein (Fukuda et al., 2001) (as 

described in section 1.4), fusing of GFP to the C-terminus of these effector 

proteins might affect their Rab27 binding activity by changing protein 

conformation and constraining the N-terminal domains from interacting with 

Rab27, thus decreasing Rab27-effector interaction and reducing the possibility 

of  FRET occurrence between m.Cherry and GFP.   

To investigate the occurrence of FRET, the interaction between GFP-mSlp1-(1-

116) and m.Cherry-hRab27b was tested using the same conditions described in 

section 3.3.4; i.e. the same dilution buffer contents, GTP concentration and 

incubation temperature and time. As negative control reactions, the occurrence 

of FRET was tested using [GFP and m.Cherry-hRab27b] and [(GFP-mSlp1-(1-

116) and m.Cherry] reaction mixtures. The corrected flourescence was 

calculated by subtracting the fluorescence of the individual components from the 

fluorescence of the whole mixture which was considered as an indirect read-out 
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of the bound fraction of mSlp1-(1-116) for -hRab27b (Figure 4.4). Overall, the 

findings of these experiments demonstrated that specific and significant FRET 

signals were detected as a result of direct binding between Rab27b and Slp1 

rather than binding of these interacting components to m.Cherry or GFP 

proteins. This provided the basis for determining the Rab27-effector binding 

affinity using mSlp1 and mSlp2 effectors in the subsequent experiments.    

 

 
 

 
 

Figure 4.4. FRET profile of m.Cherry-hRab27b and GFP-mSlp1 binding. 
A) 0.5μM GFP-Slp1-(1-116) was incubated with either 0.3μM m.Cherry-

hRab27b or 0.3μM m.Cherry as a negative control. In addition, 0.5μM GFP 

was incubated with 0.3μM m.Cherry-hRab27b and used as a negative control. 

Data points represent mean ± SEM performed in triplicates. B) The binding 
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affinity of different concentrations of GFP-mSlp1 and GFP (0.33, 0.7 and 1.0 

μM) to 0.3μM m.Cherry-hRab27b was tested using the FRET assay. Data 

points represent mean ± SEM performed in quadruplicates. One-way 

ANOVA: nsP > 0.05; **P ≤ 0.01; ***P ≤ 0.001.  

 

 

 

4.3.2.1 Determining the optimum incubation time and GTP concentration 

to be used in the FRET-based protein-protein interaction assay 

To optimise the conditions of the FRET-based protein-protein interaction assay, 

the effect of different reaction conditions on the binding between 0.15μM 

m.Cherry-hRab27b and 0.35μM GFP-mSlp1-(1-116) was tested. Thus, different 

incubation times (0, 1, 2 and 4 hour) and GTP concentrations (0, 1, 3 and 9 mM) 

were used for testing the binding between these interacting components.  

The findings of these experiments demonstrated that the interaction between 

hRab27b and mSlp1 of the GTP loaded reactions was higher than the interaction 

of the GTP unloaded reactions (data not shown). In addition, the use of different 

GTP concentrations (1, 3, 9 mM) did not affect the pattern of interaction between 

hRab27b and mSlp1 as the interactions using these GTP concentrations were not 

significantly different at different incubation times (data not shown) (see Figure 

4.5 as an example). 
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Figure 4.5. Effect of GTP concentration on the binding between GFP-mSlp1-

(1-116) and m.Cherry-hRab27b after 2 hours incubation. Different GTP 

concentrations (0, 1, 3 and 9 mM) were used to test the binding between 0.35μM 

GFP-mSlp1-(1-116) and 0.15μM m.Cherry-hRab27b after 2 hours incubation. 

The corrected fluorescence was used as an indirect read-out for the bound 

fraction. Data points represent mean ± SEM of 3 independent experiments 

performed in quadruplicates. One-way ANOVA: nsP > 0.05; **P ≤ 0.01, ***P ≤ 

0.001. 

  

 

Although the effects of the used incubation times were not significantly different 

in terms of affecting the interaction between hRab27b and mSlp1, the binding 

using 3mM GTP was consistent. Furthermore, 2 and 4 hours incubation were 

comparable to each other in terms of obtaining sufficient binding (Figure 4.6). 

Accordingly, 2 hours incubation time at room temperature and 3mM GTP were 

used in the subsequent binding affinity experiments.  
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Figure 4.6. Effect of the incubation time on the binding between GFP-mSlp1-

(1-116) and m.Cherry-hRab27b. Different incubation times (0, 1, 2, and 4 hour) 

were used to determine the binding between 0.35μM GFP-mSlp1-(1-116) and 

0.15μM m.Cherry-hRab27b using different GTP concentrations (0, 1, 3 and 9 

mM) at room temperature. Data points represent mean ± SEM of 3 independent 

experiments performed in quadruplicates. One-way ANOVA: nsP > 0.05. 

  

 

4.3.3 Slp1 and Slp2 have different binding affinities to Rab27 

To determine the binding affinity of mSlp1 and mSlp2 effector proteins to 

Rab27b, the conditions of the FRET-based protein-protein interaction assay 

were optimised as described in section 4.3.2.1. In order to achieve this goal, 

different preliminary experiments were performed to optimise the concentration 

of m.Cherry-hRab27b recombinant protein that can be used in these binding 

affinity experiments (in order to use constant concentration).  

Firstly, a constant concentration of m.Cherry-hRab27b (0.6μM) was chosen to 

be used for determining the binding affinity of different concentrations of GFP-

mSlp1-(1-116) and GFP-mSlp2-(3-80). The pEC50 values of GFP-mSlp1-(1-

116) and GFP-mSlp2-(3-80) binding to 0.6μM m.Cherry-hRab27b were 5.75M 

and 6.35M, respectively. Although a plateau or saturation kinetics was not 

reached, this suggested that the binding affinity of mSlp2 to Rab27b is higher 

than that of Slp1 (Figure 4.7).  
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Figure 4.7. The binding affinity profile of mSlp1 and mSlp2 effector proteins 

to 0.6 μM hRab27b. The binding affinity of different concentrations (0.01, 0.03, 

0.1, 0.3, 1.0 and 1.5 μM) of GFP-mSlp1-(1-116) and GFP-mSlp2-(3-80) to 

0.6μM m.Cherry-hRab27b was determined using the FRET-based protein-

protein interaction assay. The calculated pEC50 values were 5.75M and 6.35M 

for GFP-mSlp1 and GFP-mSlp2, respectively. Data points represent mean ± 

SEM performed in quadruplicates. 

 

As saturation kinetics was not reached by using 0.6μM m.Cherry-hRab27b (the 

binding was not saturated completely) and to better determine the binding 

affinity of mSlp1 and mSlp2 to hRab27b, a lower concentration of 0.3μM instead 

of 0.6μM m.Cherry-hRab27b was used for determining the binding of these two 

Rab27 effector proteins. Recurrently, saturation kinetics was not reached. The 

pEC50 values of GFP-mSlp1-(1-116) and GFP-mSlp2-(3-80) binding to 0.3μM 

m.Cherry-hRab27b were 5.85M and 6.41M, respectively, suggesting again that 

the binding affinity of mSlp2 is higher than that of mSlp1 (Figure 4.8). 
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Figure 4.8. The binding affinity profile of mSlp1 and mSlp2 effector proteins 

to 0.3μM hRab27b. The binding affinity of different concentrations of GFP-

mSlp1-(1-116) (0.01, 0.03, 0.1, 0.3, 1.0 and 2 μM) and GFP-mSlp2-(3-80) (0.01, 

0.03, 0.1, 0.3, 1.0 and 1.5 μM) to 0.3μM m.Cherry-hRab27b was determined 

using the FRET-based protein-protein interaction assay. The calculated pEC50 

values were 5.85M and 6.41M for GFP-mSlp1 and GFP-mSlp2, respectively. 

Data points represent mean ± SEM performed in quadruplicates. 

 

 

   

Therefore, a lower concentration of m.Cherry-hRab27b (0.15μM) was used to 

determine the binding affinity of mSlp1 and mSlp2. Repeatedly, these 

experiments confirmed that the Rab27-binding affinity of mSlp2 (pEC50: 6.8M) 

is higher than that of mSlp1 (6.48M) (Figure 4.9). In addition, determination of 

mSlp1 and mSlp2 binding affinity using the FRET-assay was specific. This was 

evidenced by the pEC50 values of the negative control reactions: 1) GFP binding 

to m.Cherry-hRab27b (pEC50: 5.68M), 2) m.Cherry binding to GFP-mSlp1 

(pEC50: 5.60M) and 3) m.Cherry binding to GFP-mSlp2 (pEC50: 4.17M) 

(Figure 4.9). These experiments demonstrated that the binding in the absence of 

one of the main interacting components (Rab27b, mSlp1 or mSlp2) was 

unspecific and not comparable to the binding affinity profile of GFP-mSlp1 or 

GFP-mSlp2 to m.Cherry-hRab27b recombinant protein. 
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Figure 4.9. The binding affinity profile of mSlp1 and mSlp2 effector proteins 

to 0.15μM hRab27b. Different concentrations (0.01, 0.03, 0.1, 0.3, 1.0 and 1.5 

μM) of GFP-mSlp1-(1-116), GFP-mSlp2-(3-80) and GFP were used to 

determine the binding affinity to 0.15μM m.Cherry-hRab27b. The calculated 

pEC50 values were 6.48M, 6.8M and 5.68M for GFP-mSlp1, GFP-mSlp2 and 

GFP, respectively.  In addition, different concentrations (0.01, 0.03, 0.1, 0.3, 1.0 

and 1.5 μM) of GFP-mSlp1-(1-116) and GFP-mSlp2-(3-80 were used to 

determine the binding affinity to 0.15μM m.Cherry. The calculated pEC50 

values were 5.60M and 4.17M for GFP-mSlp1 and GFP-mSlp2, respectively. 

The FRET-based protein-protein interaction assay was used to determine the 

binding affinity in these experiments. Data points represent mean ± SEM of 3 

independent experiments performed in quadruplicates. 

 

 

 

 

Next, to further investigate the differences in the binding affinity to mSlp1 and 

mSlp2, the binding for the full length and C-terminal truncated hRab27b was 

tested. To this end, the binding of GFP-mSlp1-(1-116) and GFP-mSlp2-(3-80) 

to m.Cherry-hRab27b (full length; 1-218 and C-terminal truncated; 1-200) was 

tested by using constant concentrations of mSlp1 and mSlp2. Note that double 

the already determined EC50 values were used in order to saturate the binding; 

the calculated EC50 values were 0.35μM and 0.15μM for mSlp1 and mSlp2, 

respectively. Although the binding of mSlp1 and mSlp2 to hRab27b were not 

significantly different, the binding of mSlp2 for either full length or C-terminal 

truncated hRab27b was higher than that of mSlp1, since the used concentration 

of mSlp1 (0.7μM) was almost double the concentration of mSlp2 (0.3μM) 

(Figure 4.10). 
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Figure 4.10. Comparison of the binding of mSlp1 and mSlp2 to the full length 

and C-terminal truncated hRab27b. The binding between 0.15μM m.Cherry-

hRab27b (full length; 1-218 and C-terminal truncated; 1-200) and either 0.7μM 

GFP-mSlp1 (1-116) or 0.3μM GFP-mSlp2 (3-80) was tested using the FRET-

based protein-protein interaction assay. Data points represent mean ± SEM of 3 

independent experiments performed in quadruplicates. One-way ANOVA: nsP > 

0.05.  

 

Moreover, the binding affinity of mSlp1 and mSlp2 to m.Cherry-hRab27a, 

another Rab27 isoform was determined using the same conditions and 

concentrations for m.Cherry-hRab27b. Again, these experiments demonstrated 

that the binding affinity of mSlp2 (pEC50: 6.69M) to Rab27a was slightly higher 

than that of mSlp1 (pEC50: 6.49M) (Figure 4.11). This indicates that the binding 

affinity of mSlp1 to Rab27a (pEC50: 6.49M) and Rab27b (pEC50: 6.48M) was 

similar, whereas the binding affinity of mSlp2 to Rab27b (pEC50: 6.8M) was 

slightly higher than to Rab27a (pEC50: 6.69M).   

Overall, these experiments suggest that the binding affinity of mSlp2 to 

hRab27a/b was higher than that of mSlp1 which was evidenced by the pEC50 

values differences as described above.    
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Figure 4.11. The binding affinity profile of mSlp1 and mSlp2 effector proteins 

to 0.15μM hRab27a. Different concentrations (0.01, 0.03, 0.1, 0.3, 1.0 and 1.5 

μM) of GFP-mSlp1-(1-116) and GFP-mSlp2-(3-80) were used to determine the 

binding affinity to 0.15μM m.Cherry-hRab27a. The calculated pEC50 values 

were 6.49M and 6.69M for GFP-mSlp1 and GFP-mSlp2, respectively. The 

FRET-based protein-protein interaction assay was used to determine the binding 

affinity in these experiments. Data points represent mean ± SEM of 3 

independent experiments performed in quadruplicates. 

 

 

 

4.3.4 Specificity of the FRET based protein-protein interaction assay  

By determining the Rab27-effector protein binding affinity using different 

Rab27 effectors (mSlp1 and mSlp2) as described in section 4.3.3, the EC50 

values were measured for both mSlp1 and mSlp2 interactions with Rab27 and 

used to assess the specificity of the FRET assay in terms of testing the effects of 

the candidate inhibitors of Rab27-effector interactions in the future (including 

small molecule and peptide inhibitors). To achieve this goal, unlabelled rRab27a 

and hRab27b proteins were used as typical competitive inhibitors for Rab27-

effector interactions. Therefore, unlabelled Rab27a/b and Rab5 (served as a 

negative control) were produced as 6x His-tagged Rab proteins as described in 

section 3.3.2. 

In order to disrupt the interaction between hRab27b and mSlp1 effector protein, 

0.15μM m.Cherry-hRab27b (as this concentration was used to determine the 

binding affinity of mSlp1 in the previous experiments) and 0.7μM GFP-mSlp1 

(1-116) (double the calculated EC50; to saturate the binding with hRab27b) were 
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incubated and different concentrations (0.0, 0.03, 0.1, 0.3, 1.0, 3.0 and 4.5 μM) 

of unlabelled rRab27a, hRab27b and hRab5 were used as competitive inhibitors. 

The interaction between hRab27b and mSlp1 was completely disrupted using 

unlabelled Rab27a and Rab27b (evidenced by pIC50 values), whereas Rab5 

failed to disrupt the interaction (Figure 4.12. A). The pIC50 values of unlabelled 

rRab27a and hRab27b were 7.45M and 7.57 M, respectively and higher than that 

of hRab5 (4.79M), indicating that the IC50 values of Rab27a/b were lower than 

that of Rab5. Also, Rab5 failed to produce an inhibitory sigmoid curve, whereas 

Rab27a/b succeeded in producing inhibitory sigmoid curves.  

Next, to further investigate the specificity of this assay, the same concentrations 

of the previously described Rab proteins were used to test the possibility of 

disrupting the interaction between hRab27b and mSlp2 using 0.15μM m.Cherry-

hRab27b and 0.3μM GFP-mSlp2-(3-80) (double the calculated EC50) (Figure 

4.12: B). Repeatedly, the interaction between hRab27b and mSlp2 was 

completely disrupted using unlabelled rRab27a and hRab27b, whereas hRab5 

failed to disrupt the interaction. This was evidenced by the pIC50 values of 

unlabelled rRab27a (7.07M) and hRab27b (6.71M) which were higher than that 

of hRab5 (5.04M), indicating that that the IC50 values of hRab27a/b were lower 

than that of hRab5. Consequently, the specificity of the FRET-based protein-

protein interaction assay was confirmed and this indicates that this assay can be 

used in the future to test and determine the effects of the candidate inhibitors of 

Rab27-effector interactions. 
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Figure 4.12. Disruption of hRab27b interaction with either mSlp1 or mSlp2 

effector proteins using different unlabelled Rabs. Different concentrations 

(0.0, 0.03, 0.1, 0.3, 1.0, 3.0 and 4.5 μM) of unlabelled rRab27a and hRab27b; 

hRab5 (was used as a negative control) were used to disrupt the binding 

between: A) 0.15μM m.Cherry-hRab27b and 0.7μM GFP-mSlp1-(1-116). The 

calculated pIC50 values were 7.45M, 7.57M and 4.79M for unlabelled 

rRab27a, hRab27b and hRab5, respectively. B) 0.15μM m.Cherry-hRab27b 

and 0.3μM GFP-mSlp2-(3-80). The calculated pIC50 values were 7.07M, 

6.71M and 5.04M for unlabelled rRab27a, hRab27b and hRab5, respectively. 

Data points represent mean ± SEM of 3 independent experiments performed 

in quadruplicates. 
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4.4 Discussion 

Initially, this chapter experiments have mainly been focused on establishing and 

developing a robust FRET-based protein-protein interaction assay to be used as 

an in vitro measure of the binding affinity of Slp1 and Slp2 effector proteins to 

Rab2a/b proteins.  

In order to obtain robust FRET signals, the acceptor and donor fluorophores with 

highest fluorescence intensity must be chosen to be used and their excitation-

emission spectra should overlap (Piston and Kremers, 2007). Therefore, GFP-

(mSlp1 or mSlp2) and m.Cherry-hRab27 recombinant proteins were chosen to 

used as donor and acceptor fluorophores, respectively. In addition, the 

fluorescence intensity of GFP and m.Cherry proteins are powerful and their 

excitation-emission spectra overlap as described in section 4.1. In the early 

stages, preliminary experiments were performed using the appropriate controls 

(GFP and m.Cherry proteins) to test the possibility of FRET occurrence between 

m.Cherry-hRab27b and GFP-mSlp1-(1-116) effector protein. These 

experiments demonstrated clearly that significant and specific FRET signals 

were obtained using those interacting components (Figure 4.4). In agreement 

with this, early FRET experiments using enhanced GFP-(donor)-DsRed-

(acceptor) (the early discovered red fluorescent protein; for details see section 

3.1) pair revealed that the  critical distance (r0) for FRET occurrence (when 

FRET efficiency is 50%) was 4.73nm (Patterson et al., 2000). Moreover, the 

calculated r0 values of the enhanced GFP-(donor)-m.Cherry-(acceptor) (Akrap 

et al., 2010) and the enhanced 0GFP-(donor)-m.Cherry-(acceptor) (Albertazzi et 

al., 2009) pairs were 5.24nm and 5.1nm, respectively. This suggests that GFP-

mSlp1/2 and m.Cherry-hRab27 can produce significant FRET signals upon 

interaction of mSlp1/2 with hRab27, thus GFP and m.Cherry come close to each 

other, leading to FRET occurrence.   

Together, the FRET evidence found in literature and preliminary data shown in 

Figure 4.4 provided the basis to perform further experiments and assured that 

this approach can be used to determine Rab27-effector protein interaction and 

optimisation of the assay was conducted accordingly.    
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In general, the FRET signals are not always powerful and detectable (Piston and 

Kremers, 2007), therefore the conditions of the FRET assay were optimised 

including optimisation of the concentration of GTP, the incubation time of the 

interacted components and using of the appropriate microplate reader with the 

proper fluorescence sensitivity. The binding increased dynamically within time 

until reaching saturation (after 2 hours incubation at room temperature) and 

3mM GTP was optimum to obtain significant binding. This was evidenced by 

obtaining robust FRET signals using this GTP concentration which were not 

significantly different from that of using higher GTP concentrations as shown in 

Figures 4.5 and 4.6.   

In addition, different concentrations of m.Cherry-hRab27b recombinant protein 

(0.6, 0.3 and 0.15 μM) were used to measure the FRET signals and fix the 

concentration of the acceptor protein as shown in Figures 4.7, 4.8 and 4.9. These 

experiments demonstrated that 0.15μM m.Cherry-hRab27 recombinant protein 

was optimum to obtain powerful FRET signals and saturate the binding with 

mSlp1 and mSlp2 effector proteins. Note that as the concentration of the acceptor 

(m.Cherry-hRab27) is increased, a wide range and higher concentrations of the 

donor (GFP-mSlp1 or GFP-mSlp2) should be used. Therefore, m.Cherry-

hRab27 concentration was decreased and optimised as much as possible in order 

to use lower concentrations of the donor (due to volume limitations).  

