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Abstract

In　the　self．assembly　process　of　the且agellar　fla皿ent，　the　micro皿eter－long‘propeller，　of　the

bacterial　fiageUum，　subuエEt　proteins　ca、lled轟age11斑a正e　polymerized　into　the　growing　fila－

ment．　Flagellin　fr・皿S．　typhimurium，　the・nly　avail’able　fiagel1血st・ucture・at・the・tirne・f

this　s七udy，　has　two　highly　collserved　helical　fila皿e丑t－core　do皿ains（DO，　D　1）and　tWo　Hy：per－

variable　Region（HVR）do皿ains（D2a／b，　D3）rich　inβ一stra且ds七hat　will　be　exposed　o且the

釦ament　surf己ce　in・the　assembled　f（）r皿．　Flagellins　synthesized　in　the　bacteriai　cytoplasm

have　to　travel　thTough　a　cha皿nel　in　the　ce江ter　of七he　Mamen七1ead已g知m七he　cytoplasm　to

a・avity・…e醐ng・』・b・・’・md・・th・M・m・nt・ap．　As　the　20　A　di・m・七・・戯m・l　i・t・・

narrow　fbr　fblded　fiagellin，　this　implies　the　coupling　of　unfolding／refolding　Processes　to　the

pTotein　tra皿sport．　The　study　of七hese　pr6cesses　foTms　the　fecus　of　this　thesis．　It　is㎞own

that　cells　cont　ain　machinery　powered　by　ATP　to　unfold　proteins　by・mecha皿ica蕗〕rces．　The

for皿且agellin　t　akes　during七ra皿sport　should　be　rela七ed　to　how　it　is皿fblded・To　investigate

the　preferred皿echaltic｛ill　ur［folding　pathway　of且ageilin，　force－probe　molecular　dyna⊇cs

simUl　ations　have　been　used．　Lower　unfolding　forces　are　associated　with　unraveling且ag－

ellin　from　its　adj　ace皿tly－loca七ed　ter皿ini（producing　a　fUlly　extended　polypeptide《虫a拠）as

compared　to　stretchillg且agellin　along　its　length、　After　reachmg　the‘refbidin．g　chamber’

at七he　distal　end　of七he　channel，且agellin　has　to　beエef（）1ded　be五）re　it　ca且be　as§embled・

Ther皿al　u丑foldin、g　sim、ulatioIls　that　probe　spo丑ta丑eous　refolding　suggest　that　per8istent

七hree－strandedβ一sheets　in　the　dena加red呂tate　of　HVR　doエnains皿igh七constitute　fblding

ini七iation　sites七〇guide　refblding．　Vblume　estimates　indica尤ed　that七he‘chamber’皿ight

accommoda七e　only　either　denatured　HVR　domains　or　filaxiユe且t－core　domains　at　any　o皿e

time，　suggesもing　a　two－step　refelding　process　with　HVR　domains　folding　a皿d　eXiting七he

‘chamber，　first．　Insights　into　this　natural　na皿oscale　tra　nsport　sys七em　might　form　the　basis

for　fu七ure　biona皿otechn．ology　apPlications．
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Chapter　1

Introduction

［t `ll　my　life　through，　the　new　sights　of　Nature　made　nle　rejoice　like　a　child．”

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一ハイαアεe　Ourie↓∫867－∫934ノ

1．1 Bacteria田agellum：a　self－assembled　nanomachine

To丘nd　food、　a　bacterium　needs　to　move　about，　The皿ore　e缶cient　it　does　so、　the　better

it　would　survive，　Bacteriai　movement　or　motihty　relies　on　the　working　of　the　bacterial

Hagellu皿，　Depending　on　the　species，　some　bact．eria　have　several　of　these　growing　out　of

its　outer－most　membrane　NN・hereas　others　have　only　one　or　two（Fig．1．1）．　In　bacteria

with　many　Hagella，　rotatillg　them　in　the　same　direction　causes　bundling　and　swimming

in　a　certain　direction，　If　the　nutrient　gradient　increases　in　that　direction，　the　bacterium

continues　swimming．　Otherwise，　flagella　rotation　is　reversed　and　the　bundle　dissolves，

resulting　in　tumbling．　The　bacterium　then　starts　to　swim　a．ga．in　in　a　randomly　chosen　new

Figure　1．1：The　bacterial　Hagel豆um．（Lφ）Aswimming　bacteriuln　with　se、・era工flagel－

lar　filaments　bundled　togetller，（Rilght）The　extracellular　portioll　of　a　flagellum，　show－

lng　the　hook　（browm）　and　filament　（beige）　witll　tlle　pelltaエneric　filanlent　cap　protein

（orange）．　Figure　taken　from　tlle　Protonic　Nanoinachine　website：http：．〃．ww“・．fbs．osa｝va－

u，ac．jp／eng／labo／09a．html．

1



1．1．Bacterial　flagellum：a　self－assembled　nanomachine
2

｝1．P．lt、i‘：

　　Hil　・1‘M’．‖

1】‘K．llSPl．

　　　　　，｝一‘・

　　日Jl

　　　　　l：δ1
　　8Sxl

　　　　　rl．．

‘い‘ぴ膓：1：．1Lt

　　　　　いロタ　　　　　：：1「：t；〈

　　　　膓“

　　Nt、．：1‘

　　　　　i｝．
　　v・．！N

　　　　パr‘．

　　　　ll，M

　　　　Fll、

1｝h、．ln．｝’，）h’｛，‘），1，

ll，《，．｝】11．．’1，C♪．｝1，K

‘1－、，ltL∫．’r，、．｝h‘

‘h‘

“

　　　　　　11，．ふ・わ‖ピ．、・↓］：LF．－rL・11　ト

　　　　　　11、・．ト｛

　　　　　　　k・〆1　　i1　．　　，

　　　　　　　1r‘：』2・

　　　　　　　」．‘lL£・

　　　1：f：：li’ご：1｝ltl‘杜「♪、．：，，’り乃〉

：7！○｝罪口‘㌔Pltt’‘h．“：1．・、“

　　　　　　　　　　、　　．　　～

　　　　　　　．1…‘、1．・：、1㊨、力・＄ttU；ll，・白《“

　　　　　　　　　　、，ト‘．ソ　・

　　　　　　　　　　　　　　べ
　　　　　　　　　　、1＃，置≡：　i

　　　　　　　　　　《　n・．：よ　　、・．・、．．，lF

　　　い“11‘F・°、in‘、‘冶lf‘’1・↓・xr」rt‘、

　　　‘．♪‘t・1ハ！a・＄、L、、レ↓rt”t一

゜：1

Fig。re・1．2・S・lm・れ・ll・且・g・llum・・mp・n・nt・・Many　p・・t・i・・a・e　i…1・・d　in　th・

assembly　of　flagellum　parts．　Rotation　of　the　rotor　is　trans皿itted　through　the　rod　and

hook　segments　to　the　long　fila皿ent．　Figure　taken　fro皿the　Protonic　Nano皿achine　website．

direction　in　the　hope　of　going　in　the　right　direction　this　time・

　　　Each　component　of　the　flagellu皿is　self－assembled　from　proteins（Fig・1・2）：abasal

body　that　a皿chors　the　flagellum　to　the　bacterial　membranes，　the　fiagellar　rotary　motor

surrounding　the　basal　body，　the　micrometer－long　tube－like　Mament　outside　the　bacterimm，

and　the　fiagellar　hook　which　connects　the　filament　to　the　basal　body　and　enables　sever瓠

flagellum　to　point　towards　the　same　side　of　the　bacteriunユto　form　a　bundle　fbr　swimming

［Macnab，2003］．　The　self－assembled　nature　of　bacterial　flagellum　makes　it　an　interesting

object　of　study　for　potential　bi（＞nanotechnologicaユapplications．　How　Nature　ma皿ages

to　construct　this　nanomachine　without　external　help　is　still　not　fully　understood．　Its

seemingly　intricate　construction　have　even　led　some　to　argue　that　the　flagellum　could　not
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Figure　1．3：Flagellum　vs　needle．　The　bacterial　Hagellum（left）is　morphologically　similar

to　the　needle　complex（内んり．　Homologous　proteins　are　labelled（those　from且agellar　within

brackets）．　Flagellin（FliC）is　homologous　to　the　needle　extension（blue）．　The　needle

transloca60n　pore（yellow）fbrms　on　the　eukaryotic　host　membrane　to　facilitate　virulent

protein　entry．　Figure　reprinted　from］・end5加Biocんemicαl　Sciences，31，　Calvin　K　Yip

and　Natalie　CJ、　Strynadka，“New　structural　insights　into　the　bacteiral　type　III　secretion

system”，223－230，　copyright　2006，　with　permission　from　Elsevier．

have　evolved　by　naturaユselection，　but　is　a　result　of　intelligent　design（the　work　of　god）．

Such　creationist　arguments　have　been　refUted　by　Pallen　and　Matzke，　who　pointed　to　the

sequence　and　structura1　similarities　betsveen　flagellar　and　non－flagellar　proteins　IPa皿en　alld

Matzke，20061．

12 Type　III　secretion　systems：且agellum　and　needle　complex

Figure　1．3　shows　a　comparison　of　the　bacterial　aagellum　with　the　needle　complex、　Both

bacterial　fiagellum　aエ1d　the　pa．thogeエiic　needle　complex　are　examples　of　the　type　III　secretion

system（T3SS）［Desvaux　et　aL、2006］and　can　both　be　expressed　on　a　pathogenic　bacterium．

Whereas　fiagellum　provides　motility，　t．he　needle　complex　is　used　to　inject　proteins　illt，o

eukaryotic　host　for　infection．　The　orgauization　of　the　needle　colnplex　is　reviewed　in　IMoraes

et　al．，2008】．　The　Hagellar　export　syste皿and　the　needle　complex　share　a　co！nmon　ancestor
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but　evolved　independe且tly　IGop｝1丑a　et　aL，2003］・Common　features　of　th・e　two　e｝Lrport

，ys七・鵬i且・lud・ah・ll・w丘1ament。u・s七・uct皿・蹴・剛・th・滋e迦d・ut・・m・mb・紐・

in　which　proteins　to　be　secreted七ravel　through　the　centraJ　cha皿nel，　a皿d竜hat　bothε旺e

ATPase－dep飢dent．　Whereas　the　flagellum　coぬins　a　motor，　this　is　absent　in　the　needle

・・mp1・x．　At　the　end・f　the・ch・nn・1，・ffe・t・・pr・t・i丑・・nt・汕・h・s七・yt・s・1　in　th・c・…f

the　needle　complex　bu七is　reta油ed　a丑d　assembled　i王1　the　case　of　the　fiagellum．

1．3　Filament　assembles　from　a　multi－domain　protein

The　fbcus　ofもhis　thesis　is　on七he　tube－1ike　bac七eriaユflagellar丘laエnent，　the曽rop巴ller　of　the

flagellu皿．　The　fila皿ent　is　asseエnbled　from　tens　of　thousa丑ds　of　copies　of　a　single　protein

called」厚α9召1髭n，　Fh　esh　flqgellin　is　added　to　the　tip　of　the　growing　filament　instead　of　its

base．　Flagellin　has　to　be　exported　a且〔I　move　through　a　continuous　ch・a皿nel　starti皿g　fro皿L

the　export　apParatus　located　in、　the　basal　body　along　the　hollow丘la皿len七towards　th・e

growing七ip．　The狙ament　cal）protei　l　Hook－As呂ociated－Protein　2（HAP2）bound　to　the

tip　assists　in　the　polymerization　of　flagellin　monomers’　into　filainent．　Exp　erirnent　has　shown

that　addition　of　HAP2　to　a　HAP2－ge丑e　de丘cient　bacterium　preven七ed　flagellin　leakage　a且d

induced　fila皿en七growth｛Ikeda　et　aL，19931．

Pomains　encoded

NDO　　ND　l 甘VR　domaiロs ’　CDI　　CDO

Censerved variable Comscrvcd

Figure　1．4：Flagellin　domain　organization．　Schelna七ic　showmg　domain．s　and　su．bd（｝

maillsぬthe　polypeptide　chain　e丑coded　by　flagellin　gene躍σIn　the　fblded　protein，　NDO

and　CDO　segments　come　together　to　form　the　DO　domain．　Sa皿e　fbr七he　D　l　domain、

　　　Flagellin　is　a　multi－domain　protein．　The　Iayout　of　i七s　domains　is　shown　schematica皿y

in　Fig．1．4．　Its　polypeptide　chain　is　fblded　back　such　that　the　N－and　C－ter皿inus　are　next

to　each　other　in　the　tertiary　structure．　There　are　two七eminal－proximal　domains（DO，

D1）that　are　rich　in・　a－helices　and　which　forms　the　i皿er　and　outer　tubes　of　the　filame且七

（fila：ment－core　domains），　Tespectively（Fig．1．5　a）．　Due　to　the　structural　importa皿ce，

these　are　highly　conserved　across　bacterial　species、　The　middle　segment　of　the　polypeptide

chain　contaills　the　so－caユled　Hypervaエiable　Region（HVR），domains．　The　HVR　segment　of

the　fiagellin　gene　flie　varies　greatly　a皿10皿g　bacteria　species，　both血1ength　a皿d　amin〔＞

acid　composition．　This　could　be　a　way　for七he　filament　to　adapt　to　dfferent　opera尤ing
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Figure　1．5：F！agellin　topology　and　assembly．（α）The　tertiary　structure　of　the　494－

residue　5．　typhimurium且agellill　as　the　flagellaエ｛ilament　subunit，　with　NDO　in　blue　and

CDG　in　red．　Cartoon　rendered　from　PDB　code　IUCU　using　moleculaT　visualization　soft－

ware　PyMOL　IDeLaロo，20021．（旬Quaternary　stmcture　of　nagellin・End－oロview　of　the

Ca　backbone丘la皿ellt　model　from　the　distal　end（froln　the　cap，　say）－S，　in　the　figure

represent　the‘spoke》linker　region　co㎜ecting　DO　to　D1．　Figure　rep血ted　by　permission

加mMacmilla丑Pub互ishers　Ltd：Nature（2003，424，643－650），　copyright　2003．

㎝Vlro㎜ents．

　　　In　3αlmoπellα触ん仇u物m，　a　Gr㎜一negative　bacteria　that　multiplies　in　the　human

gastrointestinal　tract　and　could　cause　gastroenteritis　but　causes　a　disease　resembling　ty＿

phoid　in　mice，　the　HVR　segment　code　fbr　two　domains（D2，　D3）．　In　contrast．　C．　crescentus

fiagellin　has　much　reduced　HVR　domains　but　motility　is　not　affected｛Trachtellberg　and

DeRosier，19881．　The　only　3D　stnlcture　of　bacteria1鼠agellin　av田lable　in　the　Protein　Data

Ba皿k　is　from　S．　typhimurium、　Figure　1．5αshows　a－　cartoon　representation　of　the　Hagelli皿

structure　as　fb皿d　in　the　filament．　The　HVR　domains　have　a　high　percentage　of　p－sheets

f〈）r　mechanical　stability．　HVR　domains　are　exposed　on　the　filament　surface　and　have　been

mutated　or　substituted　to　allow　fbr　construction　of　fila皿ent　exposing　certa三n　protein　d（F

mains　on　its　surface．　By　gelletically　engineering　cysteine－rich　loops　in　the　HVR　domains，

na丑otube　bundles　have　been　created　via　fbrmation　of　disulphidebonds　between　the　cys－

teine　loops　IIくumara　et　al．，20061．　Biologically－inspired　nanotubes　have　many　applications

in　nanotechnology，　such　as　f（）r　padkaging　small　drug　molecules　or　enzymes　fbr　delivery．
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3輌。鵬tia・fiag。11in・HVR・d・謝n・are・als・rec・…輌d　by　th・in輌舐d趾ap七iv・血mEme

，es麺・・f　a　h・・t　during　bact・rial　i輌ti・且・Flag・11血臨u・ゴt　b・田・劔品剛・f

蹴i江es劔t，e典g、ev・・al臨ti・⊇i・eases　［Salazar－G・翻・鋼d　M・S・・1・y，2GG51・

1．3．1Fi玉ame皿t　c。re　i・rigidified　by　hydr・ph・bic　interacti・ns　between

　　　　　　　tεrminal　domains

Th。　highly・・丑・e・v・d　t・皿inal・d・ma三丑DO・f丑ag・茎1血蝕m曲・遮er七ub・・f七h・fila　［n・nt・

桓出e五lame巳t，α一heli¢es血DO　f（〕rm　inter－subunit　coiled－coil呂もy　hydrophobic桓teracti⑪豆s

｛迦』a・t・ai．，・2ee31．　H・pt・d・ep・at・・f　hyd・・ph。bi・・e・idu・・hav・been　id・ntifl・d　f「°m

、。qu・nce　b・f。・・th・t・・t鱒・t・u・tu・e量・d・te・血n・d　［H・㎜a・鳳，19901・lnt・・a・七i・ns

b｛…tween　inner　a皿d　outer　tul〕es　of‡he§la皿e工誌are　also　hydrophobic　in　llature・These玉ed

t。a，igid・k。li・al丘1・m・nt・t・u・t⇒with田ag・llin・m・鳳・・P・・櫨n・f　th・h・lix（F呈昏

1．5み〕．

1．4　　Flagellin　transport　involves　distinct　u紅量コlding／ref（〕正ding

　　　　　　phases

The　initial　a匡皿of　this　research　was　to　siエnulate　the七ransport　of　fiagellin　through　a　mod－

eled　8eg皿en七〇f　the　filameBt．　Ith三nk七he七ransl）ort　of　pro七ei江s　cou匡（至be　as皿portant

as．s，lf．as・eml・1y（whi・h　might・ccu・・n　a・time　・cal・that　i・t。G　l・ngも・・imulat・at　’th・

at面，もic　l・v・1）f・・the　c・eati・n・f・nanG・t・u・㌔es・H・wev・・，　th・diam・も…f・the　fi・ag・1－

lar　cha舩el　turned　out　to　be　o皿1y　about　20　A　as　determined　from　the　a加皿ic皿odel　of

th・filam・nt　IY・n・ku・a・t　aL，20e31・獅n－chain　and・▲de－・hain　at・m・。f・e・idu・・n・a・

七he　C－ter皿血us（呂pecifically　G短484，　Asn488　aa｝d　Arg494）fro皿ea£h　assembled　fiagellin

stick　h嘘o　the　cha」皿e1．　He且ce，　the（iha皿皿e董illller　surface　i8　hydrophilic桓nature．　The

・，eal・d－up，，丑atu・臼f　th・㎞・・tube識・・随ding七h・・h・mコ・1・ugge・t・　’that　it・i・　unlik・ly

for　the　cha皿nel　to　expaad血response　to　pass三ng且age｝｝in・This　cha鑑el三s　too　narrow　to

aceomエnedate且agellin　in　its　na七ively　fblded　F－shape　or　eve豊af七er　some　parもial　unfolding

and・b，nding　ab。ut七h・D1－D2　j噸i・nl　sin。・th・D2…ss－secti。“・f肛・皿d　45　A　i・・ぱ

竜oo玉arge（Fig．1．5の．　Hence，｛¶agellin　has　to　be　substaintially　IMf（〕lded　befbre　transport．

As　a　restiltうIswitched　my　re舘arch七he皿e　to　iBvestigate　the　u皿folding　and　refoldin9　phases

tha七部。ompany　the　transport趣a5e・

　　　1巷F皇9U・eユ．6，1・h・w　a・a・t・・n　f・・ba・t・・ial　fiagellin・）rp・・t・Flag・11in　in　iS・lati・n
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Figure　1．6：Bacterial且agellin　export．　A　fiagellum　with　a　few　assembled　flagellin　near

the　tip　of　the　fila皿lent　is　shown　in　this　schematic　diagrain．　The　asse皿bled　or　polymeric　form

of且agellin　has　been　solved（PDB　code　IUCU），　from　which　the　cytoplas皿ic　or　monomeric

form　with　disordered　termini　helices　has　been　obtained　from　our　molecular　dyiiamics　simu－

lation　in　solvent．　The　conformation　of　fiagellin　during　transport　through　the　cha皿nel　is　still

unknown　but　is　suggested　to　be　highly　unfblded　due　to　the　narrow　channel　cross－section．

Refblding　then　takes　place　in　the“chamber”befbre　assembly　with　the　help　of　HAP2　chap

erone．　The　newly　added　fiagellin　sh。wn　still　has　disordered　termini　helices，　with田led

circle　representing　the　N－terminus．

（denoted　monomeric　flagellin；see　Chapter　4）is　somehow　unfolded　by　the　export　apparattts，

10cated　at　the皿outh　of　the　continuous　fiagellar　chanpel　inside　the　basal　body（Fig．1．2）．

Flagellin　then　travels　through　the　20　A　wide　channel　until　it　reaches　a　cavity　u皿der　the

丘lamen七cap，　fbrmed　by　the丘nal　round　of　assembled　flagellins．　There，　fiagellin　has　to　refold

unaided　and　add　into　the　fila皿ent　tip　by　interacting　with　HAP2【Yonekura　et　al．，20001．

