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 PROĠIRENI SAĢETAK 

Helicobacter pylori je patogena bakterija naĽena na sluznici ļovjekova ģeluca. Danas se zna da 

je infekcija povezana s razliļitim ishodima bolesti. Iako su mnoge infekcije neprimjetne i bez 

ikakvih simptoma bolesti, veĺina rezultira s razliļitim stupnjevima gastritisa. U 10 % inficirane 

populacije zaraza ĺe se razviti u teġko ģeluļano oboljenje poput peptiļkog ulkusa (ļira) te 

gastritisa. U 1 % zaraģene populacije doĺi ĺe do razvoja adenokarcinoma ģeluca te limfoma 

mukoznog tkiva (MALT). Stoga je 1994. Svjetska zdravstvena organizacija proglasila bakteriju 

H. pylori  karcinogenom I. reda [R. M. Jr Peek and M. J. Blaser, Nature Rev. Cancer 2 (1) 

(2002) 28ï37; S. Suerbaum and P.N. Michetti, Engl. J. Med. 347 (2002) 1175-1186]. Genom 

sedamnaest sojeva bakterije H. pylori je u potpunosti sekvenciran, poput 26695, J99, G27 i 

HPAG1 [J. F. Tomb, O. White, A. R. Kerlavage, R. A. Clayton, G. G. Sutton, R. D. 

Fleischmann, K. A. Ketchum, H. P. Klenk, S. Gill, B. A.Dougherty, K. Nelson, J. Quackenbush, 

L. Zhou, E. F. Kirkness, S. Peterson, B. Loftus, D. Richardson, R. Dodson, H. G. Khalak, A. 

Glodek, K. McKenney, L. M. Fitzegerald, N. Lee, M. D. Adams, E. K. Hickey, D. E. Berg, J. 

D. Gocayne, T. R. Utterback, J. D. Peterson, J. M. Kelley, M. D. Cotton, J. M. Weidman, C. 

Fujii, C. Bowman, L. Watthey, E. Wallin, W. S. Hayes, M. Borodovsky, P. D. Karp, H. O. 

Smith, C. M. Fraser, and J. C. Venter, Nature 388 (6642) (1997) 539-547; R. A. Alm, L. S. 

Ling, D. T. Moir, B. L. King, E. D. Brown, P. C. Doig, D. R. Smith, B. Noonan, B. C. Guild, 

B. L. deJonge, G. Carmel, P. J. Tummino, A. Caruso, M. Uria-Nickelsen, D. M. Mills, C. Ives, 

R. Gibson, D. Merberg, S. D. Mills, Q. Jiang, D. E. Taylor, G. F. Vovis, and T. J. Trust, Nature 

397 (1999) 176-180; J. D. Oh, H. Kling-Backhed, M. Giannakis, J. Xu, R. S. Fulton, L. A. 

Fulton, H. S. Cordum, C. Wang, G. Elliott, J. Edwards, E. R. Mardis, L. G. Engstrand, and J. I. 

Gordon, Proc. Natl. Acad. Sci. U.S.A. 103 (2006) 9999-10004; D. A. Baltrus, M. R. Amieva, 

A. Covacci, T. M. Lowe, D. S. Merrell, K. M. Ottemann, M. Stein, N. R. Salama, and K. 

Guillemin. J. Bacteriol. 191 (1) (2009) 447-448]. Svi genomi imaju sliļnu prosjeļnu duljinu i 

gustoĺu kodirajuĺih sekvenci. Ekstremno brza rekombinacija zajedno sa znaļajnom razlikom 



Ä Proġireni saģetak xx 

 

sekvenci upuĺuje na panmiktiļku strukturu populacije [S. Suerbaum and C. Josenhans, Nat. 

Rev. Microbiol. 5 (2007) 441-452].  

Prema patoloġkoj vaģnosti bakterija H. pylori je u posljednjih dvadeset godina postala vaģan 

cilj istraģivanja. Napravljene su i analizirane brojne interaktivne mape proteina iz bakterije H. 

pylori [J. C. Rain, L. Selig, H. De Reuse, V. Battaglia, C. Reverdy, S. Simon, G. Lenzen, F. 

