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Abstract 

Bacterial chemotaxis is the directional movement of bacterium towards favourable 

environment. In flagellated bacteria, chemotaxis is achieved by controlling the frequency 

of alternating clockwisc-counterclockwise switching. Center of this control is the 

interaction between signaling molecule CheY and switch protein complex (SPC) located 

at the cytosolic part of flagellum. SPC is a ring-shaped macromolecular complex 

composed of � 2 6 copies of FliG, -34 copies of FliM, and over 100 copies of FliN in E. 

coll. Each component plays distinctive roles in flagellar assembly, export, torque 

generation and flagella switching. The structures and functions of chemotaxis and switch 

proteins have been extensively studied in E. coli and S. typhimurium, however, the 

molecular basis governing their assembly and the switching process remains 

controversial. 

All gastric Helicobacter specics possess a prominent feature of flagella-driven motility 

thai is essential for colonization and infection. Interestingly, the chemotactic system of H. 

pylori is marked by the presence of multiple response regulators: ChcYl, one CheY-like-

conlaining CheA protein (CheAY2), and three CheV proteins. Besides, H. pylori harbors 

an additional SPC member FliY which bears a CheC-phosphatase-like domain fused with 

a FliN-like domain. Deletions of FliQ FliM, FliN and FliY and FliN/FliY led to non-

flagellate, suggesting that all four switch proteins are required for flagellation and FliY is 

a structural component of SPC. 

The organization and functions of SPC in H. pylori are not well understood. This study 
V 

aims to characterize the structures and functions of chemotaxis protein CheYl and switch 



proteins from H. pylori. .Here we report the crystal structures of ChcYl, FliM middle 

domain (FHMM) and FliG middle and C-terminal domain (FliGvic)- These proteins share 

high structural homology to their counterpart in E. coli or T. mahtima. The interactions 

among the switch proteins, specifically ChcY-FliM, FliM-FliG, FliG-FIiF were verified, 

suggest they function similarly as in other bacteria. 

.Structural comparison of CheYl with BeFs'-bound CheY and fluorescence quenching 

experiments reveal the importance of Thr84 in the phosphotransfcr reaction. 
- ‘ * x 

Complementation assays using various nonchemotactic E. coli mutants demonstrated that 

CheYl displays differential association with the flagellar molor in E. coli. Structural 

rearrangement of helix 5 and the C-terminal loop in CheYl provide a different interaction 

surface for FliM. On the other hand, interaction of the CheA-P2 domain with CheYl, but 

not with CheY2/CheV proteins, underlines the preferential recognition of CheYl by 

Che A in the phosphotransfcr reaction. 

Structure of FIIMM shows the position of a flexible loop close to the FliG binding site that 

was previously unresolved in T. maritima FHMm (TmFliMM). Mutagenesis studies 

supported that residues 139YDQ141 on the loop are important for FliG interaction. 

Two crystal structures of FHGvic were resolved each showing distinct domain orientations 

from previously-solved structures. Structural comparisons highlight the flexibility of a 

conserved 245MFXF248 motif connecting the three helices ARM and the charged-ridgc-

bearing subdomains of FliG C-terminal domain. Remarkably, rotational freedom of M245 

psi and F246 phi prompted a � 1 8 0 ° rotation of the charge ridge. We identified a highly 

conserved Asn216 that is in close proximity to the backbone of 245MF246. Studies of 

swarming and swimming behavior of E. coli showed that mutation of Asn216 to Asp, Ala 

IX 



and Val leads to CW bias while mutation to His did not affect switching. Furthermore, 

conformational flexibility of the FliG C-terminal subdomains coordindatcd by the MFXF 

loop in solution was verified by intramolecular cysteine crosslinking. We hypothesized 

that the 180° rotation of charge ridge prompted by intrinsic flexibility of MFXF motif 

explained the symmetrical rotation during motor switching event. 

FliY contains two discrete domains and likely carries unique function in motility. Here, 

we demonstrated that FliY C-terminal domain (FliYc) complemented flagellation of AJliY 

mutant but showed impairment in motility. FliYc binds to FliN and the complex interacts 

with FliH, suggesting that FHYc is the minimal domain required for protein export. On 

the other hand, F I I Y n is necessary to full motility function, although the specific role of 

FHYn remains to be elucidated. 

In summary, the structural and functional data obtained will provide insights to dissect 

the mechanistic details of the coupling between chemotaxis and SPC in flagellar rotation 

and switching in H. pylori. 

\ 
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、 , 摘要 

細蘭趨化性足細蘭游向贞好環境的丨忡.運動。部份細菌長柯鞭毛，妝通過控制鞭毛 
* » 

的順時針及逆時針切換達成向性運動。信號分_户CheY與位於細泡哲的開關蛋丨'丨複 

合物（SPC) 0資控制鞭毛的順-逆旋轉。SPC是 Ih—個環狀的複合大分f所構 

成。在大腸样蘭巾，SPC的組成蛋丨q包括〜26 FliG，〜34 FliM以及超過100倘 

FliN份了-。f识固組件都起著獨特的功用，其巾也括協調鞭毛的糾和出门以及産生 

扭妃並控制鞭毛切換。雖然科學家已廣泛於大腸样菌和鼠傷寒沙卩丨]氏菌中硏究 

SPC和趨化蛋rt的結構及功能，似SPC組成的基礎及和它控制切換過程的分了•甚 

现仍存在著乎議。 

所符幽門物種都長有鞭毛D要細菌成功感染人類，這揷「丨丨鞭毛所驅励的運励楚不 

可或缺的。幽門螺旋桿菌的SPC和趨化系統存将多個特點：1.除了典型的借號分 

子CheY(CheYI) ’螺旋桿菌杯其他的多功能趨化蛋内含柯信號分了•蛮卩丨的結 

構，包括CheAY2 ’和三個CheV蛋丨纟j質。此外，螺旋样歯的SPC較其他細菌多 
i 

了一個kw FliY。FHY的結構可分爲CheC -磷酸醜結構域及類FliN結構域兩個部 

份。在螺旋枰菌破壞FliG，FIIM，FliN和FliY和FliN / F l iY的栽會導致細菌不能 

成功長出鞭毛。這表叨鞭毛的組成需要道四個開關蛋質。 

商到現在，我們對於幽門螺旋桿蘭的SPC的結構和職能的/解仍所知甚少。木硏 

究的•標足描綃趨化蛋内CheY1和各個開關蛋内的結構特性並硏究該結構與蛋「_丨 

功能之丨3«胃J聯弊。？戈們成功取得CheY1，FliM中間域（FIIMm)和FliG中問和C-

端結構域（FIIGmc)的品體結構。這些蛋丨‘丨哲的結構與存在大腸押蘭中或嗜熱細蘭 
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T. maritma中的同源蛋丨^：!有一足的相似性。我們爲驗證了 CheY-FliM，FliM - FliG 

及FliG - FliF的相互作用，結果表明它們的功能與其他細萌類似。 ‘ 

從比較CheY1與大腸桿菌BeFg-激活CheY的結構分別中，我們找到Thr84在磷 

酸翻傳遞反應中起著重要作用’並使用熒光猝滅驗證之。我們利Hi互補赏驗在各種 

缺失趨化功能的大腸桿爾中表達CheY1並發現CheY1與開關蛋白複合物之問的 

相互作有別於大腸样菌》從CheY1結構中可兑CheY1的Helix 5和C -未端迴 
I 

路(Loop)提供了不同的互動表面給FliM由此解釋相a作用的差別。另•方向， 

CheA - P2域能與CheY1的相互結合，但不能與CheY2/CheV蛋丨1質相_厅結，協 

助解釋CheA會優先把磷酸墜傳遞及CheY1。 

從FIIMm的結構中我們觀察到幾個住在於高度遞活性的迴路結構的氛基酸的位置。 

這些氣某酸的位置在T. maritma FIIMm (TmFliMM)的結構中沒有被看到的。突變 

實驗支持改變爲 i 3 9 A A A i 4 i會破壞F l i M與F l i G問的互動’由此證明這 

個迴路對FIIMm功能的重要性。 

我們獲得了兩個FliGvic的晶體結構。比較其他結構’我們發現FliGMC的各個域 

呈現不同的三維結構聯繁。仔細比較FliG C -端結構域“丨見丨II三個Helix組成的 

ARM結構與的帶電脊子軸的FHGccxl.6結構問是以歷活的245MFXF248所連技。値得 
V 

注意的是，M245 psi和F246 phi的彈性給予帶電g子軸〜180°旋轉白由度。我們 

確定了一個高度保守的Asn216是在靠近245MF246的骨幹並影響其彈性。硏究的細 

菌的游泳行爲表明，在大腸桿菌的FliG中突變Asn216到Asp，Ala或Val會弓I起 

鞭毛偏好順時針旋轉但突變Asn216到His並沒有做成影稗。此外，我們利用內交 

聯半胱氣酸連結（cysteine crosslinking)的實驗再次證資MFXF存在彈性。我們推 

X I I 



測，丨彳1 MFXF帶動電脊子軸的180度旋轉充可解釋鞭毛順時針及逆時針旋轉運動 

的對稱性。 

FliY包含兩個獨立的域並各可能對細菌游泳有不同的功用。在這裡，我們證明/ 

FliY C -端結構域（FliYc)在合成鞭毛的功用中，可補充J ///Y突變菌珠。但這弓I 

致菌珠的游泳運動出現偏差。再者FliYe可與FliN結合並且FliYe/FliN複物的可 

作用於FliH，RiYc最小的域喷補FliY在鞭毛合成上的功用。另一方面，這實驗也 

表明了 FHYN對細菌游泳運動的重要性，雖然其其體的作用FliYN仍将待閱明。 

綜上所述，綜合我們對SPC蛋白的組成結構及功能分析，我們對幽門螺旋桿菌中 

趨化蛋A和SPC蛋丨‘�之問的聯繁進行T剖析，及爲其在鞭毛旋轉和切換的甚理卜. 

提供了重要兒解。 
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Chapter 1 Introduction 

1.1 Motility, flagella and chemotaxis 

Bacteria move to favorable environments and away from drastic conditions by a proccss 

called chemotaxis. Microbe evolved various strategies to move in different environments, 

including gliding, twisting, swarming and swimming (Bardy SL et al., 2003). Most of the 

previous researches focused on the mechanism of flagellum-based motility, using enteric 

bacterium E. coli and S. typhimurium as model organisms. Flagellum is a macromolecular 

assembly of protein molecules extending out of the bacterial cell body. In E. coli, the flagellum is 

about 10 |im in length and 20 nm in wide (Berry RM and Armitage JP, 1999). The rotation of 

flagella is powered by electrochemical gradient of hydrogen or sodium ion gradient across the 

cell membrane. The rotation rate of a proton-driven motor in E. coli is about 100 Hz , but can be 

up to over 1500 Hz for Na+-driven motor in Vibrio species with swimming speed of hundreds 

micrometer per second (McCarter LL, 2001). The energy conversion efficiency of the motor 

under low load approaches 100% (Derosier D, 1998). Synthesis of flagellum is a highly dynamic 

process that involves hierarchy of transcriptional events and association-dissociation of protein 

molecules. These distinctive features make flagellum a fascinated model to study the basis of 

self-assembly and the logical design of nanomachine (Erhardt M et al., 2010). 
/ 

Chemotaxis is regulated by unique bidirectional movement of bacterial flagellar motor. 

When the motor turns counter-clockwise (CCW), the flagellar filaments coalesce into a bundle 

and bacterium runs smoothly. While the motor switches to clockwise rotation (CW), the 

filaments fly apart and bacterium tumbles to re-orient its cell body (Terashima H et al., 2009; 

Berg HC, 2008). Chemotaxis is achieved by controlling the frequency of tumbles. Different 

regulation on flagellar behavior has been demonstrated, for examples, Sinorhizobium meliloti, a 



nitrogen-fixing plant symbiont, respond to tactic stimuli by slowing the rotary speed; 
> 

Rhodobacter sphaeroides, a photosynthetic bacteria, rotate exclusively in one direction with 

tandem stops (Amnitage JP and Schmitt R, 1997). 

Motility is a virulence factors to several pathogens, including S. typhi murium, L. 

pneumophila, C. jejuni, H. pylori, etc. It plays various roles from initial phases of infection, for 

example, flagellum-assisted adherence of bacterial cells on the epithelial surface of host by 

tethering, to maintenance and persistence of infection in ihe host during adverse conditions, for 

example, during starvation (Josenhans C and Suerbaun S, 2002). 

1.2 Architecture of flagellum 

Flagcllum is extended from the cytoplasm, periplasmic space, peptidoglycan layer to 

outside the cell body. It can be divided into 3 parts, basal body, hook and filament. Filament is 

the outermost region mainly composed of flagellins (FliC in S. typhimurium) (Samatey FA ct al.， 

2001). It is a rigid helical-shaped mechanical portion for propelling the bacterium. Hook is a 

universal joint connecting filament to basal body allowing the two parts to rotate about differenl 

axis. Flagellar hook and filament are exported by Type III secretion export machinery. Basal 

body plays critical roles in flagellar biogenesis, torque generation for rotation and control the 

frequency of rotational switching (DeRosier DJ et al., 1998). It is composed of rings of protein 

oligomers, from outer membrane to inner membrane, includes L ring (outer membrane), P ring 

(peptidoglycan layer), MS ring (inner membrane) and C ring (cytoplasm) (Fig. 1.1). L and P 

rings are believed to act as bushing that allows central rotating rod to pass through. MS ring 

consists of membrane protein FliF which acts as an anchor for the assembly of cytoplasmic 

proteins. C ring contains the switch protein complex. MS ring and C ring contribute to the rotor 

part. Torque is generated by membrane-bound stator which converts electrochemical potential to 

mechanical force acting on the rotor. 
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Fig. 1.1. Schematic diagram illustrates the organization of flagellum. 

The figure is adapted from the website of KEGG Pathway 

(hUp://www.^en(>mc.ip/ke|zu/path\vav/ko/ko()2()4().litnil). Genes involved in the synthesis of 

flagellum are boxed. 



1.2.1 Switch protein complex 

Switch Protein complex (SPC) is essential to torque generation and bidirectional rotation 

of the flagellum. It is assembled into the cytoplasmic side of flagellum during early phase of self-

assembly (Macnab RM, 2003). SPC is composed of three proteins in E. coli, including FliG, 

FliM and FliN. These switch proteins, each having a distinct role, contribute interactively for the 

function of the motor. All three proteins are important to switching. Besides, FliG directly 

interacting with the staler is the start site of rotation. FliM provides the binding surface for 

response regulator CheY. It may also contribute to flagellar export by interacting with putative 

charperone FliJ, although the mechanism is not clear yet. FliN also takes part in flagellar 

assembly by assisting the localization of flagellar export regulatory protein FliH (Gonzalez-

Pedrajo B et al., 2006). 

Two key biological questions concerning the function of the motor is the molccular bases 

of self-assembly and bidirectional switching. The C-ring is formed by dynamically interaction of 

~26 copies of F l iG ,�34 copies of FliM and over 100 copies FliN. By combining of the � 2 0 A low 

resolution EM map of CW-biased basal body from S. typhimurium, results from protein-protein 

interaction studies and atomic structures of individual switch proteins, the orientations of FliG, 

FliM and FliN in the ring has been proposed (Fig. 1.2A) (Lloyd SA et al., 1999; Brown PN et al.， 

2002, 2005; Lowder BJ et al., 2005; Paul K et al., 2006; Park SY et al., 2006; Thomas DR et al., 

2006; Lee LK et al., 2010; Sarkar MK et al., 2010; Minamino T el al., 2011). The structure of the 

C-ring is organized by FliG positioning at the top, FliM in the middle, and FliN at the bottom. 

FliG contains three domains each interacts with different proteins. The N-terminal globule 

(FIIGN) interacts with FliF on MS-ring, middle domain (FHGM) binds to FliM and the C-terminal 

domain (FliGc) interacts with stator MotA4B2 and possibly with FliM. For FliM, its N-terminal 



helix (FliMNa) is the docking site for activated CheY while the middle domain of FliM (FliMvi) 

interacts with FliG and C-terminal domain binds to FliN (FliMc). FliN forms a ring structure by 

forming dirtier of FliN dimer, consistent with the observation from EM map (Fig. 1.2A, 1.3). 

Flagellum rotates by 26 discrete but identical steps per revolution in CCW direction, 

suggesting torque generation involves association-dissociation of FliG with MolA (Sowa Y et al., 

2005). However, EM map of C ring showed a 26-fold symmetry in the inner ring and a 34-fold 

symmetry in the outer ring. Since it is believed thai MolA interact with FliGc in the outer ring, it 

remains unclear how -26 copies of FliG give a 34-fold symmetry in the outer ring, and how ~34 

copies of FliM assemble with FliG (Fig. 1.2B). 
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Fig. 1.2. EM map of the C ring and MS ring from CW biased motor in S. typhimurium 

(kindly provided by DeRosier JD) (Thomas DR et al., 2006). The map is drawn as surface using 

Pymol. (A) Cross section of the rotor showing the positions of FliG, FliM, FliN and .M0IA4B2 

complex. (B) Top view of C-ring. Note the differential symmetry of the outer and inner rings. 
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1 FliG 

'_ Torque is generated by coupling proton flow through staler MotAjB: which forces the 

movement of rotor through FliG interacting surface. FliGc contains conserved oppositely 

charged residues that associate complementarily to charged residues of MotA cytoplasmic 

domain. Structure of FliG middle and C-terminal domain (FHGMC) from T. mahtima is featured 

by two compact globular domain connected by a helix and flexible loop that contains well-
» ‘ • 

conserved GlyGly motif (Brown PN el al., 2002). It is believed that motor switching involves 

modulating the relative movement between these domains and the MotA-FliG interacting face 

(Lloyd SA et al., 1999; Brown PN et al.，2007). FliG contains two'FliM binding sites, including 
. 、 * * 

the conserved EHPQR motif and the hydrophobic patch al two globular domains (Brown PN et 

al., - 2002). The significance of containing two discrete FliM binding sites remains to be 



elucidated. Despite FliG structures has been resolved, assembly of FliG to form lorque ring as 

well as the basis of conformation change of FliG during motor switching remains controversial 

(Brown PN et al.’ 2002; Lee LK et al., 2010) (Fig. 1.4). 

1.2.3 FliM 

Sequence analysis of FliM by alignment of 50 microbial spccies from different genus 

showed that the CheY binding site at FliMNa is well-conserved. Besides, residues around GGXG 

motif important for FliG interaction are moderately conserved while the C-terminal part is less 

conserved. The interacting surface between E. co/i FliMNa and activated CheY has been mapped 

from the structures of FliM-CheY complexes (Dyer CM et al., 2004，2006; Lee SY et al.，2001). 

Despite extensive molecular genetic and biochemical analyses of FliM-FliG interaction in E. coli 

or S. typhimiirium had been performed (Toker AS et al.，1996; Tokcr AS and Macnab RM 1997; 

Sockctt H et al.，1992; Brown PN et al.，2007; Passmore SE et al., 2008), the interacting surface 

between FliG-FliM is still not well defined due to the lack of FliG-FliM complex structure. 

Structure of FliM middle domain resolved from T. maritima is ellipsoidal shaped and the GGXG 

motif is located at an exposed surfacc on the top of the globular structure, consistently showing 

that this region is important lo FliG interactions (Park S ct al., 2006). Besides crosslinking study 

of FliM provides insight into the organization of ~ 34 molecules of FliM in C-ring (Park SY et 

al., 2006). The structure of FliM C-terminal domain is not known. Interestingly, cysteine 

crosslinking showed that FliM-FliN interacting surface is different in CW and CCW rotational 

bias, suggesting a relative movement between FliM and ,FliN is occurred during rotational 

switching (Sarkar MK ct al., 2010). Recent studies demonstrated that bacterial motor is a 

dynamic, both FliN and FliM exhibit turnover. There are two populations of FliM, which one is 



tightly associated with the motor while the other undergoes stochastic turnover depends on ihe 

presence of activated CheY, indicating that turnover may be related to switching mechanism (Fig. 

1.5) (Delalez NJ et al.，2010; Fukuoka H et. al. 2010). 

1.2.4 FUN 

FliN is organized as telrameric doughnut-like structure formed by dimer-dimer 

interaction. The hydrophobic character of residues at the monomer-monomer and dimer-dimcr 

interface is well-conserved (Brown PN et al.，2005; Paul K & Blair DF 2006). Besides, the 

conserved hydrophobic surface patch of FliN is the docking site of FliH and the interaction may 

be important for targeting FliH-containing export complexes close to the vicinity of the export 

apparatus to facilitate protein export (Paul K et al., 2006; Minamino T et al., 2009). FliN is 

assembled into 4he switch complex by binding to FliMc in stoichiometry 4:1. Crosslinking 

studies showed the relative movement between FliN-FliMc interfaces during motor switching 

(Sarkar MK et al., 2010). Interestingly, CheY-bound-FliMNa also binds to FliN and mutation on 

this binding surface causes rotational bias (Sarkar MK et al.，2010). The multiple roles of how 

FliN is in motor switching remains to be elucidated (Fig. 1.6). 

9 • 
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Fig. 1.4. Amino acid sequence of H. pylori FliG highlighting conservation of the regions important 
for FliF, FliM and MotA interactions (GrOnenfelder B ct al.，2003; Brown PN et al., 2007; Marykvvas 
DL & Berg HC 1996; Lloyd SA & Blair DF 1997; Lowder BJ et al., 2005). Alignment was generated 
from 50 microbial specics obtained from KEGG Pathway using T-Coffee. Aligned scqucnccs were 
exported and analyzed in Jalview. Only amino acid sequence of H. pylori is shown and gap is represented 
by “ - “. Sequence is blue colored according to conservation score with deeper color represent higher 
conservation. The region important for MotA interaction is represented by Wcblogo (Inbox). 

10 • 



CheY-binding 

30 
I 

VDENVDIONVO- -KKD 

40 50 
I 

60 

YDFKRPNRVSKEOLR 

SFF^I HDKM|j|_NL SSOVSS I MlS丄VE I O L HS VDOMT YGE F L^S L P S iT S F N V F SMKlMG® 

TGVLE I NPS I DRL L | G K | S AY- . D-QNBEFSD I ILNL LOT I t ( ^VMO I LKE v l s -
FliGI»in<liiiij • • 

fSfS A 、 

F： 

126 

- P V V E M F P T I O A K E S S A N V V £ , | V - A O N E I S I MVVLE I I I G H S R G M M N I C v i v I S I I s I L S 

KMGSRDLMLSE . T NS K K S RNKE tO A L L SG VS V DM I V F L G A s/E L S L K EML DL D VHIT I RLN 

A•ND^VteVYVHKKKRVLASVIFOGYRKTlOIKEVlYSEKERTKElLEMLEEORRG 
一 A A A 

>
A
 

GDIMKIEEE 

Residues important for: 
CheY interactions... ‘ 
FliN interactions shown by pull down experiment. ( j.by crosslintAingstudies.. 
by ph en otypic defect. 
FliG interactions shown by pulldown experiment. ‘.yeast _ hybrid assay. •. 
FliM-FliM interactions, _ 
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Fig. 1.6 Alignment of FliN and FliN-like domain of FliY showing the regions important for 

FliH and FILM interactions (Paul K et al., 2006; Lowenthal AC et al.，2009; Sarkar MK et al., 

2010). Inset sequence logo format shows sequence close to FliH binding region. 

1.3 Chemotaxis system 

Bacterial chemotaxis is regulated by a two-component system composed of a histidinc 

autokinase CheA and a response regulator CheY (Che — chemotaxis). CheA is coupled to 

chemoreceptor [(methyl-accepling chemotaxis protein (MCP)] through an adaptor protein ChcW. 

Chemoreceptors are localized in the inner membrane and organized as a cluster at the cell pole 

(Briegel A et al., 2009). ChcY conveys the signal by binding to the motor. The defaull direction 
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of flagellar rotation in many Gram negative bactcria is CCW. Repellent sensed by chemorcccplor 

(for example，L-leucinc) enhances ihe autokinase activity of Che A and catalyzes ihe phosphoi'y!-

transfer to CheY (CheY-P). The effect is to increase the affinity of CheY to the motor and uim 

the motor from CCW to CW direction. Then, the tumbling frequency increases and bacteria 

choose the path away from repellent (Szurmant H and Ordal GW, 2004). On the other hand, 

attractanl decreases the kinase activity of CheA and the association of CheY to the motor. The 

phosphoryl group of CheY can be removed by either autodephosphoiylation or 

dephosphorylation by phosphatase CheZ which also enhances the autodcphosphorylation 

reaction (Eisenbach M 1996). Recent studies suggested an additional level for the regulation of 

CheY that involves acetylation-deacctylation of CheY (Liarzi O et al., 2010; Li R cl al., 2010; 

Yan J et al.，2008). 

Bacteria evolved diverse pathways in regulating chemotaxis. Some bactcria contain 

multiple CheYs and ChcAs, (e.g. R. sphaeroides contains six CheY homologues and four CheA 

homologucs), and some developed alternative adaptation (e.g. ClieV in B. subtilus) and signal 

termination mechanisms (e.g. FliY and CheC in B. subtilus) (Hamblin PA el al., 1997; Szurmant 

H et al., 2004; Rao CV ct al., 2008) 

Bacteria sense the ligand gradients in the surrounding environment by performing 

temporal comparisons of ligand concentrations. This adaptation process is mediated by 

methylation-demethylation of chemorcccptors, for example, CheR methyltransferasc and CheB 

methylesterase in E. coli. The activity of CheR is increased and the activity of CheB is inhibited 

when attractant binds to chcinorcceptors. The net effect is the transfer of methyl groups to 

conserved glutamate residues of the chemorcccptors thai subsequently augments the kinase 

activity of CheA (Rao CV and Ordal GW 2009) (Fig. 1.7). 
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1.3.1 CheY 

CheY is a single domain protein with autophosphorylalion (by acetyl phosphate) and 

autodephosphorylaion activity (Lukat GS ci al., 1992). Phosphorylated-ChcY (CheY-P) as an 

activated form enhances the binding affinity to FliM. Structural studies on inactive and active E. 

coli CheYs and their complexes with FliM have revealed the molccular mechanisms of ChcY 

phosphorylation and activation (Dyer CM and Dahlquist FW 2006; Lcc SY el al., 2001). 

Phosphorylation is initiated by nucleophilic attack of Asp57 by phosphoryl phosphorus. Bound 

phosphate that is hydrogen bonded wilh Thr87 and Lysl09 causcs a displacement of the (34/a4 

and p5/a5 loops and restricted the inward positioning of Tyii()6. The activation of HcCheY 

requires a divalent metal ion (Mg'VMir"^), which is coordinated by Asp 13, Asp57, the backbone 

carbonyl of Asn59, the phosphoryl oxygen and two water molecules in the activc site pocket. 

Activated EcCheY binds the N-tcrminal fragment of FliM through its a4/p5/a5 interface. Recent 

NMR study suggests thai Ihe transient interaction between the surface residues around the active 

site pockei of T. maritime! CheY and the middle FliM domain causes a displacement of FliCic, 

suggest a possible correlation between CheY binding and motor switching (Dyer CM et al., 2009) 

(Fig. 1.8). 

1.3.2 Proposed model of rotational switching 

Recent observation on the stepping motion of the fl age Hum also reviewed 26 steps per 

revolution in CW direction (Nakamura S el al., 2010), indicating the mechanism of torque 

generation is symmetrical in both directions. However, the molccular basis of this symmetric 

rotation remains elusive. Switching proccss is initiated when activated CheY binds to N-terminal 

helix of FliM (FliMNa)- Subsequently, CheY- F I I M n o complex docks to a second site on FliN 
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(Sarkar MK el al., 2010). It is believed thai the reorientation of FliM causcs a conformational 

change of FliG that favors CW rotation. The mechanistic details of rotational switching are 

unclear. 

