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Abstract

In sorrre ¿r'c1r¿ro¿r cif tlte E u,ryttrcltu r,o1.r.r the g1r.t'oJ.r'tic flnx procrcecls tlrrorrgh a ntorlilied

velsi¡¡ of ¡he Enrlrrlcn X[everhof patllr,a¡' r'hele orr11'fbttl of thc tctr c¿rnotrir'¿tI (]1lz]-lllos

ar.e cotrsr.r'r,ecl. Oirc c¡f its rlost irrrltciitrrut rur¡rlifi¡'¿rtions is that tlti: glttt okirrii"r: aird

pirospholi uctokiti¡tsc ¿ictivjties irlc ADP-clcpcnclent. Scrlttcuce illld stru(tulal stlldies

lrtn.e ¡lcrnonstr¿rterl that ¡hese cnz\.mes tilc hotrologolts ttt c¿Lch other'. Thel lteiotrg to

the ¡iholiin¿rse snpelfarlilr'. l heli. a11 the lelnaining erlz\'rlles usc .A.TP :r.s tlte lrlroslrho

¡r,l dol¡r'. The most noti.eable r'liffi:r'eiice bctt'een ADP ald ATI- tlcpcttcleirt liitt¿ses

rif thc strpetfattril¡' i-s a uc»r-c¡'clic pelr)lut¿ttioD of the tlttclccitide bildilg sjte \\-hik'

the ADP-cktpurxlcnt liin¡ise.s h¿ir,c beerr rrl.isllt' stndied irr tircltriophilic ot'galtisnts. ilitl

pleserrco oI Lhenr has lrcr-.rr deuronstr'¿itccl in n-resopLilir: ¿r'r-hae:r ¡urrl evett irr trrtk¿rltttir

olgiuiisrls. Sonre expl:rnirtlous fol thc ADP rlcpclrlen.e ll¿n.a bcctt lrtoposccl itt tlte

liter¿rtruc. vct ncitliel of tlicrn har.e lrtxlr ¡rroven expelirlclt ¿llr'. Irrt clcst inglr'. tlrt' ln'

pertlrelrrrophilic ¡uch¿ieou \It:t.ln¡¡ ¡tutld,or,or,r:l.s .jonn,aschii L¿rs ittst otle lrorriolcig of tltest'

clrz\.tncs u,hit-h ple-serrrs 1roth. ghrr okirtirse anrl phosphofirictol<in¿rsc ¿tctivitit's. Orr the

l¡asis 0f this f¡¿tt u1-ar. ii ll¿s bcitrr p|oposccl tlat this enzlrrc ltcpl eserlts ¿I11 illl.restl¿l

fo¡¡r i¡ the f¿¡nilr'. rhich iatci garre iise to Lrotlr s¡relificitii's thlongh a grrie rlnplir a-

tiol er.errt. In this rvrirk. r,c Lar-e studirrl the elolLLtit.,n of tho ADP-rkpcrrrll'r rt sttgirl

kiuase falnilr-. ri'it h spccitll eurphasis or tlie structlual cleteluriua,nts of the slrl)striite

speciÉicitr,. l-Irc rcsnlts shor' ¡L¿lt this farnill is c'1osel¡' rrl¡rtecl to thc ,\TP-rlepcurlent
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phosphofi ur.tokil¿rscs of tLe sulrerfiurilr'. S iLlplisiriglr'. reitlrer thc to¡riikrgr of tlte uli-

c.ltotidc Jtirtrlirrg sit.. lol tcntpcr'¿lture ¿rfter't thc rruclcotirle spe.'ifi.it\- r¡f tlte.e etlzYtll('s.

Fkrrl,cr,cr. the lesrrlts suggest th¿t the cirtnl¡rl pelllutation irirs a strottg.ff¡(t o11 thc

nrrfokling hinctics, Irrside t hc ADP-clcpencierrt kinase f;l¡ih'. the lllost ¿ltl.ierlt ¡('tilit\'

is tlie phospholr-latior r oI ghrcrrse t'hii,lr iejects thc bifturctiorrtrl a1lccstol ln'prtthcsis.

Here. thr. phospirofi rr t okilase spct'ific'itl sc(.irs to be lclatcrl rvith thc preseucc of 1l'rr

pcisitir.rlr. chtu'gecl siclc ch¿rins t,Lich st¿ibilize tlc ucgative rlrrugc of tlte ligitticl itt tlrr'

binrling -site. rvhilc thc glrrcokinase spi:cificitl is rclatecl s-ith ¡he presell(c oI a g,lu.trr"llLir

tr.id rcsiclne rvliicli ili.r:r'acts ll.ith the C2 lrrrlroxvl gr(ml) of glnr:ose throLtgh tt l¡'rtogeti

l¡oucl.
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Resumen

E¡ algrrnas ¡u.q11e¿s pcltenei.iontes ¡r1 grnpo clc li* Eu.ryo.rr:hru.of o,s t'1 flrr]o glic'o1íticrr

pr-oc erle ¡r tl¿t\,és rkr rrn¿r r-ersiól rnocliflr:aclir de la r-ía ile EIlrl rden-\leler hof ell rlorttle

srilo se colsen¡il (.u¿rtro rle las diez enzirn¿s c ¿rrtirtic¿ts rilc esta ví¿i. Lin.l c1r's¡-ls pritrci-

pale-s r oclificirctioles es que tatrto l¿ls a( t1\'il:la.lcs gluc:orltrini'Lsa c,ortro fbsfofilrt,t r.rrlui[asa

uiiliz¿Ln ADP el vez rL, ,\TP cornc¡ darlor rle fo¡firtilo. Estndio-* de sct uetrr'i¡r ¿t.í iroltti',

estr.Lrctur¿les h¿r]l clentostr aclo qrLC est¿is qrri1]asas st.,n ltomítlogirs elrtre sí r' 1)crterlc( c1l ¡1

1a suJrotfarlilia liboc¡rirraszr. rlonr1i. ci resto de sns rlictnbt os rrl.iiizari ATP como claili['

rlc lbsfo¡i|r. La ru¿mrL rlifelulrria eDtr'. las c¡.rilasas rlepottclierrte-s de ADP.r' ATP rit:

1a srqterfrunilia. es Lur¿r peunrrtilción xo cícli(a i'u r'1 sitio rle tnii»l ¿r l11l('1('ótidos. Si

bien 1as qtriDzrsas ilcpcuclieritcs de.\DP har siclo pt inrri¡;altucttte estltcli¿rrl¿rs ell olg¿r11

istllos telmófikrs. 1ir p].escrrc,ia .]e (ilas tarnl)ién lia sirlo tletnostr'¡ltl¿¡" t¿ll]to eil ¿1r(ll1c¿is

rrr¡srif]]¿rs (orno (,rl rrrr'¡triorrtcs. Err l¿ litcr'¡itur¿i sc lt.LtL l)t(ll)tLi'st() itlgttttits t'x111it a< iottlrs

para lir, rlepenrleru;i¡r. rle ADI' sil errrlt,ugo. rririgttttit ha sitlo cxplolrrd¿l expel i1llclltal-

irrg¡tc. l)e marrcra intercs¿inte. 1a irrclueir hipi:rt et rnófi1rr IIe.thnr¡otttltLr:ttt¡(:(:1t.b.Jantt(td¡ii

l)r.'esentLr slikr un lic»lóiogo cle estris enzirnas. el cuirl 1rlcsenta actir-id¿r,-les ghti'lrtltriltirsa

Y fosfof rctoclniDir-r¿1. llll Liase ¿r csto se hii prc,i¡rnesto qtle est¿l Clrzi1ll¿l l'ep}('-s('11t ¿l llrl¿1

{b1r¡a ¿r¡ccstr-al err 1a f¿inili¿ rlnr: lrrego clio or igel ¿r arlbas cspecifi.c ir:l itdes it ll ¡t\:(ii¡ (le

nira cluplir'acirin górrica. Err este tlaba.jo henos esttrcliado 1a er.olnciiiir rkr 1a larrrili¡

rie rlLLinasas depenclientcs rle ADP. corr especitrl iirrf¿rsis en lr¡s de¡eltliti¿rnte¡ esl11t(r-
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trrr-¡ilrs rle lir esprr:ificiclircl por srrslr'¿rto. Los tesult¿rtios lltuestr'4I11 que esl¡1 falililiat está

estI cc-ha¡tette ¡clacii.r¡acla cut 1as fi,¡sfbfiuctric¡rinastrs clcpcnclierrtes dc ATP prcscntes

e¡ 1¿r sr1l)er l¿ulrili ir. Solpr elilcntculente. li 1a topología del sitio de rririóli ¿1 illr('leótii1() I i

la tel¡per¿ltura afert¿rn ltr rapir,ciclarl alc estas cnzirn¿Ls P¿rra (li¡('l itllil]ar los rttlt lerititkis.

Sirr ernbaigo. los rcsllltarlos sngielcn qrlc 1¿,r. Il er rlut ¿lc iiitr cii l'ltlar tje11c 1ltr gIiill efc(to

ctr la c.i¡tlric.¿r cle clesJrlegainicnt o. D(.rrtro clc la f¿rruili¿r tic rluina-sas depctlclierLrcs de

,\D[r. ]¿ activi{1i1.1 in.'rs ¿lcre-*tr¿rl l)¿recc ser la Ii ¡s firril¿ciór r cle gltrt,o-a. lo (1ue d(-'¡(:¿rt¿1

la hipiircsis de1 arrcestro bifurrcjon¿rl. Aquí. la especifirriilad lrol liuc't osa- 6-fosfrrt ti lratet.t'

cleperrclcr c].e 1¿ Jrlcsclc.iti rh. llos carlc:rras lrrti:r¿rles corl a¿l1g¿l positiva cltrt' cstalrilizitrl 1ir

1¿r.g¿r ¡egati\¡¿r cl el fbsfato de1 sus¡rato. rricrru as qrrc Ia especifit'idzrcl pot glucosil t'stá

1111¿r( i()¡ii(l¿ r.r¡L 1a 1» r:sr.rir,iir rll rur rlsirltto rlt' ¿ir'irir¡ gltrtiirrLit:rt tltrt' illtl'r'.Ll't illtl¿r illt'tliaittt'

lruentc dc hidrógerro con el hicltorilr itu el carl¡otrci dos clcl ¿'rzÍrcar.
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Preface

The -\DP-depenrlerrt kilases ¿11c ¿l poorh: nnderstor¡cl glotr¡ o1 e11z\:111cs pir:scri| iri

sorrx.Arch¿ea ¿¡rrl ELrkamrtr:s. Or.ei'thc veals. highlv nrisleirrliug irlt('r'prettrtiolls to ¡ile

qlrcstiotr "rvl¡- ADPI' h¿s l¡eeri gir.cl itr ¡he litetatnle x'ithout u'irlil ausrvt'r'ing tlrr'

ciuestiC»r. I1lter.estecl t1l this 1,at'ti, rüar issrr,,. ne 1-,t,r1,r,s,'rl this tliesi-s ¿iS ¿ 1\'¿§'to gtritt a

bettcr itnclerst ¿¡rrling of tlrtrt clrrcstir.rrr. Li the ria)'. l.c loticed t h¿1f, otltel lrtobletus alrotLt

t|e er ¡|rti¡rr¿rr¡. liisioi¡' ¡f t|is gi'olp of elrzvlu.s t-ete highlr. itrtelestirrg ¿tttri ltltirll¿ltclY

capt Lt¡ecl oul attelti r. Tiris. of coulsr.. e-rptrrrckrl (trud sorlelit.rl' ts,isterl) tlte srtiptt of

tllis r«»1i. ]tr p¡ltti( lt1.u. §'r,rL.tor11 oru irrtcllsl L..ort tlti'rurtlt:o1ir1i'spci'ilii,itr'1rlo1r1t'ltl

to rlLc -sr.1g¿1¡ slrecificitl prciLlerl. This le¿¡i1s rrs to thc pnblicatiotr of ts'o ar'1ic1es der,iitr,q

ri'i¡h the s¡gar spccificin. problcrn fi'orl ¿Ln elolution¡rlv anil biopll-sical pcl-spcctile.

This thesis cont,trins nost of tllr klorleclgc th¿rt rve h;l.e gaiued ovt:r' tlte 1¿ist firri-

1.eius rtboLrt fhe ADP-clepcliclc.nt sugiu kiriase firniil¡'. -,\s sotle r¡f the rvt¡t k has ¿rht'arh

Jreen lnblislierl. thc. original alticlcs ¿rre ilclur-lcrL. As such. rriost tif the cll¿lpt('rs (ii111 l)e

¡eacl inrlepcrrrletitl\- .r'esllltirrg irr ti liighlr. rrx)dul¿ir docLtrrierrt. Hor,er,er', tlt(r ch¿rpters \\:ill

lte plcsr.rrtcrl il a s'aI th¿lt. s'hile a rr¡rr:ln orist ic. r-ill pruritrce ¿l .l()ctttllL'1rt that r:orili1 lrc

IC¿ld as il \\'hole st¿lrtiltg- n,itlr tlic rnost gerieltil (lllcstioDS. Tlte rloctturent is or-gariized

¿is follot's:
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Chapter 1. flris chapter srulti¡ra¡rizcs l¡lieflv ivh¿rt is linor-ti to datc ¿lJ)out 1lte .\DP

rlepeuilc¡t erlz\'1nes s.itli emphasis in their uvolutiorar'¡' r'clat iou l-itit othcr'1:i

r¿rsLrs. A lrlicrf iritt ocl ur:tiort to tlrtr Alch¿c¡r tlolnain is ir.Iso giveri.

Chapter 2. Tliis crhaprel desclilros our l'olk rclated t(i tle pll'loguretii: r'cl¿ltit.,rr of tlttr

.{DP-clepericlcrrt farnil¡, u,ith tlrc rcst of thc lilxrkiuase supet taxtih' anrl liorr' the

nucleotirkr specificitf is relLltc(l t'i¡h rhc ploteiil stlu(tLll..

Chapter 3. This r:hilpter rlesrrribes r.,ur irritial u'orli r,ith the sltgar speci{it it.r plol>

lern frrlrn an er.ohrtir.rnat l. pcrspcctive. Here. s'c palti(lli¿lh'cieal l'i¡h tlle plolr

lcm of tr ghrc:okinase/phosplrofiucl okirra.se biliurc¡it»ral clzltiit'fiour tlttr ¿tlchaeori

\ I t:t.h.a n ot n I doco tr:t t.s jrtrtnasch.'i'i.

Chapter 4, This cLaprcr clesclibc-q a collaLolatile r,olk betl ¡'cl the \lidn'st Cor-

tcl lor Stulatllr'¿rl Gerrornic:s. Qneel's Lirrir-elsitr'. arcl oru labot a,totr'. HeIc. rr'e

firlll charai,telizcd the ADP-clcpenderit ¡rhosphofi uct okiri¿isc fiom tlie ¿tchileorl

P ¡1rr.x.1rr:u,.s h.ori.l; o.slt i.i. rvilli spe-r'ial cmirhasis c.rl thc sngtri rlisclitttiu¿,rt iotr pr'll1r1eru.

Chapter 5. Firratlr'. tLis c-hitptr:r disctsses tLc ur¿ril ('orllrno:n isstres of tlie plc«rlitrg

cliaptels jrrst r:rl¡rhasizinli tltose asp({ ts not nrentiotre(l o}t thc sl)e(ifi( discussiols.
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CHAPTER

Introduction

1.1 The Archaea domain

Onrrr: rrpou some ilccarL,¡ eler'¡. firül ril st'iencc cxperielces .solllc solt of i't'volution l-hit,lr

shifts thc rrulent piuacligrn goverrrirg the fiekL. Tr'¿rditiorrallr', bioLrgv rlcalt t'i¡h t[ir

rlir.ersitr- of organisrl br. classifi'irrg them. Htxr.r:rrrr. l'ithont :r l¡lrothesis gololuitig tlie

rÍrrk this resultecl i ¿1 l¿rlge c ollc:rrtioll of krro\\,Lrclge tha¡ clicl r]ot ¿ltts\\'er ar]\- pat tir tllitr'

rlncslion. It l ¿s rrot ulttil thr: l'ork of pet¡rIc like L¿rrLr¡lck ¿itl(l Dar\\'irl that ¡ tntc solirl

ll'pothesls onrx' to biolr.rg¡' cvolutiott.

L.p nritil thc late 70s crlls s-ele sirriph' rlir iclcrL ilito prokarlotes ¿rI(l clLkilllotes

lt¿i-sccl. as tlieil rr¿rl1c sltggest. irr tlu'prcselce of ¿r cdhtl¿rt llr-iclei ¿1nollgst otllet'c'h¡u¿¡.tr

telistics. Er.err thcl. it r,as kuol n tha,t sorrr: spc'cial kind of. thcti knot-ti as l)iicl:oliir.

u'ele :rhlc to gro\\ iri extle.nlc cronclitions suclL irs high terupcl¿itLire ¿irld Io§'pII (de Ro,<a

r:t u1..1975). Hori-t.r'cr. it l'as not rur¡i1 tlrc pioleelirrg l,otk r¡f Carl \\bese that it l'i'rs

rroticr:rl th¿¡t lhe prokuvcitcs group \\:¿rs lot as simple as it was initiall¡' thortght hl

1977 \\ircsc a¡cl lirx (1977) clemorstr¿rtc.1 t1l¿it it rvas possible to clistingrrish. pLvllogo-

¡etica11¡'. 1\\,o nl¡lill gloups oI plokin'r'otes basl'd ol ril¡osoru¿rl seqtLctlcc. Otte ol 1lrt:tu

contairred trltical bzrc:tclia alrcl the sc.rorid (:orlt¡lirrcrI ulrslll metliarrogcuic olgatristtts

(\\ireso arxl Fox. 1977). Ou the irasis of this. ther, ri'ere n¿rnecl Eubacteri¿¡ ( 1r'tte htrc-



CHAPTER 1 1.1. THE ARCHAEA DON{AIN

Fignre 1 . 1: Sr:licur¿itic lcpl'eserrtation of the pii¡ürgorctic:s of ¡he tlix'c rlour¿rius of liti'.
Bactelia are sho\\:[ il greerr, Errk¿.r'r'¿¡. in ler]. ¿lirL Atr:liaea iri blne. 1rr dottecl lities ¡,rtc'

shou-n those l¡r'iuir:l1('s of the Arch¿le¿i grou¡r tliat har.e beori 1-ccc1llh'pttr¡rtistrl lr¿tserl ,¡lt

scqlcir( (' rlat¿. This ñ.gnre rvas trorlifictl fiom (Allers autl \lclarech. 20115).

tei-ilr.') antl Ar r:h¡rc¡rb¿rclcLi¿i leslrectivelv. Iu l¿r't. ¡hese groill)s ¿rle so r1iffer-c'rrt th¿l

irr 1990. \\ocse ef al. (1990) relr¿lnlod them sirrrpie ¿s B¿lctelia ¿rld .\r'cL¿re¿r to irioici

corrfusiorrs.

\or,¿ldar.s, tliese trrr gr1l1lp-q or clom¿rirs of lifl. t:rigcthel with the t'ttk¿tLvotes. c¿ttr lio

plrll rgi.rrcticalh. r,las.ifir.rl as sltrxvtt irr Figru'c 1.1 (A11rls ¿tII([ \f('\'¿r'('(lL 2(X)5). Iulcr-

estirrglr'. :rlthorrgh thele ¿r'e sorin knor.n archae;r tlrat glou,tli in urosophilic' corrrli¡ioris.

nost r.rf thcrri ¿r'e extr er r rlrphilcs. Two rrrair ph1-logenctic groups c¿i1i l-¡e lolurtl ill.-.idrr

-\rcliaea: E ttr"g o,r'cLne.r.tt rL antl C ¡r: t¡,ln:hu,e.ola (Allers ¿rttd \lcvare(lr. 2005) (Figrrrc 1. L).

A1so. r'ecen¡]r. b¿istxl in cllilonnrental saruples. a tLilil gtlrtLp cttl1crl Kotu.t tltnlol¿ hris

bccn proposi-,cl.



C]1IAPTtrR 1 i,1. .IHE ARCH,\EA DO\IAl,\

Corisirleliug the Pr-rtcrlti;rl firl tcchloiogical ¿lpplic¿tti( )rr s trrost of llre irtt('1lti()lr l]¿rs

l¡eeri dit.ectccl to Sttrah. ¡1iose ¡rlch¿re¡r altlc to gt ri§' iI] exttcl]re telllpeltlturc cotrtlltior]s

(hro¡,n as the¡nrophiles ol l»perthcrmophilcs), oxtrellLclr' high salilitics (krrt.,u'll ns

lialophiles). extlcr¡.elr. lorv pH (ilrcil'l as acidophilcs), ald most t ottttllottl\' ¿t crotni¡irt¿t-

Licrri of thcr¡. F¡ont tlle Cre¡ta¡'r'l¡ocr¡lo. tlto SuliblrrÜu,s alld -lsopgruttT golicl¿i Ie('ei\1'

krts of attcrltion -qirrce both ¿¡.re irerobic; thermripliilir org¿t,nislln. It \lte Etu yrtrrlLr.rcota.

the rnethiiuogerlilr olganisuts alr. iltensir.eh. stuclierl. Olc of the rliosl stuclicd t.rlgtrllisrll

lrclc i-q r'l[r:fl¿r¿r¡ rtrnld.ococt:tLs jurtrLtLst:hii1 (Joues ef al., 1983) siricer it is i¡rre of tlie fil'

ot.g¿iltisl]ts klros.rr to be al¡le tO l)loclnr'e rlrcthaire ¿lt oxtlcllle tel ] l])(lr¿11.lll'es. Bt:sicles ir

th.e H t.l t¡ltt c [.tt'i.?] r¿ ¿1ld IlaLofr:ttt: gene];r ¡irc ttsed ¿is rrtodels fr» halc4rhi1ic tilgiilislIis

slrile olgarrisrls liont thc Th.ernt t¡t tx:t: tt.s l:.ld Pytu:octtLs gellel¿ ¿i1c llse(l ¿1s lllo(lels of

Irr,p elt lielrixiJrliilic olganisrls. Hcle. ]¡- f¿rr', the rnost stitdiccl ot'g;lrisrn í-., Ptttr.trott,tt¡

.lirliosrts.

O¡e iif the h¿lhrr¿tlks of ¡he Arr:h¿rca c'lorri¡rirr is tlit' unique t'orlpositiotr of tlrtit cel-

h1l¿u- me¡1br'¿irre. Irr ¿r11 krtr¡rvrr orgtinislrs tlic meurbrale is lrtrilt l¡r'a gh-cetol ttttik'trlle

borurrl to tl'ci hr,choplxibic tails ancl rl polirr heac1. hi Bac:tcri¿r ¿rnd E11k¿ula. tiie 11\'

ch'opholiic. tails arc c:otr po,sed of fattr' ¿rcid,.l (gerreralh. rtublanchecl) ¿ilt¿1c11e.1 to tlrc srt I

¿irtd sl-2 positiol]s r.rf gh'celol tln'orrgir ¡rri estirer' lilkrige. The lrolat ht'arl (a pho,tphate

clet'ivatit.c) is thcl attaclterl to tlic sn 3 positir.rti. In Al c,liae¿r ol the otLet h¿¡,tirl. tlre

h¡cltOpltobir| t¿r,ils ¿r,1c 111¡11: plrr,,Dttrnt-1 ch¿iirrs. Tller' ¿1ro ¿rttaclie(l to tlic sll 2 ¿nrl sri-il

positiols of the gl,r'r.exrl rlciir.ti thlongh etiror lronrls ancl the pril:rt lreircl i-. ¡rtt¿rchcrl

to thc sl 1 positiori (Iioga r:/ al., 1993). Gelcr¿rllr'. arch¿ieal rncnrbtattes aLe totttpo-.crl

eithel rif 2.li-O biplirrrtarn-1-sri-g11,celoL (krrot-n trs alcliireol). tetla-O di (biplrltarrr-li stt

digh'celo1 (krorvn as c:rlr'larcliaer i1) or'¿r rrixtlle of tltclr. The lattel is rcallr' specitrl

siDce it is il \rr\- 1¿u'gc m¿rcrccIr,lc. As snr'h, §.hctr lttctlbL¿rnes irlt' conplcteh. t|trt-

L flris orgutrrisru rva.s ini¡i¡rlh. rL¿rucd I letharuro« us.janr¡¡¡srl¿i¿ aud r'¿s latel lcnameil as l[t:thunoto.l

rrot theulophilic:.
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C]IIAPTER 1 1.1, THE,\RCHAE-\ DO]IAI\

pos¡(l of this lipicl. thcr. ¿re le:r,lll rnonolir¡'els. Gilen this Lighlr- spt'crializcd strlrclrlr('.

t¡cse trerlbr¿¡ies ¿rc Lighll irrrperneablc ti¡ srl¿rlL molecLtles ¿rld ji¡tts (\irrrarurhi r,1 a/..

igg;l) ri.hic| is ¡eeclerl to resist tLe hnge elect roclierlical ¡rotentiiil getteraterl ll'livirlg

il clr.ilorlrients u'ith extrer¡ch' krrv PI1 ol hig,li saliuitr'. A1so. cousiriclirg tlic higilll'

br.¿tr<,[ol1 s1t'r-lctnle of thcse iipirls, t]rer' ¡cui¿iirr il tlic licluid phzrse cx.t'r ¿111 ellolllloll-s

1¡lrlge of t{.nrper¿r1u}'es. rvhir:h eu¿lbles the usc of tlie saure arolc li})ials l.,r'psrcliirrlrliilir

a¡ci thc¡r-ioJrliilic r»g:uiislts (Flcislehcl ef a1.. 1l)92). Here. llte fluiclit.r' of Llrt'melrt

irrane is uriut¡oilerl lry tlie ploporticin of tr,r'ch¿eo1 a1:td cal(l¿Irchaeoi (Splott c1 a/.. 1f)9]l.

In f¿t:t. it li¿s bcel slrril,l tlt¿,t 1lpol tclrpelrrtllre or' l)rt'ssrtlc challgcs. \[. jtttttttt;dtíi

carr r:ha¡ge fi.on ¿i rrx.urlrLa,ne ¿rlnost purel¡'rntrrLe of ¿u'¡'h¿reol tii a nrc:rrtl¡t¿ re m¿de rif

.sp. (Splott t t ul.. l99l: Kaneshitr¡ turri C1alk. 1995).

\ let¿rbolic¿lh.. thc merllrr:r's of thc Alc-1iaca har.e sotttc fetrtntcs tliat teserir]rL' the

e¡karl.otes rvhilc othels arc llror'c r:losel¡' rc'lated to tli¿rt rtf tht' l¡¿x:tcti¿r. FtiL illst¿utcr:,

§,hile the DNA prrrcc-<siDg txilchiller\' is r.er']. siuril¿ ¡0 tllat of the eukalx)tes lc g.

thc ltoh'rlelursc) tibosorlcs ¿lt e \:c1\" sirrril¿l t,c-r th¿rt of tlie brtrtcli¿r. Bil-<oal oll thcse

¿r1td othel r:r»rsiclera t iorrs. \lai'grrhs (1996) ploposerl thc ht-potlicsis t]tat Etlkal'r'rL is tlle

rc'sults cif rln cndos\ltlbiotic itrtcr'¿rc:tiort lrct§'ee]l B¡rt:l,elia ariil Arc-llirea.

Sugays ¿rrc o¡o of the luost coulnon carlrr.rtt soLlrces u-qccl ltr. ltett-'r'ott ophic orgiirlisns

fi'i¡¡ the thi ee rlor¡¿rins of life. Thele ¿rL..r: scver¿rl krrorvl patltrvar.s usecl to llr.'orhrr'el p¡'l it

r.¿rtc lront tlre irrcorning srrg:rr' (1ike gh(:ose or gaiar:trise). Anxrrigst ¡berli. tlio Elulrrlcri

\lcrr:r'hof patilvar'. r» g1r.r'o1r'sis. secnls io l¡e thc urost rommonl¡'uscrl. Sortte tttic'toot-

garLisr¡s (.¿ilr aL-s{) lrse the Ent rrcl Donr-Ll;roff patlrrvat' Jn t}rt' ,\t'ch¿re¿. lroth llltlllals

Sul.f oktbus gi:lr-.r.'a clegrarlc ghrcose throrrgh ¿r. mo(lificll r,ersion of tJre En¡tit'r-f)oltdolr¡f1

pathl.av rvhelc sugats ¿u'e pltospliu'\'ltr.tcd otllv at thc 2 keto-3-dcoxlglucoriatc r.rl glr'c-

crate ler.el. \\Ihile thc forrner r.elsiol is stiil al¡k'to plocluce orte ATP rnolectrle per

I



CHAPTER 1 1.2. THE ]\DP DEPtr\D},NT SUGAR I{IN.\ST-] FA\II],\'

gllr.rosc tlre l¿rtr:r. does not prorhrce arr¡' ATP (fot a lr,'r'icrr see Vcthees e¿ al. (200;l)).

Ori tlie oth¡r' 1larrrl. s¡¡rc rtreurbers o{ t.Ite ErLr"yorr'}¿aeoful pl osetlt ¿1 higlth' tnorlifietl r't't'

sio¡ of thc Erlbclen--\lc¡-erhof ptrtltu'a¡.. Ilcrr.. oulr. lotrr of tle ter tcr.ti)ook ellz\'l]](ls ale

c:rtrrscrr,ecl. 1rr this 1itit1lr.ar.. lhe I ecltx re¿ctions are c¿.ir'l.'icd or-1t bl felrealoxill (rollt¿lilli11.r,-

etllzJ"lrles which lirtter usc tlle elccttl)rrs lo ledrrr:e protr»is (pl'ochrr üig h¡'rlrrrgerl) to c'ott|lr'

tlte llrotol] urittivc force to ATP s¡'ntlii,sis lrl nrc¿rus of ¿r rrtetttbr¿urc lrortlcl irlclt ogtllirse

elzr.nrt' (S.tpra r:1 al..2003). Bets.een the oxiclr¡t eclncrtascs presetlt iu thesc oLgtltiistrts.

pe¡h¿ps tlic most iritcrcstiug is the g1r-r'clalclehirlc-li-phosph¿tc oxido-r c{llrct ¿rstr. This

errrz\-rue is lespcirisiblc ftil thc single-stcp corn clsit.rtt of gl1'crct ulclehirlt: 3 lrlrosphate ttr

3-¡rhosphoglr.c.r:r¿rte iri ¿r phosplrrrte incleperrrleut tlattru (\lttknrrcl trltl Adirns. 1995)

B¡si.rlt.s tr,ilrx ir:¿ltiols, orrc of llrc rnost slrikitLg tlotlifit ¿Lt iotts st'r'tt iiL lllis \'('r¡iotl r)l

the Eurbclen-\Ie¡.r.rhof pathrv:rl js th¿'rt the plrr.,sphorr,latir,ilr oI glltr'ost' trlcl ft'ttt'trise (j-

phr.rsphate is .i¿1r'r'i.lcl i¡ut l»' enzr.riics that usc -\DP ¿urr1 ltot ATP ¿ls tlte p1losl)]lol ll

,l ,ll,,r Knl.rt-tr ' t tl.. l't'J,

'1,.2 The ADP-dependent sugar kinase farnily

l)hosphofi nctokiriascs have beeu rccoglized ¿rs olc oI the kel enzl'rnes of gh'r:oh'sis. 1rr-

tcrcstilglr-, rvhile rlrt plliogerretrr':r.11r' r'elaterl. brith phosphofmctiikilase 1 (a rlt'rlber'

of tlre PfkA 1,lrlril1,) ancl pluisphofiuctokiriasc 2 (a utetrtbcl of the PfkB fiLrurh ) frorii

Escheri¡,ltirL r:ol.r presett ¡i str'orrg ilhibitiou at high cour:errtr'¿itions of theil stthstlate

NIg,\TP (Atkrrrsrin ancl \\altotr. 196,.1: Kotlalz artcl But. 191i1), rvhich slrggcsts lh¿t thi:

is ¿ kcr- trrluiteurent r¡f this llct¿r}¡olic -stelt. Lrdccd, i¡ has lreerr ¿ihc¿tcll derixrrrstlrtcr l

that the sltbstr¿rte ilhibitiol is neerltrl fr¡r the ar.oi.rl¿lice of a fut,ilc c.r'c1e of phosplror 1'lir,

tiol,,'clephospholr'l¿tiorr of fluctose-6-phosphateT liuctosc 1.6 bisl's,liiili ri rl1 ultiiuatd\'

leacl to ¡L rrct ln'rltoh'sis of ,\TI) (Toues r:t 0.1.. 1997).

Sonre rnicroorgilriisrrrs pi esent phosphofllrctokinases (alsri nrctnliels of tLe'PfkA faru
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il¡.) rvhich Lrse polrlrhosphates as ¡r sorr-,-.ce of phospLiltc irn(l lleu(e tlrttr. do rlot ¿ptr)eril'

to be legulaicd (Perrg arrtl \ltilsour'. 1992),

\lost of lb.e E,ur,yur t.ltn,tofr¿ lrerrLbcLs pleserrt pllrsphofrut tokil¿:ises lliir'h rrse ,\DP

iis tlre lrlrosplroLr'l ¡li¡nor (\¡urhccs et u,1,.. '2t.)07). The..e elz)'mc,. at e ¿rlso norr legttlattxl.

'lo ar.r¡irl net lurclcotirle ll'cllolr'sis these orgirnisrrt-. h¿l¡-e a ntttc:h rougher'll¿tl¿rtlc-'t¡ be-

tri uri g1r-r,o1r'sis irrirl ghrconcr,igqresis. Hcrc. either thc plurspholi uc¡okitiasc ot tltt'

fi'ut:tosc-1.[i bis phosJrlrrLtrr,-<c genes ir'('cxplcssecl rleperrrli]]g ort the cr¿rIbon sonlcc (Schttt

cl al., 2003). Bcsiclcs this ADP clcpcnclent erlz\'rnc. the lrlrospllrt r-lir Lir.rtr of ghrt:ose is rtiso

ADP-clcpcnclerit in thesc orgauislrs. These trvo kin¿scs ¿r'e liorrologous to eil.ll otllet.

Sirx.e thcr. shotv no sequcrice irlentr¡r', o\-c1 the noisr: k:r'cl. t'i¡h ¡rr¡- othcr'llro\\'1] kill¿rse.

flLi.\. l,crr.iiriti¿jlr,i:lassilir,r:l ¿LS ¡1 lrcrli lnol(,irI f¿IrIrih:. I'fk(' (Ttrirrirrga r:f al., 1999). Ihe

puesence of thc ADP deperrclert liinases lias lrcerr cleurr¡ristr'¿ttcd it sever'¡'tl tttt'tttltels

lIc.tln.p.ot:ott:tLs. ][etlta.n.ocl,ldor:o.:(]¿13. ¿111.1 Arr,lt a,eoqlltbus gellela (Irrlltnga cf rll . 1f199:

Keugerr cf ol.. 199-l: Koga cf al., 2000: \rotltees el. a.l.. 2001. H¿trsen ancl Sr'hililieit.

200 1). AIso. it. has beerr possi.blc to irlerrtifr. ¿r distarrt horlolog of thesc cttzr tttes irr

t[e gen¡rric ol higher eukiu¡-otcs. u'hir'h h¡r.s bcen plor.ert to I)c ¿1tt ADP-ck:ptudent ghr-

coliit¿se (Rorrirrms ¿111.1 \ [org¿r1r. 2001) . Lrttlcstingl¡-. the gcrtornc c.rf tlter altrh¿rcol ,11.

.jann,a,st,h,i.i prcseuts jnst onc copv of thcsc gcnes. Sltlplisilgll'. the ellz\'1llc is al¡le tci c¿t

¡rir.zr. thc. trauslel r¡f thc ,l phosplrate of ADP to eithel ghrcose ol fitrr'tosc 6 pln)sl)ll¿Ito

(S,,rkulirba r:t rLl.. 2002). Based on tliis lc¿rture. it l'irs proposed th¿rt tliis cltz\'1]te leprlL

sent ar anccstr¿11 state of thc farnil¡'. \\hi(h l¿tc1- gaYe lise lo thc se1)iriate spccifit'itie-

tllorrgh a gene rluplic;ati.lrr e\,e]rt (Sakruaba e¿ ol.. 2002). Hol er.er'. ¡]1is llr,pothcsis ri irs

re\1:r tr.storl.

To {¿te, thc c:lysttrllogi tiphic structules of tho ADP-rlepeuclcut gluc:cikiuases fi i»rt

Thet n¡or,t¡(¡,u.s litoro,lis (,Ito tt. a,1,.. 201)l), P'utt¡ct¡t:t:trs h ot i.l,,t¡sh.tt (Tsuge ct a|..2()02).

1,yt'¡tpt:t:us fu.r"iosu,s (Ito r:f ¡¿1..200i3). rr,rrd the ADP-dependelt plrospholrtrctoliitr¿rse
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fiotlr P,L¡roe:ort:rLs h orikosh.í.'i. (Cullie cl a1.. 2tX)9) h¿¡r'e becri solr'crl. The ellz\'lln:'s lrresellt

twtr ciorlaius. Tlie l:rlgi:r' of them pleselts ¡rn ¿r jo fold. iiüot a centr'¿I1 l-slteet is fl¿rttl<erl

lrr.rr-lrcliccs on lioth sicles (Ito el a|.,20f.)7). 1'he slrall ili¡rrt¿tin is corryosccl of ¿ ,l-sltcct

oI fir,e str¿rnds ¿uri1 sorrLe extr¿r ¿r helii'es. The actir.e sitc lics in a clevicc ]¡etrr'eert tltese

tri.o clrrrrr¿rils (Iio et rt,l..2(X)3). Clrrite snrpiisitiglr'. ileslritc thc los' scclLtl'nt e irleltjtr-

s,it h othei kuo\\,r kirr¡rscs. the ADP-rlepctdelt kiuascs tratt bc rlassilicd a" ttlcnlbels of

thc Iiboliiri¿I.qc srqrerfarllih'.

1.3 The ribokinase superfamily

Sugar Jtliospholr'l¿rtiori has lteen cxtensir.elr' tecogriizcrl as a ke¡- step iti rlirnl' of thc

kno¡.¡ lrctal¡olic pat1rl,a1s. Sevcr¿rl enzr.lrc lirurilies alt kttorvrr to conl,aill liitlases \rhi.h

r ¿r1a\'ze tliis tvpe of let¿r.ciic¡rs. :\lthough iniliallv it ras pro¡roscrl th;rt tlrr: enz\'111(' f¿1tr-

ilies corrttrining the trro phosphofructokin¿ises ftottt E. r:nli. PfkA atrd PfkB. couirl have

¿i .olu¡on er.rihrlionalr. oligin (\\ir r:1. tr,l..ll)91'1. urxr, l'e kttotl tliat tlicv ate pl¡ 1loge-

rreric:alh' lrnt'el¡rrer(1. In the eruh, 1990 s tsrlk ef al. (1993) Itotirc(l that tltc PfkB gtorqr

shrrles ¿r conlntolt rl igirr rvith othcr sugal kiuases such as tibrikitl¿isc. filtctokilases. ltt

i,li,osirk' kin¿isr,.. [i-j)lt( )s] )ho1 ¿r g¡r t osr, liitt¿tst's. artrI l-p1ros1;ltofltlttt¡kitt¡Lscs. -'\s 1]rc lilst

cr.r,stallogr.¿U;liic sttLLCiLtlc §'as sollrrl i11 the l¡l¡c 1990 s (Siglcll rr1 al.. 1998) thi-.l ¿nralvsir'

tv¿s pclformeri onh'on thr: b¿rsis r)f ,scqllerx e d¿rta. La,ter. brrsecl ott stlllctur'¡t1 rlat¿i it l'¿rs

possilrle to arlr1 othet'specificities to thc srrperfarrrih'. sttrh irs atlt'rrositte llrtasc2 (\lirth-

crvs ef ¿1.. 1998). 2 ketii-i3-r'lcox¡.ghu:orate kirrasc (Ohshinra rrf al.. 200J). arttirroirrri

rl¿tzole lilrosidc kirase (Zhalg ef al.. 2(X)-1). 1-rrct1i.r,l i-ii-hr.rltoxr-etln'lthi¿rzo1t'kitiase

(cn¡rp¡irir-sso r:1 rzl.. 20fJ0), pr.t iclr_rral kiuase (Li cl o.1.. 2002). I ¿r1rin0-5-11\'drox\'11re¡h\.1

2 rrretlr¡11rr-r in tclinc phiisphate_. lii trse (Clnrg e.l. 0,1.. 2002). a]ld thi. ADP-rlqronrkrit

kiriases (lto r:f al.. 20{.)1). Tliis grrirrp ls krror.hrorvri as thc libokiu¿rse sttpelfir]nilr'.

:T[erse qrzr.¡re. |ayc a sligLih, diftererrt lir]rl r r»lpart'ci rvitlt tLc otlrer utrt lt'o:j,:le liirrascs h'r»u tlrc

sriperrfirrnilv nrerrtiont'd c¿rrlier.
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Vitamin kinase like branch

Pyridoxal kinase

Hydroxyethylthiazole kinase

Phosphomethylpyrimidine kinase

PfkB like branch

6-phosph ofructok¡nase

6-phosphota gatose-kinase

1-phosphofructokinase

Nucleoside kinase

Adenosine kinase

Ribokinase

2-keto-3-deoxygluconate k¡nase

Aminoimidazol riboside kinase

ADP-dependent branch (PfkC)

Glucokinase

6-phosphofructok¡nase

Fignle 1.2: Scliern¿,itic lcprcsL,rrtatiorr rif the t ll'ee br'¡rncLes of thc libokinase sr11).r-

firrrril¡,. For the r.it¡rrriirr kiuase like br¡urch thc p¡-ridoxirl kirase (pdxl() ftor¡ E. tt¡li
(PDBID 2DD\t) is use(1 ¿ls r.ri¿rmple. fbl the PfkB likc }¡r¿incL tlre liJ¡okiu¿r,-qc ficirl E.

rzli (PDBID I RKD) is uscrl. ¿i¡ rl for the ADP clepenrlerrt br'¿uch the glut.okirr:tsc fiotrr
T. Litorulis (PDBID 1GCl5) is shoir .

E
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,{lreadv basecl on snbstrate specificrtlc-s tlucc rriajol br'¿rrrc'Lcs rarr be reiogrrizetl

(FigLue 1.2). Olre ol thcnl corrt¿iirrs those e¡nzurrcs that cata.l¡-ze l.he ¡l¿usf't'r' of the

^.-phosphate of ,{TP to rnolccules sncrh ¿r-c pvlirloxtrl, or pvlittticlirie dc't ivatives rvhirl r

u,c l«ror' ¿r.s r.i.t¿urrirr liirr¿rse likc lrlancli. The ,sccold corrtairis all thc oriz\:llres tllat

catal¡.ze the ¡r'arisfel of tire ^ -plio-<ph¿rte of ,\TP to sugi» r'c»rtailiug lrrr¡1ecules. sutL

ils firrc'tose-(J-plxrsphate. aclelosinc. ¿ulirxrilrirl¿izole rilicisrrlc, r:t.c. \\e ktiol- tlris as tlie

PfkB likc br¿urcli. Tlic i¿rsli of thenl corit¡rirrs thi: cnzr.ncs that catah'ze the tt¡iusfit of

the ,J-pliosph:rtc of ADP to glucose trncl fructosc-(i-lrhosphate rvhiclr. ¿s \r.¿rs nlclltiorled

lrclorc is knorvn ¿s PfliCl farlil). ot ADP cleperrderrt sugrlt kiuirse látrrih'.

Stnrt:tula1lr.. tlic PfhC a¡cl PfliB-likc }¡r'¿rnches ¿1r'e erlz\.n)es tl]¿t plcscnt ¡l'o t1o-

ruairrs. Thc lalge clomain, l'hit:h crlit¿rils ihe coi'e ribokirraselikt fb1cl. is ¡rrr r, rirr

strlrc¡u1c lr,hcrt, ¿i ceritral í-sheet crornposcd of m¿rinh' parallel sl1¿rds is fl¿rrtliecl l»'

a-hcLiccs on both sicles. Also. ¡11¡1, plesent a sru¿rllel j ¡lorn¿rin lhich il gerrelal is uscrl

as ¡i sr'¿ffold Ii¡r cLirnerization lSiglr:li ef ol.. 1998). Horro'cL. sotle of tlx' crizltttos ¿ite

ltlonolllers. In this c:¿r.sc. tlic I¡,dlophcibic t:olo of tlie surall dorrt¡tin is fbt urecl ll' tlie

irrscltirrrr ol some o helices (\lrrtliou's c.t. a.1... 199E: Ito tt o1..200).). Ou the othr:l lt¡rrd.

thc r-it¿rmi.l krn¿rsc likc br¿ncli cortairrs onlr' onzlmcs l,hich pleserit jrrst thc hourohg

ol tire lalge dorntlirr.