Petel, J. Wojcik, V. Schachter, Y. Chemama, A. Labigne, and P. Legrain, Nature 409 (2001) 

211-215] koji  joj omoguĺavaju preģivljavanje u kiselom mediju [L. Cendron and G. Zanotti 

Febs J. 278 (8) (2011) 1223-1231]. Suprotno prethodnom, broj podataka o rijeġenim 

strukturama proteina ove bakterije je malen: do oģujka 2016. u Protein Data Bank pohranjene 

su 439 datoteke s koordinatama atoma (http://www.pdb.org) dok su 33 datoteke u postupku 

pohranjivanja. 

U okviru ove disertacije strukturno je okarakterizirano nekoliko proteina vaģnih za 

preģivljavanje bakterije H. pylori: FlgD, CrdA, HP1026.  

Pokretljivost stanice bakterije H. pylori uvjetovana je pravilnom strukturnom organizacijom 

biļa. Biļ se sastoji od otprilike 50 razliļitih proteina vaģnih za pravilnu regulaciju i udruģivanje 

proteina, neophodnih za pokretanje stanice u bolje uvjete za preģivljavanje [H. Zhou, M. Luo, 

X. Cai, J. Tang, S. Niu, W. Zhang, Y. Hu, Y. Yin, A. Huang, and D. Wang, Proteins 79 (7) 

(2011) 2346-2351]. Glavne komponente koje izgraĽuju biļ su: filament, kuka (engl. hook) i 

bazalno tijelo (engl. basal body) [O. A. Soutourina and P. N. Bertin, FEMS Microbiol. Rev. 27 

(2003) 505-523]. FlgD pridonosi virulenciji bakterije H. pylori buduĺi da je nuģan za kontrolu 

pravilne strukturne organizacije kape biļa (engl. hook cap) [W. T. Kuo, K. H. Chin, W. T. Lo, 

A. H. Wang, and S. H. Chou, J. Mol. Biol. 381 (1) (2008) 189-199]. Do sada su rijeġene dvije 

kristalne strukture proteina FlgD iz bakterija Xanthomonas campestris [W. T. Kuo, K. H. Chin, 

W. T. Lo, A. H. Wang, and S.H. Chou, J. Mol. Biol. 381 (1) (2008) 189-199] i Pseudomonas 

aeruginosa [H. Zhou, M. Luo, X. Cai, J. Tang, S. Niu, W. Zhang, Y. Hu, Y. Yin, A. Huang, 

and D. Wang, 79 (7) Proteins (2011) 2346-2351] meĽutim sliļnost proteinskih sekvenci 

izmeĽu navedenih homologa je manja od 20 %.  

CrdA (HP1326) je protein iz bakterije H. pylori vaģan za odrģavanje razine bakrovih iona u 

citoplazmi ispod toksiļne razine [B. Waidner, K. Melchers, F. N. Stªhler, M. Kist, and S. 

Bereswill, J. Bacteriol. 187 (2005) 4683-4688]. Sve ġto se do danas zna o spomenutom 

proteinu su studije o RNA profiliranju [B. Waidner, K. Melchers, I. Ivanov, H. Loferer, K. W. 

http://www.pdb.org/
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Bensch, M. Kist, and S. Bereswill, J. Bacteriol. 184 (2002) 6700-6708] koje upuĺuju na 

ukljuļenost proteina u homeostazu bakrovih iona, meĽutim nedostaje stukturna karakterizacija.  

Geni za proteine koji se sintetiziraju uslijed izlaganja H. pylori termiļkom ġoku (engl. heat 

shock proteins; HSPs) organizirani su kao tri viġecistronska operona. Njihova transkripcija 

kontrolirana je trima promotorima (Pgro, Phrc, Pcbp). Infekcija i prilagodba bakterije H. pylori 

ekstremnim uvjetima ģeluca omoguĺena je i spomenutim HSP-ima koji su ukljuļeni u 

regulaciju aktivnosti ureaze i prijanjanje bakterijskih stanica za stijenku epitela ģeluca [D. 