The regulation of switching is complicated by recent findings thai CheA-CheY two-

componcnt system is not the sole route controlling motor switching. It has been found thai H-NS 

(Ko M, 2000)，FRD (fumaratc reductase) (Cohen-Ben-Lulu ON el al., 2008), YcgR (a cyclic di-

GMP binding protein) (Paul K et al.，2010), and EpsE (Blair KM et al., 2008) bind to motor and 

regulate switching event. These findings imply that the switching event is an integrated signaling 

output from environmental information and metabolic slate of the cells. 

p5/a5 loop 

— C > 

4/a4 loop 

Fig. 1.8. Structural differences between inactive (PDB-ID: ICHN, yellow) and active 

(PDB-ID: IFQW, green) E. coli CheY. Beryllotluoride (BeFV, a phosphate analog) in active 

CheY is shown as stick. Magnesium ion (blue) and two water molecules (red) in the active site 

pocket are represented as sphere. 



1.4 Helicobacter pylori 

Helicobacter pylori is spiral-shaped, gram negative anaerobic bacterium that colonizes 

human gastric epithelial cells and mucus layer. Around 50% of the world population is infected 

with H. pylori, with infection being more prevalent in developing countries. Host infected with H. 

pylori are usually asymptomatic, but up to 20% of individuals developed severe diseases, 

ranging from pcptic ulcer, gastric adenocarcinoma to gastric MALT (mucous-associated 

lymphoid tissue) lymphoma. H. pylori is the first bacterium classified as class 1 carcinogen by 

WHO (Marshall BJ and Warren JR 1984; Parsonnct J ct al., 1991; Correa P and Houghton J, 

2007). 

H. pylori share a long history and co-evolution with human. It is believed that the 

bacterium is transmitted by oral-oral route from person to person or fecal-oral route through 

contaminated water (Sachs G et al., 2003; Brown LM, 2002). One important feature of this 

bacterium to adapt to the human host is its heterogeneous genome. H. pylori can uptake DNA 

from their environment and insert it into its genome to cause genomic diversification (Basso D et 

al., 2010). //• pylori grow best around neutral pH but fail to grow under pH 4 unless urea is 

present. To survive in the final destination at the epithelial cells of stomach, H. pylori need lo 

pass though the acidic gastric media, the gastric mucus layer and then adhere on the epithelial 

cells. The bacteria have developed mcchanisms for acid resistance in stomach. Large quantities 

of urease arc constitutively expressed in bacterial cytosol with optimal enzyme activity at neutral 

pH (Stingl K et al., 2002). Urea from gastric juice is imporled into the bacterial cytosol through 

acid activated channel Urel and is broken down by urease into ammonia and carbon dioxide. 

NH3 can either diffuse or be exported to periplasmic to neutralize the acidic pi I. Besides motility 

is important for H. pylori to move to a specific niche in the stomach for long term infection, it is 
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likely necessary for the movement across the gastric mucus barrier. Interestingly, urease activity 

can rcduce mucin viscoelasticity and allow H. pylori lo move across mucin (Celli JP cl al.，2009). 

H. pylori adheres to the surface of epithelial cells by adhcsion-likc proteins such that it is noi 

removed during gastric emptying into stomach (Sachs G et al., 2003). 

Currently, triple therapy, including antibiotics clarithromycin, amoxicillin or 

metronidazole and omeprazole (a proton pump inhibitor), is applied for the treatment of 77. pylori 

infection. Increasing cases of clarithromycin resislanl strains have been reported (Graham DY et 

al., 2011). It is surged to develop alternative therapeutic strategies lo combat against antibiotics 

resistance strain of H. pylori (Duckworth MJ et al., 2009). 

I.5 Role of motility and chemotaxis on H. pylori infection 

Motility has been suggested as an virulence factor for successful colonization and 

infection. //‘ pylori colonize the mucus layer covering the gastric epithelial cell surfacc, and this 

colonization step is indispensible to establish a long-term infection. It is becoming convincing 

thai motility and chemotaxis is crucial in I J. pylori infection and long-term colonization as 

supported by a number of in vivo mutagenesis studies. Eaton KA et al., showed that depletion of 

components of flagellar filament, flagellin A and B, affcctcd full colonization in gnolobiotic 

piglets (Eaton KA cl al., 1996). Kavermann H et al., used large scale screening approach to 

identify genes important in colonization in Mongolian gerbil stomach, and they isolated several 

flagellar genes that are involved in the flagellar assembly (e.g. fliF, tlil, fliP, fliS) as well as 

chemotaxis (e.g. CheA, CheV3) (Kavermann 11 et al., 2003). Study of the roles of chemotaxis in 

colonization and its capacity to trigger inflammation has further showed that che Y mutant 

completely failed to colonize gerbil and cheY or cheW mutant displayed attenuated phenotype 

and altered distribution in the stomach with less intimate association with the gastric cells. 
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Nonchemotactic mutants are less competitive than wild type and showed reduced inflammatory 

response in mice. Besides, mutants lacking chemoreceptors TIpA and TlpB altered host's 

inflammation severity (McGee DJ 2005; Terry K et al.，2005; Williams SM ct al., 2007). These 

findings implicate the association of chemolaxis and motility in initial colonization, achieving 

high-level of infection, persistence for infection with competing H. pylori, proper gastic 

distribution and host inflammatory responses. 

11. pylori migrate to a very narrow zone close to the gastric epithelial surface and away 

from the lumen. The living environment of H. pylori is a highly dynamic, mucus being 

continuously sccreted in the glands and by surface epithelial cells, and is degraded at the luminal 

surface (Schreibcr S and Scheid P，1997). Thus, the motility and chemotactic capability is 

important to prevent the bactcrium from being carried to acidic gastric lumen thai would inhibit 

bacterial growth. Schreiber S et al., reported that II. pylori detects gastric mucus pH gradient for 

proper orientation (Schreiber S et al.，2004). TlpB and TlpD are identified that monitor energy-

related parameters in H. pylori. (Croxen MA et al., 2006; Schweinilzer T el al.，2008) 

1.6 Flagella and chemotaxis system in //. pylori. 

H. pylori possesses 2 — 6 sheathed unipolar flagella thai allows proper motility in the 

viscous environment of gastric mucosa. Sheathed flagcllum is a unique feature that the flagella 

filament is covered by extension of outer membrane and displays a bulb-like structure at the 

distal end of filament. The sheath is thought to protect flagella structure from exposure to acidic 

environment (Geis G et al., 1993). H. pylori showed positive chemotaxis towards bicarbonate, 

mucin (Foynes S et al.，2000), urea (Mizole T et al., 1997), urea analogs (fluorfamide) 

(Nakamura H et al., 1998) and amino acids (Ccrda O el al., 2003); and negative chemolaxis 

towards quorum sensing molecule autoinduccr-2 (AI-2) and acidic pH (Racier BA ct al.，2011). 



Genomic sequences from five //. pylori strains have been elucidated, including 26695 

(Tomb JF ct al., 1997), J99 (Aim RA et al.’ 1999), MPAGl (Oh JD et al., 2006), G27 (Baltrus DA 

2009) and Shi470 (Kersulytc D el al., 2010). Homologs of chemotaxis and switch proteins in E. 

coli have been identified including CheY (HP 1067) (denotes as CheYl in the following text), 

CheA (IIP0392), CheW (HP0391), a remote CheZ homolog (HP0170), FliG (HP0352), FliM 

(HP1031) and FliN (IIP0584). However, H. pylori differs from E. coli in that no homolog of 

adaptation proteins CheR and CheB arc found. Besides, II. pylori harbors genes encoding 

multiple ChcY-like proteins - a bifunctional CheA with a ChcY-like domain (this domain is 

denoted as CheY2 in the following text) (CheAY2) (HP()392) fused to the C-tcrminus and three 

CheV (CheVl-IIP0019, CheV3-HP0393, CheV2-HP0616) genes each consisting of an N-

terminal CheW-like domain and a C-terminal CheY-like domain. H. pylori also possess an 

additional putative switch protein FliY (Valenzuela M et al., 2003). 

* N 

1.6.1 Switch protein complcx of //. pylori 

FliCi, FliM, FliN and FliY are necessary for normal flagellation in //. pylori. Deletion of 

FliG or' FliM was completely non-tlagellate, while deletion of FliN or FliY was partially 

flagellated but immotilc, consistent with the phenolype of switch gene deletion mutants observed 
t 

in E. coli. The interactions among these proteins and their regions important for-the switching 

function in H. pylori are not understood. Based on the sequence alignment results, the residues 
* * 

important for protein-protein interactions among the proteins (FliG, FliM and FliN) are fairly 

conserved (Fig. 1.4 — 1.6). Besides, substitution of Arg54 by Cys in FliM led lo smooth 
、 

swimming bias. Taken together the result that FliM interacts with CheY 1, these proteins likely 

performs similar functions as in other organisms (Lowenthal AC et al., 2009). 

20 • 



, H . pvlori is featured by carrying two FliN-containing proteins, FliY and Flil^. FliY was 
» 

firstly characterized in B. subtUus (BsFliY) with domain organization resembles to that of FliM, • » 

which composed of ChcY-binding site at N-terminus, CheC/FliY/CheX-likc domain at the ‘ 
• * . , 

middle and FliN-like domain" at the C-tenninus, respectively (BischofT DS & Ordal GW 1992). 
• , 

'The middle domain exhibits phosphatase activity towards phosphorylated CheY in vitro. 
• ‘ ； i 

Deletion of CheY-binding site on BsfliY ^showed opposite phenotypic effect to cheY deletion J. • > 一 

• * 

mutant, consistent with a role in signal termination (Szurmant H el al,, 2003). Expr ession of FliY 
t -

in wild-type Salmonella severely inhibits chemotaxis while expression in a non-motile F/iN 
i 

• I 

mutant restores motility but not chemotaxis, suggesting FliY assembles into the switch complex 
- 、 

• » I 
(Bischoff p S ct al.，1992). Distinct from H. pylori, no discrete FliN homolog was identified in B. 

subtil is and it is believed that'FliY replaces the role of FliN in the complex. .Sequence of II. * » 
• i ^ 

pylori FliY and FliN has been analyzed by Lowenthal AC et al., by comparing 768 genomes, to 

search for microbes that possess both proteins. They suggest that the presence of both proteins is 
» . V 

universal among epsilonprotcobacleria and ,is scattered in a few species in phylogcnelically 

diverse laxa, including members of Clostridia, Spirochaetales, firmicutcs (Lowenthal AC et al.’ 

2009). The FliN-like domain .of FliY and FliN： share 30% and 39% sequence identity to E. coli " * • 

FliN respectively. The character of residues involving in flagellar protein export and »* • 

• ‘ Q I • 

homodimerization of FliN are significantly conserved, although it was noted that the exact amino 
% 

acid was often not the same (Lowenthal AC et al., 2009) (Fig. 1.6). Interestingly, CheY-binding 
‘ .. , 

peptide in BsFliY is missing in H. pylori FliY. Besides the conserved active site for phosphatase 
» i 

‘ » . 

activity, EXXN, in CheC/ FliY/CheX family (CYX family) is replaced with conserved EXXXN 
• ’ • 

motif in H. pylori FliY while the corresponding phosphatase motif is DXXXQ in CheZ (Zhao R 
‘ • -

et al., 2002) (Fig. 1.9). By comparing structures of CheX-CheY, CheZ-CheY complexes, it has 
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been suggested that they share an identical dephosphorylalion mechanism, although the active 
% 

site hclices do not aligned, and are almost perpendicular to cach other (Pazy'Y et al., 2010). The 

amino acid properties of the catalytic motif are conserved in H. pylori suggesting thai FliY may 

carry phosphatase activity. Since deletion of the CheY-binding region of BsFliY impairs its 
、〜 

phosphatase activity, H. pylori likely establishes a novel mechanism to display CheY to the 

active site (Szurmant II et al., 2004). Individual FliY and FliN knockdown causes impairment in 

flagellar formation, while deletion of both proteins is non-flagellale, these data support that both 

proteins are switch proteins and the functions of FliY and FliN are redundant (Lovventhal AC et 

al.，2009). However, how FliY is incorporated into the switch protein complex, and whether Iheir 

C-terminal domain have distinct, functions and whether the N-tcrminal domain possesses 

phosphatase activity towards CheY remains lo be understood. 
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Fig. 1.9. Amino acid sequence of H. pylori FliY N-terminal domain showing conservation 

among FliY orthologues in epsilonproteobacterium (Lowenthal AC et al., 2009). Inset 

sequence logo format shows sequences of a predicted helix (residues 92 - 112) containing 

putative active site residues (JNET). Inbox: Alignment of FliY with sequences from CYX family, 

note that the conserved EXXN molif (Red) is replaced by EXXXN in H. pylori FliY (Red 

asterisks) (Silversmith RE 2010). Active site region of CheZ (aligned from 20 randomly selected 

species) is also displayed as sequence logo format with conserved DXXXQ motif are indicated 

by blue asterisks (Zhao R et al., 2002). TMAC and TMAX denotes CheC and CheX from T. 
•I 

maritima, respectively; BSUC and BSUY denotes CheC and FliY from B. suhtilus, respectively; 

BBUX denotes ChcX from B. burgdorferi, HPYY denotes H. pylori FliY. 

1.6.2 Chemotaxis system of H. pylori 

CheYl shares 46% amino acid sequence identity with E. coli CheY (EcCheY) 

(ClustalW2) and both of these proteins exhibit a dephosphorylation rate of about 0.035 s'' 

(Jimenez-Pearson MA et al.，2005; Silversmith RE et al., 2001). Residues involved in 
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phosphorylation and activation of EcCheY are conserved in CheY 1, suggesting that CheYl 

shares a similar activation mechanism (Fig. 1.10). However, deletion of CheY 1 showed 

contradictory results from two independent studies. Foynes S et al., reported rapid tumbling 

phcnotype of cheYl mutant and smooth swimming phenolype of cheY2 mutant, suggesting that 

CheY2 rather than CheYl interacts with flagellar motor switch (Foynes S et al., 2000). On the 

other hand, a recent study on chemotaxis by fixed time diffusion analysis showed thai cheYl 

mutant was smooth-swimming biased, that the result is in line with the E. co/i model. In vitro 

experiments showed lhal CheYl was phosphorylated by ChcA and interacted with FliM upon 

activation by acetyl phosphate (Lowenthal AC et al.，2009). It appears more likely that the 

biological function of CheYl is comparable to that of EcCheY. ‘ 

The chemotactic regulatory mechanisms of //. pylori are featured with multiple response 

regulators. All response regulators can be phosphorylated by Che A which preferentially acts on 

CheYl (Jimenez-Pearson MA el al., 2005). Interestingly, ChcY 1 -P is able to transfer the 

phosphate back to CheA, and the phosphate moiety is then transferred to CheY2, suggesting that 

H. pylori may exhibit retrophosphorylation, although this observation is not yet supported by in 

vivo evidence. CheV is proposed to be involved in adaptation mechanisms of Bacillus suhtilis 

(Rao CV et al., 2008), while the biological significance of ChcVs in II. pylori is not as well 

understood. Only the CheVl mutant is nonchemotactic, while heterologous overex press ion of 

CheV2 and CheV3 in E. coli inhibits swarming of the wild type bacteria (PiUman MS et al., 

2001), suggesting that all three CheVs are associated with chemotaxis. In addition, CheVl and 

CheV2 mutants are smooth swimming biased, while CheV3 is tumbling biased. Given that 

CheVs can be phosphorylated in vitro to different levels by CheA and that CheV mutants show 

various extents of deficiency in colonizing mouse stomachs (Jimenez-Pearson MA et al., 2005; 

Lowenthal AC et a l , 2009), it is probably that CheVs have distinct and important roles in //. 

pylori. Furthermore, these proteins may display distinctive structural characteristics. 
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Fig. 1.10. Multiple sequence alignments of CheYl from Helicobacter pylori 26695 (HPY), 

Helicobacter hepaticus (HUE), Wolinella succinogenes (WSU), Campylobacter jejuni 

NCTC11168 (CJE), Sulfuhmonas denithficans (TDN), Nautili a profundicola (NAM), 

Nitratiruptor sp. SB 155-2 (NIS), Arcohacler huizleri (ABU), Escherichia coli K-12 MG1655 

(ECO), Sinorhizohium meliloti (SME) and Thermotoga maritime (TMA) (ClustalW). Totally 

conserved residues are shaded. Phosphorylation site Asp53 is shaded in grey. Asterisks ( * ) -

residues of the active site pocket; Residues of E. coli involved in FliM binding are marked below 

the alignment (Lee SY et al.，2001). 
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1.7 Objectives 

Switch protein complex is a macromolecular assembly of protein oligomers critical for 

flagellar biosynthesis, torque generation and motor switching. Interestingly, genomic sequence 

suggests diverse organizations and functions of the motor. The chemotaxis and flagellar systems 

have been extensively studied in enteric bacteria E. coli and the structures of switch proteins 

have been elucidated from thermophilic bacterium. However, the molccular basis of flagellar 

assembly and switching of the motor remains controversial. Besides, the regulatory mcchanism 

in other microbial species remains not explored. //. pylori carrics multiple response regulators 

and a putative switch protein FliY, potentially implying a distinct organization and funclion of 

the flagellar system in epsilonproteobacteria. In this study, we take the initiative to characterize 

the structure and function of chcmotactic proteins and switch proteins from Helicobacter pylori. 

We applied multidisciplinary approaches in molecular and structural biology to characterize the 

chemotaclic response regulator CheY I, the structural archileclure of the switch complex and the 

biological significance of FliY in 11. pylori. The molecular interactions among ihe switch 

proteins were studied by pull down experiments and gel filtration analysis. Purified individual 

switch protein or their complexes were subjected to crystallization screening and the structures 

of successful candidates were solved by X-ray crystallography. Knowledge gained from the 

structural comparisons with their rcspcctive counlerparts from T. mariiinia and E. coli was 
» 

further verified by mutagenesis studies and various biochemical or phcnotypic assays. Besides, 

the biological role of FliY was investigated by functional complementation of H. pylori G i l � 

JliY mutant. Taken together, a model of switch protein assembly and rotational switching is 

proposed. 
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Chapter 2 

a 

Crystal structure of activated CheYl 

2.1 Introduction 

The chcmotactic system of H. pylori is marked by the presence of multiple 

response regulators: CheYl, one ChcY-like-containing CheA {ClieAY2) and three CheV 

proteins. These molecules are shown to play unique roles in the chemolactic signal 

transduction mechanisms of //. pylori. CheV I, cheV2 and chcY2 mutants are smooth 

swimming biased, while cheVS mutant is tumbling biased. The biological function of 

CheYl is still ambiguous, since both smooth and tumbling swimming phenotypes of 

cheYJ mulanl have been reported (Foyncs S ct al.，2000; Lowenthal AC ct al.，2009). 

Despite the fact that the chcmotactic system in H. pylori carries unique features and is 

crucial for bactcrial infection, structural characterization of any of these chcmotactic 

proteins in II. pylori have not been reported. 

In the present study, we studied the structures of active and inactive CheYl by X-

ray crystallography. Structural comparisons of activated ClieY 1 with FxCheY identified 

Thr84 possibly involved in the phosphotransfer reaction. The effect of ThrS4 mutation on 

ChcY phosphorylation was investigated by fluorescence quenching experiments. To 

address whether CheYl possesses similar biological function as RcCheY, 

complementation assays of various nonchemotactic E. coli mutants by CheYl were 

performed. Besides, interactions of CheYl to FliM and ChcA were investigated by in 

vitro pull down experiment. 
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2.2. Materials and methods 

2.2.1 Cloning, expression and purification 

Genes encoding CheYl (HP1()67)，CheY2 (HP()392; residues 677 — 803, designed 

according to previous study) (Jimenez-Pearson MA el al.，2005), CheV 1 (HPOO 19), 

ChcV2 (HP0616), CheV3 (HP0393), ChcA-P2 domain (HP()392; residues 110-261) and 

C-terminal truncated FliM (HP1031; residues 1 237, FIIMNM) were amplified from II. 

pylori strain 26695 genomic DNA using DNA polymerase (Expand). The primers are 

designed using software OligoPerfecl"^ Designer tools (Invitrogen) (Table 2.1). 

Amplified genes were cloncd into various expression vectors in order to obtain optimal 

expression level and solubility. CheYl, CheV I and ChcV2 were cloned into pGEX-6P-l 

expression vector (Appendix 1). CheY2 and CheV3 were cloncd into pET28m-sumoi 

vector (Appendix 1). CheA-P2 and FHMNM were cloned into pT7-7 vector with a C-

tcn-ninal 8xHis tag (Appendix 1). Mutants CheYI/D53A and ChcYl/T84A were 

generated using the QuikChange Site-Directed Mutagenesis kit (Slraiagenc) and verified 

by commercial sequencing service (I st BASE). 

Recombinant proteins were expressed in Escherichia coli strain BL21. After 

transformation, cells were grown at 37"C until OD<’oo reached 0.4 0.6. Prolein 

expression was induced by the addition of 0.3 mM isopropyl-f3-D-thiogalactopyranoside 

(IPTG) and the cells were further grown at 16"C or 25"C for 16 h. 

Proteins were purified by two steps, affinity and size exclusion chromatography. 

GST-lagged and 6xHis-tagged proteins were purified by glutathione-S transferase (GST) 

sepharose (GE Healthcare) and Nickel-NTA agarose (Qiagen), respectively. In general, 

cell pellet was resuspended in lysis buffer (Table S2.1) and lysed by sonication. Buffer 
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with the addition of 0.5 mM EDTA and 4 mM DTT was used for the purification of (iST-

tagged proteins and 20 mM imidazole was included in Ilis-taggcd proieins. Cell lysatc 

was clarified by centrifugation (40,000 x g, I h and 4"C) and the supematani was filtered 
» 

by 0.22 |im filter and incubated with prc-cquilibraied affinity resin at 4"C with gentle 

shaking. The lysatc was incubated with GST-resin for 2 h and Ni-NTA resin for 1 h. After 

washing the beads with the lysis buffer, the GST lag was cleaved by prcscission protease 

when necessary, by incubalion at 4"C for 16 h with gentle shaking. For His-sumol fusion 

protein, the tag was removed by incubation with sumo protease SENPl catalytic domain 

in a mass ratio of 1:100 at 3 7 T for 30 min with shaking (Xu Z and Au SW, 2005). The 

cluled proieins were then conccntrated to 2 ml in volume, and injcctccl into a size 

exclusion chromatography column Superdex 75 or Supcrdex 200 equilibrated with buffer 

(Table S2.1). 

2.2.2 Nickel pull down assay 

2.2.2.1 CheAP2-CheY interaction assay 

An aliquot of 25 |il nickel NTA resin (Qiagen) was pipelled into a 1.5 ml 

eppendorf and centrifuged (3300 x g, 10 s, 4"C). The beads were washed 3 limes with 

binding buffer containing 20 mM imidazole pH 7.0, 150 mM NaC丨 and 2 mM MgCh It 

was followed by the addition of 1 ml purified CheA-P2-8xHis protein solution in a 

concentration of 0.1 mg/ml. The mixture was incubated at 4"C for 1 h with gentle shaking. 

The beads were washed three times with the binding buffer followed by the addition of 

purified CheYl, CheY2, CheVI, CheV2 and ChcV3 in a molar ratio of 1:1. The mixture 

was incubated for another 1 h al 4"C. The beads were washe'd three limes with the buffer 
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and then resuspended in 25 \x\ of 2x SDS-PAGE gel loading buffer and heated to 9()"C for 

8 min. The samples were subjected to SDS-PAGE analysis and Coomassie blue staining. 

Table 2.1 Primers used for the cloning of the genes encoding cheinotaxis 
proteins and FliM. 

Primer Name Primer Sequence (5, - 3') Resfrictiun Site 
CheY 1 - F cgggatccatgaaactactggtagtagatgatagctca Bamlll 
CheYl - R catalggtcfiactcaatcgtttgtccctaaaacaac Sail 
CheY2 - F catuacggatccatgattgtcttagcgattgatgacaacaecacauata BamHl 
ChcY2 - R catgacfitcgactcacgattggtclccttctaatttaatgctgcgcttc Sail 
CheVI - F ggggggggatccatggctgatagtttagcgggcattgalcaagttacgag BamHI 
Che V1 - R gggggggcg&ccgctcatgctaattccaaaaattgcttaaccactcgctggatgtc NotI 
CheV2 - F ggggggfigatccatggtaagagataltgacaaaacgacttcgttgcacttaaacaacg Bamlll 
ChcV2 - R gggggg£tc£acttatgaaagcgtttttttaagcatltcatggatttcaagaatg Sail 
CheV3 - F tccattggatccatggcagaaaaaacagctaaggatt BamHl 
CheV3 - R tccattgcggccgcttacgcattcttgtctaaaatcttagaaa NotI 

ChcAP2 - F ggggggfifiatccatggataclaalaacggcaaggaaaacgagattga BamHl 
ChcAP2 - R ggggggfitcj^tcaatggtgatggtgatggtgatggtgctccacgccaatagagggggcittal Sail 
FHMnm - F catutgcatatgatggctuatattttaagccaagaa . Ndel 
F H M N M — R ggggggfitcgactcaatggtgatggtgatggtgalggtgaagcatcaaatccctactcccc Sail 

ChcYD53A-F actaaggtgcttatcacagcttggaacatgcctgaiiatg -
ChcYD53A-R catttcaggcatgttccaagctgtgataagcaccttagt -
CheYT84A-F cctattattatgatcaccgcagagggcggtaaagctg -
CheYT84A-R cagctttaccgccctctgcggtgatcataataatagg -

2.2.2.2 FliM-CheY interaction assay 

Pull down experiment was performed as described previously with modifications 

(Lowenlhal A C et al.，2009). All experimental steps were performed at 25"C. FIIMNM was 

immobilized onto nickcl NTA resin pre-equilibraled with buffer coniaining 10 mM Hepcs 

pI17.6, 5 mM MgCb, 250 mM KCl, 0.15% Tween20 and 20 mM imidazole. After 

incubation for 1 hour, the beads were washed for 3 times. To activate CheYl, 

beryllofluoride was incubated with CheYl during the pull down experiment. CheY 1 and 

CheYl/D53A were pre-incubated with 0.75 mM BcCb and 18 mM NaF for 10 min 

before incubated with the immobilized F I I M n m for 15 min. The beads were washed twice, 

boiled with gel loading buffer and subjected to SDS-PAGE analysis. 
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2.2.3 Size exclusion column chromatography 

Purified CheY 1 and CheV3 were individually mixed with CheA-P2-8xlIis (in 1:2 

molar ratio) in a buffer containing 10 mM Hepes pH 7.4，150 mM NaCl and 2 niM 

MgCh. The mixture was incubated on ice for 30 min. Individual proteins or mixtures 

were applied to a Superdex 200 IIR 10/30 gel filtration column (GE Healthcare) and 

eluted at 0.6 ml/min with ihe same buffer. Rluted proteins were subjected to SDS-PAGE 

analysis and Coomassie blue staining. 