Accordingly, mSlp1 and mSlp2 binding affinity to hRab27b protein were 

determined and the pEC50 values were calculated accordingly. Negative control 

experiments were performed using the appropriate controls, these involved 

testing the interaction of: GFP with m.Cherry-hRab27b, m.Cherry with GFP-

mSlp1-(1-116) and m.Cherry with GFP-mSlp2-(3-80). Altogether, the results of 

these control experiments demonstrated that the binding between m.Cherry-

hRab27b and GFP-Slp1-(1-116) or GFP-mSlp2-(3-80) were specific and the 

binding affinity were not comparable to that of the negative control experiments. 

In addition, these experiments revealed that the binding affinity of mSlp2 to 

Rab27b is slightly higher than that of mSlp1. The slightly higher mSlp2 binding 

affinity over mSlp1 was further investigated by testing the binding of 0.7μM 

GFP-mSlp1-(1-116) and 0.3μM GFP-mSlp2 (3-80) to m.Cherry-hRab27b (full 

length, 1-218 and C-terminal truncated, 1-200) (Figure 4.10). The binding of 
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mSlp2 to either full length or C-terminal truncated Rab27b was slightly higher 

than that of mSlp1, since the used concentration of mSlp1 was almost double the 

concentration of mSlp2. 

To further investigate this finding, the interaction of GFP-mSlp1-(1-116) and 

GFP-mSlp2-(3-80) with m.Cherry-hRab27a was tested (Figure 4.11). 

Recurrently, the binding affinity of mSlp2 to Rab27a was slightly higher than 

that of mSlp1.  

As the binding affinity of mSlp2 is slightly higher than that of mSlp1 to either 

Rab27a or Rab27b, mSlp2 can be used as a typical Rab27 effector in this assay 

when testing the effects of the candidate inhibitors for these interactions.   

To further assess the specificity of this assay in terms of using it to identify and 

determine the effects of the candidate inhibitors of Rab27-effector interactions, 

the information from the binding affinity experiments (the calculated EC50 

values) was used to disrupt the interaction between Rab27b and Slp1/Slp2 using 

unlabelled Rab27a/b (as typical competitive inhibitors) and Rab5 was used as a 

negative control. The results of these experiments demonstrated that both 

unlabelled Rab27a/b were able to disrupt Rab27b-Slp1/2 interactions ((Figure 

4.12).    

Overall, both the binding affinity experiments using mSlp1 and mSlp2 effector 

proteins and the competition experiments using unlabelled Rab27a/b as typical 

competitive inhibitors confirmed the validity and fidelity of the FRET-based 

protein-protein interaction assay. This assured that this assay is powerful and 

robust in terms of determining Rab27-effector protein interaction and can be 

used to test the effects of the candidate small molecule and peptide inhibitors of 

these interactions in the future. 
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4.5 Conclusions 

By optimisation of the FRET-based protein-protein interaction assay, significant 

and specific FRET signals were obtained. Therefore, this exquisite assay was 

utilised to determine the binding affinity of mSlp1 and mSlp2 to Rab27a/b and 

it was found that the binding affinity of mSlp2 is slightly higher than that of 

mSlp1 (evidenced by pEC50 differences). In addition, the specificity of this 

assay was confirmed using unlabelled Rab27a/b as typical competitive inhibitors 

and the pIC50 values for those inhibitors were determined. Accordingly, this 

assay can provide an in vitro read-out for Rab27-effector interactions and can be 

used in the future to identify candidate inhibitors of these interactions.  
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Chapter 5 

Identification of the key determinants of the functional 

effects of Rab27-effector interactions on melanosome 

transport  
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5.1 Introduction 

As mentioned earlier that the main aim of this project was to produce inhibitors 

of Rab27-effector interactions, therefore the key effector protein binding 

contacts of these interactions should be identified. To this end, a cellular 

melanosome clustering assay was used as a read-out for the functional effects of 

Rab27-effector interactions on melanosome transport in living cells (melan-a 

cells) (Hume et al., 2001; Strom et al., 2002).  

Although a lot of work has been done to identify the key Rab27-effector binding 

contacts, many of the Rab27-effector interactions still need to be further 

investigated in order to identify the minimum effector protein fragments that can 

bind Rab27 protein. Accordingly, that information can be used to perform 

molecular dynamics simulation studies (by focusing on these fragments when 

performing these studies) in order to identify the key binding residues of these 

interactions, leading to production of  Rab27-effector interaction inhibitors as 

described in chapter 6. 

The crystal structure of Rab27 binding interface of only two Rab27 effectors 

(out of 11) is known as the 3D structure of Rab27a-Slp2 and Rab27b-Slac2-a 

binding interfaces have been determined (Chavas et al., 2008; Kukimoto-Niino 

et al., 2008). These structures provide the basis to test and investigate Rab27-

effector interactions by focusing mainly on Slp1, Slp2 and Slac2-a effectors, 

since Slp1 and Slp2 are structurally related (Fukuda et al., 2001).  

By using the melanosome clustering assay, successful candidate inhibitors of 

Rab27a-Slac2-a interaction-dependent melanosome transport can be identified 

by quantifying the induced perinuclear clustering of melanosomes. The 

melanosome clustering is caused by competing of those inhibitors with the 

endogenous Slac2-a for Rab27a interaction, thereby disrupting the Rab27a, 

Slac2-a and myosin-Va tripartite complex (Evans et al., 2014; Hume et al., 2001; 

Hume et al., 2006; Hume et al., 2007) (for further details see section 1.4.1.3). In 

addition, GFP expression was used as an indicator of gene and protein expression 

in cells (Chalfie et al., 1994). 
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Furthermore, the previously optimised FRET-based protein-protein interaction 

assay (see chapter 4) was used to test the effects of different mSlp2 fragments 

on Rab27-effector interaction, thereby comparing the results of the cellular and 

the in vitro assays. 

 

5.2 Aims 

The main aim of these experiments was to identify the key determinants of the 

functional effects of Rab27-effector interactions on melanosome transport in 

living cells, thereby indirectly determining the key binding contacts of Rab27-

effector interactions. Accordingly, as a first step toward determining the key 

functional effects of mSlp1, mSlp2 and mSlac2-a on melanosome transport, 

different truncations of these effectors were tested. Furthermore, to identify the 

key Rab27 binding contacts and determine the minimum Rab27 binding 

fragments, the functional consequences of introducing   different mutations into 

mSlp2 were tested. In parallel, different mSlp2 fragments were tested using the 

previously optimised FRET-based protein-protein interaction assay. That 

information was used to perform molecular dynamics simulation studies as 

described in chapter 6.  
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5.3 Results 

5.3.1 Identifying the key determinants of Rab27a-Slac2-a interaction-

dependent melanosome transport 

In order to produce Rab27-effector interaction inhibitors, the cellular 

melanosome clustering assay (see section 2.4.5) was used as a read-out for 

Rab27a-Slac2-a interaction-dependent melanosome transport. Accordingly, 

adenoviruses expressing different mSlp1, mSlp2 and mSlac2-a effectors 

fragments were tested using this assay. Adenoviral-mediated infection was used 

in the those experiments, since this method is a highly efficient and convenient 

way to infect mammalian cells and can maintain stable gene expression (Kim 

and Eberwine, 2010). Melan-a melanocytes were infected with viruses 

expressing the indicated proteins as described in section 2.4.3 and examined 

using a Zeiss AxioVert S100 inverted fluorescence microscope (as described in 

section 2.4.4). In addition, GFP was used as a negative control in these 

experiments (differences in the shape of the dispersed and clustered 

melanosomes in melan-a melanocytes shown in Figure 5.1). Successful effector 

fragments induce perinuclear clustering of melanosomes by disrupting the 

interaction between Rab27a and endogenous mSlac2-a, thereby uncoupling 

melanosomes from actin in dendrites.  
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Figure 5.1. The cellular melanosome clustering assay as a read-out for 

Rab27a-Slac2-a interaction-dependent melanosome transport. Melan-a 

melanocytes were plated using 24-well (Nunc) plate. A) Melan-a melanocytes 

were infected with adenoviruses expressing GFP protein, the distribution of 

melanosomes was not affected (dispersed) as in the non-infected cells. B) Melan-

a melanocytes were infected with adenoviruses expressing GFP-mSlac2-a-(1-

266) protein, this resulted in inducing perinuclear clustering of melanosomes 

(the arrow indicated cells). C) Non-infected melan-a melanocytes showed 

dispersed distribution of melanosomes. In merge images, melanosomes are 

coloured magenta and GFP is coloured green. The cells were visualised (24-72 

hours post-infection) using fluorescent microscopy. Scale bar represents 100μm.  

 

 

  

5.3.2 mSlp2-(3-80) disrupts Rab27a-Slac2-a interaction-dependent 

melanosome transport  

As a starting point to identify key determinants of Rab27a-Slac2-a interaction-

dependent melanosome transport, mSlp2-(3-80) was chosen to be tested firstly, 

since this mSlp2 fragment encompasses all parts of Slp2 that are common with 

other Rab27 effectors. For instance, sequence alignment of different Rab27 

effectors primarily demonstrated that mSlp2-a-(1-80) contains SHD1 and SHD2 

regions for binding Rab27 (Fukuda et al., 2001). Furthermore, Kuroda et al. 

found that GST fused mSlp2-a-(1-87) can interact with FLAG tagged Rab27a 
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(GTP-bound) using a GST pull-down assay (Kuroda et al., 2002a). Also, the 

binding interface between Slac2-a and Rab27b was identified and sequence 

alignment of the binding interface of Slac2-a with Slp2 revealed that the crucial 

residues of Slp2 for Rab27 interaction lie between 1-80 aa (Kukimoto-Niino et 

al., 2008).  

In this study, mouse Slp2 was used, therefore sequence alignment of human and 

mouse Slp2-(3-80) was performed to investigate whether the key Rab27 binding 

residues identified previously in the crystal structure of human Slp2-Rab27a 

complex (Chavas et al., 2008) are conserved between them or not. Sequence 

alignment clearly demonstrated that all the crucial Rab27 binding residues are 

conserved between them and sequence homology is 95%, suggesting that both 

human and mouse Slp2-(3-80) have similar Rab27 binding activities (Figure 

5.2).     

 

Figure 5.2. Amino acid sequence alignment of human and mouse Slp2-a. 

Sequence alignment of hSlp2-(3-80); NCBI Reference Sequence: NP_116561.1 

and mSlp2-(3-80); GenBank: BAB41082.1 was performed with CLC sequence 

viewer 7.8.1. The degree of conservation is presented as bar plots from 0 to 

100%; * stands for non-conserved residues. Sequence homology is 95%. 

   

 

 

Accordingly, GFP-mSlp2-(3-80) was tested in terms of disrupting Rab27a-

Slac2-a interaction-dependent melanosome transport in melan-a cells. As a 

positive control, GFP-mSlac2-a-(1-266) was used in these experiments (Strom 

et al., 2002). This fragment of Slac2-a contains the Rab27a binding domain 

(SHD1/2), but lacks the essential residues required to form stable interaction 

with myosin-Va motor protein, thus it competes with endogenous Slac2-a for 

Rab27a binding at the melanosome membrane, inducing perinuclear clustering 

of melanosomes by disrupting Rab27a-Slac2-a dependent melanosome transport 
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(Hume et al., 2006). The results of these experiments (Figure 5.3) demonstrated 

that mSlp2-(3-80) significantly disrupted Rab27a-Slac2-a interaction-dependent 

melanosome transport by inducing perinuclear clustering of melanosomes in 

95.28% ±0.35 of expressing cells which was comparable to that of mSlac2-a-(1-

266) (the positive control) as they were not significantly different. In 

comparison, GFP (the negative control) induced perinuclear clustering of 

melanosomes in 0.19% ±0.04 of expressing cells. This suggests that mSlp2-(3-

80) exhibited this effect by competing with the endogenous mSlac2-a for Rab27a 

interaction, indicating that this mSlp2 fragment is able to stably interact with 

Rab27a in living cells. 

Next, to identify the minimum mSlp2-Rab27a binding fragment and to further 

investigate whether mSlp2-(3-80) contains all the key contacts required for 

Rab27a binding, a point mutation was introduced at amino acid 3 of mSlp2 and 

3-79 fragment of mSlp2 was tested. These mSlp2 fragments: mSlp2-(3-80; D3A) 

and mSlp2-(3-79) were able to induce perinuclear clustering of melanosomes in 

94.42% ±0.55 and 95.13% ±0.63 of expressing cells, respectively (Figure 5.3). 

These effects were not significantly different from that induced by mSlp2-(3-

80), suggesting that smaller mSlp2 fragments could disrupt Rab27a-Slac2-a 

interaction-dependent melanosome transport. Accordingly, further 

investigations were performed later in order to identify the key determinants of 

these effects as described in the subsequent sections. 
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Figure 5.3. Effects of mSlp2-(3-80), mSlp2-(3-80; D3A) and mSlp2-(3-79) on 

Rab27a-Slac2-a interaction-dependent melanosome transport. Melan-a 

melanocytes were plated using 24-well (Nunc) plate and then infected using 

adenoviruses expressing the indicated proteins: GFP (as a negative control), 

GFP-mSlac2-a-(1-266) (as a positive control), GFP-mSlp2-(3-80), GFP-mSlp2-

(3-80, D3A) and GFP-mSlp2-(3-79). The cells were visualised (24-72 hours 

post-infection) using fluorescent microscopy and cells with clustered 

melanosomes were then quantified.  Data represent mean ± SEM of 3 

independent experiments (4 images/experiment). One-way ANOVA: nsP > 0.05; 

****P ≤ 0.0001. 

 

5.3.3 Testing of the effects of introducing different point mutations into 

mSlp2-(3-80)  

Next to further investigate and identify the functional effects of mSlp2 on 

Rab27a-Slac2-a interaction-dependent melanosome transport, different point 

mutations were introduced into mSlp2-(3-80). These mutations involved: K58A, 

R61A, H62A, G68I, D70A, I71A, R73A and S75A (see Figure 5.4). This was 

performed to investigate whether the introduction of any of these mutations into 

mSlp2-(3-80) could disrupt the induced perinuclear clustering of melanosomes, 

thus key contacts of Rab27a-Slp2 interaction can be identified.  
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The results of these experiments demonstrated that none of these mutations 

affected the induced perinuclear clustering of melanosomes in melan-a cells 

(Figure 5.5), since their effects were not significantly different from that of 

mSlp2-(3-80). This suggested that further investigations need to be performed to 

to identify key contacts of mSlp2-Rab27a interaction  that can disrupt the 

induced perinuclear clustering of melanosomes. This was performed in the 

subsequent melanosome clustering assay experiments. 

 

 

Figure 5.4. The introduced point mutations into mSlp2-(3-80). Different point 

mutations were introduced into mSlp2-(3-80) (highlighted in red). 
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Figure 5.5. Introducing different point mutations into mSlp2-(3-80) does not 

affect the induced melanosome clustering. Melan-a melanocytes were plated 

using 24-well (Nunc) plate and then infected using adenoviruses expressing the 

indicated proteins: GFP (as a negative control), GFP-mSlac2-a-(1-266) (as a 

positive control), GFP-mSlp2-(3-80) (as a positive control), GFP-mSlp2-(3-80; 

K58A), GFP-mSlp2-(3-80; R61A), GFP-mSlp2-(3-80; H62A), GFP-mSlp2-(3-

80; G68I), GFP-mSlp2-(3-80; D70A), GFP-mSlp2-(3-80; I71A), GFP-mSlp2-

(3-80; R73A) and GFP-mSlp2-(3-80; S75A).The cells were visualised (24-72 

hours post-infection) using fluorescent microscopy and cells with clustered 

melanosomes were then quantified.  Data represent mean ± SEM of 3 

independent experiments (4 images/experiment). One-way ANOVA: nsP > 0.05; 

****P ≤ 0.0001. 

 

 

 

 

5.3.4 mSlp2-(R32W) mutant partially disrupts Rab27a-Slac2-a interaction-

dependent melanosome transport 

In order to identify key contacts of Rab27-mSlp2 interaction, the R32W 

mutation was introduced into mSlp2-(3-80). The reasons behind choosing this 

mutation were as follows. 

As the R35W mutation in Slac2-a causes GS type III (for further details see 

section 1.3.3) by disrupting Slac2-a binding to Rab27a, (Menasche et al., 2003b; 

Tomita and Suzuki, 2004), the equivalent mSlp2 residue was mutated by 

introducing the R32W mutation. In addition, R32 and R35 represent one of the 
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key residues of the binding interface of Rab27a-Slp2 and Rab27b-Slac2-a, 

respectively, since they make contacts with Y6 in Rab27a/b (Chavas et al., 2008; 

Kukimoto-Niino et al., 2008). Therefore, the R32W mutation in mSlp2 was 

chosen to be tested using the melanosome clustering assay.  

The results of these experiments revealed that the introduction of this mutation 

into mSlp2-(3-80) induced perinuclear clustering of melanosomes in 53.03% 

±2.83 of expressing cells compared with 95.29% ±0.08 using mSlp2-(3-80) 

(positive control), reducing 42% of its melanosome clustering inducing effects 

(Figure 5.6). This effect was significantly different from both the positive and 

negative controls. This indicates that this mutation partially inhibited the effects 

of mSlp2-(3-80) on melanosome transport, suggesting that R32 residue is one of 

the key Rab27 binding contacts that can be utilised when performing virtual 

screening of candidate small molecule inhibitors of Rab27-effector interactions. 

 

Figure 5.6. R32W mutation partially inhibits mSlp2-(3-80)-induced 

melanosome clustering. Melan-a melanocytes were plated using 24-well (Nunc) 

plate and then infected using adenoviruses expressing the indicated proteins: 

GFP (as a negative control), GFP-mSlp2-(3-80) (as a positive control) and GFP-
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mSlp2-(3-80; R32W). The cells were visualised (24-72 hours post-infection) 

using fluorescent microscopy and cells with clustered melanosomes were then 

quantified.  Data represent mean ± SEM of 3 independent experiments (4 

images/experiment). One-way ANOVA: ****P ≤ 0.0001. 

 

 

5.3.5 Testing of the inhibitory effects of different mSlp2 fragments on 

Rab27a-Slac2-a interaction-dependent melanosome transport  

To further identify key contacts for interaction with Rab27a and to determine the 

minimum interacting fragment of mSlp2 that can disrupt Rab27a-dependent 

melanosome transport, different mSlp2 fragments were tested using the cellular 

melanosome clustering assay. These fragments were selected based on the 

identified 3-dimentional structure of the binding interface between Rab27a and 

Slp2 (Chavas et al., 2008). The binding interface comprises α1 (10-41 aa), α2 

(42-50 aa) and α3 (51-56 aa) helices as shown in Figure 5.7 (α1 and α2-α3 

represent SHD1 and SHD2 regions, respectively (for further details see sections 

1.4 and 1.4.1.2). 

 

Figure 5.7. Sequence alignment of Slp2/Exophilin4-Rab27a binding interface 

with other Rab27 effector proteins. Black boxes represent highly conserved 

residues; red, green, and dark-green bars represent α1, α2 and α3 helices, 

respectively; grey-highlighted residues represent the zinc-finger motifs, purple 

boxes represent conserved cysteine residues. Slp2 and rabphilin-3a crucial 

binding residues for Rab27a and Rab3a presented as blue and red triangles, 

respectively. h; human, m; mouse,  r; rat. Reproduced from (Chavas et al., 2008). 
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In order to investigate the effects of these helices (α1, α2 and α3) on melanosome 

transport, these Rab27 binding motifs were tested in an additive way; i.e. α1-

(10-41), α1-α2-(10-50) and α1-α2-α3-(10-56). Surprisingly, none of these mSlp2 

fragments succeeded in inducing significant perinuclear clustering of 

melanosomes as their effects were not significantly different from that of the 

negative control (GFP) (Figure 5.8), indicating that these fragments cannot 

stably interact with Rab27a and larger fragments required to be tested.  

 

Figure 5.8. mSlp2-(10-41), mSlp2-(10-50) and mSlp2-(10-56) do not inhibit 

Rab27a-Slac2-a interaction-dependent melanosome transport. Melan-a 

melanocytes were plated using 24-well (Nunc) plate and then infected using 

adenoviruses expressing the indicated proteins: GFP (as a negative control), 

GFP-mSlp2-(3-80) (as a positive control), GFP-mSlp2-(10-41), GFP-mSlp2-

(10-50) and GFP-mSlp2-(10-56). The cells were visualised (24-72 hours post-

infection) using fluorescent microscopy and cells with clustered melanosomes 

were then quantified.  Data represent mean ± SEM of 3 independent experiments 

(4 images/experiment). One-way ANOVA: nsP > 0.05; ****P ≤ 0.0001. 
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Accordingly, these mSlp2 fragments were extended at the N-terminal by testing 

the effects of mSlp2-(3-41) and mSlp2-(3-56) using the melanosome clustering 

assay (Figure 5.9). These experiments demonstrated that mSlp2-(3-41) effects 

were comparable to that of the negative control (GFP), whereas mSlp2-(3-56) 

induced perinuclear clustering of melanosomes in 36% ±0.74 of expressing cells 

compared with 95.10% ±0.32 using mSlp2-(2-3-80) (positive control). These 

effects were significantly different from that of mSlp2-(3-80), mSlp2-(3-41) and 

GFP. This suggests that mSlp2-(3-41) does not have the ability to disrupt 

Rab27a-Slac2-a interaction-dependent melanosome transport, whereas mSlp2-

(3-56) had partial effects. This might be due to missing of some of the key Rab27 

binding contacts (57-80 residues) in mSlp2-(3-56) which again suggested 

performing further investigations. 