Zhtng r:1. ¿1. (2001). hascd rrrairih. ou thc plL.scnce of the srlall rlll¡ril ¿ncl tire

ltrotlolncl coruplexitl.. ploposerl tliat thc 1]rost alrcier)t artir.itl of tlic sLtpetfanrilr' slroull

be tha¡ catalr.zed lrr-the sirriplcst cnzvrnc rvhich is -1 rnetlnl-ó- l-ln.rh orvot hr1¡hiazole

kirrasc. Li th¿t $ia¡'. 1,hev ploposc that tLe ilclease of cc»nplexitr- irr tlic rnorl»lcls

ftilri inclicates ¿r ])e\\el cnz]:1]rc. Bl this hvpritlrr-'sis. ¡hc ADP cleperrclerit enzlrttcs ¿utcl

1hc monomelic arlelosirre kirirrscs shoulcl l¡e tire trewest ¿rc(lllisitiors of tlte superfittnilr'.

1Iorr'cr.r,r'. this hvpotLesis w¿rs nevcr tc¡.qtcd. \er.eltheless. altLough it coLilrl captnte

the essence of the e.r'olutir¡rrarr'historr, of tlls glorrp, consi.dcring t1rc lirrealitr. of thc

hrpothesis. it is ratlurl urrlikelr' thal the truc lljstol)' of thc grorip is eutirelr- r'eprescuterl
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B

Figlue 1.3: Diflereut se(Lor-s ])tesenl- ilr 1lre central ,'J-shcxrt of the t ibokirrase-1ikc Ilrkl.
]n l¡lue is sllru,l the ross111¿1[11 motil \\,Lilc in lecl rs slrril'l the ,J-rlc¿rttcler tttotif ol tlte
,\DP clcpenderit ghrr:okinrise fi't»t T. lil c,roli,s (A) ,rtd the riLokitr¿iso florrr E. rc11 (B).

b.v it.

B¿rscd.ll the topolrgl'ofthe centr¿ ,J-shcet cont¿iirrerl il thc core iil¡oliirr¿rsr: like foll

¿r ¡role rle¡¿rilecl clisscclic¡n lan llr l)eliorrred. Cllcar'1r,. the iit¡t ¡ix ¡o set'e¡ ¡tr¡rtr1s lirltlt

a rossm¿inrr rnotif (Figule 1.3) (Cabr',:ra et u)..21)ll)). hiterestingll'. iti this rossttr¿rtiti folcl

tlie substlates ¡urr riot lrorurrl to thc r'r'cr.ice tblniecl ¿t thc C-l tenliri¿il caigc of the slr«'t.

brrt latlicl to its sicle. Ori the C-tcrrnin¿rl eld of thc proteirr. ¿r j-rlc¿rndc'r' rriotif t:¿il

be fr¡nrxl (Figrrc 1.3) (C'allela r:i al., 2010). TLc phosphorvl ir(( eptot binclirrg site is

Loc¿rtecl orr tlrt.siclc'ol the lossrlarlr region of tlrc plotcil. A1so. -sorlc: tesidltes plt'-scrit

iri tlie aclepl or bilcliug site «rrrrc liolr tlie snt¿rlI clom¿rir¡ ol fiorn ¿rnotirel srlbun it.

rlepcncling on rvhetlrel the enzr,mes preserrt thc surall rlonraiti. Ou thc other h¿rrrd. tlrt'

rncleotide bilcling sitc is 1oc¿rted on the rJ-rlc¿rlc'lcl rcgiott of the plotciu. ¿rld tltus i-t

¿ll\\:a¡'s .:onrpriscrl of lesiclues flom tlre l¿uge do]l¿irr.

hrtr.rr.stirrglr'. olh ¡he ,\TP-rllrcrrrlelt errzr-rles irav,--' ¿r J ltealtclet nrotif iri tlie C!

tclrrrirr¿l cltal of the ploteir. The ADP cleperrrlerrt enz\,mes plerscnt a tolrrikrgii al tc-

10
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Figrue 1.1: Diagram of the ,J-rleirnclel legiori. Tlrt'luclsrtidc lrirulirig sites ol the -\DP
rlrlrcrrrlcrrt ghl.okil¿ls(-. flom T'. l.il,oro,l,is (A') arcl the libokinase fionr E. r;oli (B) alc
sllorui. C arid D shrxl. tolriilogical tliir.g|irrns rif thc ,l-nc¿rlrlcl lcgio]] Ior botli el]zYrrres

resper'tir.elr'. Il l¡oth r:ases the gLrcokilase flom 7. litoro,lis is shorvn fi'om lc-*ich1(. 3(J2

to encl rvlrile the libol<inase lvon E. tt¡Li is shos.rr fiorrr lcsichur 1E7 tii crxl.

11
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ordctill8 of tlic -sexondar'1' stlucttll ¿ti elemi-.nts u.hir:]r prorluces an cclniralent leltiitri

stlLtcr¡Luc (I-1gure 2,1), Ihis leotrlclirig c,,rn bc thulght ¿ts ¡r c\'(lic pet'r¡trtatiilt of t|e

,l-rleanclcL Iegi(»t. ot cqui\alellth' a nou-r.r'clic porlnutatiun oi tlic rvliole ¡rliitcil. ls

this tcgion of the ptotcius corrstitutes ahrrost entilelr. thc rnclr:oticle bilt-ling -.ite. irurl

girren thirt rhc ( ir'( r11¿rl peunlrt¿rti.n is thc rnajor structur'¿t} diffcrclcc lrr.tl'crrr ,{DP

arLrl ATP-depenilent kinascs. rt could the responsible fi'rl thc rlrr'k:oti(1(. sl)(.( ifi('itv. h-

tcl'c-\1iuglv, although theie is a:trtclv ol llrc r:l1'cct of a non-clr'lic lrenrrut¿rtiou olr ¿

small plotcil (Talrtiarig r:f al.. 2005). to onr' llxx,krlgc rhis is the firs¡ exanrple of ¡

rnoclifica¡iorl r¡[ t]ris kind proclucerl naturalh'.

12
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L.4 Objectives

7.4.L Main objective

o Thc tr ¿ril lnul)ose of this s,olk is to sturlv lhc stnrc'tru¡.l rletelruir¿rrrts of ¡ht

silhstiate sprrilir:itv in the.\L)I'-clepenrient sirgiri liin,rsr.farrrilr. ir arr r:r'olut ir¡trat'r.

((nltoxt.

7.4.2 Specific objectives

o Tti strxll the evoltLtir¡u ofthc libokinasc snpelfarlilv using 1he lrarcsi¿rl lrctllrrl

of phrlogerrctic ilfcr crict:.

o To studl- the r.r'ohrliorr of thc sngal specificitr. of the ADl'-dr,pr.rrrklrt srrgal hirrasc

fanrilr using thc bavrsiarr rlcthr,,rl of plrr'logenetic inlirelcc.

o To JrrrrrlLrre ¿rricl characterize a lnutant versiol of tirc ADP-rlcpcrrrklt ghrt r.rliirrirsr.

ftt¡t Thermococ:ctL.s Li.loralis crntairing a1l r\TP-(leperrclerrt like topologr'. l'it1i

crlphasis orr:

The efler't of thc pcrrlutir,tlorr orr the protein follirrg.

The effect of tlur pcrrurtatiorr orr thc rurr:1eoti¡1e specificitv of the enzr-rle.

o To studl l lu. str-.lrctrri al rlct clrnirr¡r,nt s r¡f thc sngar spec'ihcitv of the ADP clepencleut

kinascs br, mcals of hotnokrgl lrricltlrrig trucl lluteir r-ligarrrl rlor'liirrg usirg tlie bi-

fiirictrolal etrzr-lie fionr l,[t:thun ot tLLt]ocot t:tts jannasc:]tii as a moclel.

o To test the lesidries fr¡urril in tLre ol¡iectir-e nelitioned ¿bor,c l¡'sit,c clirocl c¡d rnirt¿r-

geriesis r-rsing the ADP rlcpcndclt pliosphofnrctokiri¿isc fiorrr P4ror:ot:r:us ltr¡t'i.koslt.ii

¿ts ;r nrriclel.



Neither temperature nor topology affect the

nucleotide selectivity of the ADP-dependent

kinases

SUmmarY

Ser.er¿l ¿rrch¿re¿r ctl tlte Eu ryarr.,hacof a present a highlr. rnorlified r.elsion of the Embclcn-

\lelelhof pathwar, u,hich is ctrnrposecl iif on11' firul r¡f the ten canonical erizr-riies. Orre

of Llx: ruo-.t illcr(,-stirrg rlorlilita1iorrs hete is tlt¿t the plrt.r.-.phonlatiou of glncose aurl

fructr¡se 6 phosphate is c¿irlier:l out br, trvo lrorrologous elz\:l]les that use AI)P irste¡rl

of AIP as the plLosplrorr.l clonrir'. \\-hile thei' do not shot' an1' significaut seqLren('e

irlcrrti¡r' rvith othcl knowu kirr¿iscs. stnrctru¿ilh. lLcy r¡rrr i;r' r:1¿lssifi.r'd as inctnl.reis of

Lhc ribokirr¡rsc srqrci-1anrih,. Tlur rl¿lirr rlilfcrcttc'r: u'LtIi tlx' othcl su.gtrl liin¿rses ol this

srqrelfamill. is the presence of a non-c¡'rrlicr pernrutation irr the C-tenrrinal i.ncl tif tlit'

proteins which constitutes the rlaioritv of the nucleoticle binr-Lng site. hl this s-ork

rver li¿ir.e perforrrecl phvlcigenetir: stuclics of t]xr rvholr: ril¡okirrasc snpt:r'farrri1r.. \lsr¡. rvc

t('st('(1 tlto r'lfir t rl tlrt circrrlar irlrtrurl iLliorr lir- prothrr iiig ir lrut¡urt crrzulc of tLr' .\lJl'

11
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\\'e also assavecl the effec¡ of tenrpel atLlle or the enz\1n¿1tic' constants of tire s'ild ñlre

enzUne. Surprisingl¡'. the resulis sliori' that the ADP-depelderrt enzr,lucs ¿tI{r ('losol\'

lcl¿rtt11 to thc othcr ,\TP dcpcnclent nrerriLels of tlie supelfarlilr. ri,lucL ¡rlc iuvohcd iti

glr'col¡.sis. Ilos.er.er'. altlrougli a r.r,r'r' suggestile hlpothesis. tlie topokrgical lcoldoirrg

<loes nol ¿ilter' t;he llrc-leoiicle sclcc¡ilitl of the erizr-rne. On the other h¿incl, thc c ilr rr1¿u'

pcrrnlrtatior sccms to har,c ¡¡. r,crY impo|tarrt eflect orr tlLe stabilitr:. ber'aLtse it prodrrccs

rr pirrteirr rvith rur apparext 7,,, 15'C Lrrvcr th¿rl thc likl tvp('crlz¡me.

1i



CHAPTER 2 2.1. I}JTRODUCTlO\

2.L fntroduction

Up nntil the eal1r. 90 s it r.¿rs thonglrt that ¡oure alch¿ea of tIrc ErLryo,rr)r.o,r:ofr¡ rscrl a

nrodified nirphrisplr olvlat ed vei sic»r of thc Ennro.I)oud oloff pathrrav to rleglarle ghrr ose

(Xlukuncl ancl Adarls, 1991) r,hich r,as c¿r11ed 1r¡.r'ogl¡'¡¡l¡:s15. Hos.cr-cr'. irr 19!) l it l'¿rs

possilrle tri rleuronstrate that. 11r fact. tire flux to pr-iur-atc proc'cccls tirtottgh rr highlv

uroclificcl r.crsion of thc Enrl¡r1err \ leler'lrof patlrs.ar' (liengcrr r,t til.. 199)). Tlere. rlhr]e

¿rl1 the nsutrl reairtii»rs trüe pltrr'c, just forrr of thc tcu tcxtbook ellz\'nres ¿il e t tittsctrt'rl

(Ver'hccs r:1 al. . 2003) .

One of the rnost intercstirrg rloclificatioirs obserr,erl is that the phospholr'1iLt ior r of'

ghrr cisc tLrrrl fir.ri:tosrr6-plroslrliirtc is caniecl r¡ut br. enzvrnes t1i¿rt usc ADP itistc¿id iif

ATP as the phcisphorll rlonor' (lielge.u ú rl.. 1991). Clir.cn that: these erizlrue-s §'er rr

rlisr:olclcd il ln'pert hertrc4rhilic olgarrisrns. it has bccu iu'grrc'rl i11 thc litelatule tlltrt

thc rn¡rirr lcasrlr fol this "ADP rlepenclence" is the f¡rr:t that,\l)I']htis a highci tlrei'

rriostabiiitr. tL¿ur,.\fP ¿irrd also lhat both nucleoticles ¿ue esscllti¿llh' cqnilii ient siut'e

bc¡th har.e ¿r sinlilar lG' rif hl.rhiil¡'si-*. Ilotevel. tiirese argurrLerrts alc hrghlr' mis

learlirrg sirrcer. (i) as lictirbciüsn is a ni»r erlnilibliurl l)r(i('ess thc fli:c cnt'rgl cüa,nge

Lrpr.rl phospirorr'l tr¿rnsfcrs cleperrds ol tlre (.on.ientl¿rtion of thc mctabolites. (ii) selelal

ATP-deperrlerit euz\-rrlos c¿1n bo 1tluncl in hr-perthennopLilic i»garrisrns. (iii) the ADP-

rl-.pcrrrlclt clrz\.[rcs ¿ue ¿1so present in rlesop]ri1ic olgir.rrisrls. trnd (ir) the half lifc rif

,\TP at liigL tollpcr'¿ltu1cs is highel than sorrie othel rretabolir: iltt'r'tued iates lrleserit

in the Errrl¡den--\ Ie¡elhof pathrvtr' (Dirrl e/ al.. 2003).

Sec¡rerrr:e s¡rrlies li¿n.e shown th¿rt both -{DP clependerrt glur'okirrirses ¿n(l phos

phofiuctoliinases are hornologorr-. to car'h r¡tJrer'. Lut thel di¡ trot shorv sigrrifit ¿rtt¡ ¡c-

c¡rt,ur:r. irkrrrtitl. to a \. i.if the hlou¡ .{TP-clilrerxlt'rit orz\-r1r('s. 'Iii d¿rte. the c:n's-

tirllr.rglzilrlrir: sl rrLct irrcs o[ the ADP clepenclelt ghirrokirrascs f|r.»tt P qr rxtu:r:Us Jut tusus

(Plclli) (Ito ci a1.. 2()()3). Pyror:occ:u,s horiL osh,ii (PllGIi) (Isngc r:/ o1..2002). Tl¡r:t'¡¡¡r¡

tt¡t:r:tt,,s L'|fu» uli..s (flGIi) (lto ef al.. 2001). ¡rnd the ADP deperxlent phosphofi nc tokitiasc

t6



CHAPTER 2 2.1. 1\'I'ltOl)Lr('TIC)\

lrollt Pynutct:tts horil;osltii. (PñPFIi) (Cuirre r,:l al.. 2009) h¿l.e beel 1»11ilislier1. Irr-

telestilgh.. clespite the Lorv seiluerre iilertitl tlrev c¡r lre rl¡¡sifierl as nri.tulri'r's of thc

liJrokiuase superfarlih. (Ito ef al,. 2001). Besirles the ADP deperrcierrt enz\-nres. this

groLrp c:Orrtairrs hirascs llial c¿irl lratlslL.r' Lhc ,r' phos¡rhiitc ol ,{TP 1he srlbstlates liiie

libose. 2-ke¡o-3-clcoxt'ghxose. frttctose-6-phosph¿1i.c, 1.¿lg¿t1,o,.j(r-[i-phosplrtrte. fiui'tosi'1

phosphater. pJ.r'irkx¿rl..1-methi.l-5-J-livcLoxvctl¡.1 thi¿rzcile, -1-amino-5-1n-thlxlureth¡l-

2-rrrctlnlp¡'rJ.niclilc pbosphate. a.rir1 scr.cL¿tl ltLr'leosicles.

The ril¡okinase like frilcl is r orryoscd ll ¿rn n JcL srinchvir;L l'ltctc ¿t c;eutl¿l l-slrcitt i-'

Il¿rlied bv eight ,r-heliccs. thlcc on r¡tre sjde ar.l fi\¡c on thc o¡her (Zhang rrl ¿/.. 200 1).

Fruthelrnor-e. lhe cerrtr¿rl iJ-sLct.t r:¿rl be clir.lcler-l in¡o rr lcissrl¿rttti liki-' sectol arrrl ¿ l-

1tlc¿in.lclr like sector (Clab].eia r:f al.. 2010). Acklitiolalh-. thesc protoirs.atl l)r'esent ¿111

cxtla snr¿¡1l cilc»l¡rirr ¿r¡t¿rcliorl to tht l ossmanl regiorr süich is alwals contposecl of a fbu l

to live strarxls il-slicct alcl occ¿siorr¿rlh. sornc ¿r-helices. The ¡¡eserr«' of lhis clc»¡airr

is r..clatirl tri phosplior'1 J. a.rceptor lrirxlilg zrrirl to snbulit irrter'¿rr:tiol ¿is i¡ sei ves ils

interf¿rc:c for sourc of tlre. dinrelic ATP-rkrpc:rrclcnt sngar kinases (Siglo11 cf al.. 199;).

Zhang el al. (2{)01) h¿ne prrprised au evolution¿rlr' }n'pothcsis lbr the snpclfatrih'.

On tlie basis of tln stnti:tttt¿t1 c:omplexitl' of tlic' r]lo1lor)]cls ¡tna ilth' t lre l,l ¡.otic, ' jrlrsPlrte

of thc srn¿rll clonirin) aircl the qu¿rtern¿rl\' structule of the errzlmcs of tlie supelfaurilr'

r,ith luorvu stlurture, the1. plc4rosrrl that tire rrrore ¿rrrcielt cnz\:mes rvonlcl lie tllosr'

lel¿rterl l.itli thc pliosphr:rlllatiori of coerrzr.rncs (lilic plridoxal kilirse). Thcse enzt'riies

l¿xrk tlic sm¿r11 .lonr¿: ir ¿nrl s1x.,rv thc lrlost sirlple lnonorrel ilrr liitocttue. Ther. tlre teri-

ilerx¡. irr tirlr- rr¿rs to ilclease the rlori¡rrlcL cromplexitl rvitlr ¡r cr irrr:ornit ¿rl¡ rlec'r'e¿tse itt

tlic agglegation st¡rte of tlrc plotcins. Tiris prrts rlorxrtttcric cnzYntes sLtc'lt ¿is ¡tlerursitttt

klrrases ¿rrr1 thc ADP rlependent kinascs ¿is thc ntost recerrt ¿(:(luisitic»r-s oI thc gloup.

Hor.elcL, this h¡.pothesis has beeu nc\rcl icste(l l»' pli¡-Lrgerretic c¿tlc I tl¿ltiolis.

Bcsirlcs thr. pr esent'e,/ irbsence of thc slrirll domain the tnairr stru(.lrlr al cliffererrt,e

betu,een membels of tLc snpelfauilv is thc fol)ologl of the J-nre;lrtltl li'giou. Iu lirl't.
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Fig,ure 2.1: Diagltnri of tlie piYGK c z\.rrrc collstlLrct iorr. Residues bet$,een 302 arrrl

tlie elici oI thc plotein ¿ire shol,n A. 7lCTi. B. pelGK. Fr» sir4licin. r»rll thc (l
tcrnil¿rl r'cgiol of tlit protcin is shilr,n. Iu l¡1ne ¿le shorvl those r:ritrttec t iotts t.h¿t ¿1('

i.rLtei'c'L;Irgecl to prorluce the rierv ropolog¡.. For'both erlz\.mes lhe Iepreser rt tr ti( )1r stalts
at lesiclne,J02.

ollr-thc,\TP clcpclclclt ploteins hale ¿r true l-ucarrdcl notil ¿rt ¡he C' telrrrinal erril.

On thc r¡ther hand. r,hile tile serorulalr. stnrc:trrr¿il clc.ncnts of the C tenrrirr;r1 r'egiorr

of thc ADl'-rk:pcrirlcrrt c1lz\-nles ale packerl irr tlie s¡r,rrit rvar, a. thc ATP clepenclert

enz\.mes. the .r.lnecti\.iiv of ¡hurl cliffils significanth.. Lsrirg the ghri oliiniisc fionr

T. LilonLlis as a gnicle. tlie le;u liirrgr:rnt:nt c¿l l¡e undelstor¡cl ¿rs a i:r'r'lic per'llutat ion

o[ the regron betlr-eerl resir-lne 362 ¿111d thc clcl of t]re proteirr ¡»orhri'irrg r riotr crclic

pcrnmf iltioll of thc¡ l'hcikr stlli( ture. Cousidt ling t,ha1. t,his legic»r corstitnters ahlosl

r,ll ilrlt' tlic ltrrr lr.otirlr' l rirrrliug sit r:. t Lis st r ottgh- srlgq('sts tL¿t i hi' rurt lt'ol irlt' s1ri'r'ilit itv

is rleterrriirierl b¡' thc C-tcrminal topologr-.

Irr this rrork, r.c irale ¡;elfur.rerl pli¡{ogclctic calcr-rl¿rtions fi¡r tlrc libokiu¿1se srtpet -

farrrilr.. .\1¡o. \\'e testerL thC cffect ofteruPeratLuc ¡rn{1 thc (l-tcrnriu¿l {i1cLll¿tI llel'}Il11-

t¿tior orr tll,uru'ico¡irli,sprrilir:itr'¡rrirl r»L tlrc fli1<üug of tlrc,\DP-rLrplirtlt'rtt crtzt'irLt'-

rrsirrg the glucokilirsc fiorl 7. l.it.otu.l.is as a rloclel. 'Iir tllis eucl. rve crcatcti ¿1 lrllt¿rltt
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clz\-lle LlsiriB the schcmc shol'l il FigtLre 2.1. Altllngh tlxr C-tenrrirrtrl legion r.l1 ther

ADP-depelderit cnzvmcs docs rrr¡t possess ¿r tnre ,J lx.¿rrirlcr rrrotif. it t,ill be n¡merl

,l-mcarrdcl logiorr fr-,r rrlrsistenr:\. t,ith the srqrelfirnrilr'. The leslrlts slro\y th¡it. ¿s ol)-

posr.d to thc Zhangs hrpothesis. tlre A I) I'-perrr lelrt elz\'rrres ¿rre .loseh' t c'l¿rtcd to tlie

phosphofirrctokin¿ses of tlic slrpu f¿lnli1\'. Sulprisingh.. botlr tellrpelirtnlc i1n.1 tho ci1('1r

Itrl pclrrrrtrrtiorr h¿ve ahnost lo effecr on thc mrclcritirlc spr:c'ifir,i1r'. Ott the other h¿rnr1.

the topologv leotrlerirg seelrs to plorhrc'c tr lrig thtrlge or the nnfolclirrg liirrctics of tlit'

protein.
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CHAPTER,2 2.2. EXPERINIENTAL PROCEDURES

))

2.2.L Phylogenetic analysis of the ribokinase superfamily

'lir studv the er-olutiou of the lilrokilase srrperftrrrril¡. ¿irid tllc ¿rppc¿rriurc(' of tlc .\DP

rlcpclclclt ¿ctir-itr'. the B¿¡.csi¿u rr cthocl of plllogcnctic infclcncc. us irrqrkurcritcrl

nr the \hBar.es softrvale. rvas userl (Hrrelselbeck ¿ur.l Ronq1rist.2001: Rorrc¡rist arrcl

Hnelserrbeck. 2003). hritiall¡.. -11 s¡r'r«rtrrrc-s flonr tlrt: 13 rrta.jtl lrlarrcircs ol thr¡ r'iboli

inase superfarrih. (1 -{DP-cleperrderi¡. 12 ,\TP-dcpcrrdcrt lit¿irnil kinase lrke. ancl 2,-r

.{TP clependent Pfl<B llke) t'ere -qtlnc'tLu rrllr- aligried. C,lrr.crr thc Lrs. scrlrti'ttcrc alcl lol'

strrrctrral «rnscLr.atiiin ar.t this icvcl r¡f er.olniional'r' relationship. it rr¿l-s lot possilrlo

to obt¿iiri ¿1 goo(l (lelldlogr:rn bascd jrrst on sr:c1ncncc. To ovr¡rcorLre tlris 1l'olrlerir thc

fblkrrvirg airplotrch tas used. Besick's tllr fcs. r'cgiorrs th¿t calr be structnla11r' :iligru'rl

dilectlr.. tbe C tel nrinal helices th¡lt ¿ue ir¡oh.url irr tlii. c:ili:rrlal pcl.mut¿rtion \\'ele ¿r'-

langecl in the ADP dependelt enz\-nres to coiricidc l'itli thc ATP topolrgr'. AIsi.,. ¿s it

has bocn suggcstccl bcfore bv Zliaug r,f a1. (2001) tlie srn¡ül tiornail c¿m be useri as a

goorl pll'logerretic rria,r'ker'. Iti expLrit tlus lcat,ruo. ¡r scqLrLnce alignriierrt r.,f the srlrail

cLrrl¿iri rvas also irx'hrrler1. Firr¿Ih'. ¿r tr ¿rtlix of disclete (stanclalcl) rlrrtir lr:prlsi'rrtirtg

tlic 1l t-.scncc,/irlrscnc'c of sec:oldalt' stnrctur¿l urotif.s ilr tlrrr sniall clorn¿ril rvas incrhrclecl

i1S ¿11] Cxtl ¿1 ll¿r1titio1].

lbl thc sc(tr1rcricc rl¿rt¿r. ¿r ni.rerl nror'lel r¡f er-olutitlr l.ifh gturlla drstlibLition rif

rnl1t¿itiotr r¿lt.cs ¿lmongst sites l,¿rs nsecl. Fol thc uiorpirokrgiczrl ptiltition tlte st¿trrrlaltl

cliscr-ete moclel i*ailable iri \hBar.es rr ¿rs rrsctl.

2.2.2 Cloning of T. litoralis glucokinase and percK genes

'I'lic c-rl.rlessiol vt-.ctor pET17b ci»rttrirrilg tlx: gcrrc fi» thc ADI' clclretrclent gltrcokirrast'

fit¡t Tltr:¡rnoutrr:us l'i.to¡rLlis l.¿rs ¿ kirrcl gifi filrl Dr'. T¿rkavoshi \\¡akagi (Bicitcchtrolrgi-

Delrartrrent. IJnivcrsitl' of Tok1.o). E. td). BLZI(,DE3 ) pI-¡-sS cells s,ele tlarisfonuerl

Experimental procedures
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\\'ith this colliitrlrct anrl str-rrtr1 ¡lt E0 -'C ivith 50.l g1-r cerol [r,rr lullhcr usage.

Tlre gele fil'the pelClK llllt¿ir1¡ \\:as s¡.lthesizecL dc not,o br'(ierrScliptl att.l selt

1o onr laborrrtorr. irrsick: t1rc pl,C57 r'ec;tc¡r'. Tlrr: cotlort usage w¿].s optilrizcd fot lttitteiit

exlrlessicn tt E. coli.

Thc gcnc rv¿is l¿rtcl subcLrned usirig thc Clateri.av st'stenr (Irn.itrogcn). 1o this crirl.

the gcrrc rvits crtl ¿icted frr¡m the oligirrtrl r'cc1or bl PCR. usirrg thc P/ri D\A pol1'r t it'r,r-"c

(Felrrent:rs). TIx. r'cstltirrg plocluct rvirs ligatcrcl to thc pE)ITRT\l,rTE\'¡T{)PO6l ver'-

tot. u'liicli aclcls to thc \ l cmrilal enrl ofthe plochrcccl proteiu a plotcoh'ti.i site f(n tl)o

tol¡ar-co etch lims (TE\,') plotease.

I iuallr-, tLe gene \\,rrs tr¿ursfcned to tLe pDESTrrllT r'ectol usiug thc LR ('lorr¡rseT\l

II enzr.lrc rnix (Ilvit,rogen). This r.r,c:ti» ¿iclcls. acldition¿ilh.. r coi'l u' serlterx'c fi;r' ir

hertr-histicLrle tag irr thc thc 5 arrrl of tLc gcl. In this rvar.. tlle List llile tag c,an lrc

rrsed fol pruific atiorr artcl lan t¡e' la,tcl reilot'ecl 1t1' ploteolr'sis.

BL21(DE3) plr-sS E. ¿,oli cclls r-ele tlirrrsfi»rncd ri'i¡h the lesultitig plasrlrci. 'l'hesc

b¿cteria lele st,oi'ed ¿t -80 'C u1ltil theil usc.

2.2.3 Determination of the protcin concentration

7lG1( ¡lriri p(.1GIi col]certl'atiorrs NCrc clctcl}rrinecl spec.t1(rphotc)111cttica]h'lrY t]rr'¡¿tttt

p1e irlrsorbaucc ¿t 280 nnr u-sing a thcorcti(¿rl extii].rtior cocffr icut of 50.3f1) \I L t'ur 1

rvhich rv¿rs c¿rlctll¿ttcd clil'ectlr' fiorri pttitcil sealLtences trsirrg rL,' Erl-\S-t- t"r'r-"t'l.

2.2.4 Thermococcus litoral'is glucokinase purification

Fol flrr, lrtrlifir »tiorL Lrf this cuzvrrrr,, 50 lrrl ol Lrrri¿ BclttLni (1,13) 1»o11t i'orrLairririg

1(X) ¡g/nl- arrrpicillirr ancl 35 ¡rgTnil- r'Lkl rrmphcnir-ol l'ere inot'ul¡tterl rvitli l-r0 ¡rL of

t1ie. collcsponding slr:rin. TLe cnltnre w:is gro\(1l overuight ¿t 37'-Cl.'l'herr. thcso 5[)

'http : //r¡wr¡ . gens cript . coml
:Thc ¡crvcl is ¿rvailablc ¿lt http : //ca. expasy. org/t ools/protpara¡. htm1
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rrrl §:L.1c ilro.tlirted in 1 L of Lts ilo¡h contairrirrg 1(X) ¡i97'nL rrmpic'ilirr arrcl 35 ¡rg/'lil-

chlolatttplieliccrl. The. cnltule \\:¿Is ¿11o\\:cd io reacli ttticl-expotietttizil phase (Ar.,, - i1 51.

Hcrc. piotein or.erexpLcssiou \r¡rs i1t.1u(c(l foi the ue,xt 1E lronts lrr- tlti' acklitiorr rif

1n\I i,qr¡plr¡I¡r1- r?-D- 1-thiogalactoplr':rrrosiclc (IPT[]). The c.rrltnlc r\-¿ls h¿rivest('(1 l)\:

ccltlilugation.1t 3.220 g firr 15 rrinrttes.

Cells wi.rr: resrispenrled in 5il url of ]¡uffcl TrisIICl 50 nr\f pH 7.E. \[gC]I, 5 11111

(BLrffel A) and t lrcv \11.r'e di¡nrpte(l bv sonication. Tht' rlelrris \r.a¡ rcllloved l)\' ( c11-

trifiigatiotr at E.000 g fr» 10 rlirlrtes. Thc supcllirtiurt s.trs irrcirbatecl ¿rt !)0 -'('{i¡r'

il[) mirntes and tlren it u,¿rs c:crtlifugecl fbr' 15 rririutes at 3200 g. Tlrerr. thc solLrble

p¿tlt \\.a,s siitiurrte(i s'itli 60% arrrrlr»rirrm sulfate rvhir.h \\,¿1s m¿liIIt¡IiIIe(l ¿rt. 1'C l'itll

pclrtliltrcltt stirri1}g for 1 lronr'. Plccripitated pr'oteirr §,cLc rr:nror.ecl ln'tclttilugatit»r at

|i.000 g Ibr l0 mirrute^'s. TII: r'crlaining sohrtirirr s.¿rs loacled into a Plrrurl sephirlose H1)

r,ohrrurr (GE Healthcarr:') plc r:c¡rilibrateil ri,ith Brrffcr A plns il0% .ulilolIjLtnt stllf¡.t(r.

Thcrr. the trolutnn rras rr'ashr:rl l'i1h á r'esin volurnt:s oI the same brrfli:r. l he lrrotcirr

\\'.¡ o. .l',l .,\ ||r .\Irg ,, lil e,.1 ." , ¡i' ¡¡r ,,1 .lr,' or,irllr, :..1[: r' l¡¡¡¡¡ r;¡ r', U '",rt pr

A. The fiactions l'ith the highest actir.itv t'ele poolecl ¿nrl rlialr'zed against Brrllet A

fr»'at least 8 horus ¡i1 roonl terlrpelatllrc.

After this, the 1»!teln tis rhatgerl iritti a HiTrap Q colnrrrl (GE Hczrlthcale) 1»r-

viousl1. ecluililrraiccl l'ith Ruffer;\. TLc coinmn rr¿s s'¿rsLccl rvith 1Ll resirr lril¡.r.irtes of

Bnffcr A ¿nrd Lherr tlle pi oteiir u,¡rs i:hrtcd r-rsing a lineir,i- gr aclierrt lion 0 to 1 \l IiC'l l'ith

thc .s¿trne l¡rfler'. The fl'actions $'ith rlre highest trctilitics t.ele pi¡i¡lecl. ( or('etltr¿tted.

anrl stolcrl at 1 'C irr 20% g11'cero1.

2.2.5 percK mutant purification

Iiit this cltzvltc. tiiictetial pellets s.clc plepalecl nsirrg thc srrme ptritticll rlcsct'ilttrrl

abr¡r.e exr'ept tlrrr.t 1;rotcin ovele-.iplessiritt u,¿rs indncer] usiug 0.1 tr\l IPTCI ¿rirl thc¡.

the r:ultnte \\:as gr'o\\ rI at 18 'C for 2-l llours.
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Cclls rvclc rcsuspcirrlcil in i0 mL of pho-rphate bnffel 20 rl\l JrH 7.-1. \lgCll.,, 5

mfl. imidazol 21.) rnll. ¿rlrcl NaCl 0.i3 \l (TSuffcl Il) rucl clisluprerrl 1¡r'sonic¡tion. Thc

cell debrrs \\:¿s I'emo\:ed .eltrlfilging lhe solrrl.ion 10 rniurtes at 8.000 g. L¿ter. lhe

sLlpcrn¿1tant rv¿is incrrliatccl at 70 'Cl for 20 rlirmtes anrl tlierr unfolrlerl proteirs rrelr'

lemc¡r.eci l¡v 15 ilinutcs of ccntlifirgatiou it 3.200 g.

The remainllg sohrtion n¿rs cliar'Ílerl irrto a TlisTlirpl-tl «rlttutr. ((iE Healtlrr'alc)

prer.ionslr- eqrrilibiatr,cl r.ith Buffei B. The cohrrnir rvas r.ashccl r-itll .-r lesiir t'oltunr:s

of Brrfii.r B arrrl thi, the protein s.as eluterL usirg ir lirrcar gr'¿I.licnt betl'eeu 20 aIrcL 500

rn\l rilrl¡izol irr thc sarnr: l;rrfler'. The fi'actions l'ith thc higlrcsl :rctivrties rl'et'e pooltrl

¿md inurediatelv mixecl §'ith the TEV p|otcirsc (a r'¿rtro 1:2[] plotease rlr¡rss:pcr(;I\ tn¿lss

\\:¿1s 11scd). Thc rcactiolr §as allor,ecl to procccrl ovctuight ¿it il.l "C.

Later'. th-. solution \\'trs diah¡z(x1 ¿g¿rinst buffer TrisHCll 25 rrrll pH 7.8 fot. at le¿rst. 1

hours. Then. tlie ploteiri s,a,r cli¿rrgorl lito r,i l{iTlap Q colurrirr (GE Healthcatc). l'asherl

arrci eluterl esserrti¿r.llr. in thc satre rval a.. the xa¡i\.c glucokln¿lse. The flat tioris l'ith

tlier higliost ¿ictir-itics s'cle lroolecl. .on.entr'¿1tcrl. ariri str¡rcd ¿rt .1'Cl in 207 glrr:clol.

2.2.6 Native hydrodynamic radius determination

Tlie rratrr-e h¡.dlocl¡lirrnic lac'lius (fi1,)of TlClK rrld pclGli g'ere rie¡elnriui'tl ttsiug sizr:

r.xclusion cür'omatograplrl.. Tlxr cxpclituents \\:ele pelftirrrrer'l rrsirrg tr Bir.r Sil Str(l-250

colurlrr (7.8 rnrl x iiO cm) (BioRarl. Hctclrle-s, CA. LrSA) \\'itL a \\:irtcr-s 1525 HPLLI

sr-stcm ¡,ncil cqrrilil»irterl x-jtlr buffei TrisH('1 50 rl\l plI 7. 1. \tg('1, 5 rlll, arld 0.1 IiC1

0.1 \L A11 luns \\:ere perfirrrncd using ¿ flrrr of 0.tl rrrl/rrLrl.

.\ R7 -t;rrll,rr,l ,,,ur jrirr:'rg \irllrirr ts-ll ¡.i.\ R,7. lr,'r''. lrrr,,sl,,l,il, l'J \ tr,

chicken or.¿lLiumin (30.5 A -87,). bolirre gatntntr globttlin (-11.8 A 1iL) ¿Ilr(l l)ovile t1r\'

loglobulin (35 A Á/,) u'as trsecl to c¿ilit¡l¿itc the svsterlr.

Snnrplc -B¡, r,alLres rvele r:¿rlorLatod fi'r¡m thc chrtiorr r.ollune. To this eltl. the plott'iu

t.llltiorr \'c¡luures rvere r or}\'t'r'tecl to R/, \'¿Ihr('s ttsitig the I'e]atiorr:
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¡) Er n 11.6 (21)

which \r ¿s obtainecl fiom the mn l'ith the stanclarcl. Here 1'. is the eluiion r',rlunre. 1,,

is the voicl vrhule. arrri \'1 is tltc tot¿rl r',-rlLtme rif the cr¡lrtrln (Ur.er-"kr'. 199i3).

2.2.7 Circular dichroism measurements

All c:ircrLl¿rl clic:hloism measurerrerlts ¡,eler lrt.r'fblrricrl o1r ¿r,l¿rsco.J 81i sper,trr rpOl¿ilirrrr-

ter c'orrplerl to ir Peltiel telrU)el'¿ltn1c colltro1 s\-stcm. Trpiciülr'. ploteiri c r irreritlir.tirns

l'ictt'ccn 2 ¿Lnd il ¡\l r.cre nseci litL ¿ (:ll\.ettc ol l mm pathhlgth. A11 erpelirlclt -.

s-clt: 1>clfor nrirLl irr plursphate llttter' 25 rl\I pH 7.5.

For spectlal nreasLllelrrelts. 16 ¿c crrmrLl¿rtions nere Liserl \\'iill ¿ s(:¿rlr r-cLrcit.r' of i0

nrl/lniu ancl a response tiurc of 2 scconds.

F¡l thclru¡¡.i rrlfolcliug experirlcnt-s. lroth ploteins rlere fiist nrirerl rvith.l \l grrirrri-

diniurl tr¡.chor:hlc» ic1e. Onlr.irr t.his rvav it is possible to ob-sctr.c the itlfolcling tr'¡rsitiou

at t(-.1n1)cr'¿r.t111cs niiliir the rarge ¿rllorved in thc Pcltier slsterl. -A.ll tr'¿rlsitioris rvele

rlolitolcrl bt' thr: change irr elliptic:itr' ¿rt 222 lrr. To ar-elage o1lt sollc of tlre irrstnr-

rrurnt¿rl loise. a res¡lonse tirrre ol I sccortds l-as Ltsecil.

2.2.8 Isothermal titration calorimetry measurcments

All isotlie¡rrlal titlati(m calolimotrr' (ITC) erpelirrierit-" u'cLe ¡rellot urerl tli ¿l \'1'-lT('

(\licrroCal). Fr¡r' the rletelrlirr¿rtio¡ of the birrrling corist¿rnt ol the TlClh-]IgAL)l' c'onr

pk:x the prrileil t'irs filst clialvzerl agilil¡t brrffcr HEI'ES l5 ni\l pH 7.S (tsLrl1ei C').

\IgCl, 5 rn\l or-el niglrt. Fil c:rch e.rpelinrerrt i30 irijcctiols l-ere irerfolnrorl to tca.rll

¿1 ntolal Iatio Lret\\'eerr \IgADP arrrl TlGi{ of -il. Gix'n the ior, solubilitl of tliis cu

ztmc. crxperirrrents \ye1e pclformecl rvith prr.rtcin corc('r ltlatiotr-s of - 110 trr\ [ rr-1lit li

«»res¡rolrls to ¿rpplo-\irn¿rtclv E.8 tirles the csti.nrated .Ir¿.

,,-(++)
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To ol¡t¿tin ¿r clitect ue¿sulerne,n¡ of thc. Phosplurtltursfel le¡rctiilr c:ita1l.zecl bl IlClIi

and pelGIi ITC ri'¿rs ¿rlso uscd. 1'hc irppirli:nt tnolal cnlhrr,lp-r' ol lc¡rcl ion s:¿ls ncasrre(l

ll' rnjectilg the ploteil tr¡ the reactii¡rr ct:lI clrrtiririirig 1 ru\l glrrtlsr:. 20. 75. 15(1. ol

250 ¡\l ADP. ¿nd í rl\l \lgCll, or-er tlrc urtr lcotidc ( ouccnt r'¿rt i.»r in Buff'ei C. hi ,r11

r'¿rsr.s t1u: linal protein ( oncentr'¿itiol irr tlic lc¿rrtir¡rr r:cll rras 10 lfI.

To me¿srrle ¡he kinetic p¡uaurctcls for' \lgAI)l'. the nrrlt,iple injectir»r rrx'thorl l'as

usecl (for ¿r detailecl erpltirratiou st'c'appcrrdix A). Fol a11 expelirlents a \IgADP 20 rl-\l

solirtion u,as aclclecl to the sr.r'inge. Thrcc irrjcctiotrs of 0.,i 7rL. fbllr¡r,crl bJ' firut ilrje-'ctiorrs

of 1 ¡rL ancl nine irr.jections r-rf 2 ¡rL t.ele rrscil. Thc lc¿rctior ceLl cciutairecl ghrr'risc 1

mll. \[gCi, i rrr\l ¿"rrcl proteirr i:orrccltr¿rtions betl'een 3.5 ¿rcl I rr\I (rlclrlrrrllig rin

111(, t1,lnl)(,r'irtlu c of tlLl ilsstn-) r»r l}rlli'r ('.

Girr.ri tll:'it rrolc of thc cnz\1nes is actir.e ri.ith ,{Tl'. irrhil»tirnr kilctic erpelirrLerrts

rvclc us«l to rlctclrninc its Liilcling .rotrst¿lrrt. To this onrl. cs-scuti¿illr- tlte satrie eriri'r'

irrcnt rk:srrrilrcrl alrove rv¿rs pelformed. but irrchrrlirrg fixcrl rroucentL¿ttions of \lg,\TP.

Thc 1i; t,as L¿Ltel estim¿ted b.l.rloiirg a gkrlrrrl lit of tlie cl¿ta to ¿r conpetitir.t' ilLibitrx r-

mtch¿rlisn using SigmaPlot 11 (Sr-stat Soltu,ate. Ilc.. C.\).

2.2.9 Molecular dynamics simulations

To strrrh. irr rlox, rlet¿il tlie structnr¡r.1 r1¡.rriunic:s of TlGIi alcl hol this is rlorlificcl lrt-

the Cl-telniil¡rl .:11clrl¿rr pcnnrrtatiorr \PT Latigcliu {l1,t1,rrtt"t sirrrnl¿itiotis \\'etc c¿ItIic.l

r»rt usirg thc GR.O\IAC'S 1.5 (r.rlt tlet Spocl ¿:l al., 2(105: Hess r:f 41.. 2(X)E) ploglrrlr

rvith the CH.,\RlINl27 filcc fiell (\IacKercll .Ir ci al.. 199[i).

A nrodel of the perC,lK c[z\'me \\'as (r'e¡].te(l fioll the latit,e enzt'rin rtsirrg -\IOD

ELLER 9 (Sali arri Bhuxldl. 1993). Roth prrrteirs l,i'rc srillatcd u'ith doclet¡rheth¿1

box of -20.tXX) TIP3 \\:¿1tcr mok{ules. Sr-ste¡is r,crc rcutr¿llizcd s.ith the ap¡itopl iate

mrmbel of sodium ions. Pelioclic borlnd¿uv conclition s,¿r.s rrsocl irr trll clilectiolls. Sholt

range intera(rtiolis \\,ere tlLllrc¿ted ¿t 1.2 nrn, nsing a, sriitching liurctior -qt¿utirrg ¿l,t 1.[)
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nnr lbl tltc \.¿ir] (lel \\ ¿rals pote|tial. Long range electrrrst¿r,tics \1'eIC .al.rrlilfo(l rrsirg the

P¿rltrclc \1,:sh Eri'alrl methorl.