2.2.4 Fluorescence spectroscopy 

Fluorescence measurement was carried out using Perk in Elmer SOB 

spectrofluorimeter. Fluorescence was measured at an excitation wavclcnglh of 293 nm 

and an emission wavelength of 341 nm with slit widths of 3 nm and 6 nm for excitation 

and emission, respectively. All reactions were carried out at 25"C. Equilibrium titration of 

CheYl, ChcYl/D53A or CheY I/T84A by acetyl phosphate were carried out in a buffer 

containing 20 mM sodium phosphate pH 7.5，50 mM NaCI and 2 mM MgCb- The final 

concentrations were 1 |iM for CheY Is and 0.3-10 mM for acetyl phosphate. Titration of 

CheYl or CheYl/D53A with BeFV was performed by sequential addition of NaF to the 

protein solution containing 10 |iM BeCh. The final concentration of NaF was set to 0 - 5 

mM. Fluorescence changes upon addition of small molecules were monitored until the 

fluorescence signal stabilized. The fluorescence values were corrected for dilution. Km 

was determined as described (Lukat GS ct al., 1992; Pittman MS el al.，2001; Silversmith 

RE et al., 1997). Acetyl phosphate concentration was plotted versus (lo — I) / (I - l,nr)， 

where lo is initial fluoresccncc intensity; I is the intensity at the corresponding acetyl 
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phosphate concentration and linr is the intensity at saturating concentration. From the plot, 

the reciprocal of the slope of the line corresponds lo the Km value. According to proposed 

reaction scheme (Lukat GS et al., 1992) shown as follow，Km^Ksk l̂k： 

K, kj ki 
CheY 1 + A c � P ？i ClieY 1 -AcP — CheY 1 .P — CheY 1 + Pi 

where K � i s the equilibrium dissociation constant between CheY I and acetyl phosphate, 

ky and ks is the phosphorylation and dephosphorylation rate constants respectively. 

2.2.5 Swarming assay 

E. coli motility wild type strain RP437 and chemolaxis mutant strains RP1616 

{AcheZ), RP5232 {AcheY) were gifts from Parkinson JS (Parkinson JS, 1978). 

Complementation assay was performed by individual transformation of pTrc99a, 

pTrc99a-ChcY 1 and pTrc99a-CheY 1 /D53A in strain RP437 and chcmotaxis mutants 

RP1616 {AcheZ) and RP5232 {AcheY). An aliquot of I overnight culture was spotted 

onto 0.4% TB soft agar (1% tryplone, 0.5% NaCl and 0.5% glycerol, 0.4% agar). 

Ampieillin (100 (ig/ml) and IPTG (final concentration of 0.05, 0.1，or 0.5 mM) were 

added when necessary. The diameter of the chemotactic rings was measured after 

incubation al 30°C for 7 h. 

2.2.6 Immunoblotting 

An aliquot of I \i\ overnight culture of E.coli strains RP437 and RP1616 (/ic/ieZ), 

RP9535 {AcheA\ RP5232 {AcheY) transformed with the recombinant plasmids were 

added to 3 ml of TB medium with 0，0.05，0.1 and 0.5 mM IPTG when necessary. Cells 
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Vrr. 

were grown overnight at 30�C with vigorous shaking. The cells were harvested and 

washed with a buffer containing 10 inM Hepes pH 7.4 and 150 mM NaCl. The samples 

were subjected to SDS-PAGE analysis followed by immunoblolling with polyclonal anti-

Che Y1 antibody (Invitrogen), 

4 

2.2.7 Crystallization condition of CheYl 

Initial crystallization trials were performed by Crystal Screcns I & il from 

Hampton Research (Hampton Research) using silling drop vapour diffusion method. 

Diffraction-quality crystals of CheYl grown at 16"C were obtained from an optimized 

screening condition containing 0.1 M sodium acetate, pH 5.0, 0.2 M ammonium sulfate, 

35% MPEG2000 and 1 mM MgCh. Crystals of CheYl/D53A and T84A were grown 

under similar condition. For BeFj-bound CheYl, the crystals were grown in 

crystallization buffer containing 0.1 M sodium acetate, pH 5.0, 0.05 M ammonium 

sulfate, 1.6 mM BeCb ([CheYl J : BeCb = 1 : 10) and 16 mM NaF. 

2.2.8 Data collection and processing 

1.8 A X-ray data set for CheYl crystal, 2.2 A X-ray data set for BcF3-bound 

CheYl crystal, 2.2 A X-ray data set for CheYl/D53A crystal and 1.7 A X-ray data set for 

CheYl/T84A crystal were collected at 100 K using a Rigaku MicroMax 007 X-ray 

generator at the Centre for Protein Science and Crystallography, The Chinese University 

of Hong Kong, and recorded on a RAXIS 1V++ image plate. For each crystal, 

crystallization buffer containing 15% glycerol was used as a cryoprolectanl. Images were 

processed using Mosflm (Leslie A, 1995) and scaled and reduced with SCALA from Ihe 
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CCP4 suite (Collaborative Computational Project, 1994). Coordinates have been 
i 

deposited in the Protein Data Bank(PDB-!D: 3CiWQ 3H1「，3HIF, and 3H1G). 

2.2.9 Structure determination and refinement 

The CheYl structure was solved by molecular replacement using a molecule of 

EcCheY (PDB-ID: 3CI IY) as a scarch model. Molecular replacement program PHASER 
< 

(McCoy A J et al.，2007) in (:CP4 suite was performed with data in the resolution range 

15-3.0 人.For the other three structures, the refined structure of CheYl was used as a 

search model. The randomly selected 5% of data was reserved for the Rivce calculation for 

all the three structures. Rounds of refinements and manual rebuilding were performed by 

using the programs REFMAC and COOT (Collaborative Computational Project, 1994; 

Bmsley P and Cowtan K, 2004)，respectively. The electron density maps from IFo Fc 

and Fo-Fc calculations were used for model building, and for all the structures, strong 

clcctron density was found close to the active site" Asp 53. Wc modeled them as sulfate 

.molecule for CheYl , CheYl/D53A and ChcYl/T84A structures. For the CheYl crystal 

grown in the presence of beryllium and sodium, a beryllium fluoride molecule was 

modeled in the active site. The Ramachandran plots drawn by the program PROCHECK 

(Laskowski RA et al., 1998) showed that over 90% of all residues in the four CheY 1 

structures fall within the most favored region (Appendix 2.1). 
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'2.3 Results 

2.3.1 ChcYl is activated by beryllofluoride 

CheYl-P has a short half-life (20 s) therefore precludes structural analysis of the 

activated form (Jimenez-Pearson MA ct al.，2005). B e卜 i s known to form ？i persistent 

complex with response regulators by mimicking an acyl phosphate (Clio HS et al., 2000; 

Lee SY 2001). In prior to our structure-function analysis, the binding of BeF^" to ChcY I 
• 

was examined by steady-state fluorescence quenching. CheYl contains two Iryplophan 

residues (Trp38 and Trp54). Equivalent conserved residue Trp54 in EcCheY has been 

targeted to monitor the binding of small molecules to the active site pocket (lAikat GS et 
V 

al., 1992). The fluorescence of Trp38 is not affected by this binding bccause it is located 

al helix 2，and no conformational change in helix 2 was reported upon phosphorylation 

(Lee SY et al., 2001). A reaction mixture containing 1 }.iM ChcY 1 and 10 jiM BeCI: was 

titrated by sequential addition of 0.5 M NaF to a final concentration of 0 - 5 mM. As 

shown in Figure 2.1 A, the tryptophan fluorescence of CheYl decreased upon addition of 

increasing amounts of NaF and was almost saturated al 4 niM of NaF. The CheY 1-D53A 

mutant, a non-phosphorylalable analog, showed no decrease in fluorescence，suggesting 

that CheY I binds B e F / and that an aspartic residue is ncccssary for the binding. As a 

control, phosphorylation of CheYl by acetyl phosphate was monitored, and a comparable 

decrease in fluorescence was observed for the wild type and D53A mutant (Fig. 2.1B). 

Activated CheY has an enhanced affinity for FliM (Yan D ct al., 1999) and a 

recent study demonstrated the binding of CheY I-P to FliM upon activation by acctyl 

phosphate (Lowenthal AC et al., 2009). To further verify that ChcY l-BcFi' mimics 
V 

CheYl-P, the interaction of CheY l-BeFs" with FliM was examined by in vitro pull-down 
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assay. CheYl and FHMNM (consisting of the N-tcrminal and middle domains fused to a 

C-terminal Hisg tag) were purified to greater than 95% purity. FHMNM was immobilized 

on Ni-NTA resin, followed by incubation wiih wild-type CheY 1 or the D53A mulanl 

with or without BeFf. As shown in Figure 2.1C, only wild-type CheY 1 complexcd with 

BeFa" showed a stable interaction with F U M n m , suggesting that CheYl - BeFj mimics the 

activated forni of CheYl in the interaction with FHMNM. 
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Fig. 2.1. Activation of CheYl by beryllofluoride. Fluorescence spectroscopy analysis 

of CheYl (•)，CheYl/D53A (O) and CheYl /T84A (A) upon addition of sodium fluoride 

(A) and acetyl phosphate (B) are plotted. Fluorescence changes were plotted as A I / I o 

against concentration, where A 1 is the cumulative changes in fluoresccnce intensity at 

the corresponding small molccule concentrations; lo is fluorescence intensity without 

addition of small molecules. (C) Pull down study of CheYl with FliM. Purified FHMNM 

in 0.1 mg/nil was immobilized on pre-washed resin. CheYl or D53A mutant in 2:1 molar 

ratio lo FHMNM was incubated with immobilized IIPFLIMNM with or without BeFj" at 

250c for 15 min. 

2.3.2 Description of the CheYl structures 

2.3.2.1 Beryllofluoride-bound CheYl 

Polygonal-shaped crystal of CheYl-BeF3' was obtained under condition 0.1 M 

sodium acetate, pH 5.0，0.05 M ammonium sulfate (Fig. 2,2). The crystal structure of 

CheYl-BeFj" was solved at a resolution of 2.4 A, with /?=15.14% and All 

the four protein structures were in spaccgroup C2, and unit cell parameters and statistics 

for the data collected arc summarized in Table 2. The overall structure retained a (p/a)5 

fold typical of response regulators. From a DALI search (Holm L el al., 2008), CheYl 

showed high structural homology to EcCheY/D13K/Y 106W fPDB-ID:丨U8T) (Dyer CM 

el al., 2004) and to BeFj -bound EcCheY/F 14E/N59M/E89L (PDB-ID: 3F7N) (Pazy Y el 

al.，2009) with RMSDca values of 0.776 A and 0.684 A, respectively. Alignment of the 

amino acid sequences of CheYl proteins from different H. pylon strains revealed four 

variable residues: Asp42 positioned at al (Asn in Shi470), Lys66 at a3 (lie in Shi470), 

Ser70 at a3 (Ala in P12 / J99 / Shi470) and Ser72 at the a3-p4 loop (Asn in J99 and Glu 

in Shi470). These residues are located on the distal side of the active site, which may not 
) ‘ . 

be directly involved in activation or FliM binding (Fig. 1.10). 
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Table 2.2. Diffraction data and refinement statistics of CheYl 

Parameter 

X-ray data statistics 
Spacegroup 
Unit cell 
a, b,c (人） 
a,P，Y (人） 
Resolution range ( 人 ） 

No. of observations 
No. of unique reflections 
Redundancy 
Completeness (%) 
Rmcrcc 
Mcan l/ol 
Refincmenl statistics 
Resolution 
R value 
Rfrcc (5% of data) 
No. of atoms refined 
Protein 
Watcr/SCVMg/BeFj 
RMSD from ideal 
geometry 
Bond lengths (A) 
Bond angles O 
Ramachandran plot 

CheYl 

C2 

70.3. 38.5, 38.9 
90.0, 107.0，90.0 
37.2-1.8(1.9-

1.8) 

33,157 

9,175 
3.6(3.6) 

98.1 (96.1) 

0.031 (0.072) 
30.3 (15.4) 

37.16- 1.8 
】4.67 
18.61 

966 
143/2/2/0 

0.011 

1.37 
91.8/7.3/0.9 

Result for^: 
CheYl-BcFt- CheYl-1)5 3 A 

C2 

70.3, 38.4，38.7 
90.0,丨 07.0, 90.0 

33 2.2 (2 .28 
2 .2) 

20,879 
4.888 

4.3 (4.4) 
95.3 (91.8) 

0.019(0.029) 
55.1 (39.0) 

33.46 - 2.4 
15.14 
22.01 

966 

60/1/2/1 

0.013 
1.40 

91.8/7.3/0.9 

C2 

70.3，38.1, 38.6 

90.0,丨 07 4, 90.0 
36.9 - 2.2 ( 2 . 2 8 -

2.2) 
18,875 

4,993 

3.8 (3.8) 
98.5 (97.0) 

0.082 (0.240) 

10.6(4.5) 

.2 36.89 
17.78 
23.11 

963 
6S/2/I 0 

0.020 
1.87 

90.0/8.2/0.9 

CheYl-T84A 

C2 

70.4,38.1, 39.0 
90.0,丨 07.6, 90.0 
23.08 - 1.7 (1.76 

-1.70) 
38,199 
10,972 
3.5(3.3) 

99.9(100.0) 
0.033(0.199) 

14.2(5.2) 

23.08 - 1.7 
17.35 
20.28 

964 

132/2/2/0 

0.014 
1.42 

90.0/8.2/0.9 

a Values in parentheses are for the last resolution shell. Rmergc — (Xh Zj|<I(h)>-

I(h)j|/ZhIj<I(h)>), where <I(h)> is the mean intensity of symmetry-equivalent reflections, 

R value = L|lFobs| - |Fcaic||/SlFobs|, where Fobs and Fcak arc the observed and calculated 

structure factors, respectively. The distribution of the residues in the most favored / 

additionally allowed regions of the Ramachandran plot was evaluated by PROCHECK. 
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Fig. 2.2. Representative images of beryllofluoridc-bound (left) and sulfate-bound 

(right) CheYl crystals. 

Structural alignment with BcF3'-EcCheY revealed that the conformation of most 

of the active she residues and of the hallmark residues for ChcY activation, including 

Thr83 and Tyrl()6, aligned well when the structures of BcF3 -CheY 1 and BeFi'-EcChcY 

were superimposed. This suggests that CheYl shares a similar activation mechanism 

(Dyer CM and Dahlquist FW, 2006). On the other hand, a number of structural 

differences were noted. These differences were clustered at the a2-(33 loop, helix 5 and 

the C-tcnninal loop (Fig. 2.3A). The former one corresponded to an insertion of Ala45 in 

the CheYl sequence; however, no dislorlion of the overall protein fold, especially the 

active site pockel, was observed. Interestingly, helix 5 of ChcY 1 was five residues shorter 

and was upshifted by approximately 3.4 A. The movement of helix 5 may be related lo a 

combination of effects from residues Gly 121, which causcs an early termination of the 

helical structure, and Asnl23, which is hydrogen bonded to residues in the (il-p2 loop 

(backbone NH of Asnl23 to the backbone carbonyl of Leu23 and N6 of Asnl23 to the 

backbone carbonyl of Gly24), leaving the C-terminal loop positioned in a rigid 
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conformation. Glyl21 is conserved in most epsilon proteobacleria and in some other 

proteobacteria (Fig. 1.10). The corresponding Gly 126 in the CheY2 structure from 

Sinorhizohium meliloti (PDB-ID: 1P6U) also causes early termination of the helical 

structure, but the C-lerniinal loop flips to the other side (RiepI II ct al., 2004). Sequence 

alignment of CheYs showed that the number and types of residues following Gly 121 are 

variable. Residue Asn 123 is only conserved in some related bacteria species. We 

speculate that the helical upshift of CheY I is a unique feature in //. pylori and some 

closely related species. These structural discrepancies, which could nol be predicted from 

the multiple sequence alignment, in fad provide insights into the molccular inleraclion 

with FliM. Analysis of the surface potential of CheY 1 and EcCheY clearly demonstrated 

that although the hydrophobic surface of helix 4 is retained, the electropositive patch 

contributed by helix 5 for the FliM interaction was much weaker in ihe CheY 1 structure 

(Fig. 2.4). ' 
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Fig. 2.3. (A) Structural supcrimposition of BeF, -CheYl (blue) and BePY -EcCheY 

(white) (PDB-ID: IFQW) highlights the features of CheYl a2-p3 loop, a5 and C-

terminal loop (orange). Insertion at Ala45 and the major dift'erences in residues involved 

in ECFIIMN binding (Lysll9, Lysl22 in EcCheY and Lysll5, Valll8 in HpCheYl) arc 

shown as stick. Residues contributed to a5 upshift are shown as sphere. Phosphorylation 

site Asp53 of CheYl bonded with BeF^' is shown as stick. (B) Differences in Ca 

positions between BeF.V bound CheYI and EcCheY. The least square superposition 

program LSQKAB (CCP4) was used to superimpose CheYl (residues 1-121) with 

EcCheY (residues 6 - 125) and to calculatc individual Cot distances. Residue 45 of 

CheYl was not aligned from the calculation and is not shown on the plot. Residues are 

numbered according to CheY1 sequence. Secondary structure is shown above the plot. (C) 

Stereo supcrimposition images of BeFi'-CheY 1 (pink) and EcChcY (yellow) on the basis 

of structural alignment using Pymol. Residues in the active site pocket arc labeled. Metal 

ions in HpCheYl) and two water molecules (red sphere) (from BeF(-CheYl) 

involved in coordinating the metal ion (pink sphere) arc shown. Arrow indicates the water 

molcculc coordinated by Asp7. 

A B 

Fig. 2.4. Comparison of FliM binding surface of EcCheY (A) and CheYl (B). H. 
> 

pylori FliM N-terminal peptide (residues 1-15，orange cartoon) was modeled using 

EcFliM peptide (green cartoon) as template (Modeller). Molecular surface is drawn as 

electrostatic potential calculatcd by APBS al contour level 土3 kT/e. Position of Helix 5 is 

indicated. Colour code: Blue, electropositive surface; Red, electronegative surface; White, 

elcctroncutral surface. 
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2.3.2.2 Sulfate-bound CheYl 

Wc also attempted lo solve the structure of apo-CheY1. To our surprise, a 

tctrahcdra 1 -shaped positive electron density was observed in the activc site pocket during 

model building (Fig. 2.5A). The electron density shown in the activc site pocket of the 

1.8-人 ‘apo-ChcYl’ structure was interpreted as a sulfate ion becausc of the acldilion of 

200 mM ammonium sulfate in the crystallization medium. The structure of the 

CheYl/D53A mutant was also solved to a resolution of 2.2 A. Interestingly, the sulfate 

moiety was still found in the active site pocket of ClieYl/D53八.The overall structures of 

sulfate-bound CheYl and ChcYl/D53A were almost identical lo the CheYl- BcF.̂ ' 

structure, with RMSDcn values of 0.147 人 and 0.199 A, respectively, suggesting that 

sulfate-bound CheY I may represent an activated form. We investigated whether the non-

phosphorylatable D53A analog of CheYl is “activated” by high concentralion of 

ammonium sulfate. We cvidcnccd thai sulfate bound CheYl/D53A in vitro as tryptophan 

fluorescence intensity of CheYl/D53A decreased by 30% upon titration with ammonium 

sulfate. The titration was saturated when the concentration of ammonium sulfate reached 

around 360 mM, with calculated K,„ = 176 土 21 mM. To further investigate whether 

sulfate enhanced D53A mutant to interact with FIIMNM, i"、，ffro pull down assay was 

perfomied in the presence of 200 mM ammonium sulfate (without KCl). CheYl/D53A 

showed enhanced binding to FHMNM in the prcscncc of ammonium sulfate (Fig. 2.6), but 

not in BeFj- (Figure 2.1C), agreed with the structural information of S04"'-bound 

ChcYl/D53A in an activated configuration. It is noted that the interaction may not be 

physiological relevance given the high concentration of ammonium sulfate. We attempted 

to screen for inactive CheY 1 in crystallization conditions without ammomum sulfate. 

However, no crystal was observed. 
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Fig. 2.6. Interaction studies of FliM with ChcYl in the presence of 

sulfate. The experiment was conductcd as described in 2.2.2.1, except that 200 niM 

ammonium sulfate was included in the reaction to replace BeFv 

A sulfate molecule positioned close to the active site pockct has been reported in 

the crystal structure of apo-EcCheY (PDB-ID: 3CnY), in which Ihe S04'' was hydrogen 

bonded with Lys 109 Ne and Asn59 N8 (in the E. coli sequence) (Volz K and 

P Matsumura, 1991). The position is different in S04""-bound CheYl which showed that 

the hydrogen bond networking of S04~' with the active site residues in CheYl was 

comparable to that found in BeF^'-CheY1. An ‘inward’ orientation of the side chain of 

Asp53, in which Ihe side chain is flipped toward the protein corc, was noted in SO4"'-

bound CheYl (Fig. 2.5). Such rearrangement is very likely induced by the charge-charge 

repulsion upon sulfate binding. The flipping of Asp53 is stabilized by hydrogen bond 

formation with its own peptide NH (2.85 A), peptide NH of Trp54 (3.47 A), peptide NH 

of Asp8 (3.41 A) and Mg""" (2.44 A). 
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2.3.3 T84A mutant affect CheYl phosphorylation 

The active site residues of ChcY 1 aligned well with those in FxCheY, exccpt for 

the flipping of the Asn55 side chain and the substitution of Thr84 with an alanine in the 

EcCheY scqucncc (equivalent to Ala88 in EcCheY). The side chain of the conserved 

Asn55 in CheYl was flipped to an alternative conformation and was hydrogen bonded 

with the carboxylase Or of Glii85 (2,9 人).The coupling of Asn55 and GluHS has been 

implicated in controlling autodcphosphorylalion (Thomas SA et al.，2008). Sequence 

alignment of CheYs showed that Thr84 is conserved within strains of H, pylori and in 

several species of cpsilon proteobacteria (Fig. 1.10). Thi.84 Oy in the p4/a4 loop is 

hydrogen bonded with BeFj" (3.50 A), which may affccl the phosphotransfer reaction. 

The role of Thr84 in ChcY 1 phosphorylation was investigated by introducing a Thr-to-

Ala mutation. Phosphorylation of CheYl and T84A mutant by acetyl phosphate was 

measured by equilibrium titration (up to 10 mM). The T84A mutant had an 

approximately 4-5-fbld (0.22 士 0.055 mM) lower K,,, value compared with that of the 

wild type (1.07 土 0.31 mM) (Fig. 2.1B). The K,„ value of EcCheY is 3.2 土 0.4 mM 

(Silversmith RE et al.，1997). The lower Km value for CheYl may be due to the 

differences in ionic strength in the experiment performed (200 mM buffer salt used in the 

previous experiment, compared lo 50 mM used in our experiment). 

2.3.4 CheYl does not complement E. coii cheY mutant but restore swarming of 
> 

chcZ mutant 

Although CheYl and RcCheY share high scqucncc identity and structural 

homology, we have noted a major discrepancy at the FliM binding surtacc. The CheY 1 
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structure differs from the EcCheY structure because of the upshift and shortening of helix 

5 (Fig. 2.3A). We hypothesized that this structural difference would lead to a different 

ChcY-FliM interaction in H. pylori. We examined the biological function of wild-type 

and mutant ChcYl in E. coli using a swarming assay. Bacterial swarming ability was 

assessed by transforming pTrc99a vectors encoding CheYl and ClieYl/D53八 into wild-

type E, coli (RP437) and into cheY- (RP5232) and cheZ- (RP1616) null mulanls (Fig. 2.7). 

A control experiment using the empty pTrc99a vector was also conducted. Our results 

showed that expression of CheYl did not restore swarming of the WzeK-null E. coli 

mutant. On the other hand, CheYl inhibited swarming of wild-type E. coli in an IPTG 

concentration-dependent manner, suggesting that ChcY 1 associates with the E. coli 

chemotaxis system. Surprisingly, the expression of the CheYl/D53A mutant, a non-

phosphorylalable mutant, inhibited E. coli swarming but did not affect cell growth. This 

result contradicts earlier study that the expression of the wild-type CheY homo log from A. 

brasilense but not Ihe active site mutant inhibited the swarming of E. coli (Alexandre G 

and Zhulin IB, 2003). Our data suggest that ChcYl/D53A may interact with the 

chemotactic system of E. coli. Interestingly, CheY I, but not CheYl/D53A, partially 

restored the swarming ability of the cheZ-nuW mutant (Fig. 2.7A, B). 
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Fig. 2.7. Swarming motility assay of heterologous expression of CheYl and CheYl-

D53A in E. coli wild type (RP437)，cheZ (RP1616) and c//eF (RP5232) null mutants. 

Overnight culture of cells carrying plasmids were inoculated onto TB -0.4% semisolid 

agar plates that were incubated at 30"C for 7 his. (A) Representative iinagds of the 

swarming rings produced from the expression of pTrc99a (conlrol), CheYl or 

CheYl/D53A in 0.5 inM IPTG arc shown. (B) Mean diameters of the rings are plotted 

against IPTG concentrations. The experiment was replicated for 3 times: •，pTrc99a; 
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HpCheYl; A, HpCheYl-D53A. (C) Protein expression levels of CheYs in E. co/i wild 

type and mutant strains were probed by anti-ChcYl aniibody. 

2.3.5 CheA-P2 preferentially interacts with CheYl 

Chemotactic pathway of H. pylori is featured with the presence of a CheY-likc 

domain fused to CheA (CheAY2) and three CheV proteins. An in vitro experiment 

showed that CheA displayed a higher preference for CheY 1 than CheY2, but had the 

lowest preference for CheVs (Jimenez-Pearson MA el al., 2005). The P2 domain in Che八 

consists of a docking site for response regulators and serves to increase the rate of 

phosphotransfer by concentrating CheY near PI (Jahrcis K el al., 2004). We siispecied 

that the binding affinities of response regulators for ChcA-P2 would conlnbutc to the 

differential rate of phosphotransfer in II. pylori. Interaction of ChcA-P2 with CheY and 

ChcVs proteins was investigated by a pull-down experiment and by gel fillration analysis. 

Recombinant ChcA-P2-Hisx, CheYl, CheY2，ChcVl, CheV2 and CheV3 were purified 

to greater than 95% purity. CheA-P2 was immobilized on Ni-NTA resin, followed by 

incubation with CheYs or CheVs. As shown in Figure 2.8A, only CheY! was shown to 

interact with CheA-P2, suggesting that CheYl is the sole interacting partner of CheA-P2. 

The interaction between CheYl and CheA-P2 was further investigated by gel fi lira lion 

analysis. CheA-P2 and CheY 1 were eluted at 14.57 ml and 16.05 ml, respectively, when 

run individually. When the two proteins were mixed and then subjected to the gel 

fillration analysis, the elution profile was shifted to 12.89 ml. Complex formation was 

further verified by SDS-PAGE analysis (Fig. 2.8B). Our results suggest that CheY 1 

formed a stable complex* with CheA-P2. When Ihe experiment was repealed with CheV3 

and ChcA-P2, the elution profile of the CheV3/CheA-P2 mixture did not change as 

*coiTiplarcd to the elution profiles of the individual proteins (Fig. 2.9A). 
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Fig. 2.8. Interaction study of CheA-P2 and CheYs/CheVs. (A) Purified CheA-P2 in 

0.1 mg/ml was immobilized. Response regulators in 1:1 molar ratio to CheA-P2 were 

then added and incubated al 4'̂ C for 1 h. After washing, the beads were boiled al 9()"C 
I 

and loaded onto SDS-PAGE. (B) Elution profiles of CheY I (lower panel), P2 (upper 

panel), CheYl-P2 complex (middle) separated by 10/30 Superdex 200 size exclusion 

chromatography. The elution volume is indicated above the graph. The elution volume of 

P2, CheYl and CheYl-P2 complex are 14.57 ml’ 16.05 ml and 12.89 ml respectively. 
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Fig. 2.9. CheV3-ChcAP2 interaction. (A) Elulion profiles of CheAP2 (upper panel), 

CheV3 (lower panel), and CheV3-CheAP2 complex (middle) separated by 10/30 

Superdcx 200 size exclusion chromatography. The elution volume is indicated above the 

graph. (B) Electrostatic surface representation with contour level 土 3 kT/e showing the 

a4/p5/a5 surface of modeled CheV3 C-terminal domain (CheV3() and CheYI (Modeller). 