But　what　mechanism　coUld　be　emplOyed　by　the　export　apparatus　to皿fold　fiagellin？Put

more　generallyt　how　do　cells　unfold　proteins？

1．5 Many　physiological　processes　involve　unfolding　proteins

by　force

The　w勢’proteins　are唖1ded　in　tlle　cellul肛enviro㎜ent　is　d臨rent加m　spont鋤eous

in　vitro　unf｛〕lding　by　solvent　denaturant　or　high　telnperatures．　CelIular　nla．chines　such

as　proteasoエnes　unfbld　proteins　by　pulling　on　the　proteins，　exposed　N－or　C－terminus、

that　is　by　means　of　ATP－powered　mecllanical　forces　IPrakash組d　Matouschek，20041、

E4any　protein　translocation　systems　such　as　Sec　translocase　or　theエnitchondrial　illlPo「t
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Figure　1．7：Protein　degradation　machine．　The　ATP－powered　mechanical　denaturation

and　translocation　of　a　natively　folded　protein　by　the　bacterial　ClpXP　proteasome．　The

polypeptide　terminus　segment　in　red　is　the　degradation　tag　that　is　used　fbr　recognition

by　the　ATPase．　Rate　consta皿ts　fbr　denaturation　and　translocation　phases　are　denoted

by　kden　and　ktrans　respectively．　Figure　reprinted　froエn　Cell，114，“Linkage　between　ATP

consumption　and　mecha皿ical　unfblding　during　the　protein　processing　reactions　of　an　AAA＋

degradation　machine”，511－520，　copyright　2003，　with　permission　from　Else、・ier．

systelns　also血volve　unfolding　Proteins　by　mechanical皿eans・Unfblding　rate　under　force

is　much　larger　than　spontaneous　unfolding　because　such　unfoldases　catalyze　the　unfolding

‘“窒?≠モ狽奄盾氏hby　changing　the　unfolding　pathway　lLee　et　aユ．，20011．　Fbr　example，　the　very

stable　monomericβ一barrel　Green　Fluorescent　Protein（GFP）that　resists　denaturation　by

6Murea　wa5　rapidly　degraded　when　recruited　to　the　bacterial　ClpAP　proteasome　when

tagged　at　the　C－termi皿s　with　theαpAP　recognition　sequence　IWeber－Ba皿et　a1．119991．

　　　Proteasomes　are　large　cylindrical　complexes　that　contains　a　degradation　chamber　ac－

cessible　only　through　narrow　10－15　A　cha皿Lels．　Hence　only　unfblded　polypeptides　can

be　threaded　into　the　cha皿ber，　Access　to　the　cha皿nel　is　controlled　by　s（Fcalled　regulatory

particle（containing　hexalneric　ATPases）that　recognizes，　unfolds　and　translocates　proteins

tagged　f（〕r　degradation．　The　ClpXP　bacterial　proteasome　with　separate　denaturation　aエ1d

translocation　cycles　is　shown　in　Fig．1、7．　The　rate　of　ATP　consumption　by　the　ClpX（same

family　as　ClpA）ATPase　during　denaturation　is　fbur　times　slower　than　during　translocation

of　the　u皿folded　polypeptide　IKe皿iston　et　aユ．，2003］．　The　local　stability　of　the　protein　near

the　degrada赫on　tag　is　correlated　to　the　arnount　of　ATP　needed　fbr　denaturation．　How－

ever，　unfblding　of　titin（aβ一sheet　protein　fouロd　in　muscles）variants　of　different　stabilities

do　not　change　the　rate　of　ATP　hydrolysis．　This　suggests　that　the　protein　could　slip　or

dissociate　transiently　from　ClpXP　complex　to　prevent　stalling　the　molecular　machine　if

unfblding　does　not　occur　during　a　cycle　of　ATP　hydrolysis．　A　uniform　unfolding　force

was　hence　repeatedly　applied　during　denaturation，　with　more　ATP　molecules　consumed



1．6．Ainユs　of　thLis　thesis 9

丘｝rmore　stable　proteins【Keimiston　et　aL，2003】．

　　　R〕rthe　Hagella苫export　system，　co］並roversy　still　ex三sts　o且the　true　origm　of　the　me－

chanical　forces．　There　are　so工駐e　sugges七ionsもhat　the　ATPa5e　Flil，　that　sh．ares　sig】ユificant

structural　s迦laエity　to　theαεm、dβsub皿its　of　the　hexa皿eric　F1－ATPase　ilmada　et　a匡・，

20071，might　act　as　a皿unfbldase．　The　Flil　homolog　in　the　needle　compleX　in　pathogenic

bacteria，1且cVうcould　induce，the　unfolding　of　the　secreted．　protein　SptP（Akeda　and　G　aユ加，

20051．Hence，　Flil　m．ight　work　in　a　sirniIar　fashion　a£the　u皿foldase　for　fiage▲lar　export

proteins．　Hσwever，　no　experimental　s加dies　of　Flil　ar｝tion　has　been　undertaken　to　our

k丑owledge．　On　the　other　hand，　there　are　also　suggestions　that　a　Protoll　Motive　Force

（combination　of　proton　concen七ration　and’　electric　gradients）七hrough　the　tratisport　cha皿一

豆ei　might　be　suf丘cient｛Minaエnj皿o　a皿d　Na凪ba，2008，　Paul　et　ai・，20081’though　cross－talk

with　other　unfoldases　ha3　yet　to　be　ruled　out　as　pointed　by　Gaiti皿【GaJ鋤，20081・玩view

of七he　above，　we　would　o111y　assume　some　mecha丑icaユf（｝rce　is　ava且lable　to　upfold　’fiagellar

proteins　bu七do　not　ide工比ify七he　source　in　this　thes三s・

1．6 Aims　of　this　thesis

ユ．Determine　the　likely　form　that　the　bacterial　fiagellar丘1a皿ent　protein（且agellin）

　　adopts　during　transport　through　the丘la皿teRt　cha皿neL

2．Deter皿ine　the　mechanism　whereby　flagellin　spontaneously　refold　in　the　cavity　under

　　the　f圭la皿lent　ca）．

3．Generalize　the　fi　ndings　from　Salmonella　typhimurium　flagellin．　to　flagellill　homologs

　　丘oエno七her　species　a丑d　oもher　fiagellar　export　proteins・

L部ning　h。w　p，。t，i。』鋼b・mad・mech画・ally　s七…gy・t・a・y　t・曲1d／・ef・ld　fo・

1・皿gdi・t・nce　t・皿・p・・七1　i丑d・p・nd・蜘f　th・amin・acid・sequ・鵬might　b・use劔血bi仔

na皿otechnology二　We　ca皿thus　design　proteins　that　ca皿recover七heir　fUnction　after　bei丑9

threaded　through　narrow　cha皿11els　in　a　tt　u皿folded　state・

1．7 Why　simulations？

The　moveme皿t　of且agellar　protei皿s　i丑side　the丘lamen七cha皿el　canno七be　visualized　by

、pect，・・c・pi・mean・．　C・mput…imulati・n・，三n・parti・Ula・・th・se・b…d・n　M・lecula・Dy一

皿迦ic8（MD），・・uld　p・t・ntially・P・・vid・a・“wind。w’・t・th・p・…s・皿d　a騨・ss　at　th・form
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且agell血adopts　dur已g　trainspor七、　Meeha皿ical　u皿foldi皿g　simUlations　were　carried　out　to

reveal　the　unfo｝ding　pathways　and　compare　the　mechamical　effort　involved　in　trwo皿odeIs

of　the　tra皿sport　fbrm　we　proposed　in　this七hesis．　Re8ults　ob七ained　f士o］皿s㎞ulations　sh．ould

be　comPared　to　single－molecUle皿easuremen七s　when　they　b　ecome　available・For　the　fold－

ing　of　fiagellin，　molecuユar　sirnUlations　coU　ld　also　suggest　the　pathway　at　atomic－resolution・

The　compleXity　of　folding　such　a　large　pr⑪tein　in　the　computer　is　overcome　by　p　erfbrming

f〈〕lding加reverse，　usi皿g　high　temperature　MD　to皿血ic　the　unf（〕lding　Process・Again‘

result日await　va腿誠ion　by　fu加re　exp　eriments．

　　　Nevertheless，　the　1arge　and　1コulti－domai丑nature　of　flage工lin　pose　challenges　to　thermal

and皿echanical　unfblding　simulations　m　ter皿s　of　the　high　computati皿costs　a皿d　in　the

axLalysis　of　simulation　data．　Certain　apProX　imations，　such　as　the　lack　of　a皿explicit　repre－

5entation　of　solve皿．t　during　mechanical　unfOlding，　has　to　be　taken　in　view　of　computa七ion

resouエce　limitat三〇ns．

1．8　How　this　thesis　is　organized

This七hesis　is　organized　into　six　parts．　Thi呂chapter　provides　an　introducti皿a丑d皿〇七i－

vation　fbr七he　re呂earch．　Chapter　2　presents　some　l〕ioinformaties－based　a皿alySis　Dn　HVR

domains　from　flagellin　ho皿010gs、　In　chapter　3，1　will　introduce　the　si皿ulation　methods　a皿d

releva皿t　theory．　Chapter　4　present8　a　model　of　the　moIlo皿eric　fbrm　of　bacterial　flage｝lin

based　on七he　poly皿eric　fbrm（七he　subunit　of　the且age11ar　fi｝a皿ent）．　This　model　is　used

fbr　mechaiiical　and七hermaユunfbld三ng　simula七ion　studies，　presented　in　Chapt　ers　5　and　6、

Co且clusions　and　outlook　of　this　research　isむhe丘〕cus　of　the　last　ch　apter，　Ghapもer　7、



Chapt　er　2

Bioinformatics　analy8is　of且agellin

2．1 Multiple　sequence　alignment　of　HVR　amin（←acid　sequences

From　the　multiple　sequence　align皿1e丑七（MSA）of且agel』homologs　by　Beatson［Beat－

son　eもal．，2006】，　I　have　eXtracted　out　the　correspoエ1d桓g　HVR　segments　of　the　fbllow－

ing　h・m・1・gs（互・蝋be・・f　re8idues　m　HVR　indi・at・d　in　b・蜘ts）・1UCU－FHC（241）・

HELFE＿罰aA（258），　BURCE＿．FliC（250），　AQUPY＿FlaA（245），　RHOSH＿FliC（238）・1

　　These　seque皿ces　are｛己igned　using　the　multiple一呂eque且ce　alignrnent　program　ClustalW

1．83（ah・u・istic　p・・g・essiv・alig㎜・n七alg・・ithm）・血ing・f・・皿・h・EMBn・t…g・Paraxne

もers　illclude　BLOSUM　scoring皿atriX，　gap　opening　p　enal七y　of　10（a皿d　5）a皿d　gap　extension

P・nalty・f　O．05．　A・pretty”・utpu七i・・h・wn・in・Fig・2・1・C。1u㎜・ar・』n・d　in　blu・by

ESP・ipt・if＞70％・f・th・・e・idu・・hav・・imil四hy・i・ひ・h・皿・ai・P・・p・・ti…th・ugh・these

may　n・t　b・m・a・aingfu1　du・t・th・・mal1　nurnber。f・equ・nce・aligln・d・P…alignment

is　obtained　wi七h　defa副t　parameters，　wi七h　hydrophobic　and　polar　residues　are　inclu’ded　in

the　sa皿e　aligned　colu　n、　Even　with　a　reduced　gap　opening　penalty　of　5　to　re且ect　the

la，g・sequ・nce　div・・gence，　n・・ignifi・ant　imp・・v・m・n七results（Fig・2ユb）・Alignrnent

u・ing　T－COFFEE　g副e　a　m・・e－gapP・d　MSA（n・七sh・wn）similar・t・tha品m　C！ustalW

with　the　smaller　gap　penaity．　The　low　sequen．ce　collserva七ion　indicates七hat　the　available

HVR　domain　3D　s七ructure8　from　l　UCU　could　not　serve　as　good　templates　for　homology

　　1HELFE　is　short－hand　fbr　Hetieθbacter　fetbs，　BURCE　for」ヲuTK　h　otder｛αcepaci〔ちAQUPY　for　A　q唾『e田

pyrophilms　and　R王【OSH£or　Rhodo　bacter　sphaeroides．

11
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エnode王i口9　efforts、

2．2　　Secondary　structure　predictions　for　Hagellin　homelogs

The　sec。n鈎・t，uc畑・・e且・・d・d　by　the　HVR　se蔓u・n・e・訂・predi・ted　by　PSIPRED　v2・6

1J・丑・・，1999］　impl・m・nt・d　in　th・w・bse・v・・IM・G・lffin・t・al・・20001・PS匡PRED・・曲es

neural　nLetwork　predictions　wi七h　a〕MSA　derived　from　a　Position－Sp　ecif…c－lterated－BLAST

’da志abase　search．　Three乱dditional　homo｝ogs　Wtもh　smaller　HVR　sequellce　are　included　in

th，p，edi，ti。n、、　AZOBR一剛151），YERPE－L酬135）皿d鴨PA－F剛121）・2　Fr・m

Figu，e，2．2　・nd　2．3，　we　can・ee　that　a・high・perceRtag・・fβ一st搬d・ar・p・edi・t・dも・b・

，n，。ded・by・th・HVR・equence・（excep函YERPE　w垣・h　h品m・reα一h・1i・es）・

　　　Inc匡dentaユly，　the　X－ray　structure　of　a　Hagellin　homolog　with　very　5皿all　HVR　seg［nent

was、。lv，d　t。2A，e，。1uti。n　by　a　g・・up・at・Ky・t・U丑iv・・sity【Maruy・ma　et　al．，　2008｝・　Th・

畠ec。蜘y・t・u伽es　p・edict・d　by　PSIPRED　・nd　」p・ed3｛C・le　et蕊，20081（turning・・ff

PDB，ea・ch）are・sh・㎜in　Fig．2．4．　B・th　m・七h・ds　p・edi・七・d　th・1・cati・且・fもhe　cen七・a1

α一helix　quite　well　a且d　shows　co皿paral｝le　accurτacies　fbrβ一stra且ds．　The　good　predic七ioロs

fbr　IUCU　a皿d　2ZBI　give　confidence　that　curre皿t　secondary－structure　prediction　aユgori七h皿1s

ha沖e　become　q磁te　accura七e，七hough　not　perfect．　From　the　predic七ions，三もis　thus　Iikely　tbLat

most　HVR　domains（exposed　on七he　filament　surface）contain　a北least　o丑eβ一5heet　which

could　pro†i（ie　the　required　I且echanical　st泣｝iii㌻y・

　　2AZOBR　fbr　Azo5責iriltum　brasil巴nsq　YERPE　fbr　Yersinia　p已stis　and　VIBPA　fbr　Vibrio　parahaemo‘yt｛－

cu5．
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Predicted　sccon血y　StruCtures　by　PSIPRED

　　for　lUCV　HVRseluence　segnent

hdiCted　secoハdmy　Strucnues　by　PSIPRED

　　fiヨr　HELFE　HVRsequericc　scgment
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Figure　2．2：PSIPRED　predictions　of　secondary　structures　in　selected　fiagellin　HVR　h（F

mologs．　The　starting　position　for　e－strands　from　the　solved　IUCU　structure　are　indicated

onto　the　PSIPRED　prediction　to　give　an　idea　of　the　accuracy．
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Figure　2．3：Figure　2．2　continued．
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Figure　2．4：PSIPRED　and　Jpred3　have　similar　accuracy．　Compaエing　sec－structure

prediction　accuracies　of　PSIPRED　a皿d　Jpred3　fbr　the　HVR　domain　from　the　recelltly

solved　flagellill　homolog　2ZBI．　Oraロge　and　green　bars　indicateβ一stra皿ds　andα一helices　in

the　solved　structure　respectively　a皿d　are　overlaid　to　give　a　sense　of　prediction　accuracies．

Jnet　predictions　are　used．



Chapter　3

Theory　and　methods

3ユ　Molecular　Dynamics（MD）simulations

The　current　paエadigm　of　moleculaエbiology　is　that　seque血ce　dictates　8七ructure　and　str即．

七ure（玉ictates㎞ct匡on．　However，　oftelitimes　i七is　the　dyna皿亘c　behavior　of　a　prote註1　that

d，t，，漉es・its・imcti・n　IH・nzl・・－Wildm鋤識d　Kem，2007L飽・興・・，　for　in・髄ce・・ft・m

have　active　sites　who呂e　access　is　regulated　by　large－scale　collective　motions　of　portions　of

the　protehL　A　famous　exa』［nple　is七hl誌of　HIV－1　protease，　the　enzym、e　that　cleaves　Basce王式

P。lyp，・tein・誠・』cもi・nal・P・。t・i⊇・vi・al　assembly・and・epli・ati・且｛K・hl・t惑ら19881・

王ti§ahom（卜dimer　with　the　active　si七e　covered　by　a　pair　of‘壬1aps’．，　fOrmed　by　Ioops　th…誌

has　to　ope且wide　e紅ough　fbr　the　stiもstrate　to　bind．

　　　A三th。ugh　sp・・も…c・pi・m・th・d・・su・h・as・Nu・lear・Magn・ti・R…n組ce（NMR）伽giv・

u，識1且di，ati。且。f　the　c。丑f。rma七i・翻丑・xibihty・f　a　p・・t磁，　simu匡aもi・n・all・w・u・・t・fb盤・w

the、dyna皿，s　at七h・at・皿i・1・v・L　M。1・cular　dyn・mi・・（MD）・皿鋤鵬飯・』t・・du・磁

te，七udy甑pl・liquid　b・h・ivi・・by　rep・e8enting七h・垣も・・㏄ti・n・f　at・m輌a・・慧isi・丑

。f　h鍵d　sph。・・s　lAld・・皿d　Wぬwr匡ght，195？いave・血ce　bee・・蜘d・d七・th・・加dy

。f・bi。m。1卵les（P，・七・已s1皿・1・i・a・ids）with・m・re・・ゴ・x蹴ac緬・紐d磁・鵬iv・ly

u，，d　t。，。m』，丑已P・・im・ntal・tudies・f　bi・㎜▲ec趣㎞・もi・且p・d・・且・t　al・1　200S］・

E，、，n七i叱MD・imula毯・丑…breath・d・life”int・・臨bi・m・1ecul鍵st・u・tures　d・p・・i七・d

in　the　Protei盈Data　Bank．　MD　aユlows　us　to　observe　the　dyna皿ics　of　bio】［no匡ecules　under

・qUilib・i㎜・・nditi・且s・f髄perat鵬識d　p・e・s溺，　f・・囎mpl・・

　　　in・thi，・secti。丑，　l　w匡11澁・du・e　th・th…eもi・al・ba・kg・・叫s・1⊇蛎・ls・and　p・畔・al

a、pect，。f　MD・imulati・且．1・Wil正・・且dud・this　secti。n　by　m・nも三・血gもhe　success鋸噸

limitatii（皿s　of　MD　simulatiens，1ロthe｛bllow逗twc　sections，王will　intτoduce　the　vaエia誕s

17
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bend

gngle

O＼・d蹴：：t・・

　　　　　　　、
　　　　　　　　　、
　　　　　　　　　　一一Q

Fig。，e　3．1・M・1ecul・・mech・ni・・fb・ce－fi・ld・S・h・m・ti・・ep・e・ent・ti・n・f　b・・d・d（b・nd

，t，et，hi。g，組gl・b・ndi・g，　dih・d・・1皿gl・・。t・ti・g）and・・n－b・・酬・dW皿d・lect…t・ti・）

interactions　between　atoms．　Bond（1－2）and〔mgle（1－3）interaction　terms　are　typically

，ep・e・e・t・d・・i・g・p・i・g－lik・fun・ti・n・・Th・m・th・m・ti・al・ヰ・e・・i…a・e　gi・・n　i・th・

text，

of　MD　simulations　that　I　have　e皿ployed　in　this　thesis，　namely　forceprobe　a皿d　high－

temperature　MD．

3．1．1　Theoretical　background

In　a　nutshell，　a　bi（Fmoleculax　dyriamics　simulation　consist　of　two　components：（i）ade丘ni－

tion　of　how　atoms　in　the　biomolecule（and　surrounding　solvent）interact　with　each　other，

and（ii）how　the　position　of　the　atoms　change　with　time．

　　　Part（i）is　knowri　as　classical　molecular　mechanics（MM）and　describes　the　inter－ato皿ic

interactions　between　atoms．　More　accurately，　MM　only　treats　interactions　between　atomic

nuclei　and　ignores　any　dynamics　of　electrons．　A　force－fleld　includes　the　mathematical

expressions　for　the　potential　energy　terms　and　the　associated　adjustable　para皿eters．　Re－

finement　methods　as　part　of　structure　determination　by　X－ray　dffraction　or　NMR　involves

use　of　such　a　MM　force一丘eld．　Typical　fbrce一丘elds　include　bonded　inter－atomic　interactions

to　maintain　the　bolld　between　two　atoms，　the　angle　betwee且three　atoms　a皿d　dihedra』

angle　betweell　four　atoms（angle　between　the　plane　fdrmed　by　atolns｛1，2，3｝a皿d　that

by　atoms｛1，4，3｝）．　They　also　inevitably　include　non－bonded　interactions　such　as　van　der

Waals（between　induced　charges）and　electrostatic（between丘xed　charges）壬br　atoms　sep缶

rated　by　three　or皿ore　bonds．　Figure　3．1　shows　a　schematic　diagram　of　these　interactions

between　ato皿s．　The　intra－molecular　potential　energy　function　in　the　AMBER　［Case　et　aL，

20041fbrce－field　is　a　su皿mation　over　the　fbllowing　terms（pairwise　additive）：
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Eb。nd（r）

E。ngle（θ〉

Edih。d，al（φ〕

Enb（砂）

　　　Σk，（・－T，q）2

　　　毒oπd5

－］z　he（e一θ，，）2

　　　angt巴s

一ΣΣ1皇（1＋…［πφ一7」〕

　　　dih　edrals　n＝1±2‡3

一竃5｛（AiゴB鍾躍2R6．ZJ　IJ）曙）｝

　　　The　use　of　harエno滋c　fnllc七ions　to　represe且七bond　stretching　and　angle　bending　terms　is

co皿mon　among　MM　force一丘elds．　Adj　ustable　para皿eters　are　the　spring　or　fercecomsもants