 

Figure 5.9. mSlp2-(3-56) partially inhibits Rab27a-Slac2-a interaction-

dependent melanosome transport. Melan-a melanocytes were plated using 24-

well (Nunc) plate and then infected using adenoviruses expressing the indicated 

proteins: GFP (as a negative control), GFP-mSlp2-(3-80) (as a positive control), 

GFP-mSlp2-(3-41) and GFP-mSlp2-(3-56).The cells were visualised (24-72 

hours post-infection) using fluorescent microscopy and cells with clustered 

melanosomes were then quantified.  Data represent mean ± SEM of 3 

independent experiments (4 images/experiment). One-way ANOVA: nsP > 0.05; 

****P ≤ 0.0001. 
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Parallel to the cellular melanosome clustering assay experiments and to better 

investigate the inhibitory effects of SHD1/2 of mSlp2, mSlp2-(3-41) and mSlp2-

(3-56) fragments were tested using the FRET-based protein-protein interaction 

assay. 

To this end, these mSlp2 fragments were produced as GST-fused recombinant 

proteins as described in section 5.3.9 (to be used as unlabelled competitive 

inhibitors; non-fluorescent) and tested using the FRET assay (the data were 

normalised using GST as a negative control). GST-mSlp2-(3-80) was used as a 

positive control to disrupt the interaction between hRab27b and mSlp1, since 

this fragment was used previously in the fluorescent GST-pull down assay as the 

main component for interaction with m.Cherry-Rab27b (see chapter 3). The 

findings of these competition experiments (Figure 5.10) demonstrated that 

mSlp2-(3-80) completely disrupted the interaction between hRab27b and mSlp1 

evidenced by pIC50 (6.97M). In addition, these experiments showed that mSlp2-

(3-41) and mSlp2-(3-56) were not comparable to mSlp2-(3-80) in terms of 

disrupting the interaction between hRab27b and mSlp1 evidenced by pIC50 

differences [pIC50 mSlp2-(3-41); 6.57M, pIC50 mSlp2-(3-56); 6.47M]. 

Although these experiments demonstrated that none of these mSlp2 fragments 

were able to completely disrupt the interaction between hRab27b and mSlp1, 

mSlp2-(3-41) and mSlp2-(3-56) had partial inhibitory effects on hRab27b-

mSlp1 interaction (evidenced by pIC50 values). This suggests that either mSlp2-

(3-41) or mSlp2-(3-56) might provide initial platforms to develop Rab27-

effector interaction inhibitors (see chapter 6).  

In conclusion, testing of mSlp2-(3-41) and mSlp2-(3-56) using the cellular 

melanosome clustering and the FRET in vitro assays suggests that the in vitro 

results should always be confirmed by cellular or in vivo investigations and vice 

versa.  
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Figure 5.10. Testing the effects of GST-mSlp2-(3-41) and GST-mSlp2-(3-56) 

on hRab27b-mSlp1 interaction. Different GST-fused mSlp2 fragments were 

tested in terms of inhibiting the interaction between 0.15μM m.Cherry-hRab27b 

and 0.7μM GFP-mSlp1-(1-116). GST-mSlp2-(3-80) (0.0, 0.03, 0.1, 0.3, 1.0 and 

2.0 μM) was used as a positive control; pIC50: 6.97M. The effects of GST-

mSlp2-(3-41) and GST-mSlp2-(3-56) on the binding were tested using different 

concentrations (0.0, 0.03, 0.1, 0.3, 1.0 and 3.0 μM). pIC50 mSlp2-(3-41): 6.57M; 

pIC50 mSlp2-(3-56): 6.47M. The FRET based protein-protein interaction assay 

was used to determine the binding. Data points represent mean ± SEM of 3 

independent experiments performed in quadruplicates. 

 

 

 

5.3.6 mSlp2-(3-67) is comparable to mSlp2-(3-80) in terms of inducing 

melanosome clustering  

As explained in section 5.3.5, mSlp2-(3-56) had partial melanosome clustering 

inducing effects, therefore larger fragment(s) required to be investigated. To this 

end, mSlp2-(3-67) was chosen to be tested using the melanosome clustering 

assay, since sequence alignment of mSlp2 with Rab27b-Slac2-a binding 

interface demonstrated that mSlp2-(3-67) encompasses all the equivalent Slac2-

a residues required to interact with Rab27b in the 3D complex structure (the last 

essential residue for binding of Slac2-a to Rab27b is G133 in α5 helix which is 

equivalent to H67 in mSlp2 structure) (see Figure 5.11) (Kukimoto-Niino et al., 

2008).    
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Figure 5.11. Sequence alignment of mSlac2-a-mRab27b binding interface 

with other Rab27 effector proteins. mSlac2-a and rabphilin crucial binding 

residues for Rab27b and Rab3a presented as red and green asterisks, 

respectively. Red boxes (white coloured residues) and red coloured residues 

represent highly conserved residues and less conserved residues, respectively. 

Reproduced from (Kukimoto-Niino et al., 2008). 

 

mSlp2-(3-67) testing experiments revealed that mSlp2-(3-67) was comparable 

to mSlp2-(3-80) as it induced perinuclear clustering of melanosomes in 95.16% 

±0.2 of expressing cells and this effect was not significantly different from that 

of mSlp2-(3-80), suggesting that mSlp2-(3-67) might be the minimum Rab27a 

binding fragment that contains all the essential interacting residues with Rab27a 

(Figure 5.12).  

To better investigate this finding, a smaller mSlp2 fragment was tested (mSlp2-

10-67). These experiments demonstrated that mSlp2-(10-67) partially induced 

perinuclear clustering of melanosomes in 72.75% ±0.9 of expressing cells 

compared with 95.43% ±0.11 and 1.02% ±0.12 using mSlp2-(3-80) and GFP, 

respectively (Figure 5.12). This effect was significantly different from that of 

mSlp2-(3-80), mSlp2-(3-67) and GFP. This indicates that mSlp2-(10-67) might 

partially inhibit Rab27a-Slac2-a binding by 72.75%, suggesting again that 
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mSlp2-(3-67) fragment might encompass all the key determinants of Rab27-

Slp2 interactions.  

These findings indicate that the deletion of the first (3-9) amino acids in the N-

terminus of mSlp2 resulted in reducing the induced perinuclear clustering of 

melanosomes by 22.41%, since mSlp2-(10-67) induced melanosome clustering 

in 72.75% of expressing cells compared with 95.16% using mSlp2-(3-67), 

suggesting that the contribution of the 3-9 amino acids in the disruption of 

Rab27a-Slac2-a interaction-dependent melanosome transport is 22.41%. In 

addition, these experiments indicate that 57-67 residues of mSlp2 might be 

essential for Rab27a binding as extending mSlp2-(3-56) (see section 5.3.5) to 

mSlp2-(3-67)  resulted in increasing the induced melanosome clustering by 

59.16%, suggesting that 57-67 amino acids might contribute to 59.16% of the 

inhibitory effect on Rab27a-Slac2-a interaction-dependent melanosome 

transport. 

These findings are supported by sequence alignment of mSlp2 with Rab27b-

Slac2-a binding interface (Figure 5.11), since D3, L4, S5, L7, T8 and R61 mSlp2 

residues are conserved between  mSlp2 and Slac2-a, highlighting the importance 

of these residues in Rab27a binding. 
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Figure 5.12. Testing of the inhibitory effects of mSlp2-(3-67) and mSlp2-(10-

67) on Rab27a-Slac2-a interaction-dependent melanosome transport. Melan-

a melanocytes were plated using 24-well (Nunc) plate and then infected using 

adenoviruses expressing the indicated proteins: GFP (as a negative control), 

GFP-mSlp2-(3-80) (as a positive control), GFP-mSlp2-(3-67) and GFP-mSlp2-

(10-67). The cells were visualised (24-72 hours post-infection) using fluorescent 

microscopy and cells with clustered melanosomes were then quantified.  Data 

represent mean ± SEM of 3 independent experiments (4 images/experiment). 

One-way ANOVA: nsP > 0.05; ****P ≤ 0.0001. 
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5.3.7 mSlp1-(1-116) disrupts Rab27a-Slac2-a interaction-dependent 

melanosome transport 

mSlp1 was another Rab27 effector protein that was tested in this study as it is 

structurally related to mSlp2 and shares many of the Rab27 interacting residues 

with Slp2 and Slac2-a effector proteins (see sections 1.4, 1.4.1.1, 1.4.1.2 and 

1.4.1.3) 

According to sequence alignment of Slp1 with other Rab27 effector proteins, 

mSlp1-(1-116) contains SHD1/2 regions required for binding to Rab27 protein 

(Fukuda et al., 2001). This is in agreement with testing of this mSlp1 fragment 

using the GST pull-down assay, since GST fused mSlp1-(1-117) is able to 

interact with FLAG tagged Rab27a (GTP-bound)  (Kuroda et al., 2002a).  

In addition, sequence alignment with Rab27b-Slac2-a binding interface  

demonstrates that 1-74 (SHD1) and 75-116 (SHD2) Slp1 fragments contain all 

the essential Rab27 binding residues (Kukimoto-Niino et al., 2008; Kuroda et 

al., 2002a) (see Figure 5.11). That information in the literature called attention 

to test mSlp1-(1-116) using the melanosome clustering assay. Notably, sequence 

alignment of human and mouse Slp1-(1-116) demonstrated that most of the 

crucial Rab27 binding residues are conserved between them and sequence 

homology is 87% (Figure 5.13), suggesting that both human and mouse Slp1-(1-

116) have similar Rab27 binding activities (this was performed as mouse Slp1 

was used in this study). 

 

Figure 5.13. Amino acid sequence alignment of human and mouse Slp1. 

Sequence alignment of hSlp1-(1-116); GenBank: AAH35725.1 and mSlp1-(1-

116); NCBI Reference Sequence: NP_113570.2 was performed with CLC 

sequence viewer 7.8.1. The degree of conservation is presented as bar plots from 

0 to 100%; * stands for non-conserved residues. Sequence homology is 87%. 
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Accordingly, different mSlp1 fragments were tested in terms of inducing of 

perinuclear clustering of melanosomes in melan-a cells. These fragments 

comprised: mSlp1-(1-116), mSlp1-(1-74) (SHD1) and mSlp1-(70-116) (SHD2).  

The results of these experiments demonstrated that mSlp1-(1-116) was 

comparable to mSlp2-(3-80) by inducing perinuclear clustering of melanosomes 

in 95.4% ±0.22 of expressing cells (Figure 5.14).  

mSlp1-(1-74) induced perinuclear clustering of melanosomes in 18.33% ±0.94 

of expressing cells, whereas mSlp1-(70-116) was comparable to the negative 

control (GFP), suggesting that SHD1 is more important than SHD2 for Rab27a 

binding (Figure 5.14). To investigate whether mSlp1-(1-74) and mSlp1-(70-116) 

could work additively or synergistically, a combination of both of them was 

tested. The combination of mSlp1-(1-74) and mSlp1-(70-116) induced 

perinuclear clustering of melanosomes in 20.11% ±2.56 of expressing cells; i.e. 

comparable to mSlp1-(1-74) alone (Figure 5.14). This indicates that the 

combination of both SHD1/2 was not sufficient to obtain comparable inhibitory 

effects to that of mSlp1-(1-116); i.e. the combination strategy is not effective in 

terms of producing comparable results, since splitting SHD regions might 

change protein conformation of the binding interface.  
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Figure 5.14. mSlp1-(1-116) is comparable to mSlp2-(3-80) in terms of 

disrupting Rab27a-Slac2-a interaction-dependent melanosome transport. 
Melan-a melanocytes were plated using 24-well (Nunc) plate and then infected 

using adenoviruses expressing the indicated proteins: GFP (as a negative 

control), GFP-mSlp2-(3-80) (as a positive control), GFP-mSlp1-(1-116), GFP-

mSlp1-(1-74), GFP-mSlp1-(70-116) and combination of GFP-mSlp1-(1-

74)/GFP-mSlp1-(70-116).The cells were visualised (24-72 hours post-infection) 

using fluorescent microscopy and cells with clustered melanosomes were then 

quantified.  Data represent mean ± SEM of 3 independent experiments (4 

images/experiment). One-way ANOVA: nsP > 0.05; ****P ≤ 0.0001. 

 

 

 

 

 

Next, to further investigate that the combination of both SHD1/2 was not 

sufficient to disrupt Rab27a-Slac2-a interaction-dependent melanosome 

transport, mSlp1-(1-74) was produced as m.Cherry fused protein. This was 

performed to confirm that the obtained results were not related to insufficient 

protein expression (as both SHD1/2 were GFP fusion proteins in the previous 

experiments). Accordingly, a combination of both m.Cherry-mSlp1-(1-74) and 
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GFP-mSlp1-(70-116) were tested. Again, quantification of these data showed 

comparable results (data not shown).  

In conclusion, these experiments demonstrated that mSlp1-(1-116) was 

comparable to mSlp2-(3-80) and the combination of SHD1/2 was not 

comparable to mSlp1-(1-116) (when SHD1/2 tested as a whole fragment), 

highlighting the importance of further investigating Slp1 (SHD1/2) in the future. 

 

5.3.8 mSlac2-a-(1-146) is not comparable to mSlac2-a-(1-266) in terms of 

disrupting Rab27a-Slac2-a interaction-dependent melanosome transport 

As the 3-dimentional structure of the binding interface between Slac2-a and 

Rab27b is known (Kukimoto-Niino et al., 2008), it was hypothesised that testing 

of Slac2-a might provide an initial platform to identify Rab27 key binding 

contacts. Based on the identified crystal structure of interaction with Rab27b, 

mSlac2-a-(146) was selected to be tested using the melanosome clustering assay, 

since it contains all the essential Rab27 binding residues as described in section 

1.4.1.3 (see Figures 1.17 and 5.11). 

In addition, sequence alignment of human and mouse Slac2-a-(1-146) 

demonstrated that all the essential Rab27 binding residues are conserved 

between them and sequence homology is 85.6% (Figure 5.15) (this was 

performed as mouse Slac2-a was used in this study).  

 

Figure 5.15. Amino acid sequence alignment of human and mouse Slac2-a. 

Sequence alignment of hSlac2-a-(1-146); GenBank: AAH51269.1 and mSlac2-

a; NCBI Reference Sequence: NP_443748.2 was performed with CLC sequence 
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viewer 7.8.1. The degree of conservation is presented as bar plots from 0 to 

100%; * stands for non-conserved residues. Sequence homology is 85.6%. 

 

 

 

Testing of mSlac2-a-(1-146) using the melanosome clustering assay 

demonstrated that this fragment partially induced perinuclear clustering of 

melanosomes in 71.58% ±0.29 of expressing cells compared with 94.23% ±0.39 

and 95.23% ±0.34 using mSlac2-a-(1-266) and mSlp2-(3-80), respectively 

(Figure 5.16). This suggests that this mSlac2-a fragment is not comparable to 

mSlac2-a-(1-266) or mSlp2-(3-80) in terms of inducing melanosome clustering 

and disrupting Rab27a interaction with endogenous Slac2-a. 

Other studies suggest that Slac2-a-(1-153) encompasses SHD1 and SHD2 

regions required for binding to Rab27 (based on sequence alignment with other 

Rab27 effectors) (Fukuda et al., 2001). In addition, by using GST pull-down 

assay, GST fused mSlac2-a-(1-153) interacts with FLAG tagged Rab27a (GTP-

bound) (Kuroda et al., 2002a). This highlights the importance of testing larger 

Slac2-a fragments in the future. 
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Figure 5.16. mSlac2-a-(1-146) does not completely disrupt Rab27a-Slac2-a 

interaction-dependent melanosome transport. Melan-a melanocytes were 

plated using 24-well (Nunc) plate and then infected using adenoviruses 

expressing the indicated proteins: GFP (as a negative control), GFP-mSlac2-a-

(1-266) (as a positive control), GFP-mSlp2-(3-80) (as a positive control) and 

GFP-mSlac2-a-(1-146). The cells were visualised (24-72 hours post-infection) 

using fluorescent microscopy and cells with clustered melanosomes were then 

quantified.  Data represent mean ± SEM of 3 independent experiments (4 

images/experiment). One-way ANOVA: nsP > 0.05; ****P ≤ 0.0001.  
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5.3.9 Generation of GST-mSlp2-(3-41) and GST-mSlp2-(3-56) recombinant 

proteins 

In order to produce GST-mSlp2-(3-41) and GST-mSlp2-(3-56) recombinant 

proteins (see section 5.3.5), the pGEX-4T1-mSlp2-(3-41) and pGEX-4T1 

mSlp2-(3-56) vectors (see section 2.1.3.3)  were transformed into Rosetta E. coli 

competent cells and protein production was induced with 0.5mM IPTG as 

described in section 2.2.2, this was followed by performing protein purification 

steps using an affinity interaction with reduced glutathione (GSH)-sepharose 

beads as described in section 2.2.3.2).   

Analysis of the purified proteins using 10% SDS-PAGE gel electrophoresis 

confirmed that induction of protein production was successful and abundant 

protein bands were detected at the predicted molecular weights for GST-mSlp2-

(3-41); 32.98KDa (Figure 5.17 ) and GST-mSlp2-(3-56); 35.08KDa (data not 

shown). 

 

Figure 5.17. Production and purification profile of the GST-mSlp2-(3-41) 

recombinant protein. Rosetta E. coli competent cells were transformed with the 

pGEX-4T1-mSlp2-(3-41) vector, protein production was induced using 0.5mM 

IPTG for 3 hours at 37ºC. Protein production and purification steps were 

analysed using an instant blue stained 10% SDS-PAGE gel: M; molecular 

weight standards, U, I; uninduced and induced E. coli cell extracts, PP; purified 

protein, BC; cell lysates before centrifugation, AC; supernatant after 

centrifugation, FT1, 2, 3; 1st, 2nd  and 3rd  flow-through from GSH column after 

several washes with the dialysis buffer. An abundant protein band (the arrow 

indicated band) was detected at the predicted molecular weight for the GST-

mSlp2-(3-41) recombinant protein (32.98KDa). 
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5.4 Discussion 

Overall, the major findings of this chapter experiments were: First, mSlp2-(3-

80), mSlp2-(3-67) and mSlp2-(1-116) were able to significantly inhibit Rab27a-

Slac2-a interaction-dependent melanosome transport. Second, the introduction 

of the R32W mutation into mSlp2-(3-80) resulted in partial loss of its inhibitory 

activity. Third, testing of different mSlp2 truncations based on the crystal 

structure of the binding interface between Slp2 and Rab27a unexpectedly 

revealed that none of them succeeded in obtaining significant inhibitory effects 

in living cells, but partial inhibitory effects were obtained by using mSlp2-(3-

56). Fourth, mSlp2-(3-41) and mSlp2-(3-56) had partial inhibitory effects on 

Rab27b-Slp1 interaction in vitro. Fifth, testing of different mSlp1 truncations 

containing either SHD1 or SHD2 regions failed in producing significant 

inhibitory effects in living cells. Sixth, Slac2-a-(1-146) had partial inhibitory 

effects in living cells (was tested based on the crystal structure of the binding 

interface between Slac2-a and Rab27b).  

The melanosome clustering assay was used in this chapter experiments to 

investigate the functional effects of different Rab27 effectors on Rab27a-Slac2-

a interaction-dependent melanosome transport. Thus this assay was considered 

as an indirect read-out for Rab27-effector interaction and was used to identify 

key contacts of these interactions.  

mSlp2-(3-80) was firstly chosen to be tested and it had comparable effects to 

mSlac2-a-(1-266) (positive control) in terms of inducing perinuclear clustering 

of melanosomes by inhibiting Rab27a-Slac2-a interaction-dependent 

melanosome transport (Figure 5.3). This is in agreement with the results of 

testing this mSlp2 fragment using the fluorescent GST pull down and the FRET-

based in vitro assays (see chapters 3 and 4).  