Coloring scheme: Blue, electropositive surface; Red, cicclronegalive surface; White, 

electroneutral surface. 
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2.4 Discussion 

Here the crystal structure of activated CheYl from H. pylori is reported. The 

activated form of CheYl by bcryllofluoride was verified by fluorescence quenching 

experiment and pull down assay with FHMNM. CheYl shares high structural homology 

with EcCheY, but distinctive features were observed at the active site pocket and the 

motor binding surface. We noted that residue Thr84 is important to CheY1 

phosphorylation. Besides, we found that CheYl cannot complement the biological 

function of c/zt^Kmutant but can restore the chemolactic behavior of cheZ mutant. CheYl 

also preferably interacts with CheA-P2 domain. 

The T84A muianl decreased the Km value of acetyl phosphate binding by 4 - 5 

fold compared with the wild-type, suggesting Thr84 is imporiani lo phosphorylation of 

CheYl in H. pylori and related species. The K,„ value is derived from the binding 

constant and rate constant {Km^Ks ks / A'2). A lower K,„ value could be due to an increase 

in the binding affinity between CheY and the phosphodonor (smaller K � � , a faster rale of 

phosphorylation of bound CheY (larger kj) or a slower rate of aulodcphosphoi^lalion 

(smaller ks) (Silversmith RE ct al., 1997). It has been reported thai Ala88 in EcChcY 

cannot be substiiuled with amino acid residues with long side chains (Smith .)(] et al.， 

2003). Multiple sequence alignment from various response regulators showed that Thr84 

is most frequently replaced by small residues, including Ser, Ala and Gly, and more 

rarely by hydrophobic Val and lie (Thomas SA el al., 2008). The structure of 

ChcYl/T84A with S04^' bound was almost identical to the wild-type (RMSD( „ = 0.1 A), 

suggesting that the mutation would have no cffecl on backbone orientation. No 

significanl difference around the active site pocket was observed when comparing the 
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surface electrostatic potential of wild-type CheY1 and the 丁84A mutant. A more 

electronegative surfacc was observed in the T84A mutant due to the exposed negative 

charge of (>y of Thr83 (Fig. 2.10). Future study of the T84V mutant would provide 

insight inlo the role of the hydroxyl group in phosphorylation. 

A B 

iN55 

Fig. 2.10. Electrostatic surfacc representation with contour level 土 5 kT/c showing 

the active site pocket of SO/'-bound CheYl/T84A (A) and SO? -bound ChcYl (B). 

The position of S O , is shown as stick. Active site residues are labeled. Anow indicates 

the differcncc on the electrostatic surfacc between ihe two structures (see text). 

Electrostatic surface were calculated using software APRS (Baker NA ct al.，2001). 

Ligands were not included in the calculation. 

In our study, ChcY 1, but not CheY]/D53A, restored the swarming ability of the 

cheZ-nuW mutant. Heterologous expression .of CheY homologs from R. sphaeroidcs 

partially restored chcZ-nwW mutant swarming, suggesting thai CheY, with no motor 

binding affini^, competes with EcCheY for phosphate (Shah DS el al.，2000).It is 

possible that phosphorylation ability is nccessary to bring the riin-to-tumble ratio of the 
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cheZ-wuW mutant close to thai of the wild lypc. Wild-type ChcY 1, but noi the D53A 

mutant, was able to receive a phosphate from EcCheA to modulate the concenlralion of 

FxCheY-P, therefore controlling the run-lo-lumble ratio. Similar effects have also been 

observed in heterologous gene expression experiments using CheV2 and CheV3 (Pitlman 

MS el al., 2001). CheY1 failed to restore swarming of the chcY-wuW mutant, suggesting 

that CheYl docs not interact with EcFliM even though ChcY 1 can be phosphorylated by 

EcCheA. 

Sequence alignment between CheY I and FxCheY suggested thai the hydrophobic 

residues in a4 and p5 thai are involved in FIIMNM binding are either identical in the two 

proteins or are replaced by residues with similar amino acid properties (Fig. 1.10). 

However, salt bridge formation between the residues in helix 5 and the EcFliM peptide 

was disrupted (between the Aspl2 06 of EcFliM-Lysl 19 and Ni； of FxCheY and 

between the Asn 16 carboxylate of EcFliM-Lysl22 and N^ of EcCheY) (Lcc SY et al., 

2001). Although Lysl 19 of FxCheY is conserved in CheYl (Lysl 15), the upshift ot helix 

5 causcd displacement of Lys by a distance of approximately 4.4 A (the distance between 

the Ca atom of Lys 115 in CheY and that of the equivalent Ca in FxCheY). Additionally, 

it was noted that the FliM-interacting a4/p5/a5 surface is more hydrophobic in ChcY 1. 

Specifically, the corresponding position of Lys 122 in EcCheY is occupicd by Vail 18 in 

CheYl (Fig. 2.3A). Results of pull down experiment from us and from Lowcnlhal AC et 

al., (Lowenthal AC ct al., 2009) showed that ChcYl-FliM interaction could be delected 

only if the concentration of KCl in the binding buffer was higher than 250 inM, while 

FcCheY-EcFliM interaction was delcctcd with no NaCl / KCl added (Wadhams GII 

and Aimitage JP, 2004). We speculated that the ChcYl-FliM interaction would involve 
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more extensive hydrophobic interactions. Sequence alignment of II. pylori FliM and 

EcFliM revealed that the N-lerminal fragments responsible for the interactions with 

CheY differ by four residues (G2A, S4-Je/,八9E and N16E). It is likely that the ChcY-

FliM interaction in //. pylori would be different from thai in E. co/i. 

CheY 1 but not other response regulators bind to CheA-P2 in pull down 

experiment. We attempted to identify the surfacc of ChcA-P2 thai interacts with ChcVs 

by homology modeling using Modeller (Sali A and Blundell TL, 2003). CheV3 was 

chosen as the representative of CheV bccausc it shares the highest sequence idcnlity with 

CheY 1. The P2 interaction patch on the a4/p5/a5 surface of ChcV3 was found to be i«orc 

electronegative when compared with those of EcChcY and CheY I (Fig. 2.9B). The high 

binding affinity of ChcY 1 for CheA-P2 observed in the present study is consistent with 

previous results showing that CheA has a greater phospholransfer efficiency to CheY 1 

(Jimenez-Pearson MA el al., 2005). Our data further suggest that the differential 

phospholransfer efficicncy is regulated by the interaction between the CheY/ChcV 

proteins and the CheA-P2 domain. The P2 domain stands out because of its low sequence 

conservation among other regions of CheA, and CheA-P2 only shares 15% sequence 

identity with EcCheA-P2. In fact, the regulation would be complicated in ChcV proteins, 

as the N-terminal ClieW-likc domain may interact with the P5 regulatory domain of 

CheA and affect the phospholransfer activity. How Ihis inieraction affctis llie 

phosphotransfer reaction remains unclear. Structure determination studies of otiier CheY-

like domains and of their complexes with CheA would help to unravel the complex 

regulatory mechanisms underlying the chemotaclic network in //. pylori. 
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Chapter 3 

Structure determination of F I i M m and characterization of FliM-FliG interaction 

3.1 Introduction 

FliM is a switch protein tor rotational switching. Upon ChcY-binding at the N-

terminus of FliM (FUMN), the activation signal is transmitled lo the middle domain 

(FliMM) on which FliG directly binds. The C-terminal domain of FliM (FlilVl(-) provides 

the docking site for the assembly of FliN ring. FliM( is also important for switching as 

FliMc and FliN undergo conformational change during the event. Recent study has 

demonstrated thai deletion of FliM showed non-flagellale phenotype. FliM is able lo bind 

CheY-P and a CW-bias mutant has been isolated on residue R54 of FliM (Lowenhal AC 

et al., 2009). These observations suggested that the function of FliM in //. pylori in motor 
、‘ ‘ 

switching is similar to other bacteria. On ihe other hand, aherence of //. pylori to gastric 

epithelial cells is rcduccd in fliM mutant suggesting this gene is crucial in gastric 
、 、 

infection (Zhang ZW et al., 2002). 

To give a further detailed iinderslanding about the structure and fund ion of FliM 

in H. pylori, we have solved the structure of FliM from H. pylori and studied its 

interaction with FliG. Mutagenesis sludy was also conducted to map ihc FliM-FliG 

binding interface. Structural comparison with FliM Irom T. maritima revealed variations 

on llie secondary structure and conformational differences on FliG binding surface. 
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3.2 Materials and methods 

3.2.1 Cloning, expression and purification 

FliM (I1P1031) middle domain (FIIMm, residues 43 — 237) and FliCi (HP()352) 

were cloned into pGEX-6p-1 and pRT28m-his6-sumo 1 vcclors, respectively. Cloning and 

mutagenesis (FliMijgYDQMi/AAA，K136A and K136D in pGEX-6p-l) studies were 

conducted according to previously described procedures (Section 2.2.1，Table 3.1). 

Protein expression and purification procedures were performed as described (Scction 

2.2.1), except that HiS(,-sumol tag of FliG was not removed for pull down experiment. 

Instead, the protein was cluted with 150 mM Imidazole in Ni-NTA chromatography. 

Buffer conditions are summarized in Appendix 3.1. 

Table 3.1. Primers used for the cloning of FliM and mutants. 

Primer N a m e Primer Sequence (5，- 3') 

FHMm - F catatgggatccatgaaacgccctaatcglgtgagtaaggagc 

FliMw - R catatKgtcgactcaaaecatcaaatccctactccccatttt 
FliG F ggggggfifiatccatggcaaccaagcttaccccc 
FliG - R ggggggJClcgacctaltcaatgacatcttcctctlcaccg 

FliMK,36A-F gallgacagactattugggggtgcggggagcgcgta 
FI>MKi3fiA-R tacgcgctccccgcaccccctaatagtctgtcaatc 
FliMKijftirF gattgacagactattagggggtgalgggagcgcgtatg 

FliMKiM>D-R catacgcgclcccalcaccccctaalaglctgtcaatc 
FliMvoo-F clatlaggggglaaggggagcgcggctgctgcaaacagggaglttagcgatattga 
FliMyrxj-R tcaatatcgctaaactccctgntgcagcagccgcgctccccttaccccctaatag 

Restriction Site 
B a m HI 
Sail 

BamHI 
Sail 

3.2.2 Nickel pull down experiment 

30 |il nickcl-NTA resin was pre-equilibratcd with binding buffer 150 mM NaCI, 

20 mM Tiis pH 7.0, 20 inM imidazole, 2 inM P-mercaplocthanol and subsequently 

immobilized with Iliso-sumol-FliG by incubation at 4" for I hr. FHMM or FHMM mutants • 

were added to FliG-boundcd beads (molar ratio FIIMm : FliG = 2 : 1 ) and incubated al 

4"C for 1 h. After washing with binding buffer for 3 times, the beads were boiled with 

loading dye at 99"C for 5 min and loaded lo SDS-PAGE for analysis. 
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3.2.3 Size exclusion column chromatography 

Purified FliG and F U M m in a molar of ratio I : 1.5 were incubated on ice for 30 

mins. F H G - F H M m complex was analyzed by size exclusion chromalography ‘ Supcrdcx 
/ 

200 column. 

I 

'3,2.4 Crystallization conditions of F U M m " 

Crystallization screening was purfonned as described in section 2.1.7. Diffraction 

quality crystals of FliM^'Were obtained from optimized condition (0.2 M Ammoiiimn 

sulfate, O.IM HEPES pH7.5, 25% PEG3350, 20 mM sodium bromide) at 16"C using 

sitting drop method 

3.2.5 Data collcction and processing 

A 2.2 A X-ray data set for FHMm crystal was collected using in-house X-ray 

generator. Crystallization buffer with the addition of 20% glycerol was used as 
« " 

cryoprolcctant. Data was processed, scaled and rcduccd as described (Section 2.1.8) 

3.2.6 Structure determination and refinement 

Initial phase determination was solved by molecular replaccmcnl using FliM 

middle domain from T. maritima (TmFliMM) as search model (PDB-ID: 2MP7). Structure 

refinement was performed as described in Section 2.1.9. Ramachantran plot drawn by 

PROCIIECK showed that 94.3% of all residues tall within favored regions and the 

remaining 5.7% within additional allowed regions (Appendix 3.2). Orientations of 八sii, 

Gin and His side chain were optimized by MolProbity (Chen VB et al., 2010). 

59 



3.3 Results 

3.3.1 Description of FUMM structure 

In order to study the structure of FliM, \vc initially altempled to ovcrcxpress full 
* 

length FliM in E. coli. However, over 90% of the reconibinanl protein was expressed in 

insoluble fraction (data nol shown). We designed truncations of FliM based on sequence 

alignment and structural information of TniFliMM- Only FliMvi (residues 43 - 237) was 

stably expressed and purified IN considerable yield for crystallization screening. FUMNM 

(residues 1 - 237) was also successfully purified, however, th6 N-tcrminal fragmenl was 

not stable and degradation was observed upon storage. Similarly, in TmFliMNM, ihe 

removal of N-tcrminal 43 residues is required for crystal growth (Park SY et al., 2006). 

Hence, the fragment was not considered for crystallization trial. 

Rod shaped crystals of FUMM was obtained under condition 0.2 M ammonium 

sulfate, O.IM HFPES pH7.5, 25% PEG3350 with additive 20 niM sodium bromide (Fig. 
•A 

3.1). A diffraction data with highest resolution 2.2 A was collected. The crystal belonged 

to primitive hexagonal space group, with unit-cell parameters a = b == 91.27, c = 57.09 人. 

Cell content analysis indicates the presence of 3 molecules per asymmetric unit based on 

calculatcd molecular weight 22.3 kDa, corresponding to a Matthews coefficient V、！ of 

2.05 A'^Da'' and a solvent content 39.94% (CCP4i). The slruciure was solved by 

molecular rcplaccmenl using TniFliMM (Park SY el al., 2006) as a search model and was 

refined lo R = 20.28% and R-free = 26.33% (Table 3.2). Refinement statistics were 

summarized in Table 3.2. The three FUMM molecules within the asymmetric unit arc 

almost identical to cach other (RMSDc,, between chains A - B and A - C arc 0.274 and 

0.244 人，respectively) (Pymol). Electron density of residues 43 — 47, 135 - 143, 231 — 
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237 were missing in chain B and chain C. These fragments are possibly flexible. 

Residues 135 — 143 can only be observed from electron in chain A (Fig. 3.2). The 

following discussion will be mainly based on structure of chain A that contains mosl 

detailed structural information, unless specified (Fig. 3.2C). 

Table 3.2. Refinement statistics for the structure of FIIMM 

Diffraction data statistics 
Spacegroup P31 

Unit cell dimensions (A) 91.27 91.27 57.09 
90.00 90.00 丨 20.00 

Resolution range (A) 35.64 - 2 . 2 (2.28-2.20) 
No. of molecules per asymmctric unit 3 
Matthews coefficient (VM; A'^Da'') 2.05 
Solvent content (%) 39.94 
Number of observations 95893 
Number of unique reflections 26487 
Average redundancy 3.62 (3.59) 
Completeness (%) 98.2 (97.3) 
RmcrKc 0.064 (0.296) 
Mean l/al 12.3 (4.0) 
Refinement statistics 
Resolution ‘ 79.06-2.20 
y?-value / 尺free (5% of data) 20.28 / 26.33 
Rmsd - bond lengths (入） 0.022 

-bond angles (。） 1.857 

Fig. Representative image of F U M M crystals 
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From structural homology search by DALI, TmFliMM and CheC from T, 

maritima (PDB-ID: 2t9z, chain A) (TmCheC) show the highest similarity to FIIMm with 

Z score 26.9 and 19.1, respectively. As previously noted, F U M m structures shared the 

same topology with phosphatase CheC with six anti-parallel p-sheels forming the core of 

the protein (in the arrangement p i -p2 'p3 ' -p3-p2- [3 land six helices wrapping around 

the p-strandcd core. The secondary structure clemenls of F I I M m are arranged as two 

apappa repeats related by pseudo-two fold symmetry (Park SY ct al., 2004，2006) (Fig 

3.2) with a3 - a P loop connecting these two repeats (Fig. 3.2B). 

Comparing the structures of FHMm and TmFliMM, the a helix and p-sheet arc well 

aligned except p3 is lengthened by 3 residues and a2' is replaced by loop in FiiMvi (Fig. 

3.3). The secondary structure of the corresponding a2’ region in TmFliMM is a 3i() helix 

(STRIDE, Frishman D & Argos P, 1995). In TmFliMM structure, 4 residues close to the 

well conserved GGXG motif, is missing from the.electron density (135G-P138 in 

TmFliMM) map, these residues can only be reviewed from chain A (135G - N143 in FliMvi) 

suggesting this region is likely flexible. TmCheC contains two well conserved EXXN 

motif in a l and a l ’ of both active sites participated in the dcphosphoiylation of ChcY 

(Park S Y et al” 2004). Despite F U M m and CheC share similar fold, this motif is not 

identified in F H M M structure. A different set of residues was found lo be conserved in al 

o f F H M m b u t n o t in a l ’ ( F i g . 3 . 3 ) . 
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C Y140 一 

0 1 3 4 

Fig. 3.2. Overall structure of FIiMm. (A) Three molecules of FliMvi are found per 

asymmetric unit； chain A, B and C are shown in discrete colors. Loop region that can 

only be built on chain A is marked by an arrow and the corresponding missing region is 

marked as dashed line in chain B and C. (B) The secondary structures of FliMvi are 

organized as a(3appa repeat. Three helices and three beta sheets at the first halve of the 

structure are colorcd in green and yellow, while the corresponding structure in second 

halve are colored in cyan and orange，respectively. The position of a2’ (replaced by loop 

in our structure) is marked. Note that the two repeats are related by two-fold symmetry in 

the axis perpendicular to the page. a3-(il ’ loop connecting the two halve is colored in red. 

(C) 2Fo-Fc electron density map of FliMvi structure al contour level 1.0 o showing a3 -

a1 ’ loop (residues G143 - R144) of chain A. 
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Fig. 3.3. Comparison of the FUMm with T i u F I I M m ( T M M ) and TmCheC (CheC). (A) 

Mutiplc structural alignment was performed by MatchMaker Tool in Chimera. Secondary 

structure element was assigned by STRIDE, and the legend of secondary structure icons 

is shown (box). Inset sequences in logo format showed the conserved residues at a\ 

(residues 58 — 65) and a3 -a l ’ loop connecting the two halves of the structure (residues 

134 - 144), Differences between FlilVUi and TmFliMM secondary structure arc boxed 

(purple). Residues missing from the chain B, C and TrnFliMvi are shown under the 

sequence and colored green. Conserved HXXN motif in al and a l ' of CheC is indicated 

as red box. ( B ) Superposition of FHMM (green), TmFliMM (magenta) and TmCheC 

(white) structures, highlighting the major secondary structural differences at a2' and p3. 

The alignment is generated by aligning 148 atom pairs (selected by MatchMaker Tool) 

between TmFliM and FIIMm and 48 atoms between TmCheC and FUMm with RMSD 

values 0.998 A and 1.060 A, respectively. � 

Alignment of FliM sequences shows that most conserved residues arc clustered 

around three exposed surface regions. The first patch is localized close lo a3-ar loop 

and includes residues at C-lerm of a l , a3 and N-tcim of al’ . The second patch is at the 
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side of FliMM, mainly includes residues on the helices and loops around a2 and a2\ The 

third region is on the opposite side of a2 and a l ' . The remaining conserved residues are 

scattered around Ihe bottom of the domain, including residues on a3', N-term of al and 

P2-P3 loop. Residues around a l ’ are least conserved (Fig. 3.4). The importance of these 

regions for the interactions of FliMvi will be discussed. 

N'aruble 

Fig. 

(lliLU 

FIIMM analyzed by Consurf 3.4. Sequence conservation of 

//consurf Jati.ac.il/). The alignmenl is generated as in Fig. 1.5. Cartoon of F U M m is 

colored according to conservation scores following coloring schcme of the software. 

Residues with conservation scores 8 and 9 on the protein surfacc arc shown as spheres 

and arc labeled according to H. pylori sequence. The conserved residues are grouped into 

4 regions, each region are differently colorcd. Positions of a2' is labeled in green. 
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3.3.2 FliMvi-FliG interactions 

FliM-FliG interaction identified in E. coli and S, typhimurium is presumably 

conserved among all bacterial species. To verify that FliM also binds lo FliG in II. pylori, 

purified FIIMM was incubated with untagged FliG in 1.5:1 molar ralio and the complcx 

was separated by size exclusion column chromatography. Figure 3.5 shows that FIIMm 

was co-eluted with FliG, while excess FHMm was eluted in later fractions, suggesting thai 

FliG-FliMvi formed a stable complex (Fig. 3.5). 

65 66 67 68 69 70 71 72 73 74 75 84 85 86 87 88 89 
kDa 

FliG 36 

FI'IMM 2 2 - — 一 • 錄 雄 麵 • ^ 一 、 一 一 一 《 爹 一 一 

Fig. 3.5. Purification of FliG-FliMM complex by size exclusion column 
chromatography. Each elution volume (ml) is indicated above the figure. 

3.3.3 FliMMi.i9YDQi4i/AAA triple mutant impair FlilM-FliG interaction 

As discussed in Section 1.2.3, regions close to GGXG motif of FliM in E. coli and 

S. typhimurium arc important for FliG interaction (Park SY el al.’ 2006). The a3-al ’ loop 

connccling the two symmetry halves of FliMvi is flexible with variable length and 

different characters of amino acids. To test if these variable residues are involved in FliG 

interaction, Lysl36 within the 134GGXG137 motif was mutated to Ala and Asp as well as 

139YDQ141 was mutated to 139AAA141. From the resull in Figure 3.7, pull clown of FHMm 

was significantly reduccd in 139YDQ141/AAA but not K136A and K136D mutants. This 
4 

suggests that the side chains of 139YDQ141 likely contributed to FliG interaction. 
r 
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Fig. 3.6. Pull down of FUIVIM or FIIMM mutants by His6-suinol-FliG. His6-sumol-

FliG or His6-sumol were immobilized on Ni-NTA beads followed by incubation with 

purified F U M m or F H M m mutants in 2 : 1 molar ratio. Note lhal Ihe band corresponding lo 

FliMvi ( � 2 2 kDa) is significantly diminished for i.̂ yYDQ141/AAA mutant. 
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3.4 Discussion 

FliM-FIiG interaction is crucial in rotation and switching of bacterial tlagcllum. In 

the present study, the structure and ftinction of FliM in //. pylori arc investigated A 2.2 入 

crystal structure of FliMvi was determined. FHMM shares high structural homology to 

TmFliMvi despite subtle differences in the arrangement of secondary structure are 

observed, FliM-FliG interaction was further verified by size exclusion column 

chromatography. By using mutagenesis studies, it was noied thai the i;5C)Yr)Qi4i/AAA 

triple mutant disrupted the FliMM-FliG interactions. 

By sequence alignnienl we idcnlified a highly conserved duster of surface 

exposed residues localized around (i3 -al，loop (Region I) (Fig. 3.4). The lack of electron 

density in this solvent exposed loop in TmFliMM and FiiMM (chains B and C) implied 

that the loop likely adopted multiple conformations. Independent studies supported that 

this exposed surface is close to FliG binding region. Mutanls isolated around this region 

lead to Mot" (non-motlile) phenotypc or suppressed FliG mutations in ycasl two hybrid 

studies (Sockctt II ct al.，1992; Passmore SE et al.，2008) (Table 3.3 and Fig. 3.7). 

Among them, LI33, G134, G135, SI47 arc highly conserved; 1149 and SI84 are 

conserved but distinct in II. pylori', R131, D141, D148 arc variable. These residues arc 

located at the periphery of a3. Insertion of Pro lo conserved (KiXG molif to GPGXG is 

non-motile (Mathews MA ct al., 1998), supporting that FliM-FliG interacting surface is 

locatcd around a3 to aT . 

Variable residues located around this region may be conlribuied to the variations 
、 

in FliM-FliG binding interface among different bacterial species. The residues in the 

flexible loop are variable in terms of length and character of amino acids. We identified 
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i4oYDQi42/AAA triple mutant impaired FliG-FliM interaction in pull down assay. The 

mutation unlikely causes change on the backbone of secondary structure (Fig. 3.7). The 

side chain of these residues may mediate FliG-FIiM interactions. 

Slruclural comparison of F U M m and TmFliMvi shows the clitTcrenl orientations of 

a3 -al ‘ loop. Interestingly, the distinct arrangement of three highly conserved residues, 

D130, R144, E150, leads us to propose that these residues may help to mediate I he 

flexibility of the loop. In FliMvi, side chain of R144 is pointing towards a3 by forming 

salt bridge with D130 and El50. Displacement of a3 -ctl’ loop is observed in TmFliMvi 

such that side chain R144 is pointing al，. We spcculalc that these residues may help to 

coordinate the movement of the loop and may be importanl for FliG binding. Further 

mutagenesis studies will be performed to investigate the importance of these conserved 

residues on FliG interaction and their effects on motor switching. 

Residue STY/ECO suppressor Mot “ Consurf (score) 
R131 
1 m 

CilM 

Asn 
\Hu： 
Gly 
jGiy 

T 

Table 3.3. Surface exposed residues of FliM on Region I Important for FliG binding 

(Sockett H et al., 1992; Passmore SE et al., 2008). Equivalent residues in E. coli (ECO) 

or S, typhimufium (STY) are indicated Mutations that lead to nonmotile (Mot) allele or 

suppress FliG mutation in yeast two hydrid assay (suppressor) are summarized. Coloring 
f 

scheme: Highly conserved residues, brown; conserved but unique in H. pylori orange, 

less conserve,' shaded yellow. The conservation score is indicated (Consurf). 
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Fig. 3.7. Residues important for FliG interaction are mapped on the structure of 

FHIVIM. Residues are colorcd according to Table 3.2 

Fig. 3.8. Comparison of FIIIVIM (green) and TrnFliMvi (cyan) reveals different 

arrangement of DUO, RI44, E150 (D128, R14I, E147 in TmFliMM). Salt bridge 

formations are indicated as dashed lines with the distance shown in 人. 

Another grouplof conserved duster of residues gathered around regions II and III. 

Crosslinking studies suggested that these regions mediate FliM-FliM subunit interaction, > 

including residues S58 and R65 on a l , 178 on al-fil loop, M96 on a2, V188 and Q190 
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on a2，-p2’ loop. Wc noted Iwo differences in this region when comparing the structures 

of FIIMM with TMFLIMM. Firstly, a2' in TmFliMM is replaced by a loop in FHMM, and is 

more closcly packed against a symmetry molccule in the crystal latlicc while the 

corresponding region is exposed in FHMM (Fig. 3.9). This suggests that oi2’ may undergo 

loop - helix transition during protein-protein interaction. A similar loop-helix difference 

is observed when comparing a2 from the two chains of CheC in CheC-ChcD complex 

structure (PDB-ID: 2F9Z). Secondly, the electrostatic surface potential on al of F H M m is 

notably more electropositive than that* of TmFliMvi (Fig. 3.10); while ihe surface 

potential of a2-a2' of bolh structures is more or less cicctronegalive. This may crcale a 

different binding interface between adjacent FliM molecules in H. pylori. A recent study 
f 

identified a CCW biased mutant R54C of FliM in H. pylori. R54 is located at a fairly 

conserved region in the N-term of al connecting CheY binding site. Mutation of this 

residue may affect the transmission of conformational changcs upon CheY binding to 

FHMm . Or the mutation may affect the interaction between adjacent FliM molccules and 
^ t 

i：- * 

therefore ihe signal transmission within the switch complex (Lowenthal AC el al., 2009). 

Motor switching is believed lo' involve the binding of CheY-P lo FliM and causes 

subsequent conformational changc of FliM propagated to FliG. CW and CCW bias 

mutations has been mapped on the structures of FliM and highlighted a distinct pattern 

(Park SY et al., 2006). Recent studies also suggested that FliM binds to two distinct 

regions of FliG, however the FliM-FliG binding intcrfacc at these iwo distinct regions has 
i 

not been well characterized. One of the interface at the middle domain of FliG is 

dominated with charged residues — EHPQR motif, while the other inleiface is 

hydrophobic (Brown PN ct al., 2007). It is possible that FliM utilizes an overlap but 

» « 
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distinct surface around a 3 - a r loop lo interact with Iwo regions of FliG. Further 

experiments on these binding interfaces will be required lo help us lo understand the 
i 

switching mechanism. 