'I-emlrelatnle \\,¿ls rrL¿Lirrt.¡rilrÉr(l ¿t 313 Ii usirrg a rlaurpilq cocfficicltt of 0.i p. 1 rr,hii('

plessLu e l.as maint¿iined at 1 atn using the Paninelo R¿rhnan balostat. .{ll borcls ilr

r,olving lir.clrogerr wele lestr¡lircd fo thcir cc¡rilibrinnr lergtlr l'ith tlie LI1\['S irlgotithru

sliir-,h cn¿lble-q the rrse of a 2 fs iuteglatiol step. 12 1rs of sinnlatioll \\-ei'e pl'odLlced lol

each sr.str:rl. hr l;oth c¿rscs. the filst 2 n¡ tvele,.rsecl as erlrrilil»a1iol pha-se.

To strtrl). ltc¿rt inclur'erl rlenatur¿ition t\yo extr'¿i sirnrrl¿rtions \\:crc c¿l11i(.(1 orrt. Hcir.

¿1 §¿lt(-'r box of -3t).000 moiecrrles u,¿rs rrserl to ¿ic('olult for tlrc iric l.¿rsr. rif tlrc prr.rtr.irr

r.oluure ulron dcnatrr.r¿rlion. First. slstenls s'ere eclniliblatecl. I ris for 17flli or' 5 ]ls

fr» prIGK ¿rt 298 N nsing the NVT eusenilile. Laler'. lhe Ictlqrcl¿1truo of thc b¿rth r'¿rs

r,lrrLrigecl to 550 Ii ¿ncl the clensilv u,¿s allou,ecl to lc¿rch thc r.¿ihrc of lirlrrirl ri'irtcl at

this teriipelntnre using a \PT enserlble. In this l,ar,. tho s\.s|ctn cxpcricnccs ¿r slloolh

erparisionil. Later. tlic s\-stcns \\.clc simuliitc.l fbr iiO ns rsing:igiril thc \\'T clscrnl¡lt,.

All ¿uralr.srs rvere perfcirnrerl nsirrg eithei'tlie GRO\IACS snite (r'an rlel Spoel et al..

2005) r» tlie \-\ID pirckrge (Hru41lev r:f al., 199[i).

'lThis process is rather f¿rst. usralh' it rLoes rrot t¿rkc lorrgc'r tharr 5 ps-
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2.3

2.3.1

Results and discussion

Phylogenetic analysis of the ribokinase superfamily

T¿rblc 2.1 shurvs tlte euz\:rrres used il thc. pltr.lii.ctrct c' rrfi'rerrcc dorirr fi»' tlir' -qupclfimiiir'.

Tlier-rlchrcle 1 ADP-depenclerrt enz\.nies. 12 r.itarnin kinrrse like enz\-me-s. ¿rnrl 2í PfliB

like erzr-mes. C)ver'¡rll. thc trcc sncccssfnllv glorrped the euz¡.rne-s on ¡hc basis of tlre

plcscnce/zrbsence of the sma11 dorri¿rirr (FigLuc 2.2).

TIie blne clarle orr Frgule 2.2 cor'.rcsponcls to ¡liose errzr.rles ltrrkirrg tlic srl¿i11 rlom¡ilr.

In gclcr-irl. ihrcc groLrps cal be seel: A gloulr irrc-lrulirrg ittst plr-irlo-ral kin¿ses (21)D\1.

1TD2. 1LHP. arirl 2F7K). a glo11p th¿t cor)t¿irrs pLoslrLouretln.l pltinicline kittases

¿rrrtl tlier ¡»-r'ickrrtrl liin¡rst' fir»l Bur:il.l.us srróiilzs (1UBO. 215B. ard 1,1.\H). arirl ¿1 gr'olLp

cortirirrirrg 3 plotciri-" l.ith tnklorvl function ancl trvo h1.clroxvetli¡lthitrzoL' kitiasos. Thc

fact tliat tl*, Btr,'il.l.us suülllls pu iclo-r¿rl liinase dr¡es not belorig to tlie puiclorirl hitrase

clade c,on1d 
'be pi'oclncecl Lr¡- tlie sr rrll ¿1nlolult of irtolm¿tiol userl to col]strrr(]t tlrc 1r'cc.

\e,r'el therless. thr. posterior ¡rrobabilitr. of tliis ¿ssor:i¿rtiol is clLLilc high. srrggestirrg tlur

neecl of a detailed ler-isiorr of tliis ¿rssor:i¿rtion. Hol cr.cr, this point goes far' bevlrrl thc

scr.,pe of this rork.

]'fkB like ellz1.lnes ¿rle shos.r iri lccl. Scr.er¿r1 stnal1 clacles of enz\-tturs r:att bc

lecogrrizexl. ,\ gr-orqr r:r»rtirirrilg nlrlolrelic aclenosine kirrascs (18X1 and ILII) arirl

¡ulirrcirlirl¡rzolc lilrosirlc kilasc (AIRK) (1T26) close to a cladc cotitailirrg 1rl¿inl\' 2-

keto 3 rleoxvglnr'or rate kirr¿rses (KDCII() (2QC\i. 2\AR.. 2DCN. 2AI'B. arrrl 1\'1-\) carr

l¡e seen on tlie Ieft side of I'ignro 2.2.

\\'ith the exception of rrx»xrrlelir: ¿lllctrosirle kiuases. all Pfkts likc crrzr.rles at'e.

¿t le¡rst. ciirrels ll-lilcrh usr. thc srn¿rll ilonrain ¡is irrtelfirce. It sccrns Liko the' anliurt

of corrurrurir'atir»r hctrvccrr snlnlils depencls orl tlre orierrtiitir»r i¡f tlic ittcr'1ice. Iul

irstancc. urz\-llles iike Plk-2 fiom ,E,. coll shares ser.etal kel' r'esichrc-. fbr tcgnlatiol

¿rr(1 ciitrrh'sis l¡cttcr-.n sublurits (Cialrrclir et 0.1,.. 20L\). Ori thc otlicl h¿rrrrl, errzlrlcs lilie
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T¿itilc 2.1: Clr.st¡l str'¡cturcs rrsccl in thc phr'Lrgcnctic ¡n¿llr-sis ol thc ribokinasc srrpci'
farnil¡'.

PDB Code Organism Frrnction

!l3

O

A

1LTA]
1GC5
7L2L
1Lr2X

P'y rrmr'.'u.s f u r i. o s u.s

Th¡fi n.a(uL11.t I ¡ t oft I I i..
P t¡ttc:oct: i t.s h ori l- o.sh.í.i.

Pynrrxr r t.s I ¡.ariko sl ¡ t i

Gluc'okil¡rse
(]hrcr¡kinase

Ghu ¡¡kirLrrse

L r uctose-6-plroslrlr¡tc' ltirr:rsc

OJ

q)

1J \II

lEiiQ
1\¡E_\
l IIBl:)
lLHP
1TD2
2DD\I
2I7li
2158
ITiYH
2-\\3
2R3B

5 a lm c, n.c I I o, ttplt, t rrrur-tur l

Boti.lLu.s sul¡t'ilLs

Pyrorntrtts h,oriktsltL
Th t rrn.u.s fl t e.r rn o ph ilus

Ot'is A¡ i e:s

[.sd¿¡.r'iltLLt tt¡Li

Est:ltc¡"it:ltia toli
Hotno.so.;1:titns

Da cil,l.u.s subtilis
Bot:ilhLs stLbtilts

Th etrn otot¡tt ¡tút'¡t¡nla
En.tt:rrx:occus .f ue caL i t

1-¡Lmino 5 h¡'cLroxt.rrcthrl 2 rLrctln lplritliclitre
pllosl)h¿ltc liirl:isrl

HlcLloxlethllthi¡zr¡lr' liirr¿rse

Hlrlrox¡'etiL¡1t hiazr¡lc' liirr¡st'
Phosphorneth¡1pr-¡.-ilrirLirrc kir ti¡t,

f)r'r'idoral kirrirse
P¡'ridoral kirrasc (Pdr\-)
P. .,,,.s. kl.r,'-, T. rIi

Pr.rirloxai kirr¿se
I'¡'ricloxal liiua.se

I lnkrrotr r finrr'tiou
Iirrkrr¡rvl frurctir¡rr
f,rrkrr¡rvrr fulction

lr,¡

E
A

2A!'B
2\:AR
2DC'N
1V1.\
2(lcr\¡
l lz6
1BX 1

lLII
2P].iN

2C 19

LRIiD
1\:\I7
'2t-\'7

zQHT'

2H\\-1
2,\B()
2t02
2.tc1
3CQD
3BF ir

I \"Ii 1

2N\\'H

2RB(]

2,\.IR
2,ICI5

Tlt¡¡not ogu t¡ut¡'¡till a

S uLf oLo bu s s o Lfo.to ri.t t t.s

,9 ulf o L o b u s t o l; o r.l r.t i i
TltcrrnlL:; I fterrn op hi l. t t,::

B ot i LLu.s h cl.odrro.n,s

Sal¡nontl,lo c nt ertt Lt

Honto.stt.¡tit,ns
To.to 1., lus r r t a g r t rt tli i
ll y tnln tt r.: r itLtn

ttLberctLLo¡'t¡

I I etlt Lt n or.:al t].o tn u -. u s

1annLtsc:ltii
Esc:lre¡.icl¡ io ul.i

Tl ¡.r: r rn t¡t ot I Q fiLat tt ¡ n a
Htnno sl¡tiens

Bactc roitlc,s

tl ¡. e:t o i t¡ t a r ¡ ¡ ¡ tL r-t t n
Horna s t1:,i e: n,s

B Lt L: i L L¡ t.¡ h o I ctd r.rt¡ ¡t.s

l')n Le¡¡ ¡c:c¡t:c.u s Fa ct t I i s

Stoph yLorL.tcr.: us aLtreu.s

Estlwtt:ltia c:oli

7' I t. c.t'ttt o p I asttt ct

ut: ilo pl r i.l u,r r t

Thtrrn,otoLlu ¡¿u r iL itt L¡.

-1g r obactc|iurrt
ttuttc.facrert;

-4g rctharteriurn
turne.fur:ie n s

Th crntotoq a tnar-itirn u

,1tu,plt gktt tLt c:tt.s o.tt.rctt.s

2 keto-3-cleorr-¡:,-1uc¡r r¡tc kiuase
2Jicto 3 clcr,rxvglucolate kirra¡(l
2 keto-3-rleor¡-glurlIra tc liirlase
2 kcto 3 dq)\\'glu(onate liirr¿se

5 rlc'lrldro 2 rleox¡ ghrcorrate kirriuc
ArrriruriruirLazol r il¡o¡ide kin¡se

Arlenosine kirr¿sc
.\rLcr¡.r¡silrc ltinase
Arlcrr¡iuc kiu¿rscr

NucleosicLe kirr¡rse

Rilrokin¡-<t'
R ibokinase
Ilil¡okina,¡e

Fi uctokiilase

Ketohe¡iokiuase
!'r'rrc:tose-1-phosph¡tt' kiu¿rse

I¡1g¡1¡osc-6 phosplr¡te liirlilse
Tirgatose [i ¡rhosphzrte kirra-.c
Fru(:tolc 6 phosplLate kirLa-'e'

Lilktrou n lunctiorr

I]rrl¡u¡rr-rr function
L ukrrou rr fiLncfic¡r

Ilnkrrr¡rvrr flrrct iou

Illkuori u fuuction
TTnkr¡»r'rL {Lrnclion
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-0.1 
Chángés per s¡té

2AFB 1V1A

FrgLut 2.2: DcncLogrirrr firr the rvliole libokiuase snperflnrih-. Itt greett ¡ii'e slxxnt tltc
,A.DP-dcpc.ldcnt ortzvrres (PÍLC'likc). in rerl ale sholl thc ATP depetrrlerit -.Ltg¿tL ¿nr-i

ru«rlrosirle kilases (PftB likc). arrrl ir blue ¿uc slrrxvrr thosc enz\.rlles th¿rt lacks the
sur¿1ll domain (Vitaurili kiltrsc lrke). Fol displar- r'onstr'¿iints. orü¡' thc PDB cocle rif
e¿rch lcar.r¡ is shom in ¡he ¡lcc. To knot' theii ureatiiug plcirsc' see T¡llrlc 2.1. The
postr:rlor Jrrobabilitl of sorle ke¡. norlcs is ¿rlso slrr¡l'rr. 'lLis ligLLre u'as plcpiu crl s'it1r

Dcrrch oscope (Hnson r:1 til.. 2007).
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hDGK s or AIRK li¿irc'thci sul,rurits rot¿tecl irr corlptuisurr to l'fk-2. ri,liir:L rlirriirrisluts

tlie couuuuriicatiou betrveeu -sul¡ulits arrcl the arca of ihc intcrf¿lc:c (Figrrlc 2..3). This

ilcrr¡rrso in rhc inrkpcndcrc,: of tirc, subnnits seel]r-q to plricinle nltrrn¿rtelr' nrolotr eLic:

cnz\-lncs likc ¿rclcnosilc liin¿ses as suggesterl llr' I'igrtt 2.2.

Iriclcccl. simllar to the abo\.e nreltir¡ncrl ob-sr:r'r.¿rtiorr. Zlnttg r:t ril. (2110-l) propostrl

arr irrrrease iu rlorrorler «rnqrlexit.t ¿r¡.cl ¿r clcclcasc in agglegatiorr st¿ite fol thc nrorlcLtr

elzvnrc r.r.Lsions oI t hi-s -supclfanilv. l hicli lrrrs l,ieerr plortl to l.ic :r genelirl tlertil of

plotein srqreltturilie-* (Fong r:t a|..2007). Hower,er'. il their: hrpothesis '\DP-rlcpondi'lt
enz\:mes shoukl glonp ckrsc to ¿rrlcnr.rsilc liinases rvhich is rrr¡t seerr il Frgrrrc 2.2.

R.ibokin¿ses (1\i\17. l RI{D. ald 2F\,'7) rire grorqrecl s.ith tl.o ¡»oteils l ith turhrr¡r-l

fitrctiol (possible ¿rlso ribr¡kintrses: 2RB(-r arirl 2N\\:H) ¿rld an enz\'rllÉ' jnst rlcsctibecl

¿rs kc.tohcxoliinase (2H\\'1). Urrfciltruratolr.. givel tiie ;¡nriiLurt of irrfolrn¿rtii»r rrsed fi¡

this tlcr-., it, ri ¿is lot possible to get lirl of tlic polr-torl1,on the oligirr of this cl¿rclc. \'et.

it is riot iml)olt¿ut fbl tho alialvsis rrr¿rrle irr this stuclr'.

Cnriousl¡'. the ¿rclelosinc kinasc (or nrore gerrelal the uttclcosicle liinase) activitr-

¡il)pc¿lls t\\'ice iJr this srrperftirrrilr'. TLcIr. is a sn ¡]l cLrcle gr.orqririg sorlc cliDret'ic ltrtrlc-

oside kin¿rses (2C19 aricl 2PKN) l'itli t,\\:o erzl¡rnes rvith rurkriorl.n liurctiiln (;JBF5 ¿11(l

1\,'K1). CrlrtlarJ. 1,o mc.ilomelic rrcleriosirrc kin¿iscs. tltcse enzt'ltes:11e chal act('riz('(1 l)\'

ir l'icle specific:in- (H,uiscn ci al., 2007) rvhich uot otilr'iuclucles ttntleositlcs, lrttt alscr

srgar'-phosphatcs (Harrserr arirl Schinlicit. 2001).

The final clade is Iirnncd bl enzvmes that ( ¿talvze the phosplLor vlat iou of ¿r sLtg¡li-

plxrspllite s11l)str'¿rtc (2ARQ.2.IG5. 2,1G1. 2F02. 2AJli, ¿ull 3CQD) Tlxrsc cnzvnes

¿ltc nlainl\' rel¿rted r,ith (icntral path\\i§.s of srrgal ricg|trdation sur:h irs g1r'coh,sis. Irr-

teresringl¡.. the glee-,rr clarlc shos.s tlie ADP-deprrrrlt:rrt sugirl liiu¿rse f¿rrlilr-. s'hich. as

opposecl to Zhangs hvpothesis (Zbatg et al.. 2001). is rnolc icl¿rterl to strgrii kilasos

that to;ic.lenosiue kinascs. Il t,his tashion. corsiclcrilg tli¿rt most likel¡'thc loril ol lhc

clencLoglitri shoulcl'l¡c l¡ctt'een tlie 0,57 tlld 1.0 postci'ioi' plrrbabilit¡' tto(les. tttl.rttor ter i,'

3L)
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Figui'c 2.3: Diineric iissoci¿1ti.»l for rliflei ent rnt:ttibers of thc PfkB 1i1«' gioup. A.
Pl icispholirrctokirr¿sc-2 ftour E. ¡roli. Tliis cnzvme hirles 112f).2 A2 iil sttrfact' pct'

1¡ononrel rrpon dinrcrizatiol. B. 2 keto-;3-dcos.ghrr:in¿ite kir¿tst' frottt T. tLLctmoph,ilus.

Tltis errzr.¡re hirlcs 1169.9 Al of surflce per rlronorner irporr ilittterizatiott. C. ¿uitirioinl-

irlaz¡lc ¡ibr¡si{e kiu¿tse ñortr S. ettttt'it:tt. This rllz¡'ine hi,l,'s 7 r(f.U f,l r'1 \rrltiir I' l)C1'

¡ro¡ol¡ct' up¡rr cliltelizirtia»l. hltelf¿rcc sulfitccs rvete c:¿lcnlatecl using tlle PISA se'lr-cr'

(I{r'issirel arxl Horiricli, 2007)
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Figulc 2.1: 3 nc¿rlclcr rcgiotr of scr-cr'¿rI rDcrnbcls of thc libokil¿rsc snpcllarlilr' such
as Pfk 2 frc»rr E. t:oli (A), ¿r fiuctosc 1 phos¡rliirtc kil¿rsc fiorn B. ltulultnuts (.8). tt

pntative phospholi'nctokir¿rsc lion S. atLre u,s (C). tilrl thc -{DP rl-.pclclert gluc,:kinase
ftortt P. Jur iostis (D). 1rr lerl is sliot'rr the C-ternril¿l ex¡err-siorr thorrglrt to lrr. rx,iricrl
f,,t rlrc , il', rtl¡l I,cl lt,llljrl iulr.

enzvlres are first gelelaterl in ¡he IrfliC farlil¡'. ancl liiter in a.Lenosinc liinasr:s throrrgh

the slol'krss r¡f intelfhce complexit¡'.

lJIsirk,s t hr, ¿rAgr (,ga1.io11 stirl(,. 11I{'ttLairr rlitli'rl Ii'l)(]t\\1'('n ,\ I)I'-r1i'lrr]nrL'rrt ('TIZYIIL('s

ald.\TP clependent enz\lres is the iirclelirrg of tlie C-telrrriri¿rl sr«ltrl¿tl stiLl.tLu.l

elerrrerts. This lesnlts in ¿i localizccl cirlrrlirr'¡rcrmut¿rti.in ¿].t thc rl-mearidel palt of tlre

protcil (F-or a dctailccl closctiptiol of the cilnri¿rr' I)er nrlr¡¿rtiolr scc Chapter' 1) uliit'h

rlairrt¿iils thc or.t r'¿r11 lelli¿lr'\. stnr('irue. Irr orrlcr ¡o do this. ellz\-lne-q shorrlrl cxtcricl

thc C-tc»niin¿il cnd. Figule 2.1 shol.s th¡rt inrlccd. sornc of the menrbels of tlur srtgirr

ph,:sphate r:lade lrleserrt ¿11 cxtr¿1 r'i stlancl a tlrer c¿,r'l¡orilic ctrrl l.hich is cc»t¡ratiblc

l ith this le¡rr'r'¿urgcrlcrrt.

2.3.2 Circular permutation of the glucokinase frorrr ?. litoralis

Givrr tliat thc C terniin¿l cilr:u1iu'pcrmrrtation is localizecl erac't,1r. ir tlio trLtc'lcolick:

birrcling sitr, ¿rn.l giv,.ir that tlris is tlLc rrra,jol clifiérence betrveen.\TP ¿rrd ADP rlepen-

c'lcnt enzt'ures. ri e rleciricrl t ( ) st11(1v the effect of thi" r car'l-angenent using tlx' ghri rihitta se

It,|¡ f- l,l,ttttlt,r ir: ir lllr,(]il-

:12
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Fignle 2.5: Stluctnlal plopeltics of 71CiK and perGK. A. Size exclusioti cltrotttatogt alr.
B. Cilculal cliclrroism spcrrtla. Tr biith r'¿rses, tlx. lrl¡ick linc corlcs¡roncls to 7lClli l'liik'
tlic lrhxr lirrc i:orlcsponrls to pclClK.

Elerr thel the gene for ircrC}K \1.as .rptilnized fol erplerssic»t itt E. colt tlte lrioclu«'cl

nlut¿nlt errz\.rlic is Liglilr' toxic ancl most of it ploclttccs inclusion bociics. Hol'cvcr. ¿

r.erl smail fr¿rr:tiorr of thr. pli.itcirr renr¿rins sohrbk: ¡'ioklirrg apptoxitlatel¡' 12i 7rg of ptrlc

protein per litel r¡f ultule.

Frgtrc 2.5 shor.s solre geler':rl stnrctulal propelties rif thc prcteil. Tire sizc cx-

c1n-*ii)rr t:lrrrittt¿itogt trphv shol ed th¿rt thc lvilcl tt'pe enzr-rr,' L, ts it -R,, , ,1 ,tl l 1 l -\ \ Lllc

pelGK hrrs 11 -R¡ of 30.3 A. Besirles this -qrlall dillerence. the pcirli of ¡iei GIi hrrs a

lriggei' tail rvhir'L suggests the plescrrr c ol scirne uotr-speciñc' irrtt'r'¿Lt liol u'ith the lr¿-

tlix. Neveltheless. botL plot eins ¿rre ruouorrrcr'¡j rvrt h sitniltrl h1-clrocl¡'rrtr.rlic' bc'li¿r'ic.rr'.

Figule 2.jB slir¡t.s t1r cilcnl¿rl rlichloisrrr spc( tr'¿i of both ¡»otein. pelClK shol's a little

lcss signttl thau the rvild trpe cnz\:me. Iforvever'. botli spectt'a ale essetllti¿tlh lht's¿rttre.

l.hictli srrggcsts th¿t Jroth protcirr have the.s¿:irlc st'corrd¿rr'1'stru.rtule contclt.

Gir,cn that both r¡rzrrnes ¿rppe¿ls to bc cc|-rivalerrt on the sec orrr'l¿lr¡' arid rluateLrritt¡'

stluctnlal ler.el te pelfoi nicrl molectlar c1\'rrarlir:s situnlatious to stud¡'ir rrxrre clet¿il

¡.§ 30 2.8

Hydradynáñi: radius, nr¡r

1É0 200 21ü 22tS 230 2{0 250
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Figrue 2.6: Evolutiol of thc .r carborrs loot rrrr¡¿rn sclttale clevitrtiorr tlnough the sitrtlr-

lation iif IlC,lK (A) atic'l pelClK (B).

the effert of 1hc rhange in topolrgr. iutrorincecl irl. lltc perututatiotr.

Figule 2.6 shou,s the lorit rlr.¿rrr sr¡rale clevizitiorr (R\lSD) of the o-c;1}¡t»rs r('spect

to thi.irriti¿l fi'ame thlorrgL thc:irrul¿Ltion. Both T»otein have sttorLg flrri tu¿rtiotts ttt

the sirrurlirtior.i tirnc. as juclged bv tlrr: oscillations of tlrc R\ISD fi» the rvliolc :itrlr(tLlre

(appt oxirltrteh' 0.2 rll s'irle). This seerls to bc prorluced lr¿ririLv l¡r, the c'liarrgc itt tlic'

rilglc betrveerr the rlorl¿rins. Indeed. if r.e plot the R\lSD tif .¿1t'h .lotll;,rirl r'('sl)(t( 1. 1o

the first frarnc it ¿ll)l)e¿r.1s \¡erl' st¿tblc rx.irr the entile sinnl¿r¡ioir. This shorvs thiLt Lollt

rkll¿l,ins bchar,e e-qseuti¿l11. as ligirl l.iorlies.

Intelestilglr', tlic angle lretrveerr both domains erplt»erl ln'both ploteirts is all'¿rls

higbel tlrat thc ribscrvecl for ther x-r'¡w stlllcture rif tlxr ghrcokiuase fiorl 'l'. litor,:/i".

This slrrin s Lliat. as sng,gesterd lrcfore (Tsuge et n.1... 2l)f)2), the pt'oteirr in tllc ¿r}¡scttce of

the ligarrcls c:arr cxploLc confi¡r'rrr¿rtiorrs rrith ¿i f-iighei' rrrrgic lrt'tr,eeu the rlour¿rils. ¿rrrrl

it suggests that, i1t lerrst. \IgADP is rreeclerl to lisit tlie conlblmatii»rs rvith tire lori-cst

angies. Hor,elt.r. rr,c c¿ulrot lulc out the possibrlrtl thrrt the ilrtelrrredi¿r,tc confolmi¡.tiori

2A 30

T me, ns

20 30

Time, ns
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attlibutod to the binding of ADP in r7Crlh i-q catrsecl lrr. cn-st ti par:kilg.

A-. tlie osr:rllat iol betrveen rlorri¡rius h¿ls bcel ¡rler,iiiuslv sr-tggesterl ¿rs r»rc of the ker"

trslrects of tlie r:at¿lr'tic nccll¿¡risrn oI lhtse enz\'mes (Itl: et o.1,..2003) ri'e rlcr'irll'd to

¿rna1r'zc irr nrorr-. clrtail lhe dvn¿rrrriirs of TlGIi ;rrcl pcrfilK l»' me¿rrs of tLc plilcipal

ror¡po1lent ¡ur¿rlr.sis rloclule cont¿ii.rrccl in their CIRO\1,\ClS p¿Ickage (ratr rlct Sliocl ef «1..

:20(15: Hess cl ¿1.. 20i)8).

Fo¡ L¡oth enz\'rncs the fir'st tlrree eigenvcc'l,r )r-s ¿rcaoLurt IoI ¿rppt oxiltL.rt ('h 50(,,1 oI Llrr'

totaJ. positiorLal liLliilltce ofthc Irtaiuch¿rirr. Itl lroth cases, th('filst eigcrn:r'ctor' (-;35%

ol the \.arir¡lcc fot T/GK and 257 for' lrclGli) desclil¡c-s the berrrlilg ol tlie ck»l¿ritts

(Flgulc 2.7). This is il goocl agreeurclt ri.ith tlrt ol.iselvatiori rlt'idc above. -{llggcstirIg

tlr¿t tllis ñ'p0 of fltir irtatiort tlotrljtt¿tt's ih(' (lVIrilllli( s rif irtiLlr Ir ot i'iits.

l'he secolcl ¡llc1 thirrl eigenlecrtors ¿11c relate(l rl¿lirrlr-to the twistitrg of thc tloru¿rlit-'',.

Filst. lc1 Lrs cr»tsidel tlic liinge itxis ¿rs ¿i vectol goirg thlougli the (cltter of ttr¿rss of the

hirigc bets'een tire rl»rr¿rins. rvhic,lr can be usecl ¿r-. a lcfcleuce rrrt¿ttiott ¿ris fol the

d6m¿Liit lrr:rrilirrg. 'I'hen. u-ltik.tlie filst eigcrrr.r:i'tor descril¡e ¿L rcitatjon 1)¿1t.IIII1 to tlr(l

hirigr.r trxis. thc seconcl arrcl tlulcl princ'iprrl ('olnponents of thc clvuatlic s cli-'-sc r..ibc nlotiori-s

th¿lt ¿rr.. pclpcnclicnlar tii thc hirrge ¿rxis. Frl lrotl plcitcins. thesc ¿tLc adclitir»ialh'

necess¿lr')'tii cLosc the proteil-s (Figule 2.7). It is inll){r't¿iltt 1o note tlr¿tt l,hile a fnlli'

ck-rsr:cl plotein is rrcvcL i'isiteil druilg the sinrrlaticni firre. tllc plilcilitil corlrpollent

aliah.sis sl4lgcsts thai it r:cn1r1 lrc lisitecl, brrt s'ith a tetl lorv likclihrtod.

Fol thc plinir\tal corrrl.rouell ¿rn¿rlvsis it is necessirrl' t, r l¡rill a \-;tti¡rtt, c r u\-jrliitllcc

¡tatrix first. TIrc (liirgon¿11 of thl-s rl¿,itlir corrtains the virriatLr c itt the positiou (lelalile to

¡hc rrreari) of e¿rch ¿rtom. Therr tlie tlar'e rif tliis tlatrix (c» er¡tivirlcuth'. the srrur oI ¡ill

r,igr.tnalrros) r'¿ur lrr.rrsr.rl as a 1rr,¿slu'(,1ui,rri r¡f tlrr' flrrrilrilitr- ol tltt' rlolt't trlt'. TIt¡rvi'r't'i.

to be rlerr.tilgflü. it js possilik: i,o coi)rptrrc rlatrires l-rtrikl fi.,r tlie strut,:r rituttbcl i¡f

¿torrs r.hii li is (alrnost) tlre ( ¿NC l¡ctu'een TlGIi ¿rnrl perGK. Fol ll(}li the tr'¡r(f of

tllÉr c()\.¿ri¡l1r(c ll¿rtrix is 17.¡1.119 l¡u2 rvhrlc lir¡ perClli is 19.0806 rulz. Tliis shorvs tLat,
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Figure 2.7; First tinee principal r'olnponents clcsclibing thc strrrrtrr'¿l f1u('tudtions of
TlGK (1eft) alcl perClli (r'iglrt). Fol clalit¡.. stluctulcs alc «rlolL'(l ar:c'olclilg to their'
positirlr thli.rugli thc cigcnlcctor.
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rvliile thc ch'uatttics of bcitit lrrotcitrs ale \¡el\: similar'. pctGIi is slighth. rlorc flexilrle

thau TlClli.

Rccorith'. Hirh anrl ¡le Clrorit (2009) liar.c rlclclrpcrl ¿r rletLod callecl fulctioir¿rl rlorlt.

allah.sis (FNIA) rvhich use the eigenvectors r¡btained bl. rncals of plirir:iJral (rourl)orl(.nt

¡Lrra1r.sis. ttomr¿rl moile c¿rlnrl¿rtiols, firll r'orlelatir»r an¿lt.sis (Lange arrd (.h rl»liiillt,r.

2008). etc:. as a basis to clesclibe ¿ ftutctiotrallv relevant stlllcl lllal pr.)pcrtl iif a prrrteiri.

Lr their lblrnrrl¿Ltion l lrr.lr' elthei optirnize the Pear.orr rolrcl¿,1iorr coerfllr:ieirt betr,eel the

nrodel arrl thc clata ol tlle mrltual illi»rl¿rLiorL bctl.eeir the ts.r¡. \\jhilt thc fi.r'st lrr,tirocl

lelies on liueal corlrlatiorrs the secord one .ra]r t¿1ke c¿11c of arn'1r.pt of corlel:rtir;rr. Ful

both tttethorls. a sura11 liactiori of thc rl¿trr is left out friL cLris-s laliclatirin. As iri tlrrs

s'olk u-r' iu(, ollll rrsirrg Llrr. 1'r,¿Lr'"orr r¡r.r'sion. tlic r:ricffir irrlt rilrfirjilr,rl fir lrr¡lr rl¿1¡r si,1s

¿lrc c¿11k\1 /?,,, arrd fi.. n'hich st¿lnds fol rnodcl builclirrg set ¿urcl r'xrss-r'a1id¿itior set

l cspccti\-eh..

Figrire 2.8 shor,s |hc F\lA of thc dimr¿riri bcrllilg seen 1r1 IIGI{ aud perfiii. ,\s

It t'¿s ¿lle¿¡,dv rll.rrtioncd. tirc first r:igcnvr.ttor cr¿rn clescril¡e rnost of thc cirengc irr

the augle Letweerr rlorl¿irLs. Irrrkrrrl. ¿r rlticlirl lnilt usirrg, .jrrst thc first 10 r.igr.rn'i.t ti-,rs

strcccssftrlh' c¿1ptL1r'cs ¿rlrrtost tlie rvhole furrctic»ial ruocle as c,¿rn be seeri irr Figule 2.EC'

¿uul D. Irrterestinglr.. rihile for TlGTi the motir»r is rnostlv c¿lptu1'ed in the fii s¡ pi in('ip¿li

c'olr1ronent. fbr: perGIi it is ¿r 1itt1e iliore distributed lithin the first f'erv eigenvectors

(Figulc 2.8,\ rrnrl B).

To studl il ruorc rlctail tlrc ilr'l¿rinics oI the nucieoticle lllclilg site in these elz\-nle-\

s-c Lrscd tLc rrrot ntr¿ul s.lLr¿u Lr distalraLr of tlrt-. ltslducs il this r'lcvicel ¿s a filr.tiori¿l

rlorle. (lontr¿r'\' to tlre doriirirr angle (r¿se. liele the rloilels wele ler\. p.JoL. Ho\\:cver.

ilt hriling thc filst a0 cigrrrrvcitors it is possilr1r,io ( oust111( t ¿r rnr¡r[r] riitli ¡r ,R,,, o[0.61

¿11x1 il fi. of 0.52 fol IIGK (FigrLre 2.94). Ou the r¡ther h¿ncl. it is rrot possiblc to build

rAil the heavr' ¿¡orns of the le-sitLues rvhich hale ¿it le¿rst one ¿rtorrr irrsicLe ¡ 7 ,\ r'¿clius sphcrc, {ior¡
tire ADP irr the r:r'¡'stal stnrctrire of ?]GK (or thc cc¡uir-ir,lcrri rcsiclucs irr pclClTi) r'ele use(L iI1 the
¿¡r ¿rh_sis.

,tt
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Frgrur.2.8: F\IA of thc ariglc: lrctrveeri the rLotnails. trloclels teie constmctcd u-sirrg

tlrr. 1ir.1 10 ciglrn.r,r'1r» s. A ¿rnrl B shorv ,R,,, (r'ed) and n, (blac'li) for' 7'lGIi ald
perGl{ r'espec'tiveh' as a fulr:¡ic»r of tLe rnrl}rer of eigel}\iectols rtscrl iu thc uiorlcl
burlding proce.lure. C ¿rnd D conlp¡i1-c thr: rnork.ls l'ith tho d¿rt¿i for TlGIi arirl polGli
lespectivel¡. Il lrl¿ck aLe shoir,n the clata rrserl for mrirlel clrrnstLrrcrtion ¿inrl iu blue tlie
rlat¿r lcft fil i rrrs,. \¿lidatiorr. See tcx¡ fr» lluthcl rlot¿iils.
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Figrno 2.9: F\1,,\ ol thc fhrcLrr¿liol ol thi'ADl birrrlirrg sitr.. \lc¡rlcls rvrrlc.cr¡nstrrrctciL
nsilg thc hrst 50 cigcrn.rr ¡ors. A ¿rnd B shcil' ,R", (r'cd) rrrrrl Á. (b1ach) lbr' TlClIi
ancl pelCli lespectivelr' as a function r¡f ihe nunlrel' of eigenvectols rrserl in tire nrorlel
builclilg ploccrhue. C slitlr.s the erserll¡le rveiglitecl rntrsirrralh. corlelateci urotiorr that
crplairs thc flur:tri¿Ltiorr of ¡he .\DP lrirrclirrg site in TlGI(. The aliorvs iriciir,ates tLe
clircctic¡r oI lhe rnotiol of the irtorns. Both ¿Lllos, size ¿rrcl ctllol is 1.»opoltiorial to the
clisplaccncnt. Thc color sczLle gocs fi'om blrrt-' + rvhitc > r'ecl.

:J9



CHAPTER 2 2.3. RESULTS AND D]SCi-]SSIO\

a, rrodel for tiris rltitiorr in perGl( as it (r¿1r lrc -*citrr il Figule 2.9B. Hclc. r hik, Á,,,

reaches high lalues. fi. r'cln¿rins ¿rl\\,a\.s close to 0 l,liirrh shols thtit tire nroclel is rlot

irblc to captrüe the ltt{r\.eme1rt.

It has Leen poilred ont lx'Hnlr anil rle Gioot (2009) that ri'hile it is possitrle t{r ñn(l

¿i crtnrlrin¿itiol of eigenlec:tor-s thtit plorluc'r.s ¿r rrrot iorr th¿t is rrr¿rxir r r¡ lh. r'or r rlatr.rl l'i1 L

¿r flurr'fiol¿r.l qr1¿1ntit\'. the notion par¡rllel to this rrcr' \-cctor' rllLrst llot be representillg

¿r tnrc llrotioli of thc l)rotcj.l givel the restlictiolls irrrposerl br- thc crtclgr' lrrnclscitpr:

of the rlolecule. In this cilse. the ll otcirr slulrlrl fiilkiw a l)¿th tllollgh ir lectol §'i¡h

¿r sln¿rll ¿1lg1c rcspcct to thc oliginallv fonlrrl. bnt r,,'hit'h is rurt hirulcrcrl lrl clclgctic

hustlation. This kinrl of r.cctor rvas calleil elserrrble s.oiglrtcd tn¿rxim¿llv c'r¡r'elaterl

notion (e\y\IC\l) ir tLe olrgrltrl alt,ic'lc (I1ub anr-l rle Gioot. 2009).

Figule 2.9C1 -slrorvs the el \lC\l ftil thc motion associ;¡ted l'i¡h the ADi' birrililg srtc

of TIGI(. As expectecl. it inr.oh'es nxrsth' rurr:krrtirlc lrirxlilg sitc il ¿r \\'a\. ¡lrdt coul(l

lrc tllnglrt :rs a 'lrleatliJ.ng' of the clcvir:i:.

2.3.3 Hcat induced denaturation of f¿GK and percK

\\-lrilr.tlrl cilcular'pi,rrnrrt¿ltiorr h¿is littL.cllitt {)lr lll(' s1l1l('tlriill l)r'ol)('r'ti('¡ ii1 llti' t'rt

z1'rue. the tolrologl iearrangcmcnt conlrl h¿rve ir big effect on the folclirrg, of tltc protern.

'lo strrrlv this :rs¡.rect ri e pelfomre d 1ur¿it irrilrrc ud dclatulatic¡i expelirricrits usilg the

eilipticit¡. at 222 ruu ¿r.s ¿i structlual prol)e.

IlC}I( h¿Ls ¿ ext r¿rorrlin ar'\, ll('¿i¡ ¡oL('r¿ur(ra. Previotis differenti¿il i.¿linring ( ¿l(» irII('trv

expelirirerrts perftilrned §,ith 1.his cnzY[ie h¿rve shorvrr th¿rt tlie rtreltilg tcnrpr\'¿rt]lre i7;,, )

is cl¡se to 105'C (rior, sliou'ri). As thc peltiei' rlevii.e thirll rorrtriils the telrper'¿ltrlle irr

l.hc s¡rcc:tropolarirrietel is lirrrited to 90 "C, ¿11 urrlblcling expeliments s'ere pt'r'fi»rrtcd itr

tlre presence of ;3 -\l grraniciinirul chlorirle. This colceltltrtion i.s lugh errougli to erlsttlo

th¿t l¡oth ploteins ¿rre rrnfoklccl bclol'90 "C. hrrt r»r the othel h¿rrrl thc¡ still nr¡int¡irr

thcil riativc stluctulc irt uroclcl¿tc(i tclrrpcr¿ltLtrc¡j.
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Figure 2.10: Heat indurrerl rurfrik'lirrg ¿rt rlifferert sc¡rrl rat('s. A. 7lGK, B. per GIi.

Both ploteins unfolcl ilrer-elsii)l\:. il.t.e(pect ve of tlie st:¿ui r'¡Ltc trscrl (not slrol'rr). ,\s

¿t noll arquiLibrirlrlr pr'o( ess. tlic ol-iserr,ecl uDfoklirrg trarrsitior shoulcl cleptrirl orr tlic sc¿rn

rate. hltelestirrgl¡'. pclGK lLas rrhr,¿r's ir lorveL apparent 7,,, llitri rorn¡rtitecl tr¡ rlGIi.

(Figule 2.10). For ins¡¡rnce. tlre appritcut I,,, for r7GK ¿rt ii sci1lt rate of 5(l Ii hr'

i-s 85.1 '(l rvhile the ¿rpl)¡ul)rit 7,,, lol perCl{ tr¡ thc s¿urtc sc¿11} rilte is 69.2 "C' (l'igule

2.1(l). This clecre¿rse in tliclmriphilicitv is üi goorl ñgrcclrlclll l,ith tlie srti¿ill iriclo¿rsc in

flcxilrilitv seen 1.r¡' molecnlal rlyrr¿rrLics sinc'e. thclmo¡olcr ¿trce h¿rs beert rc:larcd ]¡efbre

to pr'oteirl r'rgiditr- (\lamoroYa ci al.. 201[)).

Thc. de¡rerirlerrc'e of f,, ri.iih thr: sc'¿rr r'¿te is lnc,}r liighct in 7l[]K. It Las Lcctt irlleacl¡'

lecognizrrl bofirlc that r¡le of the k'\'ciralaaterlslics of hlpt:rtlit'r'rlophilicr etrztlues i-t

a leritrlk¡rlrh' slol. rurfoklirrg process (Lrrke et a|.. 2007). Consrclerilg thc tlic citc'iLltil

pernrLlt¿r,tior) plorirrccs a higli decrrasc in ¡helrrrostabilit\' ¿ird ¿1 cliange irr tlit' s'¿r' t hat

7,,, depelds on tk' sr'¿rrr r¿ltc (Figure 2.1lJ). thc Icsttlts snggest tir¿rt t.liis tcipolog,ilrrl

ruoclilicat ion has a stroug inprrtrt ort the unfblcling liinctics of the enzr-trte.

-\ rrxrrc ilctailccl conrpalisorr of both plots in Fig..rtre 2.10 suggcsts that rvhlle fi,r'

71GIi thc urilirlclirrg scelns to be ¿r two sfatc l)ro(1)ss. ¡rr:rGK seerrs to ¿l.cruurl¿rtc aII

iritcrrnulj¿¡e (for exarr4rle. betl'eer ir5 ancl Li(l 'C irr the 15 Ii hl L cun'c). The oligiri

41.
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ofthis is still urrcle¿rl ¡rrrrl crulerrth- ¡liis le¿¡rrrc is iurrler irx.estigatiou.

To gail ¿1 lle¡tcr luldcrst¿lndi1lg of thc pr'occss \\,c porfbl nre.l nrolccrll¿r1 dr-l¿rrlics

simrrlatirirs of thc carh.st¿ges of the lie¿t inducecl unfcil<lirrg. ,\ficr' .10 n-s simul¿rtion at

i50 Ii, lroth plcrteirr hale lost sonle stnicture. althoLrgh much of tlie ser:ilirlarl stl ucture

rs still Tleselt (Figule 2,11). Tiris irpploacli fil tlrc siurul¿rtlon ofhcat ittclrtcecl rutfirlditig

h¡ls bccn use¡d extensivelr. lrv othet (Li;lrrl D:lgget,t. 199-1: Drr¿rtr ¿rld Nilssott. 2001--¡:

rle Bakker r:f al.. 1999: Lazaliclis r.:l nl.. l)(,)7: L¿z¿urdis ¿r,lid Karpllls. 1997: Frrltolr r.l al.

1999). Intclestinglr-, tlie tiurc ncedec-l to scc the rLlfoliling er.crrt is rnrLch iol-u th¿r.u the

obselrtrl hcrc. suggestirig th¿t TlClli arrrl puGIi lt¿,ir,e ii r.er\'.'Lrl, turlolcljlig tlarrsitiorl

rvliich i,. iu goocl rigteerrreut r-ith t,heir'' ther'ru( )st ¿rhiüt r'. Hol'ever'. thc stttciies rttetrtiolccl

¿rl¡olc have beerr pelformcd uslng. geriolalll'. snra11 plotcins t"hicli r'tirtlcl also be tlir'

t-c¿rson of tlre f¿rstcl proaress.

\lost of thc lciss of sccorrclar'\' strlictirre is rlue to thc lrtcakilg of tlit' stliiucls (Figrur'

2.1i). pclClK sirorvs tlr Li.ghest. stluctnr'¿ü loss i.n the C-tutnilal legiori lliirli is rrot

the case of 7'lGIi (FigLue 2.11). This is due to tlrc topologicirl rtruLitngeuelt l-hic:h has

eri¿rhlcfl the carl¡oxilir cxtcnsion shorvn il Figure 2.J to ulfirlrl altlost irtilc¡icudctrti¡.

Fol both proteirs tlic rrnlirlclirrg plo(rcss scems to be liighlv rnoc-lnl¿,r'. '\s tlio snr¡ll

.lo|t¿litr ¿il)l)C¿rts ¿rs rrl1 exterrsioD of the lossDlallll p¿u't of the p],otcitl tlie nrrfollilg of

thesc t\\,o se.rtors ¡ue liighlv sr,nc-1n r»iizcri il flGK (Figule 2.12). Iu the filsL jl lts. ltotit

thc rossmann ¿rrirl tLe srn¿rll clrlntril cxpcricnce a f¿rst. lltt clisclete liiss iil secorirlalr'

st¡uctLllc. uhich is tltert ut¿r.irrl¿lilecl fol tiri. lcxt 12 ns. Tlii'l lrolh regiotrs of t.he plotr ix

st¿irl to loss stlur:tnre 1urti1 tlie\- r1-.ir.-h ¿ ti'¿r(,ti(»r of sccordarl stlLl(tlllc betweett 0.,J

arrd 0..1 at 30 rrs. Orr tlie other'harrrl. the ,l-mearrrkl lcgiili of the protcili maiut¿riri¡

¿rlrnost ¿ill its stt'uctnrc duliIrg the sirnul¿rtiorr. Tlie nrain ]oss of stnr(t111e lteLe occttls

as a stc¡rrlr. ¿Lnd slnall riettc¿sc itt tlte fir-*l 1¡l us.

