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ABSTRACT  
 

The Ras-superfamily of small GTP-binding proteins 

(GTPase), plays critical roles in various cellular processes. The 

activity of this family is controlled by the states of nucleotide 

binding. When GTP binds to GTPase, it becomes the active 

form. Once GTP is hydrolyzed to GDP + Pi, the GTPase 

becomes the inactive form. Rab GTPase is Ras-superfamily 

and plays an especially important role in vesicle trafficking, 

which is essential for endocytosis, biosynthesis, secretion, cell 

differentiation and growth. Because a functional loss of the Rab 

pathways has been implicated in a variety of disease, the Rab 

GTPase family has been extensively investigated. Mutant form 

of Rab GTPase has been commonly utilized for biochemical 

study of Rab and Rab-related functional studies. Generally, 

most mutants in catalytic region of Rab GTPase have been 

constructed by sequence alignment from other GTPases which 

are already known as active- or inactive form by structural 

study or biochemical study. Since similar structural of GTPases 

could show different functional profile, such as binding affinity 

of ligand, rate of enzyme activity and interacting partners, it is 

possible that mutation of similar position of amino acid likely 
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showed different activity between Rab GTPases. Therefore, 

functional activity and molecular mechanism of Rab GTPase 

mutants must be validated by biochemical analysis and 

structural analysis. Due to this reason, I undertook to 

characterize the activity of Rab GTPase mutants. In this study, I 

crystallized mutant form of Rab6A′and Rab11A and solved 

crystal structures of them.  

In the first part, I solved crystal structure of active form of 

Rab6A and I found that active form of GTPase could trap GDP. 

This observation indicated that binding of ligand could be 

various dependent on protein-type and environment around 

protein. In second part, I found that the stability of inactive 

Rab11A depended on the occupation of GDP. In the third part, 

active Rab11A could trap GTP instead of hydrolyzing it, 

because of absence of water molecule around catalytic pocket. 

These results provide evidence of functionally association of 

Rab6A and Rab11A and better understanding for Rab-related 

network and diseases. 

------------------------------------- 

Keywords: Small G protein, Ras superfamily, Rab GTPase, Rab6A, 

Rab11A, Membrane trafficking, Crystal structure 

Student number: 2009-21890 
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INTRODUCTION 

The Ras-superfamily of small G proteins is a family of GTP 

hydrolases that comprises more than 150 members in 

eukaryotes from yeast to human [1, 2]. The activity of this 

family is regulated by the GTP binding state: GDP-bound 

inactive and GTP-bound active forms[3]. Most of them are 

ubiquitously present inside cells and this superfamily is 

structurally classified into five principal families (Ras, Rho, Rab, 

Arf, and Ran) which are involved in a wide variety of cellular 

processes including proliferation, differentiation, cell adhesion, 

metabolism, contraction, motility, survival, and apoptosis [4]. 

The common structures of GTPases are central six-stranded β 

sheet flanked by five α helices on both sides. Each GTPase has 

conserved amino acid sequences of the enzymatic active site 

that are responsible for specific interactions with GDP and GTP 

molecules [5]. The activity of GTPase is mainly regulated by 

bound guanine nucleotides, with the GTP- and GDP bound form 

indicating the active and inactive state, respectively [3, 6, 7]. 

These forms are interconvertible via GDP/GTP exchange and 

GTPase reactions, and the transition between the active and 

inactive form is accompanied by the conformational changes in 
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two highly mobile regions, the switch I and switch II domains 

[8]. To transit to the active state, GTPase needs to bind the 

GTP and Mg2+ ion in switch I and the phosphate-binding loop 

(P-loop) domain, which lasts until the GTP is hydrolyzed by 

the switch II domain [8]. GTP/Mg2+binds more strongly to 

GTPase than GDP/Mg2+ [9]. After hydrolysis of the GTP to 

GDP and Pi, the GDP-bound inactive state of the GTPase 

releases the Mg2+ when the GTPase opens its switch I domain, 

leading to the release of the GDP [8, 10]. This allows binding of 

GTP to the GTPase and return to the active state, thereby 

completing the mechanism. This mechanism is cyclical in 

physiological nature and therefore is called the GTPase cycle 

[10, 11]. During the GTPase cycle, the GTPase transduces the 

upstream signal to the downstream effectors via regulators 

related to the binding, hydrolysis and release of nucleotides 

such as GEFs, GAPs and GDIs [11].  

The Rab GTPase family is one of the Ras-superfamily of small 

G proteins. Most of this family of proteins are ubiquitously 

present inside cells and are key components to various cellular 

processes, including cytoskeletal organization, mitogenesis, 

vesicle trafficking, and nuclear transport [12]. Rab family 
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cycles extensively between the cytoplasmic surface of 

intracellular membranes and the cytosol regulated by bound 

state of guanine [13]. Once the newly translated Rab GTPase 

with inactive state, GDP-bound form first associates with a Rab 

escort protein (REP), which directs it to Rab geranylgeranyl 

transferase (RabGGT) [14, 15]. RabGGT consists of α and β 

subunits which allow Rab GTPase to receive dual prenylation 

(geranylgeranylation) tails in its C-terminus [16, 17]. After 

transferase reaction, GTPase is inserted into donor membrane. 

During this process Rab GTPase can retain in cytosol, if the 

Rab-REP-RabGGT did not form a complex [17]. After 

insertion of complex to donor membrane, REP dissociates from 

the Rab GTPase. The membrane-inserted Rab GTPase is 

activated by a guanine nucleotide exchange factor (GEF) which 

converts Rab GTPase to a GTP-bound active form by 

replacement of GDP to GTP. The active form of the Rab 

GTPase then recruits specific binding partners, such as sorting 

adaptors, tethering factors, and motor proteins, and is involved 

in vesicle formation, transport, and tethering [13, 18-25]. The 

active form of GTP-bound Rab GTPase becomes inactivated by 

GTPase activating proteins (GAPs) which accelerate intrinsic 
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rate of GTPase activity [15, 26, 27]. Then inactivated GTPase 

is recycled back to cytosol and binds GDP dissociation inhibitor 

(GDI) [13]. The reinsertion of Rab GTPase to membrane is 

assisted by a GDI dissociation factor (GDF) and Rab GTPase 

begins the cycle again [28, 29].  

Intracellular membrane traffic is a complex network that 

connects various organelles of cells, and Rab GTPases are 

recognized as master regulators by interacting with their 

myriad effectors localized in specific compartment. Rab1 

localizes ER and Golgi, and it regulates ER to Golgi traffic [15, 

30, 31]. While Rab2 localizes ER, Golgi and ER-Golgi 

intermediate compartment (ERGIC) and involves in retrograde 

traffic, or recycling, from Golgi and the ERGIC back to the ER 

[32]. Rab6 localize Golgi and it involves in the trans-Golgi 

network (TGN), as well as exocytic traffic to the plasma 

membrane [15, 30, 31, 33]. Rab8 localize cell membrane, 

vesicles and primary cilia [34], Rab10 localize Golgi, 

basolateral sorting endosomes, GLUT4 (Glucose transporter 

type 4) vesicles [35, 36], and Rab14 localizes Golgi, early 

endosome (EE) and GLUT4 vesicles [37, 38]. Despite different 

cellular localizations between Rab members, they involves in 
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biosynthetic traffic from the trans-Golgi network (TGN) [39-

43]. The GLUT4 associates to Rab GTPases in GLUT4 vesicle 

and uses them to arrive at the plasma membrane. Several 

secretory vesicles use Rab3 and granules use Rab26, Rab27 

and Rab37 to exocytose their cargo [40, 44-47]. Rab27 

involves in melanosome transport that uses Rab32 and Rab38 

for TGN to melanosome [48-50]. There are many of Rab 

GTPases for endosome trafficking, and the major localization is 

the EE. Rab5 is major regulator in early endocytic steps, which 

involved in early endosome fusion [32, 51-53]. Lysosome uses 

Rab7 for degradation or recycling compartments backs to the 

plasma membrane [32, 54]. Rab15 involves membrane traffic 

from the early endosome to the recycling endosome [42, 55]. 

Rab4 regulates fast endocytic recycling while Rab11 regulates 

slow endocytic recycling [56-58]. Targeting of lipid droplets 

to organelles is mediated by Rab18. Rab18 localizes Golgi and 

lipid droplets and it regulates organelles interaction between 

lipid droplet and ER [17, 59]. Rab24 and Rab33 localize ER and 

Golgi respectively, and they mediate autophagosome formation 

[42, 60-62]. Rab45 is reported that induces apoptosis through 

activation of caspases [63]. Rab21 and Rab25 associate with 
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subunits of integrin as effector proteins to control cell adhesion 

and cytokinesis [64-67]. Rab13 localizes tight junctions and 

regulates their formation in polarized epithelial cells [68]. 

Rab17 localizes recycling endosomes and regulates transcytosis 

[69, 70]. Rab19, Rab30, Rab36, Rab39 and Rab41 are found in 

Golgi, but membrane traffic pathway and function of them are 

unclear [71-75]. In addition, some of Rab members are poorly 

characterized, such as Rab28, Rab42 and Rab44.    

 Since the membrane traffic plays a significant role in cellular 

process, Rab GTPase is involved in various diseases. Unlike 

Ras, Ral and Rho GTPases, the role of Rab GTPases in 

oncogenesis is less well-known. However, several Rab GTPase 

showed aberrant expression in various types of cancers [76]. 

Rab1 is upregulated in tongue squamous cell carcinoma, Rab2 in 

peripheral blood mononuclear cells from solid tumors, Rab3 in 

nervous system cancers, Rab5 in lung cell adenocarcinoma, 

Rab20 in exocrine pancreatic carcinoma, and high levels 

of Rab31 mRNA are associated with breast cancers [77-81]. 

Among Rab members, Rab25 is well characterized in cancers. It 

has been reported that Rab25 associated with ovarian and 

breast cancers including testicular tumor, nephroblastomas, 
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bladder and hepatocellular carcinomas [82-85]. Interestingly, 

however, the role of Rab25 differs from cancer subtypes, 

because reduced expression of Rab25 is found in colorectal 

adenocarcinomas and colon tumors [86, 87]. In addition, 

several Rab GTPases associates with anticancer drug. P-

glycoprotein is a large transmembrane protein which is 

overexpressed in multidrug resistance cancer cells. It localized 

at the plasma membrane extruding anticancer drug and thus 

decreases drug accumulation inside cell [88]. In drug 

resistance cells, overexpressed Rab4 decreases surface 

expression levels of P-glycoprotein, leading to increasing drug 

sensitivity [89]. Rab6 are also associates with drug 

accumulation although exact mechanism and phenotype has 

been unclear [90]. Since Rab GTPases are implicated in various 

diseases and involved in resistance to anticancer drugs, thus 

they might be attractive target for anti-cancer therapy.  