Accordingly, to further investigate whether mSlp2-(3-80) was the minimum 

Rab27a binding fragment, mSlp2-(3-80; D3A) and mSlp2-(3-79) were tested. 

Again, infection of melan-a cells using these two mSlp2 fragments resulted in 

producing comparable effects to that of mSlp2-(3-80) (Figure 5.3). These 

experiments indicate that mSlp2-(3-80) was not the minimum Rab27 binding 

fragment and comparable effects might be obtained by testing smaller fragments, 
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suggesting that further investigations need to be performed. Therefore, different 

point mutations were introduced into mSlp2-(3-80 (Figure 5.4) to identify key 

contacts of Rab27-effector interactions. Repeatedly, these experiments failed in 

identifying Rab27 key contacts, suggesting that smaller fragments were required 

to be tested (Figure 5.5). 

Moreover, the R32W mutation was introduced into mSlp2-(3-80) as this 

mutation equivalents to R35W mutation in Slac2-a (see sections 1.3.3 and 5.3.4). 

Upon introducing this mutation, the effect of mSlp2-(3-80) on the perinuclear 

clustering of melanosomes was decreased by 42% (Figure 5.6). Since the R 

residue is positively charged, replacement with W (which has bulky aliphatic 

chain; α-amino and α-carboxylic acid groups) might disrupt the interaction with 

Rab27a (Menasche et al., 2003b). Notably, overexpression of Slp2-a-(E11A, 

R32A) in melan-a cells did not induce perinuclear clustering of melanosomes, 

indicating that this Slp2-a mutant lacks the ability to interact with Rab27a and 

competes with Slac2-a for Rab27a binding (Kuroda and Fukuda, 2004). This 

suggests that E11A, R32A mutations might work synergistically or additively to 

disrupt the interaction with Rab27a. This assumption is in agreement with the 

results of this study, since the introduction of the R32W mutation partially 

induced perinuclear clustering of melanosomes. Accordingly, that information 

(the identification of the R32 residue as one of the key contacts of Rab27-Slp2 

interaction) can be used to perform virtual screening to identify candidate small 

molecule inhibitors of Rab27-effector interactions in the future by focusing on 

the pocket of interaction of Rab27 with R32 residue in Slp2.  

In addition, the already identified crystal structure of Rab27a-Slp2-(10-56) 

complex interface (Chavas et al., 2008) was investigated by testing the inhibitory 

effects of α1-(10-41), α1-α2-(10-50) and α1-α2-α3-(10-56); i.e. SHD1, SHD1+ 

α2 and SHD1/2. Unexpectedly, none of these mSlp2 fragments succeeded in 

inducing perinuclear clustering of melanosomes (Figure 5.8), indicating that the 

findings of this study were in disagreement with the results of the crystal 

structure of Slp2-Rab27a complex and mSlp2-(10-56) fragment does not 

encompass all the Rab27a binding interface. This suggested that additional key 

binding residues need to be investigated by testing larger fragments. In contrast, 

it has been found that the interaction of Slp4-a with the Q78L constitutively 
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active mutant (GTP-bound) of Rab27a  requires SHD1 only, whereas the 

interaction with the T23N dominant negative (GDP-bound) mutant of Rab27a 

requires both SHD1 and SHD2, also the TGDWFY motif  in SHD2 confers 

specificity for  Rab27a-(T23N) binding (Fukuda, 2003b). Similarly, it has been 

shown that SHD1 domain of Noc2 is sufficient to interact with Rab27a (Fukuda 

et al., 2004). This might be related to the fact that SHD1 and SHD2 of Slp4-a 

and Noc2 are separated by zinc finger motif (unlike Slp2), thus SHD1 and SHD2 

might exert independent Rab27 binding activities, whereas in Slp2 as both SHD1 

and SHD2 are linked directly, their binding interfaces with Rab27 might overlap 

with each other, suggesting that both SHD1/2 of Slp2 are required for Rab27 

binding.     

Apparently, those mSlp2 α-helices were unable to stably interact with Rab27a. 

The problem with the use of mSlp2 α-helices as a hot spot binding sites might 

be related to the lack of helicity, thereby reducing or even abolishing their 

binding affinity (Zhao et al., 2017). Therefore, the N-terminus of these fragments 

were extended further. These experiments demonstrated that mSlp2-(3-41) 

negligibly induced perinuclear clustering of melanosomes. In comparison 

mSlp2-(3-56) partially induced perinuclear clustering of melanosomes (Figure 

5.9). This highlights the importance of the N-terminus in stabilising the 

interaction with Rab27a.  

In addition, the effects of SHD1/2 of mSlp2 on Rab27-effector interaction were 

tested in vitro using the FRET-based protein-protein interaction assay (Figure 

5.10). mSlp2-(3-41) and mSlp2-(3-56) had partial inhibitory effects on 

hRab27b-mSlp1 interaction (evidenced by pIC50 differences). The inhibitory 

effect produced by mSlp2-(3-56) was in line with the results of testing this 

fragment using the cellular melanosome clustering assay, whereas testing 

mSlp2-(3-41) was inconsistent with the results of the melanosome clustering 

assay (see Figure 5.9). This suggests that mSlp2-(3-41) and mSlp2-(3-56) might 

contain essential contacts to interact with Rab27 which can be used to develop 

Rab27 inhibitors (see chapter 6).     

The findings of the FRET-based and the cellular melanosome clustering assays 

suggest that in vitro results of protein-protein interactions are not always 
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consistent with the results from cellular assays, therefore in vitro findings of 

those interactions should always be confirmed by in vivo and/or cellular assays.   

Next, mSlp2-(3-67) was chosen to be tested based on sequence alignment of 

mSlp2 with Rab27b-mSlac2-a binding interface as described in section 5.3.6. 

These experiments demonstrated that mSlp2-(3-67) was comparable to mSlp2-

(3-80) in terms of inducing melanosome clustering (Figure 5.12). This suggested 

that comparable effects might be obtained using smaller mSlp2 fragment(s), 

therefore mSlp2-(10-67) was chosen to be tested and it was found that this 

fragment can partially induce melanosome clustering by 72.75% (Figure 5.12).  

Altogether, these results suggest that the first 3-9 residues in the N-terminus of 

mSlp2 might contribute to 22.41% of the inhibitory effect on Rab27a-Slac2-a 

interaction-dependent melanosome transport. This is evidenced by comparing 

mSlp2-(10-67) and mSlp2-(3-67) melanosome clustering inducing effects. In 

comparison, 57-67 mSlp2 residues might account for 59.16% of the inhibitory 

effect; this is evidenced by comparing mSlp2-(3-56) and mSlp2-(3-67) 

melanosome clustering inducing effects. This suggests that the first 3-9 aa and 

the last 57-67 aa of mSlp2-(3-67) might stabilise the interaction with Rab27a 

which requires further investigations in the future. However, to the best of found 

knowledge, this is the first study that suggests that mSlp2-(3-67) is the minimum 

Rab27 interacting fragment that can give significant melanosome clustering 

effects comparable to that of mSlp2-(3-80). In previous studies, larger Slp2 

fragments were tested, for instance Slp2-(1-87) was used to determine the 

binding to Rab27a using co-immunoprecipitation assays (Fukuda, 2006; Kuroda 

et al., 2002a). 

To expand our understanding of the key contacts of Rab27-effector interactions, 

Slp1 effector protein was also chosen to be tested in this study. The results of 

these experiments (Figure 5.14) revealed that the inhibitory effect of mSlp1-(1-

116) on melanosome transport was comparable to that of mSlp2-(3-80), 

indicating that testing of mSlp1-(1-116) using the cellular melanosome 

clustering assay is consistent with the results of the FRET-based in vitro assay 

(see chapter 4). In contrast, mSlp1-(1-74) induced melanosome clustering effects 

comparable to that of mSlp1-(1-74) and mSlp1-(70-116) combination. In line 
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with this, mSlp1-(70-116) was comparable to the negative control (GFP), 

indicating that the melanosome clustering effects exhibited by mSlp1-(1-74) and 

mSlp1-(70-116) combination was related to mSlp1-(1-74) only. This suggests 

that SHD1 contributes mainly to the binding and the addition of SHD2 might 

stabilise the interaction with Rab27a as it had negligible effects when tested 

alone; i.e. both SHD1/2 are essential for Rab27 binding activity. This finding is 

in agreement with the results of several studies that demonstrated that both 

SHD1 and SHD2 are essential for Rab27 binding (Fukuda, 2006; Kuroda and 

Fukuda, 2004; Kuroda et al., 2002a). Similar to Slp2, Slp1 lacks the zinc finger 

motif; i.e. SHD1 and SHD2 are linked directly (Fukuda, 2005; Fukuda et al., 

2001), suggesting that SHD1/2  might adopt compact conformation upon 

binding to Rab27, thereby stabilising the interaction (for further details of Slp1 

and Slp2 structures see section 1.4 and Figure 1.14).   

In addition, mSlac2-a-(1-146) was chosen to be tested based on the already 

identified Rab27b-Slac2-a binding interface (Kukimoto-Niino et al., 2008). 

These experiments demonstrated that this fragment can partially inhibit Rab27a-

Slac2-a interaction-dependent melanosome transport evidenced by inducing 

partial perinuclear clustering of melanosomes in 71.58% ±0.29 of expressing 

cells (Figure 5.16), suggesting that it is not comparable to mSlac2-a-(1-266) or 

mSlp2 (3-80) (positive controls). Although, mSlac2-a-(1-146) was enough to 

bind GTP-loaded Rab27a using in vitro co-immunoprecipitation assay (Fukuda, 

2002b), the current results of the melanosome clustering assay suggest that this 

fragment might need to be further extended to obtain comparable inhibitory 

effect to that of mSlac2-a-(1-266). This highlights the importance of confirming 

in vitro findings by results from in vivo or cellular assays, especially for protein-

protein interactions including Rab27-effector interactions as the reaction 

conditions using in vitro assays is controlled, whereas in cells various 

intracellular pathways can affect protein-protein interactions and many proteins 

can interact with each other. 

In comparison, Kuroda et al. found that mSlac2-a-(1-153) was sufficient to 

induce perinuclear clustering of melanosomes in 86.5% ±2.5% of melan-a cells 

(Kuroda et al., 2003). This differences between the current results of this study 

(71.58% ±0.29) and Kuroda et al. experiments might be due to limited number 
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of expressing cells used to obtain their results (as they tested one dish/experiment 

from three independent experiments), whereas the current results were obtained 

randomly using 4 images per experiment from 3 independent experiments; i.e. 

12 images. In addition, this difference might be related to the additional amino 

acids used in their experiments (1-153 instead of 1-146). This suggests that this 

finding requires further investigations using larger fragments, for instance 

testing mSlac2-a-(1-153) using the cellular melanosome clustering assay to 

confirm that this difference was related to these additional amino acids and not 

to variability in experimental conditions; such as protein expression of the 

infected viruses, endogenous Rab27a/Slac2-a protein expression and 

melanosomes number in melan-a cells.  

      

5.5 Conclusions  

Altogether, the results of this chapter suggest to focus mainly on mSlp2, 

especially 3-56 residues (as they had partial inhibitory effects on Rab27a-Slac2-

a interaction-dependent melanosome transport) when developing Rab27-

effector protein interaction inhibitors. In addition, the introduction of R32W 

mutation into mSlp2 resulted in decreasing the inhibitory effect by 42%, 

suggesting that R32 residue can be utilised to identify candidate small molecule 

inhibitors of Rab27-effector protein interactions when performing virtual 

screening in the libraries. In addition, mSlp2-(3-67) was able to dramatically 

induce perinuclear clustering of melanosomes in melan-a cells, suggesting that 

this mSlp2 fragment might encompass all the key Rab27 binding contacts. 
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Chapter 6 

Designing and development of Rab27-effector protein 

interaction inhibitors  
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6.1 Introduction 

Some work has already been done to develop and/or identify Rab27-effector 

protein interaction inhibitors by other groups. For instance, in one study, the 

identification of candidate small molecule inhibitors of Rab27-Slp1 interaction 

(to inhibit neutrophil exocytosis) was based on developing a high-throughput 

screening approach using two libraries of small molecule inhibitors for a total of 

32,000 compounds. This resulted in discovery of neutrophil exocytosis 

inhibitor20 (Nexinhib20), 4,4-dimethyl-1-(3-nitrophenyl)-2-(1H-1,2,4-triazol-

1-yl)pent-1-en-3-one (Johnson et al., 2016). 

Another strategy is to inhibit Rab27 gene expression using microRNAs, since 

numerous cancer-related metastasis can be inhibited using specific microRNAs 

gene suppressors; such as in hepatocellular carcinoma (Xu et al., 2017), gastric 

cancer (Ni et al., 2017), glioma brain tumour (Zhi et al., 2017), non-small-cell 

lung cancer (Zhang et al., 2017a) and  cervical cancer (Zhang et al., 2017b). For 

instance miR-134-3p as one of the microRNAs was used to silence RAB27A by 

binding to the 3′ untranslated region (3′-UTR) of RAB27A mRNA, resulted in 

inhibition of human ovarian cancer stem cells (Chang et al., 2017) [for review 

see (Rupaimoole and Slack, 2017)]. 

Although a lot of work has been done to identify the key Rab27 binding residues, 

many of the Rab27-effector protein interactions still need to be investigated. 

Here, molecular dynamics simulation studies were performed in order to identify 

the key Rab27 binding residues by calculating the free energy of binding to 

Rab27 for wild-type and mutated Slp2 residues. This information was then 

utilised to design Rab27 super-effectors which were considered as Rab27-

effector protein interaction inhibitors. These candidate inhibitor(s) were tested 

later using the cellular melanosome clustering and the in vitro FRET-based 

assays as described thereafter.  
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6.2 Aims 

The main aim of these experiments was to identify and develop candidate 

inhibitors of Rab27-effector protein interactions by performing molecular 

dynamics simulation studies. Furthermore, those developed inhibitors and 

candidate small molecule inhibitors found in the literature were tested using the 

cellular melanosome clustering and the FRET-based protein-protein interaction 

assays. 
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6.3 Results  

6.3.1 Molecular dynamics simulation studies of Rab27-Slp2 interaction 

Parallel to the previous experiments performed in chapter 5 and to identify the 

key Rab27 binding residues, molecular dynamics simulation of the Rab27a-

Slp2-(5-56) interaction was performed as described in section 2.5 utilising the 

previously identified crystal structure of the Rab27a-Slp2 complex interface  

(Chavas et al., 2008). In addition, to perform molecular dynamics simulation of 

a larger Slp2 fragment, homology modelling was performed as described in 

section 2.5 using the already identified crystal structure of the Rab27b-Slac2-a 

complex interface (Kukimoto-Niino et al., 2008), thereby molecular dynamics 

simulation of Rab27a-Slp2-(10-78) interaction was performed. 

By performing molecular dynamics simulation studies for Rab27a-Slp2-(5-56) 

and Rab27a-Slp2-(10-78) interactions, the free energy of binding of the wild-

type Slp2 residues were calculated. “Note that” the binding affinity increases as 

the free energy of binding decreases, since this leads to formation of stable 

interactions (Du et al., 2016). Based on the free energy of binding calculations 

(Figure 6.1), residues that had relatively higher free energy of binding were 

identified; i.e. residues that had weak binding affinity. This suggested that those 

residues might be suitable candidates for substitution with proposed mutations, 

thereby increasing their binding affinities.   

These simulation studies (Figure 6.1) demonstrated that 16 residues in Slp2-(5-

56) had relatively higher free energy of binding (lower Rab27 binding affinity):   

Q12, E13, A14, K17, V18, L19, Q20, L25, K26, A28, E38, K39, Q44, N48, G51 

and E56. In addition, 20 residues that also had relatively higher free energy of 

binding were identified in Slp2-(10-78). These residues comprised the 

previously mentioned residues (16 residues) in addition to H62, R63, K65 and 

H67. Therefore, to decrease the free energy of binding of these residues (to 

increase their binding affinity), 16 and 20 mutations were proposed to be 

introduced into Slp2-(5-56) and Slp2-(10-78), respectively by substituting the 

wild-type residues by those mutations (see Table 6.1). These mutations were 

tested by performing other molecular dynamics simulation studies of the mutated 
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Slp2-(5-56) and Slp2-(10-78), thereby the free energy of binding of these 

mutated residues were calculated (Figure 6.1). 

Next, based on chemical interaction predictions (Table 6.2) and comparison of 

the free energy of binding (Figure 6.1) of the wild-type and the mutated residues, 

6 mutations: K26R, A28R, Q44R, N48I, G51L and E56F (see Table 6.1) were 

proposed to be introduced into mSlp2-(3-56) and tested using the melanosome 

clustering assay. For instance, it was hypothesised that mutating lysine-26 to 

arginine could induce a salt bridge interaction between glutamine-71 in Rab27a 

and arginine-26 in Slp2. It was also supposed that substitution of asparagine-48 

by isoleucine might result in decreasing steric clashes with the Rab27a binding 

region, also this substitution could increase the hydrophobic interactions with 

methionine-185 and tyrosine-8 hydrophobic residues in Rab27a, thus increasing 

the binding affinity to Rab27a. In addition, the free energy of binding of the K26 

(wild-type) and the R26 (mutated) residues were +1.38Kcal/mol and –

3.30Kcal/mol, respectively. This suggests that by mutating K26 into R26, the 

free energy of binding at this region could be greatly decreased, thus stabilising 

the interaction with Rab27a and increasing the binding affinity. The same applies 

on the Q44R mutation as the free energy of binding of the Q44 (wild-type) and 

the R44 (mutated) residues were –0.46Kcal/mol and –5.91Kcal/mol, 

respectively (see Figures 6.1, 6.2 and 6.3).  

 As demonstrated before, mSlp2-(3-56) had partial melanosome clustering 

inducing effects (for further details see section 5.3.5), therefore it was supposed 

that by introducing these mutations, the melanosome clustering inducing effects 

of this fragment could be increased; i.e. this could increase the Rab27 inhibitory 

activity and Slp2 super-effector could be produced to be used as an inhibitor of 

Rab27-effector interactions.  

In addition, to better investigate the effects of this strategy, 8 mutations (K26R, 

A28R, Q44R, N48I, G51L, E56F, H62R, R63F) (see Tables 6.1 and 6.2) were 

proposed to be introduced into mSlp2-(3-67). The foremost aim for introducing 

these mutations into mSlp2-(3-67) was  not to increase its melanosome 

clustering inducing effects as it dramatically induced perinuclear clustering of 

melanosomes in expressing cells (see section 5.3.6). Instead, it was supposed 
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that introduction of these mutations into mSlp2-(3-67) might lead to 

identification of key contacts of Rab27-effector interactions, since these 

mutations could also disrupt or decrease the interaction with Rab27a as described 

in section 6.3.2.  

 

 

Figure 6.1. Free energy of binding of Rab27a-Slp2 interaction. Molecular 

dynamics simulation of Rab27a-Slp2-(5-56) (n=30), Rab27a-Slp2-(5-56; 16 

mutations) (n=30), Rab27a-Slp2-(5-56; K26R, A28R, Q44R, N48I) (n=30), 

Rab27a-Slp2-(10-78) (n=6) and Rab27a-Slp2-(10-78; 20 mutations) (n=6) 

were performed  as described section 2.5 and free energy of binding of the 

interacted residues was calculated accordingly. Details of the 16 and 20 

mutations described in section 6.3.1. Data points represent mean ± SEM. 

Molecular dynamics simulation studies and subsequent data analysis were 

performed by Mohammed Tumbi.  
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Slp2 

(16 

mutations) 

Slp2 

(20 mutations) 

Slp2 

(8 mutations) 

Slp2 

(6 mutations) 

Q12Y Q12Y Q12 Q12 

E13A E13A E13 E13 

A14R A14R A14 A14 

K17G K17G K17 K17 

V18I V18I V18 V18 

L19M L19M L19 L19 

Q20A Q20A Q20 Q20 

L25H L25H L25 L25 

K26R K26R K26R K26R 

A28R A28R A28R A28R 

E38G E38G E38 E38 

K39H K39H K39 K39 

Q44R Q44R Q44R Q44R 

N48I N48I N48I N48I 

G51L G51L G51L G51L 

E56F E56F E56F E56F 

 H62R H62R  

 R63F R63F  

 K65R K65  

 H67F H67  

Table 6.1. A list of Slp2 proposed mutations. Mutated residues highlighted in 

red. Mutations were proposed by Mohammed Tumbi under supervision of Dr 

Charles Laughton. 