In tlie c¿sc of pclGK tlie second¿rrr. stln(true roliclt of the srrrall clontailr iirilr'

clcclc¿rsc- ¿,rl¡out 20% irL lhc first 3 ns a,rxl then it renrairrs -st.rble f¡r ¡ltc rest of thc

12
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sirrttrlatii itt. Nol.. tlte ,J-urearrrk'r ¿ural ihe losslr¿rrur par'1 rif tlr(.ploteirl ¿r'e tlrosr.trltose

uufr.rldilg trartsitiorrs ale stttcltLolizcrl. Il t.his <:ase, both of thom shol'¿i steadl dccrc¿isc

of sec:r¡rr11¿r.i stluctLue throngh t.lic ;J0 trs rlf tlle sttrrrrlat.ir[r.

Tltc t'csttlts suggcst thti1, tlie stahilitr. at the tosstn¿uli part ofthe prol oilis is stlotiglr.

clc¡rtttiilerrt ori tlre othcl iicclols oI the lloteiri fold. As in tlic I/GK c¿se snr¿rII (l(xuiti11

is thc rlost lal¡ile. tlieu rrJrc,,ri its clcrr¿itru ¿rt iorr tlic rossn¿nn palt, c'o11apses. Ol tLe

rithet haurl. gil:ri tliat tlie r.ilclrl¿rr pe]'iniltiltion appatentll-rcsults in a ticstahilizatiol

of tLe .J-rreander legion, nos' thc t-llrlc lrLrgc ilcirritrirrs nrifolds ¿rs a nnjt.

Hosr-'r-er'. it has to be consiclerecl th¿it thc rlcglc.r: of opr:riirrg lrrrtl.trrr thc rk»ri¿iirrs

corrlcl be ¿ fa.rtor fr¡r' the unfirlrlir.g p¿rtll\\:¿l\' s¿rlrrplc(l. Irrrlurl. ¡i-. irr this rrrJ.i losiopiL

li'r.rl tlrr,i)lo{'(.:s is cLrir¡.u stoth¿rstirallv lrr- tlrc t}r.ura,l flrrr trr¡rtior.. irrr»r,sirrrrrlatir»rs

are nccrL:ri. Tliis rs beirrg cun'elth' performed il oru labor'¿r,lolr,.

2.3.4 Nucleotidc spccificity of ?¿GK and pcrcK

To tcst rvhethel tLe C tenninal cir'(u1al per'nrutation is inroh.c¡d in thc .\TP¡ADP

discr irlirr¿rtir»r lrr rlenil¡ers of tire ribokin¿rse srrperfamilt'. l'e ¿lssar.ecl the ¿bilitr of

7lf,lK ald pclcli to phosplxrlrlatc ghxrosc rrsirrg i.itlit.r .\DP t» ,r\TP.

Tr'¿r litiori¿rlh'. rrlrJrkrrl (.riz\'rua¡i(r a-ss¿r¡'s ¿r1c rrs«l to rli.¿rsruc crlz\-luc kirrctir:s t-ith

lltc-sc rrrrzvrncs. Fol ghrclkirrtlscs tlrc I)r'o(llrctiorr of gluco-rc-6-phos¡rhatc is cr»rplt'r1 to

¡lu: r'erhrr:tiorr of \AD(P) I b¡.nsing a glnrrose-G-phosph¡ te ileh\-dlogenase (Jiog;r ei r¿1..

2000). For J>liosplrofi'rrctokina,ses the plo(lir(tior of fluctr¡se 1.6 hisP is rorrplerl to the

rccltctiou of N,\DH l»- usirrg ¿l c'oi:iit¿ri1 of ¿rklo1ase. tliose-plrcspliato iscitncr'¿rsc. ¿lcl

g1r'rreloplri rspha te dehvdlogenase (C'ulrie et al., )01)l)). hr both case-q. the ¿lss¿lr-s le(:-

ognizc spec ific allr- the sngar'-phosphate plorluced ilrespectile of tlie phoslrholrl sr¡Lrir'e.

As it h¿s ¿ihe¿illr' l¡ecrr rliscusscd bv us elseri'liere (Guixó aurl \lcriiro.2009] tlLis trruLl

piodu.-:e serious altifactis since gileD the high concentriitlols of ATP used in rnost of

tire irnclcotidc speciiicitv test published (Ronirnus et aL.. 1999: Tnililgii et aL.. I99,c))
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Irigui-e 2.1tj: \ucletitirlc spel.ifictitv of 7/GK tuicl pctGI(. TLc bl¿rcli liric colles|lrticls ttr

the liirrctic rrssar. pcr'li.,r'nrerl ivi¡h 250 ¡\l ADP r,iri]er tlic bLne lrric collesporlr1s to tire
assrr, using 250 ¡\l AI'P u'ith eitlii-,r TlClK (A) or'¡rcrGh (B). All e\l)cl'ir I I elits \\'eIe

pelfolrrrcd al 3L) 'C

e\.e¡ tr¿rcc ¿rr¡ount of ADP (lrr»l irnprrlities ol hr.rtolvsi. itt tlie ttr-ette) iri the t»rlcl

of 1% could J>r'r.rc'luce velocities irr the olrlt:r ol 0.Jl',,,¡.

The isotircrrnal titr¿ition c:rlolj.tttetel is able to llleasLll er tlic he¿rt plorlrtcetl (ol alr-

sorlrecl) fr¡r¡ an errrzl'matic lcactiorr l.hicli girrrs ¿r dilect 1llc¿lsLtt eulctrt of tlic catah.tic

p1o(.e-s-\. OI conlsc. this gets lid of thc plciileru mentiontrl aliole. Figttte 2.13 slio\l's ¿ru

exper.ir¡c¡t §'hele ¿r single irijection of ploteirr l\'as pelftirmecl to a cdl rvith 2IiO ¡\l of

eit¡cr ADP cir ATP. 1nr\l glnrosc. arrrl ó.25 ru\1 \lg2- ¿t 30 'c. A firr¡rl cortccnt r'¿rtiotr

ol 10 n\I ¿urrl 15 rll \\-clc'Lt-ce(l lbr 7l C]K anrl per'(]K lesJrcct ir,e1r-. Thc ¿pparcrl rrlolilr

qitltalp¡.ur..¿lsLlred fr» tlic ADP-tlcpenrlerrt teactiol is 11.1 t 0.17 krral¡'nol for flClli

¡uicl -1:1.3 lical/rlol lbr pelGli:. The t rLu-.e of this dillercnce is urost lil<eLl icl¿tterl l'illr

c-rpelirr reritir.l erlor. Ncveltltelr'ss. lrr¡t1i I'alttes ax, r'elv sirrrilar.'.

Irr lroth .¿tses. th. ¡rcali obsellcd for' -\-fP is otrh- -il% of thc total ho¿rt observcd

SThis value is the ilr'er age of tr¡'o treasruentents.
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Fig¡re 2.11: ADP/AIP corrrpetitir,e inliilltion iri TlGIi aIrrl ¡rclGli. S¿lt Lll'tr ti( )li ctLr\1's

I'ith fillerl cirr li.s tete pcrlil rlcrl rvitholrr ,\TP. eruJrn' cili:les have ,J 1l\l ATI' ¿rrr1 I erl

c,i¡c.lcs haye rr r¡\l ,{TP. A. TIC;K. B. pcr(ili. .\11 t-.-rpelirrxlts r,eli' lrtrrfi¡r'urccl at ilo
"C,

in tlx: ADP irrrsc. SLupiisinglr'. this shols tliat both cltz\:ltles ¿ttc not ¿ibkr to (l¿t¿1h'ze

¡hc tr¿¡sfel ¡f the ^,-plrrrspliate of ATP tr) glu.rose. l, llbrtnrlar clr'. the kitit'tic ('ollst¿lll¡s

fi» \lgADP r:-stintaterl rlilectlr' fiotn Prgrrre 2.1i3 rlilfer. fi» l¡otir crrzvttres. fic¡irl those

1lto¿1su1ed |), the r:¡trpled ass¿l\', l)eing 1i17 alnlrst an olrleL of rrrirguitntlc highei. In lai't.

tirc 1i17 r.alne urc.asnleri is cliter:t1r'prt4riirtional to the ilitial \l¡,,\DP r', ,rl .rritlti,,ri luot

shorvrrj rv[ir:h suggests the thc plorlit'ts oI the rc¿rc¡iorl arc acti]rg ¿$ stl orlg colllpetiti\1'

ilhibi¡r,,rs. r'euclerirrg ¡his rlcthi¡d ttsi:less fol this ptutit:tlirt ellz\'lllc.

[t oi rlu to stud¡. the kilctlc be]rrn'iril of l¡oth enzvrlcs lhe xnlltiple irrjcctiolr rur'l llorl

rv,rs Llsr.il (fot ar c\I)l¿lr¡ttiori Ol ITC rncthcitis foL ettzYltc kitletics soe Appcnrlix -\). Tlre

onz\.llt¿rtic coltst¿t1tts cibtr,r,ilccl br- ¡his niethod alo iJ[] 'C rele 4,.,¿ 29.7 r (i. 1. 11.2 + l.1

s 1 aricl 1{¡¡ 2l.J + 1.1.31.1 + 2.6 ¡r\I fbr 77 G1í ir1]cl per.Gli lespt:rrtir.eir, (l-igLne 2.i1).

A t¡-picai ¡esrrlt of tliis kiurl of experirlerrt can ¡rlso be seerr irr Figrrrc -\.1 (Apperlrüx

A).
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\\'|i}c ATP cannot bc ust.cl iLs phospliolrl clorroi il cr.rrlld still belrarl iis a cotllrctitirr'

iri[il>itgi. To stnrlr' t]ris. thc clr\.me s¿1tru¿rtir¡n ¿rs ;r fiructiou of ]lgAD1) \\:¿rs ¿ssa]'('(l

¿r.t iLiffei ent fhcrl corrcentr,rtir.rrr-s of \lgATP. Thc lcsrrlting curvt's rvhere gkrlralir' fittt'c1

to the a corririctitir,e urhilriton' rrrorlel cif tlic forrl

A, ,1.¡ fSl

Ái/i" + lsl

where

Ki1,io - K, (,. H) (2.3)

trlcl e¡¡ is tll: r:otrc.entt ¡rtion of errzvnrc. 'S] is thc iliti¿il cortt:r'ntr'¿itlr¡rt of .strllstr'¿,ite. ]] is

tlie t:¡ric c¡t r¿rtiori of ithil¡itor', Ii1¡ iinrl 1,.,,, havc theil trstr¿il neattirig, ¿111.1 Ii; iel)lcsellts

tire clissoc:iatir»r ( olisl iutt fol tLc ¡rloteil-inhibitor trrrriplcx ltrtderl the lalriil-cr llrilihliurrl

alrploirch.

Ckr¿uh-. tlte rixrrkrl succe-.sfrrllv de-*clibcs the cl¿rt¡r. Thcn. tller 1i¿ r.ahre li» the

prot ein-\ Ig:\fl, r.onpler c¿rr i¡e calrrri¡rted fiorl tlic fit. Thc r'¿r1tre obt¡iiutlrL loi TTGli

is 1.0. 10 1 + 2.5 10 r' rvlrilc the r.alnc cil.itai¡ed for' pcrGK is ;1.0 L0 r+ 1E

. 10 ;. This rlcnolstlates s'hilc the rliclosco¡ric l)cli¿l\'iol of thc tlttc-leotirlc liittrlirtg -.itt

js ¿titctod (FigLuc 2.9) neithel tlio gr'oss str'lrctlu'¿rl fe¿trucs (Figulo 2.5) tiol thc cirt¡lvtit

propertics (Figrrre-.2,13 aucl 2.1.1) arc mririifir.rl 1rr. the C-terrn ual citrttl¿u pel tlttlt at iol1.

T|is is rlLritc intelestiug siLce. trltlrorgh lt is :r lclt. suggerst ile ln'¡rothc'sis. this tt4rologr'

r.1ti¡rge 1t¿s ¡ltsoLrrleh'no r.lJcr t on rlre ¿llilrtl of tlLe ettz\'trtt'1o di¡ali1ttlll¿te be¡l-t't'tt

ADP arrd ATP.

l¡ ¡6'¡¡-st irrglr . using this -1¡ in ec¡rrlti,:n 2.2 ¿rirl 2.3 ¿rrrcl ¡rlso cortsitlt't'ittg th¡rt firrtit

the exlrrrr.irlelts in Fignre 2.1;l it is possiblc to estill¿rtc ¿r 391 t:t»it ¿rttt itr¿rt iori oI ADP

i¡ thc AIP soiltic»r. therr ari expcrirllent r-rsirrg thc glnr:ost'6 phosphatc deln'r1l ogolli¡,se

rurethocl rvitir 2 r¡\l ATP shoLrlcl lnrchLce ¿rrr :rctir:itl'of 0.i324"."1 rvhich etrplir"ius tltc -\TI'L

18



CHAPTER 2 2,3, I]trStLTS A\D I)IS(]T]SSION

dcpendent itcti\-it]' obselvccl for these crrz\¡rrcs in sorrc aitir li:s (Grriró altd \Í,,'r'iuo.

2009 ).

A-. it t'¿s ahead\. trlelttiolerl ¡llrcir,e. it is lot possiLlc Lo oht¿iitt tlre kitrctic .rori-rta1l¡s

rliLcr:th-fir:¡r a sl1lglc irrier:tiol r:xperirnctrt rlue tii a rlepcrirlelce l¡ett«ti the irtit ial

r.rn.re¡r1a1ion of ADP ¡tuc1 the 1;ar arlet-.r's ol¡t¿rinecl. lrrt ct'estinglv. if ¡his t'ffr'ct is irirllt'rl

p1¡ilncecl til.t[e prr¡r1ui:ts of t]re le¿c'tiou, thcri it, is pt-,ssibL' ¡o r-rbt¿iil tlie /i1 fol tlrr'

,\lIP pr:oteiri «rruple-r it¡' aria.1r-zilg thc proglr:s-s culves olrt¿tilecl fir.,tu tht'ITC. lt¡ thi.

clrl. rve userl tlie Dr.rrriFit.l ploglarn (BioKil Lrcl.) (Klizmic. i996) rihich rittnel'it¡l1h'

soh,r.s a s\-sterl of diff'ei crrtial eqrLritiorts rlc-qrribing a liirrctic rnoclcl pi ovirli'tl lrr- tlrt'

nscr. As no\y \\:(. ¿r1e soh.itrg a r1¡.narric s:"-stcnr. tlle rltt:nrtities littccl are lltt' r'el¡rcirr-

«lltsl ants fol clc,Lr,bilclilg cr-ent phrs tlie ca¡ah'tic corls¡¿t1lt ofthe lr'¿rctioli itsdl. ri'lLicir.

of coL¡.sc. ilcreases approxil l r¿ltoh' two fold tlte clt gtctts of fierrriiiur. -\s ihc ¿rltrcturt of

.l¡rt¿r lrcre does not ¿rllorr rrs ¡o fit all tlrc aorsriirrt logethel'. anrl consirlcriltg rh¡it l"e ¿rrrl

essenti¿lllv iitterestt:cl in the biurLirrg const¿urts. r,r'fixed the v¡ilue of li,-,,, tt.r thilt o]¡i¡itlerl

|r. lhe lurltrple irr.jer:tiol nretliorl (29.7 - 0. 1 s l ) ¿llld. \\,ll('1r ucec-lecl. thc r ahlo of ¡he

¡rssliciat jon steps (c.,:,... tlrt: kil]e¡ic (:ollsla]lt fr)] the proi:":s I + 5- - f 51 \-"lo teiri ttr

1{)t Nt rsL.

\\c c¡r¡par.eri thc abilitv of a sirlplc \lichaclian rrx,,rLrl to erplaiu the llat¡r u'iih a

r¡orlel r.r»rtailing clnpetitir-e ilhibltii»r pr-or1nccd bv tlie proilnct. Girttl tllat Plelitrr-

iL¿ \. (l¿11¿L fioni ortt la]toratcil.,' strotiglr' -sngg€rsl that thr-sc ettzvrLrt-'s irale ¡úr olriel'r'rl

se(lu(rltial mechalism of s1tl)stratc triurling bcirrg -\Dl'tlte first strbstl'atc to bjnrl, ri'r'

also tcste.l a rlixccl like rlorlcl of irrlrrbitir»l s.heLe r¡rrc of the ptotlttcts a(.t¡i ¿1¡ ¿'i colll

petitn'c lihibitr)r ¿111(l ¡hc iithet ¿rs atl tl ll.1)llll) ct it ive olio.

lirguii,2.1¡ slrolvs thc fitr of tll.\IirI,,Lr.li¿rr rttorl'l autl ¡llso lltt'tttixrrl liiii'rlr.,tlt'l lor

cr¡r1ta¡isen. Ckrarh. fi-onr ¡he lesirhral-s ol tlLc lit. the tno¡t sirnlrle rrroclcl is ull¿rhltl ti-r

¡q¡.orhice thc rl¿rt¿i. Al-so. the (.¿tlcu1ate(l liy \,¡rhre is 2.2 fitlrll higher tliart thc meastu crl

6ci\-cn Lh¿t. in plinr:iple. all this ¡¡socia¡i¡»r steps shorill be limile(l l¡r' tliilrrsioit. therr t,Lc' cltr¡,.
of 1(lE XI r s L seerm-. tPplopriate
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figur.e 2.15: Cionpalison r¡f trvo kiletic rnoclels frit IlCil{ usilg proglcss cturts. Rl¡lt'k
(.nr'\1-.s ¿lre thc cxpelirucrit¿rl cl¡rt¿r ol¡taiurrrl rrsrng initial llg,\DP cottcoltl ¡ltiolrs ol'20.

7.1. 150. c». 250 1r\1. The lrhrc .Lrr\¡cs ate thc rcsults r¡f thc fit to 1he \Iit'lt¡elian rlodel
l'hi1c the ¡ed rLrrr,e is thi. r eslrlt c.,f the fit tr¡ the rnixcd like rlcclrarrisut. A11 ex1>l'r'ittlerrt s

rvere pcrlornLeil ¿t :10 "C.

bI thc ntultiplc iu.jcc.tiorr nrcrhod (T¿rble 2.2). On tlc, other' lt¿urcl. the 1i1¡ r-altlcs

r:¡.k trl¿rtccl bv arr¡' of the irrliibitor'¡' rloclels alc nr-tcli i ltiscl to th¡lt rletelrllilcc'l bv thc

rn¡ltrirlc i¡jecti¡n methorl. Inrleecl. thc mirerl-lilie nx¡r1el is the 1rc-st, tatiherl Jr.r-DvrrrrFii

If ¡,e su¡rposc that A-\lP is thc prodrrct cirusirig tlic corli1)ci ilive rrilubitiolr, lLjle

glucose-(J-phosphatet is ploclur:ing the ruicompetiti.r'c ilthibi¡io¡. tlie the c'r,rkrllatecl 1i,

r,¿rhres fol both prodncls are ver'\, close to the 1f.\/ \'¿thtes c¡f ADP irrrtl glLtcost: t.spec-

trr,elr.i (lioga rt rt,t...2001)). Orrc 1-iossible ,.xp1¿r1]¿1ii(n) fi» t1iis is th¡lt the iric'Lo¿secl lriss

Tlniti.rl ¡1,locitr arsa¡s pcllór'ureci itr l0'Cl rsing couplcrl enzrrrres rrc har'e estirtr¡],o.l -Ii¡ ¡ v¡l¡rcs of
(1.12 artrl 0.02 1Ir\I frtl glrLcose ¿trcL ADP lespcctir-el¡. \'lLicl¡ is iir €!oo(L agr'{'crnel1t \\'irlt tllose Ie1>ortcd

else'rvLcre.
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Talrle 2.2: Enz\,m¿rti( corr-qtarrts oirtaineci
stalt ti¡r' tlre enz\'nlo-prorhrc:t rrlrrpltr. lff

tr',,iu U\'L;rt'rt. l\ 1\ l lre

is the iriliibitic»l corlst.rrt
inhibiticiri cixr-

fol thc cnzyme

substrirtc uct cumDlex.

Model

Mu,l,ti.pl,e i.njer:t:r,on rnethorl
Mich,aeli,a,n,

Conpetitiue
Lllit:ed, lihe

Enzymatic constants
K]Ky K?

7r\1
21.5 L 1. 1

16.0 + 0.1
19.7 = 0.3 0.1
11.2 + 0.2 5.6

10 ,1
.10'+

r.5 . 10 Ú

1.2.10 ri 2.7.10 r+5.0.1(l ti

of entrr4»- 1lpo1l bill(liug due

i)nlccule is rorlpclstrtecl l^' it

to tlic cxtl'ir rlc'glcr:s of flecdotl of

strr¿ll1 gairr in enthaltr)\' cballgc 1lpoll

the phosphorylated

binding.

2.3.5 Effect of temperature on the activity and the binding

properties of 7¿GK

\\-lriLr, rnost of ¡ltc ¿rrchae¡ t1r¿rr presolrt the nrotliliocl Enlbr Lcrr-\ Ielei'hof path§'a,t' are ltr-

peltlicll'Lop1llrc olgzr,nisurs thc tirajolitl of tht: prrblisherl studir-'s rirr thc A1)P-r Icpe'udetrt

kiuasers |ar.e lrccn pelforrltcl at rloclelated tclrU)el'¡rt1u cs. This is ui¿iinh' tltrc ti¡ tlrr'

p¡obletns ¿is-sorri¿,ite.l \rith liigh terrpel atur'os stuclies srtdr as ltrttlcoticle h¡.rho1r'sis. rrlx-

lli¡il errzr.rne ins¡¿ririlitr.. etc.

T[e nre¿srrrement of rltr:ler¡tirk tilnclirig ilt high terr4ret atlu cs is r»te of tlle riiost

difftcult problt:lLs to solvr, sinre nrost ,:f tire tcchniqnÉ's to rte¿tslue ec¡LiLiLriurn hirlr'l-

iug ar.c Lrsrralh. r'cLr. .1or.'. On tlie cithcr' ha,rul. one coulrl tt'r' sorrx' lcss itrlbrtnatil-t'

t¡r i¡tiqnes sur.h Lrs ineasruilg thc clLirnge irr fLuolesrcrtct' (berng frortt art irrtriilsitr or'

¿ui oxtr'insic 1l'olrc) ri'ith t1r0 ligarrrl concelltr¿It.ioll. \\'tt rrsed tltis ir.ppl'cltitli to llleilsLllc

\IgADP bilililg to IlClIi, bLrt. lulfbrtulr¿lleh'. rxrithcr the fotrr tr'-\ptopltzrn sirlei.liairrs

rr¡r the adrlit.ior of er¡r'ilsic flrulescent prolres (srrr;h as pl!'ri(Lorial phosphate or I)\'1e11.'

rlirlr,itiicle) art scnsiLir-e to the birldirrg of arrr-ligirncl.

O¡ the ¡thcr' haud. I'IC bincling crrrr 1>rr-iliclc :r tlilect cstirl¿ttc iil all thc thelrtxrih'
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n¿uric tl,.lal1titie¡ (-\(;. -\11 ¡rn.l -\,5') I)hrs the stoi.'hionrel r\. of tlrc corLpll.r.

Filst. kt rrs rousirlcl an elzl:rrrc, ri'ith a sirrgle set of er¡rivalent sites fL» a ligarirl.

Therr the association corst¿rnt: 1i is

(-l
r' -,1 r-r1r]

(.'21)

rrlic-re O is tire fiac,rion of sitcs occrrpierl l¡. Lhi: ligirlrl irncl lI] is thi'flee conccrrtr atiot.t

of ther ligrnxl. Also tlie to¡irl (ol(1'1itr'¿ltiort rif ligarrrl rI]r ciru be expr€tssc(l i1s

ltl,-lt)+nolMlr (2.5)

Ir,lrele r¡ i.s tltc trtrrlbcr r:¡f r:quir.alerrt sitcs ¡rxl il1]7 is the tot¿rl cotrcentr'¿itiori of cttz\riie.

Conibilirrg eqrl¿itioll,q 1. 1 arrl 2.i rvc ol¡tairr

(2 6)

O¡ thc otlier h¡¡id. thc Lot¿l lie¿rt r:oritclt () of the srihrtioti (rletelrlirrctI lclative ¡o

zelo fol thc fiee species) ¿rt fi¿rction¿1l s¡rtur¿tion O i-q

ú) - irOflll 7 \,{l' (2 7)

1'|ci r, -\11 is thc urr¡lar clt:urgo ol entiia\x' trpou associ:tti,:itr ¿rld 1: is tlie r-rihnrx' of

the tr.l1. Bv soh,irrg ('(1tr¿ltion 2.ii lirr' (-) arrd icpl.ati.ug it in tr1tratiou 2.7 l'e olrt.ritt tLe

lcl¿rt ion

t-r,- c-r (r t #k+ -,+) + ++ - 0

t"-a '",r"\lr '- A 
'/( 

l,--, )-,],r.\

ri'l¡ilh is rrserl to fir the titr¿i¡iol al¿rta ot)t¿rined il tlLc ITCE. As 1i ¿ncl \11 al e tlilccth'

EIn fact. rhe ¡e¡l ya|re ob¡aine{ liorl rhe titr'¿rti(»r exlrelincnt is tile hcat ch¿i[ge Let\\'cu]] t\ro
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0.0 0.5 1.0 1 .5 2.0 2.5 3.0

Molar Ratio MgADP / IiGK

Figule 2.16: Binding of ,\IgADP ro IC}li me¿sru'crl bI l'l c. The c-xpelirru'rrl r,as

l)r'l lufll lPi L ¿rT .1lr L.

obtairrr:rl f¡o¡L tlxr cxlleriincrrt, ,,L1so AGO anrl ,\5 can hc cllerivecl thtor-igli the i el¿rtii[r

^Go 
- n7.ln Ii- : -\11 7'-\s (2 e)

\\,1ier.c R is tlie gas aotrst¿tnt arid 7 rs tlre ¡cllpel¿ttruc ¿rt rvhit:li the ellpclirrtellt s-irs

prrrtblrrrerl.

Gelicralh.. thc change in s¡iec'ifir heat nporr liinding is ler'¡' stlal11. so tlle cllilngc irr

errthir$r, arxl cntropr- ¿[e quito telrll]cr'¿rtllre iriclcpcucilerrt. Ili this §'¿lr'. tlrer ficc etre'r'g.r'

chtnrgc can lte rlcasrlerl ¿t ¿l snr¿rll tcmper'¿rtruc ancl estiur¿rter'l :rt tl higlx'l' I eull)('r ¡tt I I l el

firrrn,rne exl)('r.i1nert.

Figt¡e 2.16 shorvs tllc -,-r¡sult of au ITCl Lindlrrg cxperittierrt pet'fc» rleil n'itli 11[ili

rorrsecLrtive irlc.ti.ous AQ. By using er¡ratir,rrr 2.E lirr r-'zrcli pail of cousccu¡ile illjc.rtions ¡r' Ii. ¿'lil¡l

All c¡n be L;litaiuccl.
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Table 2.3: Dependence of the kinetic properties of TIGK with temperature. The 1{¡¿

value is for ADP while the K¿ value is for ATP.

Terlpeltttur..t' k.* Kv Ki

C,

30
.10

5l-)

(-,(l

s 1 7r\I
29.7 + 0.1 21.; + 1.1

17.; + 0.7 26,r + LE

52.1 + l.).(:i 19.6 + 1.1

..q9.1 t 2.0 23.9 r 2.i

't.0. 10 r + 2.5. 10 5

s.2.10 1+5.5.10 5

6.7.10 1+1.2.10;
N.D.

artrl \IgADP :rt ;10 '(-le. This gir-r's a aGo 6 7 kcrrl,lrlol (r'cluivrrlerrt to a h,7 ol l Ii

' 10 :'). a -\11 of -7. 1 1«'a1¡uo1. arrd ¿r '\5- 2.26 cal,rrlril Ii Giveti the srl¿ll cllt ropl

¡isso( iirlcd u.ith tire biriiling er.elt. it is po,.siblc to estirrr¡rtc ir 1i¿ fi» t1ic TlCK-\IgADP

crllJrlcx ¿iL lhe {rl)tillL¿11 gros,t}r tornlret'tttlut oI f. 121¿rrl7s 1§(l a') ,'I \.1 1l) '.

To gairr it bettel rrrrdclstarrclitrg r,rf the cficct of temilcr¿rtule ort tlrr' ¡rl¡ilitl ol flClIi

t¡ clisct irlirratc: l.iettveerr ADP ancl ,\TP t'e pelfolurcrl the s¡urtc' c-xpei irtront shorvn itl

Figtrlc 2.1J. but ¿tt t\ro trx)te tcmper¿it1[cs. Tlrt-' r'csrrlts ale sLt rrl¿rLizecl irr'l'alrltl 2.It.

As in the c¿r.sc oI the riissciciirt iori cor:rsl¿rnt for thc ADP lrirrilirig both 1i,r¡ anrl Ii,

cloes rrot r,,rLv tuucl l.ithi¡ tlrc tonlper'¿ltrul) Liru3e ass:'ivcr1. sr¡rnehc»t-r'a,lirlating tlre

('xpol imel)¡s pu lblure'cl ¿rt los,ct lenrl)(r1 ¿tt1 l res.

Tbi'¡ngL Elnng's solli (Elring. 1gil¡) it is pr.r.'sib1e to ol.itaiu tLe fil'c erLelgr- o1'

¿l:tir¿tion of a gilcn Lr,¿lctirlr fion tlie clelrrnclcnce of ¡lrt' r,clrcitr. ( ollst¿lllt rvitlt tcut

pcl'¿itLlle 1rr- rtsiug tlte lelatj.on

- - (T)"(++) (2.10)

u,here l5 is the Bi¡ltzrii¿rrlr's cotrst¿urt. h is tlie Piarrk ¡ c(rrr¡tirlrt. lcl- is tL,' ;r, lir',rti,rrr

free enelgr'. anrl R is tltc girs tonstrtrrL. Also t ortsiilelilg th¿rt JGI : l/y't ' f-\.5'

(|eiug -\11I tlre at 1ir'¡r.tit.rit crrrh,rllx, and f 5't tlrr. ¿rctilatiorr elrrtiop¡') then the e(lllatiol1

alrole r,arr bc lorr,ril tel as

9Al1 thelmotl¡nirrni('(iorrsi¿1nts ar-c giterr irr 1lie bindirrg clirectiol.

5.1
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Figure 2.1 7: tr¡,'r'ing plot fil'
rIGK,

3.1 3.2

1oo0/T, K'1

the ADP cleperirlotit glucrokiuirse le¿r.tii»r c at¡l1r'ztrc1 lx'

J,J3.0

, lkt -T
:ln a.ai

RT
(2.11)

kn as+
hl R

Figure 2.17 shos,s a lrlit r.rl the ir.r(,A:,.,,1 lT l agaiust 7 r ' \\Iith thesc r1¿rt ¿r a rl tls

itrg r:r|r¿tion 2.11 it is ¡rlrssiblc r() estitn¿r(. a AHi of ti.L5 kcirlTirrrril and a A,9t -111.;l

ciil,,inrol . 1( fir¡ the tr¿lrsfer leactiorr. llor¡,elel. it is im¡rcl tatrt 1,o stless ottt th¿rt rvhile

r he AI1t calcrulal.ecl is irrclcpt lclent of tlic nrorlel uscd to rlesclilic |he liirrltic'.: of tlrt'

der.ompo-siriorr of ¡hc trarr-*ilion s¡atc ¡hc l5'1 is lot. Indeerl. tliis \'¿llir(-'is estitrl¡Il('(l

flr¡rrr the irircrsectiori of the Lr(A,,,¡/7) agairrst 7 1 plot l'hicli is ilre strn of tL(r tc1ln

ASÍ/,t ard lLr(/i6/h). ht this r,asc, lhe, latel tclm .-.r-lrres fronr the Evlilg s tLcllr' ¿rlirl

it is i'el¿r¡e(l rrith r,hc fierluetc¡"r¡f the lilrlatit¡rial rlocle t'espt»rsilile fol r:ouvcrtirtg thtr

a.rti\:ated c,orll>h.x to the procluct ¿rrcl shoukl r'all dcpcrirlilg ol tlic theor'¡- trscrl.

Tliis kinrl of ari¡ih-sis Las been pclfirlrlerl ori ritlteL ADP tlqrenrlerrt kiuases lrelbi t'
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(H¿ilrsen arirl Schijlheit. 2t)r.) 1: \erhccs e-l t.1... 2002). In fhc:t. ¿t stlall kiuh irt thc Alr'lit'

nius lrlre cur\,c ciln be obscrr,ecl at 60'(l in tltr: glllcokrri¡tso llrrllr P. .ftr,r"tt-tsu; (\'erliccs

et rrt..200)). Hou,elel'. srr:h a Lrelr¡r'ior c¡uruot bc olrserr-eri irr thc ph,lsplioliuctrtliirt¿tsl'

lrr-tn .,lr:h,oeoglobus lulgidtt,s (Hansen arrrl sc.hiinlxrit. 2001) lor iri onr c¿isc. L lfo¡lrr

rr¿r1eh.. th¡ r:xperi¡x1rts melrtiolcd ¿lltorr¡ ale not ver']. iufotrttatirr¡ sirlc'e thc lllots aie

c,¡irslr lctec-l rrsi¡g artir:itt' lahrr.s rne,¡rsttLecl'ur:irh ¿ fi{o(1 collc('11t} ¡1tiorL of ligarril arlrl

thetclbt'c the\' dO nOt represeDi lhe tlrrc mrrrirrttutt Yelcic:i1,r' of tlic etlz¡nc. Ill faa't. gi\1lll

tlL¿t the p|rt-. ¿r'e also Con-stltlcte(1 frr-,Irl spctrlic a.r¡ilitl an(1 rrot Á',,,r it is rrot possilrlc

to oltt¿irr ¿ri1t\' ¡helrltod\'nilrric' cluarrtitl clilectlr, florr theni. -\s snc-h, thel slioltlcl otrh'

lre usecl ¿rs ¿1 quitli¡¿itilc leferctce.
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CHAPTER

Specif,city evolution of the ADP-dependent

sugar kinase family

This work was originally published in the article: Merino, F., and Guixé, V. (2008).

Specificity evolution of the ADP-dependent sugar kinase family - /n silrco studies of the

glucokinase / phosphofructokinase bifunctionalenzyme from Methanoca ldococcus jannasch ii.

FEBS J. 275: 40334044.

Summary

]rr ser.er'¿rl ¿rltlr¿c¿r ol'tlrc E urytur:ho.e-ola glonp thc givcolvtic Ilnr proc:i'crLs tlitottgh ir

ilorLilicd versiol of thc ErrrLderr \Ie1,cr'hof pathrv¿ll-. \\-hcre tlte phosphofi uctoi;in¡rst' arrd

ghLcoliiniise eriz\rles usc ADP as tlic phcisphr» r.l clclxrr. These ertzvrncs are lrorttologotrs

f,o c¿rclr other. Irr tho ll-pelthenrroTrhilic lretlLtuiogclic aLcliaeon lIclLta,ttcttuklr.tr.:rx:r:¡ts

1at t.rt.u,,s t:hii. i¡ has J;itc-l] possible to iclcntifl' orrlr' otte br»rokrg for these enzl'mct''s. l'ltith

shol's l¡ot'li ADP-ilrl.rcuclent glucokilase ¡r1id phosplmfluctokilla-qo acti\'1t\'. This ertzuuc

h¡rs bccn ploposecl ¿rs ¿ur alcestr'¿r1 filrr in this f¿rrrilr.. Il this srrlli rr'e strtclierl tllo

cr.olntiorr of t ir is lri ol eil fzrnrilr' using i he Bar.e--ciatr rrtot]rorl of pll lcigerretic irrfiri'elce tt ttrl

le¡L vaLnc cl'olutiorr¿rlr. tl¿1ce ir. llclcr to test the rurccstral char'¿i(rte'L of thc lrifttrx lional

ellzJ::nte. Ailditron¿llr-. to se¿l'cir fol sper:ificity r-lctclrlin¿rnts of thcsi' tlo tuttctiotts l'c

llir,\.c lnodclcd the bifirrrctii»i:rl l)rotein and its ilitcr¿rctious lith both sttgat substlirt.s
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using proteitl-lig¿il(l docliing and Iestticttd rrrolcculal (1.r:Drrllr'(.. Thc resLtlls shorl' tli¡iT

the elrlutiouar'\. st or'\' of thrs falrilr-is c,ornpler. Thc rr¡ot of tlie talrtill is lottaterl iusltict

t|e ghrcokinase gt'otqr shou'irrg t1i¡t the Lifinct:iorial ottzrttte is lot ¿Lri turccsl,r'¿rl foltti.

l¡rt r:orrld be rr trarrsilional fblm fic»l glircoliirrirse t,o pllrspliofi'nctohiniise clutr to its

lras¿rl locatir¡r r.ithin the ¡rhosphofir«:tiikitiirse glnrp, The errihttiotiarl tli1cc atlcl tire

rnolccnlar modeling erpcrimcrrts shorvccl thal the sirccificitr. Iot fi'nctose-fr-lrhospltate

is liairrlv iol¿ltecl t,ith the st¿rlriliz atior r of :r lcgtitiye clialge iu t,lio plxrsphat c glortp.

l hcri:¿is the sperificit¡' fbr ghrcose is l elatcil ¡o thc plesence of sornc histidiires irrstt'ad of

ghrtiunilcs,/asptilaglrres ¿.rlr1 l.ith the ilrter¿xrtiotr of tbis ligand t j.¡h a glntiutic' ti'sir]lte

crii lespr.rnding to E82 irr tllc' l¡ilunctit»lal r:ttzr,tle.
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3.1 fntroduction

Sevcral artlr¿.ea of tlte Eu,¡'uutr:hrr:oto, groulr preser.t ¿r utticiuelr- iuodiftetl Etnbdel-\lr-

r e¡hof 1¡rths.ar. l,hich lnlolt.es t»ih- fonr r¡f tll. classic¿rl enz):rlrcs pleseut irr tlrt' c¿ttlouic¡l

1rat1r¡'ar- (\'etliees ri ol." 200:3). Oric oi lhc lllr)st stlikiilq l('ir1 llr('¡ o1 thi¡ rtrorlifitrl

glr.rlh.sis is the phosphi» ¡,1atiuri oI glur'osc arcl fi'ur:to-*c-6-phcispliate lrl ADP as ¡lx'

pliosphr»r'1 rllnor'. instc¿rr1 ol ATP. These ADP rlcpt'ncletrt kirr¿r,qcs ¡ne lrotttologotrs to

c¿ich r¡t1ier'¿tlrd tirev slxrrv nlr seqlrÉlrr.c slnrilalitr. to atil- of tho hithertri kttorvri ATP

{tpenclerrt cltz\,ula.S. T1xri, il l'irs ptcipcrseri th¿rt ther'§erc p¿rt of ¿l lie\\'f¿rrtilr',,1

Iii¡ases (Tirininga r:/ a1.. 1999). TLc pleserlrc of these ADP clqrerrrlt:lt enzvrtttt-. lt¡ls

lrcrrn ¡epolterl iri scver¿il rrx.rrtl;cLs t¡f f,lrc l.hentt ott¡r,ca1e s grolrp (Tlrilillga c/ ¿1.. 1999:

R¡rLi¡rns tt 0.t... 1999'. liogrt cl ¿1.. 2000t .leorrg lf al.. 2003) arrtl ¿rlso. l¡ascd ou kirrt'ti,

nrirl gcrro¡tic d¿tta. \:ctltees et ¿tL. pr'(il)Oseci the t¡rcratiou of tliis patll§¿r' itt sotlc

rrrcthanogerrric ¿r'chirea of t,\te ¡tetllun,oc:t¡cr,¿r1¿rs,rld ¡¡tetltunosa.rtitt.tr&:s glonps. (\i:r'hees

ef a1..200i). Receltlr-, Roninrns ancl \ [orgr'r,l (Rorirrrrs aud NIolgati. 2(X)1) r'cported

Lt .los(, horrrolog for thcsr. eltz\,lttcs irr liighei' i:uli¿n r,otil geuoutes. rvhir'L ltas signiflr rirrL

ADP clelrerrrltrit glttcokirtast: ¿ict i rit)'.

To rl¡te. t hc -ctructur'(-. oI the -\DP-clepenclerrt glncokirrr'iscs (ADP-GIi) fi'orrr 7ñr:r

ltoco(:rlts lttora.l.i.s (,Ito r,f ol.. 20t)1). P,yr rtr:rrc:l,s fru iostt," (Ito rl al.. 2t)013). al]cl P.¿/-

t.o(:o(:.tL-\ ht¡t.iAnsh i.i. (Tsnge c/ a1.. 2t)02) ald the ADllrlcpcnclel rt lrlxrs¡rhofrrri tokitiase

(-A.DP-PFK) flcttr Pt1'Tor.otr:tts hr.¡ri.l, o;l¡.i i (Crrrtri' cl al., 2009) har.e lreol sr¡h'erl Sur'-

plisinglr'. despitc tLo lori' seqrrcrii:c identitl of those elzlrlcs rvith thc hithelto krrol'tt

,\TP-depenrkrit hiuirses. f lu,r' can bc r 1¿rssified. lioru a strLtcttual pciirrt o1 r'ietl'. ¡rs

rrre¡rlrers of thc ribiikinrisc suporfillilr' (.Itc¡ r,t nl..20t)1). The libokir rirs+likc firld i'

lrasicallr' r'ornltosecl of ¿ui 8 s1r¿rnrlerl ,i sheet sulro¡-urdecl b¡' 8 a hdices. ii irr otlc sirle

¿¡d i in tlr¡ other'. Thi" f¿tnilr'\yiis l1ist ploposcrl 1¡r, Rolk r:1 a1. (199;i) Lasccl jttst orr

seqllcil(ie aliqrurrents. since tlte [ilst -strrrctule firr a mcrri]rct of this frulilr'lvirs lllt])lisltc{l

file ¡'ears 1atr.r (Srgleil r,f ol.. 1998). \Ierlbels of this f¿nrilr' (:.lrpl ise .\'f1' rleperxlctrt
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liinascs of fiuctrise-6-pliosphate. h'rict osc- l-¡rhosphate, 1¿1g¡ltose-6-phospltatt'. IiLtcrtost'.

libose. and mtr'lr,osrclcs. J{or.. r-ith rnole stmctni'¿ll irifurrlatir»r ¿n'ari¿rlric il h¿s hccl

possiJ)le tu leruogrrizc that the lrbokil¿sc supcrf¿rnlih rrlso cont¿rins erzl'rtlcs th¡it c¡tt

triillsf'c¡ tl¡'. qo¡t¡t1u phosphatr: of ATP to sorrrr¡ r.it¿rinils irvrlr'eci ilr the B(j snttltlsis.

iilic p¡icloxal kurasc (Li r,f rrl.. 2002) arrd ADP-clcpnirlent kinascs. Then. tltis sllpelf¿tII-

i1r' carr |e slrbcLr,idccl iu thler-. m:r.jol glorrps: thc ATP rlepeurlcut sngal liina-.es eat lit'r'

dcsc¡iL,-.cl l11.Rolk. tho ATP cleperrrlr.rrt r.itarriin kill¿rscs. ¿llr.il the ADI) cltpettclerrt sttgill'

lii ases. The rn¿in str11( tr-1ral rliffclr. c c l-retrveerr thu r.iLauriu hiir¿rsc l'|21'tttes ¡"irtl tlrr:

otlul trr,r.r groups is th¿rt the lblnter' lrlcscnts onh. tlle' ¡oLc rr l¡i rii¡rkiu¿rsc lilie firld

(1alp,e rlrnlarri). r.hcleas tlie errz¡.rnes belorrgilg t,o the otlici glotr¡rs htnt. irr aclclitriil.

a srriall rloru¿ij.n cornposetl all-¿r.s ]». ¡r,,J--.heet and sorriotimos b1'sorrrc o hclical irtsll

tirtrrs. 'I'his rl¡¡tairr acts ¿rs a lid ilr thc a(]ti\.e sito irlr(l h¿rs been prrtpciserl tts a goorl

fihrlogenetiir 1]r¿irlicr fot the eviiLrtiol ofthis srqrcrltitnih'(ZItang el al., 2001). .\lthougli

tlret st11lc:1i1llc of several nrcmhcr.'-q of tLis srL¡rcrfarnllr' is ¿nail¿rble. tlrele ¿itc fo\\: l'epolt-s

th:rt ¿rclclrcss. tloin a stnt:1rtrlr1 pelspcrlivc, the er-ohitiori i.il the gi'otp (firl errrmplt:.