Rab GTPases are also implicated in several neurological 

diseases, such as Parkinson's disease (Rab1), Carpenter 

syndrome (Rab23), Charcot-Marie-Tooth Disease (Rab7), and 

Alzheimer’s disease (Rab5, Rab6 and Rab11) [15, 91-95]. 

Rab11 is a well characterized member in neurological diseases. 
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It is involved in the control of TfR recycling and its routing to 

the exit from recycling endosomes [96, 97]. The functions of 

the Rab11 family have also been found in various places in the 

cell, including mobilization of endosomal membranes for 

phagocytosis in macrophages [98]. Rab11 has been implicated 

in various diseases including Alzheimer’s disease, Huntington 

disease and Type 2 diabetes [95]. In Alzheimer’s disease, 

pathogenesis is triggered by the accumulation of the β-amyloid 

which is generated by β and γ secretases. It has been reported 

that transport of β-amyloid uses Rab11-positive recycling 

vesicles and Rab11 mediates recycling of β-secretase to the 

plasma membrane [95]. Other Rab member that involves in 

Alzheimer’s disease is Rab6. Although there is no well-

documented relationship between Rab6 and diseases, several 

study reported that Rab6 is involved in modulation of unfolded 

protein response (UPR) which is activated in Alzheimer’s 

Disease [92]. In addition, increased level of Rab6 was observed 

in brains from patients with Alzheimer’s Disease [99]. These 

studies show indirect relationship between Rab11 and Rab6 in 

Alzheimer’s Disease. Furthermore, supporting evidences that 

functional association with Rab11 and Rab6 in Alzheimer’s 
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Disease are reported. β2-Adrenergic Receptor (β2AR), which 

is Gs coupled receptor, is involved in production of β-amyloid 

via stimulation of  γ secretase [100, 101]. β2AR specifically 

interact with Rab11 and Rab6, and it modulates 

geranylgeranylation  by forming complex with RabGGT [25]. 

Moreover, functional associations between Rab11A and Rab6A 

are also observed in infected disease and X-linked recessive 

disorder.  In Chlamydia trachomatis, Chlamydia subverts Golgi 

structure and Rab11A and Rab6A are key regulators in this 

pathway [102]. In normal cell, golgin-84 regulates Golgi 

stability. However, inhibition of golgin-84 in infected cell 

allows Rab11A and Rab6A to recruit chlamydial inclusions [86]. 

This leads fragmentation of the Golgi apparatus that enhances 

the number of infectious bacteria in development of Chlamydia 

trachomatis [103]. In Lowe syndrome, the mutation on rab-

binding domain of OCRL (Oculocerebrorenal syndrome of Lowe) 

protein causes disease and this weakens binding of Rab6A to 

OCRL [104]. While, Rab11A does not interact with OCRL, it 

regulates membrane trafficking of TRPV6 which shows 

elevated expression on surface membrane of OCRL mutant cell 

[105, 106]. Increased Ca2+ absorption by TRPV6 is suppressed 
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by normal OCRL but not by Disease-caused mutant of OCRL 

[106]. In addition to functional association between Rab11A and 

Rab6A in disease, Rab11A and Rab6 are coordinated in mitosis 

and cytokinesis. Rab11A interacts with FIP3 and they involved 

in the delivery of endocytic vesicles for cell abscission at the 

apex of the cleavage furrow [107]. Rab6 interacts with 

Rabkinesin-6/MKlp2 (Rab6A) and GAPCenA/p150Glued 

(Rab6A′). These participate in signaling pathways of the 

metaphase/anaphase transition [108]. In addition, active form of 

Rab11A and Rab6A share partner protein observed in 

interphase cells. Rab6-interacting protein 1 (R6IP1), which is 

identified as a Rab6 partner, also binds to Rab11A [19].  

Structural and mutagenesis studies of Rab11A and Rab6A 

provide better understanding of function of Rab-related traffic 

network and suggest the possibility of therapeutic approaches 

for above-described diseases. In addition, structural study of 

specific transition state of Rab11A and Rab6A is needed for 

understanding of functional specificity and unique property 

between Rab GTPases. Furthermore, domain rearrangement 

dependent of substrate is critical to understanding of effector 

protein docking because it is well known that effectors 
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recognize Switch domain determinants that distinguish partner 

from another protein. Despite, however, the functions of 

active- and inactive form of Rab11A and Rab6A′ are well 

studied, structure of them were not resolved. Although 

structures of Rab11A and its binding partners are resolved, 

most of them use GTP-analogues for maintaining active form. 

Interestingly, Rab11A Q72L was used as an active form but 

natural GTP was hydrolyzed to GDP in the structure. Previously, 

it is reported that the GTPase activity of Rab11A Q70L was 

stimulated by GAP effector protein [64], while Rab11A S20V 

displayed specific binding of GTP and did not exhibit intrinsic 

and GAP-stimulated GTPase activity, indicating that Rab11A 

S20V, not Q70L, acts as a dominant GTPase-deficient mutant 

[109]. However, it was still unclear how Rab11A S20V could be 

active form.  

In this point, I solved crystal structures of Rab6A′ and active 

form of Rab11A. In first chapter, I report the crystal structure 

of the mutant form of human Rab6A′(Q72L), which has been 

shown to be in a GTP lock form, at 1.9 Å resolution to better 

understand the functional uniqueness of Rab6A′ and 

determine the molecular mechanism by which GTP and GDP 
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control activity. Despite of low intrinsic activity, crystal 

structure of Rab6A′ was solved GDP bound form. This result 

is thought that glutamine on P-loop activate water molecule 

which involved in GTP hydrolysis. In addition, switch I lost its 

stability which is commonly observed in GDP bound form. In 

second chapter, I solved and analyze structure of Rab11A. In 

this study, I report the crystal structure of the constitutively 

active mutant form of human Rab11A S20V, which has been 

shown to be in a GTP-locked form, at a resolution of 2.4 Å to 

better understand the functional uniqueness of Rab11A and 

determine the molecular mechanism by which GTP and GDP 

control activity. The structure generated herein showed that 

Rab11A exists as monomer in solution. Interestingly, there was 

an endogenous GTP in the nucleotide binding pocket in Rab11A, 

indicating that Rab11A S20V is a non-hydrolyzable GTPase 

that accommodates GTP and can contain endogenous GTP 

without adding nucleotides during the purification step. 

Although small structural differences were detected at the 

switch I region, the overall structure of Rab11A S20V with GTP 

complex is similar to that of other nucleotide-bound Rab11A, 

possessing Mg2+ in the nucleotide binding pocket. Interestingly, 
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I found that substitution of V20 of Rab11A interferes with 

proper localization of functionally important water molecules, 

resulting in GTP being locked in an active form of Rab11A 

S20V. I also did further study for finding the structural 

connection of Rab6A and Rab11A. PIST is Golgin family which 

associates with Golgi membrane and is known as Rab6A binding 

protein without alter its GTP activity [110]. I crystallized PIST, 

but failed to determine its structure due to the absence of 

similar structure for molecular replacement [111]. I also did 

complex study of Rab11A and TRPV6, which is known as 

binding partner. Unfortunately, I purified GDP-bound inactive 

mutant (S25N) of Rab11A and found that Rab11A S25N mutant 

had an extremely low stability compared with wild type and 

other mutants. Further analysis revealed that Rab11A S25N has 

low affinity for GDP, and that the stability of Rab11A S25N 

depends on the existence of GDP in the nucleotide binding 

pocket of the protein. I successfully increased the stability and 

purified Rab11A S25N by a treatment consisting of extra GDP 

during purification steps and I reported this result in third 

chapter. These finding open up the opportunity for gaining more 

insights into the role in Rab-related network and diseases. 
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CHAPTER 1 

Crystal structure of Rab6A'(Q72L) 

mutant reveals unexpected 

GDP/Mg²⁺ binding with opened 

GTP-binding domain  
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MATERIALS AND METHODS 

1. Protein expression and purification 

The methods used for expression and purification methods in 

this study have been described elsewhere in detail. Briefly, 

human Rab6A′(Q72L), which corresponds to amino acid 

residues 5–178, was expressed in BL21 (RIPL) Escherichia coli 

competent cells under overnight induction at 293 K. 

Rab6A′(Q72L) contained a N-terminal His-tag and was 

purified by nickel affinity chromatography followed by gel-

filtration chromatography over a Superdex 200 gel-filtration 

column (GE Healthcare) that had been pre-equilibrated with a 

solution of 20 mM Tris pH 8.0 and 150 mM NaCl. The target 

protein was concentrated to 10–12 mg ml−1. 

 

2. Crystallization and data collection 

The crystallization conditions were initially screened at 293 K 

by the hanging-drop vapor-diffusion method using various 

screening kits. Initial crystals were grown on plates by 

equilibrating a mixture containing 1 μl protein solution (4.53 mg 

ml−1 protein in 20 mM Tris pH 8.0, 150 mM NaCl) and 1 μl of 
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reservoir solution containing 18% PEG 8000, 0.2 M calcium 

acetate and 0.1 M sodium cacodylate pH 6.5 against 0.4 ml of a 

reservoir solution. Crystals appeared within 3 days and grew to 

maximum dimensions of 0.2 × 0.2 × 0.1 mm in the presence of 

20% PEG 8000, 0.3 M calcium acetate and 0.1 M sodium 

cacodylate pH 6.7. A 1.9 Å native diffraction data set was 

collected from a single crystal at the beamline BL-4A at the 

Pohang Accelerator Laboratory (PAL), South Korea. The data 

sets were indexed and processed using HKL2000 [112].  

 

3. Structure determination and analysis 

The structure was determined by molecular replacement 

phasing method using Phaser. The previously solved structure 

of GTP-bound Rab6A (PDB code: 2GIL) [113] was used as a 

search model. Model building and refinement were performed 

by COOT [114] and Refmac5 [115], respectively. Water 

molecules were added using the ARP/wARP function in 

Refmac5. The final model contained residues 13–174 for the A 

chain and residues 12–175 for the B chain. One GDP/Mg2+ was 

placed at each chain. The geometry was inspected using 

PROCHECK and was found to be reasonable. A total of 93.98% 
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of the amino acids were located in the most favorable region 

and 6.02% were in the allowed regions of the Ramachandran 

plot. The data collection and refinement statistics are 

summarized in Table 1. All the molecular figures were 

generated using the program Pymol (The pymol Molecular 

Graphics System (2002), DeLano Scientific, San Carlos, USA). 

 

4. Protein Data Bank accession code 

The coordinate and structure factor have been deposited in the 

Protein Data Bank (PDB) with Accession code 4DKX. 
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a  Highest resolution shell is shown in parenthesis 

Table 1. Crystallographic statistics.  