 

 

 

 

 

 

 

 

 

 



Raghdan Z. Al-Saad                                                                             PhD Thesis 

192 

 

 

Mutation  Reason behind performing mutation   

K26R Mutating lysine-26 to arginine was proposed to induce a salt 

bridge interaction between glutamine-71 (Rab27a) and 

arginine-26 (Slp2). 

A28R Mutating alanine-28 to a larger amino acid like arginine (H-

donor) might increase H-bonding with aspartic acid-5 (H-

acceptor) and tyrosine-6 (contains H-donor and acceptor 

atoms). 

Q44R Mutating glutamine-44 to a larger amino acid like arginine 

might increase H-bonding with serine-188 (Rab27a) as serine 

has both hydrogen donor and acceptor atoms in its side chains. 

N48I Mutating asparagine-48 to isoleucine might decrease steric 

clashes with the Rab27a binding region, as isoleucine size is 

smaller than asparagine. In addition, mutating to isoleucine 

might increase the hydrophobic interactions with methionine-

185 and tyrosine-8 (Rab27a), as these residues are 

hydrophobic.      

G51L Mutating glysine-51 to leucine might increase the 

hydrophobic interactions with methionine-93, methionine-185 

and tyrosine-8 (Rab27a) as these residues are hydrophobic.       

E56F Mutating glutamic acid-56 to phenylalanine (hydrophobic 

amino acid) might induce pi-pi interactions with tyrosine-122 

(Rab27a) as glutamic acid-56 is in close proximity (less than 

5Å) to tyrosine-122.  

H62R Mutating histidine-62 to arginine was based on the assumption 

that arginine might interact with the nearby polar residues 

found in arginine-90, methionine-119, tyrosine-122 and 

glutamic acid-124 (Rab27a).     

R63F Mutating arginine-63 to phenylalanine was performed to 

decrease steric clashes with arginine-90 (Rab27a) (energy 

contribution = +0.63 kcal/mol), while maintaining 

hydrophobicity and probable pi-pi interactions.    

Table 6.2. Reasons behind the proposed Slp2 mutations. Mutations were 

proposed by Mohammed Tumbi under supervision of Dr Charles Laughton. 
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Figure 6.2. Three-dimensional structure of Rab27a-Slp2 proposed 

mutations. Different mutations were proposed to be introduced into Rab27a-

Slp2. The proposed mutations were visualised using PyMOL software 

(Rab27a-Slp2 complex interface; PDB accession code: 3BC1). A) K26R, B) 

A28R, C) Q44R, D) N48I, E) G51L, F) E56F (using Rab27-Slp2 complex 

interface; PDB accession code:3BC1), G) H62R and H) R63F. Note that G 

and H were created using the crystal structure generated by performing 

homology modelling as described in section 2.5  (utilising Rab27b-Slac2-a; 

PDB accession code: 2ZET to add the extra residues). Oxygen, nitrogen and 

hydrogen atoms are depicted in red, blue and white, respectively. Rab27a, 

Slp2-(5-56; wild), Slp2-(10-78; wild) and Slp2-(mutant) (including Carbon 

molecules) are depicted in violet, green, dark green and light brown, 

respectively. Images were created by Mohammed Tumbi. 

 

 

 

 

 



Raghdan Z. Al-Saad                                                                             PhD Thesis 

195 

 

 



Raghdan Z. Al-Saad                                                                             PhD Thesis 

196 

 

 

Figure 6.3. Full three-dimensional structure of Rab27a-Slp2 proposed 

mutations. Different mutations were proposed to be introduced into Rab27a-

Slp2; the proposed mutations were visualised using PyMOL software: A) 

K26R, B) A28R, C) Q44R, D) N48I, E) G51L, F) E56F, G) H62R and H) 

R63F.Oxygen, nitrogen and hydrogen atoms are depicted in red, blue and 

white, respectively. Rab27a, Slp2-(5-56; wild), Slp2-(10-78; wild) and Slp2-

(mutant) (including Carbon molecules) are depicted in violet, green, dark 

green and light brown, respectively. Images were created by Mohammed 

Tumbi. 
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6.3.2 Development of Rab27 super-effectors based on molecular dynamics 

simulation of Rab27-Slp2 effector protein interaction 

In order to investigate the effects of the proposed mutations described in section 

6.3.1, adenoviruses expressing the indicated proteins containing those mutations 

were used to infect melan-a cells and the melanosome clustering assay was used 

to test their effects (see chapter 5).  

As described in section 6.3.1, the following mutations: K26R, A28R, Q44R, 

N48I, G51L and E56F were proposed to be introduced into mSlp2-(3-56). In 

addition, two additional mutations (H62R, R63F) were proposed to be 

introduced into mSlp2-(3-67). These mutations were introduced sequentially 

into mSlp2-(3-56) and mSlp2-(3-67) by adding the first two mutations using one 

site-directed mutagenesis reaction and the other mutations were added to this. In 

addition, the last two mutations (H62R, R63F) were introduced into mSlp2-(3-

67) using one site-directed mutagenesis reaction. 

Accordingly, the proposed mutations were sequentially tested using the cellular 

melanosome clustering assay as a read-out for Rab27a-Slac2-a interaction-

dependent melanosomes transport (for further details see chapter 5). “Note that” 

GFP was used as a negative control, whereas mSlp2-(3-80) and mSlp2-(3-67) 

were used as positive controls in the subsequent experiments.     

The results of these experiments (Figure 6.4) demonstrated that the introduction 

of the first two mutations (K26R, A28R) into mSlp2-(3-56) induced perinuclear 

clustering of melanosomes in 66.26% ±4.17 of expressing cells, compared with 

32.15% ±3.87, 95.14% ±0.11 and 94.48% ±0.53 using mSlp2-(3-56), mSlp2-(3-

80) and mSlp2-(3-67), respectively. The effects of introducing these mutations 

were significantly different from that of mSlp2-(3-56) and the positive controls, 

indicating that the introduction of these two mutations significantly increased 

the inhibitory effects of mSlp2-(3-56) on melanosome transport. In comparison, 

the introduction of the third mutation (Q44R) increased the perinuclear 

clustering of melanosomes into 71.90% ±1.15 of expressing cells, but this effect 

was not significantly different from that of introducing the first two mutations, 

and the inhibitory effects were less than that of the positive controls (Figure 6.4).  
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Interestingly, the introduction of the fourth mutation (N48I) succeeded in 

inducing perinuclear clustering of melanosomes in 94.02% ±0.53 of expressing 

cells. This effect was not significantly different from that of the positive controls, 

but was significantly different from that of introducing the (K26R, A28R) and 

the (K26R, A28R, Q44R) mutations. This indicates that the introduction of 

(K26R, A28R, Q44R, N48I) mutations into mSlp2-(3-56)   produced significant 

inhibitory effects on Rab27a-Slac2-a interaction-dependent melanosomes 

transport comparable to that of either mSlp2-(3-80) or mSlp2-(3-67) (Figure 

6.4).  

Surprisingly, the introduction of the fifth mutation (G51L) almost completely 

disrupted the inhibitory effects caused by the first four mutations, by reducing 

the perinuclear clustering of melanosomes into 19.35% ±1.95 of expressing cells 

(Figure 6.4). This effect was significantly different form that of mSlp2-(3-56) 

(32.15% ±3.87), suggesting that this mutation had abolishing effects on Rab27a-

Slac2-a interaction-dependent melanosomes transport as described below.  

Introducing the sixth mutation (E56F) did not enhance the inhibitory effect as it 

induced perinuclear clustering of melanosomes in only 21.90% ±1.79 of 

expressing cells (Figure 6.4). The effect of introducing this mutation was not 

significantly different from that of mSlp2-(3-56), suggesting that this mutation 

had no or slightly effects on the interaction with Rab27a.   

To better investigate the effects of introducing the G51L mutation on the binding 

between Rab27a and Slac2-a, the G51L mutation was deleted and only 5 

mutations were tested; i.e. the K26R, A28R, Q44R, N48I and E56F mutations. 

The results of these experiments demonstrated that introducing these mutations 

into mSlp2-(3-56) resulted in inducing perinuclear clustering of melanosomes in 

89.14% ±1.07 of expressing cells which was not significantly different from that 

of the positive controls (Figure 6.4). This indicates that the deletion of the G51L 

mutation restored the inhibitory effect of the first four mutations (K26R, A28R, 

Q44R, N48I) and the E56F mutation had no effect or even caused slight decrease 

in the inhibitory effects. 

Notably, sequence alignment of Slp2 with other Rab27 effectors  (see Figures 

5.7 and 5.11) revealed that the G51 residue is highly conserved among all Rab27 
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effector proteins except Slac2-a and Slac2-c effectors (Chavas et al., 2008; 

Kukimoto-Niino et al., 2008). This might explain why this mutation disrupted 

the interaction between Rab27a and mSlp2, since this residue is highly 

conserved among many Rab27 effectors. This highlights the importance of the 

G51 residue in stabilising Rab27-effector interactions. Accordingly, the G51 

residue can be considered as one of the key contacts of Rab27-effector 

interaction. 

 

Figure 6.4. Effects of introducing different mutations into mSlp2-(3-56) on 

Rab27a-Slac2-a interaction-dependent melanosome transport. Melan-a 

melanocytes were plated using 24-well (Nunc) plate and then infected using 

adenoviruses expressing the indicated proteins: GFP (as a negative control), 

GFP-mSlp2-(3-80) (as a positive control), GFP-mSlp2-(3-67) (as a positive 

control, GFP-mSlp2-(3-56), GFP-mSlp2-(3-56; K26R, A28R), GFP-mSlp2-(3-

56; K26R, A28R, Q44R), GFP-mSlp2-(3-56; K26R, A28R, Q44R, N48I), GFP-

mSlp2-(3-56; K26R, A28R, Q44R, N48I, G51L), GFP-mSlp2-(3-56; K26R, 

A28R, Q44R, N48I, G51L, E56F) and GFP-mSlp2-(3-56; K26R, A28R, Q44R, 

N48I, E56F). The cells were visualised (24-72 hours post-infection) using 

fluorescent microscopy and cells with clustered melanosomes were then 

quantified.  Data represent mean ± SEM of 3 independent experiments (4 

images/experiment). One-way ANOVA: nsP > 0.05; **P ≤ 0.01, ***P ≤ 0.001, 

****P ≤ 0.0001. 
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As mentioned in section 6.3.1, it was hypothesised that the introduction of K26R, 

A28R, Q44R, N48I, G51L, E56F, H62R and R63F mutations into mSlp2-(3-67) 

might identify key contacts of Rab27-effector interactions. To this end, these 

mutations were introduced into mSlp2-(3-67) sequentially as described before. 

The mSlp2-(3-67; K26R, A28R),  mSlp2-(3-67; K26R, A28R, Q44R), mSlp2-

(3-67; K26R, A28R, Q44R, N48I ), mSlp2-(3-67; K26R, A28R, Q44R, N48I, 

G51L) and mSlp2-(3-67; K26R, A28R, Q44R, N48I, G51L, E56F, H62R, R63F) 

mutants induced comparable melanosome clustering effects to that of the 

positive controls (Figure 6.5). In addition, the mSlp2-(3-67; K26R, A28R, 

Q44R, N48I, G51L, E56F) mutant induced perinuclear clustering of 

melanosomes in 93.66% ±0.21 of expressing cells compared with 96%  ±0.37 

and 95.17% ±0.38 using  mSlp2-(3-80) and mSlp2-(3-67), respectively 

(significantly different effect). This indicates that the introduction of the G51L 

and E56F mutations slightly decreased the melanosome clustering inducing 

effects and the presence of the extra residues (57-67) might compensate for the 

disruption of the binding caused by the G51L mutation (Figure 6.5). Again, these 

experiments support the previous findings that the G51 residue is one of the key 

contacts of Rab27-effector interactions and can be exploited in the future when 

performing virtual screening to identify candidate small molecule inhibitors of 

Rab27-effector interactions. 
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Figure 6.5. Effects of introducing different mutations into mSlp2-(3-67) on 

Rab27a-Slac2-a interaction dependent melanosome transport. Melan-a 

melanocytes were plated using 24-well (Nunc) plate and then infected using 

adenoviruses expressing the indicated proteins: GFP (as a negative control), 

GFP-mSlp2-(3-80) (as a positive control), GFP-mSlp2-(3-67) (as a positive 

control, GFP-mSlp2-(3-56), GFP-mSlp2-(3-67; K26R, A28R), GFP-mSlp2-(3-

67; K26R, A28R, Q44R), GFP-mSlp2-(3-67; K26R, A28R, Q44R, N48I), GFP-

mSlp2-(3-67; K26R, A28R, Q44R, N48I, G51L), GFP-mSlp2-(3-67; K26R, 

A28R, Q44R, N48I, G51L, E56F) and GFP-mSlp2-(3-67; K26R, A28R, Q44R, 

N48I, G51L, E56F, H62R, R63F). The cells were visualised (24-72 hours post-

infection) using fluorescent microscopy and cells with clustered melanosomes 

were then quantified.  Data represent mean ± SEM of 3 independent experiments 

(4 images/experiment). One-way ANOVA: nsP > 0.05; *P ≤ 0. 05, ****P ≤ 

0.0001.  

 

 

 

Next, these mutations were introduced into mSlp2-(10-56) and mSlp2-(10-67), 

since mSlp2-(10-56) had negligible effects on melanosome transport and mSlp2-

(10-67) induced partial perinuclear clustering of melanosomes in melan-a cells 

(see sections 5.3.5 and 5.3.6. Therefore, it was supposed that by introducing 

these mutations into mSlp2-(10-56) and/or mSlp2-(10-67), the interaction with 

Rab27a can be stabilised, thus resulting in production of smaller Slp2 super-

effectors in case of using mSlp2-(10-56) or improving the inhibitory effects of 

mSlp2-(10-67).   

To achieve these goals, the mSlp2-(10-56; K26R, A28R, Q44R, N48I), mSlp2-

(10-56; K26R, A28R, Q44R, N48I, E56F) and mSlp2-(10-56; K26R, A28R, 

Q44R, N48I, G51L, E56F) mutants were chosen to be tested. In addition, the 
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mSlp2-(10-67; K26R, A28R, Q44R, N48I), mSlp2-(10-67; K26R, A28R, Q44R, 

N48I, E56F, H62R, R63F) and mSlp2-(10-67; K26R, A28R, Q44R, N48I, 

G51L, E56F, H62R, R63F) mutants were also tested.  

These experiments (Figure 6.6) demonstrated that the introduction of (K26R, 

A28R, Q44R, N48I, G51L, E56F), (K26R, A28R, Q44R, N48I, E56F) and 

(K26R, A28R, Q44R, N48I) mutations into mSlp2-(10-56) had no significant 

melanosome clustering inducing effects as their effects were not significantly 

different from that of  the wild-type mSlp2-(10-56). 

In contrast, the introduction of (K26R, A28R, Q44R, N48I, G51L, E56F, H62R, 

R63F) mutations into mSlp2-(10-67) reduced the perinuclear clustering of 

melanosomes into 8.63% ±1.59 of expressing cells compared with 70.60% ±5.58 

using wild-type mSlp2-(10-67). This suggests that these mutations including the 

G51L mutation disrupted the binding with Rab27a when introduced into mSlp2-

(10-67) (Figure 6.6).   

Deletion of the G51L mutation by introducing the (K26R, A28R, Q44R, N48I, 

E56F, H62R, R63F) mutations into mSlp2-(10-67) significantly increased the 

perinuclear clustering of melanosomes into 36.80% ±6.39 of expressing cells 

compared with 8.63% ±1.59 using  mSlp2-(10-67) with 8 mutations as 

mentioned before (Figure 6.6). However, this effect was significantly lower than 

that produced by the wild-type mSlp2-(10-67) (70.60% ±5.58) (Figure 6.6).  

Again, this points out the crucial effects of the G51 residue in stabilising the 

interaction with Rab27a. In addition, this suggests that the introduction of the 

H62R and R63F mutations into mSlp2-(10-67) might disrupt the interaction with 

Rab27a, thus reducing its inhibitory effects on Rab27a-Slac2-a interaction 

dependent melanosome transport. In case of mSlp2-(3-67), the 3-9 residues 

might compensate for the disruption effect caused by these 2 mutations.      

Interestingly, the introduction of (K26R, A28R, Q44R, N48I) mutations into 

mSlp2-(10-67) induced perinuclear clustering of melanosomes in 95.34% ±0.54 

of expressing cells. This effect was not significantly different from that of 

mSlp2-(3-80) (95.98% ±0.4) and mSlp2-(3-67) (95.42% ±0.37) (Figure 6.6).  

This suggests that the first four mutations (K26R, A28R, Q44R, N48I) had 
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essential functions in enhancing the inhibitory effects of either mSlp2-(3-56) or 

mSlp2-(10-67) on Rab27a-Slac2-a interaction dependent melanosome transport.  

 

 

Figure 6.6. Effects of introducing different mutations into mSlp2-(10-56) and 

mSlp2-(10-67) on Rab27a-Slac2-a interaction-dependent melanosome 

transport. Melan-a melanocytes were plated using 24-well (Nunc) plate and then 

infected using adenoviruses expressing the indicated proteins: GFP (as a 

negative control), GFP-mSlp2-(3-80) (as a positive control), GFP-mSlp2-(3-67) 

(as a positive control, GFP-mSlp2-(10-67), GFP-mSlp2-(10-56), GFP-mSlp2-

(10-56; K26R, A28R, Q44R, N48I, G51L, E56F), GFP-mSlp2-(10-67; K26R, 

A28R, Q44R, N48I, G51L, E56F, H62R, R63F), GFP-mSlp2-(10-56; K26R, 

A28R, Q44R, N48I, E56F), GFP-mSlp2-(10-67; K26R, A28R, Q44R, N48, 

E56F, H62R, R63F), GFP-mSlp2-(10-56; K26R, A28R, Q44R, N48I) and GFP-

mSlp2-(10-67; K26R, A28R, Q44R, N48I).The cells were visualised (24-72 

hours post-infection) using fluorescent microscopy and cells with clustered 

melanosomes were then quantified.  Data represent mean ± SEM of 3 

independent experiments (4 images/experiment). One-way ANOVA: nsP > 0.05, 

****P ≤ 0.0001. 
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To better investigate the effects of the first four mutations on the binding and to 

define the superiority of these mutations to each other, single and double 

mutations were introduced into mSlp2-(3-56) (in addition to the already tested 

mutations) (Figure 6.7). These experiments demonstrated that the hierarchy of 

the inhibitory effects of these mutations in terms of inducing perinuclear 

clustering of melanosomes in expressing cells was as follows (% of cells with 

clustered melanosomes):  (K26R, A28R, Q44R, N48I); 94.39% ±0.53, (K26R, 

A28R, Q44R); 77.71% ±1.23, (Q44R, N48I); 69.79% ±0.33, (K26R); 68.28% 

±0.77, (K26R, A28R); 66.67% ±1.18, (Q44R); 49.89% ±0.14, (N48I); 41.63% 

±3.57, (A28R); 29.74% ±3.33. Notably, the A28R mutation produced 

comparable effects to that of the wild-type mSlp2-(3-56); 31.93% ±3.75, 

suggesting that this mutation might be not essential for enhancing the interaction 

with Rab27a. The effects of introducing the (Q44R) and (N48I) mutations were 

not significantly different. In addition, the effects of introducing (K26R), (K26R, 

A28R) and (Q44R, N48I) mutations were not significantly different, but their 

effects were significantly different from that of (K26R, A28R Q44R). This 

suggests that the Q44R mutation had essential role in enhancing the inhibitory 

effects of mSlp2-(3-56) on melanosome transport. Furthermore, the effects of 

the (K26R, A28R, Q44R, N48I) and the (K26R, A28R Q44R) mutations were 

significantly different, indicating that the fourth mutation was essential to 

promote the inhibitory effects. The effects of introducing (K26R, A28R, Q44R, 

N48I) mutations were not significantly different from that of the positive 

controls: mSlp2-(3-80); 95.66% ±0.2 and mSlp2-(3-67); 94.94% ±0.05. Again, 

these findings confirmed that by introducing the (K26R, A28R, Q44R, N48I) 

mutations into mSlp2-(3-56), a novel Rab27 super-effector was produced. In 

addition, these results indicated that K26R was the most powerful single 

mutation and A28R was the least significant mutation. This points out that the 

introduction of three mutations (K26R, Q44R, N48I) might be able to produce 

comparable effects to that of four mutations which can be tested in the future.  