K・r，ke　with　corresponding　equilibrium　bond　lengths　req　and　a皿glesθ己g．　A　three－term　Fouエier

ser三es　is　used　fbr　the　torsional　angle　term、　with　paraxneter　7　being　the　phase　of　the　cosi丑e

f旺nctioR：the　a皿gle　aもwhich　the丘rst　m．a麺㎜occurs．　The　first　pa　rt　of　the　nolkbended

energy」Enb　is　the　van　deτWaals（vdW）interaction　represented　by　the　6－12　Len蹴d－

Jo丑εs　f皿c七ional　f〈）rm，　consist血g　of　a　long－r識ge　aもtractio且（power　of　6〕a丑d　a　shortrra皿ge

repulsio丑（power　of　12）between　atoms　i　a皿dゴseparated　by　distance　R．　Th．e　seco紅d　p肛t　is

the　CoUlomb　term．　describ圭江g　electrost　atic　interactiens　b　e七聯een　fixed　charges　qi，　withεthe

dielec七ric　co皿sta且t　of　the　Inedi㎜．　The　ate皿ic　charges（actually　partial　chaエges　since　theiτ

absolu七e　values　could　be　less　tha皿one　electronic　chaエge　unit）were　assigled　by　best－fttting

もhe　resulting　electrostatic　po宅eエLtials　to七hose　obtained臼om　qロanもum．　mechaエrics　iLeach，

20ell．　Al七hough　Inore　complex㎞ctioEs　ca泣be　used　to　describ　e　each、　of　these　energy　terms，

もhe　above　are　usuaユly　adopted　as　a　compromise　between　speed　a皿d　accuracy　iJorge皿sen・

and・TiTad｛｝Rives，20051．

　　　The　fbrces　between　atoms　ca皿皿ow　be　computed　by　numerically『differentiating　the

potential　imctions，　which　aユlows　us　to　th斑solve七he　Newton，s　equatio丑of　motion　to

ge七hσw　the　positions　a丑d　velocities　of　aユl　the　atoms　cha皿ge　With　t三me．　The　forces　are

theR　updated　a皿d七he　cycle　repeaもs．　This　is　pa正t（ii），七he　dynam三cs　aspect　of　MD・The

change5　a、re　o琵e丑fbllowed　a七very　small　discrete　time　intervaユs，　typically　1－femtosecond・

This　captures　the　fastest　motion　in　the　system（bond　vibrations　involving　H－ato］ms　that

occur　over　several　feエntoseconds）and　e且sures　the　stab三1i七y　of　the　numerica』・solutions　to　the

equati・n・of・motien，　meaming　that岨physically　large　energies　d・n・t・e¢Cur・Asimulati・n

las七ing　one　nanosecond　would七hus　require　a］z三｝｝i皿update　cycles．　Depending　on　the
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size　of　the　biomolecular　system，　s麺ulations　of　tens　to　hundreds　of　nanoseconds　might　be

皿eeded　in　order　to　observe　the　e（luilibriuエn　dyrLamics．

3．1．2　　Representation　of　so豆vent

Because　biologicaUy　processes　occur　in　solution，　an　accurate　represent　ation　of七he　sur－

rounding　solven七is　required　for　realistic　MD　simulation80f　biomoleculaエsystems．　There

are　tWo　main　categories　of　solvent　representa尤io11：explicit　and　implicit．

　　　In　the　explici七solve皿t　case，　a　model　of　the　solvent　molecule　is　used．　For　the　rigid

wa尤er　models　such　as　TIP3P（Tra皿sferab正e　In七ermolecular　Potentials，3－Poin七），七he　bonds

between　oxygen　and　hydrogen　atoms　as　wel1　as　the　a皿gle　b　e七ween　them　is　fixed　［Jorgensen

a皿dTirado－Rives，2005】．　Each　of七he　water　nuclei　contains　a　partial　charge．1皿ter．．molecular

interaction　i皿volves　vdW　and　Coulomb　terms　which　are　compatible　with七hose　from　com－

mon　MM　force一丘elds．　R）r　instance，　simula尤ions　using　the　AMBER　fbrce－field　are　usuaユly

perfbrmed　with　the　TIP3P　water　mode1．

　　　In七he　impliciも　solvent　case，　no　solven七molecules　are　represented　in　the　stmulation．　In－

stead，　their　contribUtion　tQ　the　system　energy（the　free　energy　of七ra皿sferring　the　biomolecule

加mvaccum　into　the呂01vent）is　esti鵬ted　and　added　to七he　MM　energy　between　atoms

of　the　biomolecule．　Because　free－e且ergy　l　is　a　thermodynamic　sta七e　function，　the　change

is　path－independent．　We　cati　thus　make　use　of　a　theエmodynamic　cycle（Fig，3．2）to　com－

puteムロ蜘副he　s㎜of　two　p寵ts：七he　energy　cost。f　rem。ving　ch泣ges　in　v㏄u㎜画

replacing　them　in　solventムロelec　and　the　cos七〇f　solvating　a且eutral皿01ecule△Gnbnele．．

The　caユcula尤ion　of△Geiec　is　the　more　time－consuming　part　due　to　the　long．ra皿ged　nature

of’　e｝ectrostatic　’ 奄獅狽?窒≠モ狽奄盾獅刀EThe　mos七accurate　yet　computa七ionally－intensive　way　is　to

solve　the　Poisson－Boltzma皿n（PB）equation　for　the　electrostatic　po七e江tial　at　the　position

・fth・at・mic（・ha・ges　di（・i）aad・・mputing　th・diff・・ence　in　elect…七atiC・P・t・n七ial　energy

Σ撞［φ（r∂－il（ri）vac］．　A　cheaper　alternative　is　by　the’　Generalized　Born（GB）approxima－

tion　which　involves　estimating　the　effective　born　radius　of　each　atom（details　in　App　endiX

A）．The△G伽nelec　is　often　appr｛）Ximated　to　be　proportienal　to　the　’to七al　solvent　accessible

surface　area（SA）of七he　molecule（by　computing　the　amou皿t　of　the　sphericaユsurface　each

atom　of　the　molecule　presents　to　the　exterior）．　Thus，　imPlici七，solven七models　are　often

　　’U・ually・曲i・g　t・Gibb・丘ee　en・・gy・a－H－T5　wh・・e　H　i・th・・nthalPy，　T・th・t・mp。・曲。　in

KelVinS　a，nd　S　tlユe　entrOpy．　A　ChemiCal　reaetiOn　iS　faVOrable　if　a　beCOmeS　IOWer　in　the　prOCeSS，　SinCe口iS

lewest　for　a　system　reaching　thermodyna皿ic　eqUilibrium　at　constant’　te　mp　era加re　and　pres呂ure．
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　　　　　　　　　　　　　　　　　　　　　　　Vacuum
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　　　　　　　　　　　　　．．、’．
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　　　　　　　　　　　　　　　Solvent

Figure　3・2：Fhree　energy　of　solvating　a　charge．　Thermodyna皿ic　cycle　showing　how　the

free　energy　of　trarlsferring　a　charged　mo1㏄ule　from　vacuum　to　solvent　can　be　computed．

Adapted加m　a　presentation　slide　by　Dr　Nathan　Baker加m　the　Washington　University

at　St．　Louis，　USA，

abbreviated　as　PB／SA　or　GB／SA．　In　this　thesis，　GB／SA　is　employed　fbr　the　mecharilcaI

unfolding　simulations．

3．1．3　Practical　aspects

Here　I　will　highlight　a　few　of　the　practical　aspects　of　MD　simulations　and　point　the　inter－

ested　reader　to　the　excellent　text　on　molecular　simulatlons　by　Andrew　Leach［Leach，2001｜

f｛）rmore　inf｛）rmation，

　　　Bonds　involving　H－atoms　are　often　constrained　to　their　equilibriu皿va！ues　to　remove

the　f誌test　motions　and　allow　fbr　a　larger　simulation　time　step．　Use　of　SHAKE　method

lRyckaert　et　aL，19771　in　the　AMBER　simulation　package｛Case　et　aL，20041　that　we　have

used　allows　a　2－femtosecond　time－step　to　be　used（except　fbr　high－temperature　simulations

where　the　1－femtosecond　time－step　is　prefαred　because　of　increased　motion　of　atoms；see

below）．

　　　Another　important　aspect　of　molecular　simulations　is　the　use　of　a　si皿ulation　box、

Imagine　placing　a　protein　inside　a　rectangular　box　of　waterエnolecules，　such　as　that　sho㎜

in　Fig　3．3．　Water　Inolecules　that　migrated　beyond　the　edge　of　the　box　can　be　lost　or　has

to　be　restrained　to　stay　within　the　box．　Tb　remove　such　edge－effects，　the　sinユulation　box

is　often　repeated　in丘nitely　in　space　to　produce　mirror　images　in　each　of　the　three　spatiaユ

dimensions．　Of　course，　in　reality　we　only　simulate　one　system　and　atoms　which　went

out　from　one　box　edge　would　reappear　on　the　opposite　side，　so　called　periodic　boundary
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’　　　　　　ヒ　．

Figure　33：Simulation　box　f（〕r　flagellin．　A　model　of　the　flagellin　monomer　in　a　periodic

TIP3P　solvent　box　of　di皿ensions　216　A×105　A×84　A．　This　is　the　system　set　up　fbr　high－

temperature　MD　si皿ulations，　with　a　minimum　of　10　A　between　protein　atoms　and　box

edges．　Flagellin　atoms　are　shown　as　spheres　and　colored　according　to　the　type　of　residue

they　belong：blue　for　basic，　red　fbr　acidic，　green　for　polar　and　white　fbr　hydrophobic．

Figllre　rendered　by　molecular　visualization　softWare　VMD　IHumphrey　et　a1．，1996］．

conditions㎡

　　　The　use　of　periodic　images　leads　to　another　issue』b　save　on　computation　ti皿e，　non－

bonded　interaction　between　atoms　that　are　far　apart　might　be　ignored．　To　do　this，　we

can　define　a　certain　cutoff　radius　eentered　on　ea£h　ato皿．　In　the　context　of　periodic　boxes，

the　value　of　the　cutoff　is　often　chosen　such　that　atom　i　will　only　see　a　copy　of　atomゴ，

that　is，　the　cutoff　radius　has　to　be　smaller　thaロhalf　the　largest　box　dimension，　In　our

expIicit　solvent　si皿ulations　using　the　TIP3P　water皿odel，　van　der　Waals　intera£tions　are

subjected　to　such　a　cutoff　value　but　not　long－range　electrostatic　interactions，　The　Coulomb

term　was　eomputed　using　the　Particle　Mesh　Ewald（PME）method　IEssma皿1　et　a1．，19951

which　explicitly　takes　periodicity　into　account　and　relies　on　F朋t　R）urier［［blansforms　fbr

e缶ciency．　In　contrast，　both　vdW　and　electrostatic　in七eractions　were　subjected　to　cutoff　in

our　implicit　solvent　simulations，　though　a　large　value　was　used．

　　　To　speed　up　computations，　MD　simulatlons　are　often　perfOr皿ed　on　parallel　computers，

An　example　of　such　machines　could　be　a　collection　of　desktops　with　muIti－core　CPUs

connected　by　Gigabit　Ethernet　or　better　network　technologies．　Various　MD　sirnulation

systems　such　as　AMBER，　NAMD，　GROMACS　a皿d　CHARMM　have　either　been　designed

from　the　beginning　or　eventually　modified　to　take　advantage　of　multiple　CPUs．　The　two
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ma且n日chemes　to　partitio且the　work　are　atemic　or　spatial　decomposition，　with　the　1atter

m・ore　su三tab董e　fbr　paral｝el　comput《∋rs・1氾藪〕rmatiok　such　as　atoエロic　positions　a皿d　velocities

have　to　be　shared　among　CPUs　through　the　network　fabric　colln㏄』g癒em．　Although

one　migh七think　thaもtheエnore　CPUs　we　u8e　the　faster皿r　simUlations　wo磁d　r田1，　this

is　urrfortunately　oftenL　not　the　case．　This　is　because　of　the　lar菖e　d濫｝rence　betwee豆CPU

perfbrma皿ce紐d　netwoTk　perfb㎜ance．　Dividing　a　sma11　system，　say　of　a　few　thousa皿ds　of

atoms，　a皿ong七〇〇marty　CPU』s　might　result　in　m、ore　t血e　sp　ent　in　data　traエusfers　thaa已

computatio丑per　CPU　a走eaCh　force　update．　We　would　do　be七ter　to　use　less　CPUs　fbr　su（力

a　smal1呂ystem　to　increase　the　computation／co㎜血cati。n　ratie．　Thus，　the　numb　er　of

GPU呂in　a　parallel　computer　that　can　be　effective正y　used七〇　run　a　parti斑｝ar　MD§諏1Ulation

h田to　be　detemined舳m髄iing　short　ru　u…before　long（tens　o£　nanosecond）simUlations

aエeattempもed．

3．L4 Success　and　limitations　of　MD

Whereas　experi皿en七s　can　tell　us　whi（力parts　of　a　protein　are　moving紐d　h㎝r　q垣ckly，

akey　advantage　of　MD　simU　lations　isもhat七hey　ca皿te1正us　why　the　protei且is　behaving

as　such．　This　is　because　we㎞ow七he　inter－a七〇mic　interac七ion　energies　aAd　forces．　We

also　have　a　higher　degree　of　co工比rol　in　s迦ulations　than　experh丑e丑t．　We　can　simu｝ate　the

protein　of　i皿terest（either　a5　mo丑omer　or　compIex；in　solution　or　em．b　edded　in　a　membra皿e

enviro皿ment）under　va　rious　exp　erimental　condi七ions　like　temperature，　pH，　salt　concentra－

tion．　More　inportarttly，　we　can　perfbrm　virtual　site－directed　mut　agenesis　and　compare

七he　behaVior　of　various　mutaa　Lもproteins　wi七hもhe　wild－type．　Nevertheless，　the　elfEective

use　Qf　moleculam　s三mulations　calls　fbr　a　closed－｝oop　approach　betWeen　si　nUlations識d　ex－

perinents：s血罐ation5　caエL　help　to　explain　e）q；）erim・ental丘ndi皿gsεmd　provide　mechεm・istic

insigh七s；eXperiments　have七〇be　used　to　validate　predictions　from　simulations｛Dodson

et　aL，2008】．

　　　MD　uses　classical　mechanics　to　describe　the　motion　of　atoms　in　a　biomolecUle．　F田l

qua皿tuln－mechamical　treatment　of　biomelecules　is　still　prohititively　expensive　to　carry

ou七．　As　a　result，　pro　cesses　such　as　chemieal　bond　for皿ation／disso　ciation　which　involves　a

quaintum－me　chat　Lical　trea七ment　of　elec七r皿s　cannot　be　studied　with　classical　MD．　Never－

theless，　hybrid　Qua皿t㎜一Mecha皿ics／Molecular－Mecha皿｛cs（QM／MM｝schemes　have　been

developed七〇　simUlate　the　catalytic　reactions　of　enzy皿es：the　dynam三cs　of　the　active　site

are　ha巫dled　at　the　QM－level　whereas　those　of　the　rest　of施e　e丑zyme　are　handled　atもhe
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MM－leveL　Though　seme　s紅ccess　has　been　shown　with　such　approaches，　how　to　handle

翻斑rately　the　QM鋤d　MM　interface　is　st掲a凱active　area　of　re8earch．

　　　MD　fbrce－fields　axe　empirical　because　they　relied　on　para血e七ers　detem1斑ed　from　higher

accuracy　but　more　co董nputa尤ionaliy　demaRding，丘rsvprinciples　QM　calculations　or　deter－

milled丘om　b　est－fittilg　caiculated　structural　or　thermodynamic　quantities　of　orga　nic　Iiq．

uids　or　peptides　to　their　experi］znental　values　IJorgenSen　and　Tirado－R匡ve呂，20051．　The

forcefields　used　in　MD　simulations　are　still皿nder　continual皿prove王nent．

　　　computi皿9　Power　available　to　a　typical　researcher　would　o丑1y　allow　he／she　to　simu－

iate　the　atomistic　dyna皿ics　of　a　moderate－sized　biomolecular　sys七em　in　solvent（～100ρOG

atoms）fbr　tens　of　na皿oseconds．　This　is　a　widely　reoognized　1三mitation　because　fUnction－

ally　releva皿t　conf（〕rエhational　changes　often　occurs　i皿the皿llisecon（I　time－fra皿1e．　Coarse－

Grai皿ed　MD，　a丑version　of　MD　which　u8es　a　s三mp王撮ed　represen七atio丑of　the　bioエnolecular

syste皿（using　just　protei江backもone　atom8，　f〈）r　instance）with　a　correspondingly　sim－

plified　fbrce－field，　has　shown　success　in　reaching　tens　of　microseconds　to　study　liga皿d－

binding　1［1］cy玉ska　et　aL，20071　Emd　pretein－11pid　self－－asse皿bly　processes｛Bo丑d　a皿d　Sa皿呂om，

2006，Shih　et　al．，2007］．　Te　learn　more　about　CG－MD　methods，　please　see　IChng劃nd　Ya皿g，

20081fbr　a　review　that工c（トallthored　with　a　postdoc　in　our　lab．

3．2

3．2．1

AFM　and　force－probe　MD　studies　protein　mechanics

Single－molecule　force　spectroscopy　by　AFM

Several　high－resolution　sizzgle一皿olecule　technique8　have　be舩developed七〇trackε皿d　mat

nipUlate　’the　biomolecular　mo七ion，　reviewed　i丑［Greenleaf　et　al．，2007］．　For　the　purp　ose　of

this七hesis，　only　Atomic］巨brce　Microscopy（AFM）is　iエdroduced　here．

　　　AFM　was　developed　as　a　high　resolution　imaging　tool　f（〕r　the　study　ef　ma尤erial　surfaces

befbre三t　wa呂tumed　to　the　ma認pula七ion　of　bio皿ole田玉es　by　using　it　in“fbrce　mode】’【P＆rot

et　a蓬．，200　7］　：the　AFM　caantilever七ip　does　not　scan　across　a　surface　but　is　repetitively　pushed

a皿dretracted　from　it．．　A　typical　AFM　setup　is　shown　in　Fig．3．4　a．　A　drop　of　proteiエ1

suspension　in　physiologi｛｝ai　salt　buffer　is　deposited　on　a　fiaC　su　z　face（cleane（i　cover　glass　or

戯ca）ヱnounted　on　a　movable　platform．　The七ip　of　the　flexible　cantilever（taken　to　be　a

spring　with　a　kllow丑spri丑g－co且stant）is七hen　lowered　o】〔Lto　the　surface七〇allow　fbr　bindi丑g

of　pro七ein　molecule＄to　ca皿磁ever七ip　atoms．　By　fixing　one　end　of　the　protein　chain　to七he

su．rface，　the（ぬa諏ca皿be　stre七dhed　when　we　increase　the　sepaエaもion　be七ween　ca皿tilever　and
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Figure　3．4：Atomic　f｛）rce　spectroscopy．（α）Schematic　of　AFM　setup　fbr　force　spec－

troscopy．　With　kmd　permission　from　Springer　Science＋Business　Media：Pl血gers　Ar（力，－

Eur．　J．　Physiol．，“PuUing　single　molecules　of　titin　by　AFM－recent　adva皿ces　and　physiolog－

ical　implications”，456，2008，101－115，　W．　A．　Linke　and　A．　GrUtzner（b）Cartoon　showing

the　sequential　unfolding　of　domains　upon　stret（血ing　a　polyprotein（血ain　m　a　velocity－clamp

AFM　experiment．　The　restraint　force　produced　by　the　protein　ehain　increases　as　the　chain

became　taut　a皿d　drops　sharply　when　one　of　the　domains　unfolded．　The　cycle　repeats　fbr

the　unf｛）lding　of　another　domain．　Figure　taken　from　IOberhauser　aユd　Carri6n－Vdzquez，

20081and　is　copyright　of　the　American　Society　fbr　Biochemistry　a皿d　Mol㏄ular　Biology，

Inc．

surface　with　Angstrom　precision　via　the　piezoelectric　motoL　R）rces　in　the　range　of　a　few

tens　to　hundreds　of　piconewtons　generated　by　chain　resistance　to　extension　can　be　measured

加mthe　caロtilever　deHection　from　its　equilibrium　position　via　a　laser　beam　ILinke　and

GrUtzner，2008L　Genetically　engineered　polyproteins（the　expression　of　multiple　copies

of　the　sa皿e　protein　in　a　single　DNA　sequence）are　often　used　in　such　experiments　rather

tha皿single　nlolecules．　This　is　because　the　unfolding　of　identical　modules　in　the　polyprotei皿

produces　a　series　of　sawtooth　fbrce　pea1（s　that　are　equally　spaced（Fig．3．4　b）which　could

serve　as　a　signal　that　the　cantilever　tip　has　successfully　attached　and　pulled　on　a　protein

molecule．

　　　AFM　can　be　operated　in　two　modes：velocity－clamp　a皿d　force－clarnp．　ln　velocity－clamp

mode，　the　surface　is　moved　at　a　constant　speed　away　from　the　cantilever．　The　resulting

degree　of　cantilever　deflection　is　then　measured　to　obtaill　a　fbrce－extension　curve　as　in