Roncarati, A. Danielli, and V. Scarlato, J. Bacteriol. 193 (20) (2011) 5629-5636]. HP1026 

pripada ovoj skupini proteina i u potpunosti je neokarakteriziran stoga je razumijevanje funkcije 

ovog proteina iznimno vaģno. 

Cilj ovog istraģivanja je strukturno karakterizirati proteine FlgD, CrdA i HP1026 iz 

bakterije H. pylori i potencijalno objasniti njihovu ulogu s naglasakom na razumijevanju 

funkcije spomenutih proteina pomoĺu podataka dobivenih strukturnom i biofizikalnom 

karakterizacijom. Prema dosadaġnjim istraģivanjima pretpostavke su: (1) FlgD kontrolira 

pravilnu polimerizaciju proteina FlgE koji izgraĽuje kuku biļa, (2) CrdA regulira razinu 

bakrovih iona u stanici ispod toksiļne razine te (3) HP1026 posjeduje ATP-veznu domenu. 

Rezultati istraģivanja pridonijet ĺe boljem razumijevanju uloge esencijalnih metala u strukturi 

i funkciji homeostaze, kontrole sinteze strukturnih elemenata biļa bakterije te uloge proteina 

sintetiziranog uslijed izlaganja stanice termiļkom ġoku. 

Istraģivani proteini (FlgD, CrdA i HP1026 iz organizma Helicobacter pylori) proizvedeni 

su u laboratoriju primjenom tehnologije rekombinantne DNA, ugradnjom u plazmidne vektore 

i prekomjernom ekspresijom genskih produkata u bakteriji Escherichia coli. Ispravnost 

ugradnje gena za ģeljenu makromolekulu provjerena je sekvenciranjem, a identitet proteina s 

privjeskom utvrĽen je western analizom. U sluļaju kad je prisutnost His-privjesaka ometala 

ispravno formiranje kvaterne strukture ģeljenog proteina, za kloniranje su koriġteni drugi 

privjesci (GST-privjesak, Strep-privjesak) ili je privjesak bio uklonjen. GST-privjesak takoĽer 

pomaģe i u topljivosti proteina koji bi u protivnom formirao inkluzijska tijela.  

Izolacija proteina iz bakterije E. coli zapoļeta je razaranjem bakterijskih stanica 

sonikacijom ili razbijaļem stanica (engl. cell cracker), te proļiġĺavanjem razliļitim 

kromatografskim metodama (afinitetna kromatografija, gel-filtracija), ovisno o prisustvu, 

odnosno odsustvu privjeska na proteinu. Ļistoĺa zavrġnog uzorka analizirana je koriġtenjem 

diskontinuirane denaturirajuĺe elektroforeze (SDS-PAGE). Koncentracija dobivenih proteina 
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odreĽena je spektrofotometrijski, mjerenjem apsorbancije pri 280 nm, a prema teorijskim 

vrijednostima ekstinkcijskih koeficijenata, te izraļunata prema Beer-Lambertovom zakonu. U 

sluļaju velike razine ekspresije ali male topljivosti primjenjena je denaturacija i renaturacija 

proteina.  

Kruģni dikroizam (engl. circular dichroism, CD) i jednodimenzijski NMR koriġteni su radi 

dobivanja informacije o prisutnosti elemenata sekundarne strukture u proteinu ġto je iznimno 

vaģno nakon denaturacije i ponovne renaturacije proteina. Kvaliteta uzorka za kristalizaciju 

ispitana je metodom dinamiļkog rasprġivanja svjetlosti (engl. dynamic light scattering, DLS). 

Interakcija CrdA i bakrovih iona ispitana je UV-VIS titracijom dok je aktivnost proteina 

HP1026 (sposobnost hidrolize ATP-a) istraģena praĺenjem promjene apsorbancije produkta 

reakcije hidrolize ATP-a.  