,see (Zhalg cl a1.. 200J)).

A s a les¡it of thc biologii'al ilnportal]ce r if thc ident itr. of tLc 1rhosp1rolr.1 ilotiot . thet e

h¿rs Ict:rr sol¡e ¿lttenrion to tlie strlr.tlrrel iletelmin¡rirts fr» 1he -\TF'¡,\DP spcr,ificitr'

(Ilo r:t o.l..2tX)1). Orr thr- otlicr harid. to tlir. Lest of onl kroslcclge. lac'kiug ¿tlc stll(iic¡

trcldt'essing. ir orl ¿l -structultrl poilt of r.ierv, 1 lur issue ol thc -sng¿tr specifi( i1 \'. Pi ob¿rblv.

tliis is rrr¿rirrlr. dLrc to tlte al.isi-.lc c of ¿ stntctruc of au ADI'-PFK co ci r'-*1 ¿l11izer1 t'itL

fnrctose-6-phosphatc ar ailable to (1atc.

The hl.peltlrelnrr4rhilic neth¡lrogcriic alcheorr Ilt.tltanocalrLocor rtts ,iuttrLt sr:lt i i lns

.]lLst one -\D1'-rlcpcrrrlent errz\'urc. r,hich has J¡ceu hiletic¿rllr- ch¿ll ¿t.rl el ize(l l»'ts'o tlit

felelrt group-s (\¡er'hees r:t. ol..2[t01: Sakulalra r:1. nl.. ')002). Ilterestitrgh'. this ertzlurc

has significant ,,\DP dc¡.renderrt liirr¿st ¿rc'rilitv with glucose irrLrl fiur tosc-(i-phospha tt'.

Inlrii¡itiorr sirrclies slurlcd that pliibilblr' botL strgils c¡lr liiritl 1o thc s¿ltlte sittr irt tlre
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erz\rnc (Sakul aba et o.1... 20{)2), ts¿serd otr this fé¿tttue it \\'a-r l)r'opose(l th¡rt this ctt-

z\rle is ¿ru all('r.str ¡ll li»ln th¿t oliqirratrrl the t$'o sep¿u^¿ltccl siret ifit'ities thtruglr gerre

rhrplication. Hrirvcru'. altlrongh tht.r'c ¿uc ser-ertr.l rlclrhogtanrs pnlrlishrrrl fi¡r'¡he.\DP

dcpcnclettt fiuüih'. tlIC1c ¿1I'c r.it pll\'l( )gcticl ic s¡urlies ¡r'ail¡lr1c.

In this l r,,r'k wc ¿ur,i1\'zr: the er-olu jion of the ADP-dq)en(lent f¿tmil]' ttf kitr¡tsc-< trs

irig tlic Ba¡.esiari rrx.tllrcl of ¡rlntrgenetir: irrf'eteuc;e attrl Ie¿rl r,¿r1uc cloltrtiorrill l t1¡1(i('

(r.r.ET) (\Iihalek r:t a|..2001) to test the arrccsl ral ch:uactct of the lrifjttiirt iorral ctr

zlme ancl to search fbi' sltet ifii:itr' .lctcrrlinallts of fiux tiou. Also. rr'e h¡rve tlt.,i'lelecl thl'

ADP clepenck.rt ghrc:okinase/1;llispltofi rrr:toliir¿1-qe erlZ\:1Ilc (ADP-C]1(i PFIi) arril rts in-

r(.r'¿rction l.ith ghri;osr. ¿rld frn( tosc-6-phospL:r.tc. Tr¡ the lrcst of otti lillxlleclge. tllis is

1lrC fi¡t tiirtr.tltat ¡l)r'otoitr¡1ruitlu¡rLrrrorli,llrotrirrlioljruIr¡¡i-(j-ltltoslrLirtt'is¿r'¡il;rl¡lt'

fol ¿r uto11tber of t|e riboki¡ase ,sirpr:t l]ltih..
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3.2

3.2.1 Sequence and structural alignments, evolutionary trace,

codon usage and phylogenetic analysis

Tlrc strlrctulc of the ADI'-(]h -s fl c»l P'lr o¿,o¿ t:u.s l¡ot iA:oshl.i, Prlnr:or.t rts ftrllo»rrs. irtlcl

Tlt¡.¡ ¡ n.or:¡¡t:r:tLs Litorut,t,t.s (I'DB ID's 1L2L. lLIA 1. ¿rrrri 1GCi rcspectileh') alcl tlte strrrc

trrr.r: of ilre ..\DP-PFI( flottt Pynxorr:u.s lt,orikoshii IPDB ID 1U2X) \\'t.r'c sllrrr'tlii¡llr'

alignerl usirrg tll: CE \lC ])r'ogr¿lur (Ciud:i cf al.. 2{J01). -A.dclitit»i¿ilh' ,^trt L L¡ill¡ r'¡l-.

split off into srl¿Lll anal l¿rlge rlorlains. -\ ruru, srLuctural aligtturent rvirs pelfoi'nrcrl It»'

tho sepaf iite.l rl.,ur¡¡,ils Lrsing tlIC Dccp\''ier' l)1ogr¡1111 (G¡ex ancl Peitst'1i. 199i). Lsirrg

1lt(,¡(. I\ro sttu(.1111¿ii iiligrnnctrts ir 1itra1 sr,rlrtt'tici'¿lligttllt('ttt \\:¿l:. ('1r11s1111(rt('(1. 
'\11 

thr'¡rl-

clrrreal sr.rlucnces ftil ADP-rbpeudert kln¡ises ar¿rl¿rJric irt the GcucBarlk trol rerlltttrlatrl

rl¿r1¿iirase rvele aliguccl irr ChrstalX (Tiriirr4rsou et 0,1,.. 1997) Lrsilg tLc's1rlt(tur'¡r1 ¿ligll

rrrcnt lireviotlslr' r.orr¡tlnl,ted a: ir plofile ¿rirr1 firrallr', this aligrLruelt tt'as toiretted llrart-

u¿tllr'. Then tLÉr sc.lLlcn.res of thc crrkat ¡'oticr -\DP GK s rvcrc aligtterl irr c:Iit-qt¡l\ to tho

iir¡¡tr:r itligrllr.rrt. This firral aJ.iglnrcnt \\'as again colrcated tu¡rtrLr¿rllt'usittg tltt: sel'-

oildar'). st]rictrlrt' preclictiorr Pctlbtttlecl lrr-thc.lpied selYcrl (Cuff r,f al.. 1998) filr the

\lus rlusctrltts ADP GN as ¿] grli.le.

To studr. possible specificitl de¡erurirr,rirts rvithir this laurilv a rc¿r1 r'a1ue evoltr-

tiorr¿11\' tt¿lce (\lihaiek cl al.. 2001) ¿11a1.\'sis rvzrs pcrlirt nrecl ft.rl tltc ¿¡rc:lt¿re¡tl scclLtctLc'es

ilchrcliug l){rtil bire{rificiti('s ¿¡.s rvcll as firi tltc tl'o sperifit'ities sepalaleh'.

A ph¡ügorcttc tlee fi¡t thc ¿rr.ltae¿l ADP-rlepe rrriclt fhnih.of kitiase-. \y.is troll

structe:rl rrsitrg the B¿,\:(.-si¿r,n metlrr¡cl of ph¡,1¡r*"rr",ta ilrfclcnce iri{rli'urctttecl in -\lrBat'es

3.1 (IIuelserrl¡er.k a (l Ronctuist, 2001t Rorrc¡rist ¿rnd Huelsettbcck. 2003). fhc' enkalr-

etic scc¡-rclcres rvele uscd as the ollt gilllp. To test the possibilitr. of hotizotital gelc

tt ¿rrrsfr.L i¡ this f¿tnih'. tbc gerres t,ele glorrlred arrrlrtlirrg to tlntil r(r¿ti\-e s\-t1olllllloLt.!

Experimental Procedures

L ¡rvailalrie ¡t http : //iri'!^'. compbio. dundee. ac . uk/ -!lwl^r- j p¡ed
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('o(iorr Lls¿rge with the CCILL\ 1.2 ¡r()ft\:¡u (. (\k'Irrc'..rxrr.. 1991i). Arklitic»i¿ilh. thc. -{llP

GIi gerie ftt tn llr,tltuto tJt.rh l.hcnn.o¡tltiLo \\:¿rs courp¿ucd u,ith all the ¿r't.liac¿il Sctlolrres

iru'hxlccl in the phrlogtrrctic au¿ür sis lrsilB the gr¿lphical cod,lr lISaBe arrah',si-s soft\\:ar'('

(Fnlrrrrrnrrrr tt d..2.001). -Also. Allt' PFI{ s ¿urd ADP-Clti s fiorn thc ?t) (:fl)o ¡) o s a.J'(-:irLllt .\

gr'tnlp \yo'e ( olru)al ed to thcir o\\rr ge11o111e.: llsirg thc s¿ll]lc l)rocellufe.

3.2.2 Molecular modeling of the bifunctional enzyme

Silce it has been shorur that lrilclilg of tfie phosJrlior¡l ¿r.rccptol' liginrrl c,,'rtt change

lire angle betrrccrr thc trvo domains iri rncrnbers r¡f tlle rilrokiu¿rsc su¡relfililr'. tlic lti

firirciorL¿rl euzl'1le lras moilclccl in ts.o diffel eirt conforrlations. The opt:tr r ottloLrtr ¿ttioiL

u'as rlorlelecl usirrg 1Li2\ ¿ls template. -fLis cnzr,me lias 1(l% se(llrcntc iclerrtitl rritli titct

ADP GI{/PFN. Tliele is ii ruric¡re sti'u(.ture irr thc cLrsecl c i »rfi¡r'rl¿ttir¡tt (1L.A1) rrliich

sli¿rlcs olh' 25% of seqnerrce idcn¡itv rvith tlie ADP-GKrlPFK. Bei:¿tttse thrs lelt'l of -"r-

querrce siuilalitr, ploduces lrorlels th¿t are rlot ¿1pplopli¿ted fol thc stttcljes petfirtmecl

in this l'or'li. 11J2X ¿ricl ILA-l rvere rscd as templates as follorvs: lU2X rv¿s split off

irrto its largc aricl snall dorii¿iirrs arrrl then trligned rvith 1l,Al. L¿itel tlie t losc'rl clzvrrte

ancl alsc¡ the trio fi¿rgnents \\.e] e uscd as terrplates fc» thc clost'cl cortforrratiol.

15 rnoclt.l-* §.cro corstt'Lrcteri fil c¿rch corrfolrrt¿ttiott l'ith \IODELLER E (Sa,ll rilrl

Bhurde11. 199;l). Tlic cluiilitv of tLe rloclels u'as erahrritcd ttsiug PROCHECK (Lasl«lvshi

r:f rl.. 1993), Plos¿i20ilil (Sippl. 19911). \rclifr,ilD (Liitln- r,i u.l..1992). i'rncl PloQ (\\alLrer

¿uid Elol,sson, 2003 ).

3.2.3 Partial charges derivation and docking calculations

To test the rc.sults of the lr.E'l' ¿r.rr¿.ilr'sis. o-L)-ghrcr-,sc ald ,l-D-fnrctosc 6 phoslrhir.tc'

r,ele clocked to thr. bcst lroclel of thc i.rrzvrre in e¡rch conftilrrlatioll. The atouric paltial

c-lrargcs of .¿1ch 1nolec1lle rvere delir.trl s,itli the R.ED 111 progr'¿url (Pigache ef al.. 200 1)

using tire ligirl borl1. rcoricrl ation algolitlrrri ¿r1r(1 thc RESP.{l rtrcrlel fol llie c}rarge
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fittirrg. Thc qrlalrtiun rncchauics srifil'¿ue ttsetl rv¿ts PC'-GA\IESS 7. 1r' Tho rlelir¡tiou

Ior fructosc-6-1>hosphate \\'as (lo1lc nsirrg the rnultj nrokrclle ¡tppro¿( ll rvi¡h l-D-firti:tose

alcl methr,l-plrr.rsPhittr-' its fr'¿iBtlteIIts.

Tlre /ir¡ nc¿lslu r'1llellts pcrfcittllecl b¡'Sakuraba et a.l. (.2()D) u'ete clo]lc at pH ti.i

fi¡r firrc.tose [l-pLosphate .lrl(l glr-lcose. '1-o r¿r]ie t]ris clfcr t ittto a(r(oLLlrl. thc protorLatiLru

-state of tlit ionrzable t(,'si.lites lras plcclii terl at pH fl.5 irr cacir cottfi it urat iriu nsing the

rvcir selr-er H++'r (Cilriol cl a1.. 2005). Aftel this lrrocerltrrc paltial chatges rvltc aclclerl

l'ith the CH,\R\{\f lblce flcltl i\Iaclit:tell Jl r,/ al.. 1998).

'l'irc docking i ¿rlcul¿ttir¡ns l.elc perfirrrrrt,rl l-ith AntoDocl< 1 (\lirris cf al.. 199E) l'itlr

the prrrtrmatkrn stiltes in ¿icc'ot d l itli the pH 's 11so.1 in t lre kiltctic experiltlortts pel'filrlr('(l

br- S¿¡,krrlalra s glorrp (Srlknlab.a c,t t,l..2l)02). Fiftv separa¡c.l trtlrs of tirc Latttiuliirtl gt'

trctic algrit'itltrrr rrsirrg 2.5()0,(JrJfJ crlcrg:!. e\'¿hratiorts ¡utd the other l)¿il ¿t lllet('r s a-s rlefarrlt

t¡elc pclfolnted fbt llrth ligtirrds rn tlre opcu cr¡nfcilrr¿Lticin. The s¿rrle plot'crlttrc tvtts

usecl fir¡ tlic ckrsej crrrrfot n¿rtior r exccpt t1l¡rt t'Lcu thc ligancl r,irs fi ttcto-*t'-6- plioslrll ¡1c

the turlb<,r r.rf cnerg¡' er.¿rhratiors l'as r¿risecl to 25.i100.(ltX).

All t.lie side t li¿rins u'ele ligid in tlre c:¿rlc: rrl¿rtior r s ll,ith the rilreu ccinfbntiatiol trrrc'i

ir t|er r:¿üc:rrlatio¡ r.itli the closercl r'orfoniiirtion anrl glurcist-'. Attel tlx'uriirlelitrg purce

drt¡e tlrc srdc chain of Ii170 poiut fal fxll tire birrrlirig site irr the rkrsetl cottlriLtttatiutr

probablv rhrc to chalge coristL¿rilts in ther ¿rbsclce of tle phosphate grotqr of fitrr'tost'

§-piiosphiltc. R¡i this rc¿lson. tllis side chlrin s'¿rs iiee to lrlo\.(' l.hen tlii' liga tirl I'ir.s

fr.'ttctose-6-pirosphirte iri tLis cott fot rtt¿ttii»r.

lrr thc 1§:o rlockrrrg c¿i1.u1ati()rrs tli¿rt irn-rih.c gltrcose. ,iust the borxl lrett'eerr thcr

Cl5 and Cl6 r,as free to Lot¿tte. \\.her'c¿i-s l hen thc ligarrci rvtrs fi Lurtost' 6 lthosphatr-'. l lle

l¡orxls betl een C1 arrd C2. Cl5 arid C'6, C6 arrd 06. ¿incl Oti ¿¡rr.L t hc pltosphatc alottt

rvcr,: free.

:Gr¿tnor.skr- AA. http: //c1ass ic. chem. rasu. su/gran/garoess/ inder. html
3¡r¡-¿ril¿il ¡lc ¡r¡ http :,//biophysics . cs . vt . edu/H++
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CHAPTER 3 3.2. EIPERI\IENTAL PROCtrDLIR!]S

3.2.4 Restricted molecular dynamics calculations

To test 11hetlier tlic iDtclir(tiorrs plcclic,trrl b1. tlio clockiig c¿IlcLtati()IIS firt lrotit sng,-

als in tlx,closcd r'onfr» tIt;ttia»i \\'erc -staltle. rcsttic'ted rlok-'crtlal ch'rr¿uric-" siuttltrtioris

rvere pelfblmr..c1. Tho slstell] §-¿s soh'¿r.terl r,itlr the srI¿rllcst possible sphcte of \-atrlt'

a11{ all ¡hc sirmrl¿tiols rvele pclfollier-L \\'1th \,\flD 2.6 uslrrg the sphclical lroturcL¿rr'.\'

corrrlitirrrr ¿1r]al the SHAKtr cols¡l¿ljrris (Pliil]ip-s et uL..2l)Qj'1. The sls¡t'uts u'ele rlirr-

imizccl l'itll 1.500 itelations of the coljngalecl glarlierrt ¿rlgorithrr. L¿ttcL. the svsit'rrr

rvirs eclrrililrrated a,t 300 Ii fbl l-iO picoser'rlirls ¡ilrl the¡ the sinurl¿tioti r,as i'xtelrled f,,r

0.5 naloseconcls rrsing a tilne step rif 2 fcrntosecorids. -\11 thc'resiclttcs r,itli ¿t lc¿rsl ritte

¿rtonl ilsi(1e ,r 7 Á raclius ,-rf tlrr: ligand rre¡c liu: to nro\¡e. s'hilc the olltt'rs ¡r:l'e firtrl

il the eclnilil»:rtiol ¿urrl sirrrrl¡rtic»r steps. All tLc ¿i1oms rvet e ficc iu the ltriuituizatiot r

pior:erhuc. BcitL silnulatioirs l'crr. perfoinLeil ttsiug the CIHA11llII fbrrre frr'1d (\lacTi-

crell ,! r,f ¿/.. 1998; Folc¡rpe anrl \IrrcXeieil .lr'. 2t)(X): \I¿iclielcll ,Jr ancl B¿uiar'¿rli, 2000).

The palarnct crs fol glurrr..c l'ete ¡r'ail¡rlrlc nr CHAR\I}I. Fot filrr'tosc li 1r1rosplizrl.e rve

n-serl thc par'¿uleters lirr'1he srrgar' lrhosphatt, ¿r.¿ril¿rble fiir thc uttcleic atrirls (FirlopPc

alrl \I¿rr.Iieloll ,lt. 2tlt)01 \I¿rr.I(elell ,h ¿lrl -Bal¿ir'¿iii. 2000). The sanrc p¿utia1 (IIing.s

lused iti ¡hc ckrckurg c¿rlclll¿ttiolt,s s'ettt ttsccl here.

.\ll tltr.sfr¡r.trLi.tJ. ligrrrr.s itr. \y(.ll ¡rs llr(.tiiij(xtor'\'arral\-sis rvcrr'1rt't fiit ttiixl llsillg tll('

\,.f 1L) solls'¿rrc (Hurlphi ev et al.. 1996) .
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CHAPTER 3 3.3. RESULTS AND DISCUSSIO\

3.3 Results and Discussion

3.3.1 Evolutionary analysis of the ADP-dependent kinase fam-

ilv

To study the evolutiorr of the arch¿real p¿rt of the ADP-dependent fan lr, ¿ phvlogc-

netic tlee was constructed using the Bayesian method of phylogenetic inference with

the enkaryotic part as the out-gronp. The archaeal group presents ADP-GK's and

ADP-PFK's. while the eukaryotic gro p present only ADP-GK's. For this reasotr. it

seems reasonable to think that the divergenco l¡etween the archaeal and euk¿,rvotic

groups occurred prior to the gene drrplication event in the archaeal part. Based orr this

h¡rpothesis the eukaryotic group was chosen as out-group.

Tho inferrecl tree was very robust to thc improvements in the alignment used irr terms

of topology and postcrior probability (not shou,n). Also" it was very siniilirr to the dcn,

drogratn proJrosed by Ronimus and l{organ 2004 using the maximr¡m pa.tsirnon-v- ilncl

rreighbor joining methods. It shows basically five groups: the ADP-GI('s fiorrr erukary-

otic solrrces (out-group seqnences), the ADP-GK's fTom the themnococcales gloup, the

ADP-GK's from the methanosarci,n,ales group, the ADP-PFK's from the thermococcule.s

and m ethan,ococcales gloups, and the ADP-PFK's from the methanosa,rci,n ales grotrp

(Figure 3.1). Surprisingly, the root of thc cladogram was not between the ADP-PFK s

¿nd the ADP-GK's. Instead. it was located betwee¡r the ADP-GK's from theryn,or:oc-

cales a¡rd methanosarc'inaJes. This mea¡rs that there was not a bifurrctiontrl origüt as

was proposed early by S¿kuraba et al. (2002). The two ADP-PFK's groups appear

from the same c1arlc as the thermococcales .\DP-GK's. Unfr¡rtunately. thc ouly char-

acterized gene from a methanogenic souroe is the ADP-GK/PFK from M. janno,sclnr.

B¿r^sed on the evolutionary trace and phl.logenetic results (see belorv). it is possible that

the ADP-PFK's fiom the nt ethanosarc'inales group can ¿Lso use glucose a^s phosplurryl

acceptor. This could be important especially for the operation of thc Embden-Ntleycrhof
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- 
0.1 Changes per slte

,torarsADP-GK ('1GC5)

hor¡kosh¡¡ ADP -GK (1 L2Lj
abysslADP-GK

furbsus AoP-GK (1U44)
kodakarensis ADP-GK

Pyrococcus hotíkosh¡¡ ADP-PFK (1 U2X)
aby,ss/ ADP-PFK

,.U¡¡osus ADP-PFK
The nococcus l¡toral¡s ADP-PFK
T he rmoco cc u s kod akarersis ADP-PFK
Themococcus z¡ ¡gi¡ AD?-PFK

jannaschii ADP-G,(JPFK
¡nar¡palud¡s AOP-PFK

ace¿ivo¡alls ADP-PFK
ñaze¡AOP-?FK

barke, ADP-PFK
buñan¡¡AOP-PFK

acelivolars ADP-GK
barker¡ AoP-GK

mazei aoP-GK
Methanococca¡des bu¡1orll ADP-GK

thermoph¡la ADP-GK

Figur.e t3.1: Phr.L;gr.uctrc tlee. of the ADP clelrcurlent srrgar kin:rsc farnil¡.. The errkrlÍ
oti(. gr.JrLp ¡,rr-. rrsecl as tLc olrtgr'(,1111. Tlxr l)os¡eri()r' ptr.ibabilitr- rtf eacll split is shol.rr

i¡ ¡he ¡orlcs. The distari«t to the orltgrolrl) scqLler(ri's cloes rrcit Ieplascllt ¡1x'dist¿ritr'
lrr r|e r.eai trr.e. Lrec.¡rrLse t1lcv ale cnrlr'userl irr the figutc to lroillt or.tt the platt'u'helc

tlle loot of the archae¡rl l)¿ut js loc¿ited. The positic»i of tlrr' bifirric'tictttal cttzlttte i-
highlighteri lrt'lxrlcl k:ttct s.

pritlrvar, it ]1. l¡.urton.it sincc the -\DP GIi gurie in this olganisnr has rr lrig Cl-ttllruill¿rl

fleletion iurcil probablr' this pr,:teiri is rot fiurction¿il. Literestinglr'. tlic test of the se-

rlrrc¡c.e sltor-s thi-. s¿rrle coitselr.:rtiol p¿r¡tcll of tLc other ghlcokinascs. sllggcslillg tll¿It

cithcr t.he e'\.o1tt is l'e( Ét1tt ol tliat tliis l)r'otcin is still pelfiirrnilg its flttit-tiorr itt sr¡tttt'

\\.¿ -.

To tcst thc lr.¡l¡ustncss r¡f thc loot -.. place. ¿l 11c\\" r'ootirrg u'ils perfbt merl rrsirlg othcr'

rllcrnlrels r-if tiit ¡il¡o1ii]l¿rsc srrperfaririh' ¿ls tlle ollt-grorlp. Again. thc root of the glorql

appe¿r's irr the s¿tuc place l'itli a high postiriril probrrhi1itl1' (lot shol'tt).

T¡ expl:ri¡ thc topoLrgy of tlie cil¡trrinecl plrr,lo.ettct c t1'ee l))orc fliali tr. gcle rhl¡li

cirtiorl (-\.c1rt is rreccssar'\'l¡er',tuse tlio ADP Clli s frc¡n r t,lta lh t'rtrtoc:ocr o.ft:s grtltlp allpQil

to l¡e ¡ro¡c siruila¡ to the ADI'-PFK s th¿ru to othcl ADP-GI( s. Orre possible trrpLa

6E
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1r¿1tio «)111d tie tlr¿t ¿r gene rhrplicatiorr cYLrrt oc.rrrletl aflel the clil.tllgelcc J)('tweerl

t\y: tltc-rn¡.oux r:aftr,s aricl ¡nctlton.osutti¡t u/es glonp-s ¿iu(l liita'r. ¿1] elellt of l¿rtclal gell(l

tlrlltsf(.r. ¿rilclecl tlie ADP PFK artir.itv to the urctliattogenirr g«rup. A silrriltu sc:etial ir.,

fi¡. tlrt, g¡¡c¡atiorr iif pirlalogilis pl'otcil)s iur.oh'iug latclal geue tr'¡ursfcr has lrtllt pttr

po-...erl br. Clogarterr r:l al. (2(X)2). lir test this lrr,potliesi-.. thc alt h¡rc¿t1 gerres itlclnrled irr

thc fi-,r rlrer' ¿i]ta]r.sis §r:r'e g|oupcd ¿rccolding to thcir rclatile slrton\-tlttLls ccirlott Ll-t:tgc

(\Ic|re¡¡.¡., 1998). 'fhc clnstt lilg of the genr,s shorvs b¿rsic¿ilh' trvt.r gloul;s (FigLu'c i3.2).

Orrr of thenl is forrrecl ]11. 1l1p o1.11¡.r lionr rrLcl htrt togclic al cliac¿r artcl tirc olher is I,¡t lrtrrl

|i.t|e gcnt-.s fi'orir ¡1ic hrpelthcrmophilic alc:lr¿rt-'¿1. This -*hou's th¡.t the (ro(lotl us¿lgc of

these gencs is rri gc.rod ¿lgleerlcnt \,itli the irh.t'krgerN'of the ¿rcli¿re:il g rtrp arid rloes

¡ot sllppott the liolizorr¡¿l gene tr¿r1lsler ploposal. Howet'et, this lx'thodolrgr- lails

l,1ten thc l¿rtelril rnor.i.llerrt h¿rs or'crulc.d clecp in tlre crolutiott l¡cc¿rnsc c'orlott trsirge i'.

niiskerl tlilouglr timc clue to the rrr;crunnlation of se\.cral rllut¿11ions. This 1l)eil1l-r tlltlt

it rs possi[h th¡,li the (.\.c1tt \ye alc sealc,Lilg fol is too arl('ieltt to be capturecl lrt'tlris

r1icthoclologr'. HO§-eYei. it has l¡eerr shos.rr that hr»izotit¿rl getle tr'¿lllsfet is colltirrlrotislr'

ur¡rlifr-i¡g the pr'ok¿ulotic g(,llo11les ¡r"nd tiiat thc r¿rte cif tr,rlsfer of liottsekt'c1;itlg gt'Dcs

is signifir alt iJaitr r:t ¿1.. 1ilfl9). Tltc r,,nlr' e\ccptioil il llre r-hr-stelirg sct'rr iu figtrre

il.2 is tlre ADP GK toIrt lÍ r:t.ln¡tothri:: therrn.rrythila rvhich appc¿l1s irisiilc t he lr¡?cl

thc¡¡rophilii: ¿rrcillaeil,l group. Ilrcn. the r'orlon usagc of this genc l'as compalecl to the

(llLloll 1s¡rgc ol the l hole gelolrlcs of thc alclraca ttsecl itr tLo phllogelctic irifelcnce irr

te1rrrs oI ¡elrltir.e aclaptivcness (Frrhlnartr- r'.1, t11..2001). This ¿111¿111-sis shr¡rvet1 tliat. irr

{¿ct, tirt. co.lon rr-s¿rgc r¡f tlrr-* r\DP GK is urolc siltil¿u tt.r the cotlol usilgr..rf t}re 7ñcr

ftloco(:(:lt,\ rrlder tli:rrr to it-q o\\'tl gent»nc (Figulc i3.2. irrstr). l[¿,t]t,uttc¡lhrit th.c.rnt o¡th.il.o

is a tho¡¡rr3phiiic ¿ircheorr th¿lt c¿ur Blo\\' ilt tctllpel'¿ltlu cs llelweÉ'Ir li5 arlrl 7ll 'C' §-1rilc

the aldr¿rr..tt fi.oru the Lhenr¡.t¡c:t¡c:c:alr:,s group ('i1t gtol ltctrr-cen 65 ¿r.Irrl 100 'Cl. This littl,

ternper¿rtlulr or-ell;r1r -suggests that ,11. tÍtcrnt,ophilu, can live iri thc s¿11]te li¿rbit¿t ¿s solrle

tl t ttt¡ r ¡ror,t .ll r:.s (¿rt ieast irr tcrr¡s of glou'tli terr4rt't at ult:) givirtg a t:Ii¿tnce for latr-'ral geric
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ó

E

Éi§::E

::üi.si

I k¡dár.¡e¡s6 ADP PFx

I aoda/r¿lensA ADPGK

-0,1

I'igrrro 3.2: CorLrn Lrsagc r'orrrparisol for tLc ADP rleperrtlt:rrt getres firrru archaeal

sour[es. Dcrxl.rogr au grorrpirLg tlre ge.ircs irr:rot clilg to t]rciI ar,er'¿rge rlillcrettl'e in lt'l-
¿rtive sl-ltott\.¡lrLts rr;rlort tls¿ige. Irrsc¡: ccinrpruisort Jrctt'eetr the ttitlou lls¿,ige (lf tirc
ADP-GK fiom ,11. thentto¡úila. alcl tlie gcnome,. of tlte tuch¿ro¿i ittchrrlerl il tlte lelatilt'
s\-nou\lrioLl-< crodol] us¿1ge artall'sis in telrls ol ro]atiIe irtlalltil'cnerss.

tr¿¡.risfi:r. Althorrgh it does uot cxplir,in the topolog-r' of the plniogenetit: tlce it giv'-s

cvirlerrre to corrfirrn that latci¡ll gcne tr irrrslirt ricctrrretl ri'jthin this larrtil¡'. Hol-cler',

ru'hen tlte s¿11]tc pt'oce(lut (- is rr''secl to Coml)are tlie ADP GJi's ¿uirl ADP-PFI{ s lioll

¡n etlutnt¡sa tr.i.¡¡,a,lc.s ri'ith theil gtnornes it is rrr¡t possible to sac artr' signifit ant rliffr:r'ctrt,e

(not slursri).

3.3.2 Molecular modeling of the t¡ifunctional enzyme

To strulr. rrr cletail thc strucrrrr¿il rlr.tt.r'mi.nant s of the -strgar spec'ificitr- rrtthin tlrrt AI)P-

rlepcrderir kiriasc fariilr,. the stirrctule rif tLe ADP-GK/PFI{ crizvrne fiottt .llt:lhtttotnl
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¡l.ar:r¡tt:tt,s jannosr.h,ii l¡rs rlocleierl ttsitrg ht»irologl ruotlclitig. The ¿rc¡irr site ol t:ircse

cllzyrles is locatefl t¡ a c]efi ltetween the tr-o dorlaiu-s. It 1l ¿'t.s ltetri lll er-itttisl¡' repolte(l

that |irrling of tltr: pliosphoir-1 acceptor rrarr lhalge the lcl¿ttir-e orlellt¡tioll llctrl'eelt

the l;rrgc ¿rnrl striail clomtriris in sevcr'¿l liinascs of ¡he tiboliiuaso srqrerfrrrrtilr (Tsrrgt'

¡,t at..2l)02: Sigr¡ll cf ¿1.. 199E; Schnut¿rcher c/ ¿¿1.. 2000). Speciflcalh'. thc trllo dolrl¿Iirrs

¿tppro¿rch o¿1.ih otlrct n,heri th¡' ligartrl i-s lrorurcl chaugirg the ettz¡'ute lLorii ari olrcr to

a r:losed corrfilrn¿t ion. Fol this lr.¿sr¡n. tlie bifnnction¿1 erlz\:Illc \\:as ruodclerl ilr t§'tr

différ'ent r orrf,-rlrnatiort-..

T[e plolciu clurrlit¡'scolcs li¡r tire 15 moctels constlui.tcri fol tLc opetr ¿lrrr1 closcrl

rrurfir¡¡atiorrs arc sh(rr'rr itr Talrle il.1 alr(l ll.2 r'espe(tiveh.. hr gcletal. thc rllodrlls 'thol'

a|o¡r 92% 9f tlieir I csichres l.ithin tlic cole lcsiclues r¡f tlic R ¿rirar;hattcL arr sllttte rlrtd

¿1 \:ei.\. lo\\' pelcerrt of them r,ithirL ¡he clis¿rlk¡r.er1 r'cgions. Thc plosa2003 irorrt]rillcrl

z-sco¡e (Sip¡rl. 199:3) is verr. r'1o*o to tliat expectccl fi» a protcil of 162 tesrrhri's lol3.

Also. Pr.oQ (\\rrrllrrcr ¿rnd Elot!son. 2003) shol.s that all the rlotlcls ax: c'lassificrl as

grrrrril rrroclels ¿r.rirl the vctifr'3D scorcs (l.iitlrl et al.. $(,)').) of thc chosrtl urociels ,rle

ahv¿ir,s abole 0.1.

T[c r¡6cle1s fi.,r't]ic operr ¿¡rrl closecl rr¡lli¡ruirtiols ale ¿rrail¿rb]e irt thc Proteitr \Lirlcl

DataP,¡r.sr'1 s'ith tlre ¿cccssiori irl P\10075112 alid P-\10075151 l cspecti\r'h.

'lb sr,u{r' iri ¡r6re rft:t¿iil the r:olfbllra.tii¡l¿il chrrnge ittdltt'er1 }r1'tlte pltrtspllolll at

i:cptor'. nxrrLirls o[ the tl-o cr¡nfirnrratir¡rs s'etc contpalerl ttsiug DrriDc-itl {Halwirtd arrrl

Lee, 2002). Thc angle of closrrle betl ccn the clorl¿iins is ¿rlrorrt 17 clegrec-*. The ¿rr¡'Llr *i-

shol-erl thtri 13 (V27. D28. I29. E1il2. E103. R101. Kl70. 1171. \172. R173. .\201.

5202. ¡uir1 H2i)3) of thc 162 Icsidues in tlic proteirr act as a hiuge ri,hrtlc¿is tlte oihc'r's

l.ieLong to olo of the tt'o rloru¿rils (trigrue 3.3). These resirlttcs belotrg to ¡lte t,oils l¡e-

¡rvecl the clorl¿rins ¿rlcl to ¿l little prut cil ¡he ,i sheet ,¡f t,lx: stuirll dorl¿iirt. Of tlicsc l3

r-esiclnes .]¡st \,.27. D2S. .,\29. and R10l are l'cll cotrselv'cl ¿11nong thc ADP-tlilclclerrt

rhttp: //mi . caspur. itIPMDB/
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kin¿ise farnilr., Of thcse. D28 is the onh- orie tli¿it sccllrs to bc ir¡.olr"ecl irr -sugal lriutl

i¡g fo¡ both spc(iii.itics (see br,lorv). 1i170 ancl Ii 20il ¿rle' l'ejl conselled rvithin tht'

ADP-PFI( Iaurilr' ¿rrLd sc(,nr t{r lrc lelatccl rvith ligalcl sper,ifir it¡' (sec lrclor.). \172 i:

arr imcrestirg rr.sirhre: it ¿llso scems to lre relattrcl u:it1i sugat disclirnitl ¿tioti hrrc¿tllsc it

fo¡rs pirrt of ¿r (ro1lser'\'r\l zrspalagiuc,,/ltisticlilc piisition irr ADP PFli/ADP-(i1i iesPcr'

tir-clr'. E102 aLrd Ei0.l iue lo(r¿tted irr ir regiou u'lierc tliete is lit least a ghttiltrlic Iesillttt'

¿r1t.l ¿i hl-(ltopltobic. rcsirhre or ¡urotlie.L ghitarliic in all tho thet'urophilic cnz¡'rltls. Itt tlrr'

r¡csoplrilic erz\¡nrcc alwrlt--s ¿11r. tl o hlclrophcibit' r'csiclnes. lt has lrcclr sliol'll th¿Lt Ii,l

a rhcr¡rolrhilir:¡/ruesi¡rlii1ic adclvlatt-. liinase piril. tlie tate of opettirrg of tlrc utltleotide-

binrlirrg licl-s is tlie li iitiug step lbr thc ol¡selrlrl A',,,¡ (\\b1f \\iitz ef al" 2001) As rr

res¡1t of tlio rigiclit¡' of the thclrnopirilir' enzurre it rvas lot ¡,ltIc to clr .i¿lt¿1l]'sis at lo\\'

telrlrr:rtitLtres. A sinrilar' 1tle.:1)iurisrr couk'l be opcl'.¿ttjtrg iu ¡he ADP del)ell.:lelIt fiilllil\'

arlrl those ghtiamic x'siclue-* r.ottld l¡t' rt¡Iatet1 trl the rigiditl of the liiugo'

\\-herr the- r'esult-. of lhe lcal laluo cr:olutiolar']'trirce attal¡sis (lIilialeli rrt al.. 2001)

are rriapped irr thc strnr:turc r¡f thc r]nzr.Itcs ts.o olx,ions pattellrs cllelgc (Figu'e :1.3).

Fir.st. it is c:lc¿it tltat tlic ADI'-PFIi gt'onp h:r-. tttoLe t'orrscrled lcsirlnes tLarr tlre ,\DP

GIi gi.otrp. This securs reasol¿rb1e sirrcc'the folrlel glotrl:r ls evoltrtion¡tlr- nel'el . Socolltl.

it carr irc sce]r ¡1 gloup of rmrclr cori-.cLverl r-ersidnes in a cleft ltetl eclr tLe' tl'o doltL¿lilrs

tLat folrls tlle ¿rctir.r: site of tlicse errzllles. It is illtcr'.stillg tliat iilierl thc eltz¡-lies

trrr: i¡ the closcrl confolrii¿ition. thc lesiclncs li.rr-m a r.cr'¡- clense thrster rvhic:h is lltl't tlie

case for. the operr cinfblr¡¿tir.,l. Fliln this poittt of vies' it sct'lts r'<'¡rsc.,n¿illle' to tllirrl¡

th¿rt the c.loscrl cr»ifdrrriilion ()f thr-.se elzt¡rtes is n(tcessitfv ft-,r' the plopel Lrriclltiitiolr

ol the ligarrds to pxiduce r ¡,rt¿rh sis ¿r.s ol¡selr-«l fol otlrt'r' tuenrbcr-. of thc snpelfarDil!

(Ito et 0,1..200i3: Siglell ¿,f ¿1.. 1998: §c-htulacüel r,f a1.. 2000).
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Small

Figurc 3.3: Corupiilisolr betrvcen ckrscd ¿rncl opett cortfll'tttrttiolts iif thc l¡ifirtitr t iorrrrl

enz\'uc. Uppor': The le-.ir1ircs actilrg as ti hitigc between both dorn¿iirts ¿rrc sllou'n irr

olrr1rgc. Lo\\:er.: ct]'st¿il stlu.rtule of tlre ADP Pl-'K fiorl P. h.oril,t¡sh.ii. (left ) rrrrd tlre

ADP C+K from P. fir,r"io,;us (r.ighr.). trach residtc is cololccl aci.orrling tr.i its r'ho lalnc
fronr tire rvET an¿lvsis for tht: corlespourlirtg specificitr-.

7lt
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3.3.3 Protein-ligand interaction modeling

Ttre ADP GIii PFK ft r»n 11. juruta.st:hii slll¡,s sigrrificant iri tilit¡' l.itlt gltrt ose arrrl

finr:tose 6 plxr-sph¡,te in t,itro. Hou er-et , the lelt'r.¡ttt e of this cltzune irr 1he pho-<plxr-

trlation of tliese i\\:o -\trg¿llS il r-ivo cleltcuds ol the itttl¡cellrll¿t rroriceutr¿rtiol r¡f tlic'

irr¡talrr¡liir,s ¿rs rv¡11 ¡rs t1rr. s1x,r ifir itr- of lLi'crzvttu'till'tlrtrrL. It 1t¿rs 1rt't'rl lrrlliotLsh'

¡hLrrvir that tltis r:ttzt.rrrc hirs a rlrecific'itv colrstatrt (l:.,¡/lfrr) of 7 5 L0; s 1 \1 1 fr.'l'

fi.ücLose ti-phosphatr. ¿itrcl 1.2 .l0r s r \l I for glucost- (Salili,rlia r.t r¿1.. 20021. Fr»

t\Vo c()]lrI)ctlng su]rstlates as tlx.-se. it rne¿rrrs th¿rt il ¿rn erluiurolal mixttrlc of lro¡L

s¡g¿,r¡s tlrc t.¿11e ¿t $,hich fi'nctose-fi-phosphrrte is p]iosphotrlated ri'i11 lrt' applrxlura tt'lr'

60 ttmes Ligliel thrtn the lalc ¿t \-hirlr ghtcose ilocs ¿tt ¿lrY sub-ctl'tlt(l ('on(c']Itfiiti(nI

(Cil.nish-Bon,rlon. 199i). Thi,< -shr¡rrs tli¿rt. il f¡ict. the enzlltte fit¡rtt f,|. jn.ttttost l¡.it \:

¿ir.l ¡.sspecifi( phosphofnictoliin¿rse ¡s c¿1n 1ic ¿tlso tk'clnced lrr- its ltositioiL il tlll'ADP-

PFK l)I.¿rl(.h ol lhe phrlogericti.] tl'cc (Figrrrc 3.1). Belorrrl this firct. tlit' high li\l

r.:rh rt seeri fi» glncrisc couki bc a (1)llseqncrlce iif:r liiglt iutt¿celhll¿ir colicclltl iiti.»] of

t¡is ¡reta|olite. If this is tnre thc ADP-GK/PFIi coukl lre pelfoluriug bc¡li tr1trc:tiou-.t

lr¡ i,i¿,o. Ir h¿rs l¡ccn pler-ior rslr- suggesterrl Lr'\hr'hccs ef al. (2001) that tLe modifieil

E¡rbe{r:rr-\lerr-er'1rof pat}nr,irl i,r¡rkl be oJ)cr¿ltive iti this alchr:r¡li }r¡rsr:d on t.he ¡lx'scllcel

¡f thc ADP-GK/PFI( cnzi-nic (irhtu rtctcrized iti thtr.t prtbliltrtiotl irs¡ as AI)P-PFN)

¿urcil ot[e¡ ch¿rlactelist jc errz\'ules of the pntilvirv srx h as ClAl'OR.. Tlrt' occnl'r't:rire ilf

thc du¿iI firrrctiorr ln .¡,1¿r¿r then l.riulrl be good trglt:ctttent §'ith lh¿r¡ li¡ piltLtesis. lliter'-

¡sli¡g]r.. it h¿s |eeri shol'rr th¿rt thi-s erizvmc cirtr usc ircet¡'l phosplrtrtc as pl]oslrioiYl

clor¡¡ ¡'itlt ir l'r,-,,¡ r.al¡e sirnil¡rl tr.r the tilrt¿riuecl rl'ith ADI), bLrt rvith a lriglicr'^-.u \:illlle

(\irlrees r:1. o.t...2001). derrxltstrirtilg t h¿r.t illele i-s plomiscuitr, iu both bindirrg sites

ulic[ is yer¡.siliilar to the .\TP rlepcriiienl phospholiuctokilases gt'rttrp ltas ]reen tltal'

actcrizecl (H¿lnsur t:t 0t..2007). Thjs ertzvme \\'¿:l-s lcpolte(l ¿is a lnl(loosi(le kitrtisc attcl.

altltinrgh it L¡s,r lito¿r1 srrlrstt¡ti, s|r,r'ifir itv. it ( ¿ulrlot trst'lttLtto:c-(i-lrltospLalr'as

7(¡
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phosl)hor)'l ac( ep¡ol'.