Fig．3．4　b、　On　the　other　ha皿d，　the　fbrce　applied　to　the　polyprotein　is　constant　under

fbrce－clamp　mode，　giving　the　extension－time　curve　instead．　How　the　fbrce－clamp　AFM

was　developed　by　the　Fernandez　group　and　works　is　as　fbllows　lOberhauser　et　aL，2001】：

a皿ydeviation　of　the　ca皿tilever　from　a　computer－controlled　set　point　results　in　an　error
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which　is　a皿plified　and　fed　back七〇tb」e　pie加electric　posit拍ner　whidl　controls　the　height　of

the　surface．　The　surface　l呂moved七〇　adjust　the　molecule　length　such　that　the　caDtilever

defiection　goes　back　to七he　set．point，　thus　mainta血血g　a　coDstant　fbrce．　Sudden、　in¢rease

in　chain　length　due　to　module　unfolding　triggers　readjus七menもby　the　posi七ioner　to　increase

the　su㎡ace．tip　separation　so　as七〇keep　the　fbrce　collsta口七（oもherwise　the　force　will　drop

sharply），　Sequeエ1tiaユmodule　u皿fo｝ding　eveRts　generate　step　increases　in　the　extension　of

七he　pelyprotein（Fig．3、5）．

　　　Such　single－molecule　fbrce－spectroscopy（SMFS）studies　have　been　u呂ed　to　study七he　re－

s三sta皿ce　of　protei皿s（intra正nolecular　fbrces）a皿d　protein－ligand　bond呂（intermolecular　fOrce呂＞

to　mecha皿ical　perturbation．　Extensive　study　of　so－ca、11ed‘mecha皿ical　proteins，　have　been

made　wi七h　SMFS，　such　as　the　gia皿t　muscle　multi－domain　protein　titin　a呂reviewed　in　［Linke

and　Grtitzner，2008】whiCh　contains　Immコ皿oglobuli皿（lg）一三三ke　aad　Fibronectin－III　domains．

Doma桓s　in　these　proteins　have　evolved　resista皿ce　to　repeated　cycles　of　stretching　and

f（）rce　release　for　their　physiological　i　nctien．　Lastly，　SMFS　techniques（AFM　a皿d　Optical

TWeezers）haVe　enabled　studies　of　protein　unfolding　and　refc〕lding　by　aユtering　the　protein

量〕lding　free－energy　lartdscape　by　fbrce　iSaエttori　e七aユ．，20051．

322　Fbrce－prebe　MD　mimics　AFM　in　silieo

The　correspondence　of　fc〕rce－probe（FP）MD　with　AFM　exp　eriments　is　illusもrated　With　one

example．　The正呂t　FP－MD　simula尤iol1．wa5　set’ 浮吹@to　study　the　origin　of　the　strep七avidin－

biotin　binding　forCe　that　has　b　een　measured　by　AFM　experiments　IGrubmiiller　et　al．，19961．

In　AFLM　experiment（Fig．3．6」A）biotin　molecules（the　ligand）aエe　fixed　to　the　cantilever　tip

v三alinker　molecules　and　also　to七he　agarose　bead．　Free　teもranユeric　sもrep七aVidin　molecules（a

protein　receptor　with　extraordinary　a伍nity　fbr　lbiotin）bi且d七〇mLo呂t　of　the　bio七i且molecules

attached　to七he　b　ead．　Streptavidin　tetra皿1ers　were　also　bound　to　biotin　molecUles　attached

to　the　ca皿tilever　tip．　Upon　cont　act　of　thLe七ip　with　the　bead，　a　few　streptavidin－bietin

complexes　are　fommed　between　streptavidin　on　the　tip　and　remaining　biotins　on　the　bead．

As　the　ca皿tilever　is　retraJcted，　bioti且molecules　are　pulled　out　of　the　binding　Pockets　one

at　a七ime皿ti1　eventually　one　ligand－receptor　pair　remains　fbr　some　time，　whose　binding

force　is　measured　ftom　the　cantilever　deflection．　The　fbrce－probe（FP）MD　mimic　is　shown

in．Fig．3．6　B，　where　only　a　streptavidin　mohomer　and　one　biotin　molecule　wa5　included

in　the　modeL　The　biotin　wa£pulled　ou七〇f　the　binding　pocket　wi七h　a　har　lo皿ic　po七ential

（probe‘‘springりacting　on　the　same　bioti丑atom（02）七〇which七he　linker　used　in　the
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Figure　3．5：AFM　measurements．　Compat・ison　of　single　protein　unfolding　events　cap－

tured　with　AFM　in　length－clamp（A）and　fbrce－clamp（B　and　O）皿odes．　In　A、　the　surface

on　which　a　molecule　with　12　repeats　of　the　titin　Ig－1ike　domain　I27　is　moved　at　consta皿t

speed．　The　Iast　peak　corresponds　to　the　detachment　of　the　protein　from　the　cantilever．

The　fbrce　applied　is　main亡ained　at　a　constant　vahle　ill　B　whereas　it　is　increased　Iinearly

with　time　in　O．　Figure　taken　from［Oberhauser　et　al．，2001j．　Copyright　of　The　National

Acadelny　of　Sciences　of　tlle　UIlited　States　of　America．
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Figure　3．6：Simulating　the　AFM．　Comparison　between　the　AFM（A）and　simulazion

（B）setups　for　measuring　single　streptavidin－biotin　complex　rupture　forces．恥om　H．　Grub－

muller，　B　Heymann　and　P．　Tavan，1996，　Science　271〔5251）997－999．　Reprinted　with

per皿ission　from　AAAS，

AFM　experiment　is　attached，　with七he　streptavidin　monomer　fiXed　in　space．　The　e：く：・f）uユal

harmonic　potential　Esrring　acts　only　on　the　z－coordinate　of　the　atom　O2，　zo2：

　　　　　　　　　　　　　　　　　　　　　　　・　・9－；［…（・）一・・a・1（・）12

　　　where　te　is　the　spring－constant（set　to　2．8λ〃π膓or　4　kcα1／mol／A2　for　a“soft．，，　springiand

二cαれ£（り＝zcant（0）十・vcantt，　is　the　displacement　of　the　cantilever，s　z－coordinate　at　cou前ant

velocity　vcant．　At　the　start　of　the　simulation，　the　spring　was　in　a　relaxed　state　by　sL・・t．ting

：cant（0）＝ao2．　The　position　of　the　atom　O2　was　monitored　as　it　was　acted　onトy　the

moving　harmonic　potential　and　restraint　fbrce　colllputed　via　k「z（t）一之。ant（川as　a　hlnc－

tion　of　zcant，　The　resultant　force－extensioll　pro丘le　sllowed　a　series　of　peaks　corresp（．・nding

to　fbrces　required　to　break　H－bonds　formed　betweell　biotin　and　streptavidin　bindil．lg－site

residues，　including　those　bridged　by　water　molecules　which　enhanced　the　stability　or　the

complex［Grubmifller　et　aL，19961，　Hence，　FP－MD　simulations　could　tell　us　the　o埠in　of
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Flgure　3．7：Unlblding　of　titin　I27．（Left）Fbrce　exenslon　cm・ves　of　I27　stretching　un－

der　various　pulling　speeds．（Right）Snapsllots　during　I27　un氏）lding　simulation：（α）is　at

10A・xt…i・n　b・f・・e　th・m・j・・f・・ce　P・ak・・nd（b）i・・ft・・wa・d・（・t　17　A・xt・n・i・n）．

Both丘gures　are　reprinted　from　Ch．emical　Pん癬cs，247，　H．　Lu　and　K．　Schulten，“Steered

molecular　dynamics　sim1ユlation　of　conformational　changes　of　ilnnlunoglobuhn　domain　I27

interprete　atomic｛brce　microscopy　observations”，141－153，　copyright　1999，　with　permission

from　Elsevier．

the　measured　binding　force　betwee皿liga皿d　and　binding　pocket，

　　　Force－probe〔FP）MD　has　also　been　used　to　mimic　AFAT　for　stttdying　protein　mechanics

i1．［the　computer．　Selected　posit已ns　on　the　biolnolecule　can　be　pulled　apart　via　spring－like

fo1℃es（see　below）at　a．　co［1stant　velocity　or　lnaintained　under　a　constant　fbrce，　Also　known

as　Steered－MD〔SMD），　the　simulation　technique　has　produced　force－extension　profiles　for

the　unfblding　of　Titin　domains　in　agreement　with　AFM　experiments　despite　the　use　of

pulling　speeds　a　millionfold　larger［Lu　et　al．，1998】．　An　illustration　of　the　constant－velocity

SMD　unfolding　of　titin　I27　domain　is　given　in　Fig．3．7，　witll　the　computed　restraint　forces

el〕countered　at　different　pulling　speeds．　R⊃rce－probe　or　Steered　MD　has　been　a　great

complement　to　AFM　experiments　by　interpreting　the　origins　of　tlユe　force－peaks　observed

a．nd　revealing　the　unfolding　pat，hwa｝r（s｝at　the　at．olnic　level「Ohta．　et　aL，2004，　Ng　et　al．，

20051．We　now　krユow　that　the　fbrce　peak　appearing　in　the　force－extension　cul・ve〔Fig．3．7

1eft）is　due　to　tlle　need　to　break　several　hydrogen－bonds（H－bonds）at　tlle　satne　time　in

ol・der　to　slideβ一st．ra」ユds　against　each　other（Fig．3．7　right）．

3．2．3　Peak　fbrces加m　FP－MD　are　10×1arger　than　AFM

Events　in　AFM　experiments　occul’over　I1ユilhsecollds　whereas　those　ill　simulations　llave　to

己oso　within　Ilaユioseconds　due　to　limitation　il）comPlltati・）nal！℃sources．　Hence，　the　pulling

speeds　used　in　FP－MD　simulations　are　at　least　a　millioll　times　larger［Lu　et　aL，19981，　The
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faster　pulling　re§ttlSe（1　in　’ferce　p　eaks　whlch　are　10×la曙er　iD　si皿ul　atlons：u皿folding　of　．127　i皿

eXP　erimen七s　reqttired　・v200－pN（Biomole臓1e　Stretchi皿g　iDa七abase：http：〃info・ifPε皿・edu・PYBSDB）

wherease　simulations　required　・v2000－pN’ iFig．3．7　right｝・A　study　whieh　perfbr皿ed　both

・tech丑三（…tteS　o且Ubiquitin　along　the　same　l）ulling　direetioms　aJso　observed　peak£orc｛∋s　of

～2000－pN　in　s1mulations　and～20G－pN　fer　the　average　peak　f（〕rce　from註1ult三p至e　AFM

stretChing｛｝f　po｝y－UbiqUitin　chai皿s［Carrion－Va呂｛Iuez　et　aL，2GO31．　Hence、白fte盈we　can

酷ly　get£L　’fbrce－extensioR　profile　that　cak　be　compared　qualitatively　but　not　qua皿ti七a一

七ively　to　those　from　AFM．

　　　The　simu三a尤ed，　pulling　process　is　not　at　thermodyrLamic　equilibrium（due　to　presence

of　the　externa　I　force乱nd　the　relaもed　work　p　erformeG　on　the　si皿ulated　sysもem）もhough　use

of　slower　pul］ing　speeds　would屋匡ow　a皿apProach　to　a　quasi－e〔IUilibriuエn　st　ate　Ipab6nε皿d

Amze匡，20　G6】、　Varlous　ways　to　discor皿t　the　irreversible　work　done　on　’the　system（whi（力led

to　a　measured　temperature　increase　ILu　et　a｝．，1998］）in　order　to　coエnpu£e　’the　free　energy

barr2ers　invo玉ved　in　the　process　investigate〔匡乱re　discussed　in｛lsraiewltz　e七ai．，20Gll．　In

this　thesis，　such　esもimations　were　not　carried　ou七because　a　large　nu皿ber　of　simulations

are　require〔圭which▲s且ot　feasible　ft〕r　a　la　r．ge　protei丑such　as且agelli皿gi¶en　our　limited

computing　resources．

3．3

3．3．1

High－tenユperature　MD：pro七ei丑fblding　in　reverse

Mecha皿i呂m80f　protei丑劔di皿9

T虹e　protein　foIding　problem　is　really　a　se£　of　tkree　probIems：（1）whieh　ir｝ter－atomic　inter－

a，etiolls　are】｛ey七｛｝the．f（〕lding　Proces8；（ii｝how　ca皿we　pre〔蓑c七the　gatiひe　tertiary　struct珪罫e

ef　a　protei丑fmm　the且皿ino－acid　sequence　aad（邊）h｛｝w　c乱n　a　protein　feld　so　qtt呈ck］y［Dill

eもaLハ20〔｝7】．　The　thir｛i　questio丑is　relate〔三to　the　st＞－ca｛匡ed　Lev血thaP呂paradox：aprote短

irL七｝1e　dekatured　state　ca且adopt　a皿astronomical丑ul皿ber　of　possi1〕1e　confor王Rations　yet三t

ca皿guickIy丘nd七he　o丑e　which　is　the　native　state　within　secGエ1ds　or　less＃ime．

　　　The　three‘clELssic’ft〕lding　models　are　listed　below：

●T…1e　eaxlies七model　is　the｛f臨meworkヨmodel，　which　start　witk　the壬br斑a七iG且of　sec－

　　ondary　structural　ele皿｛∋nts　aceording七〇the　sequence　m　the　absence　of　a正ty　t｛∋rtiaily

　　structure．　The　lo。al　st∫uctural　elemenes　would　collide　a皿d　assembly　inte　the　ter－

　　tiary　stxucture　via‘dl旺Usion－co韮至▲sion，　proeesses．　Fig．3．8（b〕depicts　graphicaily　t　h．e

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　t

　　fbldl轟g　process題der捷is　modehsing　simp曇蓑ed　free－e鶴rgy　pro蓑1es．



3．3．High・－temperature　MD：　protein　folding　in　reverse 31

●The　classica1‘n、uclea土ioゴmodel　proposes　that　neighboring　residues　in　sequence　form

　　native　secon・dary呂tructures（β一turn　or　single　turn　ofα一helices）which　th（m　act　as　a

　　nucleus　or　seed　to　attrax　t　the　formation　of　the　rest　of　the　protein　＄tructure．　Th11§，

　　terti鍵y　structure　fDrmation　depends　o］ユsecondary　stru．cture　formation　a£in　the

　　model　above．　The　s畑pli五ed　free－energy　pro五le　is　showl1語Fig．3．8（α）．

●The‘hydrophobic　collapse，　model，　in　contrast，　suggests　that　secondary　structure

　　forms　after　a　rapid　collapse　from　an　extended　to　a　compact　state　via　long－ralge　ter－

　　tiary　contacts・　Secondary　structures七hen　fbrm　asエeaエrangements　of　the　collapsed

　　state．　R〕ldi且g　intermediates　are　involved　in七he‘framework’a且d‘hydrophobic　col－

　　lapse，　models　bu七no七the‘nucleation’mode王．

●Finally，‘ロuclea尤ion－conden呂atioI1，　model　unifies　the　more　extreme　framework　and

　　hydrophobic　collapse　models：the　large　extended　fblding　nucleu．s　is　only　weakly　local

　　ε口dstabilized　by　lo丑ger一工a皿ged　tertiaエy　co皿tacts．　F（〕rmation　of　nudeus　a且d　rest　of

　　the　protei且is　coupled，　making　folding皿ore　eMcient【Fersht，1997］．　Nucleus　residues

　　aエethose　making　the　strongest　i丑teractiolls　in　the　Iligh　energy　fbldi血g　transition

　s七a土e，as　deterlnined　in　an　experiment　which　established　that　the　two－state　fblder

　　dhymo七rypsin　inhibitor　2　fdds　via　the皿ucleation．condensation　mechanism｛1七zhaki

　et　al．，19951．　It　has　also　been　suggested　that　Iarger　proteins皿iight　fold　via　the

　merging　or　docking　of　sma皿er　fblding　units　that　i皿dividually　fbld　via　nucleation－

　cendensation　lFersht，1997】．

　　　Hence，　a　possible　way七Q・overce皿e　Levin七haPs　paradox　is七hat　weak　nativfflike　in－

teractions（fblding　nuclei）may　remain　in　the　denatured　state　which　is　often　not　fully

structureless　like　a　ra　ndo］皿一coil　under　physiological　conditions【Daggett，20061．　Studies

have　shown　that　such　residual　native－like　conformations　are　present　in　regions　fbu皿d　to

fold　eancly｛Fersh七，1997］．　　　　　　　　　　　　　　　　　　　　　　1

3．3．2 Studying　protein　folding　by　simulation

Although　experi］田斑tai　techniqu．es　such　asΦ一value　analysis，　which　caロcharacterize　which

residues　are　in　the　fblding　transition　state　through　introdllcing　muta七ions　in七he　protein

a皿dmeasurtng　changes七〇七he　thermodynaxnics，　de七ailed　infbrmation　on　the　structural

st、ates　en．countered　from　the　native　to　the　denatured　process　can　only　be　obtained　frO皿
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Figure　3．8：正bld量ng　fr｛∋e　e皿ergies．　Simpli丘ed　free－energy　profiles　f（）r　folding　fro皿ade

na加red（D）s七ate　to　a　na七ive（N）state，　G　stands　for　the　Gibbs　free　energy　Emd　r　is　some

｛‘窒?≠モ狽奄盾氏@coordinate，，．　In　（の，　fblding　proceeds　by　the‘nuclea七ion－co刀」densation，エnecha－

nism　with　concerted　fbrmation　ef　secondary　and七ertiary　structures．　In（の，　R｝rm肌ion　of

secondary　and　tertiary　structures　are　stepwise　as　in　the‘fra皿ework，　model：a且un§七able

intermediate　state　1　contai血9　secondary　structures　is　formed　before七he・transition　state．

Reprinted　from　Ourrent口pinion　in　Structural　Biology，　vo17，　A．　R　Fersht，‘cNttcleation

mechaiiisms　in　protein　folding1，，　pages　3－9T　copyright　1997，　with　permission　from　Elsevier．

atomis七ic　simulations　such　as　MD．　Together，　the呂e　tedエniques　complement　each　other　to

reveal　a　more　complete　picture　of　the　pro七ein　foIding　process［Schaefl’er　et’al．，2008］．

　　　ThLe　fastes七壬blding　proteins　have　a　mea呂ured　folding　time　of　a　few　microsecond5【Kubelka

et　a1．，2004】，　which　i皿plies七hat　simula七ion七imes　have　to　reach　a　microsecond　or　l皿ger．

Notable　successes　are　the　fblding　of　the　36－residue　ultra－fast　fblder　villin　using　explici七

solvent　MD　starting　from　an　extended　conformation　carried　ou七by　Dlla皿a皿d　Kollma皿in

1998（Duan　and　Kollman，19981．　A　collapsed　state　at　4．5　A　root－mean－squared－deviation

（RM　SD）from　the　native　NMR　struc七ure　wa君achieved，　after　l　microsecoBd　of　simulation

which　is　stiil　very　loエ1g　by　today，s　standards．　Direct　simulatio丑s　of　fblding　from　extended

states　often　ge七traPPed　in　local畑e－energy　wells，　unal〕le　to　reach　the　true　na七ive　state

with　the　lowest　free　energy．　Recent　progress　made　in　studying　protein　folding　a丑d　the　re－

1ated　struc加re　predicもi皿problem　has　been　extensively　reviewed　in［Dill　et　al．，2007，　Chen

e七aL，2008］．

　　　S加dyi皿g　protein　foldtng　by　simulating七he　unfolding　process　can　thus　be　viewed　as

aeonvenient　alternative，　with　the　assu皿ption　of　reversibilit弓・i皿］〔nilld（see　later）．　U日e　of

high　temperatures　helps　to　accelerate　the　u皿folding・　process　by　overcoming　energy　barrlers

to　r皿folding．　HT－MD　simulations，　when　used　in　combination　with　exp　eriments，　affords　a

me七ho　d七〇more　fully　de5dribe　the皿folding　p就hway［Oroguchi　et　al．，20e5，　Akanuma　a皿d

Yamagishi，2005，Scott　et　aL，2006］　．　Relative　stabilities　of　domaJns　during　unfblding　have
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Figure　3．9：Heating　and　cooling　of　a　protein．　Unfolding　arid　refolding　of　the　engrailed

homeodomain【Beck　and　Daggett，2004］．（A）Temperat．ure　quenched　simulations　of　the

protein　from　498　to　298　K　sllow　that亡he　protein　is　approaching　the　native　state　in　some

simulations．（B）Blow－up　of　the　y－axis　in　paliel　A　lbr　one　particular　target　simulation，

t10．（C）The　thermal　denaturation　pathway　and　structur－es　after　the　thermal　quench　of

t．10show　the　refblding　and　docking　of　the　helices，　as　well　as　tlle　simi〕arity　between　tlle　TS

ensembles　fbr　unfoldillg　a皿d　refolding．　Helices　are　colored　dLl［erently．　Figure　alld　legend

reprinted　with　permission　from　Daggett，　V．　Ch．em．　Rev．106：1898－1916．　Copyright　2006

American　Chemical　Society，

also　been　st・udiec；by　such　silnulations［Shaエn　et　aユ．、　L？eO21．

　　　The　use　of　elevated　temperatures　in　simulations　was　shown　not　to　grossly　affect　the

unfolding　patllway，　as　thermal　denaturatioエユcall　be　viewed　as　an　activated　process　where

lower　energy　barriers　a．re　overcome丘rst．　The　overall　order　of　events　are　conserved　across

te．Tnperatures　but　thdr　timescales　do　differ【Day　et　aL、20021．　Use　of　lower　tempera．tures

rnerely！neant　longer　silnulation　tilnes　are　needed　to　reach　tlle　transitioll　and　dena．tured

states　IDaggett、20061．　Thus，　thermal　1nf（）lding　at　lligll　teInpera．tllres　affords　a　waS・to　study

tlie　stability　and】｛i1ユetics　involved　in　the　folding　Process　witliin　reasonable　conlputational

eff（〕rt　despite　possible　bias．／distortioll　to　the　pathway．　Sucll　b三crlt］call　be　reduced　by　running

rnultiple　siniulations　a．t　a　series　of　tempera．tures　and　taking　alr“ensemble”、・iew　of　the

process［Day　a．nd　Daggett，200司as　I　have　also　done　in　this　tllesis．
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Figure　3．10：Microscopic　reversibility　in　action．　Represen亡ative　structures　from　the

simulation　conducted　by　Da｝・　and　Daggett［Day　apd　Daggett，2007】．　Structures　are　colored

froln　blue　to　red　according　to　their　degree　of　nativeness．　Structures　in　the　same　column

are　judged　to　be　similar　by　OαRMSD　and　the　positioll　aユong　the‘reaction　coovdinate’