In addition, to further investigate the effects of these four mutations on the 

interaction with Rab27a, other molecular dynamics simulation studies were 

performed. These studies demonstrated that the introduction of these mutations 

into mSlp2-(5-56) resulted in producing comparable effects to that of 
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introducing 16 or 20 mutations (Table 6.1) in terms of reducing the free energy 

of binding, thereby increasing the binding affinity to Rab27a (Figures 6.1 and 

6.8). In addition, the introduction of these mutations into mSlp2-(5-56) resulted 

in reducing the free energy of binding compared with the wild-type mSlp2-(5-

56) (Figures 6.1 and 6.8), thereby increasing the binding affinity.     

Interestingly, sequence alignment with other Rab27 effectors (see Figures 5.7 

and 5.11) (Chavas et al., 2008; Kukimoto-Niino et al., 2008) demonstrates that 

R26, R44 and I48 residues (mutated Slp2 residues) are in consensus with the 

corresponding arginine and isoleucine residues in different Rab27 effectors (are 

the most conserved residues) (see Table 6.3). Furthermore, the E56 (wild-type 

Slp2 residue)  is highly conserved among Rab27 effector proteins except Slp4-

a, Slac2-c, Noc2 and Rabphilin3-a, suggesting that this residue might be 

essential for the interaction with Rab27, even though mutating to phenylalanine 

in the absence of the G51L mutation had slightly effects on the induced 

melanosome clustering.         

In conclusion, the findings of the molecular simulation studies and the results of 

the cellar melanosome clustering assay indicate that the mSlp2-(3-56; K26R, 

A28R, Q44R, N48I) mutant significantly induced perinuclear clustering of 

melanosomes and was comparable to mSlp2-(3-80) and mSlp2-(3-67), thereby 

increasing Rab27-interaction inhibitory effects. 
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Figure 6.7. Effects of introducing single mutations into mSlp2-(3-56) on 

Rab27-Slac2-a interaction-dependent melanosome transport. Melan-a 

melanocytes were plated using 24-well (Nunc) plate and then infected using 

adenoviruses expressing the indicated proteins: GFP (as a negative control), 

GFP-mSlp2-(3-80) (as a positive control), GFP-mSlp2-(3-67) (as a positive 

control, GFP-mSlp2-(3-56), GFP-mSlp2-(3-56; K26R, A28R), GFP-mSlp2-(3-

56; K26R, A28R, Q44R), GFP-mSlp2-(3-56; K26R, A28R, Q44R, N48I), GFP-

mSlp2-(3-56; K26R), GFP-mSlp2-(3-56; A28R), GFP-mSlp2-(3-56; Q44R), 

GFP-mSlp2-(3-56; N48I,) and GFP-mSlp2-(3-56; Q44R, N48I).The cells were 

visualised (24-72 hours post-infection) using fluorescent microscopy and cells 

with clustered melanosomes were then quantified.  Data represent mean ± SEM 

of 3 independent experiments (4 images/experiment). One-way ANOVA: nsP > 

0.05; *P ≤ 0. 05, **P ≤ 0.01, ****P ≤ 0.0001. 

 

 

   

 

 



Raghdan Z. Al-Saad                                                                             PhD Thesis 

207 

 

 

Figure 6.8. Molecular dynamics simulation studies of Rab27a-Slp2-(K26R, 

A28R, Q44R, N48I) interaction. Molecular dynamics simulation of Rab27a-

Slp2-(5-56) (n=30), Rab27a-Slp2-(5-56; 16 mutations) (n=30), Rab27a-Slp2-(5-

56; K26R, A28R, Q44R, N48I) (n=30), Rab27a-Slp2-(10-78; 20 mutations) 

(n=6) and Rab27a-Slp2-(10-78) (n=6) were performed  as described in section 

2.5 and free energy of binding of the interacted residues was calculated 

accordingly. Details of the 16 and 20 mutations described in section 6.3.1.Data 

points represent mean ± SEM. One-way ANOVA: nsP > 0.05; *P ≤ 0. 05, **P ≤ 

0.01, ****P ≤ 0.0001. Molecular dynamics simulation studies and subsequent 

data analysis were performed by Mohammed Tumbi. 
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Effector protein 

Residue 

*R26 R28 *R44 *I48 L51 F56 R62 F63 

Slp1 + - - + - - - - 

Slp2-a - - - - - - - - 

Slp3-a - - + + - - - - 

Slp4-a + - -  - - - - 

Slp5 - - - + - - - - 

Slac2-a + + + + + - - - 

Slac2-b + - + - + - - - 

Slac2-c + - + - - - - - 

Noc2 - - + - - - - - 

Rabphilin - - + - - - - - 

Table 6.3. Consensus of Slp2 proposed mutations with corresponding residues 

in other Rab27 effectors. * refers to the most conserved residues, + and – refer 

to the presence and absence of the indicated residues, respectively. 

 

6.3.3 Testing the inhibitory effects of the mutated mSlp2-(3-56) super-

effector protein using the FRET-based assay 

Parallel to the melanosome clustering assay experiments (section 6.3.2), the 

inhibitory effects of the successful mSlp2-(3-56; K26R, A28R, Q44R, N48I) 

super-effector protein was tested using the FRET-based assay as described 

thereafter. 

6.3.3.1 Generation of 6x Histidine-mSlp2 recombinant proteins 

In order to test the inhibitory effects of the mutated mSlp2-(3-56; K26R, A28R, 

Q44R, N48I) super-effector protein using the FRET-based assay, this protein 

was produced as 6x Histidine recombinant protein. In addition, 6x Histidine-

mSlp2-(3-56) recombinant protein was produced in order to investigate the 

effects of introducing the proposed mutations on this mSlp2 fragment as it had 

partial melanosome clustering inducing effects (see section 6.3.2). 6x Histidine-

mSlp2-(3-80) and 6x Histidine-mSlp2-(3-67) recombinants proteins were 

produced in order to use one or both of them as positive control in the FRET 

assay experiments.    

To produce 6x Histidine-mSlp2-(3-80) (M.W 11.70KDa), 6x Histidine-mSlp2-

(3-56) (M.W 8.56KDa), 6x Histidine-mSlp2-(3-67) (M.W 9.90KDa) and 6x 

Histidine-mSlp2-(3-56; K26R, A28R, Q44R, N48I) (M.W 8.56KDa) 

recombinant proteins, pETDuet-1-mSlp2-(3-80), pETDuet-1-mSlp2-(3-56), 
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pETDuet-1-mSlp2-(3-67) and pETDuet-1-mSlp2-(3-56; K26R, A28R, Q44R, 

N48I) vectors (see section 2.1.3.5) were transformed into Rosetta E. coli 

competent cells and protein production was induced with 0.5mM IPTG as 

described in section 2.2.2, followed by protein purification steps using the IMAC 

system (see section 2.2.3.1). These proteins were then analysed using both 10% 

and 15% SDS-PAGE gel electrophoresis. 10% and 15% SDS-PAGE gel 

electrophoresis failed to resolve those proteins (data not shown) as they were 

low molecular weight proteins.  

Therefore, for better separation of these low molecular weight proteins (less than 

12.5KDa), the Invitrogen NuPAGE 4-12% Bis-Tris pre-cast gel system was used 

to analyse and separate these proteins as described in section 2.2.4.2. Analysis 

of the purified proteins using Invitrogen NuPAGE 4-12% Bis-Tris pre-cast gel 

system confirmed that the purified proteins were of the expected molecular 

weights (Figure 6.9).  

 

Figure 6.9. Separation profile of different 6x Histidine-mSlp2 recombinant 

proteins. Rosetta E. coli competent cells were transformed with the appropriate 

vectors, protein production was induced with 0.5mM IPTG for 3 hours at 37ºC. 

A Coomassie blue stained Invitrogen NuPAGE 4-12% Bis-Tris pre-cast gel was 

used to load the denatured purified protein samples (M; molecular weight 

standards).  A) 6x Histidine-mSlp2-(3-80) (M.W 11.70KDa). B) 6x Histidine-

mSlp2-(3-56) (M.W 8.56KDa). C) 6x Histidine-mSlp2-(3-67) (M.W 9.90KDa). 



Raghdan Z. Al-Saad                                                                             PhD Thesis 

210 

 

D) 6x Histidine-mSlp2-(3-56; K26R, A28R, Q44R, N48I) (M.W 8.56KDa). 

Abundant protein bands (the arrow indicated bands) were detected at the 

predicted molecular weights. 

 

 

 

Next, to better confirm the specificity of the bands of interest, a western blot 

analysis using anti-histidine antibodies was also performed. 0.45 um PVDF 

transfer membrane was used and proteins were transferred at 4ºC using different 

conditions: 150V for 3 hours, 30V for 18 hours and 25V for 90 mins. Analysis 

of the western blots using those conditions failed in detecting protein bands (data 

not shown). This might be due to over-transfer of proteins from gel to membrane 

which is the most common problem during transfer of low molecular weight 

proteins, especially proteins with less than 12.5KDa molecular weight. 

Therefore, 0.2 um PVDF transfer membrane was used (instead of using 0.45 um 

PVDF) and proteins were transferred at 25V for 90 mins. Abundant protein 

bands were detected at the predicted molecular weights for these proteins (Figure 

6.10), thereby confirming the specificity of protein bands detected previously 

using the Invitrogen NuPAGE 4-12% Bis-Tris pre-cast gel. 

 

Figure 6.10. Western blot analysis profile of different 6x Histidine-mSlp2 

recombinant proteins. Different 6x Histidine-mSlp2 recombinant proteins were 

loaded into 4-12% Bis-Tris pre-cast gel, transferred into PVDF membrane (0.2 

μm) and immunoblotted with monoclonal anti-poly-Histidine antibody (M; 

molecular weight standards). A) 6x Histidine m.Cherry-Rab27b-(1-218) was 

used as a positive control. B) 6x Histidine-mSlp2-(3-56; K26R, A28R, Q44R, 

N48I) (M.W 8.56KDa). C) 6x Histidine-mSlp2-(3-67) (M.W 9.90KDa). D) 6x 

Histidine-mSlp2-(3-56) (M.W 8.56KDa). E) 6x Histidine-mSlp2-(3-80) (M.W 

11.70KDa). Abundant protein bands (the arrow indicated bands) were detected 
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at the predicted molecular weights for these proteins. This western blot was 

cropped to remove unrelated proteins. 

 

6.3.3.2 The inhibitory effect of the mutated mSlp2-(3-56) super-effector 

protein is comparable to that of mSlp2-(3-67)     

As described in section 6.3.2, mSlp2-(3-56; K26R, A28R, Q44R, N48I) 

succeeded in producing comparable effects to that of mSlp2-(3-80) and mSlp2-

(3-67) which were used as positive controls (by inducing perinuclear clustering 

of melanosomes and inhibiting Rab27a-Slac2-a interaction-dependent 

melanosome transport). Therefore, to better investigate the findings of the 

melanosome clustering assay,   6x Histidine-Slp2-(3-56; K26R, A28R, Q446, 

N48I) was produced and tested using the FRET-based protein-protein interaction 

assay.  

To this end, different concentrations of mSlp2 mutant were used to disrupt the 

interaction between Rab27b and either Slp1 or Slp2. mSlp2-(3-56) and mSlp2-

(3-67) were produced as 6x Histidine recombinant proteins and used as negative 

and positive controls, respectively (Figures 6.11 and 6.12). The calculated pIC50 

values of the mutated mSlp2-(3-56), mSlp2-(3-56) and mSlp2-(3-67) for 

disrupting Rab27b-mSlp1 interaction were 7.37M, 5.21M and 7.59M, 

respectively. In comparison, the calculated pIC50 values of the mutated mSlp2-

(3-56), mSlp2-(3-56) and mSlp2-(3-67) for disrupting Rab27b-mSlp2 

interaction were 6.44M, 5.45M and 6.62M, respectively. Altogether, these 

experiments suggested that the inhibitory effects of the mutated mSlp2-(3-56) 

were comparable to that of mSlp2-(3-67) (positive control) (evidenced by pIC50 

values), whereas the inhibitory effects of mSlp2-(3-56) (wild-type) were not 

comparable to that of the positive control or the mutated mSlp2-(3-56) 

(evidenced by pIC50 values).  

According to these experiments, the introduction of these four mutations into 

mSlp2-(3-56) succeeded in producing a Rab27 super-effector. Thus, this novel 

Rab27 super-effector is an effective inhibitor of Rab27-effector interactions and 

can be tested later using breast cancer cell lines by examining its effects on 

reducing cancer cell invasion and metastasis.  
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Figure 6.11. The inhibitory effect of the mutated mSlp2-(3-56) super-

effector protein on hRab27b-mSlp1 effector interaction. Different 6x 

Histidine-mSlp2 fragments (0.0, 0.01, 0.03, 0.1, 0.3, 1.0, 3.0 and 4.5 μM) were 

used to disrupt the interaction between 0.15μM m.Cherry-hRab27b and 0.7μM 

GFP-mSlp1-(1-116). mSlp2-(3-56); pIC50: 5.21M. mSlp2-(3-67); pIC50: 

7.59M. mSlp2-(3-56; K26R, A28R, Q446, N48I); pIC50: 7.37M. The FRET 

based protein-protein interaction assay was used to determine the binding. The 

pIC50 values were calculated by setting the bottom and top constraints to 

constant values of 0.0 and 100.0, respectively (no bottom and top constraints 

were used to create the dose-response sigmoid curve). Data points represent 

mean ± SEM of 4 independent experiments performed in quadruplicates.  
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Figure 6.12. The inhibitory effect of the mutated mSlp2-(3-56) super-

effector protein on hRab27b-mSlp2 effector interaction. Different 6x 

Histidine-mSlp2 fragments (0.0, 0.01, 0.03, 0.1, 0.3, 1.0, 3.0 and 4.5 μM) were 

used to disrupt the interaction between 0.15μM m.Cherry-hRab27b and 0.3μM 

GFP-mSlp2-(3-80). mSlp2-(3-56); pIC50: 5.45M. mSlp2-(3-67); pIC50: 

6.62M. mSlp2-(3-56; K26R, A28R, Q446, N48I); pIC50: 6.44M. The FRET 

based protein-protein interaction assay was used to determine the binding. The 

pIC50 values were calculated by setting the bottom and top constraints to 

constant values of 0.0 and 100.0 respectively (only the top constraint was set 

to 100.0 to create the dose-response sigmoid curve). Data points represent 

mean ± SEM of 4 independent experiments performed in quadruplicates.  

 

 

 

  

 

 

6.3.4 Testing of Hesperidin and BMD-20 as candidate small molecule 

inhibitors 

Parallel to the experiments of testing the mutated mSlp2 in terms of inhibiting 

Rab27-effector protein interaction, searching in the literature identified two 

candidate small molecule inhibitors for Rab27a-Slac2-a interaction. The first 

compound was hesperidin, a natural citrus flavonoid found in orange peel. It was 

identified based on performing molecular docking studies on Slac2-a effector 

protein crystal structure (Kim et al., 2013). According to this docking study, 

hesperidin binds V21, D25, L28, R29, E32 and Y122 of Slac2-a (see Figure 

6.13). Based on the identified binding interface between Rab27b and Slac2-a, 

these residues are essential for binding to Rab27b (Kukimoto-Niino et al., 2008). 

These interacting residues (V21, D25, L28, R29 and E32) of Slac2-a are also in 

consensus with the corresponding residues in Slp1 and Slp2 effector proteins 

(Kukimoto-Niino et al., 2008). Therefore, it was suggested that hesperidin might 
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be an effective inhibitor for interaction of Rab27 with either Slp1 or Slp2. Thus, 

this compound was chosen to be tested using the melanosome clustering and the 

FRET-based assays.  

  

 

Figure 6.13. Model of hesperidin docking on Slac2-a structure. Yellow 

highlighted residues and black dashes represent interacting residues (between 

hesperidin and Slac2-a) and hydrogen bonds, respectively. Reproduced from 

(Kim et al., 2013). 

 

 

The second compound was BMD-20 (Joung et al., 2014), this compound was 

identified by performing virtual screening for inhibitors of Slac2-a-Rab27 

interaction based on the already identified 3-dimensional structure of Rab27b-

Slac2-a complex (Kukimoto-Niino et al., 2008). Molecular docking of BMD-20 

on Slac2-a structure showed that it can bind E32, R29, Y122 and G133 of Slac2-

a (Figure 6.14) (based on the binding interface, these residues are essential for 

interaction with Rab27b). According to this, it was hypothesised that BMD-20 
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can inhibit the binding between Slac2-a and Rab27a (as mentioned before, E32 

are conserved among Slac2-a, Slp1 and Slp2 effector proteins). 

 
 

Figure 6.14. Proposed model of BMD-20 interaction with Slac2-a. The 

interaction model between BMD-20 and Slac2-a was generated based on the 

docking on Slac2-a structure. BMD-20 blocks the binding of E32, R29 and Y122 

of Slac2-a with Rab27a. Reproduced from (Joung et al., 2014).    

 

 

To test the veracity of these compounds as inhibitors of Rab27-effector 

interactions, different concentrations of either hesperidin or BMD-20 (0.0, 0.3, 

1.0, 3.0, 10.0 and 30.0 μM) were used to investigate if they could disrupt the 

interaction between m.Cherry-hRab27b and either GFP-mSlp1-(1-116) or GFP-

mSlp2-(3-80) (data were normalised against non-specific inhibition caused by 

DMSO). These two compounds failed to disrupt the interaction of Rab27b with 

either Slp1 or Slp2. pIC50 values of these two compounds were not determined 

as standard sigmoid curves could not be established (Figure 6.15).  
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Figure 6.15. Testing the proposed inhibitory effects of BMD-20 and 

hesperidin on hRab27b-effector protein interaction. Different concentrations 

of BMD-20 and hesperidin (0.0, 0.3, 1.0, 3.0, 10.0, and 30.0 μM) were tested 

in terms of disrupting the interaction between: A) 0.15μM m.Cherry-hRab27b 

and 0.7μM GFP-mSlp1-(1-116). B) 0.15μM m.Cherry-hRab27b and 0.3μM 

GFP-mSlp2-(3-80). The FRET based protein-protein interaction assay was 

used to determine the binding. Data points represent mean ± SEM of 3 

independent experiments performed in quadruplicates. 

 

    

 

 

In addition, these compounds were also tested using the cellular melanosome 

clustering assay using different concentrations: 2.5, 5, 7.5, 10, 20 and 30μM. 

Again, the results of these experiments demonstrated that hesperidin and BMD-

20 were not able to induce perinuclear clustering of melanosomes; i.e. they were 

not able to inhibit Rab27a-Slac2-a interaction. The quantification of the data 

demonstrated melanosome clustering pattern comparable to that of the negative 

control (data not shown). In these experiments, higher concentration (30μM) of 

both hesperidin and BMD-20 were used to investigate the proposed inhibitory 

effects (Kim et al. used 10μM hesperidin; Joung et al. used 2.5, 5 and 10μM 

BMD-20).  
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Those conflicting results in these two papers might be related to the method of 

quantifying the data, since this was done by counting the cells with clustered 

melanosomes without including the number of cells with dispersed 

melanosomes, followed by comparing with that of the negative control only 

(they did not calculate the percentage of cells with clustered melanosomes). In 

principle, the percentage of the clustered cells should be calculated and 

compared with reliable positive and negative controls (as performed in the 

current experiments when calculating the percentage of cells with clustered 

melanosomes), instead of counting the clustered cells and compare the absolute 

numbers with that of the negative control experiments only. Furthermore, the 

method of considering the cells as clustered was not accurate as some of the 

tested cells which were scored as clustered might be dead cells as shown in 

Figure 6.16.  

In addition, no positive control for melanosome clustering was used in Kim et 

al. experiments, making it difficult to rely on the results of these experiments. 

Accordingly, hesperidin and BMD-20 cannot be considered as small molecule 

inhibitors of Rab27-effector protein interactions. 
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Figure 6.16. Hesperidin and BMD-20 treated cells. A) Hesperidin treated 

melan-a. B) BMD-20 treated melan-a. DMSO was used as a negative control 

in these experiments. Cell images reproduced from (Joung et al., 2014; Kim 

et al., 2013). 
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6.4 Discussion 

Three major findings are presented here: First, the introduction of K26R, A28R, 

Q44R, N48I mutations into mSlp2-(3-56) resulted in producing significant 

inhibitory effects on Rab27a-Slac2-a interaction-dependent melanosome 

transport in living cells and on Rab27-Slp1/2 interaction in vitro by making 

mSlp2-(3-56) works as a Rab27 super-effector. Second, the introduction of the 

G51L mutation into the mSlp2-(3-56) super-effector significantly disrupted its 

melanosome clustering effects in living cells. Third, the production of Rab27 

super-effectors might be an effective strategy to develop Rab27-effector 

interaction inhibitors in the future.     