In summary, the overall folding of FliM is conserved among thermophilic 

bacterium T. maritma and mesophilic bactcrium II. pylori. FliM shares the same binding 

surface for FliG interactions as in other organisms. Variable residues and surface 

properties on FliM may contribute lo binding specificity and affinity with its interacting 

partners. Further studies will be focused on mapping the role of flexible a 3 - a r loop 

(especially residues D130, R144, and E150) in FliG interaction and motor switching. 
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Fig. 3.9. Structural alignment of TrnFliMvi (magenta) and F H M m (orange) 

comparing the interface between a2' and the symmetry inoleculcs. Symmetry 

molecules of TinFliMvi and F U M m are colored in liglil pink and yellow, respectively. 

Residues participated in ihc interaction between TrriFliMM and ihe symmetry molecule 

around a2' arc shown as sticks and labeled. No interaction between FHMM and the 

symmetry molecule is observed in the corresponding region. 

Fig. 3.10. Electrostatic surfacc of FUIVIM (left) and TniFliJVlvi (right) highlighting the 

different cicctrostatic potential of region around a1. Electrostatic surfacc polenlial is 

calculated by APBS, and displayed with contour level ±3 keT. 
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Chapter 4 

Structure of FliG provides insight into the switching mechanism 

4.1 Introduction 

The rotation of bacterial 11 age Hum is driven by a unique bidirectional motor that 

allows bacteria to respond to the environmental stimuli. For most bacteria, like K. coli 

and S. typhimwium, there are two distinct swimming behaviors. Bacterium runs when 

the moior tunis countcrclockvvise (CCW), and tumbles when it rolales in clockwise 

(CW) direction. The core of the rotary device is composed of a transmembrane slalor 

MotAjB: complex and a rotor formed by rings of protein oligomers (Kojima S & Blair 

DF, 2004). Accumiilaied studies using biochemical, biophysical and genetics 

approaches have proposed a model for flagellar rotation. Protons flow through 

M0IA4B2 complex will neutralize a wcll-conserved aspartic residue on the 

transmembrane helix of MolB (Kojima S and Blair DF, 2001). This proton flow 
1 

subsequently induces a conformational change of ihe cytoplasmic domain of Mot A, 

which exerts torque on the rotor. Switching of rotation between CCW and CW 

directions is regulated by ihe binding of the chemotaclic response regulator, 

phosphoiylated ClieY to FliM and FliN (Welch M el al.，1993). The binding is ihoughl 
-V 

lo alter the coiiformalion of the C-lerminal domain of FliG which electrostatically 
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interacts wilh the cytoplasmic loop of MolA (Zhou J et al., 1998; Brown PN el al., 2002, 

2007) 

The crystal structure of full length FliG recently resolved in A. aqeoUcus (AaFliG) 

reveals that the protein possesses three domains FIIGN, FHGM and FliGc, each of which 

exhibits specific interaction with other motor proteins (Lee LK el al., 2010). FUGN is 

responsible lo anchor the whole switch complex to FliF whereas FMCim carries 

conserved EI IPQR motif for FliM interaction thai mediales flagellar assembly and 

rotational switching. FliGc is further divided into two sub-domains: an Armadillo 

repeal motif (ARMc) and a six-helices of unique fold F l i G � , u’ at the N- and C-termini, 

respectively. A R M c is characterized by a conserved hydrophobic patch that was shown 

to bind FliM (Brown PN el al., 2007; Grunenfeldcr B el al., 2003; Passmorc SE el al., 

2008; Paul K et al.，2011). Three conserved charged residues in helix 5 of FliGcui-6 

interact complementarily with MotA and participate in the slator-rotor association 

during torque generation (Zhou J ct al., 1998). Connection between the three FliG 
r-

domains arc made by ivvo �20-residue long hcliccs ilelixNvi (for FUGN and FHGM) and 

HELIXMC (for FHGN and FLICJM). Three other loop regions related to switching were 

identified when compared the AaFliG with FHGMC from T. mantma (TmFliGMc ). They 

are LoopM-connecting FHGm lo HelixMc, Loopc - connccling HelixMc lo FliGc and 
‘ ； ^ 

carries conserved GlyGly motif, and M F X F motif - connecting A R M c to FliGcu卜(,（Fig. 
. « 
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4.4A) (Brown PN et al” 2002; Minamino T et al., 2011). Rotational bias mutations have 

been mapped onto these linker regions (Irikura VM el al., 1993; Van Way SM et al., 

2004)，suggesting that the switching mechanism does noi localize on one specific 

region, rather, it may involve a considerable structural movement of FliG molecule. 

The structure solutions of FliG inevitably set a milestone in understanding ihe 

architecture of motor switch complex, however, how FliG assembles into a torque ring 

« 

and how it undergoes conformational changes during motor switching remains 

controversial. 

Flagellar rotation is a stepping motion and involves 26 steps per revolution in boih 

CW and CCW rotation, despite differences in torque-speed relations (Sowa Y ct al., 

2005; Nakamura S et a l , 2010; Yuan J el al., 2010). It has been proposed that 

conformational change at FliG C-terminai domain may be responsible to the 

symmetrical rotation. This was reasoned as MotA4B2 complex with transmembrane 

helices would be less mobile for structural changes whereas FliGc domain is relative 

isolated in the crystal structure and be susceptible for molecular movement (Nakamura 
% 

� S et al., 2010). In this context, assuming each FliG domain is a rigid body, the 

conformation of FliG in CW and CCW rotation would then depend on the relative 

orientation of individual domains connected by the flexible loop. To explain the 

symmetrical rotation, Lee LK et al., suggested a switching model that coordinated 
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movement of HCUXMC and M F X F motif would lead to reverse arrangement of charges 

in the C-tcnninal domain (Lee LK el al.，2010). The involvement of IlelixMc in 

switching event was also highlighted in Minamino T et al.,'s study, as HelixMc was in a 

distinct orientation in the crystal structure of CW-biased APAA deletion mutant 

(Minamino T et al.，2011). Still, how individual domain, in particular FliGc, is 

re-oriented during switching events remains unclear. 

Deletion mutants of FliG in H. pylori (HpFliG) showed non-tlagellate phenolypcs 

(Allan E el al.’ 2000). In previous chapters, we evidenced HpFliG binds to FliM and 

FliM binds CheY-P. These studies suggested that both of HpFliG and FliM exhibit 

similar functional roles as their counterpart in £. coli (Lowenlhal AC et al., 2009; Lam 

KJlet al.,2()10). 

In this study, HpFliG - FliF interaction was tested and structures of two HpFliG 

fragments were examined. Surprisingly, we observed a 180" molecular rotation of 

FliGc, which help us to explain and delineate the symmetrical torque generation 

process in both CCW and CW directions. The existence of multiple conformations 

FliGc was further evidenced by in vitro cysteine cross-linking experiments and the 

relevance to rotational switching was reviewed by in vivo mutagenesis studies. 
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4.2 Materials and methods 

4.2.1 Strains and plasmids 

HpFliG, HpFliGMCi (a.a. 86-343), HpFliGwc: (a.a. 116 - 343), HpFIiGN (a.a. 1 -
'I 

115)，HPFHGNM (181 - 343) and FliF C-terminal domain (FliF(-) (HP0351, residues 

484 - 567) fragments were amplified from H. pylori genomic DNA 26695 (ATCC). 

IIpFliG, HpFliGisi, H p F H G n m and HpFliG.Mc: were cloncd into pC3EX-6p-l while 

HpFliGMci and FliFc were cloned into pAC28m (Kholod N & Mustdiii T, 2001). FliG 

from £. coli (EcFliG) was amplified from strain RP437 (gift from Parkinson JS) 

genomic DNA and cloned into pTrc99a vector for complementation. Construction of 

HpFliG mutants for GST pull down, cysteine cross-linking and EcFliG for in vivo 

assays were performed using QuikChange site-directed mutagenesis kit (Stralagene) 

according to manufacturer's protocol. All sequences were verified by commercjal 

sequencing service (BGl). For complementation, pTrc99a-EcFliG and its various 

mutants were individually transformed into E. coli AjliG strain DFB225 (gifts from 

Blair D) (Lloyd SA et al., 1996). 

4.2.2 Protein expression and purification 

HpFliG, truncations and mutants were transformed into E. coli strain BL21(DE3) 

and protein expression was induced when ODboo � 0 . 4 - 0.6 with 0.3 mM IPTG Cells 
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were cultured overnight at 20 - 25"C. Proteins were purified by affinity 

chromatography and gel filtration under standard protocol as described in Scciion 2.2.1. 

Procedures for co-purification of HpFliG-FliMxi and HpFliG.vici-FHMvi were as 

described in Section 3.2.3. For co-cxprcssion of HpFliGN and FliFc, plasmids were 

co-transfonncd into BL21 (DE3). Cells were growth under 20°C for 16 hrs after 0.3 

inM IPTG induction. Co-purificalion involves two-step affinity column 

chromatography - Ni-NTA and GST chromatography - and gel filtration. Buffer 

conditions for the purification process are summarized in Appendix 4.1. 

4.2.3 Pull down assay 

His-sumol-FliG - FHMM interaction assay was described in Section 3.2.2. For 

GST pull down assay, GST-IIpFliGvic2 and GST-HPFHGNM 3 0 )il G S T resin (GE 

Healthcare) was pre-equilibrated with buffer 200 mM NaCl, 20 mM Hepcs pH 7,5, 4 

mM DTT, 0.2 mM PMSF, 0.2 mM benzamidine. GST-HpFliGMC2 and -IIpFliCjNM 

were incubated with the resin for 1 hr. FIIMM (in FliG : F H M M = 1 ： 1.5 molar ratio) was 

incubated with the bounded beads for an additional 1 hr. After washing, the beads were 

boiled with SDS-containing loading dye and loaded onto SDS-PAGE. Pull down of 

FIIMM was further confirmed by immunoblotting using polyclonal rabbit-anti-FliMM 

antibody (Antibody Production Service, The Chinese University of Hong Kong). 
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Procedures for nickel pull down HpFHG / mutants by FliMNM-IlisH were described 

in Section 2.2.2.2 with modifications. Binding and washing buffer was 150 mM NaCl, 

20 mM Imidazole pH 7.5, 0.15% Tween20. HpFliG / mutants were incubated with 

immobilized FliMNM-Hiss for 1 hr at 4"C for binding. 

4.2.4 Crystallization and data collection 
I 

Crystals of FUGmc i were obtained under conditions 0.1 M ammonium sulfate, 0.3 

M sodium formate, 0.1 M Tris pH 7.8，1% PGA, 7% PEG80()0 at 2 0 T , using silling 

drop method. Hexagonal-shaped crystals grew to full size at about 1 week. The crystals 

were soaked briefly in crystallization buffer containing 20% glycerol and cooled by 

plunging into liquid nitrogen. Crystals of F H G m c z were obtained under conditions 0.1 

M Hepes pH 7.5，10% PEG6000, 0.02 M spermidine (4:1) at 16"C using sitting drop 

method. Crystals were soaked briefly in cryoprotectant with 15% 

2-mcthyl-2,4-pentanediol. Crystals of FliFc-FliGN were obtained under conditions 1.5 

M ammonium sulfate, 0.1 M Tris pH 8.5，12 % glycerol. 

4.2.5 Structure determination and refinement 

A 3.3人 FLIFC-FHGN, 2.6A FHOMCI and 2.7 A FliGMC2 X-ray datasets were 

t 

collected at beamlinc BL17U Shanghai Synchrotron Radiation Facility (SSRF), China. 
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The data sets were processed using Ihe IIKL2000 and iMosflm package (Otvvinowski Z 

& Minor W, 1997; Leslie AGW, 1992), scaled and reduced with SCALA from the 

CCP4 suite (Collaborative Computational Project, 1994). Crystals of FliF( -FliGN, 

FliGvici and FUGMC: were in the P3i, P65 and C2 space group, respectively. FliGvici 

and FliGMC2 were solved by molecular replacement using FliG from A. aeolicus 

(PDB-ID: 3HJL) as a search model. Molccular replacement program Phaser (McCoy 

AJ et al.，2005), in the CCP4 suite, was used with data in the resolution range 15 2.8 A. 

Initial model-building was performed by ARP/wARP (Langcr G ct al., 2008). Rounds 

of refinements and manual rebuilding were performed using programs REFMAC and 

COOT (Emsley P et a l , 2010). Co-ordinates of FHGmci and FliGMC2 have been 

deposited in the PDB (PDB-ID: 3PKR, 3PL4). Figures were prepared using PyMol 

(Delano WL, 2002). Morph structures was calculated using the UCSF Chimera 

package from the Resource for Biocomputing, Visualization, and Informatics al ihe 

University of California, San Francisco (Pcttcrsen EF, 2004). Diffraction and 

refinement statistics arc summarized in Table 4.1. 
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Table 4.1 X-ray statistics for HpFliGwc i，HpFliGvic i (A) and FliFc-HpFHGN 
(B). Values in parentheses are for highest-resolution shell. 

(A) 

HpFIIGmc, llpFliGM<2 
(residue 86-343) (residue 116-343) 

Data collection 
Space group 厂65 CI 

Cell dimensions 

a, h, c (A) 125.5, 125.5,39.8 85.4, 102.6,91.6 

. a , P a n 90.0,90.0, 120.0 90.0, 114.7, 90.0 

Resolution (A) 41.07-2.6. 30-2.7 

(2.74-2.6)" (2.75-2.7)" 

n̂icruc 0.084 (0.435) 0.090 (0.401) 

I/oI 10.1 (3.7) 31.5 (4.6) 

Completeness (%) 99.8(100.0) 100(100) 

Redundancy 4.5 (4.5) 7.3(7.1) 

Refinement 
-Resolution (A) 41.07-2.6 30-2.7 

No. reflections 10695 18550 

ŵork ! f̂rcc 23.41/26.79 22.47/28.12 

No. atoms 
Protein 1,692 3536 
Water 27 32 

丑-factors 
Protein 58.53 46.74 

R.m.s. deviations . 
Bond lengths(A) 0.017 . 0.017 

Bond angles 1.645 1.667 

Ramachandran plot 94.5/4.5/1/0 94.3/5.5/0.2 

Diffraction data statistics 
Spacegroup P31 

Unit cell dimensions (A) 60.10 60.10 85.53 
90.00 90.00 120.00 

Resolution range (A) 33.04 -3 .30(3 .48-3 .30) 
No. of molecules per asymmetric unit 1 
Matthews coefficient (VM; A^Da'') 1.75 
Solvent content (%) 29.64 
Number of observations 10571 
Number of unique reflections 2929 
Average redundancy 3.6 (3.7) 
Completeness (%) 99.9 (J 00.0) 
Rmcrfic 0.109 (0.311) 
Mean l/ol 5.7 (2.8) 
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4.2.6 Swarming assay 

E. coll AJUG strain DFB225 transformed with pTrc99a-EcFliG or ils mutants were 

• t 

grown overnight in LB medium. Cell suspension in 1 pi was spotted onto 0.3% 

Tryptone Broth (TB) soft agar with 0.05 mM IPTG and ampicilin (lOO^g/ml). The 

fi 
diameter of the chemotactic ring was measured after incubation al 30"C for 7 h. 

4.2.7 Swimming assay 

To examine the swimming behavior, overnight culture of the transformed DFB225 

was diluted with 1:50 TB medium. Cells were allowed to grow at 30"C for 1.5 h when 

0.05 mM IPTG was added for induction. Cells were further grown to exponeniial phase 

(ODftoo = 0.4 - 0.6). Cells were pelleted and washed two limes with chemotaxis buffer 

(10 mM sodium phosphate pH 7.0, 0.05 mM EDTA, 1 mM methioine) and diluted to 

ODwk)�（)丄 The swimming behavior was examined under phase contrast inverted 

microscope (Olympus 1X71) and 10 s videos with frame rate 15 frames/s and resolution 

1360x1024 pixels were recorded. Bacterial swimming behavior was analyzed by 

software IinagcPro Plus. Center-of-area (centroid) of each bacterium for each frame 

was automatically, delermined and connected to form a track. X and Y positions of 
« -

centroid were recorded and smoothing was applied to remove ihe fluctuating signals 

due to translational motion of the bacterium or subtle error in recognizing the positions. 

. 84 



Immotile cells or cells with abnormal behavior were manually discarded. The XY 

positions of the tracks were exported into EXCEL. Tracks were further sorted by mean 

velocity, and the top and bottom 10% were discarded lo eliminate the outlincr cells. The 

tracks were then analyzed by fixed-time difTusion method (Lowenthal AC ct al., 2009). 

Briefly, tracks were truncated into 4 seconds. All (X⑴，Y⑴）positions were subtracted 

* 

by (X(0), Y(0)) such thai ail tracks appeared to start from the same origin (0, 0). The 

coordinates was transformed to polar coordinates (r(l), 0(t)) and mean square radius 

<R"(l)> for each time point was calculated. The diffusion exponent a was determined 

from the slope by plotting log<R^(t)> against log(l) according to the equation 

<R^(t)>=Dt" where D is diffusion constant. 

4.2.8 Electron microscopy 

Examination of flagellation was performed using cells grown in liquid culture. 

After washing, cells were fixed with fixative (2.5% glutaraldehye, 2 % 

paraformaldehyde, 50 mM sodium cacodylale pH 6.5). Fixed cells were attached to the 

carbon-coated grid (SPI SUPPLIES) by floating the grid on a drop of ccll suspension. 

Attached cells were stained with 1% phosphotungstate. Flagclla formation was 

examined by Tecnai 12 BIOTWIN TEM (FEI/Philips). 
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4.2.9 • Immunoblotting 

Cells were grown as described above. Protein expression was checked by 

immunoblotting using polyclonal anti-FIiG antibody (Antibody Production Service, 

The Chinese University of Hong Kong). 

4.2.10 In vitro cysteine crosslinking 

Purified protein samples were exchanged with buffer (50 mM Hepes pH 8.0, 150 

mM NaCl) to remove DTT. To start the crosslinking reaction, FliG single (0325C) or 

double mutants (Q325C/R209C, 0325C/R217C, Q325C/S222C’ 0325C/E243C) at a 

protein concentration 0,2 mg/ml was incubated with 0.5 mM Cu""̂  (phenanlhroline) in 

the same buffer at 4"C for 30 min. To quench the reaction, 10 mM EDTA and 20 mM 

NEM was added and incubated for 10 min. For control, 10 mM EDTA and 20 mM 

NEM was added at the start of the reaction without any Cu^^ phenanlhroline. 

For haloalkylation of free cysteine, reactions were set as described above but were 

stopped by the addition of 10 mM EDTA. Each reaction mixture was further incubated 

t 

with 500 nM 5'-lAF (Sigma) at pH 7.4 at room temperature for 2 h. Samples were 

boiled for 5 min and subjected to SDS-PAGE analysis. 
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4.3 Results 

4.3.1 HpFliGiMC2 but not HpFUGMc i impaired FliG-FliM interaction 

Wc have alteinpted to purify IIpFliG (full length) and to scrcen for the 

crystallization conditions. However, no crystal was observed. Elulion profile of HpFliG 

from Supcrdcx 200 showed two close peaks that cannot be separated from cach other. 

The broadened peak may due to self-association or domain movement of IlpFliCi (data 

not shown). Thus, the fragment is unlikely suitable for protein crystallization. lIpFliG 

containing C-terminal and middle domain (a.a. 116 — 343) (HpFliCiMC2) was designed 

according to TinFliGMc sequence (ClustalW). HpFliGvic: contains the conserved 

FHPQR motif and hydrophobic patch both of which are critical to FliM binding. We 

tested HpFliGMC2-FliM interaction by pull down assay using His-sumol tagged or GST 

tagged FliG. To our surprise, the amount of FliMvj captured by FliG was significantly 

reduced in IIpFliGMC2 compared with wild type (Fig. 4.1 A). It may imply that the 

N-terminal region is important to FUMM interaction. Another longer fragment 

composing residues 86 — 343 (HpFliGMci) was designed based on structural prediction 

by Phyre which indicated a compact N-terminal domain that contains 85 residues 

terminated by 84GlyGly85. IIpFliCjMci co-eluted with FliMw through gel filtration 

column evidenced stable HpFliG.vicj-FliMM complex formation (Fig. 4.IB). It leads us 

to propose a yet unidentified region at residues 86 - 115 may be important to FliM 
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binding. Accordingly, we mutated charged or bulky residues (Y88, R95, E100, DI07) 

to Ala and test the interaction of mutant proteins with FIIMnm (Fig. 4. IC). However, 

none of the mutant impaired FliG-FliM binding. 

HiSg -sumo l -F l iG -

FliMM-

HISfi-sumo1 

B 

GST-FliG„c2 
GST-FIIGnm 

G S T 

•m^m^mmmm 
Fl iG / mu tan t 

H i s - s u m o 1 

G S T 
RIG FliG,„FIIG„c2 

HpFliG„ci 
FHMm 

C 
FIIMnm-HIs 

/ V / / / / 
66 

45 — 

30 — 

HpFliG I mutant 
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Fig. 4.1. FliG-FliM interaction studies. (A) Interaction between FliMvi and FliG / 

truncations detected in nickel (Ilis-sumol-HpFliG) or GST (GST-llpliGviri and 
、 

GST-HpFliGNM) pull-down assays. Lower strip shows immunoblot probed with 

anli-FliMM antibodies.. (B) Elution profile of FliG-FliMvi (left) and FliGvici-FliMvi 

(right) complexes from Superdex 200 column analysed by SDS-PAGE. (C) Effects of 

IIpFliG mutations on the binding to FHMNM- Purified FliG / mutants were incubated 

with FliMNM-His8 immobilized beads. Empty beads incubatcd with FliG was used as 

negative control. 

4.3.2 HpFliG N-terminal domain interact with FliF C-terminal domain 

To investigate the interaction belwecn HpFliG and FliF, the predicted FliF-FliG 

binding region composing FliF cytoplasmic domain (residues 484 - 567) (FliFc) and 

FIIGn (residues 1 — 115) were co-cxpressed. The complex was stably isolated when 

passing through Ni-NTA affinity, GST affinity and gel filtration column 

chromatography, suggesting a stable FliG-FliF interaction (Fig. 4.2). 

Attempt was made to obtain FliFc-HpFIiGN crystal for X-ray diffraction. Oval 
* 

shaped crystals were obtained under condition 1.5 M ammonium sulfate, OJ M Tris pH 

8.5, 12 % glycerol (Fig. 4.3). The crystals were only diffracted to 3.3 A resolution. The 

i \ 

crystals belonged to the primitive hexagonal space group P3, with unit-ccll parameters 

a = b = 60.10, c= 85.53 人.Cell contcnt analysis indicated the presence of one molecule 

per asymmetric unit, corresponding to a Matthews coefficient Vm of 1.75 A'̂  Da'' and a 
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solvent content of 29.64% based on a calculated molecular weight of 25.52 kDa (Table 

4.IB). The N-tenninal domain of AaFliG was used as a search model in molecular 

replacement calculations using PHASER (Collaborative Computational Project, 1994). 

However, no significant solution was obtained. Further experiment will be performcil 

to confirm the presence of FliFc and FIIGn proteins in the crystals. 

14.4 一 
kDa 

和 FliFe 
和 HpFliG^ 

vol./ ml ^ ^ ‘ <b�‘ 

Fig. 4.2. FliFc - HpFliGN interaction studies. FliFc and IIpFliGN were co-expresscd 

in E. coli and co-purified by GST- and nick'el-affinity chromatography followed by size 

exclusion chromatography. The elution profile from Superdex 75 is shown and the 

elution volume is indicated at the botlom. 

FHFc - HpFliĜ  HpFIIĜ c, HpFliG„c2 

H H H H H H H I I B H H H ^ V : 丨 H H H I ^ ^ -

Fig, 4.3. Representative crystal images of FliFc-HpFHGN, HpFliGjvici and 

HpFliGwcz. 
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4.3.3 Overall crystal structures of HpFliG�ic from H. pylori 

Hexagonal shaped crystal of HpFHGMci and irigonal-cylinder-shapcd crystal of 

HpFliGMc： were obtained (Fig, 4.3 ). The crystal slruclures of HpFliGMc i and 

HpFliGMC2 were resolved to 2.6 人 and 2.7 人 resolutions, respectively. Phase 

determination by molecular replacement was achieved only when the middle domain 

and the two C-terminal sub-domains of AaFliG (PDB-ID: 3HJL) '' TmFliG�i( (PDB-ID: 

1LKV) were separately submitted as search models. These domains and subdomains 

are connected by flexible loops and displayed distinct spatial arragnemenl in AaFliG 

and TmFliGvic- From the subsequent structure solutions of HpFliGMd and lIpFliCiMc:, 

these domains were found lo be oriented differently. This explains why molecular 

replacement did not give any hit when the whole FliG protein was used as a search 

model. Both HpFliGMc i and HpFliGvi(_2 consist of slmctural elements starting from a 

/ 

short HelixNM followed by FliGvi (ARMm ) , Helixvic, A R M ( and FliGc«i-6- Residues 

8 6 - 116 of the N-tenninal domain, residues 200 - 202 of Loop� and residues 336 343 
> 

at the C-terminus of HpFliGMCi. and residues 337 - 343 at the C-tcmiinus of HpFliGMC: 

were disordered and invisible in the electron density map. There is one FliG molecule 

per asymmetric unit in HpFliGMci. whereas two molecules per asymmetric unit were 

shown in HpFliGvic:- The two molccules HpFliGvicz/A and HpFHGvicz/B are similar, 

with an RMSD(,a of 1.99 A (Fig. 4.4A). Superimposition of individual A R M m , A R M c 
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and FliGcai-6 among all solved FliG structures revealed subtle clitTerences (Table 4.2), 

suggesting that these structural componenls are highly conserved. Interestingly, when 

the whole FliCi structures were aligned, variations on orientations of FliGc relative 

to ARM(,，and ARM( relative to FHGM are noticeable. Details are discusscd below. 
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Fig. 4.4. Structures of HpFliGwn and HpFIiGMC2. (A) Structures are oriented as 

ARMc domains are superimposed. Helices of ARMm, HelixMc, ARM�FliGcai-6 are 

colored in red, orange, yellow and green, respectively. Loops and truncated helix 

HelixNM are colored in white. Critical charged residues involved in direct interaction 

with MotA and conserved di-glycine motif in the Loop� are highlighted as spheres. 
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Residues M235 and F246 in the MFXF motif are shown in sticks. (B) Structural 

comparison of HpFliGvici (green) and HpFliGvu 2/a (orange) clcmonslrating the 

symmetrical rotation of FliGcai-(, via conformational flexibility of245MF24(v Molecular 

surfacc of Helix 5 of FliGcai-6 is shown and colored by electrostatic potential, with a 
、 

contour level 土 5 kT (Baker NA et al., 2001). Interface of ARMc - FliGc^i 6 arc 

enlarged and residues M245, F246, N216, R217, E243 and 0325 arc shown in sticks. 

Residues of HpFliGMd, HpFliGwr: are labeled in green and orange, respectively; 
1 

residues aligned in both structures arc labeled in black. (C) Alignment of the middle 

domains. Hydrophobic residues at the interface between HcUxmc , A R M m and HelixNM 

are shown in sticks, only residues from HpFliGwci are represented. 

Table 4 . 2 . Superimposition of individual A R M m ( A ) , ARMc ( B ) and FIIGCAI-6 (C) 
among all solved FliG structures. Alignment was performed in Pymol and the 
RMSDca value is reported. 