Data collection Native 

X-ray source BL-4A, PAL 

Wavelength (Å) 0.9999 

Space group P22121 

 

Cell dimensions 

a, b, c 36.84 Å, 96.78 Å, 109.99 Å 

Resolution 50–1.9 Å 

Rsym
a 8.9% (48.7%) 

Mean I/σ(I)a 29.1 (3.6) 

Completenessa 99.8% (99.9%) 

Redundancya 6.7 (6.7) 

 

Refinement 

Resolution 50–1.9 Å 

No. of reflections used 30283 

Rwork/Rfree 19.6%/25.0% 

 

No. of atoms 

Protein 2484 

Water and other small molecule 305 

Average B-factors 25.0 Å2 

 

R.m.s deviations 

Bond lengths 0.028 Å 

Bond angles 3.175° 

 

Ramachandran plot 

Most favored regions 93.98% 

Additional allowed regions 6.02% 
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RESULTS 

Crystallization of Rab6A′(Q72L)  

Three different types of Rab6 has been identified in mammals 

(Rab6A–C) and Rab6A has two isoforms, termed Rab6A and 

Rab6A′ [90, 116, 117]. Rab6A′ is produced by alternative 

splicing of the duplicated exon within Rab6A [116]. The 

sequence of human Rab6A′ differs from that of Rab6A in only 

three amino acid residues (Val62 → Ile, Thr87 → Ala, and 

Val88 → Ala) [116]. Both Rab6A and Rab6A′ were similarly 

detected in the Golgi apparatus and showed similar GTP-

binding activity [116, 118]. Although they appear similar, 

several studies have reported that the two isoforms show 

partially different function and binding partner [116, 119]. To 

understand the different biological effects and Rab6/partner 

specificity between two Rab6A, I overexpressed, purified and 

crystallized Rab6A′(Q72L), which is well known GTP-locked 

form. 

His-tag affinity chromatography followed by gel-filtration 

chromatography produced 90% pure Rab6A′(Q72L) and no 

contaminating bands were observed upon SDS–PAGE analysis 

(Fig. 1A). The calculated monomeric molecular mass of 
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Rab6A′(Q72L), including the N-terminal His tag, was 22 000 

Da and its elution peak from size-exclusion chromatography 

suggests that it exists as a monomer in solution (Fig. 1A).  

An initial plate-shaped crystal that diffracted poorly was 

obtained using condition No. 46 of Crystal Screen. Optimization 

of the crystallization conditions using a range of concentrations 

of protein, PEG 8000 and calcium acetate and a range of pH 

values led to better crystals for diffraction (Fig. 1B). The 

optimized crystals grew to dimensions of 0.2 × 0.2 × 0.1 mm in 

3 days.  

  



21 

 

 

 

 

 

Figure 1. Purification and crystallization of Rab6A′(Q72L) 

(A) Gel-filtration chromatography and SDS–PAGE of 

Rab6A′(Q72L). (B) Crystal of Rab6A′(Q72L). Crystals were 

grown in 3 days in the presence of 20% PEG 8000, 0.3 M 

calcium acetate, 0.1 M sodium cacodylate pH 6.7. The 

approximate dimensions of the crystals were 0.2 × 0.2 × 0.1 

mm.
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Structure of Rab6A′(Q72L) complex with GDP/Mg2+ 

Next, I determined the crystal structure of Rab6A′(Q72L) at 

a resolution of 1.9 Å using the coordinates of the previously 

solved isoform of Rab6A (PDB ID: 2GIL) as the search model 

for molecular replacement. The asymmetric unit contained two 

molecules, Chains A and B. The final model contained residues 

13–174 for Chain A and residues 12–175 for Chain B (Fig. 2) 

and one GDP/Mg2+ was placed at each chain. The structure was 

refined to Rwork = 19.6% and Rfree = 25.0%. The overall 

structure of Rab6A′(Q72L) showed the typical Ras-like 

GTPase fold, which was comprised of five α-helices 

surrounding six β-strands [120] (Fig. 2). 
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Figure 2. Crystal structure of Rab6A′(Q72L)-GDP/Mg2+. 

Ribbon diagram of Rab6A′(Q72L)-GDP/Mg2+.  

Chain A (Green color) and Chain B (Cyan color) are shown 

separately. GDP is shown by the black stick. Ball colored in 

magenta indicates Mg2+. 
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Unexpectedly located GDP/Mg2+ 

The Rab6 family has the lowest GTPase activity among the 

Rab family and Q72L mutant of Rab6A was previously shown to 

lack GTP hydrolysis activity [113, 121]. Since I thought that 

they used endogenous GTP and Mg2+, I did not supply any GTP 

or Mg2+ during determination of the structure and expected 

GTP/Mg2+ in the crystal structure of Rab6A′(Q72L) mutant. 

However, I found that Rab6A′(Q72L) contained GDP/Mg2+ in 

the GTP binding pockets, even though it did not have a GTP 

hydrolysis activity (Fig. 3A and 3B). Mg2+ in the Rab6A′

(Q72L) mutant was more closely located to the site where γ-

phosphate of GTP was placed in the structure of Rab6A–

GTP/Mg2+. The structure of the GDP/Mg2+ bound form of 

Rab6A′(Q72L) (hereafter referred to as the Rab6A′(Q72L)-

GDP/Mg2+) might have formed due to several possible reasons. 

First of all, endogenous GDP in the cell can bind to the protein. 

Because the concentration of GTP in normal cells is much 

higher than that of GDP, this might be an unusual case. 

Secondly, GTP bound to the protein may have been hydrolyzed 

by an unknown factor during purification and crystallization of 

the protein. Finally, it is possible that GTP can be hydrolyzed 
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without the active site Q72. Rab6A′(Q72L) might have a weak 

activity compared with that of wildtype. 
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Figure 3. Environment of GDP and Mg2+ binding sites. 

(A) An omit density map contoured at the 1-σ level around 

GDP. GDP is shown by the black colored stick and the density 

map is shown in the gray color. (B) An omit density map 

contoured at the 1-σ level around Mg2+. Green ball indicates 

Mg2+. GDP is shown by the black colored stick and the density 

map is shown in the gray color. 
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Structural comparison with Rab6A–GTP/Mg2+ complex 

The human Rab6A–GTP/Mg2+ structure was solved in a 

previous study [113]. The α-carbon atoms of Rab6A′

(Q72L)-GDP/Mg2+ was superimposed with those of Rab6A–

GTP/Mg2+ and the root-mean-square deviation (r.m.s.d.) was 

1.5. Pair-wise structural alignments between Rab6A′(Q72L)-

GDP/Mg2+ and Rab6A–GTP/Mg2+ showed that most parts of the 

structure were similar except switches I and II, which are 

critical for controlling the activity of small G protein [122]. The 

most significantly different region was the orientation of loop in 

switch II (Fig. 4). One of the interesting features of switch II 

was the presence of Gln72, which is critical for the hydrolytic 

activity of Rab6A and Rab6A′. My structure showed that the 

side chain of Leu72 was located on the opposite side of Gln72, 

which caused the loop in switch II to be located in the opposite 

position (Fig. 4). This indicates that the loss of hydrolytic 

activity of the Q72L mutant form of Rab6A was likely due to the 

location of Gln72 (Leu72), which is a critical residue for GTP 

hydrolysis at small G proteins. In my structure, it was hard to 

build a model of the switch I region because of the poor quality 

of the map due to its high flexibility. Based on the disconnected 
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and poor electron density, a potential model was built and is 

shown in the Fig. 4 (gray colored dot-box). The structure of 

switch I might be more close to the open form that was 

detected in the structure of Mg2+-free and GDP bound form of 

RhoA (PDB ID: 1DPF), which is also a Ras superfamily of small 

G protein [122]. 

  



29 

 

 

Figure 4. Structural comparison with Rab6A–GTP/Mg2+ at the 

GTP binding domain.  

The structures of Rab6A–GTP/Mg2+ (PDB ID: 2GIL) and 

Rab6A′(Q72L)-GDP/Mg2+ (PDB ID: 4KDX) are shown in the 

magenta and green color, respectively. Gray dot-box and black 

dot-box indicate switches I and II, respectively. Q72L mutant 

is shown at the switch II region using a stick representation. 

Unclear switch I of Rab6A′(Q72L)-GDP/Mg2+, which is shown 

with a green dot (model was built with unclear density). 
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A search of structural homology with the Dali sever  

A structural homology search using the DALI server [123] 

showed that the Rab6A′(Q72L) mutant has more structural 

similarity with several different classes of the Ras superfamily 

of small G protein. The top seven matches, with Z-scores from 

27.5 to 25.6, were Rab6 from Plasmodium falciparum [124], 

Rab6B [125], Rab6A [113], Rab5C [126], SEC4 [127], Rab21 

[126], and Rab8A [104] (Table 2). The structural similarity 

based on the high Z-scores indicates that my structure was 

more similar with Rab6 from P. falciparum and Rab6B among 

the same Rab6 family and Rab21 among the same Rab family.  
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Proteins and 

Accession ID 
Z-score R.M.S.D(Å) Identity (%) 

Rab6 (1D5C) 27.5 0.8 69 

Rab6B (2FFQ) 27.0 1.3 91 

Rab6A (2GIL) 26.9 1.5 97 

Rab5C (1Z0D) 26.8 1.0 46 

SEC4 (1G16) 25.9 1.2 35 

Rab21 (1Z08) 25.5 1.3 39 

Rab8A (3QBT) 25.4 1.3 44 

 

Table 2. Structural similarity search using DALI server [123].  
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Mapping of different amino acids between Rab6A and Rab6A′  

The sequence of human Rab6A′ differs from that of Rab6A in 

only three amino acid residues (Val62 → Ile, Thr87 → Ala, 

and Val88 → Ala) [116]. It has been shown that the two 

isoforms are functionally different even though they have 

almost the same amino acids sequence. This functional 

difference may be caused by their interaction partner. For 

example, it is well known that Rab6A interacts with 

Rabkinesin-6 but Rab6A′ does not [116, 119]. 

Mapping of the three amino acid residues (Val62 → Ile, Thr87 

→ Ala, and Val88 → Ala) that were different between the two 

isoform onto the Rab6A′(Q72L)-GDP/Mg2+ surface showed 

that all three residues were located on the side opposite of the 

GTP/Mg2+ binding site (Fig. 5). Since Rab6A, not Rab6A′, is 

known to interact with Rabkinesin-6, it is possible that this 

mapped region of the Rab6A′ (Q72L)-GDP/Mg2+ surface 

might be interaction region with Rabkinesin-6.  
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Figure 5. Mapping of different amino acids between Rab6A and 

Rab6A′. 