Early attempts to identify small molecule inhibitors of ras-effector protein 

interactions, identified sulindac sulphide as a probable inhibitor of interaction of 

p21 ras and its effector c-Raf (Herrmann et al., 1998). In addition, NMR analysis 

suggest that sulindac-derived compounds can inhibit Ras-Raf interaction by 

interacting with Ras at the switch I region (Muller et al., 2004; Waldmann et al., 

2004). This suggests that molecular docking of sulindac-related compounds on 

Rab27 structure might reveal some binding hits within Rab27 protein. 

Another approach to develop inhibitors of Rab27-effector interactions is by 

blocking the Rab27-GTP binding site, thus changing the conformation of Rab27 

from GTP to GDP -bound state, inhibiting effector protein interactions (as Rab27 

effector proteins bind Rab27 preferentially in its GTP-bound sate. For instance, 

the small molecule inhibitor, CID1067700 blocks GTP binding to Cdc42 

(belongs to Rho GTPase family), Ras and Rab7, thereby inhibiting the signalling 

pathways related to GTP binding, including the interaction with their cognate 

effector proteins (Agola et al., 2012; Hong et al., 2015).  

In this project, an alternative approach was utilised to produce Rab27 super-

effectors which can be used as inhibitors of Rab27-effector protein interactions. 

Briefly, different mutations were proposed to be introduced into mSlp2-(3-56) 

and mSlp2-(3-67) based on performing molecular dynamics simulation studies 

of Rab27a-Slp2 complex interface and chemical interaction predictions as 

described in section in 6.3.1 (see Tables 6.1 and 6.2; Figures 6.1, 6.2 and 6.3). 
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These experiments (Figure 6.4) demonstrated that the introduction of the first 

four mutations (K26R, A28R, Q44R, N48I) into mSlp2-(3-56) resulted in an 

enhancement of the inhibitory effect in an additive way by inducing perinuclear 

clustering of melanosomes in 94.02% ±0.53 of expressing cells (was comparable 

to the positive control). Unexpectedly, upon introducing the fifth mutation 

(G51L), the inhibitory effect was almost completely abolished. In addition, upon 

introducing the sixth mutation (E56F), the inhibitory effect was not affected; i.e. 

it did not enhance the inhibitory effect. To investigate that, the G51L mutation 

was deleted, this resulted in restoring the inhibitory effect of the first four 

mutations (K26R, A28R, Q44R, N48I). In conclusion, the E56F mutation had 

no effect or even caused slight decrease in the inhibitory effect and the 

introduction of the first four mutations succeeded in producing a novel Rab27 

super-effector which can be used as an effective Rab27-effector interaction 

inhibitor.  

Interestingly, the G51 residue is highly conserved among most of the Rab27 

effector proteins (Chavas et al., 2008; Kukimoto-Niino et al., 2008), suggesting 

that the G51 residue is crucial for Rab27 binding. Therefore, the G51 residue 

could be utilised in the future when performing virtual screening for candidate 

small molecule inhibitors of Rab27-effector protein interactions.  

In comparison, the introduction of the proposed mutations into mSlp2-(3-67) 

revealed that the G51L and E56F mutations slightly reduced the melanosome 

clustering inducing effects compared with the positive controls (Figure 6.5), 

suggesting that 57-67 residues might compensate for the disruption of the 

binding caused by the G51L mutation and again highlighting the importance of 

the G51 residues as one of the key contacts of Rab27-effector interactions.  

In addition, these mutations were further investigated using smaller mSlp2 

fragments. Introducing (K26R, A28R, Q44R, N48I, G51L, E56F), (K26R, 

A28R, Q44R, N48I, E56F) and (K26R, A28R, Q44R, N48I) mutations into 

mSlp2-(10-56) did not improve the inhibitory effect (Figure 6.6), suggesting to 

focus mainly on mSlp2-(3-56) when developing Rab27-effector interaction 

inhibitors. This finding is in disagreement with the results of the crystal structure 

of Rab27a-Slp2 binding interface as it has been reported that mSlp2-(10-56) 
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represents the Rab27a binding interface and encompasses all the Rab27 binding 

contacts (Chavas et al., 2008) (see section 5.3.5).  

In comparison, the (K26R, A28R, Q44R, N48I, G51L, E56F, H62R, R63F) 

mutations reduced the melanosome clustering inducing effects of mSlp2-(10-

67); i.e. reducing its inhibitory effects on Rab27a-Slac2-a interaction-dependent 

melanosome transport (Figure 6.6). This suggests that this effect might be related 

to the G51L mutation, causing disruption of the binding to Rab27a. Deletion of 

the G51L mutation improved the inhibitory effect, indicating that G51 residue is 

essential for binding to Rab27a. Furthermore, introducing H62R, and R63F 

mutations might disrupt the binding, suggesting that 3-9 residues in mSlp2-(3-

67) might compensate for this effect (Figure 6.6).    

Intriguingly, introducing (K26R, A28R, Q44R, N48I) mutations into mSlp2-(10-

67) improved the inhibitory effect (produced comparable effects to that of the 

positive controls) (Figure 6.6). Accordingly, the introduction of the first four 

mutations succeeded in promoting the inhibitory effects of either mSlp2-(3-56) 

or mSlp2-(10-67), making them Rab27 super-effectors.  

In addition, by further investigating the effects of the first four proposed 

mutations on promoting mSlp2-(3-56) inhibitory effects (Figure 6.7), it was 

found that the K26R mutation was the most important mutation , whereas A28R 

was inferior to the other mutations. But, at least K26R, Q44R and N48I 

mutations were required to obtain comparable inhibitory effect to that of the 

positive controls. In agreement with that, molecular dynamics simulation studies 

suggested that introducing the first four mutations had comparable inhibitory 

effects to that of introducing 16 or 20 mutations (see section 6.3.1; Figures 6.1 

and 6.8). 

Notably, sequence alignment with other Rab27 effector proteins (Figure 5.7 and 

5.11) (Chavas et al., 2008; Kukimoto-Niino et al., 2008) revealed that R26, R44 

and I48 residues are the most conserved residues among Rab27 effectors (see 

Table 6.3), supporting the assumption that the introduction of only those three 

mutation might be enough to obtain comparable effects to that of introducing 

four mutations. This suggests that single K26R mutation and combination of 
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K26R and Q44R mutations can be introduced into mSlp2-(3-41) and mSlp2-(3-

50), respectively and tested in the future. 

Next, the successful mSlp2 super-effector, mSlp2-(3-56; K26R, A28R, Q446, 

N48I) was produced as 6x Histidine recombinant protein and its inhibitory 

effects was tested using the FRET-based protein-protein interaction assay 

(Figures 6.11 and 6.12). The inhibitory effects on Rab27b binding to Slp1/Slp2 

were comparable to that of mSlp2-(3-67) (positive control). In contrast the 

inhibitory effect of mSlp2-(3-56) was not comparable to that of mSlp2-(3-67) or 

the mutated mSlp2. This suggests that those mutations might change protein 

conformation, making mSlp2-(3-56) stably interacts with Rab27. Notably, the 

binding ability of the constitutively active mutant of Rab27a/b-(Q78L) to Slp2-

a, Slp4-a and Slac2-a is increased by replacement of cysteine-123 and cysteine-

188 by serine, thereby inhibiting the intramolecular S-S bond formation between 

cysteine-123 and cysteine-188 (Chavas et al., 2008). Intriguingly, the 

introduction of the Y249V mutation into GDIβ protein resulted in gain of 

function toward Rab9 and Rab5, probably by inducing conformational changes 

in this protein, leading to increase its interaction with these Rab proteins 

(Shisheva et al., 1999). Accordingly, this supports the hypothesis that 

introduction of certain mutations into proteins might enhance their binding 

affinities by inducing conformal changes. 

Overall, these experiments using the cellular melanosome clustering and the 

FRET-based assays demonstrated that the introduction of these mutations into 

mSlp2-(3-56) was a successful strategy to produce Rab27 super-effectors. This 

novel Rab27 super-effector can also be tested and used as a protein inhibitor in 

the future using cancer cell lines by investigating its effects on 

inhibiting/reducing cancer cell invasion and metastasis. 

In addition, small molecule inhibitors found in literature were tested using the 

cellular melanosome clustering and the FRET-based assays, these included 

hesperidin and BMD-20.  Surprisingly, none of them succeeded in disrupting the 

interaction between Rab27b and either Slp1 or Slp2 and dose-response sigmoid 

curve could not be established using the FRET-based assay (Figure 6.15). In 

agreement with that, testing of these two candidate inhibitors using the cellular 
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melanosome clustering assay demonstrated that none of them succeeded in 

producing significant melanosome clustering effects.   

Consequently, these small molecules inhibitors failed to disrupt Rab27-effector 

protein interaction and cannot be considered as specific inhibitors for these 

interactions (see section 6.3.4). This suggests that they might work via other 

mechanisms other than inhibiting Rab27a-Slac2-a interactions. 

Recently, molecular docking of Nexinhib20 on Rab27a structure (a novel 

Rab27a-Slp1 interaction inhibitor) (Johnson et al., 2016) based-on the already 

identified crystal structure of Rab27a-Slp2 complex (Chavas et al., 2008) 

demonstrated that tyrosine122 in Rab27a forms pi-pi stacking interactions with 

Nexinhib20 (for further details of Rab27 binding residues; see Figure 6.17 ). 

Interestingly, most of these Rab27-Nexinhib20 binding residues are crucial for 

Rab27a-Slp2 binding. Accordingly, Nexinhib20 could be used as a candidate 

inhibitor of Rab27-Slp2 interactions and tested using cancer cell lines in the 

future.   
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Figure 6.17. Molecular docking of Nexinhib20 on Rab27a structure. A) 

Crystal structure of Rab27a in complex with Nexinhib20 based on Rab27a-

Slp2 complex interface (PDB: 3BC1), Rab27a and Slp2 depicted in blue and 

magenta, respectively. B) Rab27a-Nexinhib20 binding residues highlighted in 

red. C) Two- dimensional structure of Rab27a interaction with Nexinhib20 

complex. Pi-pi interactions, hydrogen bonding, positively-charged, 

negatively-charged, polar and hydrophobic residues are depicted as green 

lines, purple arrows, blue, red, cyan and green circles, respectively. 

Reproduced from (Johnson et al., 2016).   
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6.5 Conclusions 

Different candidate inhibitors, including small molecule and mSlp2-developed 

super-effectors were tested in terms of inhibiting Rab27-effector protein 

interactions. These competitions experiments revealed that the introduction of 

certain mutations into mSlp2-(3-56) was a successful strategy to produce and 

develop mSlp2 super-effectors. This can provide the basis for developing more 

peptide inhibitors, probably smaller peptide fragments which can be tested later 

using cellular and in vitro assays. 
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Chapter 7 

Summary 
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The principal aim of this project was to characterise the key determinants of the 

Rab27-effector interactions, leading to identification of candidate inhibitors of 

these interactions, which can be tested later using in vitro and cellular assays. It 

has been reported that Rab27 proteins correlate with cancer cell invasion and 

proliferation signalling pathways (Hendrix and De Wever, 2013), therefore the 

main focus of this project was to design and develop inhibitors of Rab27-effector 

interactions which can be used not only to treat cancer, but also to cure Rab27-

related inflammatory diseases. However, little research has been conducted to 

identify such Rab27 inhibitors and the research on this field is still limited, 

highlighting the importance of carrying out further research in this respect.  

This project involved using and/or development of intra- and inter- disciplinary 

approaches, including the development of the in vitro florescent GST-pull down 

and FRET-based protein-protein interaction assays, using of the cellular 

melanosome clustering assay and related tissue culture techniques, construction 

of many DNA plasmids and adenoviral vectors and production of several 

recombinant proteins. 

Initially, the conditions of the fluorescent GST-pull down assay were optimised 

and the specificity of this assay was investigated using unlabelled Rab27a/b as 

competitive inhibitors for Rab27-effector interactions. Classical GST pull down 

assays are not sensitive measures for determination of protein-protein 

interactions, since they involve performing multiple experimental steps, causing 

variability in the results. In this project, this assay was optimised in a way that 

the low sensitivity and the lack of consistent data were decreased. Overall, the 

fluorescent GST-pull down assay experiments demonstrated that the binding 

affinity of m.Cherry-Rab27b to GST-mSlp2-(3-80) is slightly higher than that to 

GST-mSlp1-(1-201). This assay might provide an in vitro advantageous and 

powerful quantitative and qualitative read-out for the Rab27-effector 

interactions, which can be used for testing the blocking effects of the candidate 

inhibitors in the future.  

Next, to develop a more convenient, sensitive, fast and robust assay with fewer 

experimental steps, a FRET-based protein-protein interaction assay was set up 

to determine the binding affinity of mSlp1 and mSlp2 to Rab27a/b. By using this 
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assay, a large number of samples can be tested in a shorter period of time 

compared to the fluorescent GST-pull down assay, since the FRET assay 

requires fewer pipetting steps and there is no need to use the glutathione 

magnetic beads, thus reducing volume variability and contamination of samples 

with glutathione beads, indicating that more accurate results are obtained using 

this exquisite assay. The findings of the FRET-based assay experiments 

demonstrated that the binding affinity of GFP-mSlp2-(3-80) to m.Cherry-

Rab27a/b is higher than that of GFP-mSlp1-(1-116) (consistent with the results 

of the GST-pull down assay), suggesting that mSlp2 is an appropriate candidate 

to focus on when developing protein inhibitors for Rab27-effector interactions. 

Additionally, building upon the binding affinity results, testing the effects of the 

candidate inhibitors on Rab27 interaction with Slp2 is superior to Slp1, since this 

can be considered as a more efficient indicator for the effectiveness and/or 

functional strength of the inhibitor. Moreover, as the conditions of the FRET-

based assay were controlled including GTP concentration, incubation time and 

concentration of the interacting components, this assay can be considered as a 

specific in vitro measure for determining Rab27-effector interactions, and 

therefore can be used in the future to test the inhibitory effects of the candidate 

inhibitors. 

Furthermore, a Rab27a-dependent melanosome transport assay was used as an 

indirect read-out of Rab27-effector interaction in melan-a murine melanocytes 

by testing the induced perinuclear clustering of melanosomes. Initial 

experiments aimed to identify the minimum mSlp2 binding fragment to Rab27a 

and the key determinants and/or contacts of Rab27-effector interactions by 

introducing different mutations into mSlp2-(3-80). These experiments 

demonstrated that mSlp2-(3-80) dramatically induced perinuclear clustering of 

melanosomes by competing with Slac2-a for Rab27a binding and none of the 

introduced mutations affected Rab27a-dependent melanosome transport, 

suggesting that smaller mSlp2 fragments were required to be investigated. In 

addition, introduction of the R32W mutation into mSlp2 equivalent to R35W 

mutation in Slac2-a (Menasche et al., 2003b; Tomita and Suzuki, 2004) resulted 

in partial loss of the induced melanosome clustering effects, suggesting that R32 

residue is essential determinant of Rab27a-Slp2 interaction and can be targeted 
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when performing virtual screening for candidate small molecule inhibitors of 

Rab27-effector interactions.  

Afterwards, based on the already identified crystal structures of the binding 

interface of Slp2-Rab27a and Slac2-a-Rab27b (Chavas et al., 2008; Kukimoto-

Niino et al., 2008), different truncations at the N-terminal of mSlp1 and mSlp2 

(by sequentially adding mSlp2 α helices) were performed, and also mSlac2-a-

(1-146) was tested. These experiments revealed that the Slp2-Rab27a crystal 

structure findings do not correspond with the current results of the melanosome 

clustering assay, therefore larger Slp2 fragments were tested. Overall, these 

experiments revealed that mSlp2-(3-67) was comparable to mSlp2-(3-80) and 

might act as the minimum Rab27a binding fragment, whereas mSlp2-(3-56) 

partially induced perinuclear clustering of melanosomes. In addition, mSlp1-(1-

116) was comparable to mSlp2-(3-80), whilst mSlac2-a-(1-146) was capable of 

partially inducing perinuclear clustering of melanosomes by about 71.58% 

which is not consistent with the Slac2-a-Rab27b crystal structure results, 

suggesting that larger  mSlac2-a fragments need to be investigated in the future.  

As described in section 5.4, mSlp2 α-helices were unable to induce significant 

perinuclear clustering of melanosomes; i.e. they could not form stable 

interactions with Rab27b and this might be due to loss of helicity.  Therefore, as 

a future work, α helicity can be improved by using an appropriate alkyl linker or 

the hydrocarbon-stapled peptides strategy (Walensky and Bird, 2014) which can 

be exploited in the development of inhibitors with significant Rab27 binding 

activity using either α1 (10-41 aa), α2 (42-50 aa) or α3 (51-56 aa) mSlp2 helices, 

thus increasing α helicity. For instance, the stabilized α-helical domain of Rab6 

interacting protein1-3 (StRIP3), a hydrocarbon-stapled peptide, was found to 

disrupt the interaction between Rab8a and its effector Lowe oculocerebrorenal 

syndrome protein1 (OCRL1)  using a fluorescence polarization assay (Spiegel 

et al., 2014). 

Next to better investigate the results of testing mSlp2 fragments using the 

melanosome clustering assay, the inhibitory effects of mSlp2-(3-41) and mSlp2-

(3-56) fragments on hRab27b-mSlp1 interaction were tested using the FRET in 

vitro assay. These experiments demonstrated that mSlp2-(3-41 and 3-56) had 
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partial inhibitory effect, suggesting that the inhibitory effects of those mSlp2 

fragments can be promoted using the hydrocarbon-stapled peptides approach as 

described before. 

It might be difficult to identify candidate small molecule inhibitors of Rab27-

Slp2 interaction as there are many key contacts between them which require to 

be blocked [for further details of Rab27a-Slp2 binding interface see (Chavas et 

al., 2008)]. Therefore, the design and development of Rab27 super-effectors 

strategy was used as an alternative approach to obtain inhibitors of Rab27-

effector interactions. These experiments revealed that the sequential introduction 

of K26R, A28R, Q44R and N48I mutations into mSlp2-(3-56) worked 

progressively to enhance the Rab27 binding activity and profoundly promoted 

the inhibitory effects on Rab27a-dependent melanosome transport, achieving 

comparable effects to mSlp2-(3-80) and mSlp2-(3-67) using the melanosome 

clustering assay. Moreover, those results were investigated further using the 

FRET in vitro assay, again mSlp2-(3-56; K26R, A28R, Q44R, N48I) 

significantly inhibited hRab27b binding to mSlp1/mSlp2 and was comparable to 

mSlp2-(3-67). These mSlp2 mutants might adopt a gain of function 

conformation, leading to an incremental enhancement of binding to Rab27. This 

indicates that a novel Rab27 super-effector was effectively produced and this 

can provide the basis for the development of smaller peptide inhibitors. 

Noteworthy, proteins penetration into living cells can be enhanced by fusing 

them with cell-penetrating peptides (Gautam et al., 2016; Johnson et al., 2010b; 

Kristensen et al., 2016). 

Furthermore, hesperidin and BMD-20, proposed small molecule inhibitors found 

in literature (Joung et al., 2014; Kim et al., 2013) were tested, but both of them 

failed to inhibit Rab27-effector interaction in vitro and in living cells, indicating 

that these small molecules cannot be considered as specific inhibitors and might 

work through mechanisms other than inhibiting Rab27-effector interactions.   

As a future work, screening for small molecule inhibitors can also be performed 

in the future. The main advantage of screening for inhibitors using virtual 

libraries over traditional high-throughput, is that millions of compounds can be 

screened, leading to identification of inhibitors based on structure-activity 



Raghdan Z. Al-Saad                                                                             PhD Thesis 

231 

 

relationship rationale (Zhao et al., 2017). Furthermore, Rab27 proteins can be 

targeted by inhibiting RGGT enzyme, for instance 3-PEHPC, a 

phosphonocarboxylate analogue of risedronate acts as a negative regulator of 

Rab6 prenylation and induces apoptosis by inhibiting RGGT enzyme in human 

myeloma cells (Roelofs et al., 2006). In addition, numerous RGGT enzyme 

inhibitors have been identified and developed using a virtual high throughput 

screening (Stigter et al., 2012), but the lack of selectivity of these inhibitors (as 

they can work on wide range of Rab proteins) suggests the design and 

development of selective inhibitors which can be performed by targeting Rab27-

effector interactions, especially those related to specific Rab27 effectors. 