A. ARMM 
HPFHGMCI HpFliGMC2 TniFliGMc 

HpFliGMC2 
TmFHGMc 
TmFliGMc 

APEV 
AaFliG 

B. ARMc 

HpFliGvici 
TniFliGMC 
TmFliGvir 

APEV 
AaFliG 

C. FliGcal-6 

HpFHGvic2 
TrnFliGvic 
TmFliGMc 

APEV 
AaFliG 

0.249 
0.789 
0.668 

0.660 

HPFHGMCI 

0.399 
0.881 
0.745 

0.745 

HpFliGMci 

0.273 
0.706 
1.123 

0.644 

0.898 
0.675 

0.649 

IlpFliGMC2 

0.804 
0.679 

0.499 

HpFliGMC2 

0.629 
0.999 

0.614 

94 

0.374 

0.725 

TmFliGMc 

0.289 

0.592 

TmFliGMc 

0.912 

0.737 

TmFliGMc 
APEV 

0.556 

TmFliGMc； 
APEV 

0.489 

TmFliGMc 
APEV 

0.950 



4.3.4 A two-fold rotation of FliGcai-6 hinged by MFXF motif 

Comparison of the whole C-tenninal domains revealed significanl conformational 

differences between the two HpFliMvu structures. Remarkably, when ARM( are 

aligned, FIiGcai-6 of HpFliG.vic i showed a nearly 180“ rotation when compared with 

that of HpFliGvic2 (Fig. 4.4B). By analyzing the hinge between ARMt and FliG(-„i 

M245 on the 245MFXF248 motif was identified to account for the sub-domain rotation, 

as the M245 psi angles in the two structures differ by � 1 8 0 " (Fig. 4.4B). As a 

consequence, the charge-bearing ridge of FliGcai-6 coupled with Mot A cytoplasmic 

domain was flipped by a two-fold symmetry about an axis through the Ca-C bond of 

M245. The two inverse orientated FliGcni also displayed distinct interacting pattern 

with ARMc. In lIpFliGvici，hydrogen bonds between side chain amine of Q325 and 

backbone carbonyl of N216 (3.43 A) and between side chain of R217 and backbone 

carbonyl of Q325 (3.21 A) were found, while in HpFliGvic:. side chain amine of Q325 

was bonded lo backbone carbonyl of E243 (3.31 A in HpFliGvic2A，3.07 A in 

HpFliGMC2/B). Equivalent residue of 0325 in AaFliG and TmFliGvK is also involved in 

FliGcai-6 and ARMc interaction (Lee LK et al., 2010) (Fig. 4.5A). In addition, residue 

N216 was found to position the MFXF motif in place and mediate the respective 

orientation of FliGcui-6- In HpFliGMci, side chain Oy of N216 hydrogen bonded to 

backbone amide of F246 while side chain Ny of N216 bonded lo backbone carbonyl of 
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M245 in IIpFliGMC2 (Fig. 4.5B). These inlcraclions may be associated lo the relative 

stability of the structures. Alignment of ARMc from TmFliGMc and AaFliG also 

consistently showed that MFXF motif is highly flexible. Among all the solved FliG 

structures, FliGvic： and TniFliGvK, arc closcly resembled, while AaFliG is distant from 

l IpFliGMc： by � 7 8 " rolalion of F246 phi angle. FliCic of HpFliGvit i is uniquely 

arranged on the opposite side (Fig. 4.6A, B). Differences in the phi-psi angles of M245, 

F246 are summarized in Fig. 4.7. 

To explicitly explain the rotational freedom of M245 psi and F246 phi in the 

MFXF motif, we observed that side chains of M245 and F246 are pocketed inlo the 

hydrophobic corc of ARJVlc and FliGc ai-6, respectively. When compared with residues 

flanking the motif, relatively less restrained M245 psi and F246 phi would be resulted. 

It is likely that the restriction on the backbone torsion of these two residues is 

Ramachandran constraints. When taken into accounl that rotational bias mulalions 

mapped at or close to MFXF motif (equivalent residues of M245, T247, E249) and on 

helix 6 of FliGcu»-6 (equivalent residues of 0325) (Brown PN el al., 2007; Irikura VM 

ct al., 1993), this flexible loop region poientiates the CCW/CW switching of the rotor. 

Mutation of these residues likely alters the orientation of FliGcai f” 
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A 
F246 

L 
I 

N216 

M245 

Fig. 4.5. Supcrimposition of all available FliG structures when ARMc： is aligned. 

(A) Residues involved in the interaction between Helix 6 of FliG(. and ARMc. 

forming hydrogen bonds / salt bridges within 3.5 A arc shown as sticks. Residue 0325 

(equivalent R316 in AaFliG and R315 in TmFliG) is colored in white. (B) Distinct 

hydrogen bond linking side chain of N216 and backbone of 245MF246 in IIpFliCJviri (left) 

and other FliG structures (right). Distance between side chain of N216 and backbone 

amide of F246 in IIpFliGMci and backbone carbonyl of M245 in HpFIiG\iC2 is 

indicated. Sticks are colored as in panel A. 

97 



4.3.5 Interdomain flexibility of ARMc： and FHGm 

Conformations of the middle domains of the two FliCl slruclures from //. pylori 

are nearly identical (RMSDc„= 0.379 A). HelixMc packcd closely lo Fli(;M by extensive 

hydrophobic interactions made by residues between HelixNM, Helixvic and FliGvi. 

These residues include F119, Y121, L122 on HcHxnm； V183, V184, V187, L191, L195, 

L198 on HelixMc and 1125, LI30, F133, 1134, LI44, 1145, M149, 1179 on middle 

domain (Fig. 4.4C). The conformation closely resemble lo that of AaFliC; and of 

TniFliCjM co-crystallized with FHMm , though the helix is slightly farther from FliCiM in 

HpFliG, possibly due lo F119 and Y121 in HcHxnm pressed against Helix vie (Lee LK ct 

al., 2010; Paul K ct al., 2011). On the contrary, HelixMc dissociates from FIIGm in 

TmFliCiMcand TmFliGMcAPEV (Brown PN el al.’ 2002; Minamino T et al., 2011) (Fig. 

4.6C). As previously noted, HelixMt is amphipalhic in nature with hydrophobic 

residues faced A R M m and charged residues exposed to the solvent environment (Lee 

LK et al., 2010). A closely-packed arrangement of HCHXMC stabilized by FUMM was 

observed in the co-crystallized structure (Paul K el al.，2011). Hence, ilclixvK 

interaction is more likely biological relevant among different bacterial species rather 

than due lo crystal contact as suggested by Minamino T et al. (Minaomino T et al., 

2011). 
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Structural alignment of FliG also showed thai Loopf which carries the conserved 

Gly-Cily motif is highly mobile. In Figure 4.6D, ARMc of all FliG structures are 

aligned to comparc the arrangement of Helixvic - Loop( of IlpFliG are more extended 

than TmFliGvK, and AaFliG. Helixvic of chain A and B of HpFliGvic/: show 

displacement even in Hie same asymmetric unit. Three solvent exposed amino acids in 

Loope disordered in HpFliGvici are disordered. These observations, consistent with 

previous studies, suggested that Loopc is flexible (Brown PN et al., 2002; Lee LK et al., 

2010; Minamino T. el al., 2011). The flexibility is important to switching since 

rotational-biasd or infrequent switching mutants have been isolated in Loopc. It has 
« 

been suggested that Loopc may be crilical to control the relative orientations of FHGm 

. -

to FliGc (Brown PN et al., 2002; Irikura VM ct al., 1993; Van Way SM ct al.，2004). 
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G C motif 

Helix’ 

Fig. 4.6. Superimposition of all available FliG structures demonstrating flexibility 

at MFXF motif, Loopc, and LoopM. (A, B) Alignment through ARM(, showed 

different backbone orientations of 245MF246 that leads to multiple orientations of the 

charged ridge as shown in (B). FliGc„i.6 of HpFliGMci and Helix 5 of all FliG structures 

are drawn. Equivalent charged residues that directly involved in interaction with Mot A 

are colored in blue (R293) and red (300EE301). (C) Alignment of middle domain 

showing multiple arrangement of HelixMC- Coloring scheme: HpFliGvici’ green; 

HpFliGMC2/A, orange; HpFliGMC2/B, yellow; TrnFliGvic, magenta; TmFliGvjcAPEV, 

light pink; AaFliG, cyan. (D) The flexibility of Loopc. Positions of GO motif 

(equivalent residues EG motif in AaFliG) are shown as spheres. 
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Fig. 4.7. Ramachandran plot showing phi-psi angles of M245 (blue) and F246 

(green) from all available FliC structures. Dash line indicates the largest difference 

of M245 psi and F246 phi. The plot was calculated and modified from Cool (Emsley et 

al.,2010). 

4.3.6 Biological importance of MFXF motif in flagellar motor switching 

The 180® rotation of FliG(:«i.6 observed in the lIpFliCiMci structure suggested that 

structural flexibility of MFXF motif is critical for flagellar motor switching. To validate 

our hypothesis, we mutated conserved residues at or surrounding the MFXF motif in E. 

coli and studied their effects on bacterial swimming. These residues included M245 
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(equivalent residue M233 in E.coli\ F246 (F234), N216 (N204) and D25() (N238). The 

latter two residues hydrogen bonded to the backbone of the MFXF motif (Fig. 4.8A). E. 

coli FliG mutants each contained N204A/D/V/H, N238A, M233P, F234P or 

M233P/F234P double mulalion were constructed using pTrc-EcFliG as a template. The 

immunoblotling results showed that ihe expression level of cach FliG mutant was 

comparable to that of the wild type after transformation into DFB225 strain (Fig. 4.8B). 

From the swarming assay, N204A/D and F234P mutant strains showed significant 

impairment in soft-agar migration while N204V/H and N238A mutant strains displayed 

similar swarming activity to ihal of the wild type. Substitution of M233 with proline 

abolished bacterial motility as demonstrated from the M233P and M233P/F234P 

mutant strains (Fig. 4.8C and Table 4.3). The effect of these mutations on flagella 

formation was also examined by transmission clcctron microscopy (Fig, 4.8D). M233P 

and M233P/F234P mutant strains were non-flagellate. From the FliG crystal structures, 

side chain of M233 is embedded in a hydrophobic patch of ARMc and may contribute 

to the structural stability of ARMc. Mutation of M233 to proline likely induced a 
t 

dramatic structural change to the MFXF hinge that either lowered the ARMc stability 

or distorted the orientation of the C-terminal domain that inhibit its interaction with 

FliM for the motor switch assembly and the attachment of flagella export apparatus. 
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To further refine our hypothesis about the association of MFXF motif lo switching 

mechanism, effect of these mutations on rotational switching in E. coli was studied by 

fixed time diffusion analysis. This assay is based on modeling the swimming behavior 

of bactcrium to iHat of particle diffusion (Lowenthai AC et al.，2009). Basically, the 

diffusion exponent a measures how close the swimming behavior is lo pure diffusion (a 

=1) . A tumbling bacterium will have an a value close to 1 while a bactcrium moves 

relatively straight will have an a value close lo 2. This model has been applied to 

examine directional changes of E. coli (Lowenthai AC et al., 2009). From our results, 

mutations N204H and N238A had no influence on swimming behavior when compared 

to the wild type. However’ CW bias was found in mutant strains N204V, N204D, 

N204A and F234P. These results arc consistent with the observation from the video 

tracking of swimming path (Fig. 4.8E). The overall results from fixed lime ditYusion 

analysis is also in line with ihe swarming data, except N204V. This mutant strain 

exhibited slight tumbling bias in swimming but the cffecl was not shown from soft agar 

assay. The soft agar assay may not be sensitive enough to detect the subtle change in 

rotational bias. A previous study reported that F234A mutation caused severe tumbling 

bias (Lloyd SA & Blair DF, 1997), this is very similar to the phenotype of F234P mutant. 

The increase tumbling frequency of N204A/D/V and F234P suggested that these 

mutations led to various degrees of CW rotational bias of the rotor, while N204H and 
4 

N238A had no significant effect towards rotational switching. 
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Fig. 4.8. Effects of FliG mutations on swimming behavior. (A) Conservation of FliG 
t 

amino acid sequences. Sequences from 50 microbial species were analyzed by Consurf 

(lmp://consui l.uiu.ac.il ) (Glascr F el al.，2003). Only FHGc domain of HpFHGvicz is 

drawn and regions in proximity to the MFXF motif are highlighted (inbox). Residues 

related to the stability of MFXF motif are shown as sticks. Hydrogen bond distances 

between N216 and M245 as well as D250 and T247 are shown. Residues are numbered 

according to H. pylori (equivalent residues in E, coli arc bracketed) (B) Expression of 

wild type FliG and its various mutants in DFB225. Whole cell lysale were 

immunoblotted with anti-FliG antibody. (C) Soft agar assay. 1 fil overnight culturc of 

cells was spotted on 0.3 % soft agar and incubated at 30"C for 7 hours. (D) Electron 

micrograph of E. coli showing flagellar formation in wild type and F234P strains. 

M233P and M233P/F234P strains were found to be non-flagellate. Flagella are 

indicated by red arrow. Representative results are shown. (E) Swimming tracks of 

complemented strains used in the calculation of diffusion coefficient. 4 s swimming 

tracks are plotted with the same scale. 

Table 4.3. Effects of FliG mutations on swarming and swimming behavior. 

Strain Diameter / cm 
ip 

Diffusion coefficient 

• Wi ld^pe 2.32±0.23 (n=6) 1.7533±0.0182 (n>50) 

N204A 0.68士0.06 (n=6) 1.3238±0.0148 (n=23) 

.N204V 2.43士0.2 (n=6) 1.6897±0.0040 (n=29) 

N204D 1.22±0.04 (n=6) 1.5112土0.0125 (n=37) 

N204H 2.14士0.13 (n=6) 1.7501±0.0174^(n=35) 

N238A 1.95土0.29 (n=6) 1.7709±0.0171 (n=>50) 

. F 2 3 4 P 0.51'士0.09 (n=4) 1.2876±0.0163 (n=33) 
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4.3.7 Verification of multiple orientations of F l iGc by in vitro cysteine 

cross-linking 

Comparison of all solved FliG structures revealed that MFXF linked FliG( „i .e, can 

be in different orientations relative to ARMc- Previous section has demonstrated the 

physiological significance of the flexibility of MFXF motif in vivo. We next verified the 

presence of nuiltiple orientations of FliGcui-6 in solution by intra-molccular cysteine 

cross-linking. 

From the crystal slruclures, it was noted that conserved Q325 in FliGcai-6 is in 

close proximity to residues in ARMc - R217 in F H G m c i (4.6 A ) and E243 in F H G m c : 

1 
• ， 

(3.59 A) (Fig. 4.9A). We introduced double cysteine residues in FliG, one at Q325 and 

the other in one of the helices of A R M c .八 total of four double cysteine mutants 

Q325C/R209C, Q325C/R217C, Q325C/S222C and 0325C/E243C were created, 

whereas a single cysteine mutant Q325C was used as a control. We expected that if 

MFXF motif is intrinsically flexible, FliGcai-6 will orient differently and 

intra-molecular disulfide linkage will be observed in these double cysteine mutants. 

From Figure 4B, ail four double mutants showed mobility shift in SDS-PAGE after 

cross-linking by the addition of catalyst Cu (II) (1,10-phcnanthroline)3, suggesting that 

intra-molecular disulfide linkage were formed. Mutants Q325C7R209C and 

Q325C/S222C showed prominent downward shift while a smaller quantity of 

106、 



Q325C/R217C showed band shift (Fig. 4.9B). A complete upward shift of 

0325C/E243C upon oxidation was observed. No mobility shift was found in the 

control mutant Q325C. 

Alternative approach was applied to examine the intra-crosslinking product by 

using fluorescent 5'IAF to probe free cysteine residues (Bass RB el al., 2007). If 

cysteines are cross-linked, they will be protected from haloalkylation by 5'IAF and this 

will lead to a reduced fluorescence signal. From Figure 4.9C, all four double mutants 

showed a reduction in the fluoresccncc intensity upon 5MAF haloalkylaiion. 

Furthermore, intra-disulfide bond formation of Q325C/R209C and Q325C/E243C 

double mutafits were verified by mass spectrometry (data not shown). When taken 

together, these data strongly suggested that MFXF molif is intrinsically flexible lo 

allow multiple orientalions of FliGcai 6 to ARMc in solution. From the HpFliGvic: 

structure, Q325 is closed to E243 (Cp-CP distance 6.4 入）but distant from R217 and 

S222 (CP-Cp distance >20 A) (Fig. 4.9A). On the other hand, Q325 and R217 are 

nearby (Cp-Cp distance 6.7 A) in HpFliGvici If FliGcui.^ is restricted to one orientation, 

certain double cysteine mutations should not be able to form inlra-disulfide 

cross-linkage. 
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Q325C7S222C 
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Fig. 4.9. Molccular movement of FliGcai-« revealed by in vitro cysteine 

cross-linking. (A). Cysteine residues are introduced at the interface between ARMc 

and Helix 6 of FliGcai-6 of HpFliGMci (sreen) and HpFliGMC2 (yellow). ARMf of the 

two structures are aligned. Residues mutated to cysteine are shown as slick. Only 

residues on HpFliGMci are shown, exccpt Q325 of HpFliGMC2 that is also indicated. (B) 

Gel mobility shift assays. After cross-linking, samples were added with loading dye 

with or without 20 mM DTT and subjected to a 16 x 18 cm 11% SDS-PAGE analysis. 

(C) Haloalkylation by 5'IAF. Samples with (R) or without (C) Cu (II) 

(1，10-phenanthroline)3 were ”loaded onto a 8 x 7.3 cm SDS-PAGE. After 

electrophoresis, gel was immediately visualized under UV transilluminator (upper 

panel) followed by staining with Coomassie Blue (lower panel). Experiments were 

repeated for 4 times and representative images are shown. 



4.4 Discussion 

In E. coli, FliG is the cytoplamic ring protein localized closest to inner membrane 

(Thomas DR el al.，2006). The interaction studies (FliF-FliG and FliG-FliM) reported 

here consistently supported that FliG is organized and function in a similar manner as in 

other organisms. Domain movement of FliG as suggested from the sirucrures and 

biochcmical studies can likely be applied to the border understanding on the general 

switching mechanism. 

Bacterial flagellar motor is a unique bidirectional nano-rotary machine powered 

by the proton/sodium ion gradient across the cell membrane. For proton driven 

MotA4B2 stator，torque generation involves protonation and de-protonalion of an 

aspartic acid residue in MotB and association of Mot A with FliG of Ihe motor switch 

complex (Kojima S & Blair DF, 2001; Zhou J et al., 1998). Accumulating evidences 

have shown that that ihe C-terminal domain of FliG bearing conserved charged residues 

R293, E300 and E301 (in I f . pylori sequence) is the primary site for electrostatic 

interaction with the cytoplasmic region of MotA (Zhou J et al., 1998). Switching of 
( 

rotation between CCW and CW directions is medialvd by the coupling of chemotaclic 

signaling pathway with the motor switch complex (Welch M et al., 1993). Ii is believed 

that the binding of phosphorylated ChcY to FliM/FliN induces conformational changes 

of FliG and subsequently turns the flagellar rotation from CCW to CW directions 



(Brown PN ct al., 2002; Sarkar MK et al., 2010). One of the interesting aspects of the 

flagellar motor is ihe mechanical movement ot FliG associated to rotational switching. 

In the present study, comparison of the two crystal structures HpFliGMci and 

HpFliGvic: reveals a two-fold rotation of FliG( domain. More specifically, the roialion 

involves 180" rigid body movement of FIiGcui-6 relative to ARM (prompted by flipping 

the M245 psi angle at the MFXF motif. In conjunction with the iti vivo mutagenesis and 

swimming assays, the biological importance of the flexibility of MFXF motif and of a 

conserved residue N216 directly interacting with the motif, in rotational switching is 

further demonstrated. We also demonstrated the multiple orientations of FliGc„|.6 to 

ARMc in solution by showing intra-disulfide linkage between Q325 on FliGcui 6 and 

various distant residues on ARM�，suggesting that the MFXF motif is intrinsically 

flexible. Our findings in fact are agreed with earlier mutagenesis studies lhal residues 

at or near the MFXF motif (N214, M245，F246, T247 and E249) and residue Q325 at 

the interface between FliGcai-6 and ARM( are associated with CW rotation bias (Brown 

PN el al., 2007; Irikura VM et al., 1993; Lloyd SA & Blair DF，1997) (Fig. 4.10). 
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LooPm 

Q325 

Fig. 4.10. Rotational bias mutations isolated from previous studies are mapped on 

HpFliGivici. Coloring scheme: CW bias - orange spheres; CCW bias - cyan spheres; 

both CW and CCW bias: yellow spheres. Residues at FliGc(,i.6-ARMc interface are 

labeled. 

Struclural comparison of FliG molecules highlighted Ihe movement of FliGuc 

mediated by the flexibility of MFXF motif. This observation is in concordance with our 

in vitro cross-linking assays, which showed that Q325 at FliG„ci-6 can be cross-linkcd 

with multiple distinct sites on ARM^. Rotational movement of FliGc has been 

suggested from previous study using in vivo double cysteine cross-linking (Lowdcr BJ 
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et al,, 2005). It was found that oxidation by iodine resulted in cross-linkage between 

two FUG molecules via 309KIK3" at ihe loop connecting heliccs 5-6 of … 

However, it is not understood how FliGc moieties are arranged in the motor to yield the 

results. Taken into account the EM map of CW biased motor from S. typhiniurium 

(Thomas D. ct al., 2001) and the solved FliG structures (Brown PN cl al., 2002; Lee LK 

et al., 2010; Minamino T et al., 2011), we constructed a model which helped to explain 

the observation. It is commonly agreed that FliG( is positioned at the outer globule of 

ihe C-ring in the EM map, with the charged ridge of FliGc ui-ft facing upward toward Ihe 

membrane and ARMc al the bottom for FliM interaction, consislcnl with recently 

proposed assembly model (Brown PN ct al., 2007; Paul K et al., 2011; Lloyd SA et al., 

1999). Accordingly, we docked the C-terminal domain of HpFliGvin to ihe outer ring 

of EM map with 34-fold symmetry (either 34 or 26 FliG molecules with local 34 fold 

symmetry) and a distance of 40 A between central positions of adjacent FliGc 

molecules. In the context that FliGcai 6 can undergo molecular rotation, 309KIK311 from 

adjacent FliGc molecules will be brought within cross-linking distance if they switch 

between FliGMcrFliGMC2 and FliGvjcrAaFliG conformations (Fig. 4.11八). 

Results from our mutagenesis and swimming assays offer new insights to address the 

molecular movement of FliGc in CW and CCW rotational stales. The side chain of 

highly conserved N216 is hydrogen bonded to the backbone amide of F246 in 
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HpFliGvici and to the carbonyl of M245 in HpFliGvi( 2厂rmFliGivi(,/AaFliG (Fig. 4.5B). 

Wc introduced mutations to disrupt these hydrogen bond interactions to evaluate ihe 

functional role of these two structural conformations in motor switching. It was 

cxpcctcd thai mutation N216D would only retain the hydrogen bond to F246 and is 

favorable to IIpFIiGMci while N2I6H is favorable to the opposite orientation. 

Intriguingly, the swimming behavior of N216H was comparable to thai of the wild type, 

but N216D mutant clearly showed CW rotational bias. This implies that N216 - F246 

hydrogen bonding is critical to the stability of FliG conformation in CCW. Likewise, 

mutation to hydrophobic Val slightly increased CW bias. Therefore, it is very likely that 

the FliGc conformation in HpFliGMcVTmFliGvic/AaFliG represents ihe conformations 

in CCW slate while HpFliGMci represents ihe CW conformation. The reason for severe 

CW bias in N216A is less understood at this stage. In the absence of CheY, flagellum 

rotates in default CCW rotation. FliGc may be intrinsically more favorable to 

HpFliGMC2/TmFliGMc/AaFliCi conformations as the default CCW stale. We speculate 

thai any interruption (e.g. N216A) of ihe default CCW rotations would produce CW 

bias. This may explain why all mutations at this motif (e.g. M235, F236) and the cleft 

between FliGcai-6 and ARM� (e.g. 0325) were reported to give CW bias (Brown PN ct 

al.，2007; Irikura VM et al., 1993; Lloyd SA & Blair DF, 1997). 
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The mutagenesis studies were performed in E. coli system because of various 

biochemical and mutagenesis data were available for comparison. The mutation sites 

chosen were highly conserved among various spccics and given the structural 

homology of FliGc among species from mesophilic and ihermophilic bacteria, it is 

likely that the results in E. coli system can be extended to other bacterial systems. 

However, we do not excludc the possibility of variations on the regulation of switching 

among bacterial species and ultimately the effect of mutations should be done in H. 

pylori. 

Nakamura et al., has recently proposed that the symmetrical torque generation 

process in both CCW and CW directions may be resulted from 180" rotation of the 

C-terminal domain of FliG so that the same molecular surface but in opposite 

orientation is displayed to MotA (Nakamura S ct al., 2010). The two FliG crystal 

structures presented here provide the first ever structural evidence to reveal the 

two-fold rotation of FliGc domain and insights into the underlying mechanism. 

Although ihe structure of MotA-B: remains unresolved, organization of ihe 

transmembrane segments based on cysteine cross-linking experiments was modeled 

(Kim EA ct al., 2008). The two MotA subunits which directly involve in forming two 

proton channels with MotB dimer, are related by two-fold ‘symmetry. The cytoplasmic 

region between transmembrane helices a2 and a3 bearing oppositely cliargcd residues 
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for FliGc interaction likely follows the same arrangement, such that only one of the 

MolA domains will correctly align with the electrostatic charged residues on FliGc (Fig. 

4.1113). When FliGc changes from HpFliGvici to HpFliGMc: conformations, or vice 

versa, MotA-B: would switch to utilize the opposite MotA subunit for FliG interaction 

to allow symmetrical torque generation in CW/CCW directions (Fig. 4.11B). Given the 

importance of a rotatable FliGac i-6 in switching, one may expect that affecting the 

movement of FliGat i-6 would lead to rotational bias. Interestingly, recent study has 

identified c-di-GMP binding protein YcgR that dircctly binds to FliG( „i-(’ and causes 

CCW rotational bias. The binding of YcgR reduced the 309KIK311 cross-linked product 

(Paul K el al., 2010). From our proposed model, interaclion of YcgR and FliGc ai 6 

possibly hinders the flexibility of C-terminal domain and influences the interconvcrsion 

between different conformations. 
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cytoplasmic 
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CCW CW 

Figure 4.11. Models of rotational movement of FliGc. (A) Two FliG( domains are 

docked to the EM map (not shown) as discussed in the text and HpFli(jMC2are morphed 

to the conformations of HpFliGMci (left) and AaFliG (right). Morphed structures are 

colored from blue to white (IIpFliGMC2 to HpFliGvici) and from red to yellow 

(HpFliGMC2 to AaFliG). Conformational flexibility of adjacent FliGc molecule allows 
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3()9KIK3ii (magenta sphere) to be within cross-linking distance. Key charge residues 

important for interaction with MotA are shown as blue (R293) and red (3(k)EE3oi) 

spheres. Morphing was done using Chimera (Peltersen EF ct al.，2004). (B) Model of 

symmetrical torque generation process. Proposed orientation of FliGvic in CCW (left) 

and CW (right) states. Transmembrane helices of MotA^B: complcx are adopted and 

modified from Kim at el. (Kim EA et al.，2008). Only Helices 2 (cyan) and 3 (magenta) 

closc to the transmembrane helix of MolB (yellow) are drawn. The cytoplasmic 

domains connecting helices 2 and 3 that contain conserved charged residues for FliG( 

interaction arc shaded in blue. The positfve and negative charges are labeled as (+> and 

(-)，respectively. Molecular surface of FliGcui-6 (cyan) and ARMc (orange) are 

presented. Critical charges for MotA interaction arc colored in blue (R293) and red 

(sooEEBOO-

It is believed that torque generation occurs when MotA presses against an angled 

surface of FliGc. Aljgmnent of multiple FliG structures suggested that FliG„c-i -6 can be 

arranged both tangentially or radially to the periphery of outer C ring by rotating F246 

phi angle (Fig. 4.12A). Both arrangements are possible since the domain is not 

restricted by other switch proteins. Patterns of synergism observed from FliG and MotA 

double mutants indicates that charged residues (K276, R293, E300, K309 in H. pylori; 

K264, R281, D288, R297 in E. coli) that interact with a conserved Glu (Glu97 in H. 

pylori', Glu98 in E. coli) on MotA are distantly positioned on FliGc (Zhou J et al., 1998). 