Molecular surface is shown in the gray color and different 

amino acids are marked in the red color. GDP and Mg2+ are 

shown as a stick and sphere, respectively. 
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DISCUSSION 

Although the Q72L mutant has been shown to be in the GTP-

lock form, Rab6A′(Q72L) possesses GDP/Mg2+ in the GTP 

binding pocket, which is formed by a flexible switch I and 

switch II. It is well known that the Rab6 family has the lowest 

GTPase activity among the Rab family [113, 121]. Generally, 

active form of GTPase is turned off by GTP hydrolysis and 

conserved glutamine on switch II (Q72 in Rab6A family) 

mediates GTP hydrolysis by stimulating water molecule which 

is bound to the GTPase and γ-phosphate of GTP. In QL 

mutant of GTPase (Q72L in Rab6A), the substituted leucine 

could not stimulate water molecule, thus it maintained active 

state of protein. Interestingly, the electron density was 

observed in the vicinity of active site, and I identified that this 

density was site for water molecule through several times of 

model refinement by Refmac5 (Fig. 6A) [115]. Based on 

structural analysis, the location of water molecule in 

Rab6A′(Q72L) is identical to that in Rab6A. Next issue is the 

question that how this water hydrolyzed GTP and which domain 

or residue participates in water-mediated nucleophilic attack 

for GTP hydrolysis. Rab6 family has another glutamine on P-
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loop and this is exceptional compared to other Rab family (Fig. 

6B). In normal Rab6A, this glutamine (Gln-22) is closely 

located to Gln-72, thus both of two glutamines hardly contact 

water molecule because of sterically repulsion. In Rab6A′ 

Q72L, simulation of backbone dependent rotation in Gln-22 

revealed that Gln-22 could contact water molecule within 3Å 

because switch II domain was shifted to outside region away 

from active site. Taken together, I concluded that the 

conformational rearrangement of switch II domain was 

triggered during crystallization, and Gln-22 alternatively 

activated water molecule for GTP hydrolysis. Despite fortuitous 

hydrolysis of GTP to GDP was observed, this structure 

represented inactive form of Rab6A because large 

conformational changes were detected in switch I and switch II 

regions which were commonly observed in other inactive 

GTPases. This structure provides several insights for 

understanding of functional properties of Rab6A and Rab6A′. 

First, Rab6A′ could bind to specific binding partner without 

conformational changes. Despite the three amino acids differ 

from Rab6A and Rab6A′ (residues at 62, 87 and 88), domain 

conformations of Rab6A′ between β3-5 strands are identical 
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to that of Rab6A. In addition, structure of inactive form of 

Rab6A shows similar overall structure to active form of Rab6A. 

Although domains in the vicinity of active site are largely 

rearranged, other regions show similar conformations. Thus, 

this observation indicates that the effector proteins could bind 

to conserved region in both active- and inactive states of 

Rab6A. Indeed, previous study reported that effector protein 

binds both states of Rab6A. R6IP1 (Rab6-interacting protein 1) 

is firstly identified as a Rab6-binding protein [128]. In that 

study, R6IP1 could bind to Rab6A and Rab6A′, as well as 

Rab11A [19]. Interestingly, interaction between R6IP1 and 

Rab6A is independent on nucleotide specificity, while R6IP1 

interacts only with active form of Rab11A [19]. 
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Figure 6. Water molecules in Rab6A′(Q72L) model. 

(A) Electron density revealed the existence of water molecules 

in protein model. The water molecule (colored as red) was 

commonly observed in crystal structures of other Rab GTPases 

which have hydrolysis activity. In addition, Gln-22 of 

Rab6A′(Q72L) has closer distance than that of Rab6A. (B) 

Sequence alignment of Rab family. Phosphate-binding residue 

of P-loop dlomain is well conserved among GTPases. However, 

this residue of Rab6 is not conserved exceptionally. Generally, 

these residues are conserved as serine or threonine. 
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Rab GTPases regulate their cycle and specific pathways by 

interacting with regulator proteins and effector proteins, 

respectively. Although Rab GTPases are similar in their overall 

structure, binding proteins that regulate their activity and 

mediate their downstream function are not. Rab regulator 

proteins such as GAPs and GEFs, recognize conformational 

change in catalytic domains which are critically affected 

substrate-bound state. Therefore, they could share several 

Rab members as binding partner, but they could not bind to both 

active- and inactive state of one Rab GTPase. However, Rab 

effector proteins could bind both states of Rab GTPases, if they 

recognize other domain on Rab GTPase which is not critically 

affected by substrate bound state. In this point, analyzing the 

structure and property of Rab6A family provides a unique angle 

to understand Rab-mediated network but exactly roles what 

they perform is still needed to investigate in greater detail.  
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CHAPTER 2 

Molecular mechanism of 

constitutively active Rab11A was 

revealed by crystal structure of 

Rab11A S20V 
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MATERIALS AND METHODS 
1. Protein expression and purification 

The methods used for expression and purification in this study 

have been described in detail [129]. Briefly, human Rab11A 

(S20V), which corresponds to amino acid residues 8–175, was 

expressed in BL21 (RIPL) E. coli competent cells under 

overnight induction at 293 K. Human Rab11A (S20V) contained 

a C-terminal His-tag and was purified by nickel affinity 

chromatography followed by size-exclusion chromatography 

over a Superdex 200 size-exclusion column (GE Healthcare, 

Waukesha, WI, USA) that had been pre-equilibrated with a 

solution of 20 mm Tris pH 8.0 and 150 mm NaCl. The target 

protein was concentrated to 14 mg·mL−1. 

 

2. Crystallization and data collection 

The crystallization conditions were initially screened at 293 K 

by the hanging-drop vapor-diffusion method using various 

screening kits. Initial crystals were grown on plates by 

equilibrating a mixture containing 1 μL protein solution (14 

mg·mL−1 protein in 20 mm Tris pH 8.0, 150 mm NaCl) and 1 

μL of reservoir solution containing 2.5 m sodium chloride, 0.2 m 
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magnesium chloride, and 0.1 m Tris pH 7.0 against 0.3 mL of 

reservoir solution. Crystals appeared within 5 days and grew to 

maximum dimensions of 0.1 × 0.1 × 0.1 mm in the presence of 

2.4 m sodium chloride, 0.1 m magnesium chloride, and 0.1 m 

Tris pH 7.1. A 2.4 Å native diffraction data set was collected 

from a single crystal at beamline BL-4A of the Pohang 

Accelerator Laboratory (PAL), Pohang, South Korea. The data 

sets were indexed and processed using HKL2000 [112]. 

 

3. Structure determination and analysis 

The structure was determined by the molecular replacement 

phasing method using Phaser [130]. The previously solved 

structure of GDP-bound Rab11A (PDB code: 1OIV) [131] was 

used as a search model. Model building and refinement were 

performed by COOT [114] and Refmac5 [115], respectively. 

Water molecules were added using the ARP/wARP function in 

Refmac5. The final model of both chain A and chain B contained 

residues 8–175. One GTP/Mg2+ was placed at each chain. The 

geometry was inspected using PROCHECK and found to be 

reasonable [132]. A total of 93.98% of the amino acids were 

located in the most favorable region and 6.02% were in the 
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allowed regions of the Ramachandran plot. The data collection 

and refinement statistics are summarized in Table 1. All 

molecular figures were generated using the program pymol 

(The Pymol Molecular Graphics System (2002), DeLano 

Scientific, San Carlos, CA, USA). 
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a  Highest resolution shell is shown in parenthesis 

Table 1. Crystallographic statistics.  

  

Data collection Native 

Space group I4 

 

Cell dimensions 

a, b, c 74.11Å, 74.11Å, 149.44Å 

Resolution 50–2.4Å 

Rsym
a 12.5% (75.4%) 

Mean I/σ(I)a 30.8 (3.9) 

Completenessa 100% (100%) 

Redundancya 7.5 (7.6) 

 

Refinement 

Resolution 41–2.4Å 

No. of reflections used 14 877 

Rwork/Rfree 22.7%/29.1% 

 

No. of atoms 

Protein 2619 

Water and other small molecule 75 

Average B-factors 44.5 Å2 

 

R.m.s deviations 

Bond lengths 0.015 Å 

Bond angles 1.927° 

 

Ramachandran plot 

Most favored regions 93.98% 

Additional allowed regions 6.02% 
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4. Multi-angle light scattering (MALS) 

The molar mass of Rab11A (S20V) was determined by MALS. 

Briefly, highly purified Rab11A (S20V) was injected onto a 

Superdex 200 HR 10/30 size-exclusion column (GE healthcare) 

that had been equilibrated with buffer containing 20 mm Tris 

HCl and 150 mm NaCl. The chromatography system was 

coupled to a MALS detector (mini-DAWN EOS, Santa Barbara, 

CA, USA) and a refractive index detector (Optilab DSP) (Wyatt 

Technology, Santa Barbara, CA, USA). 

 

5. Protein Data Bank accession code 

The coordinate and structure factors have been deposited in the 

Protein Data Bank (PDB) with accession code 5EZ5. 

  



45 

 

RESULTS 

Structure of Rab11A S20V with GTP/Mg2+ complex 

The Rab11 family is a representative Rab GTPase family 

involved in the control of TfR recycling and its routing to the 

exit from recycling endosomes [96, 97]. The functions of the 

Rab11 family have also been found in various places in the cell, 

including mobilization of endosomal membranes for 

phagocytosis in macrophages [98]. Three mutation models of 

Rab11A that affect GTPase activity have primarily been used to 

investigate the function of Rab11A (Fig. 1A). In the Rab 

GTPase family, glutamine in switch II (Q70 in Rab11A) is 

highly conserved and a major target for the generation of 

defective mutants for GTP hydrolysis. In this context, Rab11A 

Q70L has also been used extensively as a putative GTPase-

defective mutant. However, Rab11A S20V, not Q70L, has been 

considered a dominant GTPase-deficient mutant in some cases 

[64, 133]. To better understand the mutagenesis-based 

activity control of Rab11A, I purified, crystallized, and 

determined the crystal structure of defects of the GTP 

hydrolysis form, GTP-locked, constitutively active form of 

Rab11A, Rab11A S20V, at a resolution of 2.4 Å using the 
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coordinates of the previously solved GDP binding form of 

Rab11A (PDB id: 1OIV) as the search model for molecular 

replacement. The asymmetric unit contained two molecules, 

chain A and chain B (Fig. 1B). The final model of both chain A 

and chain B contained residues 8–175, and one GTP/Mg2+ was 

placed at each chain (Fig. 1B). The structures of the two 

monomers in the asymmetric unit are nearly identical, having a 

root-mean-square deviation (RMSD) of 1.12 (Fig. 1C). The 

structure was refined to an Rwork = 22.7% and Rfree = 29.1%. 

The overall structure of Rab11A S20V showed the typical Ras-

like GTPase fold, which was comprised of four or five α-

helices surrounding six β-strands (Fig. 1C) [120]. 
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Figure 1. Crystal structure of human Rab11A S20V. 