I¡ o¡clcr to ol¡triil clocliirrg I esrrlts r'i» r rpili'ztble l ith tlie kinetit p¿tr¿1111('t('ls tlre¿stllcd

lirr tiio }rifnucl¡¡¿il errzr-lre (S,rkulaha r:t u|..2002) the prototr¿ltiotl st¿l1o of tlrt'iottiz-

¿rl¡le lcsirlues il rhc ploteil \\.¿1s pi'e.lictcd irr thc H-* scller' (f]ordori e1 al., 200í] al

iire pTI r.rihLe usr.rl in ¡he.kinetir: crlialactt liz ¡rt i,¡rr. It h¿-* bcc¡n obsetverl lol the mcttt

l¡e¡s ¡f t|e ADP clepeldcnt kinase faruilr.that tlie optilurur pH \.¿11ue is lowel firt tlre

phosphiifilctokil¿rse ¿ctir-itr, tlial fbl tlic glucokinirsc ar:tivrtt' (Tuililga rrl al . 199f):

Rorriurrrs et n,|..1999: Kogrt r:1 al.. 20(X)). fi,, ¿rdclress ihis poillt. the plolonatiorr st¿ltÉ'of

tlx. iolizable lcsidues iri the 'bifiuictiorr¿rl cnzr.rlu r,¿ts also pt erliltcrl nsiug ir pH r-altLe

ol 7.8 that i.q (rlosc the pH ¡ptirrntlt for the ghrcokinase ¿ctivitv. Thele ¿rle sevcl al

r¡sirhrt.s rvitlr .igrrifir antlr. shiltr.rl lrliiL valru's irs ((nr1(1 lrr'pirrtliltcil 1il a 1»otcill l-it1r

scrr.tal ioriiz¡r|lc iesidtrcs. Arur.rng tlrt.rl, four h'sire lesidttc's cliilrgc tlteir plot(»l¿ltior

st¿rte in thc pII r-arrgc stuclierl (6.5 or' 7.S). K9, li170. Ii17E. and 1i238 \Yerc pr'oto1l¿tc(l

at pH (i.5 uftilc thev s'clc uncli,rlgc.d at pll 7.§. OI tlresc forrl lesiclltes. Ii17l.) is the

i¡o-sr ilttei cstiltg rel¡it(.(l IL] tll(. strgau' sptcificitr. ptoblettt. Iu tlrrt t'r,ET rlrp.'l iincrLts. thi.

¡esicl¡c utppeius to be iur¡roltiurt for ligarrd cliscliuriu at iort ¿ltt.l ¿,tlso. \¡ l-). tdi Pfk-2. a

rnc¡r¡e1 of thc ribokinase srqrcrfalrilr'. ¡r stltrr'tulallv er¡ttivaletrt tcsichtc is cmli¿r1 fiil'

f¡tctgse-6-phospLato biridirrg (Cabli.r,r el ¿/.. 2(1101. Tliis obsctr'¿tiorr c:on1r1 crpltritr

tlrr: lorvel JrH o¡rtinuul firl the plrosphofr nct okinase ¡h¿nr the ghtcoliirrase actilii¡ itr thc

firrriiil'.

Ilerotrrl the cliffr.r'r.nt \\,aJ' th¿1r ligarrrls binrl to the actir.c site. onc rvoltkl expert t that

tlret catah,tic trioch¿lnisrrl l-il1 lte corsclr-e(l anlolig trtctttltets of tr ptottliri sttperfarnilr'.

Jrr ¡Iic lil¡okill¿lsc sr-lpet'fi11tlih:. i¡ has becu shorvl th¿tt, art tlsprlrtil' rt:sirine' ¡¡,t ts ¿ts rlr¡'

c¿rt¿lt.tit: base irr thc ir|osphorrl tr'¡rnsfel r'¡,r:tior rlrrl tlia¡ site-rlitectctl 1llllt¿igall.si\

of tlri-* r'esiclne (.¡LLlscs ¿r (h¿1li1tic Lrst of actilitr'. (lto e.l al..200i3: \la.j r:1. a|..2001):

Cirrupo|as-so r:1 al.. 201-)0). Aclrlitiou¿rllr'. ,r ll'clrogerr lrcinci l¡etri'ecrt tliis tosiciue ¿tirl tlle

OII phospli,¡r r-l ¿i..(reptor rn the ligrrrrd h,rs ah.tr¡'s lreert sr-'cu ll'X l:u' ct ¡-stalloglrillh1'
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in rnembers of the srrperfámily (Ito cf al.. 2003: Sigrell eú al.. 7998; Schuma.chel el ¿1,.

2000; Ohslrima et 0,1.,2004; Safo eú ¿1., 2004). In the bifunctional cnzymcr this a,spi'lrtic

corresponds t<¡ the D4.12 residue. In c¡rder to consider a clockirrg conformafion -corlect"

therc r¡.ust be a contact between this resi<Iue and tlie phosphoryl acceptor OH group

in the sugar.

Tlic docking calculations desclibcd belolv shorved that. as u'a-s mentioned l¡cfore.

thc open conforniation of the errzyme w¿ls not appropriated for catalysrs. Wherr the

docking calculation u,as performe<l u.ith glucosc as the ligand, 11 clu,sters of solntions

were encoLlntercd using a 0.5 A ch.rstering cut-off. The most populated one contains

18 conforur¿tions u'ith dissociation const¿nts estimated at 298 I( around 25 rlll. D442

makcs ¿ hvdrogen bond with the C2 hvdroxyl group while the C6 hydlox.vl grorrp is

niaking two hydrogen bonds with the N26 ard D28 sirle chairs. The backbone of

G107 ¿1so nrakes a hydrogen bond rvith the endocyclic ox¡rgen. This suggcsts tlitit the

confbrmation is not appropriated for catalvsis sürce the hydloxyl acccptor is far ¿ru,ay

from the catalytic l¡ase.

When the ligand lv'as fructose-G-phosphate there rvcre 37 chsters usiug the sa.n're

cut-off as above showing that irr fact it was not possiblc to find a lorn'ertergv binding

sitc. Ho*ever, ¿ll the loucr euergv clusters shou, substrate conformations th¿t a.re

bourrd to the protcin mainly through ionic inter¿ctions with the phospha,te glor.rp of

the sugar and th¿t are far away from the catalytic D442.

When glucose r¡,'as docked to the closed conforn'ration of the bifunctional euz\.me.

just 3 clustels were encoLlntered. The first of thcrn showecl 48 conforrnations ancl thcy

¿r'e very sinrilar to the conformation seen for glucosc in the ADP-GK fi<>nt P. Ju,riosu,s

(Ito et a|.,2003). The lowcr estimated fi'ee energy of binding in this clnster u.¿r-s -2.51

kcal/mo1 lvhich corresponds to ¿ 1(¿ of 14.36 m\'l at 298 K, th¿t is about one olrler of

magnitude higher than the observed K,rr of 1.6 rn\,I.

In the case ofthe docking between the closed conformatiorr ald fructose-6-phosphatc
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20 r¡rsteis \r'e¡e clrcoLuitclerl. The first {rlirstci slroweal just .:} colfouttation¡ lrith a

¡c¡. b¡oacl r¿ntge of cstilr;lte(l free elclgr. of bindillg. The ,sccilll.t r'ltrstcl' t orit¿ritlr:cl I

¡o¡firt ¡t¿rtio¡s. T|e ¡i¡g of the -sug¡u il tLis c:lustel l¡iucls iri iir \:erI sitllilill lrositioti

to tliat of ghrcose. Arlditiolr¡lh'. thc plurslrhor¡1 acceptol OH grorp lr-ralics ¿t 1l'rltcigctt

lrolcl n itlr rhe l¿rrcr'¿rl di.ril of D 112. For thcsc Leirsorts this clustcrt' \\-¿1s Llsod frir fil'ther

itlt¿th-sis. Tho lcxr.el estitnated flcc errerg¡' of blrriling in this llnstel rv¿s -i.7!) lirlalltuol

rvhich collesporrcls ¡o ¿r 1n¡ of 56 ¡r\l at 29il K. tL¿t is al¡out 5 tinres highel' tLirt.r

thc ribsclr.ecl 1i-1¡ of 10 1i\I..\ltlrough tLLcre aie tliffcleirces bctt'een t1I{'tr»edictl'(l ¿r1r.l

ol¡se¡'eri lrrldirrg frr.r,cnergies. ihc higher ¿flinitr- cif thc cnzr-rne for finc,tosr'-6 phosphate

tli¿rrr Iot' glrrcosc is corsistclt l.itL thc kiletiu r1¿rta. hit ct cst ittgl¡'. s'hcr. tlter s¿tne

c¿rlcu1¿rtioris ¿re pelforncd u'ith the prirtial chalges of tlie ligarxls delir-t'r1 lising tile

G¿lsteiger rlcthocl (Ciasti-.iger and \lirrsili. 1980) the results atc stt ut tnr¿ilh' r.ell siurilar'.

l¡itt tlie preclicrtcd ilissciciatir»r (.orstitlrts ¿r'c 1.20 rn\l alcl 2.9 7r\1. fot gltx'ose atLrl

fi.uctoscr [i phospliatt'rcspectir.eh'. \tic-h ruc i1] \\'ell ¡rgl'ft]l]lclt §'ith thc erlrerirrlt' t a1

clirt¿r. Hos-cvor', the 'Q\l c'lt-'r'iver1 ' cllillges ¿trc tirr¡oi'etic.¿1il rlol e trpplopriatecl.

Scarcliirlg for colltac¡s betl'cc¡l tlre strgzlr-s iltlrl thi: plotcilr a 5 -\ l'.''lill' l-"' itrrl'e' rerl

Ghr«r-sc is miikirrg corrl¿rct \\'ith \24. N26, D28. EE2. G107. (.)1()8. ll1l. \172. Tli-1.

R 197. Il99. Q235 \'138. G-139. ¡rrid D112 (Fignli' il.-1). Fluctosi'6-plioslrhrrtc fias the

sanle contilr:.ts t'itli tlii. exception of E82 ancl the irrchtsiou of lesirltri's H.203 rrrrrl Ii170.

fl., l:,-l I--i,l rp i- l', r,'lr,l llrc -, \ , rr ,,fl. 1,..r ir j l,l), r: r,' rr, rÁP I \\'.,1; i"lr:, r".,r

§.ith lhc phoslrlrrrt,e glorr¡r of the 1ig¿ri(i (Figule 13.J).

Anong the se\.cl¿.i1 .iontacts bct\\rer fhe plotcins anci tlie snga.r.'s, orilr'5 iesiriitcs

-cccln to be irnl>orl ant fcii the sugiLr specifir'itv b¿iscrl r¡rL the llET art¿h'sis (Figruc iS.-1

arrr l iJ. i ) . ThLs i¡ ¿ \,('r Y strikirrg r r,srr Ll 1r¡"r'r I 01] l L(' ( liIf('r'('|{ t's Irt'1§'t't'11 ¡l l)\il .r.itos(' ¿IlI(1

ir l\rlilurse-plrosphtit e anrl it suggests a llgL plasticitl ofthc sugat binrlirig sile rvithirt

this proteil ltrrlilr'.

Tlic E82 sirie ch¿liu tttake-s ¿i ln'rlrogcri ]¡oncl rvitL the OH glolqr of C2 iti glntrosr',
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Figrrrc 3..1: Plotcin ligancl itrtr.r'¿rction rl]odcling lesttlts. A. n-D gluctisc clockeil irr the

closrtr} c:o¡fbl'nr¿rtirlr of the hifiurctiou¿1 clzvttre ,rfict the erx'r'gr- nitt irliz:rt,iori lrnrcc
clule. B. Sct of rel¡r'¡rscltati\.e fr'¿unes of tLc ri D-glucosc mr¡lecriltir cl\'ttatLrics sitnul¿tir»i.

C. ,J-D Fi'rxrtosc 6 pho-*phate clr¡cktxl in the t'losccl colfolritatiol of tlit' ]rilrtut tictrral eu-

zlrno ¿iftcl tlie elclgt'rriirrirnizatlc.rri plll.'(:-,.lLrr e. D. Set of lcpreserrt:itile fl'tutlcs ol tlltl
,3-D-liuctose 6-phoslrhatc molecnl¿1r cltr¿ltlit:s siliirtl¿rtiol.

8t)



CHAPTER 3 3,3, RESLTL S A\D DISC]I,iSSIO\

5

2¿
ú.

3

2

1

Figru.c i3.5: Resrrlts of thc lr.ET :uralr..sis for'¿11 tlic resithres s'ithil i ,\ fiolr ilrc

ligrr¡rls. The lestrlts fi»'the glucokitrasc spetificitr' ¿rre shos.rt ilt bl¿tll. thlrst' for tlrr'
phosphofnrct oliinasrt specificit¡'ilr letl. ancl those fcil thc s'holc f¿rlilr' iri greeli' LIs17[)

is |r.y¡icl the í Á cut-cfl. llrt it sccrns to 1)c irnporl¿ritt foi- phosl rh at t' l;inrLirrg ResirhLes

201.207. 23ti ¿r,rrd 27J ale.not ir colltact rvith the ligaur-l. but thet,¡tc iuclnrli'd il tltc

5 A r'¡rrlius. Rho r'¿rhres for' \¡al1llli, C]h'-139 ¿rld Asp112 tele caltnl¿ted r:xt'lrttliug tlle
ADP-GI( ftr»1 I I ttlt o n or:o(:(:oid es bu.rtor¡ii. ¿1s the geric e'trcorlirrg this has ¿i Cl-tel'r¡ill:r1

rlclctiorr arrrl tlie plotcinis plobirbh' ttot fiructiorr¿r1.

(E! F- aO É o N + F- 6) -.4 F-., rO (O t cO o) ñl
ñ ñ ñ ¡6 ó i5 ó ; ñ ñ ñ i, o¡ o o o.4.' ¡o F-'4 " {22iitn úUA= I : =E = t ü ! ü üt e j ü E
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ll¡t urakcs rlr r:out¿rci l'ith firrctose [r-p1iospliate. The lr.ET tho r'¡iitrc fbr this ¡rositiort

irr tLc irlignurent \riis 1 tirl thc ghrcokindsc grolrp. 1.1i9 fol lhe pltiisphofiut tokiri¿sc

g¡¡rp. and 2.:1.1 fbl tlre l'hok. fatrilr'. Tliis lcsidrre L¿is 1l('1i ptc4tosocl tti be irlrpot iiitlt

fb¡ tlrir rlrscrin r il¿rtii¡l c¡f ghlcose o\.el fructose fipirosphate (Itrt e.t 01..2003: S¿ikula]¡i'L

r.t a.1... ).002').lnte¡e-stl¡glr', this tesiduc is pteserrt in all the rncthatrtigclic -\DP-PI''li ¡

srrggcstirig thc possibilit¡' of tliese cltzJ'tltes to lrirxl ghtc'ose. \172 arld ()235 iltelat't

rrith the 1>liosphate gloup ulten thc liganrl is fi uctose-6-phosph¡1tc. \\:lrerr the ligalrl i-

glLtcose, \1i2 il¡c¡acts s,irli tlie Cil 1l.r1l o-vl gr-oup s,lit'rcas (]2;3,i nakes a ll cltogclt

bo¡cl ¡.ir h rlte sicle ch¿rirl of tr82. The ec¡rir-alent rt.:ichre f,¡r Q2i35 in the ,\DP C,lh flour

P. f ¡.rio,sus is rlr1kilg corrtact ri ith thc Cl irt'rL iixll glorrp of glncosc thtonglt it latei'

rrrolecule (.Itt,¡ c-t at .. 200ll) . This ilter'¿r,ctiol is not s(rn iu oltl siurul¿rtiol clnt' to tllc

¡rbse¡r,e iif §.¿rtcL. N172 arrd (,)21i5 ale s1r'icth. ( r)nser\'e(l as ¿.sparagitic ¿1[d glut¿Illlirle il r

tLe phosphofi'ru.tohil¿rse glor4r. On tlic othol h¡nr¡I. tbe N172 positiotr is occr-tJri<'d bi';r

|ig[fi. co¡selr.trl histidirre lr,sidnr: rvliilc ihe Q2i]5 positiorr is occr-tlricd 1l'gltrtarnille ol

histiilirie lesiclues irr tlic ghrcokirr¿rse grolrl). The erplatitrtiorr fi»' this px'lcretice is ltol

clc¿r r'.

K170 ¿¡rri R.293 i1tr.r.¿rct r,itli rhc phosp[atc gt'onp ¡f fiLrctose-6-pho,sphatr. tlit ough

¿r ri'eak irirric p¿1it r,ln(:l il -cttorrg,.t¡,lt blirLge rcspe( ti\.el)'. rrs jrrrlged bt tlteii. tli-st¿ulte

\\:itlliu the plxrspholiuct okirra-qe gt'ollr these resiilttcrs ate stlictll ci,ttscLrtcl rr'hilc in

t.he gln«rkilase gloup the I{170 positior has a rvET r'1t,¡ r'alue of 2.76 arrl tlic R20:J

p¡siiiorr is tr gap. In thc glucokirr¿lsc gloirp. thc tr.o 1rosi1 iorrs tlr:rt {bllol'R20il i¡ the

aligrulr.lt irle negir,tilc cliarged lcsiclnes tli¿t mav Le ltlrcllilg the rrcgalir.e (r11¿ir!,..c ol tlx'

plx.,-sphirtc glonp irr lirrctose 6-pliosirhrrte ¡nirl tlrus alrirliug tlte bilciirtg of this ligarrrl.

T0 test thc stal¡ih¡r. rif thc corit:icts seen irr tLe clockirrg cxperirrertts alicl irt o«k'r' tir

refilte tltc intitr¿«.tiolt s-irL J.igaIrds. r.spel iallv for ftnc'tosc-6 pltosphirtt:. sllort r('stfi(te(l

ruolecular ch'narrrics simril¿rf iols rvere pr:rfomrecl ii ith the final ckrlliing rr:srrlts. Fignrc

.1..1 sluur,s a lepr-eser.tati\.c se1 of fi ¡rncs firr e¿rch sinltl¿rtiiin, Tlie iul el¿r ctit.,rrs wt't e
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( orrset \.eLI in thc 0.5 rrs oI sjnrulation shovu'irg tliat ¡he lrlcrlicted cultt¿lcts ¿ue st¡ll)ic.

ILilever. thc hr.choxr.l acccptor irr both ligtuids turttcrl torr-¿¡.t cls ¡hLr sugiir lilg irt the sirrt-

ul¡tions firr hnl¡ tlrc cat¡rlr'¡ic base. to irrtcr¿'ir-t \\'ith R 197 arid G-139. Tliis irrtelac:tiorl

oc,cLrr.r'rrd througlr tlie n.holc silllllLttion fol fincto'-qo 6 phosphate ¿rrrrl l'¿rs iutcltttitteril

rvith the i]ltetactioli \vith D.1.12 in the casc of glucrosc. R197 allrl f,llilfl liave lrct'u seen

to jriter'¿rct r.itlr glLrcose tlrlorLgli ¿t piril' of \y¿ltcr moleculcs itr the clt'stal sttlrcrttlre of P.

fttrilsu,s (.f¡,o ct a\..2003). The ahsclce r.,f thcse rv¡rtel rnolecuie-' lithiri thc ¿rctilt sitc irr

thg r¡olcc¡-lla¡ 11r.¡¿r¡¡.ics sirmLl¿itiorrs cou111 explaiu the ohsclvecl bcL¿rviot. Althorrgli tlre

pc.isitiorr of tlic ilttein¿1l u'¿itel foL glucosr. cottlcl lrc prcdir:terl ltl copvirrg tirc ortcs sec'rt

i¡ tlrc cr'\-stai strlt.rture of thc ADP-GK ltottt P. ftrri.o.:tts. thelc is no \\:¿\'to pltrlicl tlle

i¡te¡ntrl rvatcLs fol fiuctose 6-lthiisplrate. Since irr the closcr'l confontt¿ltiolt tlir ¿rc¡irr'

site is Ic|r. cleep irr the ptotcilt stlrl(.tr1r.'e. it §-()ttld recl[ilc aI extrclllel\' lorrg rh'ttirrtric

simul¿rtion ¡o s(xt the il'¿rtct's fionL thc -qoh'¡lt¿itioli sphe'tc to pla(c aroll e('th- n'rthrrr tlte

sug¿lr' birdilig site.

hr conclusiolr. tc har.r.shr,ir.rr th¿it the lriit of tlu'ADP clepclcletrt kiu¿rse f¿rrriLl i¡

rvithrl the ghtohiriase grorrp r-Lich clisr'¡lrls the li¡-potliesis of the artcerstr'¿rl t1t¡tr¡rc'1cl of

tlic bifnrrcti¡¡al enzlrri:. Tire lr¡snlts:rlso sr-rggerst at le¿ist ortc et'eu¡ tif hot izttrrtill gelte

t¡ausler. lrr t1¡s far¡r11.. Fi¡¡lh'. it sccnrs tli¿it the lliru;ipa1 deturlitlant firr the fillctuse

6,phospLate spec.lficin. is thc prescrrr;r, of resirhrcs s.it1L thc c¿tpi11)ilitv to st¿bilize tlrr:

trcgatjye chalge of t1l: phr.isphtltc gronp. rhilst the pleserrc:e of the E82 sirlt' i'h,litr

arirl tlic prefelerrc.c of histirliue o\.er ¿rspar'¿rgirc¡/glutariiilc ale kt'1' clc tttertts litt gillcosrr

.1,, ' ih, 'r irt rlr* ,., rit, - re.
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B iophysical char actenzation of the

ADP- dependent 6 -Pho sphofructokinase

from Pvrococcus horikoshii OT3
J

This work was originally published in the articlel: Currie, M.A., l\4erino, F., Skarina, T.,
Wong, A.H.Y.,5inger, A., Brown, G., Savchenko, A. Caniuguir, A., Guixé, V., Yakunin, A.F.,

and, Jia, Z. (2009). ADP-dependent 6-phosphofructokinase from Pyrococcus horikoshii Ql3:
Structure determination and biochemical characterization of PH1645 J. Biol. Chen.,284
22664-22677.

Summary

Sore }r\lrcrthermophilic ¿uclrae.t 11se a uLodifiecl g11'r'tilr,tic pal hrval tlLal etrllrlovs atr

ADP-{epcrrrlcut glrrcokilirse (ADP- GK) ¡lrr1 an ADP-dcpctttlelt pirospltofi trc:t o}< illirse

(ADP-PF K) or'. ir thc c¿rse of \lcth¡uroc'occrrs.jannirsi:liii. ¿r bifirrrr:tit¡tt¿l ADP-cleperrdt'rit

ghrc.ophrisplurfi.llct okinasc (ADP-GKiPF]i). The cl\.stal stlltcttlies of three.\DP Cihs

h¿u'e beerr rkrtcr'¡tinecl. IL¡ieler. thcle is rrr¡,stLuc¡lllal iulotutatiili ¿rt¿ilal¡lc fbl AI)P-

IrPIis or the .\lll'-GIi /PFI{. Hele. \r(r l)resellt tLt' fits¡ (i']'sla1 stlr-l( true of ¡rL -\DP-

Pl'K fr.onr P yrr:tt,or]cu,-" l¡oril;oshii oT;J (Pltl)FK) in both apo- ¿nd A-\lP botuirl lbtut-.

tJhe oll lirre r.ersiou of thi-s ¿uticlc (av¡iil¿rble ¿\r http: //\iww. jbc . org l ccrDtrlirrs srll)l)leru(']rt¡l (Lata.

'Lrlrkr 51. rrncl Figs. Sl and 52.
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determined to 2.0-A ¿nd 1.9-Á resolution. rcspectiv-ely. along rvith hiochemical chtrr¿c-

terizatiott of the enzyrne. The overall structurc of P/¿PFK maintains a sirrriiar large and

smrrll a/¡9 dorrr¿liu stmcture seen in the ADP-GK structures. A 1ir,r.gc corrformatiorral

charrge accornpanies binding of phosphoryl dorror. acceptor, or both, in ¿tll merubers

of the ribokinase supcrfámilv chalacterized thrs fa¡. rvhich is belier.ed to be critic¿l

to ellzyme function. Surprisingly. no such confc¡rmational changc was observed in the

ANIP-bound PñPFK structure comparcd with the apo structlue. Throngh cornpt e

he»si'r'e site-directed rnutagerrcsis of the substrate binding pocket u.e identified residues

th¿t u,erc critic¿l for both substrate recognition and the phosphotr¿nsfer reactiou. The

catalltic residnes and many of the substrate binding residues arc ct¡rrservecl betrveel

Pñ,PFK ¿trd ADI'j-GI(sl ltowcvr:r, lirtrr kcv t esirltrtrs diffil in the sugirr-birxliug pockr:t,

u.hich rve har.e shown detcrutine thc sugar-birrding specificity. Using thcse results r¡.e

were able to engineer a mutant PLPFK that mirnics the ADP-GK/PFK ancl is able to

phosphorylate Lroth fructose 6-phosphate trnd glr.rcose.
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4.L Introduction

Cil¡'co1i'sis is a ceutlal rurcl higlih' conselve.d rrctabolic patll\:in'irr ¡111 tluee clour¿rius of

lifi.. Ilor.er.el . thc Ernl¡der r- \ lcrr.r'hof glycrrh'tic patllvar- of .sotiie ill.ict thtrlrrlrphilic

arrlrac,r rlisplirvs clislirrrt rlilfc«,rrtr,s iiorl tltr' <.1¡r.sit'¡11 l)a1lr\r'it\'. Cllr'<'t'r ¡LL L'llvrlr:-ll-

pliosphiltc is cr¡¡'elted to 3 phospho (3I')-glr.celate b¡' glvcelalclchl'rle-i3-plu rsphat ir

fet'r'ecloxi¡ oxidoredu(t¿lsc iri ir singJ.c step ilstearl of ttsittg glr.rret rrldcltvde-13- Jrlir.rsplrrrtr'

dehr.rhogclase arrrl phospho-gIr'ccr¿rte kin¡rsc in tlte classir:al t\\'o-stq) re¿r'1.ioLt tttet,ll-

alis¡r (\luknrtd ¿111d Adams. lllf),1: r'¿ur rler Otist r:1 a/.. 1998). -\lso. the c la-ssic:¡rl

ATP cle¡rerirl.nt gLucoliill¿Isl.s (ATP-CIKs) tirxi pltosphoflllc:tokitra,ses (ATP-PFKs) are

¡el)lircl..l u,ith rxl.cl ADP rlepcnclent ghrcokinasc's irrrd ADP-clqreuclelt pltosplx.,ft'tlc

tr¡1iirr¿rs¡s r¡r'. in ther r:¿rse ,¡f ,1Í:/ñln oco(:(1tt .lonn(l;cl ll. ¿t ltrfl uri:t iottat1 ADP-rlopettcletlt

gluco ,/pLosphoiincti¡ki ¿lsc (ADP-GIi/PFK) (Iicngr:rr r:t al.. 199 1. 199.1: Itogzr c1 01.,

2f100: S¿rkulal¡¿ ct ¡1.. 2002: 'fitrninga t,t til.. 1999)

PFI(s c¡¡vett firrrtose 6-phospliiite to fmctose 1,o-bislrlxrsfihatc. This is atI e¿1r'h'

step irr thc Embcletr-\ Icr.crhi if ¡r,,rtilla ' ar¡l thct'efore li'l)1-cseltts a ttitical crtltloi poir rt

for the tltile pathn'rir'. Sr:r¡rencr. ¡rld s¡l uctru¿r1 ch¡ir¡tctt:riz¿rtiiin c1assj.fi' PFKs iuto trvrr

cou\.elgc1tt pi'oteirr ftrrnilies (Batornirr c/ al.,2000): thc PfkA falnil¡'auil thc tiboliiri¿rsc

supcr.lamil¡.. rhir:h ilclnr1c-* the PftB f¿rtnih' arrrl -\DP-GI(/ADP Pl'Ii larrilr'. 'fht'

PfkA famil¡. irrr:hrr'lcs bi¡th ¿lllosteric¿rl1r. r'cgulated.,\TP cleperiiiclt c'rlz\.rlrcs Íburrcl irr ¿r

r.alietr. of culialla ¿ur¡l bactclia aud lon alkrstcricallr' r'egttlrrtcd PPr-clcpe'uclerrt cllzlllles

Ir¡nnrl i1 ¿r11 thr.ee c|»nails of life (Htrlsen r:t u1..2002: trIclcl r:l ¿1.. 199i,). Tlrr: Pll<B

f¿tnlih. is a di\.cr'se farnil¡-of ATP-ilt.pcuclent i'¿ulrohlch¿rte arrcl pvlinrirliue kittascs that i-s

also present in ¿r11 thlee dr»n¿rlns oflifc. Lr gelelal. ATP-PI'Ks fic»rt thc PfkB farruh c¿rt

lre rlifft re¡tiaterl fici¡r Pfli,\.\TP-PFIis Lv theii' lacli ol allisteiir regulzrtiorr. althorrglL

rlre mirrol ATP-PFH fiotn Eschr:¡ ir:lti.tt, «tLi. Pft< 2. i-s allostclic¿r1l), regttl¿rt ccl br']\IgATP

(Grrixé r:1 41.. 199E ).

Se¡r'et'¿l clJ.st¿rl stlLt.rtures of thc PfkA f¿lli1r' PFI(s lirn'e lrccn lepoltctl. The lrest
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stnclicr] ¿r¡c the tetranlcric PIrlis fr»rr E. coll atttl Bucílltts steLu'otlt.cttrLoylti 1rr.s (l}'als

¿:l ¿¡1.. 19811 Sr'hirrner ¿rrld E\.ari-s. 1990). -Both i ottt¿itt snlittttits th¿rt t'rittsist of ir i¡'LlgÉl

:urd ¿r sm¿11 il-lar.clecl a,ln s¿urdu'i.ch rloru¡in (Er.arts r:l ¿1.. 19E1lSr,liilnrci'irll.l E\-¡Ills.

1gg0). The l¡irgc donr¿liit birrrls to ATP and tlx, stnall rlour¿iit l¡iticls to fiLtctose'-6

phosl)hate (Er-arrs cl al.. 1981; Scitit'rrer'¿uicl E\:¿tI-s. 1990). Recerrtlr' the illst¡ll sttutr

rurc. of Pfk-2. ¿r rlclllber of the PfkB l¿rntilr'. r,trs soh'crl (ctrbrela el al.. 2008). It it

c¡rllrosccl of trvo clc»l¿rins. a lalge ll-lavelc¡l niJn s¿rntll ich tlorttairr. silnlla,l to that sccl

in the PlkA fanril¡' plotein stlLt('tnle rnerrtiotec'l ¿rbolc, attcl iI slll¿rllel lcinrst r¿iniiletI

,l-shcet ¡iiom¿riri (Cablclir el al.. 200E).

To rl,ttc ADP PFKs itar.e bccrlr leporterl ¿rs 11or leg111¿ftecl errzr tttes x'11li \ Iir'h¿rr-'lis-

\lenteri ki¡ctics. This palt of gll.(:oh'sis is prrlticnlarlr- intelestilg ]rec¿ttsl' rvith tlrtr

p¡e-qe1(.c of PFKs ¿r.lcl fi lr.tr.rsc 1 .6-brsphospLrit ¿tse thelc is the pcrssibilrtv to plorlLrce

firtile c1'c1ing resultilg in ¿r uct ll'ch olr.sj.s of uttc:leoticle (ADP irr the c¡lsc r¡f tlte|ntrt

t'Lt«rtl.r:.,s\ rüir.h. of coulsc is urrrlr.sirable l¡cc¿iuse it rvonkl ttlcoupic tbe rlctabr¡lisur'

E. coll has o\.er'( olne this prolrlern ltr usirig ii stlorlg \lgATP-irrrlucerl irrhibitiori rvllerl

liuctose-6-phospliatc is lo\\,il bo¡h of its PFKS: Pfl< 1 from the PlkA farlilr. ¡lrl Pft 2

fion rhe r.ibohlnase strperfanrllr (Tt»r'cs e/ ol., 1997: Zhelg ancl litrnp. 1992). Ori tlre

o,,her.hand. the ¡rrchaea rvith the morlified Elri¡clen-llevcrhof pat itt'ir¡' -sct'rrts ttl t oltltol

this issne at thc tltirrsr:r'iptional k:r'e1 tis. clcperrclirrg oli the grc»vth rtrerliuttt. citltet thr'

p¡¡clucti¡¡ 9l Pl'Ii or Iinctosc-1.6-lris¡rhosphariist'i,. tumi-'il oil'(SchuL ef al.. 2(X)3i. Irr

this \\,a\'. reglll¿ttiou of I'FK is lrot lleedc(l.

Tlrc crlstal sl.rLlcrLilcs of thc ADP-GK fron P y'roc:ot r,'LL¡ horil'oshii (P/¡C}li). tlrt¡

ADP-GK ¡t¡\ 1'l¡.cr¡¡toct¡a:tts litt¡,tu,l,i,s (IIGK) boLrrrrl to ADP, arrd ¡he .\DP Cli fi'orir

Prlror rx:r:tLs Jur,iosus (PIGK) in crorlplcx \\'ith A\lP ilirl giucose h¿tle beeri lePoltt'rl. irl-

thorrglr thelo ate rro rrr.r'sta1 strlctLrres of ADP-PFIi or tlie ltilttnctiolal .\DP GIi/PFK

(If o et o.l..2Ug1: f-srLgc¡ e,t ol.. 201)2: Il.¡¡ r:.t a1..2{J0.}). Despite 1ot' sequcric'e idcltitl

|etr.ccri ADP GKs ¿rricl rither kiriiises (t:.g. Pl¿Clli sL¿r'cs L1 arxl 12% iclerltit¡'l'rth [.
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.r¿11 r.ihoki¡ase ¿md hr.l1lr¿n ¿tdeltosiric kinitsc, r'cs1r cct ivelr') thi' fold is sirnilal' to that

of t.iboliinascs (It.o c/ o1.. 2001). As ¿r Iesrlt. ADP-(]I(s h,rt'c beeit clirssifierL ¿ls llle1rr-

]rer.s ¡f the ¡ibokiri¿rsc sutr)elf¿tmih. (Ito e/ 41.. 2001). Ovelail. ADP-C+Ii 'stl LtcttrLes ¿ur'

colnl)os«1 of a lalgc alr(l ¿t snrirtll o i,J cloutaitt (Ito rrl ol.. 2001: Tsuge ¿:1 n1.. 2002: Ilir

r:1, at.. 20O:l). The ADP birtrlirrg pocket is ft)ll]rrl r¡rr t]re stufat e oI the lirrge r'lotnair,

(It,o el a1..20011 Tstge et. u1..2002.Itt¡ et u.1...2003). ResidLLe-§ lesponsil)1e Ii.,r glucosc

lrirrrli¡g at.e f¡rL¡cl ori the silr'f¿r.ce r¡f lrotli ¡lte large and srnitll .iotrt¿iills irtljac'erlt to 1he

r\DP birrrling poc.ket (Iti_i et d..2001. Tsuger r:l al.. 20021 It.t¡ tt. a1..200:3). lpr¡11 glLt-

clrse ltirxli¡g. ¡he plotein urrdergoi.s ¿l .rorrforrll¿rtiol1:ü chtrngc lhelelx-the largr: allrl

srl¿rll r-lr.irii¿riris close iu cre¿t,irrg 1:he ar:tir,e-sitc poc'ket (Ito ef ol.. 200i3). Intelt--<t ilgh'.

tlte r¡rique ADP bi¡rling pocket ol ADP-GIis lec:oguizes thc I- auci i'i-pllosplrtltc tll

tho .\DP i¡ a¡ ¿rlt¡¡sl iderrtic¡rl lrriitutcl to hori' the ,1- arlrl ^,-phcisl-rh¿rt e of ,\TP tri t'

tccogrrizerl i¡ -\TP-ilqrelrlent liinasets of tlte ribokin¿lstr srtlrelfarrtih- (Ito cl ol.. 2(X)l).

llcre. le lcpor.t thr: f st stlur:ture of ¿tr ADIr-PFK. ¿lolle 411.1 irt cotnp].ex ri'i¡h -\\lP

togcther r,ith the bior:ireltic¿t1 r:h¿rr¿r ctr:r iza t itirr of the kiuctic l)t'opelti('-s irlld snl)strirte

spcr:tlicities. \l¡reriver. u,e carricd out sit c-clii'ect c(l nlut¡1g('11esis irr Lhe srrgar'-bindirLg

porkct alcl ¿ictir.c site of fñI'FI( arrcliclentificrl t'esidrt's that arc r:titical Íbl PFI( ¿rc'tilirv

arci fol clistirrgrrishiug lrcts'eeIr gltrcose a,rrtl lt ltctose[J phosphate.
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4.2 Experimental procedures

4.2.! Cloning, expression, and protein purification

T1r¡ olrerr 1r¿di¡g fi aure fbr' I'ñPFI( (PIIL61;) Í'.rs arrrl)lified bv PCR ilil(l iilselt('(l

iretl-een thc NcleI aurl B¿rnrHI lesuit'tion sites ol ¡r rnothfied pET-1ih e:pressiolr li'r'tol

(Nor.,tgon) (r't-.ctol pl1) irs pler-iousl¡'clcsrrli]¡erL (Zhalg r:f rll., 2001). Tilis cotisttttr't

gerier.iLtcrl a¡ N-tc¡¡rin¿r1 htx¿hrstrrline tag.joinetrl to the PñPFK plciteirl lrv the'fE\'

Trr¡tease r¡cognitir»r sirc (ENLYFQ.¡G). R.erlornbirrtn it l'ilcl tvptr ¿tttd rittrtatlt (sct'lreLxr')

l¿rtile turd sr:lerrorncthionilc-lal¡eL,d PIIPFK ptrtcins l'el' oiipt es-"crl irr BL21(DE3)

arxl DL11(DE;3 1 E. cot,i crclls (\or',reen j. r'espectiv'h,. Plotr:i.u rv¿rs purifir'r-l trsiirg. lictel-

1i¡rilotri¿rr cric ¿cirl ¿ffinitv iirxl size cxirlusiorr cltrotlitt rtgLaphit's. For tllrre rlc¡¿iils sec

snpplr'rlcnt a1 rtr¿ltctials2.

4.2.2 Site-directed mutagenesis

Site dir.(.¡ted mut¿rgl.ltesis r.¿r,s pelfolrnecl rrsirrg QrrikC'hirlge 
f\l site clilt'cted lilut¿rgelx'

sis kit (St¡ilt:tge¡e) ar:crorcling to the rl¿rnuf¿t ttucr's prrrtor:ol using tlle PñPFK exPles-

sioll vectot desclilrcd abr¡'c ¿t-q tlre tctnplatt'. See T¡'rlrlo .1.1 fol the list of rlrut¡Lt ions

rn¡rcle.

4.2.3 Protein crystallization

Pr.otein t:rr.stais of apo PñPFI( s'u'e genrlatecl tlrrough hargirrg dlol:r r-irlror diffu¡i,,rr

at 21 'C l¡. ¡riririg 2 ¡LL cÍ ploteirr solrrtiou (10 rlg¡tll) l'it1r 2 ¡rL of l-cll sohriiotr

colsisting of 22% PECI 1000. 0. 1 11 TIis HCI. pH 8.í, and 0.2 -\l Liso r. CIIst¿Is of

the PñPFIi complox lirh A\lP ur:re olrt¿lint¡rl ]rr, cr')'st¿lliz¡rt iort rtf the Pl¡PFh D17.\

pr-oteiu il lhe plcscrice of 20t1 PtrCl 3350. 0.2 \l lithitul crit,r¿ter. 10 rlf I Il urrto-qc [i

phosphatc. anrl 5lt\i ADP. Prior to dat¿ crillcction. c'Llst¿rls tvcre tr ¿rtlsfel'r'tr I intii

r-\r'ail¡lrle ar http: /,/n'ww. j b c . arg/ cgi/ car¡Ll-ent /full/1'1109.0124A1/DC|
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Par¿rtorre N and crlo-cooled irr a nitrogeu g¿rs ste¿rm.

4.2.4 X-ray diffraction, structure determination, and reflne-

ment

Apo-PhPFK cs¡stals were placed iu a, cryoprotecttrnt cornposecl of 15% gl¡.ce¡ol aclderl

to the crystallization solution ¿rnd then flash frozcn in liquid nitlr.rgen ptior to data col-

lection. Multiwavelength anr.¡malons dispersion cl¿r,t¿ were collected at three rvavelergtlts

0.96396, 0.97918, and 0.979.13 Á at the Acli'ancecl Photon Source (APS, Argorrnc. IL)

bea.nrline 19-ID of the Stmcturai Biologl' Cerrter-CM rvith ¿r SBC-3 CCD detector. The

data werc processed using HKL2000 (Otwinowski arxl Nlinor, 1997). Data cr.¡llcctiorr

and processirrg st¿tistics ¿re showrl in Table '1.2.

The structure of PáPFK rvas solved using the rmritiwavelength anournlous dispersiorr

methocl. Selenium sites were located using SOLVE (Terrvilliger. 2000; Terri,illiger ancl

Berendzeri, i999). Six of the 10 expccted seleniurn sites per ¿rsvmnrctric lrnit \\clc

fbund. Selenium position rr-,finemcnt, pirtrse calculatiol. and densitl, modification was

performed bv SHAR,P (de La Fortelle anct Bricogne, 1997). The structtral ruoclel r.as

buih and reflned by XFIT. Cr\S. ard Refmac (Briingcr ef ¿1.. 19981 \{cRce. 1999).

The AX{P-br-rund strlrcture was solved by rnolecula,r replacement usir:rg Phascl and thc

modcl was 'r'alidated in Coot (Eursley arrd Cou,tan, 2004: f,IcCoy et a1.,2007). The firr¿¡l

refincrnelt st¿rtistics c¿rn be found in Table 4.2.

4.2.5 Determination of erazyme activity

PFK ¿ctivity was trssa-ved spcctrophotornctricall¡' at 50 "C, bi, couplirrg the fiuctose-

1,6 bisphosphate fonnation to the oxidation of NADH as previously described (Kengen

e-t o,1., 7994). See supplemcut¿l materials for more details.
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4.2.6 Substrate specificity

The phosphorvl group donor specificitl'of PñPFK rl,¿x deterrnined b), rnea-suring tjrc

PFK activitl, as described above substituting ADP for the following phosphor¡'l gro¡p

donors. UDP. IDP, GDP, and CDP. The actlvity is repolted a^s percentage of the rnax-

imurn activity obtained with ADP. The dir,¿lent ca,tion preference was testecl sin.rila¡lr'.

replacing \'{gCl, in the assal, bv \,IgSO., \InClr. NiSOr, C¿CI,. ol ZnCl,. 2.5.4. ¿ud

7 m\.{ total metal were used. keeping other components as those used in the standarrl

assa¡r The activity observed using these rnetals wa^s reported a,¡j units/mg.

4.2.7 Kinetic parameters

Kinetic parameters wel'e determined at 50'C bv varying the concentratiors of fructose-

o-phosphate (0 to 2 mM) with saturating ADP concentrations, aud r.ice veLsa (Kelgen

et al., L994). For some mutants. the range of fructose-6-phosphate coDcertrations w¿rs

increased. In all these experiments. \IgCl, u,a^s used as the divalent catiol. The data

rvere analyze<l using SigmrrPlot software (S¡rstat Softu.are. Inc.. CA). and fitted to the

I\.{ichaelis-\,lenten equation.
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4.3 Results and discussion

4.3.1 Enzymatic activity and substrate spcciflcity of PhPFK

P/¿PFK is p¡erlictecl io lrc ¿r¡ ADP PFI{ ]rasecl ol sc.ltlelxre- sitnil;rritr' (I igule 1.1).

In ar[1iti6r. t]rer PñP]'li structures aligrr s'c1l rvith thc ¿*¿il¿il¡lc ADP-Clli s1l1l(tule's

iFig¡r.es ,1.2C ¿rrrr1 J.2D). Thrrrcfule. to test r.hethel this i:rtz¡.lllt-'ls ¡i tt'ltc -\DP-PFIi t¡o

phospllrlrlatiol oI F(jP \y¿ts assrivc(1 in the plcserre oI sever'¿1l tittcleotiilos. Pl'Ii actilitr

\r¿is tlte irig|cs1, i¡ t|c plesencc of ADP or LIDP ¿rs tlte phospliol'r'1 gloup dr.rrior' {Flgru e

1.13A). IIorver.er. P¡PFIi is also c.irpablt, of tlarisfc|ring plt(rsphorr.l gronp-s fiotli lDI'.

GDP, ¡rrrd C,DP to F6P bur Lrr ¿ sigl1i.fi(.a1r t 1r' slos,i,¡ r¿tte (Figr.u'e .1.34 
) . ,\ ¡¿itLu ¿ltioll

cur\.c \f¿rs gencratecl fr)l, lrotll ADP ¿tlrl t,DP. 'rhc .ralculate.L k.,¡ f It'1¡ value fol L DP

u,as -10 tirues liighcl than that of ADP. irxlicating ¿r stlotlg plef'eu'rrce fi¡r' .\DP olcr'

LDP as the plrospholrl glintp rlorror.