Testiranje optimalnih uvjeta za nastanak kristala i optimizacija kristalizacije provedeni su 

metodom difuzije pare otapala iz sjedeĺe kapi upotrebom robota za automatsku kristalizaciju 

(Oryx8 robot) u nanolitarskoj skali (minimalna veliļina kapi je 200 nL). Za kristalizaciju su 

koriġtene komercijalne kristalizacijske otopine, a nakon dobivanja prvih kristala kristalizacijski 

uvjeti su optimizirani u svrhu dobivanja kristala dobrih difrakcijskih sposobnosti variranjem 

razliļitih ļimbenika (cijepljenje mikrokristalima, promjena temperature kristalizacije, dodatak 

aditiva, promjena omjera precipitanta i proteina u kristalizacijskoj kapljici, dehidracija kristala). 

Dobiveni kristali, ukoliko je bilo potrebno, namakani su u krio otopini, a potom skladiġteni u 

tekuĺem duġiku. Snimanje kristala proteina obavljeno je na sinkrotronu ESRF (Grenoble, 

Francuska) ili SLS (Villigen, Ġvicarska) metodom rentgenske difrakcije na jediniļnom kristalu. 

Kristalna struktura proteina rijeġena je bilo metodom molekulske zamjene (u sluļaju postojanja 

dovoljno sliļnog modela) ili metodom anomalnog rasprġenja teġkog elementa (u tu svrhu 

pripremljen je derivat proteina sa selenometioninom). 

Gen hp0907 ukloniran je iz dva razliļita bakterijska soja H. pylori (26695, G27). Proteini 

su proļiġĺeni do zadovoljavajuĺe ļistoĺe te je gel-filtracijom i MALS eksperimentom (engl. 

multi angle light scattering) odreĽeno da se cjeloviti proteini u otopini nalaze kao dimerne 

molekule. Jediniļni kristali su pripremljeni metodom difuzije pare otapala iz sjedeĺe kapi 

koriġtenjem Oryx8 robota te su dobivene dvije razliļite kristalne forme skraĺenog proteina 

FlgD. FlgD_G27 kristalizira u monoklinskom sustavu, P2 prostornoj grupi, a difrakcijski 

podatci su sakupljeni na sinkrotronskoj liniji ID14-4 (ESRF, Grenoble, Francuska) do 

razluļivanja od 2,75 ¡. FlgD_26695 i SeMetFlgD_26695 kristaliziraju u tetragonskom sustavu, 
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I422 prostornoj grupi, a podatci su sakupljeni  na sinkrotronskoj liniji PXIII (SLS, Villigen, 

Ġvicarska) do razluļivanja od 2,17 ¡ u sluļaju FlgD_26695 te do razluļivanja od 2,8 ¡ u 

sluļaju SeMetFlgD_26695. Iako je u oba sluļaja postavljena kristalizacija ļitavog proteina 

(FlgD_G27 ï 316 aminokiselina; FlgD_26695 ï 301 aminokiselina), rijeġene kristalne strukture 

zajedno s rezultatima masene spektrometrije ukazuju da se u kristalnoj strukturi proteina 

FlgD_G27 i FlgD_26695 nalazi skraĺen protein FlgD (Asn127 - Lys272). Kristalne strukture 

proteina FlgD_G27 (HpFlgD_m) i FlgD_26695 (HpFlgD_t ) razlikuju se samo u dvije 

aminokiseline (257 i 268) i njihovim preklapanjem se dobije standardna devijacija izmeĽu 146 

jednakih CŬ atoma od 0,38 ¡. U asimetriļnoj jedinici HpFlgD_m nalaze se 4 molekule 

monomera i zauzimaju Vm = 2,63 ¡3 Da-1. Struktura sadrģi oko 53 % otapala. Struktura 

HpFlgD_t ima u asimetriļnoj jedinici samo 1 molekulu monomera i zauzima Vm = 3,26 ¡3 Da-1 

te udio otapala iznosi oko 62 %. Nadalje, kvaterna struktura u obje kristalne forme je tetramer 

koji je u strukturi HpFlgD_t generiran preko kristalografske osi ļetvrtog reda dok je u strukturi 