(A) Various mutants of Rab11A were extensively utilized to 

investigate its function. The mutated Rab11A in the P-loop 

(S20V) or Switch II (Q70L) was widely used as an active form, 

while Rab11A S25N mutant was used as a GDP-bound inactive 

form with defective GTP binding. (B) The overall structure of 

Rab11A S20V. In the crystals, the asymmetric unit contained 

two molecules, chain A (blue) and chain B (pink). (C) 

Superposition of the Rab11A S20V chain A (blue) and chain B 

(pink). When the two chains were aligned, the rmsd value was 
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0.15. GTP and Mg2+ are drawn as sticks and red spheres, 

respectively. (D) Determination of the molecular mass of 

Rab11A S20V by multi-angle light scattering (MALS). The 

calculated monomeric molecular weight of Rab11A S20V 

including the C-terminal His-tag was 20.9 kDa, indicating that 

Rab11A S20V is a monomer in solution. (E) Density map with 

atomic model showing substitution of S20 to V in the nucleotide 

binding pocket of Rab11A S20V. Rab11A S20V (green) and 

Rab11A Wild-type (cyan) are superimposed. An omit density 

map contoured at the 1-σ level around V20. The density map of 

Rab11A S20V is shown in black. Only the density map of V20 is 

shown for better visualization. 
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Because of the possibility of functional dimeric forms of 

Rab11A S20V in solution on the basis of the current structure, I 

calculated the molecular weight using size-exclusion 

chromatography. The results revealed that Rab11A S20V is a 

monomer in solution that elutes at around 20 kDa from the size 

calibrating size-exclusion column (Fig. 2). The accurate 

molecular weight of Rab11A S20V was confirmed by multi-

angle light scattering (MALS), which can detect the absolute 

molecular weight of the target protein in solution. This 

experiment also produced the same results as size-exclusion 

chromatography. The theoretical monomeric molecular weight 

of Rab11A S20V including C-terminal His-tag (LEHHHHHH) 

was 20.9 kDa, while that of MALS was 18.8 kDa (0.5% fitting 

error), indicating that Rab11A S20V is a monomer in solution, 

similar to other Rab proteins (Figs 1D and 3). These findings 

indicate that asymmetric dimers are artifacts of crystal packing. 

On the basis of the electron density map, I confirmed that Ser-

20 was correctly substituted to Val at the nucleotide binding 

pocket of Rab11A S20V (Fig. 1E). 
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Figure 2. Size exclusion chromatogram and fractions of Rab11A 

S20V. 

The eluted Rab11A S20V was applied onto a Superdex 200 

column that had been pre-equilibrated with 20 mM Tris pH 8.0, 

150 mM NaCl at 277K 
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Figure 3. Raw data of MALS. 

The theoretical monomeric molecular weight of Rab11A S20V 

including C-terminal His-tag (LEHHHHHH) was 20.9 kDa. 

The calculated molecular weight of Rab11A S20V by MALS 

was 18.8 kDa. 
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Endogenous GTP and Mg2+ in the GTP binding site of Rab11A 

Because of the rapid GTP hydrolysis activity of Rab11A, it has 

been difficult to trap its active form. Based on biochemical and 

mutational studies, it is well known that S20 plays an important 

role in the GTP hydrolysis activity of Rab11A and that S20 

substitution to V causes loss or reduced activity. Since I 

expected Rab11A S20V to use endogenous GTP and Mg2+, I did 

not supply either during purification and determination of the 

structure. As expected, GTP and Mg2+ were found in the 

nucleotide binding pocket of Rab11A. Endogenous GTP was not 

hydrolyzed and was clearly located in the binding pocket in 

intact form (Fig. 4). Although GDP-bound Rab family members 

have been found in nucleotide free condition during the 

purification step [134], the GTP bound current Rab11A 

structure is not surprising because the concentration of GTP in 

normal cells is much higher than that of GDP. Residues 

including G21, K24, S25, N26, S40, S42, T43, G69, K125, and 

D127 were involved in the hydrogen bond interactions with 

GTP (Fig. 4). The side chains of S40 and S42 on the previously 

solved structure of Rab11 complexed with GTPγS did not 

participate in the interaction with GTPγS [131]. However, my 
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structure showed that the side chains of S40 and S42 on switch 

I were flipped 180° and formed hydrogen bonds with α- and γ-

phosphate of GTP. These findings indicate that several serines 

on switch I including S40 and S42 can change the conformation 

to accommodate many states of nucleotides to control the 

activity of Rab11A. Mg2+ was located at the site at which β- 

and γ-phosphate of GTP was placed in the structure of Rab11A 

complexed with GTPγS by coordinating with S25 and T43 (Fig. 

4). In previous structures of inactive Rab GTPase, the switch I 

region was in the opened or mobile state in the absence of GTP 

and Mg2+. However, Rab11A S20V shows that S40 and S42 on 

switch I interacts with GTP, and T43 interacts with Mg2+, by 

which the switch I region is closed (Fig. 4). This closed 

conformation of the switch I region was commonly observed in 

the active state of monomeric Rab GTPase. 
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Figure 4. Endogenous GTP and Mg2+ interactions with Rab11A 

S20V.  

Magnesium ions found in Rab11A S20V structures are shown as 

green spheres. Interactions are represented as red- and 

black-dotted lines. Measured distances between are 

represented as black-dotted lines. The bottom left shows an 

electron density map of GTP in Rab11A S20V drawn as a 

ribbon diagram. 
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Structural comparison with Rab11A complexed with other 

nucleotides.  

Four structures of Rab11A complexed with different 

nucleotides, GNP, GDP, GDP + Pi, and GTPγS, are currently 

available [126, 131, 135]. The α-carbon atoms of three Rab11s 

were superimposed with those of Rab11A S20V-GTP/Mg2+ to 

compare the structures. The RMSD was 1.70 with GDP complex 

structure, 0.88 with GDP + Pi complex structure, 0.49 with 

GTPγS complex structure and 0.27 with GNP complex structure. 

This superimposition study showed that most parts of the 

structure were similar, except switch I and II, which are critical 

to controlling the activity of small G protein [122]. Switch I and 

II are relatively conserved in the GNP complex, GTP complex, 

GTPγS complex, and GDP + Pi complex, while those of GDP 

complex are out-fitted, indicating that switch I and II are the 

most dynamic structures on Rab11A (Fig. 5). The locations of 

each nucleotide in the pocket are slightly different. However, 

the overall orientations of nucleotides were almost identical, 

except in the case of the Rab11A-GDP + Pi complex. 

Hydrolyzed γ-phosphate was tilted to switch II in the structure 

(Fig. 5). 
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Figure 5. Structural comparison of Rab11A complexed with other 

nucleotides at the GTP-binding domain.  

The structures of Rab11A S20V-GTP/Mg2+, Rab11A-

GppNp/Mg2+ (PDB ID: 1YZK), Rab11A-GDP (PDB ID: 1OIV), 

Rab11A Q70L-GDP + Pi/Mg2+ (PDB ID: 1OIX), and Rab11A 

Q70L-GTPγS/Mg2+ (PDB ID: 1OIW) are shown in red, yellow, 

light blue, cyan, and black, respectively. Magnesium ion, which 

is indicated by spheres, was observed in most structures of 

Rab11A except that of Rab11A-GDP (light blue). 
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Structural similarity search using DALI. 

A structural homology search using the DALI server [123] 

showed that Rab11A S20V has more structural similarity with 

several different classes of the Ras-superfamily of small G 

protein. The top five matches, which had Z-scores from 15.2 to 

12.3, were Rab11B (Isoform of Rab11), Rab25, Rab1B, Rab1A, 

and Rab8A (Table 2). 
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Proteins and 

accession ID 
Z-score 

RMSD 

(Å) 

Identity 

(%) 
References 

Rab11B 

(2F9M) 
15.2 0.55 92 [136] 

Rab25 

(3TSO) 
15.2 0.83 71 Not Published 

Rab1B 

(3NKV) 
13.7 0.95 53 [137] 

Rab1A 

(4IRU) 
12.3 1.07 51 [138] 

Rab8A 

(3GBT) 
13.9 0.96 47 Not published 

 

Table 2. Structural similarity search using DALI. 
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Structural basis for the GTPase activity of Rab11A S20V 

compared to other Rab11As.  

The results of my previous study showed that the backbone 

structure of the P-loop is unaffected by substitution of S20 to 

V. In addition, the overall structures of GTP- or GTP 

analogue-bound Rab11A are very similar (Fig. 5). Since the 

P-loop and switch I/switch II are known to be critical for 

GTP/GDP binding and the function of GTPase activity, I further 

compared the side chain orientations of three regions between 

Rab11As to provide a detailed explanation of the distinct 

characteristics of Rab11A S20V. 

Comparison of individual amino acid orientations in Rab11A 

and its mutants revealed interesting differences between 

Rab11A S20V and other Rab11As (Fig. 6). Rab11A WT and 

Rab11A S20V possess a similar switch I and switch II. The side 

chains of S40 and S42 on switch I of both structures interact 

with α- and γ-phosphate of GTP, respectively (Fig. 6A, C). In 

contrast, the side chains of those amino acids on switch I of 

Rab11A Q70L are oriented in the opposite direction away from 

GTPγS (Fig. 6B). Interestingly, L70 on switch II was closely 

associated with R72 in Rab11A Q70L, with a distance of 3.0 Å 
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(Fig. 6B). Next, I compared the side chain orientations at 

residue 20 on the P-loop. Not surprisingly, the side chain 

orientations differed since the three structures consisted of 

different combinations of 20- and 70-residues (Fig. 6A–C). I 

further investigated whether there were other differences with 

significant implications around this region. Several groups have 

previously reported that GTP hydrolysis of GTPase depends on 

the location of the water molecule because the side chain of 

glutamine on switch II hydrolyzes GTP by activating 

nucleophiles that attack water molecules [139, 140]. Figure 6D 

shows the occupation of water molecules in Rab11A WT, 

Rab11A S20V, and Rab11A Q70L. In all structures, two water 

molecules were observed around Mg2+, which interacts with 

GTP, S25, and T43 (Fig. 6D). However, the water molecule 

located between γ-phosphate of GTP and residue 70 on switch 

II is present in Rab11A WT and Rab11A Q70L, but absent from 

Rab11A S20V (Fig. 6D). Since this water molecule is known to 

be activated by switch II to hydrolyze GTP to GDP + Pi, I 

further measured the electron density to identify water 

molecules around this region. Searching for electron densities 

under the 0.8-σ level revealed no water molecules around this 
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region (Fig. 6E). This observation is believed to reflect a larger 

side chain of V20 that sterically interferes with localization of 

the water molecule. Supporting my observations, an early in 

vitro study showed consistent differences between GTPase 

activities of Rab11A S20V and Rab11A Q70L. GTP-binding 

analysis revealed that Rab11A Q70L had attenuated GTPase 

activity, but GTP could be hydrolyzed to GDP + Pi via 

activation of GAP [133]. This result might be explained by the 

nucleophilic water molecule not being activated by L70 on 

switch II of Rab11A Q70L because of the chemical properties of 

leucine, while it could be stimulated by GAP activation. In 

contrast, Rab11A S20V did not exhibit intrinsic and GAP-

stimulated GTPase activity. Therefore, my observations 

indicate that the larger V20 appears to interfere with proper 

localization of the water molecule, which mediates nucleophile 

attack of the γ-phosphate of GTP, resulting in GTP being 

locked in an active form of Rab11A S20V. 
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Figure 6. Features of the structures of Rab11A WT, Rab11A 

Q70L and Rab11A S20V. 
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(A–C) Space filling model showing the surface at the guanine 

nucleotide pocket of Rab11A WT (A), Rab11A Q70L (B) and 

Rab11A S20V (C). The colors of the switch I region, guanine 

nucleotide and Mg2+, are cyan, orange, and black, respectively. 