\\rilci t]-pc PñPI- K rlisplavcd \lichaclis-l lt-.nt en kirtctics at 50'C. Tlic follorr-ltig cttri-

st¿lDrs \\'cr c cleterlrirrerl nsirrg ililect fit: ¿fr¡ \.alues cil 1l-i,2 t 2.5 arici 1J.2 t 2.1 1i\l lirr

F6P anrl ,\DP. reslrectiveh-. ¿mcl a I:.,,¡ r.ahie o1 -15,5 { 1.(l ,s I. All killctic p¿ir'¿11Detels

¿11.e sunlmarized il Tal¡Ie.1.1 arirl Figule,1.ilB. flie lcnrpelatltre of these lo¿lctious i\

rrrrrch lrrrver tha¡ thc optitlial gror.tli tcrrperir1.ttle of P. h.o'rt|:oshi't ¿rlcl sillt'c tt'ttlpt,'i il

tul.(.h¿s zr siglilicant effi.ct on clz\¡mc kirretics. tle collst.tllts c¿rk'rrlated hr:re rnav diffei

firrr¡ the rahrts at thc optinLal gro\,th t ernpor'¿itru:e. I Iuflrrtltri¿1ch'. tLc cortlurclcitr]h'

¿*.rril¡.bLe aurilial enzmcs fr¡r' tliis le¡l('tion tuc fiotrt nrcsoplti'lir: scrulces hinclerilg ilrr'

rise of [igli ter]l)ctalules il the :rssi¡'. C)n t]re othcr' lraurl. rlue ttt the largc ¿itlotlttt of

turti¡rts ch¡ir ¿,r.tc.r izoc-l in tliis altic;le thc stuch'l'ottlcl lrc ptohillitilelr' Lrugel lt-sitlg a

rliscor tti rl()lts ¿lssal, t,o rue¿isule tlic hi]letir: pararlietcts at Ligliel tcrlpelittnlcs. Nerlr'

theless. ¡nrs1. cif the vu-olli publishecl fol otlicr.' ellzvrlcs fiour ttris fiitrrih ttstrs the silllre

strategr.. rtraki¡g the tl¿Lt¿r ltetc rlilecth- courpiutrble. 'l'ixr t:¿rlcttltrtcd 1L17 r'rllues firl F6P

¿ucl ADl, iitr rvrld tlpe PñPFK aro signilit'i'rnt1y Lrrrer th¿ur those ol the ADP-P}'T{
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Figuie -1.1: -\Trrltipii' Sec¡rerrte Aligritnent of PñPFK $'ith othcl ADP PFKs ADI'
Cilis. ¿irrc1 tlic |ifn¡cr icn¿r1 .\DP GIi/PF7i. (I'f. Pyrocou:rts .fttriostt.s. Pb. Prlrttt ttr'c,Lr:

{igrrrc n'irs 1rt'cprrled usirrg GencDrir: (\ir'Lo1as c:t al.. 1997).
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Sutrsirate

Binding
Cleft

Hinge

targe
Dorn a in

N term inus C terminus

Fig¡rr. -1.2: Sttucrl ru.e of apo irlci -r\\IP bourrrl P/¡PFI{ alcl rlrttliarisons r,i ith ,\.DP

GKs. A. lpo PñPFI\. B. -A.\IP-Lound /r/¡PFli. C. Alignnte t ol apo-PñPFT{ str'11.'tLrle

(gleur) s-ith Pl¿GK stlncturr (o'arr). The ¿rrlditional N-tcturitial o-helix iif 1)/¡ClJi uot

fr¡¡ifl in P/rPFK is slxrrvrr il mligelt¿i. D. Alignmerrt rtf A\lP lrorrrrcl PñPF Ii str'ltctllre
(gi.ecrr) anrl AL)P bonrirl 71(.lK strLtcture ic:r'an). Tirc ¿clditx»r¿r1 \-terurittal ¡t-ltclir
of 7'lGK uot fo¡rir} irr PñPFIi is sluxln in lnrlgent¿i. 'I'lls fignlc tas gell(lritte.l tlsillg

P¡'\IOL (Derlalo. 2002).
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Fig¡r'e 1.3: PIzPFK plr¡spholr.l llonor. kinc¡ir s. ¿rnd rliv¿rlelt tation specifit'i§'. A. \\-ilrl
¡1:¡1e a cl S183E PñF'I.'li \\¡ere ¿rss¿rYe(l $,ith ilifie|eirL rurcleotirles as plrospholll dL)lrt.rrs.

The ¿rctir,itr, is shou'l ¿r-s the lrcrcerrttrgc of thc ¿rctilitl uterrsttecl itr preselcc ,¡f .'\DP

(1g07). B. Pll.rsphoft'rrc.tokiri¿tsc actir.itr' nxr¿Nlu encnts \r'et cr rrr¡de fi)l §il(l ¿I11(l llnlt¿1rt

l,ñPFIis. c. Pl¡l)FK ¿it,tir.in. rrre¿isurecl in plesclce of 2 rn\l F6P. 2 nr-\l AI)1',. ¿rlcl thc

indir.¿rtecl clir.alcnt catiou colccntr'¿rtiol. "Clrntlol' (iorl'esl)o1tds to fhc a(tivitv ili t1}e

¿tbsen(.e ol nltcleotide (A) ald rrx'rtrl (C). Resnlt.: ale gilcti as thc rlle¿1] !S.E i.il tllei'
cxpelirlclt.s.

¡c]ln P. .fu.riostis. 2.il ¡rrcl 0.11 nr\1. I'esJ)c(t i\:el\¡ (Tuinrrrga e/ a/.. 1999). Hostt'er'. ¡irr:

1ii¡ liir F6P is silnilir,r' to thc /i.u obt¿iinerl firr tlre bifiurctronal ADP Glir/PFli liorr

\1. ,janrmsr)t¡,i..9.6 ¡r\1, Liut rhe 1ii¡ lol' ADP i-* still tlutcli li.iu,er, 0.19 nr\l lSaliut air:r

t:t 0.1,.. 2002. \¡clhees tt al.. 201)lJ.

Diralett (:¿ltions \\:cre Ieq11i1ed for Pi¿PFIi activil.r'. I-rvc dirt clt tuct¡rl t ¿Lticitts

rvr.r'e testi:rl (\ I ir glrcsir.urt tves testi.rl rvith tt'o lolultel ions to clist'¡ucl ¿lnI efte(t oi thc

arrion) Lising, 2.5. .1 a,nr1 7 ur\[ tif tcit¿l rrx.tal rvith 2 tn\I total .A.DP arLrl 2 n\I tot¿rl FtiiP

(Figu¡e J.3C ) . Iri thcse corirlitions. the highcsr Pii PF K ar:tivitv n ¿is ob1¿irtocl s'ith N iSO ,

(,97 ll/¡rg). The urzr,nte \:¿s ¿rl-so ¿ctjr.e il the Jrrc-sence of \tgcllr. \hrc1,. \IgS0,.

¿rrrrL CaCl,. |ut no signilicalll ¿iati\-it\'\\'¿rS (lclect(l(l l'hen 1he aSSa\' §as Pelfortlcrl ir'

the 1t¡cscnce of ZttC|,. An irrclc¿rse iu 1he cnzr.me-' ¡rcttr,ltJ-. crott t'orrti t ¿ttltlt' l'itlr thc

irrcLc¿rse irr \]nCll, ( ()li( ('lltr'¡rti()l r,¡r. olrsi'rt't'tl. rl'lrilt'tLt'oppositt t'ffi'rt is ol)s(t\'{'(l

irr rhc pl eserrco of \iSO,. liir lhe othel riilalent rletals. the ¿ctilit]'djd lot chiurge

p{

9ii
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'Ih|lc 1.1: Iiitrettlc ptrlirmetet-q oI s'ilcl t1.pc alr.l tnLrtarrt PiPFhs. Fol thc DI7,\ rlrutant

t1¡.ki¡cri¡ p¡uiutrctirls lot \Igr\DP \\,e1e rlotdetettiliucd sitice thc elelirteil /i-r 1 \:¿lue fol'

F[jP liirulets Lts to le¿rch sattrratittg corrclitiols.

Enzyme k,,,, 1{¡l I'6P k""tf I\ ¡t F6P I{M ADP ,k,-¿/Anr ADP

Wild Type
N15A
D17A
A71E
QeTA
K1584
N160A
S183E
R1854
S1894
R1914
R,191E
q224}'
S2634
D4431.

s- l

45.5 + 4.0
91.1 + 3.9

1.98 + 0.005i
39.3 + 9.9
13.0 + 1.0
41.0 + 6.7
151 + 16

91.7 + 23.6

0.351 + 0.016
25.5 + 2.6
27.4 + 7.5
12.5 + I

65.3 + 2.6
64.1 + 14

0.00.180 + 0.00040

I5.2 + 2.5
103 + 1.,1

226U0 + 840
22.2 + 2.6

7.0E + 0.74
6500 + 130t)

415 + 13

86.5 + 9

318 + 9.5

9.02 + 2.3
251.1 t 26.1,

4871 ,- 173

38.6 + 1.3

39.5 + 7.8
t2.7 + 4.2

-\1 r¡ I

2.98 10u

8.8ri . 1{)!

9.57 .101

1.77 l0fi
r.t3 . 1(fj
ai.30 . 10'r

:t.65 10;
1.96 . 1{)i',

1.1i . 103

2. ¡t3 t0rr

r.0? .1{)l
E.7:l .10:r

1.tig I0.
1.62 .10rJ

;1.79 .1o'1

1;1.2 + 2. 1

23.E r 2.6
\.D.

1iJ.6 - l). ti
7.17 + f).70

3 7.9 6.7
72.1 r 1. !)

2t).(i t ).)
17:l _ 21

16.0 - 1.2

I 1.5 _- 1.2

60.í - 3.2
29.i t J-r.0

20.8 + 3.1
1;1.!l - 3.:J

r\/ l¡ I

:t.11 . Lori

:J.31 I0Ü

\.D.
2.¡2 Ioti
L.;1. 1(r
1.U8 .10{l

2.09 10n

:1.10 1oLi

7. 11 . 10:
L.r:i0 1(l(i

i.t9 . i0r'
7.02 10¡
2.21 r tl',
3.0t . 10Li

3. 1ú 10!

lith t1ir.c¿ttion coltcentl¿ltiol irr thc ltr.rrgt: tcsterl. ClaC'1, sho[,ed tLc ]owt'st aitivitl

rvith -75% ol lhe ¿rctir.ilr-nlcasu.Led irr the prcsr:nce of NlgClr. r\lt,hough it is gericlallr'

¿lcceptc(l th¿it rrtrgllcsium is thc irr r-ilo preferlcd lrret¿ll. the ¿biü¡r'of Nil-. ,\ltrr-. ¿rrrl

1o a lo\y€rr c-xterrt C¿r2+ to sllppolt l'ñPFIi ac'tii'itv rvith a higli c¿lt¿rllti( 1ate. sl1llgests

th¿rt. otlier lnctals c.¿iu substlt11te \lg2-.

4.3.2 Overall structure

l1', 1,, llrl'FIi -r I t(Itlié fijlll- l.l.\ t r. r,l.r.'I r" 2.0 \ tr -"ltlti"lr \\'illr H -

t).202 arrcl Ii1*. - 0.2Ji (TalrL. .1.2). Thc sti u(t1lr'e cr¡rt¿rilecl -150 i.if t]rt'cxpecte(l 171

tesidlr(.s Iiem tlrc cxpressccl plritcirr ronstr-trct (Tirble:1.2). Irr ther filral modci. 97.9(,'i

of tlx. tcsi.clues \r:ct c irr farored lcgions of the Ram¿rchattchan plot ¿lrtl llo1:to \\r'l e ill

t[e llis¿rl]¡¡vccl legir»r (Tirble 1.2). P¡PFK \\,as.'1l'stal].izcd ¿rlole arrtl irt critrLPkrx t'itlr

ADP. The i:rpo sttllct:llle §'its soh'e.l lrY ntultiri i .elength ¿lllotllalous clisPel siou tltetliorl

llsing ir seleltome¡Liorrill e clclir'¿rtile nrul the r:orripJ.c-\ stlu(rtruc l'as sollorl lrl rlolctltrl.rt'
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T¿ble 1.2: Crvsrallrgraphi(' d¿it¿ and lcfirrt rrerrt st¿ltisti.s. \¡¿lues in prrlctttheses al'tr

firr tLc highest ler-.olLrrlon shell, 1,DB croclc.s ¿ile 1Lr2X ¿rxl;lDR\\: fbl r,rpr., PlrPFI{ rrrrrl

it"q ex rvith Alll)

Space gioup
Unit cell dimensions

RcsolLrtitll r',nrgc (A)
L nicLue/tiee rcflrrr tions (i%)
Crnryleterress (%)
R,,,.,e,
I io(I)
Rerluntl,irLcr,
11,,.,,,¡|R¡,"" (tX.1

R\ISD borirl lclghts (A)
R\ISD liorrd angles (')
\Ie¿ul tclrperatrrrc factor (A2)

P2,
¿r - ()¡.1i r .{
b - l)9.93 A
r': t2.¡8 A
l - 110.3iJ"

10 0 2.()

i,9.682/ 3..-i08

ee.2 (98.6)
(-).0¡¡ (0. li; )

21.0 (,J 57)

6.(j(5.e )

20.)i2+.it
0.r.)0 I
0.fi)9
27.65

l'21
a : 68.5 .\
b:10 1.2A
c-70.EÁ
l - 105.1',

-11.5 1.9

71.005,r3.770
e8 7 (e0.7)
0.0E (0.353)
16.7 (3.2ó)

l.; (3.9)
17.7/22.E

0.00;
0.705

29.51

r.{-rtr)l¿lcement t-<ilg the apo strLratltre ¿rs a rnoclel. A-\lP. i¡sfr'¡rl of ADP. rv¡rs foLtltil irr

the ¿r'tir,e sitc. The A\I1'-bound strll.tLrro (FigLrre 1.28) §¿l-s r.filled to ¡t tesciltrtiotr ¡rf

Lg ,\ l'ith R. - 0.177 rnxl fi¡rr.,. : 0.22¡i (Ttrble J.2). Both thi'rtpri itrtd AllP-borurrl

P,tPFTi ctJ'sta1 sttua.l,lu'es cotrt ¿lined i§,ci tnoler:ulcs in tLc ¿rst'ltnrt'tric ltuit. I-oL ¿ rrtoLc

dot¿riIed rliscussir»r of oligotlietlic' st¿'ite s(\' Supplclnctltal \l¿rteri¿ls.

'Ilic clr.st¡r1 s1r'lrcrLlrc oI Pl¿I'FIi n,as aligtierl l,ith PhGl{ 11sing tllc Dalilitc selvtr

(I'igL]].e -l.2Ci) (HO1rI alcl Ptr.r.k.2000). Pl?l,FK ¿r11d PñGI( share i]1(f iderrtitr' (Figu|e

1.1). Over:all. .107 r'esichtrs rieier aligled. r'r.sultirrg iu a Z-Sr,titc ¿ttdR\lSD lrctl'cel n-

ctr.rbon positioris of 119.9 arirl l. r .\ 1'r'¡l)cr'rivoh TL" -{-\lP lrtlurcl Pl¿PFIi s¡tL1'rtlue

rvas t ig¡erl ¡-ith ihe ADP lrorulii TlCll( -qtmctrtrc usrrig the D¿Llil,ite srrllcr' (Figtut'

1.2D) (Ilti[¡ ¿11i.] Palk. 2U{10). These tl.o proteins also shared 3L% ir'ltltitl' l.ith orie

¡lnothet (Figur1)1.1). A tot¿rl of -13-1 resiclncs \\:ete ¿iliglle(l l'ilh ti Z-Scoti' of 11.1

aucl ¿l R\ISD betu-eeti ri (:¡1rl ,,,tr 1r, ,.jti.rr- uf :j;j -\' Ilr botL cases the s¡r1r'tnres \\:c1e

Apo-PlzPFK Complex with AMP
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sirulltrr', sharir.rg the s¿rrlc large a.ncl snrall rli,J clorl¡rirt stLLtctttr'os suggesliDs, tlte t'i¡ttrrtrort

cr.rilutiol¿irl' oligiri of ,\DP PFIis :rncl .\DP GKs. Hr¡u'evcr'. the A1)I'] (lIi stlnctrtCs

Irar.e ¿n acl(litioral o-hi.1ix rrt tlrlil N-tr.rrnili arr(l ln tll(r ADP bould TlGIi stnrrtlue

the s¡r¿11 clo¡rairr is closer t{) thc lalge dontilitr corlpate.l to A-\lP lir.,unL1 Pl¿PFI{ 'firis

i.'. discussecl fiu t htl belorv.

4.g.3 Nucleotide and Mg2+ binding site

gvelall. the trpo ancl -1\IP bourrcl 1'ñPFI{ strLLctLll'cs sllorv verlt little rliffel clrc,e fIl\[SD

l,pl \\rrnt) ,, , ,,1",1r1',,.lrin1¡¡ - 1.i.\: Z-S,,'r" = ril.! . fl',1tnlel . .\\lP l'i ,,lill: ¡' - ¡¡l-: r

sliglrt r|zr¡ges iu thc 1ai'ge rirl.rleoti(lc bindilg loop ¿rs well ¡rs the ttt¿rin cltain posit,itlrs

ol t¡e j sheet alcl krol> tLat lLt: clilectlv N telrlrirt¿il to thc lai'ge rir-tr,leotj.dc birirli1ig

l¡op (Frg¡re i.1). A i:orrfil nrirtional c'halge of tlic large uttcleotidc' bitrtliug J.l.,riP l'as

irls¡ teportrrl trprirr ADP birrliug to 7'lGIi. Thclc is goocl conselvatioli bet\\'(l{'11 tlle

rtniltltille birxlirrg site of PñPFI( and ADP-ClKs. Lorver.i'r some cliffér'errc,i's erist irr

thc -qugrn. l¡ounrl. r,liiserl rlllirrmirtion (t1rr-c:rding rrtr¡clcl. see l,ielolr'). Il tho A\[P ¿rrlt]

ghrcose boLutcl Pf(}li stmcttur.. \';ll1 of tlic large clourairr livclt'ogcl b,¡tids l'itli E1f)5

f¡¡¡r t|e sr¡a11 rliirlain. Hrlr-er.er', il PñI'FI( thc orluivrrlurt stllttLl .lorIl¿ri1l re-.lirllrc.

S1E3. is too shorf ro hr.clrogen lrorrrl rvith Y33ii of the lar.r,c doil¿rirr. flLis cliflel¡'[ce

nral- i1( (:ourrt fr¡r' the cliffclr.rrce il phospiroi'r'l giotrp donor spccilicitv in ADP GIis ¡rLr1

ADP-PF Ks. ,\DP PFKs ale ab10 tO usc GDP. to sol]lc extt.rrt. rvhurlas ,\L)P (]h-<

(rirt¡lot. \\:(. ru¿de ¡r S1¡3E urut¿Ltiori ¿ul.l tcste.l its ¿rltilitv to ttsc' rliilelcnt phosplot'v1

doir¡¡r--* rc¡tlpar-i:cl to the r-iici trpe enzvrle (Figure 1.3A). TLcre \\'¡ls tLo difl¡rell(:c ir

¿rr,tir.i¡t. betri cen tlx. tnut¿ut ¿rnrl r,ikl t1?e using ADP as a phoslllx;r'r1 clortor . Ho\-t'r'or.

ttte S183E imrta¡t disl;l:*,ed signific arrt h' 1css rrctir.it¡- t'lten tlrc phospholr'1 tloltol l'¿s

icplacecl s.it h IDP. LIDP, CDP, oi CDP. c:ontparcrl to tlnr §'il.l t)'1)e'

Orre ril the rrrost iritligrring fcatules r¡f tlrcse enzllnes is thc positiorl ir¡. lhat tlrcI t¿Ir

blnrl .\DP irr a ival' tliat lroth o, rrl]d J-phosphates alc i ecogriizerl tllaitilr'itr tlrt' s¿irlre
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I igule J.1: .\\IP biritlllg site of 1'ñPFIi. A. Stereo r-icw ol AJII'-lioLrlcl 1'l¡PFIi rrrt-

c.leotirlo bilrlilg site. B. (lorrpruison cif the mrckntirle biltlins site of :iJro (gleel) ariri

AllP-irriurxl (cl an) PñPI'K. These figul'-s t'ele gerterrrtccl in Pr'\lOL (Del-ano. 2l)ti)2)
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\\:¿\. as tlie i- ir,ricl ^, -pho,s1t1i¿¡,tes itt the,\TP clcpenrierit cllzlnles, ht thi.s tespcc't. it lta:

liecn pro¡roserl that the pt esc.lt.e iif a bLrlkr, srrle c1i¿iti in the bilttort of the nrrclcrtticle

lrirxlirig r.r'cr-ic:e (Yiir7 iri tlre c¿rsc of T. lilotulis ]\DP GIi). Le]ol' tho stLgat' pait of

the nroler trlc. (or.lld acl:,(nut1i fol the rüarLgc in specrfir:it\' (Itc¡ r:t a|., 200;1). \lolcrin'l.

it rvas proposecl that sinc:e ADP-I'FXs li¿n,.. letLcitrc or isolerrt,ine itt this posiritltt ther'

(,a1i malgiti¿llh. use ATP ¿rs l)liospllorll (lonor' ¿r.s it s,as seell fol tltt' crrzlrtlc' flotrr P.

.fttriostt.s (Tuir¡riga ef al.. 1999). Since tlic collesporrclirrg later'¿rl cli¡iin of /'/rPFIi (L310)

is pltrc:ecl in thc conespr.rldilg positir»r \\'e i,eslccl clilectlr' the ¿l;ilitv of tltis c1izltlrc

to use ATP ¡si¡g tirr Pr-r'nr-¡rtc kh¿rsc/Lact¡rtrr rloli1'rl ogcuase rottplerl ¿ssar-. t'hir'll

spcr:ifica11r' (olrsnmes ¡Lc ADP prorlucccl. Sulprisilgll'. no ¿rtir.itv l'as rll'1r'rterl l'illl

¡Lis lir-rc1er-,tidc.

Almost ¿11 tr)hosph¿tc t r¿nsfclring crlzvmes h,rvc \[g2- in tlreil active -sitc tliel¡J»'

¿tssistütg §'itli tlte pln)sl)h¿rte tr'¿rlsfel tlil'(rugh iritcractlons s'itli ¡lio ,r arl(I' plxrspliate

gro¡ps ¡f .\TP ol thc 3 plxrspliate of ADP, s'hctt ADI' is the pll.rspholJ,l gtoltlr rlourlt.

H¡rvclcr'. \1g2* ri rrs rrot olisr¡r'verl in the P/r PFK stnr.tlll e ol ari\ of tlx' ADP-C}Ii -<l luc-

ttrrcs. Althotrgh. I7rv¡r1cl rnolecrrles s-crr. tlappctliti the A\lP ¿111.1 ghlc.rse lroulci PfGli

s¡ru..t¡re. rvhirh offe¡s snfhcietrrt sp¿rce for both a rttagnesitul ion ¿ttcl thc .1 phosllhtitc

of ADP. Despir,c the ll.ercrlrrisit-^ fr.ir' \{gl . ¡liis r'¿rtion has rrcr.cr heert oJrsetvecl itl tlle

s¡r'r1(.tr1lc ol a riterrtlrcL of this sllpet f¿lnlh'. itlc'lnrl tio PñPl'l(.

4.3.4 Reaction mechanism

-A r.orrsclr-ecl ¿tSl)¿tt¿rt.l I esirhtc irr t ibokjtt¿r.strs. ¿r,dellosilc kitt¡stlS. ADP-Glis. -\DP

PI'lis. a¡d AD],-GK/PFK is l¡elicr.cd to ]rr. ihe catal1'tir: base irtvoh'ecl iti 1ho plios-

pholr-ansfel rc¿1c1ion of tlrr:se hirrascs (Figrue 1.1). Nlntrrtious of this residue il rlCIK

r.¡srrlted in ¿r siir,rific¿rilt lccluction of glucoliirra.se a(ti\.itv (Ito r:l 41., 21l0ll). Sirlrilallr.

ntut¿ltiol of the conts¡ron.lilig aspart¿rte irr PñPFK (D 13il) to alarririe resultcrl il ¿i L¡-ss

of PFK actir.itr' (T:rblt: 1. 1) .
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I\r'thcrrnor-c. ¿r corrseLlcd atgirrirrc rcsi.llle tli¿it tipplo:ri 1ii's tlre actir¡'site tlrLliug tlre

drir¡1airt r.1rrsing e\¡e t ¿1s,.jo.ii¿1tecl §'itli sugttt' lirridilg is lrelicÍr1 to ¿'ittl¿r.t the tt't'tiiitial

pliospllate grorrp of tlic phosphor'11 rlorior'. stirrul¿rting clcar':,tge of tlie p1x;sphoc{iesti't

bornl i111d tlirlslil' of the phosphirte 9]1)11]). flutatiorr of R205 irr fl(iK to ¿r1¿lrtirlc

resuitcct in less t1i¿r[ 0.1%. the ¿ctj.\'it]' oI the rvild t)'Pe erlzl.1ne (Ito cl ol.. 2003), \\i'

¡bsc¡verl ilie srntle effect ul).)11 rLltaTioll of tlre r orreslrorrrliug rrtgitrirre lt'sirlnt' irr PIIPI'{i

(1lLll5) t0 aL¡trritrc iTable 1.1). TILCsr.t§,o Iirrrlittgs ¡rlpport ir (:olts{'lIe.1 ttlt'i'lt¿,r llisur

¿tlrlon gst,\DI) GKs. .{D}'-PFKs. arid ADP-C,Il(/ PFiis.

4.3.5 Substrate induced fit

A lalgi-. confolrrr¿tional clrttrrgc occuts irr -\DP-G1is ¿ls \Ye11 iN ATP-clrlrclcierlt hoxcil<

ilases,/g|r¡oki¡¿lses iui(l ril¡¡kiri¿rsc:s nporr Lirrrlitig theil tcspectivc -.ttbstratt's (¡-igurr'

1.5) (Ito r:i ¿1..200i11 Artclelsin ¿1 ¿1.. 1!)7¡i; flulicli¿rk cf al.. 199¡i: Sigrell rl ¿r1.. 199S: St

Charles r,f al., 1991). Thc flerlblt: 1oo1rs lc.rc,ated betlvccrt tlte l.ttg(r ¿t]ld slrlall dotllrrirLs

fot'rn a hinge rli¿it tolcis. t lo-*ilg tiie clclt bet§.rrrr the trvo rLrtrt¿iiu-s trpou sltlrstrirte bilrrl-

rrrg (It¡ r:l a1..200J: Arulersotr ,rf al.. lflTiJ: flrtlicliak el a1.. 1f)fliJ; Siglcll e1 r¿1.. 199E: St

C[a¡l¡s cl ¿1.. 1991). This corifirln¿tiorrirl charrge iippcars to bc cs-qeutial fbr po,sitiol

rrrg rhe c,trt¿lr-tic lesichres of ADP-GKs auri libohhases (.It o r:.t al.,2tl03; Siglell c/ ¿1..

1 99c!). The tllir:C ADP CKs st rctnlers rrll displ¿l¡ \'¿i]r\:iro ilrloLlltts of tlolnaill <.]oslLle

(Figur.e 1.5) llt.ct r:t. aL..2t)01: Tsuge et u.1.. )002: Ito et ttl..200i3). Tlre aPr.i-Plc,lli r; tlre

most oper t:onlbrmatiorr (Figule 1.5)(Tsnge r.;l al.. 2(X)2). T1icrc is ir rot¿ttiolt of ¡tlrt.rttl

20' bettr¡c¡ tlie latgc ancl stii¿rll rlonairr irr tht ADP Lourrrl 71G1i stlit.ttttrl cotltlittlt'tl

to the fñGK sttrt(ittuc and ¿rrr ar-lclitio¡.a1 20' r'ott¡.tir¡rr belr'vecrt the firrr tlottt¿ritrs iri

thr. A\lP aucl ghrcose borrncl P/Cili strLictlnc coupat errl to the IIGK -qfluctruc' (Fi!-

ur.e 1.5)(Irci r:l 0,t,.. 2007: Tsnger cl ¿1.. 2002: Ito et u1..2003). It rvas ini¡i¿rlh' r'i,polter)

thal tllc 7/GK structrurr r.as tlic rlosl opclr colf,-» rl¿rti.ou bec¿rtrsc thc\- s.ere ablt'ttr

srrc ccssfnlh' s¡¿rk ADP orrt of the c:r'r-stal. rvhicli trlit:¿ttes the ¿rlrscltce of il laige ccitlfbl
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ADP Giucose

5¡1¡ri
i.)r¡rr,¡, ¡

HinB€ ')

Large i

Doma¡nl
l

I

Figrue 1.5: Srrlrstlate irirhrcecl «rulbl'rrr¿tional r:hirlges of ADP-GKs. Left. trpo stlllcttu.
frt¡¡ P ¡yrx,oc:cu,s ltoril,ttsltit (Tsugr-. cl ol.. 2lJ02): rnic1cl1e ADP-lrrlrrrd strtr-tnre fiotlt
Th et'¡n ott¡r:t: u s litotrtlLs (ILo et o.t..200I') trrrcl right. -A.NIP and glttc'.lse boutrd strLlctLuc

firnt Pyrr.ttnrt:tts .ftu'iostr.,s (Ito r,f al..200;3).

Irr¿rtiol¿rl r,[arrgc (Ito r:1 al.. 2001). T]re 1'lClIi stru(ture i:lcirr'h' ltilscrlterl a rttote oPctl

tor rfo¡rl¿rtiu¡. tviric:h led to the sttggestion tliai Il(lIi Ilatl lreelr trirpped il lhe ,\DP

bonrrtl cci¡fr¡rrration folkrrviug ther lcuror.¿il of the ADP fiotn the cllstai (I'sltge r,f í/..

2002). Hrxr,r.i.¡r'. ADI' r,oulrl rrot lte so¿rkeci irto tlie P/iGIi crlstal. u'hich is tliottgllt

t¡ lre clue t¡ a¡ ADP-rleperrlcnt clourriil ckrsirg (Tsuge d 0,1.. )002¡. Itttet'cst itlgh'. trrr

s¡ch ci.i¡folm¿rtj.ona1 rhirlge l,¡r.s obselmil l¡etrvt-'cl the trlro alc-l AtrIP bourrd P/¡PFli

strllct trr.es. Ir r:oulcl lro that thc .3 pltosphate of ADP is lcrlLtit'erl to lulh- irrrlnt'e tlris

t orlfolltr¡rt itllai clrtlugc. Tlte ¡uriue liitlOgell of R2(lii fl'iiru f/Gh i' 'J \ -\ 'rl;rr fi,rrr rhe

,i pilr-sphirte of ,\DP ¿tni'l ur¡n' form irrrpor l irnt irrtr:r ¿rct lotts tht'it hellt to st¿illilizr' ¿i tncrl r'

¡lr¡serl corrlolm¿tiori (Ito r]l al..2001). Oue othct pcissibilitl is that lil' PñI'f'li lrotL

c¡-f¡ctot. :¡r¡l sulrstr'¿rtc' are tcr¡rilecl for.. the cortformatiitntll cliattge ol)sel \.er(l il-q seelr

iu ethe¡ st¡ict¡tes. hr ¿u\' (.¿rsc. the l¿lck of c'orifolrl:¡tiorrrr.l cltarigc in Pl¡PFI{ irr tlrr'

pl es(.rr(ic oi AIIP is sones.hat srLiplising girot thc stru(rt1uc is front ct¡t'r'r'stalliz¡tiol]

il-rteacl of soakirrg.
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^'lko,,
fYr\l

R19'l
Qa ao

R185

K158h,]
N15

Figru'e J.6: \ftrdcl of P¡PFK bonnrl to F6P ¿rrrr1 ,\\IP. Docking nroclel of tlic PñPFli-
FUP r orr4rli:r. \\¡hele ¡liffcrclt. the positiorrs t¡f rcsitlues c'onsetr-i'rl itr .\DP-GIis ¡lir:

slii»vn in olange. Tirc lcrl lesiche collcsporrils t,o the glutturiatc tcsi(lne r¡trscrr-cd iu
thc bilunctir-rr¡rl ADP-GIii PFIi (E82) ¿rrrcl rl ADP (,lKs (E8E). Black liashed lirrcs

rcplcsclt ll'rllogen borrcürrg.

4.3.6 Sugar binding site

-\ttenrpts to r'c>cr1.sttillizc oL sli¿k cllstals u'ith F6l'ol finc¡osc 1. (i bisphrislrhrile botli

in tlte pleselce ol irlrsr,rr,c ol ADP r» r r or Lln-drolr-z¿rl rle ADP rlrrillogllcs \\'e1e Lulsil(-

cessfirl. Dne to thi. oruall simrlalitv br,rtl.rx'rr thc PñPFIi stt Llctnle,'s arirl .\DP Clhs

stlLrctur'(.-s. rr,c nrcirlclcd PñPFK irr llr r'loscd confi¡r'r i'i¿rtiorr lioulci to F6P;lrrl A,\lP

b¡ser-l on the,\\lP ancl glncose borrnd P/CiK strrctuie (Figtrle J,(1), The pliuratt' se

clnerrce of PñPFIi \\:¿s thr'(.¿docl orrto the P/'GK sti'uctrue lrrnrir'l to ]xrth -{flP ¿rrxl

glucrrsc. ¿uril thc lcslLlting rloclel r.i.ls C cIgI mirriruizerl. l-(rP §,¿rs dockerl §,i¡li the

stnritulc rsilg AutoDock (\[ollis r:/ al.. 1998). All of tLe ten lour:st etrelg¡'tLrckiug

lesultl placerl thc phosl)h¡.te in the s¿rruc positirn rvlth ,:ii1¡' slighl. rLIli'r'cltes in the

l)l¿lcc1]lcllt of the sugnt tutiietr,.

Tlr r.¡rlirlale our moclcl ¿trcl gailr hrrthel rnsrglrts ir¡ti strbstr'¿rte specifiritv. tcLer-arLl

¡csiclues froni the FbP biudirrg pocket iif P¡PFK. the higLlr. colselr-eti Icsiclurts \15.

Nl3

L0l

, s183

{ Y

qT,



CHIP'I ER 1 1.3. RESITLIS AND DISCITSSION

D17. Q97. 1i15E. -\16t). RIE;. S1,9. It191. (1221. S2[r3. ¿rucl D11i]. \\'c1'c nllrt¿rte(l to

¡rlarii¡e iu oliler'¡o cst¡tblish thcil irrrportirnce t1) substtate bitirlilg ancl c'¡r.¡¿rllsis. Of

these. )1U,\. D17A. K1)5A. N160A. R.l.\iA, ¿LIcl R 191-{ shorv tlte rnost siglrifi('.ri1t

iriclease iu thcir 1f.1r ralue fot F(JP (Talile -i.1), \160. \15. ¿nd R191 forn orre. t\\o.

arrci thtcc hr.drogerr boltcls rvith the phosphate gt'ottp of F6I). r'rrspectivclr. as jurlge'cl

lt¡ the |ocrkcd corrfbr rn¿¡,1ion (Figure -1.6). R1E5 ttnrl D17 fblm ln-tlt cigt-'u botrtls ii itli

the srrgar noietv of I-6P (Figtlcs -l.il). As a iesrrlt. loss r.,f tlicse ilrt('ract iotts rvr'¿tketls

PhPFIi |ircling i,o irs sltl)stlatc. I{158 is too f¿rr to hr.rlrogcl borrl t itli the plrt)-s¡rhatc of

F6P irr citu tnoclel (Frgrrre J.6). Ilos,er.r:r. it i-s stlictlv corrscLlecl rrr I'FKs ¿lr¡l mrlt¡ttiori

of tlris residrrc L¿s the rnost signifir arrt effcct on F6P bitrcling ¿rff ttr the D17A ultt¡¡.iit¡ll

(Table :1.1). Thele ¡itr, -scr.er¿l pi)ssil)le erlrlaliitiols for thjs o'bsctlatiott: hol'evet. il is

rrxrst lihelr. tr lcstllt ofthe threticlirrg ¡rrcicedulc itself. sincc thete is uo llegati\t ch¿rg.r

rri stabilizc tltc posltir.c later'¿rl r:h¡rin of IilI¡8 itsirle' lho birxling pot ktt atrcl t1iclc1i.¡r'r.'

Iept llilg it in tlir. opposite dir-crctir»r. I1l fact. sirrlple lotatiol r-,f thct sirle c'h¡rrl o{]i1¡8

in our trroclel rvottltl resnlt iti ¿ rlist¿ ce of li'ss th¿rrl i]. ',{ trrtL'' lrho:1'L;rle gl'rttlr

of l-6I,. This s.¡rs ¡¡¡fiir¡.erl usiug a rlolec'nl¿r r'lvtraurics sirnul¿rtir»r. (sce Slq¡rlt'ruental

\ lirtelizrls ). hi thls cr¡lfolrn¿it ir¡n. the l¿ter'¿il chaius rif KllE ¡lrd R 191 r:olLIcl forltt ¿r

salt briclge r.ith t,he pliosphate gloup of F6P. rüiiI \\'ortlcl explaitt tlic boltar.iol of the

nrLltarrt errz\:1Ire.

I¡teresti¡gfi'. the h¿]f of the srrgal lirg o¡rposite to lhc ettrlr¡clclic oxlgc'rl is ltr-

ognizerl r]]itiul¡' in thc s¿ir|e I'a ¡rs tle compalablc part of ghtcose lrI ADP f}Ks. As

cxpecterl thc lcsic'lnes rcsporrsilrk: oI this lihe N15. D17. ¿lrrl G96 ¿rret cousetvtr'l in ]roth

spe¡ificitlcs. As c¿n lic seen bek¡tr-the srigiri' rlisci lt¡ jna¡ iott coiles ltt¿riitlv bl- tlle irL-

tc¡actiL¡rs rvith ¡he orhor h¿lf of the Iing. This suggcsts th¡lt thc sug¡,r hildilrg -r1to itl

t[c la¡ ilr, is st¡¡¡g1t. ltltrstic to ¿rcrrirnnoclate ¿ [Ltt atrosc-P ancl a pllitnose t'ith ttt¡rirrlr'

tllc s¿trrle lesidues. lrrrt still r,er)- scler:tile to preciseh' r lisclirliirlat e bctl'cel tltt'tlrtc.r cif

thcrn. Q221A ¡rrll S2[j3A (.onlribute littk,to the srrgiir bindiug: botlt rntrl ¿rtirils rtstr]t
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in snrall irir:rr¿ses il li.r¡ fbl F[iP of a]rc¡tt 2 to ilfirld (Tabk'-1.1). S L rlplisirr¡,1r', Q97A.

S1tt9-\. and D.1.J.:iA nnt¿rtions lc¿ld to:L s1n¿ll (lec1e¿se i1l 1(.11 for FtiP rk'slrite the Lrss

of a ln.drogcn l¡orirl in ¡he c¡rse of Q97A ¿ld D-1ii3A (Tablc -1.1). Alsr-r. R185 nrlil DlilJ

nake r:ont¡rct rvi¡lithe Cl1 hr,ch'oxr.l glorL¡r. ri'hit:L suppotts tht: ¡rlrposed c ¿rt¿rlvtic' tuer'h-

¿¡risnl. Ilo6c\.cr. due to thc lacli of tire phosphate glortp frour -\DP. tlrc ptt-'it iott of

H l8.l conkl hc sorlerr lrrit rlistorl.er'1. Nel.rtthcless. or-rl rnoclel is l'i'11 -qttplrot tcrl lrl tlie

rnut¿rtiorr¡il rlat a.