（fraction　of　native　contacts？not　defined　in　the　paper）．　Figlire　reprinted　from　Journal　of

Molecular　Biology，366，　Ryan　Day　and　Valerie　Daggett，“Direct　observation　of　microscopic

reversibility　in　single－lnolecule　protein　foldingT，，677－86，　copyright　2007，　with　permission

from　Elsevier．

　　　Is　unfolding　truly　t．he　reverse　of　folding？One　way　to　test　this　is　to　perfbrm‘temperature－

quench，（T－quench）simu｝ations　from　unfolding　protein　conf（）nnations　obtained　froエ1ユHT－

MD、　In　Fig．3．9，　several　of　the　12　T－quench／ref（）lding　simnlations　started　from　a　folding

intermediate　state　managed　to　reach　a　native－like　state　after　about　50－ns　of　MD　simula．

tion．　Th三s　result　suggests　that　refolding　at　the　room　temperature　of　298　K　is　the　reverse　of

unfolding　at　the　artificially　high　temperature　of　498　K　IBeck　and　Daggett，20041．　Further，

unf（）ldin9／ref（）lding　has　been　observed三n　a　single、　long　MD　trぽiectory　of　chymotrypsin

inhibitor　2　at　a　temperature　close　to　its　melting　temperature　where　folded　alld　unfblded

states　are　equally　populated．　The　refbided　protein　at　200－Ils　is　again　not　identical　to　the

crystal　native　state　but．　can　be　interpreted　as　the　native　state（N，）at　the　slight．ly　elevated

temperature（Fig．3．10）．　The　authors　suggested　t1ユat　folding！．unfolding　from　a　structural

nucleus　do　obey　the　principle　of　microscopic　re、rersibility　to　a　｝arge　extent，　when　performing

simulations　close　to　the　melting　temperature［Day　and　Daggett，20071．
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3．3．3　　Control　of　temperature　in　MD

The　kinetic　energy　of　atom島is　related　to　the　sy＄tem　tem、perature七hrough　the　equipartitioB

th…em・lm〈v鍵｝＝　ikBT，　wh・・e｛vg＞匡・th・averag・（・v・・al1　at。ms）vel・city　in　the　x－

direction　and　kB　is　the　Boltzma皿n　constant．　A　similar　rela七io皿holds　for　the　o七her　t耐o

coordina尤e　direc七ions．　An　easy　way　to　maintain　the　temperature　of　a　simU　lation　system

is　thus　by　re呂ealing　of　atomic　velocities　at　every　t諏e　step．　This　approach，　proposed　by

］3erendsen　a且d　kllow丑as“weak　coup撫ピ’IBerend呂en　et　aユ．，1984】，　was　used　during　the　short

simUlation　to　ob七ain　monolneric　flagellin（Section　42）a皿d　also　for　achieving　the　desired

temp　eratures　du面g　the　initiaユphase　of　the　thermal　denaturing　simulations（Sect三〇n　62．1）．



Chap七er　4

Model　of且agellin monomer

4．1 Terminal　doMain　．DO　is　partiall’凵@structured　in　monomeric

flagellin

1、i皿ited　prote｛｝1y三is‘｝f　ntc，nomeric　l：la，gellin呂howed七he　eX　ls†e旦ce　of　a　ce江tralエesistε症比por一

七ion　with　disordered　terminal　region　IKostyukova　et　aL，19881．　The七erminal　helices　aエe

only　marginally　s七able　as　determi且ed　from　far－ultravielet　circu王ar　dichroism　sp　ectra｛Von－

derviszt　e七al．，19891　and　NMR　measurements［lshima　et　al．，19911，　but　became　structured

during丘Ia皿ent　assembly【Aizawa　et　aユ．，1990，　Tamura　et　al．，19971．　The　polymerization

of　monomeric　fiagellin　into丘laments　in　solution　made　it　difficult　to　obtain　crystaユs　of

monomeric　flagel！in　for　X－ray　structure　determination，　Hence，　termini－truncaもed且agellin

structure　wa£first　obtained　by　X－ray・（PDB　code　lIO1）lSa皿latey　et　al、，20011　and　sub－

sequently　used　a呂aguide七〇reconstruc七the　co皿plete　polymeric　fiagellin　structure（PDB

code　IUCU）from　cryo－elec七ron皿icroscopy　electron　density皿ap　of　the　filament「Yonekura

et　al．，20031　．　Inter－subunit　coiled－coils　fbrm　between　terminal　a－helices　in　neighboring　poly．

meric　fiagellin七〇produce　a　collti皿uous　and　raechanically　stable丘lamen七［Yonekura　et　al．，

20031．

　　　F｝agellin七erminal　regions　have　also　been　identified　as　di80rdered　by　the　Database　of

Protein　Disorder　ISieki皿eier　e七aL，20071．　The　disorder　is　a　dynamical　one，　rather　than　due

to　a　lack　of　secondary　structu．res．　The　terminal　domains　of　the　fila　Enent　cap　protein　HAP2

are　similarly　l皿structured　in　the　monomeric　form　of　the　protein　but　beca皿e　structured

（fbrmingα一helical　coi王ed－coils）upon　binding　to　the　filamen七end【Maki－Yonekura　et　a1、，

20〔］3｝．Thus，　severaユof　the　flagellar　proteins　at－e　intrHinsically　d飴order融to　enable　their

efHcien七｛志sse皿blv，
　　　　　　　　　　　　　v

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　36
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42　0btai口ing　m職omeric登om　polymeric　fiagellin

To⑪btain　the　a　mode］　of　menomen’c　flage11in，　I　p　erlbr皿ed　mo｝ecu⊥脳dynamics　s　imuiatio丑

in　selution　s七arting　w匡七h　the　pロlymeric　co赦｝rmation・1翫st　a』ig皿ed由eエロolecuユe　with　its

longest　exte鋤10ng　the　Z疏品d　i㎜ersed　it　i政aperiodic　rec岬1ar　box　of　TIP3P

wa七ers　with　at　lea＄t　120　A　between　the　pro七ei丑atoms　a丑d　box　ed菖e　along　the　Z－direction

and　at　least　8　A　in　the　X－aasd　Y－directio鵬．　Such　a　large　si皿ula；ion　box　wa8　meant　fbr

mechanical　unf（〕lding　in　solutio皿．　The　biomolecular　simulation　software　AMBER　8［Case

eもa1，，20041　with　ff99　for¢e－field　wa呂u8ed　fbr　all　the　simulatio丑s．　Elec　trostatics　was　handled

・with　the　Particle　Mesh　EwaJd　method｛Ess皿a皿n　et　al．，19951　with　a　nol1－bonded　real　space

cuto登of　8　A．

　　A仕er　energy　minimization．，　the　charge　neutralized　syste皿was　hea北ed七〇300　K　while

keeping　restraints　on　the　n・蝿ydrogen　atoms．　Nexも，　Berendsen　temperature　and　pressure

c・ntr・l　w品畑・sed（at　300　K副1at皿）with　restraints　redueed　in　stages　and　finaliy

t迦ed　off　whe迫eqUilibration　ha息been　reached、「rhe　system　de皿si七y　a｛pproached　the　bulk

solvent　va加e　after　we　activated　SHAKE　IRyc㎏ert　e七aL，197Tl　to　con£tra諏motions　of

chemicaJ　bonds　involving　lrydrogen，　S已ulation　co孔倣ued　until　the　RMSD　of　the　new

confon皿a七ioms£rom　the　starting　confbrmation　reached　s七eady　values　fbr　demains　D1，　D2

繊dD3（after　1．』s幽司誌ion），　wherea：seもhe　vaJue　f・r　DO　kep七increasing　whieh　is　a

sigr］、　of　uns七ructured－ness．　This¢onfbrma志ioU　was　u部d　t白i丑i七iate　mechanic蕊unfolding

sim、ula尤ions　in　explici七and　implicit　solvenも（see　Chapter　5），工t　has　also　been　re－solvated漁

a　wider　＄imulation　box　E　nd　simulated　fbr　8－ns　without　temperature　or　pressure　controls（see

Chal）ter　6＞．　This　exte血ded　8－ns＄imula七拍口served　as　the　con七rol　fbr七he　high－tenユpera七ure

幽Lfolding　si皿ulations．

4．3　Structural　comparis皿of　polymeric　and　n亙onom．eric　Hag－

　　　　　ellin

The　C－terminal　he1放of　D1（CD1）was　obser廿ed　to　be　more　stralght　i皿the　poly皿eric

fiagellin　in　filament（1UCU）as　compared　to　the　terminal－truncated　X－ray　structure　of

rnenoエneric　flagellin（1101）IYonekura　e七司．，2003］．　Fig．4．1（司shows七he　result　of　per－

fb抽已g　a　RMS　fit　of　terminal一七run、eated　polymeric　and　m諏omeric　fiagellins　using　residues

in　the　shorter　NDl　helix．　The　R〕MS　deviation　be七ween　termiRal一七τunc乱ted　lUCU　struc－

tuTe　and　ZIOユstructure　is～0．02　A　whereas　that　between　IIOI　and　terminai＿trun¢ated
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Figure　4．1：Monomeric　flagellin　obtained　from　MD　simulation．（a）PyMOL　ren－

dered　cartoon　of　tlie　L4－ns　equilibriu皿MD　snapshot，　to　be　compared　to　the　polymeric品㎜

from　IUCU　in　Fig．1．5．（b）Gomparison　of　the　terminal－trunca．ted　structure　of　monomeric

flagellin　obtained　by　simulat・ion（red）starting　from　the　cr）r〔トEM　polymevic　structure（blue）

with　that　from　X－1’　a．y（ora．nge），　after　least－squares－fitting　olコto　the　NDl　helix（residues　105

to　126），　Figure　created　usil〕g　VMD．

monomer　from　simulation　is　N　l．1A．　Not　only　is　the　CDユeven　more　cu汀ed　in　the　simlllated

mのomer　compaコ・ed　to　tlle　polVmeric　form　as　observed　by　Namba　and　cぴworkers　IYbnekura

et　aLう20031，　thc　longer　ND］helix　also　deviated　frorn　both　experimental　structures　sig－

nifying　increased　strllc加ral　disorder　in　the　terminal　region．　Domains　D2　and　D3　ilユthe

sinlu▲ated　collfolIIIatiむ11　also　showed　signi丘callt　deviations　compared　to　the　experimental

conformations、　implying　grea．ter　fiexibility（due　to　inter－domain　motions）exhibited　by　the

sinlulated　structlu・e　in　solkttion．

4．．4 Definitk）n　of　P∋1ごsistent　native　colltε，cts

The　contact　map　of　1UCU　is　showll　iII　Fig．4，2，　A　s“／inbol　appears　at　grid　loeation（ふ」）

if　the　residue　pair｛i，：i｝is　in　co・11．tac’t．　i．e．　tlley　have　a　1）lillirllllll）heavy　atolユユseparation　of
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Figure　4．2：Residue　contact　map　of　native　flagellin　structure．　Gray　filled－circles

indicate　contacts　ill　lUCU，　Black　diamonds　indicate　persistent　native　contacts：contacts

found　in　more　than　70％of　the　snapshots　taken　from　the　lastユns　of　the　extended　8－ns

simulation　of　the　monomer．　Dotted　lines　mark　location　of　D∫l　contELct　clusters（see　Text），
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1・・st已42已d・t・・曲・d　by　a　P・・1　sc・ipt　in　th・MMTSB　To・lkit｛F・ig・t・al．，・2004】．

The　proteolytic　resis七a皿七portion　of　D　l，　denoted　as　Df　1，　which　includes　mt　l　ust　residues

from　the　N－terエninal　side　as　originally　defined（Yonekura　e七al．，2000】but　aユso　f士om　the

C一七erminaユside・as　m」arked　o丑the　contact　ma｛P・（Fig．4．2）．　D∫1　contains　a江elongated

hydrophobic　core　that　could　aK　count　fer　its　proteolytic　resistance．　The　rigidity　of　D∫ユ

hydrophobic　cere　has　been　noted　in　a　simulation　of　a　44－mer　model　of　the丘lament［1（itao

et　aii・，2006］　・The　remaining　Portion　of　Dヱwas　ilユdeed　foimd　to　be　less　stru．¢tured　during

my　sim皿lations（s色e　Chapter　6）．

　　　Using　s且apshots』m　the　fi皿al　1－ns　of　the　8－ns　300　K　cont　rol　simU　lation，　I　defined

persis七ent　native　co江七acts　as　contac七ing　residues　that　apPeared　in　more　than　70％of　the

sna、psho七s．　The　fエaction　of　such　conta£tls　Wi11　be　used　for　monitoring　the　ther皿a1　unfolding

process・1　have　overlapPed七hese　persisten土clusもers　on　tb、e　l　UCU　contact】map．　where　we　ca皿

see　a　loss　of　int，ra－a泊d　i草ter－helical　contacts　in］DO　during　the　control　si　lulation（Fi9．42）．

This　observation　is　alsoエeflected　as　a　loss　ofα一helical　content　in七he　cha皿ges　to　DSSP

｛Kabseh　a血d　Sander，19831　assigned　secondary．　structure8　during　the　control　simula七io且，

shown　as　an　iロset　il1七he　contact　map．　Contac七clusters　fromβ一stra皿ded　pairs　dominate

七he　contact　map，　though　those　between　DO　and　DI　helices　a皿d　between　u且structured

do皿ail　li刀kers　axe　also　present．

4、5　H－『bon．d　network　in　D1－D2a　interface

A　gap　exists　be七ween　the　312β13　hairpin　in　D2a　and　a2－tum一α3　in　N－ter皿iエ1aユof　D　1（ND1〕

（Fig．6．1）．　This　inteTface　is　deviod　of　solvent　molecules　in　the　cryo－EM　based　structure　as

the　atoエnic　resolutioiユis七〇〇10w．工n　my　si皿ulation，　solvent　molecules　could　no七penetrate

deep　enough　into　this　D2a－NDI　in七erfa，cial　space　fbr　rnost　part　of七b」e　30｛〕K8－ns　con七rol

simu．lation，　resulting　hl　s七rong　bridgi皿g　hydrogen　bollds　1〕etween　side－chains　of　D313（in

D2a）aaid　S　106／日ユ04（in’Nl　LD　I）．　Soエne　water　m．olecules量naユ1y　got　close　enough　to　exchange

residue－residue　H．－bo丑ds　wi七h　residue－solvent　one白only　after　7．5－ns　of　the　8－ns　control

s三エnUlation．　Such　soivent　penetration　occurred　faster　under　higher　tempera尤ures　（resuIts

not　shown）．　In　the　lligher　resolutio］ユX－ray　structure（PDB　code　lIO1），　interfacial　solvent

r．ユolecules（rather，　jus七the　oxygen　positiolls）are　present　in　the　PDB　file．　Hence，　I　think

any　H－bollds　across　the　D2a　NDl　interface　appearing　during　my　simulations　should　lbe

raZich　weaker　in　lEa温y．

　　　AII　aユtemati干e　i且terpretat　i　on　is　that　in　the　Hlamen七，　the　interface　might　be　more　closely一



4．6．1莇er．domain　motions白f　monomeric　fiagellin 41

p部ked．　H－bo丑ds　were　fbu五d　to　bridge　th▲s　interface　i丑七he　44－merエnodel　of七he丘laエnent

（皿published　results）．　Thisロeむwork　might　ac七go　streng七hen　the　po－！｝・meric　fiagellin　in　the

61a皿e且t．

4．6　11誌er－domain　notions　of　monomeric且age｝1in

4．6．1　Normal　modes緬m　E王as七ic　Network　Model

桓the（coarse－gra桓ed）elastic　network　representat三〇110f　a　molecu亙e，七he　backbone　Ca

atoms　of　each　residue　is　aコユode　in　the　ne七work　and七he　nodes　are　connected　to　each　other

via‘‘8prings，，　or　harm・onic　pote皿tial｛s．　Each丑ode七hus　can　o且1y　exhibi七harmonic　vibra七io孤s

about　i七s　equilibriuエrL　po§i七io且，　Only　Reighb　oring　atoms　Within　a　cer七ain　cut〔｝EE　distaace　of

each　atom　are　comsidered　in　the　interak）tion　netwovk．　ln　physicai　jargon，七his・is・a・collecti皿

of　coup丑ed　harmon．ic　oseillators．　The　so－called　Fbrce　constaロtエnatrix　is　constructed　based

on　the　i丑七er－atoエnic　separations　azad　then　diagonaユized　to　obtain　the　eige丑values（squared

vaユue豊of捷e丑ormaユmo　de　frequencies）and　eigenvectors（defin▲ng　a　new　eoordinate　system

for　collective　motions）．　These　collective　motions　involving　movement　of　one　portion　ef　the

protein　relative　to　aエiother　could　have　func七iena正signi丘cance，　such　as血con七rolling　access

to　binding　sites．］For　a　comprehensive　review斑ENM　models，　see　iYang　a皿d　Chng，20eSl．

Because　of　low　compu．tational　cost，　ENMs　effer　a　quick　estimation　of　the（七hough　harmollic）

dyllamics　ab　ou七some　equilibrium　structure　of　a　bio皿01ecule・7k）characterize　non－har工口onic

エnotions　which　may　invoive　larger　coRfbrmational　transitions，　long　molecular　dyna鋤cs

simu．la七ions　coupled　wi七h　Principa正Compenent　Analysis　would　be　necessary　iKitao　a皿d

Go，1999｝．

　　　Here　I　have　used　the　webserver　oANM｛Eya　1　et　ai．，20061，　which　implements　a　class　ef

ENM　ca1正ed　Anisotropic　N’e七work　Model，七〇　characterize　tl’ie　haT皿011ic皿otions　of　fiagellin

エnolecule，　Basica玉1y，“anisotropic”here　mea皿s七here　i8　no．sirnPlifyi且g　assumption　ab　out

atomic　fluctuations　in　×，　y，　a皿d　z－direc七ioエ1s．　ln　constructing　the　atomic　lletwork，　atom　pairs

separated　by　larger七ha且the　default　cutoff　distance　of　15　A　are　not　included．　Figure　4、3

shows　the　firs七且ormal　mode　from　termina匡一trumcated　structures（presence　of　DO　produced

“七ai1－wagging”mo七ions　which　dom短ated　the且ormal　modes〕．　The丘r呂t　mode　describes　a

“hinge－like’；　motion　abou七the　D　l－D2　doma且n　in七erface．　Regions　on　the且agellin　cartoon　are

color－coded　accordin、g　to　the　amou］at　of且uctuation．　Arrows　lndicate　thLe　size　a丑d　direction

of　motion．　The　residue　correlation　maps（symmetric　abou．七the　diagonal）indica土e　which
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regiens　of　the　protein　moves　collectively：correlated　regions　in　red　a且d　a皿ti－correlated　ones

in　blue．　The　smaユ1er（in　the　center　of七he　map）and　larger　red　squaエes　include　residues　in

doma桓s　D3　and　D2エespectively．　These　two　regions　are　a［nti－correiated（dots　represent㎞g

inter－domain　residue　pairs　are　colored　b王ue）．　D　O　is　weakly　correlated　with　D3　but　strongly

anti－correlated　with　D　2．　AII七hree　structure8　show　highly　similar　motions．

　　　Fbr　the　second　nor皿al　mode，　i七seeエms　to　i且volve　a　sort　of‘‘hinge”Motion　about　the

D2－D3　jullction　tllis　time，　with　a‘‘tWiSt”iコD3（Fig．4、4）．　The　same　collec七ive　motions

are　aユso　fbund加m　polymeric　and　mo丑omeric且agei』confbrmatioms．　But　fbr　the　third

mode，　while　l　UCU　and　l　IO　l　shows　a　twistin、gエnotion　ef　D3　ab　out　to　the・longest　molecular

a踊s，the　si皿肛lated　mo丑omer（Sim）shows　a　motioコwhich　is　more　collective　a皿d　involves

“ro　cking”of　D3　coupled　to　a・　“contraction”　of　D　1　towards　D2：es5enもiaユly　motiens　ab　out　both

“hiユges”．　Dif毘rences　are　al80　clear　fro皿七he　．correlation　mapsi，　The　modes　visualized　from

the　8－ns　sna｛pshot　of　the　control　simu1’ation　as　well　as　the　cortesponding　correlatiOn　map

are　similar　to七ha七from　Sim（result　not　shown）．　Nevertheless，　because　the　contributioエ1呂

of　the　no皿al　modes　to　the　overa皿collec七ive】皿otiolls　are　decreases　from　the　first七〇the

third，　we　ca皿say　that　a皿七hree　structures　exhibit　rather　s　imilar　harmonic　dyna皿ics．　Th｛§

aJso　serves　as　a　check　on　the　solution　MD　equilibration　procedure，　in　that　it　had　not

sig，nificantly　dis七〇rted七he　experiment乱l　s七ruc七ure　which　is　located　in　a　local　haエmonic

energyエninimum．　The　more　flexible　third　normal　mode　fro皿801ve丑t　simulations　could

simply　refiect　greater　conformational　freedoエn．　fbr　the　mo丑omer油solution　as　compared　to