Rab11A WT and Rab11A S20V possess similar switch I and 

switch II and differ from Rab11A Q70L, which possess mutated 

switch II. (D) The location of water molecules around the 

GTP-hydrolysis region. Rab11A WT (yellow), Rab11A Q70L 

(black) and Rab11A S20V (red) are superimposed. Water 

molecules are observed in the GTP-hydrolysis region of 

Rab11A WT (yellow) and Rab11A Q70L (black). In Rab11A 

S20V (red), water molecules are observed around Mg2+ like 

other Rab11As, but not around the GTP-hydrolysis region. (E) 

The electron density map of Rab11A S20V shows that water 

molecules are not measured around the GTP-hydrolysis region 

in Rab11A S20V. 
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DISCUSSION 

The phosphate-binding loop (P-loop) is one of the essential 

motifs for GTP hydrolysis activity in GTPase. In Ras GTPase, 

the P-loop contains G12, which is a target for G12V mutation 

[141]. It has been previously reported that Ras G12V 

possesses a weak GTPase activity, resulting in a GTP-bound 

state [142]. In contrast, the structure of Rac2 G12V was 

resolved in a GDP-bound state [143]. It has also been reported 

that Giα1 G42V, which is analogous to Ras G12V, showed 

attenuated GTPase activity. However, this mutant was not in 

the GTP-locked form. Interestingly, P-loop mutations among 

Rab GTPase displayed different results. Occasionally, these 

mutants lost their GTPase activity when they contained GDP in 

the active site [144]. In contrast, Rab11A S20V and Rab25 

S21V have been observed in the GTP-bound state upon in vitro 

GTP-binding assay [133]. Taken together, these findings 

indicate that GTPase activity and GTP affinity in P-loop 

mutants might occur in a protein-type dependent manner. 

Generally, most mutants in catalytic region of GTPase have 

been constructed by sequence alignment from other GTPases 

which are already known to be active form by structural study 
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or biochemical study. Therefore, functional activity and 

molecular mechanism of these mutants must be validated by 

biochemical analysis and structural analysis. Previously, 

biochemical analysis of Rab11A and its mutants revealed that 

constitutively active form of Rab11A is not Q70L but S20V 

[109]. However, molecular mechanism of Rab11A S20V based 

on structural analysis has been not yet elucidated. 

Rab11A is the most studied gene in Rab family and it is well 

known that Rab11A plays important role in cellular trafficking 

by interacting various partners. Here, I present the structure of 

Rab11A S20V which is known as GTPase-deficient mutant. My 

result showed distinct features of Rab11A S20V from wild-

type and Q70L, based on molecular level by structural analysis. 

This is the first structure of monomeric Rab11A complexed 

with endogenous GTP. Furthermore, this is firstly validated by 

structural analysis for P-loop mutation in human Rab GTPases. 

My structure showed that substituted V20 of Rab11A interferes 

with proper localization of a functionally important water 

molecule, resulting in GTP being locked in an active form of 

Rab11A S20V.  
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Referred above in chapter 1, R6IP1 could bind to Rab6A and 

Rab6A′, as well as Rab11A but interaction between R6IP1 and 

Rab6A is independent on nucleotide specificity, while R6IP1 

interacts only with active form of Rab11A [19]. Thus I 

compared three structures for finding of structural diversity 

between Rab11As and Rab6As (Fig. 7). Superposition of 

structures between active- and inactive form of Rab11As 

revealed that Rab11As showed different conformation in 

several regions depend on substrate binding state. In addition, 

β6 and β4 strands domain in active Rab11A is rather similar 

to Rab6A′than inactive Rab11A (Fig. 7A and 7B, respectively). 

Interestingly, β4 strand of active Rab11A showed identical 

conformation to both active form and inactive form of Rab6A 

(Fig. 7B). I could not say this region is critical to R6IP1 binding, 

however this result indicates different member of Rab could 

show similar structure rather than different state of same Rab.  
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Figure 7. Structural comparison of Rab11As and Rab6A′Q72L 

Structural comparison of wild type of Rab11A, active Rab11A 

(S20V) and Rab6A′Q72L. Zoomed up view of β6 strand 

region (A) and β4 strand region (B).  
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CHAPTER 3 

Occupation of nucleotide in the 

binding pocket is critical to the 

stability of Rab11A 
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MATERIALS AND METHODS 

1. Construct design and mutagenesis 

Human Rab11A Rab11A Q70L was kindly provided by Dr. Heo, 

KAIST, Korea. Rab11A Q70L was amplified by PCR using 5′ 

BamHI and 3′ XhoI overhangs, after which the amplified 

fragments were inserted into pET15b, resulting in the N-

terminally His-tagged Rab11A Q70L (1–173, 19 kDa). To 

generate wild type Rab11A and various mutants, site-directed 

mutagenesis was performed using the Quickchange kit 

(Stratagene) following the manufacturer's protocols. The 

template used for reverse mutagenesis was pET15b-Rab11A-

Q70L, and further mutagenesis was performed using Rab11A as 

a template. Mutagenesis was confirmed by sequencing. 

 

2. Expression and purification 

Plasmids of Rab11A containing wild type and various mutants 

(Rab11A S20V, S25N and Q70L) were transformed into 

Escherichia coli BL21 (DE3)-RIPL competent cells (Novagen, 

USA), after which their expression in LB medium (Rab11A 

S25N was expressed in both LB and TB medium) was induced 
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by treatment with 0.5 mM isopropyl β-d-1-

thiogalactopyranoside (IPTG) overnight at 293 K when the 

OD600nm reached 0.65–0.7. Around 5–6 g wet weight of Cells 

expressing Rab11A and its mutants (Rab11A S20V, S25N, 

Q70L) were collected, resuspended and lysed by sonication in 

20 ml lysis buffer (20 mM Tris pH 8.0, 500 mM NaCl, 25 mM 

imidazole) supplied with phenylmethanesulfonyl fluoride 

(PMSF). The lysate was then centrifuged at 16,000 rpm for 30 

min at 277 K, after which the supernatant fractions were 

incubated with 200 ul Ni-NTA beads (Qiagen) for 4 h at 277 K 

and applied onto a gravity-flow column (BioRad). Next, the 

unbound bacterial proteins were removed from the column 

using 100 ml washing buffer (20 mM Tris buffer pH 8.0, 500 

mM NaCl, 25 mM imidazole), after which the target proteins 

were eluted from the column using elution buffer (20 mM Tris 

buffer pH 8.0, 500 mM NaCl, 250 mM imidazole). The elution 

fractions were collected as 0.6 ml volumes to a total volume of 

3 ml. Fractions containing greater than 80% homogeneous 

target protein upon SDS-PAGE analysis were then selected 

and combined. In the final purification step, collected samples 

were applied onto a size-exclusion chromatographic column 
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(Superdex-200 10/300, GE Healthcare) that had been pre-

equilibrated with FPLC buffer (20 mM Tris buffer pH 8.0 and 

150 mM NaCl). The method used to purify Rab11A S25N with 

GDP is described in Materials and Methods section 6.  

 

3. Solubility assay 

The general strategy for the solubility assay was based on the 

method introduced by Bondos and Bicknell [145]. To 

investigate the effects of GDP on the solubility of Rab11A S25N, 

I performed Ni-NTA affinity purification using binding buffer, 

wash buffer and elution buffer (described in Materials and 

Methods Section 2) with 200 μM GDP (Binding (+), Washing 

(+) and Eluting (+), respectively) or without 200 μM GDP 

(Binding (−), Washing (−) and Eluting (−), respectively). 

Differently purified samples were incubated at 298 K for 20 min. 

A total of 400 μl of each 500 μl was utilized for turbidity assay. 

Turbidity of each sample was directly measured based on the 

optical density at 600 nm using a spectrophotometer 

(Beckman). Next, the remaining 100 μl of each sample was 

utilized for aggregation assay. After centrifugation at 16,000 g 
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and 277 K for 20 min, each supernatant was assessed by SDS 

PAGE and Bradford assay (BioRad, Richmond, CA, USA).   

 

4. Native-PAGE assay 

Conformational changes in Rab11A S25N with or without GDP 

were evaluated by native (non-denaturing) PAGE conducted on 

a PhastSystem (GE Healthcare) with pre-made 8–25% 

acrylamide gradient gels (GE Healthcare). Coomassie Brilliant 

Blue was used for staining and detection of the band patterns. 

Rab11A S25N that had been purified by Ni-NTA 

chromatography was applied to the gel. The method of Ni-NTA 

chromatography was described above (see Materials and 

Methods Section 3). Addition of GDP or Mg2+ was performed at 

the final elution step. Conformational changes in Rab11A were 

evaluated based on the patterns of the protein bands.  

 

5. Isolation of non-covalently bound nucleotide from 

protein 

Anion exchange chromatography was conducted to isolate 

nucleotides from Rab11A S25N. First, I collected FPLC 

fractions of Rab11A S25N that did not overlap with the fraction 
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of GDP. Before being subjected to anion exchange 

chromatography, the purified Rab11A S25N was heated at 373 

K for 10 min to release the nucleotides from the protein. 

Denatured protein was then removed by centrifugation at 

16,000 g for 30 min at 277 K, after which supernatant was 

applied to a Mono Q ion-exchange column (GE Healthcare) 

using starting buffer (20 mM Tris pH 8.0) and elution buffer 

(20 mM Tris pH 8.0, 1 M NaCl). Next, 1 mM of GDP with 20 

mM Tris pH 8.0 and 150 mM NaCl was applied to a Mono Q 

ion-exchange column (GE Healthcare) using starting buffer 

(20 mM Tris pH 8.0) and elution buffer (20 mM Tris pH 8.0, 1 

M NaCl). 

 

6. Purification and concentration of Rab11A S25N 

Briefly, GDP was added into binding buffer, washing buffer and 

elution buffer to give a final concentration of GDP of 200 μM. 

Rab11A S25N that had been mixed with 200 μM GDP was then 

applied onto a size-exclusion chromatographic column 

(Superdex-200 10/300, GE Healthcare) that had been pre-

equilibrated with FPLC buffer (normal buffer was 20 mM Tris 

buffer pH 8.0, 150 mM NaCl, and 50 μM GDP; acidic buffer was 
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20 mM sodium citrate at pH 5.0 and 150 mM NaCl, 50 μM GDP). 

The protein was concentrated to 6–8 mg/ml using Amicon ultra 

(Millipore). 