HpFlgD_m generiran nekristalografskom simetrijom. Dimeri se stvaraju preko kontakata b-

lanca 9 i b-lanca 12 tudor domena susjednih monomera, a takva situacija se ponavlja ļetiri puta 

stvarajuĺi mreģu vodikovih veza izmeĽu 4 molekule monomera. Rezultati dobiveni koriġtenjem 

PISA programa (engl. Protein interfaces, surfaces and assemblies) ukazuju da je takav tetramer 

vjerojatno postoji i u otopini. Razlika u oligomerizaciji cjelovitog proteina HpFlgD u otopini 

(dimer) i skraĺenog proteina HpFlgD u kristalu (tetramer) moģe biti prisustvo N-kraja proteina 

blizu centra tetramera gdje se nalazi os ļetvrtog reda. Dulji N-kraj bi onemoguĺio stvaranje 

kontakata nuģnih za tetramerizaciju. Kristalna struktura proteina FlgD je pokazala da se 

monomer sastoji od dvije domene, tudor i Fn-III domene, kao ġto je sluļaj i u ostala dva 

homologa proteina FlgD ļije su strukture rijeġene. Fn-III domenu izgraĽuju aminokiseline 141 

ï 234 dok tudor domenu ļini 14 aminokiselina na N-kraju proteina (127 -140) i ostatak 

aminokiselinskog slijeda na C- kraju proteina (235 ï 272). Lys272 je posljednja vidljiva 

aminokiselina u strukturama monoklinske i tetragonske forme proteina HpFlgD. MeĽutim, 

znaļajna razlika je uoļena u meĽusobnom poloģaju tudor domene u odnosu na Fn-III domenu 

u HpFlgD spram ostalim homolozima (XcFlgD i PaFlgD). Razliļita orijentacija domena 

izmeĽu HpFlgD i ostalih homologa moģe upuĺivati na prisutnost dva prepoznatljiva 

orijentacijska modula koji predstavljaju dio mehanizma aktivacije proteina.  

Pretraģivanjem Uniprot banke podataka uoļeno je da sve sekvence homologa proteina FlgD 

u razliļitim vrstama roda Helicobacter sadrģe prepoznatljive i neureĽene regije na C-kraju 
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proteina redoslijeda XQK(X)2 (X = D / E / N; X2 = PI / PL / LS / PQ). Oļuvane regije variraju 

samo u broju ponavljanja, a uvijek zavrġavaju slijedom TPPKETA. Ovakav ponavljajuĺi motiv 

nije pronaĽen u ostalim homolozima proteina FlgD, ali su sliļni motivi pronaĽeni u ostalim 

bakterijskim proteinima ġto moģe ukazivati na vaģnost takvog motiva u prepoznavanju 

proteinskih partnera. Ġtoviġe, FliC protein (gradi filament biļa) stvara interakcije preko svog 

C-kraja sa ġaperonom FliS te se na taj naļin sprijeļava preuranjena polimerizacija proteina 

FliC. TakoĽer, nedostatak N-kraja u strukturi HpFlgD nije neobiļan buduĺi da ga i strukture 

ostalih homologa ne sadrģe, a poznato je da FlgD iz bakterije Escherichia coli sadrģi 71 

aminokiselinu kao signalnu sekvencu dok FlgD iz bakterije Salmonella enterica sadrģi ļak i 

100 aminokiselina kao signal za izlazak iz stanice. U prilog tomu da N-kraj proteina predstavlja 

signalnu sekvencu i da je zbog fleksiblnosti sklon degradaciji govori i analiza CD 

spektroskopijom koja je potvrdila da cjelovit protein HpFlgD sadrģi a zavojnice (12,8 %) ġto 

je obiljeģje signalnih sekvenca. U rijeġenoj kristalnoj strukturi HpFlgD a-zavojnice nisu 

prisutne. 