七he　crystal　enVironmen七，

　　11have　also　checked　that　the　f，〕ur七h　mode加m　Sim　also　differs加m　the　third　mode　from　IUCU　or
　　　　ソlIO1，so　no　exchang，…of　modes　has　occurred　between　third　and正burtll　modes　of　Sim．
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Chapter　5

斑agellin　mechanica1－unfo匡ding

5ユ Two　models　proposed　fbr　transport　form

What　u㎡folded　co薦gura七ionエnight　flagellin　adopt　du磁9七ranslo　cat　ion？No　indication

from　experiment　ha5　yet　been　I皿ade　due七〇the　i丑hereエLt｛iif丑culty　of　observing　tra［nslo－

cating　flagel麺inside七he丘lament　channeL　I　proposed毛wo　models　in　this癒es三s，　shown

schematically　iロFiguエe　5．1．

　　　The　first，　dubbed　e醗re，　suggests　flagellin　is　tra皿．sported　as　a　straighも〔由ai丑with　N－

and　C－terminus　on　opPosite　ends．　Because　the　expGrt　signal　is　located　on　the　N－terエtLinal

IKuwajima　et　al．，19891，　1　assume　that　the　wire　w・uld・e就er　the　cha皿ne1　N』－terminai・first．

T｝le　second，　dubbed．冨塩塑飢，　sugges七s　flagellin　becomes　a　U－shaped　chain（U－loop）and

the　term匡ni　enters　the　chaエme▲五rst，　with　do］〔ロaiロD31ocated　iロ七he　hairpin　‘bend｝entering

last．　ln　spite　of　the　1arger　cross　sectiona1　area，　the　hai7　pin　effers　tw。　advaぬges　oveτ七he

wire：（量）it　m」ai且tain＄the　radial　arrangement　of　domains　in　the　native　state　whi　ch　would

speed　up　refelding　a皿di（i匡〕hairpins　wou！d　onIy　be　half　as三〇ng　as　wires，　giving　twice　the

trarユsport　rate．　The　next　quesもiGn　is：how　can　the　export　apParatus　prGduce　ei七her　of　these

transport　forms？

　　　As　ment三〇ned　in　the　Introdu¢tionT　aロATPase　or　th、e　Proton　Mo垣ve　Fbrce（PMF〕

might　power　the　meckanicaユu且folding　and　threadぬg　of且agellin　proteins　t｝1rough　the

chaunel．　The　obser∨atien　t・ha・t　ATPase工ncV（ho斑olog　of　Flil　in　the　fiagellar　syste鵬、）in

the　needle£omplex　export　system　cannot　export　a　chimeric　pr白Cein　wiもh　a　mechanically

strong　GFP　domain］三丑ked　to　a　natural　export　substrate　led　the　authors　to　suggest　that

proteinLs　to　be　secreted　shou｝d　be　made　easy　fbr　the‘u］ユfbldase｝iAkeda　and　Gal富n，20051．

lt　is　the皿natural　to　a遇k三f　fiageliin　and　other昼agellar　export　protein8　be　easily　u皿folded

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　46
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lfairpin　medel

Ji’ire　modcハ

＼

／

Figure　5．1：Two　models　for　transport　fbrms　of　flagelrin　monomer．　In　the　TUire

model，　flagellin　moves　through　the　channel　as　a　string　with　N－terminal（旬led　circle）1eading．

In　the　Hairpin　mode7　fiagellin　moves　as　a　U－loop　with　both　termini　leading．　Also　shown

are　speculative　binding　aエ1d　refblding　processes　ilユthe　filarnet　cap　chamber．

along　a　certain　mecha皿ical　pathway？Tb　answer　tlユis，　we　need　to　investigate　the　mechanicar

unfolding　pathways　of　f］agellin，　AFM　a皿d　its　in　silico　analog，　force－probe（FP）MD，　are

usefUI　tools　to　investigate　the　mechanical　properties　of　proteins（see　Section　3．2fOr　details）．

Experiments　fbund　that　titin　I27　mutants　that　are　less　resistant　to　mechanical　unfolding

are　more　easily　imported　into　mitochondria　through　the　mitochondrial　import　system　ISato

et　al．，20051．　Hence，　AFM　or　FP－MD　might　give　a　preliminary　verdict　on　which　transport

fbrm　is　nユore　likely．

　　　Using　FP－MD，　I　have　determined　the皿echanical　eHbrt　to　obtain　wiTe　and　haiTlpin

conformers　starting　from　a　model　of　isolated　flagellin（see　Methods）．　A　wire　flagellin　can

be　obtained　by　pulling　apart　or　unzipping　flagellin　from　its　adjacent　terエnini．　A　hai7pin

自agellin　can　be　obtained　by　elongating　or　stretching　flQgellin　along　its　molecular　axis（witll

aradial　arrangement　of　domains　starting　from　termini　in　DO）．1　found　that　under　identical

simulation　conditions，　it　takes　less　mechanical　e丘brt　to　realize　a　wire．

5．2 Methods

5．2．1　Starting　structure　for　force－probe（FP）MD

Monomeric　Hagellin　structure　obtained　from　tlle　short　MD　simulatioll　ill　solvellt（see　Chap－

ter　4）was　used　for　most　of　the　mechanical　unfolding　simulations　presented　here，　denoted

as　structure，S’1．　The　effect　of　using　different，　confbrmations　on　the　unfolding　pathway

a．nd　fbrces　has　not　been　extensively　explored　in　tllis　thesis　due　to　liinited　computational
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resources，

522　Use　of　implicit　selvent　model　to　reduce　computa七i皿cost

lnitial・unfolding・imulati・n・・f・・Stret・h　pathways　w…p輪・m・d・in・th・presence・f　wa七er

エnolecules　in　a　very　long　simulation　box．　However，　allter　much　computationaユeff（）rt　a丑d

repeated　e皿la・gem・nt・f　th・simulati・豆b・x，・nly　a・t・aight曲9・f蝿・llin　al・丑g　the

pulling　directien　was　obtained・This　involved　do皿a豆n－doma垣movements　wi毛hout　any

u皿folding．　Ta　king　into　consideratio且七hatひπz字s諏ula尤沁ns　would　be蝕r　more　costly　i皿

terms　of　computatien　time　and　hence　impract三cal，　I　decided　t“witch　over　to　an　implicit

or　continuum　representation　of　the　solvenも（see　Section　3ユ．2　fbr　more　detaiIs　oロimplicit

solvent）．

　　　In、　particular，癒e　OBC　model　Il　varia且t｛Onufr匡ev　et　al．，200410f　th、e　Geneエaユized－

Bom（GB）model（setting　“IGB＝5”in　AMBER8　software）was　used　te　carry　out　GB／SA

simulati皿s　wi　th　a　physiologicaユsaユt－concentrat三〇n　of　O．2皿olar．　G　B／SA斑etho　d　involves

compu．t三ng　the　polar　compo丑ent　of七he　solvation丘ee　energy　by　the　GB　method　and　the

non－polar　component　taken　to　be　proportionai　to　solvent　accessible　Surface　Area　ef　the

xロolecule・Defau王七internal（proteill〕and　exte：【ial（solven・t）dielectric　coロLstants　were　u§ed．

A　lai’ge　non－bonded　cutoff　of　25　A　was　chosen　for　electrostatic，　vdW　and　GB　interactions．

Strllcture　S1（see　above）were　subjected　to　energy　minimizat三〇n　and　heating　phases　with

positions　of　nol1－H　atoms　restraぬed　us滋g　harm．onic　potentials．　Restra趾ts　were　then　re－

leased　in　tWo　steps　of　6－ps　each．　La皿gevin　dylla皿Ucs　with　a　low　collision　frequency　of　l

ps’”1　that　a！so　repres翰t　solvent　friction　a　nd　stochastic　effects　to　some　extent　was　used　to

maintain　the　temperature　at’300　K．　The　resultan七struc七ures　served　as　8t鍵七ing　points　fbr

force－probe　studies．　The　cha皿ge　toもhLe　backbone　RMSD　vahle　was　O．60　A　after　this　prepa－

ration　procedure．　R）r　the　record，　I　have　also　tried　to　eqUilibra七e　polymeric　flagellin　from

IUCU　uDLder　GB／SA．　The　8truc斑red　DO　helices　ill　IUCU　beca皿e　partiaily　structured　as

in　TIP3P　equilibration　but　became　elongated　after　j　ust　O．6－ns　of　simulation．　The　resulta批

conformation　is　hence　not　used魚〕r　mecha疏cal　u皿fOlding．

　　　To　give　an三dea　of　the　eempu．tationaユeffort，　the　complete　unzipping　of　flagellin　at七he

slowest　pullmg　speed　of　O．05　A∫ps（at　each　te皿ini）requir¢d　more　tha丑350　hours（about

2－weeks）of　processing　time　on　321ntel　Xeon　2．8　GHz　processors　in　a　PC　Linux　cluster

connected　by　a　Gigabit　EChernet　netWork・
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5，2．31mplementation　of　constant－velocity　FPMD

The　natu．raユ“reaction　coordinate”七〇monitor　under　co丑sta皿t－velocity　FPMD（cv－FPMD）

is　the　end－to－end　extension　along　the　direction　of　force　or　puUing　diエec七ion．　Extension

is　defined　as　the　separation　between　two　pulled－groups　or　between　a　pu・11ed－group　a皿d　a

丘xed－group．　The　difference　between　the　desired　position　x児EF（古）（reference　coordinate80r

positions　of　the　pulling‘spring，）and　the　actual　position　x（t）of　the　pulled－group　gives　ri呂e

to　a　har］［non．ic　1’estraint　fbrce　F（t）＝k［x（t）－x朋p（t）lwhere　k　is　the　fbrce－coエ1stant　of　the

harmonic　positional　restra且nt（seeコTable　5．1for　the　vaユues　used　in　thi呂study）．1皿SMD（see

Chap七er　3），　xREF（t）＝皿o十vt　where　xo　is　the　equilibriu］［n　position　of　the　spring　at七he

start　of　the　simulation．　But　instead　of　continuous　pulling（actually　the　equilibrium　position

is　moved　a　distance　of　v△t　every　O．1－ps　in七erval　in［Lu　et　a1．，1998｜），工increme皿ted　the

restraint　equilibrium　position　by　1　A　along　the　pulling　direction　at　each　step　and　then　allow

七he　system　to　equilibrate　during　a皿illterval　ra血gillg　from　4　to　20－ps．　A　set　of　reference

coordi皿ates　representing　the　successive　equilibrium．　posi七ions　were　prepared　befbre　starti丑g

the　pulIi丑g　simulations．　Although　this　is　a“coarser”appro】dlnation　to　true　c皿sta皿t－

velocity　pulling，七he　scheme　offers　a　silnple　way　of　reachillg　quasi－equ．ilibrium　conLditi皿s

by　simply　eXtending　this　time　interval　to　say　40－ps　as　in　the　so－ca皿ed【4pull－and－waiぜ，

scheme［Pab6n　and　Amzel，2006］，

　　　Despite　the　difference　in　implementation，1　could　obtain　a　similar　force－extension　curve

of　disulphidebo皿d－reduced　Titin　ll　as　reported　by　the　Schult飽group　using　the　true　SMD

method　i皿explicit　solvent（compare　black　line　i皿（a）七〇gray　curve　in（b）in　Fig．5．2）．

Snapshots　during　unfolding　were　also　found　to　be　＄imilar（cornpare　TIP3P　300－ps　snap呂hot

to　snapshot‘（f）’，　fbr　instance）but　detailed　analysis　was　not　perfbrmed．　I　also　conducted

unfblding　of　I　I　under　the　implicit　＄elvent　model　u．sed　in　this　work．　Similar　fbrce－extension

profiles　between　both　solvent　models　were　ob七ained（though　lower　force　peak　under　i皿、plicit

solvent，　see　Fig．5．2　a）i刀addition　to　similar　initial　unfolding　pathways（Fig．52　c）．

5．3 Results

5．3．1　1mplicit　solvent　equilibrium　simulation　of　monomeric　fiagellin

「工bassess　the　s七al｝ility　of　H乱gellin　strueture　under　implicit　solvent　fbr　nanosecond－long　siTn－

ulatio皿times，　I　conducted　a　4ns　simulation　starting　from　structure　Sl　undei・the　same

conditions　as　used　in　the　force－probe　MD　runs．　Cha皿ges　to　domain－level　residue　contacts
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Figure　5．2：Comparison　of　Titin　11　mechanica1　unfolding　under　explicit　and　implicit

solvent皿odels　under　my　cv－FPMD　sCheme　presented　in（α）and　upper　portion　of（c）with

those　reported　by　Schulten　and　c（Fworkers　IGao　et記．，20021　shown　in（b）and　bottom

pa皿els　in（c）．　Figures　in【Gao　et　al．，　20021　reproduced　With　permission　from　the　Biophysical

Society．
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were　monitored　from　the　MD　trajectory．　I　observed　an　ini七ial　drop　wi七h　subsequ．ellt　sta．

bilization　at　60％of　the　co丑tacts　in　Sl　for　the　fblded　domains（results　not　shown）七ha七

was　also　observed　in　all　the｛forceprobe　simulations．　The　partiaユly　strU¢tured　DO　and　the

lower　portion　of　Dl　underwen七further　unfoldi且g　and　becε皿1e　elongated（similar　to　the

equilibrated　conformation　from　l　UCU）with　a　non－native　anti－parallelβ一sheet　fbrmed　in

DO．　Natively　fblded　domains　D2a　and　D3，0n七he　other　ha皿d，　maintained　their　coエ1tacts

at～60％from　1－ns　unti1七he　end　of　the　simulatio皿．　Those　of　Dfl　a皿d　D2b　dropped　fur－

ther　to～40％after　3－ns，　This　might　indica七e　the　lower　mechanicaユstability　of　D∫1　a皿d

D2b，　which　aユse　showed　loWest　thermal　stability　am　ong　the　folded　do皿ains（see　Chapter

6）．　ln　summary，七his　equilibrium　s血ulation　showed七hat　natively　folded　parts　of　flagellin

could　remain　stable　for　considerable　amounts　of　sin　Lulation　time　u皿der　the　impiicit　solve皿t

model．

5．32　Mechanical　effor七fbr　each　model

5．3．2．1　　Force－extension　curves

To　realize　the　cenformations　in　the　VVire　a皿d　Hairpin　rnodels，1　have　applied　ex七ernaユfbrces

on　a　flagellin　monomer　structure　along　two　orthogo皿al　directions（Fig．5．3の．　Pulling　on

both　ends　of　the皿01ecule　along　its　longest　molecular　a」ds（S「tretch）would　result　in　a

hairpin　confbrmer，　whereas　sepairating　the　termini（ひπzip）would　give　us　a　wire．　The

Stretch　direction　h．as　been　chosen．　to　be　aユong　the工ine　joining　the　center　of　mass　of　termmi

Cq　a七〇ms（posi七ion　P）wi七h　the（］a　a七〇m　of　Gly211（posi七ion　C）．　The　choice　of　Gly211

which　is　located　o且adistaユ100p　fro血the　termini　is　jus七for　convenience，　Furthermore，

100p　residues　ca孤be　mutated　to　create　ha皿dle日fOr　AFM　experiments　wi七hout　disrupting

the　secondary　structures．　However，　I　realized　that　the　particular　choice　of　C　do　have　an

impact　on　the　unfolding　pa七hway　a皿d皿echanicaJ　ef正brt（see　later）．1且Figure　5．3α，　pUlling

position　A　to　the　right　and　position　B　to　the　left　wa5　chosen　simply　to　avoid　crossing　the

D1　helices　over　each　other　during［Unzip．　The　simula七ions　1　’have　perfor皿ed　are　summarized

in　Table　5，1，

　　　Fbrce－extension　curves　at　different　pulli皿g　speeds　under　Str・etch　and　ひnzip　are　pre－

sented　inL　Fig．5．3（b）and（c）respectively．　Under　Stretch，　t止1e　initial　increase　in　fbrce　is

independent　of　the　pulling　speed．　This　is　during　extension　of　the　domain－domain　linkers

to　align　flagellin　along　the　pUlling　direction　a皿d　also　includes　the　extension　of　DO　partial

helices．　After　an　initial　DO－D3　extension　of　around　150　A，　ferces　increase　with　pulling
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Figure　5．3：Mechnical　unfolding　of　flagellin：comparingσ磁ρto　Strεtch．（α）

Pulling　directions　fbr　Stretch　aロd〔／nzip．　Flagellin　dom由ns　a皿d　subdomains　are　colored

as　fdlows：DO（in　gray），　D1（proteolytically　resistant　Z）∫1　in　black；the　rest　in　magenta），

D2（D2a　in　red；D2b　in　green）a且d　D3（in　aqua　blue）．　R）rceextension　curves　fbr　dfferent

pulling　speeds（at　each　end）fbr　Unzip（b）and　Stretch（c）simulations．（d）R）rces　from　the

slowest　pulling　speed　of　Stretch　a皿d　Unzip　are　co皿pared　on　a　normalized　extension　scale．
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・peed・th・ugh・diffe・ences・a・e・light・in　vi・w・f七h・2七。2・5×diff・・ence・in・peed・（at・a・h

end）．　SubseqUent　unfblding　involves（sub）domain　unfolding，　showing　up　as　fbrce　peaks．

As　the　m．01ecule　is　s七retched　to　an　extension　of　around　500　A，　fUrther　exte皿sion　becomes

illcreasingly　di伍cult　as　reflected　by　the　sharp　iコ、crease　in　forces．　The　detailed　pathway　of

aSeleCted　5「tretch　SimUlatiOn　wiII　be　preSented　in　the　neXt　SUbSeCtiOn、

　　　In．　contrast，　force－extension　curves　inσn磯p　show　greater　vairiation　under　different

P曲g，peed，（Fig．5．3・）．　Alth・ugh　my・1・w・・t・pulling・p・ed　i・O・OS　A／P・，　whi・h・xt・nd・

七he　end＿七〇＿end　separa七io皿by　O．1　A／ps，　this　speed　is　still　a　million　ti皿es　larger　tha皿values

used　in　AFM　eXPeriments七ha七〇ccur　overエnilliseconds・By　extrapolation・，　I　suspec七七hat

七he　forces　i皿volved　would　be　even　lower　fbr　slower　speeds．　The　major　fbrce－peak　at　large

ex七ension　is　a　pエe－requisite　step　before七he　unfolding　of　D3．　The　pulled　chajn　has　to　become

tight　enough（a　climb　in　fbrce）5uch　as　to　rotate　the　domain　to　a　more　favorable　position

for　unfolding．　In　AFM　experiments　or　in　the　physiologicaユsystem　such　rotation皿ight　b　e

easy　to　achieve　a皿d　hence　a　fbrce　peak　might　not　occur．　Unfblding　of　D3　was　observed　to

be　easy　after　the　rotatio丑（no　further　force　peaks）．　More　details　will　be　given　below．

　　　For　a　bet七er　comparison　of　the　“roughness”　of七he　fbrce　c旺τves，　the　fraction　of　rna　ximum

ex七ension　inひnzip　a皿d　Stretch　was　used　in　place　of　absolute　ext印sion　in　Fig．5．3（d）．

The　maximu皿extension　in　each　pulling　direc七ion　is　deter皿i且ed　as　fbllows．　The　average

Ca　separa七ion　has　a　value　of　3、8　A　i且atypicaユ‘エelaxed，　pro七ein　structure，　often　quoted　in

simplified皿odels　of　protein呂lSulkowska　and　Cieplak，2008］．　Using　this，　the　maximum　end－

to－end　separation　forひnxip　is（494－1）×3．8－0．75＝1873　A，　wh、ere　O．75　is　the　proj　ection

of　the　initial　sepaエation　between　termini　C．atoms　onto　the　pulling　direction（set　to　be

approXimately　peτpendicular　to　the　Stretch　direc七ion；explai丑ed　in　the　next　subsection」）．

Observed　eIld－t〔卜end　extension8　will　reach　close　to　the　above　maximum　value　only　in　a

straightened　chai皿．　Note　that　this　maXdm皿1　is　for　a‘relaxed，　sta七e　a皿d　a　fUlly　tensed

and　straightened　chain　might　have　a　value　larger　tha皿七his．　Fbr　Stretch，　the皿a」dmum

exten．sio且（fbr　the　Ionger　haユfLchain）is（494－211）x3．8　一一172．6　N　902　A　where　172．6　is

the　initial　separation　between　position日Cand　P．　The　overlaid　curves　indicates　that　initial

efforts　are　similar　bu．t七hat　ef　Stretch　beca皿ユe　larger　after～30％of　the　maximum　extension

has　been　reached．

　　　Lastly言histograms　were　collstru．cted　based　on　the　restraint　force　time　series（Fig．5．4）．

These　give　an　indication　of　the　range　of　forces　required　a5　well　as　the　average　force，　Fbrces

larger　tha皿4000－pN　are　excluded　from　each　distribution．　Forσπ醐皿der　a　pulling　speed
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Sim Pulling　　　　Force Max． Denat． DenLat， Transport Tξansport
SPeed，　v　　　const．，　k ext． time fbrce work fbrce
（A／ps）（k・al／m・lA2） （A） （ns） （pN） （kcal／m・1） （pN）

5B1 0，10　　　　　2 822 4．0 11500 7200 2500
5B2 0，25　　　　　2 784 1．1 2000 10230 2000
8B3 0．05　　　　　2 607 6．3 3440　’ 9730 3440
σB1 0．10　　　　　2 1652 7．5 1950 17560 1950
σ、B2 0．25　　　　　2 1738 3．2 3420 40430 3420
L『B3 0．05　　　　　2 1614 17．0 1960 16950 1960