Additionally, GEF inhibitors can be used as Rab27 inhibitors by inhibiting the 

cycling of Rab27 from GDP- to GTP- bound state, thus blocking Rab27-effector 

interaction. Interestingly, NSC-658497 has been identified as a small molecule 

inhibitor of the Ras GEF activity and found to inhibit Ras downstream signalling 

effects including downregulation of cell proliferation in murine fibroblasts 

(Evelyn et al., 2014), but again the lack of selectivity of those inhibitors might 

limit their clinical uses. Furthermore, the Rab GTPase intrinsic activity can be 

promoted by enhancing GAP enzyme activity, increasing Rab (GDP), and thus 

reducing Rab binding to its effectors, however development of GAP agonists is 

less promising target than identification of GEG antagonists (Vigil et al., 2010).  

In conclusion, this study provides the basis for identifying Rab27-effector 

interaction inhibitors, but high thorough virtual screening for candidate small 

molecule inhibitors can be performed in the future. Furthermore, the newly 

developed in vitro fluorescent GST-pull down and FRET-based protein-protein 

interaction assays, and also the already established melanosome clustering 

cellular assay can be used to test the inhibitory effects of the candidate inhibitors 

in the future. Interestingly, the findings of this study suggest that the 

development of Slp2 super-effectors might be an effective strategy to produce 

Rab27-effector interaction protein inhibitors. Those protein inhibitors can be 

delivered into cells either by endocytosis from the medium or by microinjection 

to be tested further using cancer cell lines in terms of reducing cancer cell 

invasion and metastasis, for instance they can be tested in MCF7 breast cancer 

cells stably expressing Rab27.  
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Figure 8.1. A schematic representation of the pETDuet-1-m.Cherry-

hRab27b vector generation steps. The steps performed for generation of the 

pETDuet-1-m.Cherry-hRab27b-(1-218; T23N) vector involved: 1) A site-

directed mutagenesis of the pETDuet-1-m.Cherry-hRab27b vector was 

performed and NotI enzyme restriction site was incorporated into the 5' end 

of hRab27a (this vector originally contained a NotI enzyme restriction site at 

the 3' end of hRab27a). This step was followed by NotI restriction enzyme 

digestion. 2) hRab27b-(1-218; T23N) cDNA was PCR amplified using the 

appropriate vector. 3) The digested vector and insert were then ligated to form 

the pETDuet-1-m.Cherry-hRab27b-(1-218; T23N) vector. 
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Figure 8.2. pETDuet-1-m.Cherry-hRab27b-(1-218; T23N) vector map. The 

pETDuet-1-m.Cherry-hRab27b-(1-218; T23N) vector contains 6x histidine at 

the 5' end of m.Cherry,  two NotI restriction sites at the 5' and 3' ends of hRab27b 

and ampicillin resistance gene. The molecular weight of this vector is 6758BP; 

6x Histidine, m.Cherry and hRab27b are in the same open reading frame to 

produce the 6x Histidine-m.Cherry-hRab27b recombinant protein.  

 

 

Figure 8.3. PCR amplification of hRab27b-(1-218; T23N). An ethidium 

bromide stained 1% (W/V) TBE agarose gel showing PCR amplification of 

hRab27b-(1-218; T23N) using the pEGFP-hRab27b-(T23N) vector. The 

molecular weight is 654BP (the arrow indicated band). 
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Figure 8.4. An ethidium bromide stained 1% TBE agarose gel showing NotI 

restriction enzyme digests of different pETDuet-1-m.Cherry-hRab27b vectors. 
A) pETDuet-1-m.Cherry-hRab27b-(1-218; T23N).   B) pETDuet-1-m.Cherry-

hRab27b-(1-218). C) pETDuet-1-m.Cherry-hRab27b-(1-218; Q78L). D) 

pETDuet-1-m.Cherry-hRab27b-(1-200). The molecular weights of the upper 

(digested vector) and lower (digested insert) arrow indicated bands are 6104BP 

and 654BP, respectively.  
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Figure 8.5. Amino acid sequence alignment of the pETDuet-1-m.Cherry-

hRab27b-(1-218; T23N) vector sequencing data. A) Using a forward primer for 

amplification of m.Cherry. B) Using the Duet Down1 reverse primer. 
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Figure 8.6. Amino acid sequence alignment of the pETDuet-1-m.Cherry-

hRab27b-(1-218) vector sequencing data. A) Using the forward primer for 

hRab27b PCR amplification. B) Using the reverse primer for hRab27b PCR 

amplification.  

  

 
Figure 8.7. Amino acid sequence alignment of the pETDuet-1-m.Cherry-

hRab27b-(1-218; Q78L) vector sequencing data. The Duet Down1 reverse 

primer was used to sequence the vector. 
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Figure 8.8. Amino acid sequence alignment of the pETDuet-1-m.Cherry-

hRab27b-(1-200) vector sequencing data. The Duet Down1 reverse primer was 

used to sequence the vector. 

 

  
 

 

Figure 8.9. The proteomic analysis and amino acid sequence alignment of the 

6x histidine m.Cherry-Rab27b-(1-218) recombinant protein. Induction of 

protein production of the 6x histidine m.Cherry-Rab27b-(1-218) recombinant 

protein using the appropriate vector resulted in production of two abundant 

proteins. Accordingly, a proteomic analysis using mass spectrometry was 

performed by analysing these two proteins; the upper (A) and lower (B) bands 

in 10% SDS-PAGE gel). The results of the proteomic analysis was then aligned 

with protein databases to detect the sequence homology with the already 

identified Rab27b protein sequences. The proteomic analysis revealed that the 

lower band is C-terminal truncated Rab27b protein (1-200). Matched peptides 

shown in bold red. 
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Figure 8.10. Amino acid sequence alignment of the pET-14b-rRab27a-(1-221) 

vector sequencing data. The T7 promoter (F) primer was used to sequence the 

vector. 
 

 

Figure 8.11. Amino acid sequence alignment of the pET-15b-hRab27b-(1-

218) vector sequencing data. The T7 promoter (F) primer was used to sequence 

the vector. 

 



Raghdan Z. Al-Saad                                                                             PhD Thesis 

240 

 

 

Figure 8.12. Amino acid sequence alignment of the pET-14b-hRab5a-(1-216) 

vector sequencing data. The T7 promoter (F) primer was used to sequence the 

vector. 

 

  

 

Figure 8.13. Amino acid sequence alignment of pGEX-4T1-mSlp1-(1-201) 

vector sequencing data. A) Using the PGEX 5' forward primer. B) Using the 

PGEX 3' reverse primer. 
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Figure 8.14. pGEX-4T1-mSlp2-(3-80) vector map. 5' BamHI and 3' EcoRI 

restriction enzyme sites were introduced into the 5' and 3' ends of mSlp2-(3-80) 

cDNA, mSlp2-(3-80) cDNA was then sub-cloned into the pGEX-4T1vector 

utilising 5' BamHI and 3' EcoRI enzyme restriction sites. This vector also 

contains ampicillin resistance gene (molecular weight: 5203BP).  

 

 

 

Figure 8.15. Amino acid sequence alignment of the pGEX-4T1-mSlp2-(3-80) 

vector sequencing data. A) Using the PGEX 5' forward primer. B) Using the 

PGEX 3' reverse primer. 
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Figure 8.16. Amino acid sequence alignment of the pETDuet-1-GFP-mSlp1-

(1-116)-m.Cherry-hRab27a-(1-221) vector sequencing data. The EGFP CF 

forward primer was used to sequence the vector. A) Amino acid sequence 

alignment of mSlp1-(1-116). B) Amino acid sequence alignment of m.Cherry. 

 

 

Figure 8.17. Amino acid sequence alignment of the pETDuet-1-GFP-mSlp1-

(1-116) vector sequencing data. The EGFP CF forward primer was used to 

sequence the vector. 
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Figure 8.18. pETDuet-1-GFP-mSlp2-(3-80) vector map. 5' BamHI and 3' NotI 

restriction enzyme sites were introduced into GFP-mSlp2-(3-80) cDNA by 

performing PCR amplification using appropriate vector and primers, GFP-

mSlp2-(3-80) cDNA was then sub-cloned into the pETDuet-1vector using 5' 

BamHI and 3' NotI enzyme restriction sites. This vector also contains ampicillin 

resistance gene (molecular weight: 6377BP).   

 

 

Figure 8.19. An ethidium bromide stained 1% TBE agarose gel showing 

BamHI and NotI digests of different pETDuet-1 vectors. A) pETDuet-1-GFP-

mSlp1-(1-116) vector digest; the expected  molecular weights of the arrow 

indicated upper (digested vector) and lower (GFP-mSlp1-(1-116)-m.Cherry-

hRab27a) bands are 5369BP and 2460BP, respectively B) pETDuet-1-GFP-

mSlp2-(3-80) vector digest; the expected molecular weights of the arrow 
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indicated upper (digested vector) and lower (GFP-mSlp2) bands are 5369BP and 

1008BP, respectively. C) pETDuet-1-GFP vector digest; the expected molecular 

weights of the arrow indicated upper (digested vector) and lower (GFP-mSlp1-

(1-116)-m.Cherry-hRab27a) bands are 5369BP and 2460BP, respectively.  

 

 

Figure 8.20. Amino acid sequence alignment of the pETDuet-1-GFP-mSlp2-

(3-80) vector sequencing data. The EGFP CF forward primer was used to 

sequence the vector. 

 

 

Figure 8.21. pENTR-EGFP-C2-mSlp2-(3-80) vector map. 5' EcoRI and 3' 

BamHI restriction enzyme sites were introduced into the 5' and 3' ends of mSlp2-

(3-80) cDNA, mSlp2-(3-80) cDNA was then sub-cloned into the pENTR-EGFP-

C2 vector which contains 5' EcoRI and 3' BamHI enzymes restriction sites. This 

vector also contains kanamycin resistance gene (molecular weight: 4436BP).   
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Figure 8.22. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-80) vector sequencing data. The EGFP CF forward primer was used to 

sequence the vector. 

  

 

 

Figure 8.23. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-80; D3A) vector sequencing data. A) Using a forward primer for 

amplification of mSlp2. B) Using a reverse primer for amplification of mSlp2.  
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Figure 8.24. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-79) vector sequencing data. A) Using a forward primer for amplification of 

mSlp2. B) Using a reverse primer for amplification of mSlp2. 

  

 
Figure 8.25. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-80; R32W) vector sequencing data. The EGFP CF forward primer was used 

to sequence the vector. 

 

 

Figure 8.26. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-80; K58A) vector sequencing data. The EGFP CF forward primer was used 

to sequence the vector.  
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Figure 8.27. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-80; R61A) vector sequencing data. The EGFP CF forward primer was used 

to sequence the vector. 

  

 
Figure 8.28. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-80; H62A) vector sequencing data. The EGFP CF forward primer was used 

to sequence the vector. 

 

 

Figure 8.29. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-80; G68I) vector sequencing data. The EGFP CF forward primer was used 

to sequence the vector. 
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Figure 8.30. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-80; D70A) vector sequencing data. The EGFP CF forward primer was used 

to sequence the vector. 

 

 
Figure 8.31. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-80; I71A) vector sequencing data. The EGFP CF forward primer was used 

to sequence the vector.  

 

 
 

Figure 8.32. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-80; R73A) vector sequencing data. The EGFP CF forward primer was used 

to sequence the vector.  
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Figure 8.33. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-80; S75A) vector sequencing data. The EGFP CF forward primer was used 

to sequence the vector. 

 

Figure 8.34. pENTR-EGFP-C2-mSlp1-(1-116) vector map. 5' EcoRI and 3' 

BamHI restriction enzyme sites were introduced into the 5' and 3' ends of mSlp1-

(1-116) cDNA, mSlp1-(1-116) cDNA was then sub-cloned into the pENTR-

EGFP-C2 vector which contains 5' EcoRI and 3' BamHI enzymes restriction 

sites. This vector also contains kanamycin resistance gene (molecular weight: 

4550BP).   

 

 

 

Figure 8.35. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp1-

(1-116) vector sequencing data. The EGFP CF forward primer was used to 

sequence the vector. 
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Figure 8.36. Amino acid sequence alignment of the pENTR-EGFP-C2-

mSlac2-a-(1-146) vector sequencing data. The EGFP CF forward primer was 

used to sequence the vector.  

 

 
Figure 8.37. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(10-41) vector sequencing data. The EGFP CF forward primer was used to 

sequence the vector. 

 

 
Figure 8.38. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(10-50) vector sequencing data. The EGFP CF forward primer was used to 

sequence the vector.  

 

 
 

Figure 8.39. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(10-56) vector sequencing data. The EGFP CF forward primer was used to 

sequence the vector. 
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Figure 8.40. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(10-56; K26R, A28R, Q44R, N48I) vector sequencing data. The EGFP CF 

forward primer was used to sequence the vector. 

 

 
Figure 8.41. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(10-56; K26R, A28R, Q44R, N48I, E56F) vector sequencing data. The EGFP 

CF forward primer was used to sequence the vector. 

 

 
Figure 8.42. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(10-56; K26R, A28R, Q44R, N48I, G51L, E56F) vector sequencing data. The 

EGFP CF forward primer was used to sequence the vector. 

 



Raghdan Z. Al-Saad                                                                             PhD Thesis 

252 

 

 

Figure 8.43. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-41) vector sequencing data. The EGFP CF forward primer was used to 

sequence the vector. 

 

 
Figure 8.44. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-56) vector sequencing data. The EGFP CF forward primer was used to 

sequence the vector. 

 

 
Figure 8.45. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-56; K26R) vector sequencing data. The EGFP CF forward primer was used 

to sequence the vector. 
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Figure 8.46. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-56; A28R) vector sequencing data. The EGFP CF forward primer was used 

to sequence the vector. 

 

 
Figure 8.47. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-56; K26R, A28R) vector sequencing data. The EGFP CF forward primer was 

used to sequence the vector. 

 

 

Figure 8.48. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-56; K26R, A28R, Q44R) vector sequencing data. The EGFP CF forward 

primer was used to sequence the vector. 
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Figure 8.49. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-56; Q44R) vector sequencing data. The EGFP CF forward primer was used 

to sequence the vector. 

 

 

Figure 8.50. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-56; K26R, A28R, Q44R, N48I) vector sequencing data. The EGFP CF 

forward primer was used to sequence the vector. 

 

 

Figure 8.51. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-56; N48I) vector sequencing data. The EGFP CF forward primer was used 

to sequence the vector. 
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Figure 8.52. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-56; Q44R, N48I) vector sequencing data. The EGFP CF forward primer was 

used to sequence the vector. 

 

 
Figure 8.53. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-56; K26R, A28R, Q44R, N48I, G51L) vector sequencing data. The EGFP 

CF forward primer was used to sequence the vector. 

 

 

Figure 8.54. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-56; K26R, A28R, Q44R, N48I, G51L, E56F) vector sequencing data. The 

EGFP CF forward primer was used to sequence the vector. 
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Figure 8.55. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-56; K26R, A28R, Q44R, N48I, E56F) vector sequencing data. The EGFP 

CF forward primer was used to sequence the vector. 

 

 
Figure 8.56. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp1-

(1-74) vector sequencing data. The EGFP CF forward primer was used to 

sequence the vector. 

 

 

Figure 8.57. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp1-

(70-116) vector sequencing data. The EGFP CF forward primer was used to 

sequence the vector. 
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Figure 8.58. Amino acid sequence alignment of the pENTR-m.Cherry-mSlp1-

(1-74) vector sequencing data. A forward primer was used to sequence the 

vector. 

 

 
Figure 8.59. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-67) vector sequencing data. The EGFP CF forward primer was used to 

sequence the vector.  

 

 
Figure 8.60. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-67; K26R, A28R) vector sequencing data. The EGFP CF forward primer was 

used to sequence the vector. 
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Figure 8.61. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-67; K26R, A28R, Q44R) vector sequencing data. The EGFP CF forward 

primer was used to sequence the vector. 

 

 
Figure 8.62. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-67; K26R, A28R, Q44R, N48I) vector sequencing data. The EGFP CF 

forward primer was used to sequence the vector. 

 

 

Figure 8.63. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-67; K26R, A28R, Q44R, N48I, G51L) vector sequencing data. The EGFP 

CF forward primer was used to sequence the vector. 
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Figure 8.64. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-67; K26R, A28R, Q44R, N48I, G51L, E56F) vector sequencing data. The 

EGFP CF forward primer was used to sequence the vector. 

 

 

Figure 8.65. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(3-67; K26R, A28R, Q44R, N48I, G51L, E56F, H62R, R63F) vector 

sequencing data. The EGFP CF forward primer was used to sequence the vector. 

 

 

Figure 8.66. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(10-67) vector sequencing data. The EGFP CF forward primer was used to 

sequence the vector. 
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Figure 8.67. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(10-67; K26R, A28R, Q44R, N48I) vector sequencing data. The EGFP CF 

forward primer was used to sequence the vector. 

 

 

Figure 8.68. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(10-67; K26R, A28R, Q44R, N48I, E56F, H62R, R63F) vector sequencing 

data. The EGFP CF forward primer was used to sequence the vector. 

 

 

Figure 8.69. Amino acid sequence alignment of the pENTR-EGFP-C2-mSlp2-

(10-67; K26R, A28R, Q44R, N48I, G51L, E56F, H62R, R63F) vector 

sequencing data. The EGFP CF forward primer was used to sequence the vector. 
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Figure 8.70. Amino acid sequence alignment of the pGEX-4T1-mSlp2-(3-41) 

vector sequencing data. The PGEX 5' forward primer was used to sequence the 

vector. 

 

 

Figure 8.71. Amino acid sequence alignment of the pGEX-4T1-mSlp2-(3-56) 

vector sequencing data. The PGEX 5' forward primer was used to sequence the 

vector. 
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Figure 8.72. pETDuet-1- mSlp2-(3-80) vector map. 5' BamHI and 3' NotI 

restriction enzyme sites were introduced into the 5' and 3' ends of mSlp2-(3-80) 

cDNA, mSlp2-(3-80) cDNA was then sub-cloned into the pETDuet-1vector 

which contains 5' BamHI and 3' NotI enzyme restriction sites. This vector also 

contains ampicillin resistance gene (molecular weight: 5621BP).   

 

 

Figure 8.73. BamHI and NotI digests of the pETDuet-1-mSlp2-(3-80) vector. 
An ethidium bromide stained 1% TBE agarose gel showing different BamHI and 

NotI digests of  the pETDuet-1-mSlp2-(3-80) vector. A) pETDuet-1-mSlp2-(3-

80) vector. B) pETDuet-1-mSlp2-(3-80; K26R, A28R) vector. C) pETDuet-1-

mSlp2-(3-80; K26R, A28R, Q44R) vector. D) pETDuet-1-mSlp2-(3-80; K26R, 

A28R, Q44R, N48I) vector. The molecular weights of the upper (vector) and 

lower (insert) bands are 5387BP and 234BP, respectively.  
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Figure 8.74. Amino acid sequence alignment of the pETDuet-1-mSlp2-(3-80) 

vector sequencing data. The Duet Down1 reverse primer was used to sequence 

the vector. 

 

 
Figure 8.75. Amino acid sequence alignment of the pETDuet-1-mSlp2-(3-80; 

K26R, A28R) vector sequencing data. The Duet Down1 reverse primer was 

used to sequence the vector. 

 

 
Figure 8.76. Amino acid sequence alignment of the pETDuet-1-mSlp2-(3-80; 

K26R, A28R, Q44R) vector sequencing data. The Duet Down1 reverse primer 

was used to sequence the vector. 
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Figure 8.77. Amino acid sequence alignment of the pETDuet-1-mSlp2-(3-80; 

K26R, A28R, Q44R, N48I) vector sequencing data. The Duet Down1 reverse 

primer was used to sequence the vector. 

 

 
 

Figure 8.78. Amino acid sequence alignment of the pETDuet-1-mSlp2-(3-56) 

vector sequencing data. The Duet Down1 reverse primer was used to sequence 

the vector. 

 

 
Figure 8.79. Amino acid sequence alignment of the pETDuet-1-mSlp2-(3-56; 

K26R, A28R, Q44R, N48I) vector sequencing data. The Duet Down1 reverse 

primer was used to sequence the vector. 
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Figure 8.80. Amino acid sequence alignment of the pETDuet-1-mSlp2-(3-67) 

vector sequencing data. The Duet Down1 reverse primer was used to sequence 

the vector. 
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