 

7. Mutant modeling 

The three-dimensional structures of Rab11A wild type and 

Q70L were publicly available [131], but the three-dimensional 

model of Rab11A S25N was not available in the protein 

database at this time. I used the crystal structure model of 

human Rab11A (PDB ID: 2F9L) as a template of mutant 

modeling [136]. The serine 25 residue in Rab11A was 

computationally mutated to asparagine. Possible directions of 

the mutated residues were modeled based on other GDP bound 

forms of Rab protein (PDB ID: 3SFV). PyMol software was 

used to alter the amino acid residues. 
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RESULTS 

Expression and purification of Rab11A and its mutants  

I performed site-directed mutagenesis to generate mutants of 

Rab11A. First, N-terminal tagged 6XHis-Rab11A (1–173) was 

constructed from Rab11A Q70L and mutated back to wild type. 

The residue on serine at position 20 in the wild type of Rab11A 

was then mutated to valine to generate GTP-bound mutant 

(Rab11A S20V), while the residue on serine at position 25 in 

wild type was mutated to asparagine to generate GDP-bound 

mutant (Rab11A S25N). As a result, I obtained four types of 

Rab11A, including three different types of mutants. Rab11A 

S20V and Rab11A Q70L mutants have been reported to be 

GTP- or GTP analog-bound active forms [105, 146]. Each 

location of mutation in Rab11A S20V and Rab11A Q70L is part 

of a region known as the P-loop domain and switch II domain, 

respectively (Fig. 1A). On the other hand, Rab11A S25N 

mutant has been reported to be a GDP-bound inactive form that 

is unable to undergo GTP binding [97, 147]. The location of 

mutation in Rab11A S25N is also described in Fig. 1A. I initially 

investigated the expression level of the target proteins for the 

structural and biochemical study of Rab11A and their mutants 



78 

 

(Rab11A S20V, S25N and Q70L). Quantitative analysis of 

protein eluted from the Ni-NTA affinity column based on 

Bradford assay and SDS-gel staining showed that all types of 

Rab11A were highly expressed (Fig. 1B). However, I observed 

severe precipitation with eluted fractions from Rab11A S25N, 

unlike other mutants and wild types that are stable at room 

temperature. I next performed size-exclusive chromatography 

(SEC) after removing the precipitate by centrifugation. 

Following FPLC, the intensities of the major peaks of most 

types of Rab11A proteins were high. In contrast, Rab11A S25N 

showed low peak intensity (Fig. 1C). These findings fit well 

with my observation that 1) Ni-NTA eluted fractions of 

Rab11A S25N became severely turbid at room temperature and 

2) the amount of pellet in Rab11A S25N was markedly higher 

than those of other Rab11As before FPLC injection. Moreover, I 

observed that Ni-NTA-eluted Rab11A S25N was also 

precipitated by incubation at 277 K within a couple of hours, 

indicating that temperature is not the major cause of the low 

stability of Rab11A S25N. 
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Figure 1. Expression and purification of recombinant 

Rab11A and its mutants. 

(A) Mapping of residues which are involved in guanine 

nucleotide interaction are shown as stick representations on the 

catalytic domain of Rab11A. The structural model was produced 

based on the X-ray structure of GDP-Rab11A (PDB ID: 1OIV). 

Colored residues in below table indicate the introduced amino 

acid substitution. (B) SDS PAGE gels of wild type, Q70L, S20V 

and S25N after Ni-NTA affinity chromatography purification. E 

(number) indicates elution fraction number. All types of 

Rab11A were highly expressed. (C) Gel filtration 
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chromatogram of Rab11A and its mutants. Each sample (Fig. 1B) 

was injected to FPLC after removing insoluble pellet.  
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GDP is important to the stability of Rab11A S25N 

In the GTPase cycle, it is well known that the release of Mg2+ 

from GTPase leads to the release of GDP [148, 149]. A 

previous study revealed that the addition of micro-to millimolar 

levels of Mg2+ blocked the release of GDP from wild type Rab 

[150]. Interestingly, the addition of Mg2+ did not block the 

release of GDP from the inactive form of Rab [150]. It has been 

reported that mutated residue on the GDP bound form of 

GTPase perturbs coordination of Mg2+ [150, 151]. This 

perturbation reduces the affinity for GTP, resulting in a GDP-

bound state [151]. In this context, I assumed that Rab11A 

S25N may have a high tendency to release the GDP because of 

deficient Mg2+ binding, resulting in its becoming an unstable 

protein. I hypothesized that saturation of the GDP-release may 

solve the instability of Rab11A S25N and speculated that the 

addition of excessive amounts of GDP to Rab11A S25N instead 

of the addition of Mg2+ may saturate the GDP binding, resulting 

in high stability. Therefore, I examined the effects of GDP on 

the stability of Rab11A S25N. Fig. 2A shows the turbidity of 

Rab11A S25N purified by Ni-NTA chromatography. As 

expected, proteins purified using elution buffer without GDP 
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(tube I and tube II) were highly precipitated, while little 

precipitation was observed in samples that had been purified by 

GDP containing elution buffer (tube III and tube IV). 

Interestingly, the least precipitation was observed when I added 

GDP into all buffer for purification of protein (tube IV), and this 

state was maintained for over an hour. Similar experiments with 

other nucleotides (GTP, ATP and ADP) were also conducted, 

but the degree of precipitation was similar to that of tube I, with 

no improvement in the solubility of the samples. 

To investigate the effects of GDP on Rab11A S25N in greater 

detail, I conducted a solubility assay. Specifically, I measured 

the degree of precipitation of Rab11A S25N based on the 

optical density at 600 nm using a spectrophotometer (Fig. 2B). 

Consistent with the results previously shown in Fig. 2A, 

samples eluted by GDP-containing buffer in group III and group 

IV were less precipitated than those in group I and group II (Fig. 

2B). Moreover, the total protein concentration (blue bar) in 

group III was similar to that in group I and less than that in 

group II (Fig. 2B). These results could be explained by group I 

and group III losing more protein during Ni-NTA incubation 

because non-GDP containing buffer was used (see Binding (−) 
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in Fig. 2A). The total protein concentration (blue bar) in group 

II was lower than that in group IV (Fig. 2B) because group II 

lost more protein during the washing step, which was 

performed using non-GDP containing buffer (see Washing (−) 

in Fig. 2A). These findings demonstrated that the GDP affects 

the solubility and stability of Rab11A S25N in every step during 

Ni-NTA purification. To confirm that the precipitants 

corresponded with Rab11A S25N, I conducted SDS-PAGE (Fig. 

2C). Additionally, I conducted native gel electrophoresis to 

investigate whether GDP affected structural changes in Rab11A 

S25N. As shown in Fig. 2D, the addition of GDP and Mg2+ did 

not alter band position, indicating that GDP and Mg2+ did not 

affect structural changes and the improvement of the stability 

of Rab11A S25N by GDP was not via structural changes. 

  



84 

 

 

 

Figure 2. GDP affects the solubility of Rab11A S25N. 

(A) Solubility assay was performed to analyze the effect of 

GDP on Rab11A S25N. (−) indicates absence of GDP in binding 

buffer, washing buffer or eluting buffer, and (+) indicates 200 

μM of GDP was added to buffer. (B) GDP affects precipitation 

of Rab11A S25N. Turbidity analysis of differently purified 

Rab11A S25N. Among 500 μl of each sample from Fig. 2A, 400 

μl was used for turbidity assay. Blue bar indicates the 

concentration of eluted Rab11A S25N assessed by Bradford 

assay (595 nm absorbance). Red bar indicates the turbidity of 

Rab11A S25N which were incubated at room temperature for 
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20 min. Green bar indicates the concentration values that are 

divided by concentration. (C) SDS gel data demonstrated that 

the precipitated protein was Rab11A S25N. Precipitants in each 

tube were removed by centrifugation and then supernatant 

were used for SDS-PAGE. Coomassie brilliant blue was used 

for staining and detection of bands appeared on the acrylamide 

gels. (D) GDP affects the solubility of Rab11A S25N without 

conformational change. Native gel electrophoresis shows that 

the position of the protein band was not significantly changed. 
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Occupation of the GDP is critical to the stability of Rab11A 

S25N 

My previous results showed that GDP affects the solubility 

and stability of Rab11A S25N, but this did not change the 

structure of Rab11A S25N. To rule out the possibility of non-

specific effects of GDP on Rab11A S25N, I examined whether 

soluble Rab11A S25N contains GDP or not. Since Rab11A S25N 

and GDP co-existed in the sample eluted from Ni-NTA affinity 

chromatography, I performed size-exclusion chromatography 

analysis. The results revealed that excess GDP was separated 

from Rab11A S25N (Fig. 3A). I then boiled Rab11A S25N 

(former fractions in Fig. 3A) and centrifuged it to extract GDP 

from the proteins. After removing the denatured fragments, 

transparent extract was applied onto a SEC column. I found that 

this extract was eluted from areas that corresponded exactly to 

where the excess GDP was (data not shown). It is well known 

that the electric conductance value of GDP and other 

nucleotides differs [152], which enabled me to confirm the 

results of SEC. Therefore, I conducted anion exchange 

chromatography to compare the electric conductance value of 

pure GDP and extracts from denatured Rab11A S25N. I found 
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that the extracts from denatured Rab11A S25N were eluted 

with the same fraction as pure GDP (Fig. 3B), indicating that 

GDP affects the protein stability of Rab11A S25N by binding to 

protein. 

After SEC purification, I noticed that purified protein in the 

major fraction was also precipitated. This might have occurred 

because GDP was released from Rab11A S25N during the SEC 

experiments. These findings indicate that Rab11A S25N had a 

tendency to release the GDP with low affinity for GDP. To 

maintain the concentration of free GDP during chromatography, 

I added GDP to the FPLC buffer, which improved protein 

stability and protected protein from precipitation after 

purification (Fig. 3C). I also purified Rab11A S25N in acidic 

buffer with 20 mM sodium citrate at pH 5.0, 150 mM NaCl and 

50 μM GDP (Fig. 3D), as well as in high salt buffer condition 20 

mM Tris at pH 8.0, 1M NaCl and 50 μM GDP (data not shown). 

These samples had high purity and were not precipitated after 

freezing with liquid nitrogen and thawing. Based on these 

findings, I concluded that saturation of the GDP binding to 

Rab11A S25N maintains protein stability and is not highly 

dependent on buffer conditions that were tested. 
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Figure 3. Gel filtration chromatogram and fractions of Rab11A 

S25N with GDP. 

(A) The eluted Rab11A S25N with 200 μM of GDP applied onto 

a Superdex-200 gel filtration column (GE Healthcare) that had 

been pre-equilibrated with 20 mM Tris pH 8.0, 150 mM NaCl. 

Inset, an SDS-PAGE of the fractions from the peak of Rab11A 

S25N is shown. Red bar indicates the fractions where the peaks 

of GDP were detected (red circle). (B) Comparison of electric 

conductance value of GDP and boiled extract of Rab11A S25N. 