Table　5ユl　Mechanical　unfblding　of且agellin　mo皿omer　via　two　mechanisms：
Unzipping　or　Stretching．　Labels　t畠B，　and　‘ひ召，　deno七e　two－way　Stretch　or　Unxip

respεctively（see　Text）．　Denaturation　ti皿e　is　the　simula土ion　time　needed　to　allow　native

fractional　contacts　of　domains　to　decrease　below　a　threshold　of　O．2、　D飽aturation　force　is

the　ma　ximum　restrai皿t　force　encountered　during　the　denaturation　tirne．　Transporもwork　is

the　area　under　the　fbrce－extension　curve　up　till　ext飽sion　at　which　the　width　of　D3β一shee七

in口αrepresenta七ion　became　Iess　tha皿20　A，　which　makes　the　molecule　tra　nsport－capable．

“Tra皿sport　force”is　the　ma」dmum　fbrce　needed　to　obtain　the　tra皿sport　fbr皿．

・fOユA／P・and　a・‘t・・ft”　・p・ing。f　2　k・al／m・IA2，　th・f・rce　di・t・ibu七i・n・has　a　m・an（・td－

dev）of　909（404）－pN．　At　the　slower　speed　of　O，05　A／psうthe　distribution　is　more　shaエply

peaked　with　a皿ean（std－dev）of　721（338）－pN．　The　corresponding　values　fbr　Stretch　are

1508（965）a皿d1142（815）respectively．　The　results　suggest　that　Unzip　traj　ec七〇ries　sllould

incur　sma皿er　fbrces　than　their　Stretch　counterparts　as　we　move　towards　more　physically

reaJistic　pulling　speeds．

5．3．2．2　Denaturatio皿time　and　force

Table　5．1　lists　th．e“denaturation－time”and　associated　“dena加ration－f〈｝rce”fbr　each　simula－

tion．　The　dena加ration一七ime　is　defined　as　the　duration　f（｝rエ1ative　contaA　ts　to　drop　below　an

arbitra　ry　threshold　of　20％（all　domains　at　the　end　of　the　500－K　thermal－dena加ration　si皿一

Ul　ation　have　fractionaユcontacts　below　O2；see　Ch．apter　6）、　I　then　define　the　denaturation・－

force　as　the皿a」dmum　fbrce　encou皿tered　before　the　denaturation　time．　Denaturation－force

for　Stretch　are　larger　than　Unxip　due　to　the　difEculty　in　completely　ullfb王ding　D3　which

requires　slippage　of　the　halfLchains，　possible　o皿ly　by　breatking　of　multiple　H－bonds　in　non－

nat　ive砲七i－parallel　6－sheets　formed　across　unfolded　half－chains（see　region　to　the　right　of

domain　D　2　in　the　1．6－ns　snapshot　in　Fig．5、5　a　lower）．　An　exception　is　when　1　pull　．　at　the

very　high　speed　of　O25　A／ps，　whereby　D3　denatured　very　rapidly　during　the　start　of　the

simulation　due　to　the　strong　local　forces．
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5．3．2．3　Mechan三cal　work　req琶ired　to　get　tr蹴呂portab匡e｛br宜1

Besides　the．maximum　foree＄　e且eountered　during脇folding，　we　may　a｝so鴫h　to　determi巳e

宅he　mechanical　work　required．　In　particu▲at－，　I　w三sh　to｛玉eterm匡ne　the　ef壬brg　required　to

obt記n　a‘‘もhin－en．ough”曇a、ge1鉋．　Based　o丑もhe（7a－only　representati皿，もhe　t▲］［nes　whe丑D3

措i綱β一』t議8罐・為七・aj・ec七・・y・岬・h・t・has　width・small・・捷醍20　A社・d・t・r一

漉ed（us担9盟e蹴re聴nts．・in翻ecular　viewer　VMD紐雌。m　ellips・id嘔pp磁mat匡o丑

based　o登mi丑er　aエes　coエnputed　as　fOr　vo1礎e　e8毛呈エnates桓Sectio蟄｛5．2）．　The　corresponding

restraint　forces　axe　＄hown　in　Table　5．1随der　the惜anspo舗br。e”co1湿鑓nd　the‘Tr識一

por七w・rk｝’co卿uもed・as・the・aTea田1der　the麺c昏ex七e丑s醜curve・up・t。　the疏ens三・丑w抽

the　value　of‘t’］｝鉦1sport　fbrce｝，．　Fbr　example，　in毛he　SBI　e且trあthe　t匡灘e－sta　［1｝p　is　2．5－ns

whioh　has　a　restra櫨f世ce　of　2500－pN』 iFig、53　c）．　The　mec｝｝a　nicall　work（from　ex七ensiefi

of　O且王1p　to　484　A）was七hen　calculate｛匡as？20G　kcal／mo1．　FGr　びnzipもraj　e｛三tork∋s，縫le

co］Mplete　trajectories　are　used　beca且se　D3　is　thin　enough　o丑1y　whe丑col耳ple主e玉y　u丑fb羅ed．

H田ce，　z‘1｝鋤sport　ferc宙a皿d　c‘Denaturation｛brce｝｝are　the　same．

　　　Although　1　have　prese］ated　values　foエthree　pulliロ9　speeds，　only癒e王ower　oges（奪．05　er

⑪．匡A／P・）脳ec1。・e・t・・xp・舳・ntal　and　physi・1。gi・a匡・皿麟・丑・．瓢・e，王d・cid・乞・・璃

use　those　sets　in　eomparing翫ゆaiid　Streteh．　［lrhe　picture　that　emerges　is　ene　in　which

lower　maximum　f（）reε8　are　required表）r｛ノ甘Z毎ヌbut　m・ore　mechakica匡work　reくIU三re（¶（h匡gher

ATP　consumpt▲o牡匡f随fo｝｛まin9語powered　by　aa　AごでPase〕．］呈［〕r　Stretchうless憩」echaaica匡

work　is　nee｛ied　siace　the　maximum　extensian食）r　hai？　pin　is　half　that　of　wire　bUt！arge：

maiximu孤foeces　may　be丑eeded．

5・3・3　　Deta三匡ε｛匡mec董匡an匡£al　un穀｝匡｛圭蓋盈9　patkways

猛Fig．5．5（a＞Ipresent　s丑a墨）shets｛］uring　UBf　a丑｛i　SBi　trajeetories．　The皿fo｝｛匡i丑g　of

each・domailt・is・m。丑匡撤ed　via繊e飽ction・f鋤纏C・Etacts，　sh｛蹴in　the　lower　pan琶1・ef

Fig・5・5（轟）・lw田融uss磁e皿観匡且9麟hr踏S・me・detail・bei。W□艶唖。垂d鴻

pathway§URder　the　slowest　speed（UB3｛md・SB3）a・e草e・y麺量la・，

姦．3’3ユStretch　pathway

｛Jnder　Streteh，　Ragellin　is　exten｛le（1　alefig三ts・m・leCU…鍵謡書培PU茎liR9　P。s滋・R　C・iR・d｛〉

⊇葺D3　a匡eng　the蓋且e　je匡・鴻k　with　p・s誌≧P［F三9．5．3の．　ln　pya£t三。e，　term三謡

Ca　atems　are　separat・ely　suajected　t・誌e巷蹴砕ulii垂9』e．　The　initiai　resp・Rse・wa呂紐

a｝ignment　of　the　demains　al。丑g翻碑董li丑9　－direeti・n，　v｝a　benGIRg　at　the　］［｝1－］［｝2　and…｝2一匡）3
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Figure　5．5：Mechanical岨folding　of　flagellin：snapshots，　fbrces　and　fractional

contacts．（α）Snapshots　from　UBI（upper　portion）and　SBI（lower　portion）simulations

which　resulted　in　wire　and　hairPin　nagellin，　respectively．　Flagellin　domains　are　colored　as

in　Fig．5．3．　Blue《and　red　spheres　represent　N－amd　C－terrninal　Cα　atoms．　Orange　spheres

represent　atoms　in　the　D3　surface　aromatic　cluster．　Colored　coordinate　arrows　are　shown

as　position　markers　to　colnpare　the　a皿ounts　of　stretching　at　either　end．（b）Time　smuiation

of　restraint　fbrces　a皿d　domain－level丘actional　contacts．　Fl：actional　contacts　colored　in　the

sa皿e　way　as　their　corresponding　domains　in（α）．　Curves　ill　SBI　forcetime　plot　represent

forces　computed　based　on　different　end－t（Fend　extensions（see　Text）．　Vertical　lines　indicate

the　forces　when　fractional　contacts　ill　D2a　dropped　below　the　O，2　threshold．　Feat，ures‘SA’．

‘UA’and‘UB’are　due　to　mechatiicaユresistance　by　strl．lctural　elements　in　flagellin　s．　homn）

in　Fig．5．6，
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domain　j　unctions、　This　is　the　so－called　‘tertiary　structural　elasticity’exhibited　by　’modular

extエacellular　matrix　proteins　t皿der　weak　forces　IGao　et　a1．，2006】．

　　　Continued　・application　of　force　broke　up　the　aromatic　cluster　formed　by　Tyrユ90－Phe222－

Tyr229　in　D3（ora皿ge　spheres　in　Fig・5．5）shortly　after　O．2－ns，　The　D3　termi且alβ．sheet

subsequen七1y　became　extended　aユong　the　pulling　axis．　The　D2a－NDl　H－bond　interface

separated　between　O．7　toα8－11s，　with　an　extension　a且d日olven．t　eXposure　of　the　D1－D2

un・t・u・tu・ed　linke・that・was　pa・k・d　und・・th・hyd・・ph・bi・t・i－h・li・al・・re・fD∫1　in　th・

native　sta七e．　Non－native　H－bonds　formed　across　residues　wi七h　lonLg　side－chaiエrs　on　either

8ide　of　the　interface　resisted　its　separation．．　However，　no　significant　force　peak　results

fro皿this　event・The　fbrce　peak　arou皿d　1－ns（‘SA’i皿Fig．5．5のis　due　to　slidi皿g　of

the　backbone　from　N－terminal　towards　D3．　Two　sets　of　backbone　H－bonds　have　to　lbe

broken　simultan．eously：（i）those　betweenβ3　a皿dβ12　a皿d（ii）those　holding　NDlbβ一hairpin

together．　These　H－bonds　are　oriented　perpendicular　to　the　force　direction　a皿d　are㎞own

to　form‘mechanical　cla皿ps’（see　Discussion）．　The§e　are　shown　a5　insets　to　Figure　5．6．

Domain　Dfl　fUrther　unfolded　as　it　is　pulled　from　either　end（manifested　by　a　decrease　in

fractional　con七acts　ill　the　lower　panel　of　Fig．5．5　b）．

　　　Non－native　a皿ti－paraJlelβ一sheets　forlned　across　the　u皿folded　backbone　segments　at　var－

ious　locations　need　to　be　broken　in　order　for七he　Nterm－to－D3　and　D3－to－Cterm　backbone

seg陣ents　C「half－　chains”）to　slide　past　each　other　during　fUrther　unfol（ling，　This　a　c　counts

fbr　the　steady　iロLcrea日e　in　res七raint　fbrces（Fig、5、5司．　In　fact，　fbr　D3　unfblding　at　very

large　ex七ensions　the　restrahユt　f（）rce‘sky－rocke七ed，　to　very　large　vaユues（not　shown　in　the

fbrce一七ime　curve）．　Because　Gly211　chosen　fbr　position　C　is　not　located　in　the　m．iddle　of

the　polypep七ide　chain，　the　Nterm－to－D3‘‘half－chain”is　under　high　strain　as　the　D3－to－

Cterm　“half・－chain”is　further　extended．　The　same　amount　of　fbrce　are　applied　to　N－a皿d

Gterminus　but　only　the　C．七emユinus　can　be　further　extended．　In　AFM　experiments，　the

N－terminus皿ight　de七ach　from　the　AFM　tip　after　the　Nterm－to－D3　‘‘half－〔hain”has　reached

acritical　tension、　The　restraint　fbrce　computed　based　oll　the　lollger　Gly211－Arg494　sep－

aration（green　line）will　drop　to　a　lower　vaユue　compared　to　Gly211－Ala1（red　line）or　the

“average”　based　on　Gly211　a皿d　Ala1－Arg494　center－of－mass（black　line）after　a　certain　time

（force　capped　a七4000－pN　in　Fig．5．5　b）．
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5．3．3．2　Unzip　pat　hway

During　Unzip，　termini　Caatoms　are　pulled　in　a　direction　appro）dma七ely　perpendicular　to

the　fiagellin，s　longest　molecular　a」ds（Fig．5．3α）．　The　pulling　direction　wa3　defhled　using

the　cross　product　of　two　vectors　staa’ting　from　the　N－terminal　elld　of　helixα2（Fig．5．6）

bu七poi皿ting　towards　Gly211σαin　D3　and　the　Asp313（7a　a七the　ND1－D2a　i皿terface

respectively．　However，　the　N－and　G－ter皿inal　Ca　atoms　in　structure　SI　would　collide

into　each　other　if　we　move七hem　aユong　the　pulli且g　vector．　A　short　preparatory　sinulation

（200－P・◎O、05・A／P・f・ll・w・d　by　50－P・◎0．1　A／P・）was・h・nce　used　t・di＄plac・th・at・m・

along　the　perpe且dicular　direction　to　the　pulling　vec七〇r．　After　checkillg　that　the　fractional

na七ive　dolnain－level　contacts　ha万e　not　cha皿ged呂igni丘cantly，　I　pulled七he　termini　atoms

apaxt　along　the　pulling　vector．

　　　Due七〇the　close工y　associated　nature　of　the　panr七iaユhelices　in　the七ermillal　regio立，　a

no且一native‘helicaユーbundle，　was　fbr皿ed　when　I　tried　to　separa七e七he　N－and　C－terminal

backbones，　Resista皿ce　f士om　this　chelicaユーbundle｝produ．ced　a　series　of　force　peakS（Fig．5．5

b）．The　separation　of　the‘bu且dleフby　1．8－ns　lead　to　a　drop　in　the　restraint　force．　Next，

during　the　unfolding　of　Dτ1，　the　sliding　of　the　G－terminal（CD　1）helix　against　the　hairpin

in七he　N－terminaユ（ND1）was　resis七ed　by七he　non－na七ive　salt－bridge　Arg431－Glu153　from

2、5to　3．5－ns，　accounting　fbr七he　sharp　fbrce　peak　around　3．5－ns（‘UA，　in　Fig．5．5　b）．　See

Fig．5．6　fbr七he　location　of　the　salt－bridges．　After　breaking　this　salt－bridge，　the　unfolding

of　the　rest　of　Dl　and　of　D2　was　withou七resistance　or‘barrier－less，．　By　6－ns，　only　D3

remaユns　to　be　unfolded．　A　tightening　of　the　imfolded　chain　was　required　in　order　to　rotate

the　domai且such　as七〇resolve　the“cross－over”in　its　termina1β一sheet（see　lower－lef仁inset

to　Fig．5．6）．　This　produced　a　force　ra皿p　betwee丑6to　7．5－ns（cUB，　in　Fig．5．5　b）．　The

皿fblding　of　D3β一sh．eets　was　again　easy，　as　seen　fro皿the　sharp　drop　in　restraint　fbrces，

Ullder　a　larger　pulling　speed　of　O．25　A／ps，　no　force　peak　resulted　in　this　unfolding　step

because　the　pull担g　speed　is　large　enough　to　resolveもhe‘‘cross－oveエ｝｝quickly．　Put　a皿otheエ

way，　the　force　is　large　enough　to　overcome七his　energy　barrier　easily，

　　　In　su皿mary，　there　are皿ly　three　major　force　events　duringひnzip：（i）breaking　up　DO

‘helical－bundle，，（ii〕breaking　of　native／non－native　salt－bridge　in　DI　a皿d（iii）rotation　of

D3・Isuspect七ha尤in　the皿illisecond七ime－scale　of　AFM　experiments　events（i）and（iii）

may　not　incur　a皿y　mechanical　resis七a皿ce．　Domain　D3　would　have　time　to　sample　different

orientations　rela七ive　to　D2．　Hence，　only　disruption　of　sal七一bridges　could　be“rate－1imiting”

in　the　unfoldinlg　pathwa｛y．
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Figure　5．6：Key　Ioad－bearing　elements　in　nagellin　structure，　indicated　on　the　structure

S1．　Secondary　structures（α一helices　andβ一strands）assigned　by　STRIDE［Frishman　and

Argos，19951　are　numbered　starting　from　the　N－terminal．　Left　inset：the　two　salt－bridges

bracketing　theβ6＿8－sheet　in　D3．　Top－center　inset：the　three　pairs　of　residues　aαossβ3

amdβ12　in　D2a　that　could　fOrm　backbone　and　side－Chain　H－bonds　are　components　of

the‘mecha皿ical　clamp’，　resisting　sliding　ofβ3　againstβ12　during　all　Stretch　and　some

Unzip　simulations．　Botton1－right　inset：the　native（D156・・R431）and　non－nati∨e（E153－

R431）salt－bridges　holding　NDI　and　CDI　together　during　Unzip　runs．　Theβ1β2　hairpin

is　also　a‘mecha且ical　cla皿p’during　Stretch．　Labeled　residues　on　the　main丘gure　are：

D182－K326　salt－bridge　spallningβ3　andβ13；D330－K362　salt－bridge　across　the　D2a－D2b

interface；D313，　S104　and　Y178　that　Iies　across　the　D2a－NDI　interface（S106　hidden　from

view）．　Labels‘SA‘，‘UA，　and‘UB’correspond　to　forcepeaks　observed　in　SBI　andひ81

unf（〕lding．

5．3．4　Surface　hydrophobic　clusters　and　H－bond　groups　as　load－bearing

elements

Surface　H－bolld　networks（salt－bridges　or　polar　residue　g．　ide－chains）alld　hydrophobic　con一

tacts　might　also　contribute　to　flagellin’s　mechanical　resistance．　ill　addition　to‘Llongitu一

dinal　shear：：ofβ一strands　mentioned　above．　These　side，chain　interactiolls　might　Ilelp　to

strengthen　flagellin　for　its　role　as　the　filanient　building　blockT　though　they　incur　a　cost

durillg　meclianical　unfolding．

IIl　nat．ively　folded　Dユ、ahydrophobic　clust・ev　alld　salt－bridges　holped　to　hold　C－terminal

（CDユ）helixα6　to　the　NDI　hairpin（Fig．5．6，　lower－right　Inset），　Tlle　aromatic　rillg　of
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Phe4320n　CDl　is　inserted　into　a　hydrophobic‘socket’fbrmed　by　Leu143，工le145，　Ile155

and　Ile1570n七he　NDユhairpin　i111UCU　or　S1．　Under　fbrce，　Phe432　could　be　displaced

out　gone　out　of　the　csocket，　ra七her　easily　compared　to　the　salt－bridges　mentioned　below．

hthe　equilibエium　si㎜lation　at　300　K　under　explicit　s。lvent，　Phe432　was　＄imilarly　fou皿d

to　be　displaced　after　about　3－ns．　I　cazn　only　specula七e七ha七inser七ion　of　Phe432　in　the

‘socket，　might　have　strengthened　the　association　of　CDl　wi七h　NDl　in七he丘lamen七．　The

naCive　salt－bridge　formed　between　positively－charged　side－chain　of　Arg4310n　CD1α6　and

negatively－charged　sidechain　of　Asp1560n　NDl　hairpin　is　likely　to　contribute　more　to

keeping　the　GD　1－NDl　association．工n七erestingly，　a、dditionall“backups，，　appeared　between

Arg431　and　Glu153（乙「Bl）when　the　n．ative　salt－bridge　was　broken　by　fbrce．　Thusうエnuch

mecha皿ical　eHbrt　was　required　to　slide　CDl　past　the　NDl　hairpin　in　order　to　separate　the

N－and　C－terminal　regions．　The　native／皿on一皿ative　saユt－bridges　account　fbr　peak‘UA，　in

Fig．5．5（b）．

　　　In　natively　fbld　ed　D3，　a　hydrophobic　cluster　made　up　of　Phe222（β6），　Tyr229（β7）and

Tyr190（β4）1ies　at　the　D2－D3　domain　i皿terface．　The　role　of　this　cluster　is　still　unclear，

though　its　disruption．　isコ、eeded　fbr　extending七he　D3　terminiβ一呂heet　and　increauing　the　sep－

a”ration　of　domains　D　2　and　D3　aS　observed　in　the　Stretch　simulations．　Aromatic　i　lteraction

be七ween　the　Phe222－Tyr229　pair皿ight　have　contribu七ed　toβ6β7　being　the　last　structure

to皿fbld　underびπ磯p．　Lastly，　the　saユt－bridges　Asp217－L，yS232　a皿d　G正u246・－Lys228　which

lies　ac　ross　the　edges　of　fi6β7　andβ7β8　respectively　migh七have　provided　some　minor　resis－

tance　of　theβ6＿8－sheet　to　mechanical　u且fblding　via～呈π酉p　a皿d　Stretch．　Interestingly，　the

β6－s－sheet（Fig・5・7）was　fbund　to　be　a　po七ential　fblding　core　for　D3　from　the　thermaI

unfolding　study（Chap七er　6）．

5．4　Discussion

5．4．1 Is　hairpin　smal1　enough　fbr　cha皿ne1？

In　the　Hai7　pinエnodel，　fiagellin　is　transported　in七he　fotm　of　a　U－shaped　chain　with　doMain