Domain flexibility of FliGc: may allow different surfaces along the charge-bearing ridge 

to be displayed to MotA during rotation (Fig. 4.12C). 
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Flagellar motor switching is highly cooperative. Recent studies support 

conformational spread model in explaining the switching event. Cooperative switching 

response is achieved by stochastic coupling and conformational spread of neighboring 

subunil sharing a particular state (Duke TA et al,, 2001 ； Bai F et al.，2010). Considering 

FliGc packed in a local 34-fold symmetry in the outer C-ring, the arrangement of 

FliGuci-6 likely influences adjacent FliG molecules. Adjacent FliGac i-6 share similar 

conformation would be more favorable lo avoid steric clash (Fig. 4.12A). We speculate 

that the conformational dynamics of FliG would be important to the highly cooperative 

response of the switch. Further study will be needed lo address how the intra- and 

inter-molecular movement of FliG links to the switching response. 

Rotational bias mutations have been identified at FliGM-HelixMc interface, Loopc 

as well as two distinct FliM-FliG interfaces near the EHPQR motif and the conserved 

hydrophobic patch of FliG (Brown PN et al., 2007; Paul K el al” 2011; Irikura VM et al., 

1993; Van Way SM et al.，2004). It has been proposed that motor switching involves 

CheY-mediated conformational change of FliM that alters the relative movement of 

FliGc to F H G m connccted by H c H x m c and Loopc (Brown P N et al., 2007; Paul K et al., 

2011). While how the relative domain movement is related to rotational bias remains 

unclear, it is possible that the movement induced by FliM is transmitted through ARMc 

to disturb the FliGaci-6 - ARMc interface (e.g. Q325 - ARMc interaction) and increases 

the probability of FliGaci-6 in CW orientation. 
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Fig. 4.12. Docking of all the FHGc structures on the torque ring highlights the 

possible spatial arrangement of charged ridge. (A) FliGc are aligned through ARMc 
k 

v ^ 
which is constrained by FliM interaction. Only helix 5 of FliGcai-sis drawn Top view 

* i 
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i 
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(from membrane to cytosol) shows the charged ridge of three consecutive FliGc 

(outlined in grey). The structures are colored according to Fig. 4.6. The arrangement of • 
* tf 

charges' that axe primary importance, to MotA interactions are outlined in panel (B). 
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Conformations of adjacent molecules that cannot coexist are highlighted by dashed line. 
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(C) Schematic diagram showing the hypothesized FliG-MotA interface. Relative 
« 

positions of H p F H G m c i / a (orange) and TrnFliGwc (purple) are shown. Charged residues 

that interact with conserved Glu on MotA (E97 in II. pylori) (Zhou J et al., 1998; Lloyd 

SA et al., 1999) are drawn as sphere and labeled. Note that R293 and R309/K276 are 

positioned at the two ends of the charged ridge. Domain movement of FliG( would 

bring these residues close to the proposed position of MotA (Circled). 

Lee LK et al., recently proposed a model of switching mechanism deduced from 

structural differences between AaFliG and TmFliGMC, including the "open" and 

"closed" interaction of HelixMc-FliGM interaction and a conformational changes of 

FliGcai-6 by rotation of M245 psi by � 2 6 � a n d F246 phi by � 7 8 � ( L e e LK et al., 2010). 

Since most CW bias mutants isolated were at the IIclixMc-FliCiM interface, they 

proposed that TmFHGMc represented CW conformation and AaFliG represented the 

opposite. Switching was explained by assuming co-operative conformational changes 

of HelixMc and MFXF motif that leads to reversal of charge ridge. Considering all 

available FliG structures, we do not observe any simple correlation between HelixMc 

and MFXF motif. Instead, FliGvici and FHGmc： are identical in middle domain but they 

differ in Helicesc.卜6 by 180° rotation, suggesting that there may not be any direct 

mechanical relationship between the two structural elements. Our model lakes into 

> 

account our mutagenesis assays at the sites al and near MFXF motif, thus il is more 

valid to demonstrate the conformation changes of FliGc during switching. 
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A long-lasting question is how individual switch componenl assembles into a 

motor switch complex. Analysis of the crystal packing of HpFliGvici and HpFliG\ic2 

showed interaction between A R M M and ARMc of adjacent symmetry molecules. Such 

A R M M - A R M C arrangement aligned well with available FliG structures in their 

respective crystal packing (Brown PN ct al., 2002; Lee LK et al.，2010; Minamino T el 

al., 2011), despite these structures arc crystallized in different crystallographic 

symmetry (Fig. 4.13 A, B). Interestingly, symmetry molecules in HpFliGvic i crystal arc 

packed in a linear array with intermolecular distance of 4 nm that is close to the 

inlermolecular spacing of 3.9 nm in the outer C ring of the EM model (Thomas DR et 

al., 2006; Young HS et al., 2003) (Fig. 4.13C). However, recent in vivo study in E. coli 

did not support this model as no direct FliGM-FliGc binding was observed (Paul K et al., 

2011). Further investigation on the biological relevance of A R M M - A R M C interaction in 

vivo, if any, is required. 
» 

Dynamic of flagellar motor implies that the turnover of specific components (e.g. 

FliM and FliN) and structural flexibility of multi-domains containing components are 

needed (Delalez NJ et al., 2010; Fukuoka H et al.，2010). This makes this biological 

rotary device more fascinating, but also more challenging to be understood. In summary， 

the structural and molecular gcnctics analysis presented here not only reveal the high 

conservation of individual structural domain of FliG, but also illustrate the relationship 
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between multiple states of FliGc and CW/CCW rotations. The mechanistic details of 

the intrinsic flexibility of FliG( would provide a fundamental basis lo unravel the 

switching mechanism of flagellar motor. 
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Fig. 4 . 1 3 . A R M m - A R M c interactions. ( A ) Structural alignment of A R M m - A R M c 

from HpFliGMci (green), AaFliG (cyan) and TmFliGvic (magenta) (HpFliGvici 

TmFIiGMc RMSD = 0.96 人 ， H p F l i G v i c i — AaFliG RMSD = 0.86 入）（ P y m o l ) . (B) 

Binding interface between A R M m and ARMc. The molecular surfacc of ARMVT is 

shown and colored by electrostatic potential, with a contour level 土 5 kT (APBS) 
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(Baker NA et al.，2001). Residues of A R M M (deepteal, labeled in blue) and ARM( 

(yellow, label in brown) on the intcrfacc are presented as sticks. (C) FHGmc inolecules 

are arranged as linear array from the crystal lattice of HpFliGMd- Secondary structures 

are colored according to Figure 4.4A Conserved charged residues on Helix 5 of 

FliGcai-6 are shown as sphere. Note lhal the central position of adjacent molecule is 

separated by ~40 A. 
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Chapter 5 

Structural and functional characterization of FliY from Helicobacter pylori 

5.1 Introduction 

An uncharacterized switch protein FliY was identified from the genomic sequence 

of H. pylori. Amino acid sequence analysis of FliY indicates its N-tenninal domain 

(FHYN) belongs to CYX phosphatase family with EXXXN motif conserved among r.-

protcobacteria; whereas its C-terminus contains a FliN-like domain (FliYc) (Section 1.6.1) 
v. 

(Bischoff & Ordal, 1992). Deletion of FliY in hi. pylori is partially non-flagellatc while 

an additional disruption of FliN is completely non-flagellate, suggesting thai FliY is a 

switch protein and it shares a functionally reductant role in flagellation with FliN 

(Lowcnthal AC el al., 2009). 

However, how FliY interacts with other switch proteins remains unclear. 

Furthermore, the biological function of its individual N- and C- terminal domain in 

motility has not been demonstrated. This section aims,to unravel the roles of FliY in 

motility and its organization in the switch protein complcx. The interaction of FliY and 

FliYc with FiN was investigated by co-expression and co-purification strategy. Purified 

complexes were subjected to crystallization trial. Further, the binding of FliY/FliN 

complcx to FliH was studied by pull down experiment. The In vivo function of FliYc was 
« 

examined by complementation of AJJiY mutant the motility phenotype was characterized 

by swarming assay and electron microcopy. Further, the putative phosphatase activity of 

FHYN towards CheY was studied by Enzchek Phosphate Kit assay. 
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5.2 Materials and methods 

5.2.1 Cloning, expression and purification of FHY and FliN proteins 

FliY (IIP1031)’ FHYn (residues I 195), FliY( (residues 198 287) were cloned 

into pGEX-6p-l vcctor while FliN (HP0584) was cloncd into pAC28m vector according 

to standard protocol as described in Section 2.2.1. pGEX-6p-l-FliY or -FliYr was co-

transformed with pAC28m-FliN in E‘ coli strain BL21 and were co-exprcssecl by 

induction with 0.3 mM IPTG under growth conditions at 16"C for overnight. The same 

growth condition was applied for the expression of FHYN. FMYN was purified according 

to protocol for the purification of GST-tagged proteins (Section 2.2.1). For co-

purification of FliY/FliN, clear cell lysate was first purified by Ni-NTA resin with buffer 

containing 20 mM imidazole. After washing, proteins were eluled with 200 mM 

imidazole and immediately incubated with GST resin with the addition of 4 mM DTT 

and 0.5 mM EDTA. The GST tag was cleaved and the eliilcd protein was further 

subjected to size exclusion chromatography. For purification of proteins in GST pull 

down experiment, proteins were elutcd with buffer containing 20 mM reduced 

glulalhioine. Buffer conditions arc summarized in Appendix 5.1. Purified FliH was 

provided by a colleague in Dr. Au's lab (Lam WW el al., 2010). 

5.2.2 GST pull down assay 

GST-FliY/His-FliN, GST-FliYc / His-FliN were co-exprcssed and GST, 

G S T - F I I Y N were individually expressed in E. coli strain BL21 and purified by affinity 

chromatography followed by gel filtration. 1 ml 0.54 fiM GST, GST-FliY/FliN, 

GST-FliYc /FliN or G S T - F H Y n was incubated with 3 0 \I\ G S T resin pre-cquilibraled with 
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buffer 150 mM NaCl, 10 mM Hepes pH 7.3, 4 mM DTT, 0.15% Tween20 for 1 hr ai 

25°C. After washing, FliH (FliH : bait - 1.5 : 1 molar ratio) was incubated with the 

immobilized beads for 1 h at 25"C with gentle shaking. The beads were washed with the 

1 ml buffer for 3 limes and subjected to boiling and S D S - P A ( j E analysis. 

5.2.3 H. pylori growth conditions 

H. pylori G27 strains was cultured on Columbia blood agar with 5% dcfibrinalcd 

horse blood and H. py/on-se\ecU'vc anlibioiics (including trimethoprim, amphotericin, 

vancomycin, cyclohcximide, cefsulodin, polymyxin, p-cyclodexrin) at 3TC under 

conditions of 7 to 10% O2, 10% CO2 and 80 to 83% (Ottemann KM and Lowenthal AC, 

2002). 5 )ig/ml chloramphenicol was included for selection of //. py/ori with transformed 

plasmid. For long term storage, a thick 3-day growth lawn of cells from blood agar plate 

was scraped into brucella broth (BB) with 10% heat inactivated f'elal bovine serum (FBS), 

1% (wt/vol) p-cyclodexlrin, 25 glycerol and 60% brain heart infusion broth. 

5.2.4 Cloning and transformation of fliY and fliYc into H. pylori 

For complementation studies，hiS(,-///y and fliYc hiso were amplified from 

genomic DNA of H. pylori G27 strain. The genomic DMA was extracted from //. pylori 

according to DNeasy Blood and Tissue Kit (Qiagen), Amplified genes were cloned into 

IPTG-induciblc pILL2157 vector (kindly provided by de Reuse H) (Boncca IG et al., 

2008) (Appendix 1 )• Primers for cloning are summarized in Tabic 5.1. 
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Table 5. Primers used for cloning of FliY and FliN. 

Nairn 
FliY - F 

FliY - R 

FHYN R 

FHYc-F 
FliN - F 

F l i N - R 

FIiYG27-F 

FliYG27-R 

FliYcCj27-F 

FliYfG27-R 

plLL-R 

Primer Sequence (5，- 3，） 

cgggatccatgcaagattttattaagatttttattcaagag 
catatggtcgacttaatgtttcaattgttctaagcgttct 
catatggtcgacltaagacgcatcatgggttttaacctcttcagc 
calatgggatccatgaacatagaaatCcgcaatatcagcalgcitliaga 
ggggggggatccalgtcagaaacagaagctaataagttaaaagtagccg 
ggggggglcgactcatgaatttttagcgagataatatacaatggcg 
ggggggcatatgcatcaccatcaccatcaccaagaltttaltaagatttttattcaagaggttgtt 
ggggggggatccltaatgtttcaattgttctaagcgttcttttttagtg 
ggggggcalatgaacatagaaatccgcaatatcagcatgc 
ggggggggatccttagtgatggtgatggtgalgalglllcaattgttctaagcgttcttttttagtg 
cagggcggggcgtaattttt 

Restriction Site 
BamHI 
Sail 
Sail 
BamHI 
BamHI 
Sail 
Ndcl 
BamHI 
Ndcl 

HamHI 

The plasmids were introduced into //. pylori AfliY strain by natural transfoiTnaiion 

(kindly provided by Prof. Ottemann KM, Lowenthal AC et al., 2009). Plasmids ( � 2 0 fig) 

were methylated by the addition of H. pylori G27 cell-frcc extract in order to bypass //. 

pylori restriction barrier. For transformation, H. pylori was struck onto blood agar plate 

and was allowed to grow for one day. The cells were collected and reslruck as a small 

patch and were further grown for 6 h. Plasmids ( � 2 0 ^ig) were stirred with ihc cells and 

the plate was incubated for overnight. The cells were re-collectcd and were struck onto 

blood agar plate with chloramphenicol. After incubation for 3 days, eight isolated 

colonics were selected and re-streakcd on selective plate twice. To check lor positive 

transformants, plasmid DNA of the selected cells was extracted by minipreparation kit 

(Qiagcn) and PGR was performed with primers flanking 5' of target gene and 3' of vector 

specific sequence (Tabic 5.1). 

5.2.5 Immunoblot detection of FliY 

Wild type, AfliY mutant or complemented mutants were grown for 1 day with BB 

broth supplemented with 10% FBS. The absorbance of the culture was measured by 

OD600. Same amount of cells were pelleted and rcsuspcnded with phosphate buffered 
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saline (in volume ODeoo + 6 x 1ml). Total cellular proteins were prepared by boiling with 

loading dye. Protein expression level of complemented mutants was probed by 1:500() 

anti-FliYN (provided by collaborative work with Prof. Lau KF, CUHK) or anli-Misf, 

antibody (GE Healthcare). 

5.2.6 Characterization of flagclla formation by electronmicroscopy 

Wild type H. pylori strain G27, A/^iY mutants and the complemented mutants 

were grown on blood agar plates for one day. Fonnvar carbon-coated grid was floated on 

a thin patch of cclls on blood agar plate for scconds. The cells were immediately fixed by 

floating the grid on a drop of 1% glutaraldehyde for 1 min followed by negative staining 

with 1% phosphotungslate for 1 min. Excess staining was removed with Whatman paper. 

Cells were imaged using a JEOL 1230 electron microscope (Facilities provided by the 

University of California, Santa Cruz). 

5.2.7 Characterization of swarming activity by soft agar assay 

Wild type, 4f^iY mutant and complemented strains were cultured on blood agar 

plate for 2 days. Strains were inoculated into soft agar plate (brucella broth with 5% FBS, 

0.4% agar, chloramphenicol and IPTG if required) using a pipette tip. The swanning halo 

was examined after 5 - 7 days incubation. 

5.2.8 Phosphate release assay 

Dephosphorylation of ChcY-P was monitored by Enzchek Pliospate Kit 

(Invitrogen) as described (Lertsethtakarn P and Ottemann KM 2010). Basically, the rate 

of phosphate release was continuously monitored by measuring OD360 in a reaction 
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mixture containing the kit reagent 1 mM MESG (2-amino-6-meracapto-7-methyl-purinc 

riboside) and 0.5 U PNP (purine nucleoside phosphorylasc). To start the reaction, 5 pM 

CheY and 2.5 mM monophosplioimidazole (concemration that allowed saturating 

aulophosphorylation activity of CheY) was mixed into a 450^1 reaction mix lure 

containing buffer (100 mM IIEPES pH 7.0, 20 mM MgCU) and the kil reagent 

(Lertsethtakam P and Ottemann KM, 2010). The reaction was allowed lo proceed for 10 

min. To monilor the putative phosphatase activity of FliY, the reaction was performed as 

above in the presence of 2.4 _ FliY/FliN complex or 10 |.iM FHYN. The amount of 

phosphate released was determined using extinction coefficient at 360 nm of 0.0091 |iM' 

'cm'' at pH 7.0 (Silversmith RE et al.，2001). The release rate was calculated from the 

slope of plotted phosphate release as a function of time. 
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5.3 Results 

5.3.1 FliY-FIiN interaction study 

The FliN-likc domain in FliY( shares a high sequence homology with FliN from 

T. maritiina. Previous study of FliN showed that it dimerizcd in solution (Brown PN ct al.， 

2005) and two FliN dimers interacted to form tetrameric ring-like structure. This 

information leads us to speculate that FliY, which contains FliN-like domain, is 

incorporated into the switch complex by binding to FliN to form helcrodimer. To test our 

hypothesis, we overexpressed individual GST-tagged FliY or 6xHis-thiorcdoxin-lagged 

FliN (in pET32h vector) in E. coli and to purified the proteins by affinity and size 

exclusion chromatography. Most proteins were clutcd in void volume from gel filtration 

column, suggesting that both proteins form high molecular weight aggregate. Purification 

of FliN but not FliY was improved by including 5 mM CHAPS in the gel filtration buffer 

(FliN monomer was observed), however the protein was unstable and prone to 

degradation. Alternatively, we tried to purify FliY/FliN complex by co-pellet purification 

that involved mixing the E. coli cells separately expressing FliY and FliN. Interestingly, 

FliY and FliN formed soluble complex and co-eluted from gel filtration column (data not 

shown). 

To further verify FliY-FliN interaction, co-expression/co-purification strategy was 

employed. Compatible vectors, pGEX-FIiY and pAC28m-FliN were co-transformed in E. 

coli and the recombinant proteins were co-purified by GST and Ni-NTA affinity column 

chromatography followed by gel filtration. This purification strategy would allow the 

isolation of protein complexes with high purity sincc cxcess FliY or FliN were removed 

by two-step affinity column chromatography each targeting different lagged proteins 
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(Lam WW el al.，2010). Figure 5.1 shows thai FliY and FliN were cocluled in � 1 : 1 ratio 

from Superdcx S200 with over 90% purity, suggesting FliY and FliN formed a stable 

complex (Fig. 5.1 A). To further identify the domain involves in their interacton, GST-

tagged FliYc was co-expresscd with FliN. FliY(: was co-elutcd with FliN from gel 

filtration column, indicating that the C-temiinal domain of FliY stably complexes with 
4 

FliN (Fig. 5.IB). The purified FliY/FliN, FIIYn and FliY(/FliN proteins were subjected 

to crystallization screening using commercially available screening conditions, including 

Index I & II，Crystal Screen I & 11 and Wizard Screen I & II, however no crystal was 

obtained. 

A 

Elution vol. I ml 
老,念公'^ 

50 一 

36—, 

kDa 22 一 

16 — 

•—F l iY 

•—Fl iN 

B 

kDa 
14.4—% 

k D a 2 0 . i " 1 ‘ - � — F l i N 
— FliY, 

Fig. 5.1. Elution profile of FiiY/FliN (A) and FliYc/FIiN (B) complexes from 

Superdex S200 analyzed by SDS-PAGE. Elution volume for the purification of 

FliY/FliN complex is indicated above the gel photo. 

5.3.2 FliY/FliN complex interacts with FliH 

‘ FliN contains a conserved hydrophobic patch that is crucial for the localization of 

export regulatory protein FliH near the flagellar export gate. These conserved residues 

can be identified on both FliYc and FliN, hence it is likely thai complex could bind to 
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FliH. FliY/FliN-FliH interaction was studied by pull down assay. Purified FliH was 

mixed with immobilized GST-FliY/FliN, GST-FliYc/FliN or G S T - F H Y N resin. Figure 

5 , 2 shows that both GST-FliY/FliN and GST-FliYc/FIiN but not G S T - F H Y N captured 

FliH, suggesting that FliH binds to FliY/FliN complex and FHYN IS not required for the 

interaction. 

GST FliY FIIY. FliY. 

FliH 

GST 

FliYx 

FliN 

20.1 一 

mm ~̂ FhN 

14.4 一 

Fig.' 5.2. FliY/FliN - FliH pull down experiment. Using glutathione sepharose, GST-

FliY or N- and C-lerminal truncated fragments were partially purified and some protein 

impurities (mainly GST) are observed from the lanes. 

5.3.3 Motility assays of JliY- and fliYc- complemented mutant 

Previous study suggested that JJliY H. pylori mutant was immotile and partially 

flagellated. To further verify the effect was due to the loss of fliY gene, we performed a 

‘complementation study by overexprcssion of FliY in the AfliY null mutant (Lowenthal 
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AC et al., 2009). Hise-fliY was cloned into pILL2157 IPTG-inducible E. coli - H. pylori 

shuttle vector. The vector contains promoter pf /re/ and two Lacl-binding sites that allows 

expression modulated by IPTG concentration (Boneca IG et al., 2008). Methylation of 

plasmid by II. pylori cell-free extract was performed. The method was shown lo enhance 

the successful rate of transformation by overcoming the restriction barrier in H. pylori 

(Donahue JP et al.，2000). Methylated plasmid was transformed into H. pylori by natural 

transformation. Successful iranstbrmants were sclcctcd by chloramphenicol and checked 

by PGR. Expression of FliY was delected by mouse anti-FliYjsj antibody under various 

IPTG concentrations. Figure 5.3A showed that FliY was overexpressed (>10 fold 

expression compared with wild-type) even without IPTG and I he expression level 

independent to IPTG concentration. Probably, expression by plasmid pILL2157 is leaky, 

as previously reported (Boneca IG et al., 2008). 

¥ 

IPTG conc. I mM 

* o cy 

His^-FliY 

\ IPTG conc. / mM 

\ ^ ^ $ ^ 

\ * ' O. CS. 

FliYc-HiS6 塞 • • 
\ 

\ 

Fig. 5.3. E x p ^ s i o n of Hisa-FliY and FHY(:-His6 from complemented mutants. Equal 

amount of cells ̂ neasured by OD^oo) were lysed and loaded on each lane. Immunoblol of 
s 

His6-FliY and ^^liYc-HiSft were probed with anti-FliYN and anti-His ami bodies 

respectively. For Hi^6-FliY: +ve control: wild type II. pylori G27; -ve control: /f///T strain. 

For FliYc-His6： +ve Cpntrol: His6-FliN; -vc control: H. pylori lysate. 
\ 丨 1 3 3 
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To determine if the expression of fliY gene restores flagellation of complemented 

mutant, the�cel ls were visualized by electron microscopy. Both wild type and 

complemented strain, but not A fliY strain, were flagellated and the flagella showed to 

have the featured terminal bulb structure, suggesting FliY is involved in flagellar 

formation (Fig, 5.4A). To further test the biological function of FliY, soft agar assay was 

performed. The swarming ring of complemented mutant was comparable to that of wild 

type but no swarming was observed in the deletion mutant (Fig. 5.4B). Swimming 

behavior was also observed under phase-contrast microscopy, agreed with thai the 

complemented mutant is motile. 

The two distinct domains in FliY likely carry unique function 7h motility of II. 

pylori. To investigate the biological importance of FliY domains, His-iagged tliYN and 

fliYc were cloned into pILL2157 and transformed into AJliY strain. Only pILL2l57-

fliYc-His6 was successfully transformed. The transformation was confirmed by PCR and 

the overexprcssion of FliYc was verified by anti-IIis antibody (Fig. 5.3B). The 

expression level of FliYc seems to be IPTG-dependenl. 

The motility phcnotype of the fliYc complemented mutant was investigated. 

Electron microscopy of the strain showed flagellation with the terminal bulb structure 

(Fig. 5.4). The bacteria was motile in solution as observed by phase contrast microscopy 

(data not shown). However, the swarming diameter of fliYc-complemented strain (mean 

diameter = 13.7 mm) was significantly reduced compared with wild type (mean diameter 

=19.9 mm), suggesting that FHYN is required for full motility function. 
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0.5 pm 

Fig. 5.4. Flagellation of H. pylori complemented mutants. Arrows mark the terminal 

bulb structure of the flagcllum. (A) Wild type G27; (B) AfliY inuianl; (C) his6-tliY 

complemented mutant; (D) fliY-his6 complemented mutant. Scale bar is shown in 

microns. 
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IPTG concentration / mM 
Fig. 5.5. Swarming phenotype of fliY complemented mutants. (A) Representative 

images of the swarming rings observed in pILL2157-his6-FliY and -fliYc-hiSf, 

complemented strains. (B) Swanning diameter of the complemented mulani induced with 

various IPTG concentration. Wild type G27 strain, black; AJliY srain, dark grey; his^-fliY 

complemented mutant, light grey; fliYc-hisr> complemented mutant, white. For 

complemented mutants, the mean value from four independent experiments and the error 

bar shows the standard deviation arc shown. For wild type and AJliY strain, ihe diameter 

is an average value of duplicate experiment. 
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5.3.4 Neither FHYn nor FliY/FIiN enhance the dcphosphorylation of CheY-P 

A conserved E X X X N motif identified in FIIYN (Section 1.6.1) indicating that 

FliY may carry phosphatase activity. The putative dcphosphorylation activity of FHYn 

was investigated by EnzChek Phosphate Assay Kit as previously employed to study the 

phosphatase activity of H. pylori ChcZ (Lerlselhlakarn P and Ottemann KM, 2010). In 

this assay, ChcY is autophosphorylaied by phosphodonor monophosphoimidazolc (MPI), 

and the steady state phosphate release by autodephosphoiylation of ChcY is measured. If 

FHYN carries phosphatase activity, it is cxpccted lhal phosphate release rate would be 

enhanced as demonstrated by CheZ (HP0170). Preliminary experiment measured the 

phosphate release rate of CheY was 0.0506 ^iMs"', CheY with 10 pM FIIYn was 0.0483 

fiMs'' and CheY with 5.4 pM FliY/FliN complex was 0.0451 |j.Ms The data suggested 

thai there is no increase in the phosphate release rale in the presence of Fl iY�domain 

(Fig. 5.6). 
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Fig. 5.6. Phosphate release by autodephosphorylation of CheY and 

dephosphorylation in the presence of FliY^ and FliY/FliN. Amount of phosphate 

released using monophosphoimidzole as phosphodonor is shown. Line is marked as in 

the diagram. 