4.3.7 Differences between ADP-PFKs and ADP-GKs

The r.orrst:rr.erl resiclurrs \1i1. N1i, D17. G96, C)97 urnd R18ll fbnrr Lx'rltcigr:tt bourls

l'irlL F6I,. ¿ls sho\\:rr irr figrtre.1.6,\. I(1;8. N160. and 11191 also forrn hvchogerrL 1ront1"

riirh F6P (Figruer 1.6). These lt'sidrres ¿r1e 1)1csol]t il tlie lrifiurct iou¡rl ADP allii PFK

fi'om .,1./. .,jurrnlsc.lt i,i. bnt tlre eqnllirleut lesirlircs in ADP-GI{s ¿ile a r]ol-( ollset'r'ecl -.rri¿rll

lesidrLc. hrstir-line arid asltrutate. rcspcctir.elr.. A similal scett¿tLit.r \t¿is scclr itt it lttlliott'-s

in ,si.líco strrrh. usin" the lrifiurction¡rl urizvme florlr -11. .Tanrttt.sr)tii (llcnno arrrl Cli¡.Liro

2003). Thc ¡rositir-e q,h:ngc ou Rl!)l oI PñPFK ¿11.11¿l.rts tlre pho.:pliate grottp of l'(il'

¿i¡cl is str11 r:ornpatible r.ith glttcose birrdilg. HowclcL. \rhell l epl¿1cc(1 il¡' irspaltate

i¡ ADP CIis. t1i¡ rrcg¿it,i\¡e1\: chalgcrl sicle ¡lrarn likr:h'r'epe1s thc plriispLirlc group of

F6P. s'hich pler.errts ADP-GKs fi'orn bincliug F6P. Irr olclel to asscss tire rolc' oI R I91

il FiiP brrrrlilg. r,e nr¿.r1e tlo nrLtt¿rtions. RL91A ¿rnd R.l9itr. 'fhe R191A mLtt¿rtit,rr

lerro\ts l hi'ee lit-cL ogcrt bonrls to the ltlxrsphate gl onp ol1 F6P alrcl c¿l llses iI .' 1 7

fir[l iucrease i¡ tLc 1i1¡ \,a]ue for FOP (Tabk'1.1). Ho¡'er.cr'. ¿ls pledi('tc(I. tlte cliirtgc

ret,ersal of tLc Rl91E ntutatioll h¿1s ¿l ir111( h l]rol'e prolrollrrceci effett ou F[i]' ltitrtl1lg. a

-325-f¡1d incroase irL /tr¡ (T¿i|le 1.1). Er,el so. tlic R19lE rlrut¿lllt etIZvrII(' is Iti¡t ¿rlrlc

to pliospholrl:rte ghrcosc. srrggestiiig th¿t tlre l)reser(r of this clialgcd resichre itt tlie

lrott,cirl r:rf the sugirr lrrnrhlg site il all ADP CiKs coutlil¡nte to sltgar rlisrr irrriutrl iou b¡'

hi¡cleririg ¡1r(.plotcirl frorl lrirrdirLg F6P arril riot ir-v incrczrsirg the affirritv fol gltrcose.
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'fhe iier- rliffrrcnr-c l¡ctr-eerr ltirases th¡it are .ilp¿ble of phos¡:rliorl{a I iug ghl(osc

¿ilicl thosc tl¿1t c¿.r1urot is ¿i ('orrsor'1:cd glut¿I1]]¿te rcsiduo firurtd in ADI'-C,iKs iEES fiolu

P/C:lIi) and ,,\D1'-Gli.i PFK (trti2) that J.s rcpla,r:er1 l it.h ¿rl¿ruiuc irr PhPFIi ('\71). Irr

the P/ Gli-glucosc- A\ [P compltrx stlucture, ESS l¿ltcltrl ch¿riri fi»ttts tr hr-cl r,rgetr lroucl

r,ith the fl2 hr.rhoxr.l gror.lp of tlur bound glncose ruolecule. Thi-q ilrtel¿(tiort i-q tltoltght

ti¡ tie r.r'iticr¿l fcil itrieritirig thc ghrc'ose mokrcrrle il thc ac'tive sitc alt(l it h¡ls ¿lst., Jrecli

[iqhlightecl a,* r r rLcial fr¡r 1hc -sugar sirccifiritr. in 1 ]ur p:rrt (\lerino ¡rnd C,hti-xt1. 2[)0E:

S¿rkrLr-¿rba et .t.,2002: Ito cl a/.. 2003). As ¿1 .t..sult. -\DI'-PFhs criuurot phosplrolr']ate

ghrcrrse, \\-e test ccl this lNlrotliesis hI rllutatirrg,\71 to ghrtinll:lt.r. ,{s ('xpecte(l. tlri-

rmrtatiorr has little elfect 0D F6P birrdirrg coruparr:r] tr¡ rhe rvikL trpe (-l-able.1.11. Hr»r'-

er,er, ther ,\71L niutant erlz\'1lle carl also bincl ghx;osr' (/L,17 : 3.!15 + 0 2 rir-\l) alxl is

r.apztltlc of phosJrlitit r{irtiug glur-ilse (i',.,,¡ of 2.(JS t 0.0r-r s 1) (fable 1.1). 1n (x)Ltr¿ist.

the r,iLcl t\.l)e enz\.¡lc dis¡rliir,s no irr:l,ilit¡' ft» ghLcr.,se. This resrrlt (1c1llon'stl ilt,(-'s that

^A.71 is ¿ liev pla1,cr irr rletetrnin tg substriitc spe.rifi( it\¡. Interestirrglr'. tlrc ir¿tah'tit

Inec.h¿urisn cLesclil¡erl i¡cfi¡r'e fol thc Pl¿PFK scctlls to be cr ctt lttole gctreLal -.irrcc irolll-

pariso¡ of tliesc fc¿rtrrre-q l-ith thc lon-lrornologous -\TP rlc¡renrlext PFI{ (['fk-1) IIc.rlli

|. ¿oll poirted t.lLt strikirig sir¡.iL¿rrit ies. In tenus of r:¿rtah'si-s. irr l'{k 1. .\s1r127 plals il

critir:¿rl role as a gcrri:ru1 litrse. irir lcursirrg tltc rucleopiiilicritr, of thc l-hlclrrxr-l ol F6P lrr'

altst¡actirrg its i)roton rnirl permittirrg irtt¿r.rli o1r thc ^, plxrsphate r:tf titc sltl¡s¡r'¡rtc r\TP

in a sirtrilal \\'¿¡' ¿s D-133 iri 1'l¿PFIi (Hc11inga ¿rrii1 Elals. 19.q7). In adrlrtic»i. Ai'g162

aLid Arg2.ili iriter'¿ir,t l.it h the 6-lrlxrsphtrte of F6P. Trutrr:¿rtion of tliese rcsiclues 1o scrilrt'

lesnlts il .,112\-llles l.ith dert,r'eased FiiP binding al¡ilitr. ¿uirl l''echtt'ed c'oopel:rt ilitr'. btlt

little r,L¿nlgc il c¡rtah-¡ic alrrlitf iu ¿t let\- sillilar I'r¡. ttt Kl5ii ¡rrld R191 (Bt'r'gct arrrl

Eiarrs. 1990). Theu. it rl,oulrl appc¿i'th¿rt sorlle strrr(tula1 [e¡rttucs tel¿ter1 to ca.t¿hsis

in ADP rlepcurlcut Pf'K liavc anttlogotLs corultcrp¿ll'ts irr thc ATP PFKs
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4.4 Conclusion

Iu sur¡¡rarr'. I'e rletetrtninerl thc first ( r'ystrll stIrl( tr.r.1c oI al ADP-ilcpctrclettt plrrtsplto-

fiuctr¡liinase l¡otlt allic ancl itr com1tler l'itlr A\lP rtrrrl tlrrottglt c oml>rcltetisirt tttLttii-

g|ir(,sis \\rr i,lr.ltt i1ir.d rr.sirhrr.s ilr¡rt 1\1,r(,r'r'iti(al for'liotlt ¡lLrr Ihospir( rtltlttsli'l l1'¡t(1ioll

aucl substrate Lrindirig. Our r esrrlt.s delnorstr'¿rte th¿tt the o\1'1itll stlrl(t1lrc of '\DP

PFI{ rs sirnil¿rr tr-i th¿t of -\DP GK ¿ür(1 that thc two share a (llrullort trtcclt¿ltisttt of

¿rctitlr. I]ori'ever'. rrnlike the ¡ivailabk, ADP-C+K stnr(t1trcs. lti c ottfolnt¿tt lol ttil chtulgtl

l¡rs obserr.cd rrpr»t lucleoticlc birding. Tliis r,¿rs turexJrectcc'l artd m¿u' ittrlit,¿rte tliat tlie

Iuck:otide deprtrrrli.rrt cronfolriiatior]¿rl ch¿rirge is ¿r 1lon essettti¿11 llart of -{DP-rL'1-irl]]derit

s¡g¿r' liirase rnccharrisn. \Iol r:r¡r'er'. ri'c icleirtiliecl fblrt litl residtrcs respr.,nsilrle for tlre

sugar lril]dint specificitr.. Llsing t1]1s knorvlerlge. \\:L] \\-ele ¡illlc to gc]I(tlate .1 I1IL1[atl]t

PñPFK th¿rt is capirble of p1r ospLorr-latirrg both l-6P ancl glucose.
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CHAPTER

General discussion and concluding remarks

5.1 Evolution of the substrate specificity

-\s it has |cc¡ c]|s¡¡sscrl in t1x: prelious chap¡.rs. tire riLokitt¿stt -sriperfarlih corit¡titis

etlz¡rnes thirt catal¡'ze thc tr¿rlsfirl of thc telniirr¿r1 pliosplttLttt of a rrtrt:lcotirle pliospliatc

to tlie rletllt.l aicr¡lxi1 clcl of a lrig lurLrbcr of snr¿rll trolecnlcs rvhit.h inclncler-* pvl irl.rxal.

pl riniirlirrc deriratir,cs, nnr'leosicle-.. tuid sr:r'eli11 sngais. \\¡hi1e tlielc ale rliul' plrrisphrr

r,r.l acceptol sLrllstt a¡e-s in tltis srrpelftrtnilr'. .jltst itr,o rtLtllcril icles. ADP ¿Lrid ATI'. ¡rto

i:lesrrrlbc{ ¿lS thc pliltlail phrislthot'rl douols. Of cotrlse. the spetifir'it\- iS n.rt slrit't. alrrl

somr. othet nxrleotirles carr repliice tht:rrr. Fr¡r' ilst¿¡,nce. i.t ltas l¡et'l shotvll for st'r'l'l ¡¡l

ADP,clepcnclent errzr.rll.s th¿rt other lnlirl.s (such as (,lDP) ii1ld evell pll itllirlitrrls lsttch

¡s IIL)P. sce (lhaptr:r.J) cal lrc useri iG¡-rixé anrl \felino, 2009). A1-*o. C+TF' r ¿u als(r lrc

irscrl i¡r' rhe irlxrsplioflui:toliinase-2 fiom E. ¿o1¿ arril cr-eu plotluce slrl)st1'ate ilrhillitit»l

(L¡¡¡rb[shecl r.r,srrlts). \¡t, it is ilni)o t¿r1]t tr.,i lerlctttber t]r¿rt oulr- tirose rltrclcotiiles

g'ith thc Iight rnrrrbcl of phospliates (cithel tr r.r fol tlrt' ADP rlept'rrclettt ellz\-Illes or

three fcir thc .A.TP rlcpcnclerrt) r:al be Lr-.ixl. ¿rs it li¿'is licen rleuroustr'¿rtt:d itt C'ha|ter'2

arrd levics-cd b1' trs clsl'r"hero lChrir" lrrl \I"i'iil, '. lll09)

I¡1 er.r:sti1g1r.. trltlxngh thelc is ¿r irlc¿rl correl¿tiolt iretu'een the tc,rpologl cif tlre C-

¡err¡ilral end oftLese protr.iirs itild thcir unclccitirie spec'ifir:itr,. tl]e cir( 111¿1l ilerllllllate.1
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(IHAPTFIR ,-i 5.1. trVOLUTION OF THE SUBSTRATE SPtrCIFICITY

i'trtsiori of tlre ADP rlcpcrrrlclt glLtcohitrasc fiottt T. lif ¡trali.s is un¡rble to usr. ATP ¿rs tlie

phospiror¡'l soLila'e. E\-erl nurrc. tlic cl]zJ'rD¿ttic rlrst¿rts ¡r1e \-et\- siririlar to th¿t of tLr.

ii'ild tlpe e11z\'me u,hich snggests that the topologicai reor.iering has rro t'fii'rt orr thc

nnclcoticlc binding ploccss. It h,rs beeri ptoposecL liefble that the l¡ulkv sirlc th¿irr of

Yil57 of I7GIi. ritich is 1oc¿r.tcc1 bclorv thc sugal rvlicrr,\DP is rloclicd at thc bildirg site.

is respr»rsible for tlrer irabilitr. of tiiis euzl'rte to use ATP (Ito t:l o1..2001). Howcrlr'.

rvc ildilc.ctlr' clemr¡nstl ated tll¡rt thrs is lot the case sirrce fr» PñPFK the ¡ t esent e of

a signifii:iuth' less 1trr1li¡' sirlc r h¿irr docs uot ploclur:e ar crz\-rnc t'ith eveu mai'girral

ATP,r1eperrclerrt actilitt.. It is cle¿r then. tliat ucithcl the topologic:al lc¿u l allgen lerit

nol eviclent point ill rtirtiorrs alc ¿rble to erplairr 1he specificitv sl'itt'h. Ittt erest in 9.1r-. iL

h¿s been shol'l bcfc»c thlough alcestr'¡rl gcne teconsti'rt(tior that in rtt'det to ¿I¡taill it

I}err. fLtrr(tiorr -so rc proteins lleed to ¿r.(:a'r1rl1ü¿rte at le¿st tñ:o rr]rrt¡rtiolls ol a elristatir:

fa-"llon. The filst of thcrl ixrl s ¿ls ¿r permissivi' lnut¿ItiLln enablirLg thc secortrl orrc Ltr

rlo tlrc. tnre function¿r1 shifi (Blidgh;rr,r ú a1... 2009). Of collr'sc. ¡]re lestri.i tivc liind

of rult¿ltions catl. also o(r(i111 (I1¿tr'lls ¿nicl Thollton. 2010). hr t.liis l'¿r'. it is possible

th¿1t lhe C terrrrinal cilctrlal pelnutatiorr collstitutes ir pclrlissile nrittrltioll th¿rl ltol'

ucccls a further stel) to ploduce rrrr Al P-clepenclerlt errz).ruc lioln ¡rrr '\DP chperrderrt

r.,rir. tirrotrgh solre sirnplc poirt ntut¡r.tiors. ^A.s thclc is rio cleat' c¡lrtlirl¿r.tc Ic» this, l'r'

are llo\1'aclcLcssirrg this issne thlotrgh rliretrted ololntiotr.

Thc rtrlaptir.e r-¡rhtr. of the appeta,rrrl]ce of the ,\DP cleperitlerll cnz\-tlle-s li¡is beeri

a nltlttel of grcrrt deltate. .\s l,e har-e algrri.rl befoie (set-' ftrl irrstrtrrcc Clhapter 2).

it is rrrost. likelr. urlel¿tcr'l to the tempcr'¿rtLlre rrt l-liich urost of t.ltc tlttt r¡¡.or u'atl.¡:s

grorv. Tlrrr r]]Llsl intiiguing c¡restion ruisilg here is rlLat happerrs l'itli the ¿rlcuvlate

cha.rgt: irrsiclc these ¿ur:h¿tc¿r. As tlrt.r' pleserrt a gllcelalclr:hr.rlt' :J p]1rl,r1llrati' fc'r'r'crk¡rir,

o\idole(ll1ctase (flukurrd anrl Acl¡uirs. 1995) l'lticir cloes not plodrtce .\TI' anil lrotli

ghrco-st: trrrd fiuctose O-Jrhospliatc ale phosphorrlaiecl ttsiug ADP as phospholrl iiouc.it.

it rvas tlrough th¿rr this rrodified g1¡'coh'sis h¿,icl a rrct ATP plodrrt'tiorr ril zerri. Hor,ct't:t.
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CHAPTtrR 5 5.1. EVOLUTION OF THtr SUBSTRATE SPECIFICITY

it h¿is lrrx.l rlernoustratecl b¡' Sakrrraba el al. (20t-)1) that Lhe p\'1rl\'iitc hiltrse ftortL -1'.

frui,osus.at¡1h'zc thc svnthesrs of ATP fioru '\llP. phospltocu)1p\.r'uy¡ t e, ¿'Lld Pi. Irr

this rvti¡'. thc pathr,ar- florr glucosi, to p.\ r'uvale ploclnces trvo -A.TP urolccul,-'s fi otu

cver).ghlcose rleglarlcd, On ¡he t¡tLer' lialcl. thc rrret;rbolic' r'olc of thr'clrlii't1\!1ic r\DP

dcpen.lerrt ghrcol<inirses is nnclcat. bnt tlxrr. have lreeti srtggestecl to lre ltscrl irr isllrcnri,

colr-litiorrs (Rouinius alrl \folg;,rtr. 20i)J).

Opposerl to t[c phosp|or'].i dr¡ltor' ( ¿rsc. as wr. h¿tl'e-, ¡rhe¡trlt' rtierrtionocl abolc. tlre

Iibokiu¿rsc srpel'falnih. pt escltl ¿1 r'ich r'¿rriett. of possible irhiispltotrl ¿l.ice1)till. Nol'. tlrt

st¡uctru¡rl relatii»r is cluite r'L:ar'. Tlxr pleserrce of 1he snrall domairr appeats to be tlrr'

licv eleuLerrt irr the acceptor specifit:itv probierri. Iucleecl. ¡Lo-ce enzvrrles ri'hicL l¿clis thr'

sl¡all ¡[r¡raiu (the litrulür kirr:rsc like ]xalch) alc zrble io p]rrspholrlatc jlrst p]'lirlli(lille

clctir¿tiles arirl sr»ne stnrctru ¿t1It' sirrilirl .mole(ir1lcs. Oli thc other li¡r.trcil. tllo-\e L'llz\.llle'§

tliirt clo prescrrt tLe stn¿.ll rkrrnain phos¡rhor'\'1atc sugai loul;iinitrg (ustLal1r- ¡t fLti¿ruose)

ntolecuk:-*. A kev irspartirr lesicluc tir¿rt corrrcs fLom thc frrs¡ str¿rnrl rl the srnirll clm¿rirL is

liighlr. r;orrsclr.erl. Cl r,s¡¡rllo'l¿r¡rhic structuxrs shr¡rv that tLis sirie cliail ttt¿rkt's t\\'o ver'\'

sliort h boncls r,ith trvo l¡'dloxrl glonps of tLc stLbsti'¿rte (c.g. OJ ¿nicl Oi irr lilic'tr¡st'

6 p|osphtitc. O2 ¡mit 03 irr rihose. 03 ¿rld O 1 iri glucose). Thc Iertior,¿rl rif tlris ¿r-qpattii'

acicl in PLPFK (D17) incleases the /i.r¡ r.¿lhre of th('clrzllle riurrr: tlt¿irr thtct'oi'r1el'-. of

r¡trgnit¡ckr. The rrrntrrtiol of thc liorrolrgorts side cL¿riu of the pliosplLofilrcf okil las+2

fiet¡ E. roli (D11) also prr.,rhrce" a1r (,nz\'rne l ith ¿r hip,h1l, r'cclucecl st ¿l¡ilitl iurtl affinitr'

fol lirLctose-6-phosphate (ruipu1r1i-<hcd results).

r\s it ha,s beor cxplolerl il Chtrptcrs li arrcl 1 tlie sti'ut:tru¿il cletenrrin¡lrts of the sug¿Il'

slrer:ifiritv of thc -\DP-clepcrrcler rt enzvrles is in¿irrLv relatecl I'ith the ertcloc¡'t'lir cixlgcrr

1i¿rll rif the sugals rnrrirrlr' tllorigh sirle c,llains tha¡ rtrlcs fl'r¡rrr thc sttr¡rll tlorl¿ill. Tt

is clt ¿tr that tlrt ¿rbilitr. of tlie ADP-clcperrrlettt cnzvrires to ltirttl fi ttctose-U-pllosJrhalc

rlepcrrrls ori tLc preselce ol tto po-citivell charged lr:sidrtes tl1¿1t st¡bilizc tlie rrcgirl ive

cha¡gc of the substrate ri'hile the glncose birrrliug is niniulv cletcrltitterl l¡r' tlrt' Pleserx ir
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of ¿t licv ghltiilttíc lesiahle thrrt iltcrrlcts \-ith th(] hr-dlox¡l glonp attachr.cl to the < ¡ulir¡rr

trvo tif ghrrrrsc, Irrdeed. the introcluction of this ghrt¿rnli( r'csicluc in tlrt rorlcsponclirrg

po-sitior of f'l¿PF K (thi. A71H nlut¿t ion) pr.r.hr.os ¿1 (h1¿i errzl-rne.

Receltlr'. l-c- nscrl a nrire elegart rrrcthorl lnol'n as e,.iplicit likclihoocl of sitbsot

rr¡r ali¿rtiol (ELCS) (Dclihcl cl d.. 2001) to cxplorr: thc r:ollcl¿rtion betre'err urtt¿ttiolrs

to sL'ar.h fbl thc strrrrtrual slrecificitl rLct t'r ttrirr¿lt s.

Figule:.l.1 sliriu.s thc gr:,:np of sitlc r1i¿iius rvjtli the liighcst ELCS scole. Stlr'plis

ing,h., the gronp c:olt:rir ¿r sicle cli¿rin that bek»rgs to tlie \XXE rnotif (-see lrolixr') aucl

some i esir-lucs lhai 1\'c ploposecl ircfolc as specificitr- rclatcd. The ioie of tlxr R18.'D6¡1.

It65/S74,. P73iF90 titltirtiolls is lot r'krar. l¡nt seerl to bc rcl¿rtcci tr¡ the th'n¿tltics of

tLc sur¿tll dotn¿¡in. Ii1;8/C171. N160/H176. and R191,tD20;l ¿ite c1c¿ulv iutetactirig

t,ith tlie sllgiils. hrtcl e.st ingl1.. rvlior tlic pr.isitiorr 11191/D203 plesents au atgitiitie. tlri.

positive sirh rllairr coorrlin¡rtcs tlrc plicrsphate gloutr) l)r'cscnt ir the fiuctosr: 6 llLo-'tl)h¿itc

rlolccrrle. Ou tLe otlior hanrl. rr,lrrrr it pre,sents ¿n ¿lsllalti( acid. tliis side t,]r¿titr iutet

acts rvith the iristidilo il ¡he \160r1I176 positiol. rrllorvilg tlie irisiidine to lic colt et'tl¡'

positiolecl to ri¿ikc an h br»iil rvilh tire 02 h¡'dloxrl glrr4r of glucose. Clttrioush'. tlrr'

positiou crlrrlr.iileut to l\71 of P¡I'FIi lli¡es rrot riplrcat to be r orrr:laterl s'itli otliet

positioris tr¡. tire EI-CS t¡othod. HritvcleL this cottid be rlne tri the stttall iulloLlllt o|

sÉr(llrcn(.e infolnr¿rtiorr nserl fr» the ¡rrrah'sis. Surplisilglr.. lresiillt's tite A71E llrlrtrrtjt,lr

1,c ha .e ¡er( oni h' p¡orl¡t:crl a nerv bifiuctiorr¿rl crtzyue 1;1'chaugirig tlic N1tjO sirlc c'1i¡irl

of P/¿PFK rnto a histirlilt. Thi-s urut¿tion rL auratlrr¿r11r- inclc'¿rses tlir'lilr r':rlttc foi

fi.rrct¡se 6-pltiisp|atr-. t,¡ [i.3 t 0.72 rrifl ¿]n.L (leclc¿tst's tlte Á',,,¡ itlurost foru lb1d. Hoii'

or-cr'. fi¡r' this lntlt¿r)t rlr crle¿ir sirtluatiorr is seel er.en ti¡i 2i tl\i glltr'o-si'. lJasetl ou

¿r Li e§.c¿rt'el Rltlk plot. it is llossible to cstilll¿itc ir A,,,7 of 2 i2 s 1 ¿lnd ¿l 1(.11 valnc

of 25.3 nr\1. Strikillgh.. botlr uurtations pornt to ¿rr irter¿(tio1t s'itL tLe 02 lmho-xll

gloup of gltrcosc.

r\\¡ usc the rmrubcrilg ol PlPl Krl/Cili fbl tlLc collela,ted lnrtt¿ti,¡Ls
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Figr-u.e 5.1: Fitst r.hrsrer ol rorlelafccl urrt¡rtiorts in thc PfkC f¿uulv rrlclrtified 1l' tlte
ELCIS nrethod. A. Cr'}stal strrtctLu'e of tlic ghrcokirra,-.e liotu P. Jtt.riosrts. C]Lltcosc atrrl

A\lP aIe sho$.ir. B. Stlnc,tnt'¿rl lrorlcl Iirr tlc ternar.r. corrtplex botrvet'I the Pltos¡rho-

flrrr:tokin¿rse fft¡rn P. horiL:os¡i l. ADP ancl tl'uctrisr. 6-phosphate. Tlie cr¡otrlitt¿tc-q letc
ilelir,r.d fri»l thc molerrrl¿tt rh'rt¿unics sirtttrl¿rfiorl ¡rct'fbrtllerl ilr Clhalrtu l.
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CHAPTER 5 ;.2- COITE I]ATALYTIC \I F,t'HANIS]I

5.2 Core catalytic mechanism

Arli»rgst the dilfet'ent rc¡rctiorrs r'a¡ah'zed bl thc cnz¡'me-r thlLt belorrg to it pirrtii rrlar'

sLqtclfitrrrii¡'. olc u'orrlrl e\pect th¿it ¿ similar c¿rt¿lr.tic tttecltarrisrrt l.oulrl lre prlsl'rrt irr irll

thrisct pioteins. OD the basis of s¡l ur:trrr'¿r1 ¿lrr(1 se(lttcilare c.orll|arisoll Of scr,t'r'¿rl rrlclllllels

of ¡Lc ljl¡r¡kirr¿rsc strpt,:rIanih' ¿r.rr ¿tsp¿il'1ic ¿ic id tesiduc iusicle ¿r ltighh' rrt»isctlccl rlotif

r.a11c¡1 CIXGD lr¿rs lrccn plo¡roscd to aL-t iis a gcneral basc tli¡it rerllo\1ts the pt'ototr florrt

the lrlrlroxrl acceptol grc»qr artrl thlrs ¡rctivates it to ¿tl¿1ck tlrc tcturin¡rl Jrhosphate of

ADPi.{TP (Figule 5.2). The lerrr»'¿rl of ¡hrs siclc ch¿rin in P/¿PFK clccleases tltc t'ttzvtrte

¿rctir.it r. bl fbul or rlcls of nr¿tglitude. TLc s¿¡.me rmtritirlr il flGli 1;torlltrres trlso a

sigliflr:ant r.lcr rc¿rse iu tlte r.at¿1r'tir-, cor.stallt (Ito ef 41.,2[]03). Inclcecl. tlrc rrlttatit.rli of

thi,s sirkr ¡hail in seler'¿rI membels of the iibokilase snpelfituril.r' slxtl,s ¿r relv sirrtii¡l'

eflec¡ (\lathc¡'s el ¿1.. 19f18: \Iaj r,l ol.. 2000: D¿rtta ef al ,200a). Tt ttelcst iuglr'. sorle

membels of thc r.itamhr kiu¿scs lilie }rralcli (h1'chrrxlrtltrithi¿rzolc kilase ¿urtl 1 ¿rrttirto-

i hr.dlo-r'rnt t ln.1 2 rrretlirl¡l'r'inrirlrnc kirase) h¿u,e ¿r t)'stoile tesiiluc a1 tlte positiou

r¡r'r-¡sporIirrg ro the ClXGll asl)ar'¡ic a,tid (Fignle 5.2). \lntatii»r oI tllis lc-<itltte irt tlro

Ir¡.rlroxvetlrllthi¿r.zcile kin¿rse ficnt IJur,'i,llrs.vrÓlz.lls (C198) itlto arr asp:tltic, irt'itl ploclnr e-c

¡t1t onz\.trre rvith a 9 fokl Lighcr' ¿ictilitr'. l:hile mutatiou of tliis (\'stcilte bl- sor.'lle iir'

tilarrine ploclur r.rl t,nzt'nres rvit h specific airt ir,ities of 20% artcl 10% c'otupirlerl Lo the I'ilcl

trlrc (Canrpolrtrsso c1 r¿1..21-)00). Baserl rli tliis Clarlpobasso cf al. (2000) plriposed tlrrrt

itr this r asc tlte -,-p1ro-spLate of .\TI) ¿ilcl not tlic crr.s¡eirre lcsiriirte rl¿¡- lltttctiori ¡"s the

¿rLtolr¡l at.tir'.rtirrg lrirsr.. Tlris rrirrlr'l irrrlir¿tr. tltat. sitlil¡u to t1r' slrcr ifir it\' (:¿s('. t1r1'

pre-serlcc cif the sni¿rll rLluain cr¡ukl rnodill tlic cr¡rtah,tic 11x{illalrism of tliis sulreifartrih.

Yct. to plole tlris Ligh leveL c¡rlc:ttlat ir¡rts ¿tc leeclerl

To rlate. ¿t1l of tlie cli¿ir¿.cterizccl elz\.rncs of the srqrc'tfarni1r' L¿rre slxlr,rr ¿i sttir t

cft,pe¡cle¡ce on clivalerrt mctal c'atiorrs ti¡ crrtalr'zc the pht,,spltotr,l tl:ilsfer'. \Ioterilcl it

h¡ts lrccrr clenorrstt ¿rtccl that tlic bilcling of ¿r sccord ruetal to these c z\tlles rrLorhrltrles

the ¡rctivity. Hourl.tL. ciepcrxling ori thc specifi( ilv of the crrzr.rtte it ¿rcts as irtt illllil)itol
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Figuie 5.2: Sccluence aliglutent of tlic nrr¡tif,s lclatecl t'ith the colt' ('¿11¿tllti( tlc'chatlisllt
r¡f tlir. r'ibokin¡l-*r: supclf¿uttilr-. A. \XXE lllotif. B. C;XGD urotif. Ther PDB code ril

overl elrz\-rrlc is shorvtt in Lolcl lettus.

or'¿r1t ¿tctilatol. Fol instaltcc. tlre pirospliofi ur.¡oliitiase-2 fic»l E. rrr.¡li is ar:tir':rtcrl ll'

rlr¿rg¡csiL¡rr iPardrrcci t,t o1..2006: Rir'¿is Parrlo r.1 al.. 2011) l-llile tlir'¿t.letlosilrc killase

fiorn cliffelelt -qoLur.re alc ilhibitcd 1rv it f\faj et. a1..2002¡. (lrr tle othr¡ h,rtll. tlrc

ADl,-clcperrrlelt glucokiriase-" arr¡ irhibiterl l-r1' tnarrgaucsc u'hile rlir'¿r1e¡t rlet¿l catiotls

h¿tr¡e almost rro LegLrlarory effect oir tLe ADP-rk'peldent pliosphofi trr tokii t¿rses (\Itrrirlo

r:f 1l..Ip, editoli¿l telisiotl). IL h¡rs bccn r lerrr»rstr'¿rtecl tLat ¿lnotller highlv i orr-<ctverl

ntotif callc.l NXXtr i-s re1¿ted r-ith the nl.t¿rl cr ir¡r'clirratioll irr this snpelfatrih' (Figure

5.2) (Paldrrcri r:l al.. 200[¡: Gltixé ¿ru(1 \lerino, 2i)1.]9: \faj r:f al.' 21102: \lotirro rrl a/ '

In erlrtorial reyisiorrl. \Int¿,rtiorr ol rcsic'Lnes il this rriotjf ¿flerts lrritlt A:,.,,1 irntl Ie'gtt

l¡ition. Inte¡estiuglr'. ou tho ADP rlrlrcnclent enz\'lres onh' glucokinirses l)rc-sc1lt ¿1i

¿tstr)ar.'agiue insirle the \XXE rlrotll. Thc phospliofi ltctr¡kirr¿scs har-er i,rll aspitltic at'id
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§*\#
n1"'"';i{

Figrrre 5.13: Resirlucs rclatetl l itlt the c:¿rtalr-tit: neclr¿irLisrn of tirc ADP-Ilcpetlrlclrt lii-
nases. The crr.st illloglaphic stllrctluc ol PlGK is rtstrl. Cllucosir. A\IP. D110 (frrrrrr thc

CIXCID urotif) anrl R197 a.re shol'tt.

¡esir|1rc iri the ccluivalerrt po-sitir»r (Figule a.2). 'fLis substittrtiott is r'otlelatcd u'itlr

t1rr.s1x,¡ifiiritv ik.lr.rurirrirg ri,sirlrri.s ¡rs slroltt l»' tlrc ELClS tttctlLorl. TLis tlLrrtlgls tlrc

elec¡rosl¿rtí.r e¡r.iror¡rent r.,f tlLe mct¡r1 brndirrg site. r'hicir corrLil erpliritt the rlifliTent

r.cgnlat¡t¡. propei tics Jrett'ccl ADP-rlcpencle'rrt glitcokiriases arrd pliosphofiitr'tokiuases

(-\lcr.irro r.:t al..It eclitoli¿l i'e.,,isiorr). As the ,sltbst i1 I tt iott is cortelatt'rl l'ith spr:tificitr'

it sriggests tlt¿t in tltc rncicliñerl Er¡bdr:r r-\f er.erl rof pilthrvav glucokiu:r.ses llecrl to l¡e

rlor u legnltrterl tlian plrtisphofi ltctokiu¿rses.

l3esirles tlic asp¿r'tic ¿tcirl irrsiclr rhe CI\GD rrotif alcl tlx'\XXtr rlotif rtsirlues. tlrr'

etrz\.I¡cs of t[e ¡il¡okiri¡rsc srqrelfarniir. a]1,¿¡ s plesclt a ]rasic lesiihtc (snch ¿ls lr'sine

or trlglrrirrc) in thc actii'e sitc rihir'h is rel¿texl to the tr¿tr-qfet le¿i('tioll. Hcin'et'el. ¿ts

tlr¡s¡ r'i'sirl¡i,s ¿u(, lrot ( i)lrs(,lvi'r1 tlLrr,rrglr rhc rlilli'r'i'rrt s1;r'i'ifir itit's lltcr' 1t¡n'r' lri't'ii rtttl lt

less stuclicd. Fol iirstalce, thc pltosphofi'rrc tokir¿rse 2 fiom E. r:¿-,1¿ has a h-siue le¡ichtc

(Ii27) l hiclr pliitnrdes ¡o the otllet' trronorler il thc llirncr. iutcl it is pt'o¡rtiserl to lt¿lr-e ¿r

chrirl. pur'p¡se; it stabllizcts the l-r'allsition st¿rtr'])r' tla,rrsfélt ing a pI otoll tii it ¿r d ¿r1so it

:.rrts as a srritch i¡ t[e co¡rpctitir.e birrciing rif fntr'lose-6-phosphate attcl tllo leg]llatol]'

r17



CHAPTER 5 5,3. C]ONCLUDI\G liF]TtAR]iS

.{TP (Cltibrclii at o1.. 2011). Or the other hariil. t}rc ADP clepeucient cttzt'utes lr¿¡r'e

a1l a¡ginirle lesi(luc tliat is thorrght to be itm-i1r'ccl ir the le¿Lr'lititi (Figrue 5.3). TJre

r.c1no\?l of tlris siclc ch¿rin iu PI:PFK lRl97) (See ClLapter' 2) or ITC,I tr (Ito tt rl

200;3) produces cllz\'ltes rvitL e-rtl erlr:lr' reclur:r'rl .¿llallti( (oltstalits. Sottte ttlolt'ctllitt

dvnarnics sinurlat iiiris of the c¡r¡:Llr.tic enserrrlrles ol P/GT{ arid PñPFI{ 1iar,e shol'rt au

i¡tr-.t'r,stirrg geouretr'1' of the inter'¿rction })et\r.ccn this irrgiuiric ¿,t1xl thc i-lrlrosphatc of

ADP. Huc tlre pllrs¡rhrrtc: grou¡r is r:oolrlilatecl ir\' ¿ur : tritlrgerr ll.dlrigeu ¡ul(l ¿1 r/

rrit¡ogen i'n-rlrrrgt:rr (,\lelino ct ¡t|.. ht editi»iai lcvision). Gir.ur its positit»r (l-igrrle 5.i1)

arrd i:rlisicleling that thc : litrogcri h¿i-q the lolcst ph" irrsirle the glt a rrir litiiitrt t lte¿t[. ti't'

belier.e tlic this arg,irrirl: r'csiclue trlso scr'\:es t\\'o fitnctiorrs: t.irt tltc r¡tte halcl it st¿lrilizcs

¡he tr¿ursition st¿1te l)\- tr:ltslelling ¿r ploton to it ¿rlcl. on the other h¡rrltl. it 1rrr11s tlir'

plioslrhtttc t.ol'¿rrcls the strgiu. mavlrr. ¿ssistecl lx' tlic dc»nairr bendilg itrotiott cif tlte

ellZ\-111('.

5.3 Concluding remarks

Thc cliscovei¡. of tlic ADP cleperrclclt kinases il hvpeltheurophilic al rhrrca leil to sourc

¿rrrthr¡rs tO sr.lggcst lltat tlris f¡¿ttur-e is rl]i zrclaptatiorr fo high tetlt1)cl¿itLll es. Ho§tr-ei.

ser-et¿t1 facts demorrstratecl ¡hat tlie pt'esorr( c of these ¡rrt-,tcius is riot rclatecl to thrr ll'

perthelmolrrilic lifé. Ori thc otliel' L,lu1. ¿r liighlv srrggestir.e topologirrrLl r'ct.rrr'lt'-t ittg ol'

the luckrotirlc bincling sitc irppearecl to Lc rclated rvith the unc'leolitle spetifit irr-. Hot-

e\1,.1. §c have pril.cn thtorrgh this rvolk tL¿rt it is also lttuclatecl rritli the -\TPi ADP

rliscrirlin¿rtir»i. As lc ,qti11 drt rrot trnrlelst¿urrl the strnt:trtal detentrln¿'ruts of this lLtuii

tion¿tl srr'itc1i. ¡lie liLLuIe rvr.,r'k of olu' gt'(nq) -*houlr] bc pointecl trt that oLierctit r'.

Stnrlics ¿rboirt the er.ohrtion of tlxr ADP-rlerpcldcnt sugal kiti¿iso frirttilr- sltoiierl tL¿lt

the ¡r¡ot of the farnily is Lrc¡rtecl ilsirlc the glucokilase glotrlt. d onrr»isf1¿1t ilrg tlttrt t1]o

l¡ifuur:tic»ral (glu<.okilase,/p1rosphoh'nctokinase) cnz¡'rrre is not :rrr ¿iltcestLal frlllll. btlt

1lE



CHAPTER; 5.3. CONCLUDING RENIARKS

.ould be ¿ t1¿rlsitiolritl folm fi'orl ghrccikiriase to phr.rsphofntr:toliirr¿tse. A1so. §-e li¿t\'{:'

shor-rr thlrt tlii: ADP rlependcrrt crzllnes ;rre closcl1' r'clrrt ecl to tlrr¡ PfkB gloup ol Li-

rurses. t, nforlun¿it cl\.. tO (lilte it h¿rs 1rr¡t been ¡ro,ssible to obt¿r,iD tlte cilst¿Ll slIlLCtLIte

of ¿¡¡' ADP-rltlxrrlaleut pliosphoft uctokin¿rse in the llrsi'rrc'c of It Lrctosc-(j plioslthiitc.

Hou,elcr. b¿isocl on strLrc:tru¿r1 r'norlelirrg rve havr bcerr ¿rble to runlelstalr(l Ir¡1tialh'tho

strrrr tnrc/sperrifi( itv rcl¿ltioit rrp to the poirt l'ht'r'c tt-e catr pnrtlLtce lrifiuLct iorl¿rl c'rr

zyrnes lrorn s¡recific orrcs. Sttiliinglr,. the srrgar di¡clirnirr¿rt ion is st.,rnelrot coll('erltl¡ltc(l

irr I'er,r, feu' itotspots in tlle str'11clnle. Ilcleed. thc itrtroductiou of .iust ole l¡bourl t-rl

sorlc s¡rlt lrrirlges scctls to morl,.Ll¿rte thr: affirtit¡' fol glutose ol üLtc'tosc 6 phoslllLatc

r.espcctilelr,. t rifi» tun¿rtel].. t() d¿l1e. rvt. itar,e beert tur¿tl.i1e to ¡rlisolrtteh' srr-itc'll tlrr'

spccifir itv rií 1ltt'"t' i'lrz\¡1lr('s.
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On the measurement of enzyme kinetics

using isothermal titration calorimetry

Usua11y, the isothcrmal titration (micro)calorimeter (ITC) is used for the determir.ra.tion

of thc assr¡ciation constallt of two molccula,r species through the heat cha,nge a,ssoci-

¿ted rvith the binding everit. Givel that the ITC car nretusure directl¡, the equilibriurn

heat chauge related to the binding event. and also the association const¿nt c:an J¡c

calculatcd from the rlcpenclence of the heat exchanged with the nrolar r¿¡,tio bctweerr

the species. it is possible also to obtain the errtropy ¿rssociatcd s.ith the process frorn

a single experiment. This makes ITC one of tirc most powerful techniqr,res to stud).

the thermodynamics of molecular binding. Unfbrtun¿tely, thc amount of protein (and

ligantl) rrccded to obtairr a good rneasure is limited by the dissoci¿tion cc»rstant of the

complex. As a rule of thumb. a concentr¿tion bett'een 10 arcl 100 tinres 1{,¡ should give

a very good estirnate <¡f the thermodynamic quantities governing the process. Con-

sidering protein conceutrations (and total nasses!) that are realistically attail.r¿r,b1c ln

tlic laboratory, the a.bove liltit restraints the use of this technique to cornplexes witlt

dissociation constants belou' the 10-5 ordel of ma,gnitucle.

lVhile the ITC is generally used for binding experiments. its use to mcasLue the he¿rt

a^ssociated with an enzymatic reaction has becn recognized in the past (fbr a cletniled

I:3',2



.\PPENDIX,\ ,\,1. SINGLE i\.ILC1'ION \1-L'fHOD

.-\tu(l\ sc(. lLr'lcl alcl Goruez (2(X)1))

Utlikc t|e ltinclirrg c:ase. it rs possiblo to rncasLue ¿tll\' l'e¡tctioll (it llas lot tl) he irl]

e1iz1¡le ¡¿[titl),ze(l rc¿lctluiJ that h¿,Ls ¿ cleter:table cliatige of etitlrtLlp,t ¿tsst.,t i¿tter1. l'llicll

ln¿ikc the ITC a ler'¡- 1torl'erfill erlttiprnetlt ft» kirli'tic stndics ¿s xr:ll'

A.1 Single injection method

Fot.a| errz\1]l¡rtir: r.ea.tioll. thc ch lge 0f entlirr$¡'¿lSsOCi¿ItC.l to the ptoccss ciru be

rricasurrrtl ll a rnicrrrr:¿rloi iniet et ¿rs the hcat excliilrgcd }¡etl'eetr thc'eqttiprlctit ¡uirl tltc

tc¿l.itiol r:c11. Hclc¡, tlle l.tacti.olr veLocitl is pl'oportii»raI to tlie cLange ¡f pol'cl rttrcderi

to rr¿rintairi t l-ie isotheltnal colditiorl.

Sp0c ificirl].r'. t1-Le por,,,er ilsso.iirte(l s.ith thc enzYrtt¿'Ltir rea.tioll cilll ]le l('l¿lte(1 1.r tlr('

lojr,';,,11 r-u, ilr llll,,rlg]r llrn erlrlrrliu,

dQ ,tlPl .r, . n,
,lt dt

fF/.7,' - #- l=,- 
u,,3"

(A 1)

§,hel,c lP] is rbe p|oduct (.onc1.trtl ¡1ti011. f is the to¡¿l r ell Yoltrtlle irltcl \1/,,r,,, is tlti'

¿tpIla,r'e1tt eutlrrrl¡tv c.lrtrlge urssoc'iirtccl l.rth thc re¡ti'tiort. rvltich 1i¡rs to lre tlclenllirrcti

enrpilicalir'.

Tlic zippa¡c¡t rrx;l¿¡ t'q¡lctiolt cntha\rr, c¿ri bc detclnitred bv doing a sitlglt'itr.jer'tiou

,f s¡bstrate (¡r. e¡z¡.l] e) to rnitiatc tlic reactiorr ¿nrcl therr lollrrvirlg thc plocess urtli1

corlJrletiorr (A.1). Thelc. it t¡u be.i¿llcuiatocl nsirlg tlte lclation

(A 2)

rvlrcte ¡S]r is tlie il]itial sltbstr ¿t o concc¡rrtr'¡rticlr ¿1nd 1'- is tlre to1al r'ohtttte of tltc le¡ictiotl

c,.11.

Aclclit ;ua1h.. gfi,eu that thc poii el a[c1 tlit-'eLth¿lpv ale no\\'kriorvn. it i's ptissi])lc trr

C¿11culi1ic the substr¿te COnce1:ttlation fiit er.err-.]' titrLc attcl 1he rc¿ictiou Yck.icit¡' associatt'cl



APPtr.\DIX A -\,1. SINC1LE T\.]trI]TION ]IETHOD

1000 1500 2000 2500

Time, s

Figrtr.c A.1: I le¿tslu cnter]t cif tlie apltrr.r'c1]t enthir\rr- clratrgo ¿rssoci¿ittrl §,it1l ¿lll crLz]'uL¡rttc

It.actiou. Tlic led ¿ti'e¡r lcpresettt-\ tlrt' tot¡rl hcat i'elerrsccl llY the plocess

r,it[ this colt(re)t]trat ion. §'[ich rlakes rt possiblc to obtairr il s¿1¡uli1¡io[ cr-tilr'lionl t1li.

si¡g1e erpcr-.iruent (Figruc A.2C). A1so. thc arlourit of pr-oduct ploclur:etl ¿tt everl tillle

c'¿n l¡e c:¿1irrl¿rtecl ¿rs tllc liairtiorl of tlxl trit a] ]reirt c'-rchtrlgcd J;r'

(A 3)

This niakes it possibkt ti¡ obt¿iirr alsr.i thc ploglerss crtlve ¿rsscici¿ted tvith thel lc¿lctlol]

(Fignre A.28).

iPl(f): 'tr#;
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§oro

E
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¿¡ r0
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1000 1500

Time, s
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Figr¿e A.2: Single injer:tir.rl lltetho(lf(n crizvlne kiricti.rs. A. 'frpical isotlleltl obtiiill(\l
i]] a sitrgle iDjr.ction ITC cxpeli tcrit. B. Ptogress.llfve obt.ii1lo.l fl'i»D (A) l)\'usirlg
eqrr¿rtio1l A.3. C. S¿rtut¡itiorr cul'l't'olrt¿rirtecl fi'om (A) l» ltsirig ccluirtiorr -\'L'

A.2 Multiple injections method

Thcrc is arr alt,r:Lnatin: rnethorl to ol¡t¿r.il a s¡rtlrtatiolt t:tule ltt- calorilllctIic rlle¿llls.

Hcr.e. snr¿11 ¿ilnollnts of sitl)stt¿rte rrle iujecttxl irt ihe rt:¿ir:tion t111. Aftcl the irrltial

polr:r.r.harigc due to the heat associ¿rtcd with t,hc clilntiori the curlc slroulrl rc'¿lt'h ¿i tles'

baselirrc. This ¡rotvct charrgc can Jrc lcl¿iterl dircctl¡- to the le¿icrtiolt rr'locitr asst.rcitttt'cl

§-ith tlrrrt sllb,qtrittc concetrtr¿rl iolr th|oug1r thc ecluatir»r A.1 (Figure A.3). Tlrt: porvcl'

r.¡i,i¡ge sll-,u1d be nro¿rsru erl as quir'klr- ¿1s possible jn ot dcr to rlr¿illt¿ti11 thc' initial lelo(,it\'

co¡rclitis¡. R.eperrtc{ i¡iec¡ions r'arr be Lrser'l to iitit¿lirr tbe firll satulatititl c'ul'r-e (Figrrtt:

A.,1). It is inrpoltarrt to poirrt cil-Lt th¿rt for' this rrrctltr¡d. thi: JH,,,,,, is net:Css¿in' tti

llltocess the il¿rf a. Sr¡. iit orc'ler to obt¿1in ¡he fin¡rl r..crstt1t, ii siugle irrjectiilL exllelittLetlt

shorrlil also be pcrlirrr erl.

\\-hilc ¡oth ilclltod¡ ¡ir¡ (luit€r sirlilar-. irr the rlata treal.tlretlt, thet' cLillir iir horv

t|e pioc|1; is accrumrLaterl lhlough the lc¿c'tioiL. ht tire fit'st tnetltocl. thc higllcsl

pr.oclnct corrc entr'¿rtiols :,rle ptcselrt rvhen tlre le¿rctiott velocitics ¿tssocri¿itt'd \\'itlr tho

losest subs¡rate canr( etltr¿r L iolis ar..c ltei g 1De¿slued. C)n the harxl. il tirt: secorrri rltethocl

tle liighest prorhrc.t conccrrtr¿l t iorls ¿ile orlh' ¿iccutrttrl¿rtecl rvhcu the highcst -.ttbstlate

1il5
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020

005
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dQ1/dt dQr/dt dQ3/dt

50 100 150 2a0 25a 300 350

Time, s

Figu¡c A.;i: Irriti¡rl I'elocrtr. lrleasLuolrlcDt of cttzlnte kitrctlcs. TIlce corr.scc'tttir-e rrrjcc

tir¡ris ¿rlc shol ri ¿rs rvell iis tlicil il-qso('iiltcd pos'el chalrge.

tor¡e¡tratiols are prcscrrt. hr this war'. the filst nurthod i,s orLll' recorutlencletl f,,i

elrzvrlcs t'ith I(.r¡ r.alues srn¿tllel ttrat 10 ¡rXI

.\s oJ>¡rosecl to birrding expclimerrts l.here protcirt (1)1rcc1ltr'¡Itiotts at oturrl tetr tinles

Iil are rreedod. kirretic ¿rssar.s nr.crl erizr.rnc colc cntr'¿rtir¡l that usrt¿illr' ¡ilc ¡rLoLttttl 1.lle

11¿1norx)l¿1r I¿1ngc.
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APPENDIX A 4.2, \IULTIPLE I\JE']TIONS \I1]T1 IOl)

Time, s

600 800 1000 '1200 ]400 1600

'1 0

100 2ca

Substrate, lrM

Figurc A.1: \hrltiple uijir.trols mi.tlrocl fi¡r orzr-tle kirictics. A. Trlrical isotliclltt

o|tiriie{ il a rrrultiple irrjec,tion expelincrt, Fiflcer irr.je:itiols tclc pet firlrnecl. tlllce
0.5 fL inlectiorrs. tLtee 1¡L iljerctrons. ¿rnd rrirre 21rL irrjcctiitns. B. Satutatit»t ctttr-t'

ulltüi1r!rl hrrrrr (r\) l-,.r rri,irrg r t|r'r,tirrrr i\,1'

ñ 00I

E -05
oII

-1 0

-25
o)
E
l20

E

da

B

137