D3　located　at　the　‘bend，　in　the　middle．　Both　termini　of　fiage11in　would　have　to　be　threaded

into　the　channel　in　this　model，　Is　the　channel　large　enough　to　accommodate　two　partially

structured　polypeptide　chains？

　　　From．　my　simula七ions，　elonga七ed　hairpin且agellin　molecules　show　a　cross　sectional　di－

arn・t…f・20　A・・1es・at　th・t・・minal・egi・n　that　has　n。，ec。nda，y、t，u、tu，e，、　H，nce，
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．，！’一一
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Figure　5，7：Z－likeβ一sheet．　An　example　of　the丘nalβ一sheet（β6β7β8）to　be　unfblded

under　Unzip　（the　16．〔トns　snapshot　from　UB3　is　shown　here）．　Orange　spheres　represent

hydrophobic　residues　Phe222　a皿d　Tyr229．　Salt－bridges　Asp217－Lys232（1eft）and　Glu246－

Lys228（right）are　shown　in　sticks．

it　seems　possible　fbr　both　terminal　chains　to　enter　the　transport　chaロnel．　F㌔rthermore、

translocation　of　aβ一hairpin－fbrming　peptide　through　the　ribosomal　tunllel　has　been　stud－

ied　via　simulation．　The　peptide　remains　folded　as　it　moves　through　the　tunnel　if　the　t皿nel

di㎜・t・・i・1・・g・・th・n～13．7　A［Ki・mi・ialti・・t・1．，20041．　This　s・ggest・th・t・hai・pi・

collfOrmer　withβ一sheets　along　its　length　could　similarly　pass　through　the　flagellar　chaエ1nel．

Setting　aside　the　possibility　that　a　hairpin　might　be皿ore　diMcult　to　reahze　in　practice，　I

compared　the　two　models　on　an　equal　fboting．

5．4．2　Flagellin　so＃ness　depends　on　pulling　geometry

How　strongly　a　protein　resist　mechanical　tension　depends　on　how　it　is　pulled：like　huma皿s，

aprotei1〕has‘soft　spots，，　In　a　theoretical　study　published　soon　after　singlemolecule　ma－

nipulation　of　bi（Fmolecules　became　success仙，　Lavery　and　c（＞workers　reported　that　it　is

easiest　to　unfbld　a　globular　protein　by皿zippingβ一strands　fmm　the　edges　ofβ一sheets　or

Iongitudinally　shearing　apartα一helix　bundles　lRohs　et　aL，19991．　The　unzipping　or　ttlateral

shearing”as　it　is　called　ofβ一stra皿ds　involves　the　breaking　of　individual　H－bonds　which　is

independent　of　strand　length．‘tLengitudinal　shearing”ofβ一strands，　in　contrast，　involves

breaking　multiple　H－bonds　at　once　and　is　dependent　on　strand　Iength［Rohs　et　al．，1999］．

Such　considerations　helped　to　explain　why　E21ip3，　aβ一sheet　protein，　exhibits　different

mechanical　resistance　whell　pulled　ill　two　orthogonal　directions　in　both　experiments　and

simulations　IBrockwell　et　aL、20031．　Also，　use　of　SMD　fbund　that　both“10ngitudillal　shear．

ing“and　hydrophobic　interactions　contributed　significantly　to　the　mechanical　resistance　of

bovine　carbonic　anhydrase　II　lOhta　et　aユ．、20041．　Similarly、　in　the　unbinding　of　edge　pep一
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七ides　from　amyloid　fibrils　by　SMD，　higher　fbrces　were　encountered　in　the“10皿gi七udinal

shearing，’direction［Rarnan　et　aユ．，2007］．　An　extensive　survey　of　the　me¢hanical　resista且ce

of　PDB　structures　using　coal’se－gエained　MD　techniques，　that　could　produce　forces　in　the

AFM　range，　fbund七hat　the　strongest　pro七eins（wi七h　maximum　unfolding　force　of　tv400－pN）

are　aHβricll　a皿d　contain　a　patch　of　parallel　P－sheet　resisting　“longitudinal　sheaf’，　termed

a‘mechanical　clamp，［Sulkowska　and　Cieplak，2008】、

　　　In　this　study，　I　pulled　a皿odel　of七he　5．　typhimurium且agellin　by　force－probe　MD　alo且g

dire¢tions　both　para皿el　a皿d　perpendicular　to　its　lo］ユgest皿01ecular　axis（Fig．53　a）．　The

pulling　direc七ions　were　chosen　to　produce　the　wire（straight　chain）and　hairpin（U－shaped

chain）confbrmers　m脚tioned　above．　Though　the　force　responses　were　complicated　by　the

multi－demain　nature　of　this　protein，“Iateral”and　t‘longitudi皿aP　shea血g　ofβ一strands　sti］1

featured　promi皿ently　at　the　domain　leveL　From　the　unfblding　trajec七〇ries，　Unzip　involved

皿ainly“1ateral”shear　ofβ一stra皿ds（unfolding　of　D2b，　D2a　and　D3）．　In　contrast，　Stretch

involveci　more　L‘longitudinar｝shear（separation　of　D　2　aβ3β12　a皿d　for　the　many　non－native

β一sheets　fbrmed　across七he　unfolded　half－chains）．　These　non－nativeβ一sheets　have　to　be

broken　iII　order　to　unfold　domains　adj　acent　to　them、　In　Fig．5．8　taken　from　a　Stretch

trajec七〇ry　at　pulling　speed　of　O．1　A／ps，　a　non－nativeβ一sheet　formed　across　D1．（black）

a且dD2b（green）backbones　around　2－11s　have　to　be　broken　in　order　for　D2b　unfoldi皿g

to　proceed．　New　non－native　sheets　formed　across　the　backbolles　by　2，2－ns．　These　could

account　for　the　steady　increase　in　restrai且t　fbrce・under　Stretch．

5．4．3Which　unfolding　mode　is　preferred？

The　actuaユtra皿spor七for皿，　wire　or　hai7pin，　depen・ds　on　which　i皿folding皿ode（Unzip　or

Stretch，　respectively）is　preferred　by　the　type　III　export　apPara七us．　From　my　si皿ulatio且s，

it　seems　that　Unzip　mode　is　preferred　if　the　unfolding　mechanism　ca皿Lot　generate　very　high

forces・The　force－extension　profile　from　the　slowest　Unzip　simUla七ion　showed　a　plateau（or

leVelling）around　6eO－pN，　whjch　tra皿sla七es　to　around　60－pN　in　AFM　experiments　due　to　the

lO×difference　in」Eorces（see　subsection　3．2．3　in　chapter　3）．　The　relatively　constant」Eorce

required　would　b　e　sui七able　for，　say，　AAA　typ　e　ATPases　which　are　known　to　iteratively　apPly

a　unifor皿unfblding　fbrce　du．ring　denaturation，　with　more　ATP　molecules　consumed　f（〕r

more　stab工e　proteins｛Kennisten　et　al．，2003］．　On七he　other　ha皿d，　only　half　the　mecha皿ical

work　or　ATP　moleeules　is　required　if　Stretch　mode　is　used．　Howeverうlarger　forces　axe

required　a皿d　both　termini　would　have　to　1〕e　pulled　into　the　cha皿nel．
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1．8－ns

弍

2．0－ns

2．2－ns

Figure　5．8：Non－nativeβ一sheets　during　Stretch．　Snapshots　showing　lbrmation　aエld

disruption　of　non－11ativeβ一sheets　across　unf（）lded　half－chains　during　SBI　trajectory．　Sec－

ondary　structures　assigned　by　prograln　STRIDE　IFrishman　and　Argos、1995】ill　VMD

［Humphrey　et　al．，19961．
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　　　Apoint　to　note　is　tllat　aJthough　1〃惚seemed　to　require　lower　peak　fbrces（see　Fig．5．3

（の），the　unfolding　of　D3　might　be　delayed　until　the“cross－over”in　its　terminalβ一sheet

get　resolved．　Large　increase　in　force（up　to　2000－pN）was　observed　even　under　the　slowest

pulling　speed．　However，　a　change　in　pulling　direction　or　simply　pulling　only　on　the　N－

terminal（七he　operational　mode　fol’u皿foldases，　Section　1・5）might　resolve　such‘‘cross－over”

with　milli皿al　e丑brt．

5．4．4 Do　salt－bridges　contribute　to　flagellin　mecha皿ical　resistance？

The　VMD　Salt－Bridge　plugi且suggests七hat　the　stru．ctu．re　of　S．　typhimurium　fiagellin　har－

bors　several　saユt－bridgesハin七he　HVR　domains　as　well　a3　in　the丘lament－core　do皿ains．

Flagellin　might　mak色use　of　intra－molecular　salt－bridges　as　an　additionaユmeans　to　in－

crease　structural　stability（f（）r　keeping　sequence－distaユsegrnents　together，　for　instance）in

its　role　as　the　building　block　of　the　fila皿ent、　I　foUnd　that　the　following　na七ive（NAT）

and　non一皿ative（NNAT）salt－bridges　contributed　to　resistance　along　the　Unzip　pathways：

Asp217・－Lys232（NAT）a皿d　Glu246－Lys228（NAT）in　do皿ain　D3i　Asp　156－Arg431（NAT）

a皿dGlu153－Arg431（NNAT）in　domain　D1．　Their　locations　on且agellin　are　iIldicated　on

Fig．5．6．　The　resistance　produced　by　the　salt－bridge呂in　1：）1　was　strong（“10ngitudinal

shear，，－like）whereas七hat　of　those　in　D3　was　relatively　weak（“lateral　shear｝－like）．　Because

of　a　lack　of　water　molecules，七here皿ight　be　speculation　that　the　salt－1bridges　observed

in　my　implicit　solvent　simula七ions　were　over－s七abilized　IGe皿ey　et　al．，2006］．　The　Dl　saユt－

bridge，　fbr　insta皿ce，　has　been　fbund　to　re皿ain　strong㎜Lder　equilibriu皿si皿Ulations　in

explicit　solvent　a皿d　could　withstand　a　pulling　force　of　around　400－pN（see　Appendix　A）．

　　　Salt－bridges　have　beeI1㎞own　to　play　importan七mechanicaユroles　in　biology．　The

CD2－CD58　adhesion　complex　depends　on　saJt－bridges，　a　suggestion　mitia皿y　made　by　ex－

plicit　solvent　SMD　simulations［Bayas　e七al．，2003］and　la七er　validated　by　binding　a皿d

force－measurement　exper血ents　IBayas　et　aL，2007］　．　Salt－bridges　acted　as　te七hers　duri皿g

shエmlated　unbinding　of　Alzheimer’sβ一a皿1yloid（Aβ）peptides　from　amyloid　fibrils｛Raman

et　aL，20071　．　The　intra－and　inter－molecular　saユt－bridges　formed　across　windings　of　the

infectious　prion　fibril　1皿ay　account　for七heβ一solenoid　fibril，＄high　stability　agaiエrst　urea　at

neutエal　pH　but　not　at　acidic　or　basic　pH　（Wasmer　et　al．，2008】．　Inter－molecular　salt－bridges

have　also　b　een　known　to　be　importan七　in　the　polymerization　of　flage1］in　into　fila皿1ent　IK　itao

et　aL，20061　．

　　Are　these　salt－bridges　conserved　across　fiagellin　hoエnologues？R〕r　D3，　being　a　HVR
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Figure　5．9：Multipl←sequence　alignment（MSA）of　nagellin　homologues　in　the

NDI　and　CDI　regions．　The　MSA　of　the　20　most　diverse　nagellin　homologs　by　Beatson

in　the　NDI　hairpin　region（α）and　CDI　region（b）、　respectively．　（c）MSA　perfbrmed

usillg　Clustal、V　1．83（at　http：〃ch．EMBnet．org，　with　default　pεぱameters）on　tlle　sa．1ne

NDI　hairpin　seglnent　fbr　the　top　8　seqllences　iII　the　Beatsoll　alignment．　Post－processing

by　ESPript　IGollet　et　al．，2003｜aUows　display　of　s㏄ondary　structures　in　IUCU　over　the

top．　Position　of　D156　in　NDI　is　highlighted　by　an　orange　circle　in（α）aユld（c）．　A　column　is

framed　in　blue　by　ESPript　if　more　than　70％of　its　residues　are　sill〕ilar　according　to　physic〔＋

chemical　properties．　Sub－figures（o）alld（b）are　reprillted　from乃ends　in　A4icrt）bτol．，14（4）、

S．A．　Beatson，　T．　Millamillo　alld　M．」．　Pallen、‘‘Variatioll　in　bacterial　Hagemns：from

sequence　to　stnlctllrゼ，　pages　151－155、　copyrigllt（2006）．　with　pe1・lnissioll　from　Elsevie訂・．
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Figure　5．10：X－ray　structure　of　the　flagellin　homolog　p5（PDB　code　2ZBI）．　In－

set　shows　a　zoomed－in　view　of　the　conserved　hydrophobic　cluster　on　the！　Dl　hairpin．

R320（F32ユ）is　the　homolog　of　R431（F432）in　S．　typhimurium　flagellin．

do皿ain，　great　diversity　shown　by　the　homologues　makes　any　assessment　of　salt－bridges

without　tertiary　structure　difficult　if　not　impossible．　Domain　D1，0n　the　other　hand，　is

highly　conserved　across　bacterial　sp㏄ies，　especiaUy　the　ND1β一hairpin　IBeatson　et　al．，

20061．Fl’om　the　multiplesequence　alignment（MSA）by　Beatson，　Arg　appeared　at　residue

431in　fourteen　out　of　the　twenty　most　diverse　sequences（Fig．5．9　b）．　On　the　other　hand，

Asp　appears　at　residue　1560nly　twice（Fig．5．9α）．　Because　Glu153　is　not　included　in　the

MSA　by　Beatson、　1　performed　my　own　MSA　using　ClustalW　webserver　hosted　by　the　Swiss

Institute　of　Bioilユfbrlnatics　on　a　segment　of　the　NDI　sequence　which　includes　the　NDlb

hairpin（β1andβ2）．　Tlle　first　eight　sequences　in　the　Beatson　alignment　was　used．　Similarly

good　alignment　of　hydrophobic　residues　inβ2　region　as　obtained　by　Beatsoll　was　fbu皿d（Fig．

5．9c）．　Except　exact　eonservation　in　the　HELFE　sequence，　residue　position　153　in　l　UCU

that　is　a　Glu　has　been　substituted　by　either　Gln　or　Ser　which　also　contains　a　hydroxyl

group　ill　the　side－chains．　However，　TREPA（short　for　7｝・eponema　pαllidum）and　AQUPY

（short　for　Aquifex　pyrophilus）sequences　contain　Asp／Glu　one　residue　bef（〕re　the　Glu153

colurnn　in　the　MSA，　From　this　observation，　a　non．native　salt－bridge　Iike　Glu153－Arg431　in

S，ttJpんirnurium　may　forrn　in　some　flagellin　llomologs．　Otherwise，　a　hydrogen－bond　niight

still　f（）rln　acrosi　the　highly　conserved　Arg431　and　a　pola，r　residue　at　position工53　durillg

σ酩ψ戸ηgwhell　ND］and　CDI　has　to　be　separated．
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　　　The　high　conserva尤ion　of　D　l　am　Qng且agellin　hoエnologs　me皿tionLed　above　is　reaff｝rmed

with　the（termina1－truncated）structuエe　of　the　homolog　P5　from　the　cell　surface　of　Sph－

ingomonas　strain　Al　was　determined　by　Murata　and　c《｝workeエs　via　X－ray　diff）7action　in

Feb　2008［Maruyama　et　al．，2008】．　Figure　5．105hows　the　solved　structure　with　a　domajn

Dl　highly　resembling　that　of　S．　typhimurium且agellin（Arg431　homolog　in　CD1，　and　ND　1

β1β2hairpin　aエe　present）but　with　a　much　reduced　HVR．　The　hydroph．obic‘socket’皿

the　surface　of　the　hairpiエ1　a呂well　as　a　Phe　on　CDl　tha七is　inserted　into七he‘sockeピare

both　conserved．　Although　no　nega七ively－charged　residu．es　are　ill　the　d▲エect　vicini七y　of七he

conserved　Arg320（homolog　of　Arg431），　Glu155　is　loca七ed　close　enough　to　fbrエn　a　weak

saJ七一bridge　if　its　long　side－chain　ca皿be　orien．ted　more　towards　Arg320．

　　　If　salt－bridges　really　do．　contribute七〇　mecha皿ical　resistaxtce，　they　might　po舘achallenge

for　th．e　unfblda£e．　But　if　a　proton且ux　through　the　eXpOr七chaエmLel　as　postulated　by　Hughes

and　co－workers［Paul　et　aユ．，2008］do　exist，　acidic　residues　of　proteins　a北the　export　gate

might　be　transie皿tly　proton就ed　and　weakening　the　salt－bridges　mo皿entarily．　However，　we

need　a　characteriza七ion　of　this　proton且ux　a皿d七he　resulta且t　pH　cha皿ges　a尤thLe　export　gate

to　supPort　oT　refute　the　existence　of　such　a　saユt－1bridge－mediated　mecha皿o－stability　switch

that　is七urned　off　during　mechanical　un　folding　but　turned　back　oll　during　refbldi丑g．

5．4．5　Limi七ations　of　this　study

1　Wish　to　mention　three　limitations　in　my　st『udy．

　　　Firstly，　the　use　of　implicit　solvent　models　in　simulated　meCha皿ical　unfolding　reエnains

controversial．　On　one　hand，　the　replaceme皿t　of　l〕ackbone　H－bollds　by　those　made　to　solvent

molecules　have　beell　found　to　be諏正portant　in　the　unfoldhlg　process　probed　by　explicit

solvent　fbrce－probe／SMD　simulations［Pab6n　and　Amze1，2006，　Gao　et　al．，20061．　A　fbrce－

spectroscopy　study　confirmed　that　solvent　molecules　are　an　integral　part　of　the　urLfolding

transitioエ1　state【Douga丑et・aL，20081　，　However，　the　use　of　implicit　solvent　avoided　the　slow

solvellt　response　under　the　high　pulling　ra七es　used　in　most　force－probe　si皿ulations［Ng　et　aL，

20051、More　research　is　needed　to　assess　and　improve　implicit　solvent　models，　such　as　the

commonly　used　Generalized－Born　varia　nts，　f（〕r　use血mechanical　unfblding　studies．

　　　Secondly，　aεrecognized　by　the　pioneers　of　the　SMD　method，　mecha皿icaユ皿fblding　in

silico　with　atomis七ic　models　requires　at　least　a　millionfold　Iiprger　pulling　speed　than　in

single－molecule　force　experiments【Lu　et　aL，19981　to　observe　substa皿tial　unfolding　events

during丑a皿osecond　simu．lations．　This　may　distort　the　unfblding　Pa尤hway・Buehler　a口d
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co－workers　su、ggested　that　to　unfold　6－sheets　in　simu．lations　under　the　biologically－releva皿t

slow－defo迎ation　modeハpulling　speeds　should　be　less　than　O．1　A／ps　IAckbarow　et　al．，

2007！．Ihave　used　pulling　speeds　of　O．1　A／ps　or　higher　to　reach　completely　denatured

s七ates　within　nanoseconds（Table　5．1）．　Our　findings　are　highly　in　need　of　valida七ion　by

AFM　exp　erimen七s．

　　　ThiTdly，　even　if　my　simulations　could　give　fbrce－extension　profiles　matching　AFM　ex－

periments，七here　remains　maj　oエdifferences　be七ween　continuous　AFM　end－t（｝end　pulli且g

and　in　vivo　pulling　against　a　pore　IPrakash　and　Ma七〇uschek，20041・In　a日i皿ulation　study，

Tia皿and　Andricioarei　suggested　that　ba皿ase　import　into　the　mitochondrion　could　fol－

10w七he　pa七hway　with　low　u皿fblding　energy　barriers　if　pulling　forces　against　the　pore　are

switched　off　periodically　to　relax　partially　unfolded　in七ermediates，　allowi且g　them　to　search

ou七altemative　pathways［Tian　and　Andricioa色i，2005】．　Our　AFM－like　simula七ion畠did

not　allow　for　such　pauses．　He1ユce，　future　simulations　shouId　explore　repetitive　puIling　of

fiagellin　or　other　fiagellar　proteins　agatnst　the　expor七gate　when　it　has　been　structually

resolved　at　atomic　de七ai1．

5．5 Conclusion：且agellin　transported　as　a・ω伽e？

In　this　study，　I　have　used　fbrce－probe　MD　to　conduct　AFM－like　two－way　pulling　simulations

to　determine　the　mecha皿ical　ef壬brts　as　well　as　the　detailed　unfolding　pathways　to　Stretch

flagellin　to　create　a　U－shaped　hairpin　a　nd　toひ龍勿it　to　create　a　string－1ike　wire．　Although

the皿echaロical　work　needed（in七erms　of　ATP　or　PMF）for　the　hairpin　was　fbund　to　be

less　tha皿half七ha七〇f　a・wire，　it　migh七involve　higher　mechanical　forces　as　suggested　by　our

simulations・恥rthermore，七he　hairPin　r皿s　a　higherエisk　of　being　studk　during　transport

because　it　has　a　wider　diameter七ha皿awire（double　versus　single　ch…Un），　On七he　other

hand，　a　wire　requires　lower　peak　fbrces　but　needs　more　ATP（or　a　sustained　bu七lower

PMF）．　Hence，　unless　high　mecha皿ical　forces　can　be　generated　by　the　export　appa、ratus，　a

wire　might　be七he　transport　form　of　fiagellin．　Through　wire　flagellin　might　b　e　a皿a㎞ost

lineam　chain¶small　secondary　struc七ures　such　a5β一hairpins（such　as　tho5e皿aking　up　HVR

domain　fblding　cores，　Chapter　6）might　aユso　be　present　and　they　could　be　accommddated

inside　the　chan且e1．