1 3 8 

o
 5

 o

 5
 

2
 
1

1
 

•
o
c
o
o
 



5.4 Discussion 

Recent study on the deletion mutants of I J. pylori supported that FliY is a member 

of switch proteins (Lowenthal AC cl al., 2009). The presence of both FliY and FliN as 

switch proteins is unique among e-protcobacleria, that their co-exislcncc may be 

associated to the adaptation of the motility system among these bacteria. This study aims 

to further our understanding about the slruclure-function relationship of FliY as a switch 

protein and to examine the biological function of its individual domains. Wc 

demonstrated that FliY complemented the flagellar formation and restored swarming of 

AJliY mutant, once again supporting that the motility defect observed in AJUY mutant was 

due to the absence of FliY. Further, we showed that FliY stably bound to switch protein 

FliN, thus providing molecular insight to the incorporation of FliY into llic switch 

complex. 

Both our in vivo and in vitro studies agree that FliYc but not FHYn contributes to 

the flagellation in H. pylori. FliYc complemented AfJiY mutant showed normal Hagella 

and motility. Interactions studies showed that FliYc/FliN complcx but not FliYs is 

needed to bind FliH. Sequence analysis of FliYc and FliN showed that both proteins 

contain the residues ncccssary for protein export and motility. It is intriguing why //. 

pylori have two FliN domain containing proteins. Deletion of either FliY or FliN caused 

imiTiotile and partial flagellation, while both proteins resulted in non-tlagellate 

phcnotypes, implying thai FliY and FliN are functionally redundant. Lowenthal AC ct al., 

proposed that these two proteins may carry equivalent roles in flagellation and ihc 

phenotype for the single knockout mutant might simply because of an inadequate FliN 

domains to crcate normal flagella. Their idea is in cohcrcnce to the experimental findings 
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from E. coli, that the expression level of FliN was reduced led to impaired ilagella 

function (Tang H et al., 1995). In E. coli, FliN forms a telramcric ring-like structure by 

two homodimers. It was assumed that FliY assembles into letranicr in a similar manner as 

in FliN. Based on our interactions studies, wc proposed an alternative model of FliY/FliN 

complex organization (Fig. 5.7). FliY forms a stable complex with FliN in 1:1 molar ratio. 

Thus it is more likely that FliY and FliN interact with cach other lo form lelranicr 

composed of either two hetero-diiners of two homo-dimcrs (Fig. 5.7B). We observed that 

both FliY and FliN are prone to soluble aggregation when individually expressed, while 

soluble FliY/FliN complexes can be isolated by co-pcllct purificalion. It appears that their 

cognate interacting partner is required to maintain their proper folding. From the structure 

of T. maritima FliN, FliN domain is dominated by solvent exposed hydrophobic residues, 

bul they are buried and stabilized by ihe formation of dimeric structure (Fig. 5.7A) 

(Brown PN et al.，2005). FliY or FliN may not be able to dimcrize individually results in 

the exposure of hydrophobic residues that non-specifically bind with other proteins and 

form soluble aggregate. The addition of CHAPS helps to stabilize FliN probably by 

binding lo the exposed hydrophobic surface. Our results more likely support FliN 

telramer involves the formation of FliY/FliN heterodimer. Nevertheless, lo elucidate the 

organization of FliY/FliN complex, flirther experiments are needed to map the binding 

interface between the proteins. 
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Fig. 5.7. Possible organizations of FliYc/FliN complex. (A) T. maritma FliN (PDB-ID: 

1YAB) forms homodimer mediated by extensive hydrophobic interactions. Chain A and 

chain B of the structure are represented as molecular surface and cartoon (green) 

respectively. The hydrophobic residues at the interface of the dimer are shown as slick 

(PISA). Clusters of hydrophobic residues involved in the dimcr formal ion are boxed. 

Electrostatic surface is calculated by APBS tools and represented in contour level 士5 keT. 

(B) Two possible organizations of FliYc/FliN complex. 

Deletion of FliYw impaired motility of //• pylori in soft agar assay. However, the 

role of FliYs is still ambiguous since a reduced swarming ring would be due to impaired 

chemoiaclic behavior (CW of CCW bias), reduced growth rate or dcfecl in flagellar 

formation (Berg 11C & Turner L，1979). Although EM of complemented mutant showed 

normal flagellar structure, but our current results are not statistically significant enough to 

rule out the involvement of F H Y n in flagellar formation. Our in vitro phosphate release 
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assay did not detect the phosphatase activity of FliY and no FliY-CheY-P interaction was 

observed from pull down experiment (data not shown). Still, due to the prescncc of 

conserved phosphatase motif, it is possible that FliY carry phosphatase activity in vivo 

but cannot be measured under our experimental conditions. It could be that the absence of 

CheY-binding domain in H. pylori FliY precludes the binding of CheY-P to FliY. 

However, when FliY is assembled into switch protein complex, chcY-P may be brought 

closc to the phosphatase active site of FliY by FliM-N-lenninal domain, which also 

interacts with FliN (Sarkar MK et al., 2010). Further experiments are needed to verify the 

possible phosphatase activity of FliY towards CheY-P in complex with FliM N-lenninal 

peptide. 

In summary, our study consistently showed that FliY is a switch protein. FliYc is 

important to flagellation, possibly through complex formation with FliN to bind FliH. Wc 

also demonstrated thai F H Y n is necessary to fiill motility function, although the specific 

role of FHYN remains to be elucidated. 
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Chapter 6 

General discussion 

Bacterial motility is controlled by a nano-rotary motor composed of proton pump 

stator and rotor. Various models for the organization of the switch complex have been 

constructed, based on 3D clcctron microscopy of isolated rotor and various structural, 

biochemical and mutagenesis studies in entcric bacteria E. coli and S. typhimuhum (Lee 

LK et a l , 2010; Minamino 丁 et al” 2011; Paul K ct al., 2011). The diverse organization 

and fundi oh of switch complex among bacteria has not been reviewed until reccni 

advances in genomic sequencing and cryo-electron tomography (Fallen MJ el al., 2005; 

Chen S et al., 2011). 

The target organism of present study is Helicobacter pylori. Motility is crucial lo 

the colonization and persistence of //. pylori in human stomach (Eaton KA et al., 1992, 

1996). A specific niche of this bacterium, includes a chemotaxis system that helps ihe 

pathogen lo move away from acidic gastric lumen to epithelial cells as well as to come 

across the viscous mucin layer (Celli JP et al.，2009). Deletion of chemotaxis or flagellar 

structural genes impaired the infection of H. pylori (OUemann KM et al., 2002; Terry K 

et al., 2005). These proteins may be novel drug targets for the eradication of H. pylori 

(Duckworth MJ el al., 2010). 

The major aim of this study is to characterize the structure and function of 

regulatory and switch proteins from H. pylori. Genomic sequence analysis of 77. pylori 

revealed the presence of additional CheY-like chemotaxis proteins and a putative switch 

protein FliY when compared with well-studied model organism E. coli. The additional 
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switch and chemotaxis proteins lead us to speculate that the archileciure of switch protein 

complex and the regulatory mechanism of motor switching are distinct in //. pylori. 

Prior to this study，Lowenlhal AC et al., showed that the deletion of all four 
<1 

switch proteins in //. pylori is partially or completely non-tlagellate while deletion of 

CheY showed rotational biased phenotype. Besides, FliM-CheYl interaction has been 

demonstrated. However, the interactions among the switch proteins as well as their 

molecular structures, thai are important to understand the architecture of the switch 

complex, have not been elucidated. 

In Ihis study, we reported the crystal structures of activated CheY I, FliMfv； and 

FliGvic from H. pylori and identified the crystallization condition for FliFf-FliGN 

complex. CheYl-FliM，FliM-FliG, FliF-FliG, FliY-FliN interactions were verified 

(summarized in Fig. 6.1). These interactions are consistent with those observed from E. 

coli and S. typhimnrium (Token AS & Macnab RM 1997; Gonzalez-Pcdrajo B et al., 

2006), except FliY-FliN association which is unique to H. pylori. The high structural 

homology of CheY 1, FHMm and F U G m c may be organized in a similar manner as in E. 

coli and S. typhimurium. FliG is in close proximity to the membrane with its C-terminal 

domain positioned at periphery. The charge ridge is facing to the membrane and the 

conserved EHPQR motif and hydrophobic patch pointing towards FliM. A triple mutant 

i4oYDQ/AAAi42 located on the GGXG-bearing flexible loop impaired the binding to FliG 

imply that this surface is close to FliG-FliM interface. Activated CheY 1 bind to FliMNr. 

peptide and may dock to FliN domains as in E. coli. Based on the results from our 

interaction studies, we propose that FliYc/FliN complex form a heterodimer. The 



structure of the complex is modeled according to FliN from T. maritumi. The ring-like 

structure probably located at the bottom of the switch complex. One interesting question 

is how FIIYN is arranged in the complex. The overall protein folding of FHYN predicted . 

by Phyrc is similar to FIIMM , consistent with the notion that FUYN belongs to C Y X 

family (Park SY et al., 2006; Kirby JR et al., 2001; Lowenlhal AC et al.’ 2009). 

Alternative positions of FliY^ arc proposed in Figure 6.2 with minimal steric hindrance 

on the binding surface of FliYc/FliN to other proteins (e.g. FliH) (Fig. 6.2). 

A most reccnt study compared the flagellar motors from 11 bacteria by cryo-

electron tomography and revealed unique structural features of the switch protein 

complex among E-proteobacteria (Campylobacter jejuni and Helicobacter hepaticus), 

including a larger C-ring diameter (49 nm compared with 40 niii in S. typhimuhum) and a 

stronger densities between MS- and C-ring (Fig. 6.2). The increase in the diameter of C-

ring may suggest a different stoichiometric relationship between the switch proteins. 

Taken together a 49 nm diameter of C-ring and a constant intcrsubunil spacing of 3.9 nm 

observed from outer C-ring with variable symmetries (Young HS el al., 2003), the outer 

C-ring of e-proteobacteria may contain ~39 subunit, compared with calculated � 3 2 

subunit in E. coli. One the hand, no extra density can be assigned to additional FliY. One 

po^ibility is that the loop region connecting FHYN and FliYc is flexible and FHYN is 

dynamically oriented in multiple positions that cannot be visualized from the map of 

electron-tomography. 
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Fig. 6.1. A summary of the interactions of switch proteins from H, pylori. Arrow 

indicates prolein-protein interaction. The minimal domain for respective. stable 

interactions are of the same color as the arrow. The lines are not drawn to scale. Dashed 

lines represent regions that are not covered in this study. Dashed arrows indicate protein-

protein interaction identified in E. coli but not yet confirmed in H. pylori. Mutant 

identified that impaired the interaction are highlighted as red spheres. 
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Fig. 6.2. Architecture of H. pylori SPC proposed by this study. (A) Electron 

cryotomograph of motor from Helicobacter hepaticus, a closely related species of H. 

pylori (adapted from Chen S. et al.，2011). The density of C-ring is colored red. The 

relative positions of FliG，FliM and FliY/FliN complex arc indicated. (B) Model for the 

organization of SPC. Structures of HpFliGMC2, F I I M m , CheY and the modeled structures 

of FliYc/FliN tetramer are represented, FliYc/FliN and FliMNa are modeled using T. 

maritma FliN and E. coli FHMno as template, respectively (Phyre). Blue arrow indicates 

the surface hydrophobic patch on FliYc/FliN for docking FliH. Purple and red circle 

‘indicates two possible arrangements of FHYN that would minimally affect the binding of 

FliYc'/FliN to other switch proteins. Dashed line indicates the loop connecting distinct 

domain. 
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A long-lasting biological question concerning the function of the motor is how bi-

directional rotation is achieved. All the switch proteins undergo conformational change 

upon CheY-P binds to FliM and led to CW-biased rotation (Sarkar MK et al.，2010; Lee 

LK et al.，2010; Minamino T et al., 2011). However, the dynamic motion of switch 

proteins during motor switching is poorly understood, due to the limitations of 

experimental techniques to measure these relative movements in the assembled 

macromolecular complex. Nevertheless, by comparing multiple structures of FliG and 

FliM, we unravel the relative sub-domain movement of FliG〔： and the displacement of 

F U M m surfacc loop. Remarkably, a 180" rotation of charge ridge that is critical to FliG-

MotA interaction is reported and helps to explain the symmetrical stepping molion in 

both CCW and CW rotation (Nakaniura S el al., 2010). How CheY-FliM interaction 

mediate the conformational change of FliG remains controversial, it is possible that the 

flexible loop of PHMm close to FliG-FliM interface is important for regulating ^this 

process. 

‘In summary, our pilot study on the structure and function of switch proteins from 

H. pylori helps to explore the molecular architecture of switch protein complcx from H. 

pylori. Multiple structural comparisons of the switch proteins uncovcr their dynamic 

properties that contribute to the understanding of the mechanistic details of motor 

switching. 
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Appendix 1. Vector information. Vector map of pGEX-6p-
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BamHI Sail NotI 

Vector information of pET28m-sumol. The relative location of hiSf,-tag, sumo 1 and 
multiple cloning site (MCS) are represented as bar. Commonly used restriction sites in 
ihe MCS are highlighted. 
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Ndel EcoRI BamHI Sail Hindill Cial 

pT7-7 vector 

2.5 kbp 

Vector information of pT7-7. Commonly used restriction sites in the MCS are 
highlighted. 
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Vector information of pILL2157. * Restriction sites are methylated when purified from E. 
coli. The map is adapted from Boneca IG et al.，2008. 
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C o l u m n B u f f e r 

CheYl / mutants/CheVl, 

GST 500 mM NaCl’ 20 mM Tris 
PMSF, 0.2 mM bcnzamidine 

pll 7.5, 0.5 mM EDTA, 2 mM DTT, 0.2 ：niM 

CLB 150 mM NaCl, 20 mM Tris 
PMSF, 0.2 mM bcnzamidine 

pH 7.5, 0.5 mM EDTA, 2 mM DTT, 0.2 ：mM 

Gel 

filtration 

150 mM NaCl, 20 mM Tris 
benzamidinc, 2 mM MgCh 

pM 7.5, 2 mM DTT, 0.2 mM PMSF,().] ！ mM 

FliM^-His8 / CheAP2-HiSfl 

Nickcl-NTA 500 mM NaCl, 20 mM Imidazole pH 8.0, 0.4 mM PMSF, 0.4 mM bcnzamidine 

Elution 500 mM NaCI, 200 niM Imidazole pH 8.0, 0.4 mM PMSF, 0.4 mM 
benzamidinc 

Gel nitration 150 mM NaCl, 10 mM HRPHS pH 7.3, 0.4 mM PMSF, 0.4 mM bcnzamidine 

CheY2 

Nickel-NTA 500 mM NaCl，50 mM Tris pH 7.3，5 mM CHAPS, 20 mM Imidazole, 0.2 mM 
PMSF, 0.2 mM Bcnzamidine 

CLB 150 mM NaCl, 20 mM Tris pH 7.0’ 10 mM Imidazole, 0.2 mM PMSF, 0.2 mM 
bcnzamidine 

Gel nitration 150 mM NaCl, 50 mM Tris pH 6.8, 20 niM Imidazole, 5 niM CHAPS, 0.2 niM 
PMSF, 0.2 mM bcnzamidine 

CheV3 

Nickel-NTA 500 mM NaCl, 20 niM HEPES pH 7.5, 20 mM Imidazole, 0.2 mM PMSF, 0.2 
mM bcnzamidine 

CLB 150 mM NaCl, 20 mM IIEPES, 20 mM Imidazole, pH 7.5，0.2 mM PMSF, 0.2 
mM bcnzamidine 

Gel filtration 150 mM NaCl, 20 mM HF.PFS pH 7.5，4 mM DTT. 0.2 mM PMSF, 0.2 niM 
bcnzamidine 

Appendix 2.1. List of buffer conditions for the puritlcation of chemotaixis proteins. CLB 
enzyme cleavagc buffer 
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Appendix 2.2. Ramachantran plot of CheYl structures. (A) BeFj" bound ChcYl. (B) SO广 

bound CheYl. (C). CheYl/D53A. (D). ChcYl/T84A. (PROCHECK). Regions are colored 

according' to: Red: Most favored regions; Yellow: Additional allowed regions; Light yellow: 

Generously allowed regions; White; Disallowed regions. Glycine is represented as triangle, other 

residues are represented as square. Met59 labeled in red is in generously allowed region. Gly in 

white region is within allowed region because of the different Ramachantran restraint on glycinc 

which is not displayed on the Figure. 
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Column Buffer 

FHMm / mutants 

GST 5(tn mM NaCl, 20 mM Tris pH 7.5. 0.5 mM EDTA,： 
mM bcn/.imidine 

> mM DTT, 0.4 mM PMSF, 0.4 

CLB 150 niM N.i( 1，20 mM Tris pH 7.5, 0.5 mM EDTA,： 
mM licn/amulitic 

I mM DTT, ,0.2 mM PMSF, 0.2 

Gel nitiatioi) 1̂ 0 mMN u i. niM Tris pll ' 5, 0 J luM PMSF. 'i ： mM hrn/,ii null he 

MiSft-suitinl-I'liC； 

Mckil-NTA 5('<i mM N..( 1. ：<! mM T"� | > l l 8". 15 .uM I"…t‘i/uk. " 4 mM r \ l s l , n 4 niM 
hi-ii/r»inuliiu 

KiiKioii 5i'<) inVl N.«( I, 20 i"M T n^ pi I 8 . 0 , m M lm"i.i/.’lr, 0.4 luM I'MsI", i» 4 mM 

hcii/.;iinitiiiK' 

C L B 150 iiiVl NaCl, 20 mM Tris pi I 7.5, 20 mM 0.2 mM PMSF, " 2 inM 

h< n/.iiiii(lnu 

Gel filtration 150 mM NaCl, 20 mM Tris pi I 7.5，0.2 mM PMSI ,0.2 mM l.mzainiiline 

Appendix 3 . 1 . Buffer conditions for F I i M m / FliG purification. 

n Cleavage buffer condition for the removal of His6-sumo I lag 
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rill I K . 

Appendix 3.2.Ramachantran plot of F I i M m structure. Regions arc colorcd according to: 

Red: Most favored regions; Brown: Additional allowed regions; Light yellow: (jcncrously 

allowed regions; While; Disallowed regions. Residues arc represented according to Appendix 2.2. 

Glycinc residues in the white region are within allowed region. 
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(A) 

Primer Name 

Flic is,, . - F 

MltivK i - F 

FHGN - R 

FHGNM-R 

FxFI.( i - F 

lit ! It(； - l< 

N:(MA- I 

N2(i4A-K 

N 2 ( M V - F 

N2fMV-R 

N204D-F 

N2<)4D- R 

N2041I- F 

N204H-R 

N238A- F 

N238A-R 

M233P -； F 

M233P-R 

F234P - F 

F234P - R 

MFPP - F 

MFPP-R 

FliFc-F 

FliFf-R 

Primer Sequence (5，- 3') 

cauiitfttgatccatRcaaaaaaacin gctlani.inuiM.iaatcaag 

ggggggfi£iil< -̂'igtlgynai.ic îctaga.u.igcttti:iiicviigg 

c:iiati;utcuac>.iacuiitm.;iiim tiii;î iij_';igiiigi<'catc 

cjiia(ggtcjiatetacgaiatiicg(xiiia.iiici?icaiu lii.iiagag 

gggggLH L aiggciagtaai rtji.u â iyc.n >.gm.i:i.i,i!tiic 

ggj-'irgggt ggt I gclC.igiK ;iiag{.'latc>."U'yOi.L'Ct 

u.i.u gn;t.iM;iicgci ctg;itga.iii.K ic'agc.i|： 

cf}.'ctgagttttcaliagggcg.ii.ijiitcjjgclg( ct̂ iic 

ga.it, gL'cagccg.i;i;itt.iicgtcct.u;iiuaa;i.K It .iL'i .11： 

ctgctgagliltcakagg.iog.if.i;iittcgL'Ci).Hi ”"， 
# 

gaacggc.ifjccgaaattau î ju ctgatg.i.i.i;tctc.ig 

ctg.igttttc.iicaggtcgataaiitcggctgccgtii 

gaacggcagccgaaattatccacclgatgaaa;ictcag 

ctgagttttcatcagglggalaatttcggctgccgttc 

gagatgttcctgttcgaggctctggtggatgtcgacga 

tcgtcgacatccaccagagcctcgaacaggaacatctc 

gcagaaaatcatcgacgagccgtlcctgticgagaalctg 

cagattctcgaacaggaacggctcgtcgatgattttctgc 

gaaaalcatcgacgagatgcccctgttcgagaalctggtg 

caccagattctcgaacaggggcatctcgtcgatgaUtlc 

gcgcagaaaatcatcgacgagccgcccctgttcgagaalctggtgga 

tccaccagattctcgaacaggggcggclcgtcgatgattltctgcgc 

ggggegggatccalggatgaagataaggaagtgaaatccatgtttgaaga 

gggggggeggccgcttaacctttcgcgccgtctgaagag 

Restriction Site 

Bainlll 

Sail 

Sail 

No.I 

N««il 

Bamlll 

Notl 
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•inu'r Name Primer Seqiu nce (5' - 3，） 

YKsa — F iMicaat.K cggcgi：111ggaagccgcti>ji.ilm.ictttta 

Ysj"；八-R taaaagctctcta{ (̂ L'gcttccaaaccgccggiiiiij^jtg 

- F ciii liiuagagciiiia；!' i l'Clmi u.i.hm.i 

K'V'̂ A — R ilcttcgtkcti;\a;igicg>.!i):ii.i.i;i;igi ii K i.im i： 

I. I (»(iA — F c.iggiii iniigpj-'agcyc.iu.i.tm. i .i.i.i.i.i.ifiu.i 

I |(»tiA - U u .u iiiiii^yi.iii igcgi K cci;ia.iL'itcii： 

I ) I ()7 — I .ly.l.iut. C.Mii;i;i.lL'l l!;ill!Ul\ .l.l:u ll l.l.l.l.l!̂  hUl 

D1"7A — R g““ig、-|lll.i帅aĵ i"必、.；山.11 Met 

17C-I' iii'it'gi iiiii.inicui.i.K t.fCciL',L:i.H\ ;i:i,i.ir 

l<217C-K cMitĵ gi ct .iL'gi Lini ec 

'.).̂ 25C-F cc.i.i.î 'u.iii.i.'ihMiiu.i.i.ik ”iĵ iei.i广iigcM.nM>i.ia.it'!'< ！.'ty. 

0325C-R gg.iic:iCL'cctUiiciiĵ ca:igctacitcacg.iMic i.itgaiittcctttijg 

F243C-F caagctcgccggtgcgalcaaat}^i.itgatgrtcaciiitj>;iagac 

n243C-R gtcttcaaaagtgaacatcatacalllgalcgcaccggcgagctlg 

R209C-F agctataaaattgaagtgggtggtttatgcgcgglggctgaaal 

R209C-R atttcagccaccgcgcataaaccacccacttcaattttatagct 

S222C-F ccgcctgggccaaaagtgcgclaaaaccac 

S222C-R gtggttttagcgcacttttggcccaggcgg 

Appendix 4.1. Primers used for the cloning of FliG, FUG mutants and FliF. Primers for 
mutagenesis of E. coli FliG and H. pylori FliG arc summarized in (A) and (B), respectively. 
Primers sequence for FliMN-Hisx and full length FliG were shown in Tabic 2.1 and 3.1, 
rcspcclivcly. 
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C o l u m n B u f f e r 

HiSft-FliFc - FIIGN 
Ni-NTA 500 niM NaCl, 20 niM Hcpcs, 20 niM Iniida/olc, 0.4 mM PMSF, 0.4 niM 

bcnzamidinc, pl l 7.5 
Ni - elution 500 niM NaCl, 20 niM Hopes, 200 niM Imidazole, 0.4 mM PMSF, 0.4 mM 

benzamidine, pll 7.5 
GST 500 mM NaCl, 20 mM Hcpes pli 7.5, 4 mM DTT, 0.1 mM HDTA, 0.4 mM 

PMSF, 0.4 niM bcn/.amidinc 
CLB/ 150 111 NaCl, 20 mM llcpcs pH. 7.5, 0.1 niM EDTA, 0.2 mM PMSF, 0.2 
("“.• filtration niM benzamidine 
I li<；, FHGn, FliGrsiw，FliC mutants 
GST 500 mM NaCl, 20 mM Hcpcs pH 7.5, 4 mM DTT, 0.1 mM RDTA, 0.4 mM 

PMSF, 0.4 mM benzamidine 
150 niM NaCl, 20 inM llepcs, 0.1 mM HDTA, 2 mM 丨)TT. 0.4 niN4 
benzamidine, 0.4 mM PMSF, pH 7.5 

CI B 
Gel 

M-NTA 

Elution 

Gel nitration 
FIiGmcz 
GST 

500 mM NaCl. 20 mM Hcpes, 20 iiiM Imidazole�0.4 mM PMSl.. 0.4 mM 
benzamidine, pH 7.5 
500 niM NaCl, 20 mM Hepcs, 200 mM Imidazole, 0.4 niM PMSF, 0.4 mM 
bcnzamidinc, pH 7.5 • 
500 mM NaCl. 10 mM Tris pll 7.5, 0.2 inM PMSF, 0.2 mM bcnzamidinc 

500 niM NaCl, 20 mM Hepes pll 7.5, 4 mM DTT, 0.1 niM HDTA, 0.4 mM 
PMSF, 0.4 niM benzamidine 
300 mM NaCl, 20 mM Hepcs, 0.1 niM RDTA, 2 mM DTT, 0.4 niM 
benzamidine, 0.4 mM PMSF, 20 mM Imidazole", pH 7.5 

CLB/ 
Gel 
Filtration 
FliC single or double Cys mutants 
GST 500 mM NaCl, 10 mM Hepcs pll 7.3, 0.1 m M � D T A , 4 niM DTT, 0.2 mM 

PMSF, 0.2 mM benzamidine 
CLB/ 150 niM NaCl, 10 mM Hcpcs pH 7.3, 6 niM DTT, (1.2 niM PMSF. 0.2 mM 
Gci filtration benzamidine � 

Appendix 4.2. List of buffer conditions for the purification of FliG and mutants. 
C'LB - enzyme cleavage buffer 
“FliCjMc： is prone to precipitation when conccnlrating the sample. Includc 20 niM Imidazole 
improve stability of the protein in solution. 
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HpFliG„c, 

111) ••l.'.L'lli 

Appendix 4.3.Raniachaiitran plot of HpFliGMci and HpFliGMc:2 structures. Regions 

are coIorcd according to: Red: Most favored regions; Brown: Additional allowed regions; Light 

yellow: Generously allowed regions; White; Disallowed regions. 
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C o l u m n 

FliY/FliN 

GST 

B u f f e r 

500 mM NaCl, 20 niM Hepcs pH 7.3, 4 niM DTT，1 mM EDTA, 0.4 mM 
PMSF, 0.4 mM bcn/amidinc 

CLB/Ni-NTA 150 mM NaCI, 20 mM 1 Icpcs pll 7.3, 20 mM Imidazole, 0.2 mM PMSF, 0. 
mM bcnzamidine 

Elution 150 mM NaCI, 20 mM llcpcs pH 7.3. 200 nvM Imidazole, 0.2 niM PMSF, 0. 
mM benzamidinc 

Gel filtration 150 mM NaCl, 20 niM Hepes pH 7.3, 2 mM DTT, 0.5 mM EDTA, 0.4 niM 
PMSF, 0.4 mM bcnzamidine 

GST-FliY/FliN, GST-FliY(/FliN, C S T - F U Y n 

GST-elution 500 mM NaCl, 20 niM Hepes pH 7.3, 4 mM DTT, 1 mM EDTA, 0.4 niM 
PMSF, 0.4 mM benzamidinc, 20 mM rcduccd glutathione 

Appendix 5.1. List of buffer conditions for the purification of FliY/FliN. CLB oiizymc 
cicavagc buffer. The purification conditions for GST-tagged proteins arc the sainc as untagged 
protein, cxccpt that the enzyme cicavagc is rcplaccd by GST-cliition buffer. 
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