Mono Q column (GE Healthcare) was used for anion exchange 

chromatographic analysis. Rab11A S25N was purified using 
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GDP-containing elution buffer and then boiled under 373 K for 

10 min. Denatured fragments were removed by centrifugation 

and the result was shown red. 1 mM of pure GDP was used for 

comparison control. (C–D) Size-exclusion chromatography was 

performed for purification of Rab11A S25N. The eluted Rab11A 

S25N with 200 μM of GDP applied onto a Superdex-200 gel 

filtration column that had been pre-equilibrated with 20 mM 

Tris pH 8.0, 150 mM NaCl, 50 μM GDP (C) and with 20 mM 

sodium citrate at pH 5.0, 150 mM NaCl and 50 μM GDP (D). 
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                     DISCUSSION 

GTPase proteins function as molecular switches cycling the 

GTP-bound state (active state or ‘ON’-state) and GDP-bound 

state (inactive state or ‘OFF’-state). In the general GTPase 

cycle, the active state of GTPase is completed after both 

binding of GTP and coordination of Mg2+. Once GTP binds to 

GTPase, coordination of Mg2+ induces closing of switch I, 

leading to hydrolysis to GDP by switch II. During this timing 

process, Mg2+ is located between the beta- and gamma-

phosphate group of GTP and switch I of GTPase (Fig. 4A). If 

this composition is changed, for example, if GTP is hydrolyzed 

to GDP, Mg2+ is released, resulting in the release of GDP from 

GTPase or exchange to GTP. The rate of release step is 

protein type-dependent, but this is facilitated by guanine 

nucleotide exchange factors (GEFs). On the other hand, 

coordination of nucleotides in vitro depends on the affinity and 

concentration of guanine nucleotide and Mg2+ ion. 

GDP-bound mutant was previously reported to perturb binding 

of Mg2+ to GTPase [150, 151]. Since the absence of Mg2+ in 

GTPase leads to reduced affinity for GTP, resulting in a GDP-

bound state, GDP-bound mutant does not indicate a high 
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affinity for GDP. Therefore, if the GDP-bound mutant is 

purified under in vitro conditions without effector proteins, the 

nucleotide free-state or GDP-bound state depends only on 

affinity for GDP. 

In my observations, Rab11A S25N had low stability. I thought 

the mutated residue might lead to a high tendency to release 

GDP from the nucleotide binding pocket, resulting in unstable 

protein. Molecular modeling indicated low affinity for GDP (Fig. 

4B). S25 can coordinate with Mg2+, which can coordinate with 

GTP; however, N25 cannot coordinate with Mg2+ or GDP in the 

nucleotide binding pocket (Fig. 4B). As previously reported and 

consistent with my results, the absence of GDP decreased the 

solubility and stability in the inactive mutant of the GTPase 

[153]. Arf6 T27N, which is an inactive mutant of Arf6 GTPase, 

was able to exist in cells via formation of complex with its 

exchange factor, and had a low affinity for nucleotides and low 

stability without GDP under in vitro conditions [153]. However, 

it is not always true that the inactive mutant form of GTPase 

does not have a sufficient affinity for GDP to exist as a GDP 

bound form under in vitro conditions. Rab1 S25N, which is the 

inactive mutant form of Rab1 GTPase, was crystallized without 
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the addition of GDP during the purification process, while the 

GDP in Rab1 S25N was well resolved with good electron 

density [154]. Taken together, the stability and affinity for GDP 

in GTPase is protein-type dependent. 
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Figure 4. Homology modeling of Rab11A. 

(A) Mg2+ coordination in wild type of Rab11A. Mg2+ associates 

with beta- and gamma-phosphate of GTP and serine at 

position 25. Association of switch I with Mg2+ through threonine 

at position 43 makes closed-form of Rab11A. (B) Prediction 

model of GDP binding pocket in Rab11A S25N. Overall 

structural model was rendered based on the X-ray structure of 

human Rab11A (PDB ID: 2F9L). Among possible directions of 

altered amino acid residue, I selected this direction based on 

other GDP bound form of Rab protein (PDB ID: 3SFV). 
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In the case of Rab11A, wild type and other mutants (S20V and 

Q70L) became highly soluble proteins with proper coordination 

of nucleotides. My experiments showed that loss of nucleotide 

was not detectable during the purification process (Fig. 1C). 

Recently, mygroup solved the three-dimensional structure of 

Rab11A S20V and Rab11A wild type and found that those 

proteins contained GTP at the nucleotide binding sites. Taken 

together, these findings strongly indicate that the solubility and 

stability of Rab11A is dependent on the proper binding of 

nucleotides in the binding pocket, and that the high stability by 

occupation of proper nucleotides in GTPase led to successful 

purification, crystallization and structure determination. 

It is well known that the solubility and stability of a protein is 

proportional to the purity. Protein purity is one of the most 

important factors for crystallization during structural studies. 

Indeed, high purity of individual proteins provides advantages in 

biochemical experiments such as enabling enzyme activity 

analysis and identification of binding partners or validation of 

binding regions in partner proteins. Therefore, I extended my 

efforts to identify strategies to improve the stability of proteins 

such as changing the pH, temperature or region of the target 
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gene. Here, I demonstrated that Rab11A S25N was purified 

with high purity and stability by saturating GDP binding to 

Rab11A S25N. During this purification process, high stability of 

Rab11A S25N was maintained at all time by maintaining a 

suitable GDP concentration without changing any parameters 

such as buffer condition, temperature or plasmid construct. 

Using my method, I were finally able to purify approximately 20 

mg/5–6 g of wet weight cells, which is comparable to the yield 

of the wild-type in the absence of GDP. My studies will provide 

a valuable guide for investigation of other small GTPase 

proteins. 
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CONCLUSION 

Here, I solved crystal structures of Rab6A′ and active form 

of Rab11A. I report the crystal structure of the mutant form of 

human Rab6A′(Q72L), which has been shown to be in a GTP 

lock form, at 1.9 Å resolution. Despite of low intrinsic activity, 

crystal structure of Rab6A′ was solved GDP bound form. In 

addition, switch I lost its stability which is commonly observed 

in GDP bound form. It is thought that the conformational 

rearrangement of switch II domain was triggered during 

crystallization, and Gln-22 alternatively activated water 

molecule for GTP hydrolysis. Interestingly, inactive form of 

Rab6A′ showed similar conformation to active form of Rab6A 

in several domain. Rab6A and Rab6A′ partly share cellular 

localization, pathway and binding partner. However specific role 

of them are slightly different. It is believed that this protein 

plays unique roles in several cellular processes due to different 

amino acid composition on binding interface which is opposite 

side of catalytic domain.  

It has been reported that Rab11A functionally associates with 

Rab6A in several cellular processes and diseases, described 

above. The evidence of association with them is that they share 
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similar conformation despite they perform different role in 

cellular pathways. However, active form of Rab11A has not 

been determined. I solved Rab11A S20V, which is constitutively 

active form of Rab11A, and I determined how this protein could 

trap GTP. In addition, active Rab11A could share binding 

partner with Rab6A by comparison of structure between them. 

Next, I analyzed protein stability of inactive form of Rab11A 

(S25N), it need occupation of GDP in vitro environment. 

Although I failed to crystallize it, stable purification of inactive 

form provides useful to understand biochemical property of 

Rab11A.  

The information of Rab GTPase function in membrane 

trafficking and diseases has been increased. Despite the 

understanding of their role and effector protein in pathological 

mechanism, no therapeutic intervention has been still proposed. 

The best strategy to therapeutic approaches might be know the 

overall network rather than look at a single Rab member in 

isolation. However, we are beginning to understand how Rab 

GTPases communicate with each other. This communication 

depends on associated regulator protein and effector protein. In 

this issue, finding binding partner and analysis of consequential 
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function are needed to in vitro experiment. In addition, specific 

state of Rab GTPase should be used as bait for catching the 

partner. Furthermore, animal experiment is also required for 

investigating phenotype in disease model. Without utilizing of 

proper construct and understanding of enzymatic activity, it is 

hardly to find link of Rab GTPase to disease. My studies did not 

analyze the physiological role in the respective function and 

diseases between Rab11A and Rab6A. However, structural 

study of Rab11A and Rab6A open up the opportunity for gaining 

more insights into the role in Rab-related network and disease 
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국   
Ras 과  구아노신삼인산-가 분해효소는 여러 포과 들에  

요한 역할  행한다. 구아노신삼인산-가 분해효소들  구아노신

삼인산이나 구아노신이인산  결합 상태에 라 효소  이 조

다. 구아노신삼인산이 이 효소에 결합하 는  태가 

며,  태  효소는 구아노신삼인산  구아노신이인산과 인산

 분해한 뒤  태  뀐다. Ras 과  구아노신삼인산-

가 분해효소  Rab 구아노신삼인산 가 분해효소는 내포작용과 

생합 , 포분   포 장 과 에  일어나는 소낭 송에 요

한 역할  한다. 이처럼 Rab 구아노신삼인산-가 분해효소  다양

한 역할  행할 뿐 아니라 Rab 경  란  많  질병  야

하  에 Rab 구아노신삼인산-가 분해효소에 한 연구는 

히 진행 고 있다. 한편, Rab 구아노신삼인산-가 분해효소  생

학  연구  Rab  능연구에  Rab  변이   사용

 부  요하게 여겨 었다. Rab  변이  자를 구축할 

, 존에 공  만들어진 다른 변이  Rab  변이 를 참

조하는 식  일  사용했었다. 하지만 구조가 슷한 Rab 

사이에 도 리간드 도나 효소   상 작용하는 트  단

질  종류가  다르듯이, 슷한 부  아미노산  변이시  

만든 효소 한  다른 태를 가질  있다. 이러한 에

 새 운 변이  자를 구축하게 면 매번 생 학 , 구조  
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 통해 능과  커니즘이 어떤 양상  보이는지 드시 

인하여야 한다. 이러한 이  나는 Rab 구아노신삼인산-가 분

해효소  변이  자가 가지는 특 들에 해 연구하  시작했

다. 나는 본 연구에  Rab6A’과 Rab11A  변이  자를 결

결 하는데 공하 고, 그들  결 구조를 규명하 다.  

나는 이 논  첫 트에  Rab6A’   변이 자  결

구조를 규명하 고 이 변이  자가 구아노신이인산  가질 

 있다는 것  견하 다. 이는 효소에 라 리간드 결합이 다양

하게 일어날  있 며, 효소 주  경에 향    있  

시사한다. 본 논  번째 트에 는 Rab11A   변이 

자  안  구아노신이인산에 해 결   있  견

하 다. 끝  마지막 트에 는 Rab11A   변이 자

가 GTP 를 분해하지 않  상태  결합하고 있는지를 구조 인 

에  해 하 다. 나  연구는 Rab6A  Rab11A 가 Rab 트워

크  질병에  능  상 계가 있  구조 인 에  해

할  있는 단 를 공하 다.   

------------------------------------- 

주요어 : 분자량 구아노신삼인산 결합단 질, Ras 가족 단 질, 

Rab 구아노신삼인산 가 분해효소, Rab6A, Rab11A, 포막 송,  

단 질 결 구조  
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