PrireĽeni su razliļiti genski konstrukti za ekspresiju proteina CrdA (Strep_CrdA, 

CrdA_His6 i GST_CrdA). Optimalna ekspresija proteina dobivena je pri niģoj temperaturi (16 

C̄), meĽutim u sluļaju CrdA_His6 i Strep_CrdA dobivene su velike koliļine proteina u obliku 

inkluzijskih tijela dok je protein GST_CrdA prekomjerno eksprimiran s velikim udjelom u 

topljivim frakcijama. Kako bi se poveĺala topljivost proteina, uspjeġno su primjenjene metode 

za ponovno smatanje proteina, ukljuļujuĺi denaturaciju te renaturaciju polaganim 

razrjeĽivanjem. Razliļite varijante rekombinantnog proteina su nadalje proļiġĺene afinitetnom 

kromatografijom i gel-filtracijom. Metodama kruģnog dikroizma te jednodimenzijskog NMR-

a potvrĽeno je postojanje elementa sekundarne strukture u renaturiranom proteinu. Na temelju 

analitiļke gel-filtracije izraļunata je molekulska masa proteina CrdA s His- privjeskom u 

prisutnosti iona Cu2+ (14,8 kDa). Dobivena vrijednost se podudara s predviĽenom molekulskom 

masom (12,4 kDa) i odgovara postojanju monomernih vrsta u otopini. Dodatkom reagensa za 

keliranje metala (EDTA) dolazi do znaļajne promjene u ponaġanju proteina CrdA, te tendencije 

proteina ka razliļitom stupnju oligomerizacije. Protein CrdA je uguġĺen do maksimalne 

koncentracije, g = 9 mg mL-1. Kvaliteta uzorka za kristalizaciju ispitana je DLS-om koji je 

ukazao na polidisperznost uzorka dok je dodatak deterdģenta n-oktil -b-D-glukopiranozida 

(nOG) deterdģenta i iona Cu2+ poveĺao monodisperznost uzorka. Afinitet iona Cu2+ prema 
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proteinu CrdA ispitan je UV-VIS spektroskopijom te je izraļunata Kd = 1,076 ³ 10-3 mol L-1 

ġto upuĺuje na nizak afinitet prema ionima Cu2+ ġto je karakteristika proteina koji prenose 

bakrove ione. MeĽutim, buduĺi da aminokiselinski slijed CrdA obiluje metioninima, a ne sadrģi 

histidin i cistein, potrebno je ispitati afinitet iona Cu+ spram CrdA. Za kristalizacijske 

eksperimente koriġten je robot za automatsku kristalizaciju (Oryx8 robot). Pritom je koriġtena 

metoda difuzije pare iz sjedeĺe kapi te je ispitano 686 razliļitih kristalizacijskih uvjeta. 

Kristalizacijski eksperiment je u sluļaju proteina CrdA u prisutnosti iona Cu2+ i nOG-a 

rezultirao formiranjem malih kristala u uvjetu s PEG'S II SUITE (Qiagen) (0,1 mol L-1,  Tris 

pH 8,5, (v/v) 16 % PEG 4000) pri 293 K. Difrakcijska mjerenja dobivenih kristala provedena 

su na liniji  ID23-1 ESRF sinkrotrona (Grenoble, Francuska) te su potvrdila da su nastali kristali 

proteina. Naģalost, kristali su slabo difraktirali (do razluļivanja od 20 ¡), te je potrebna daljna 

optimizacija kristalizacije. 

Slijed aminokiselina proteina HP1026 sadrģi oļuvane sljedove aminokiselina 36 ï 295 ġto 

svrstava protein u skupinu AAA+ proteina. Proteini iz spomenute skupine se odlikuju 

sposobnoġĺu vezanja i hidrolize ATP-a, te sudjelovanjem u razliļitim staniļnim procesima 

(transport i degradacija proteina, transkripcija, replikacija i sl.). Protein HP1026 uspjeġno je 

eksprimiran pri 28 C̄, te je zatim proļiġĺen afinitetnom kromatografijom i gel-fi ltracijom. 

Molekulska masa monomera HP1026 iznosi 43,8 kDa te je analitiļkom gel-filtr acijom 

ustanovljeno da su i Apo_HP1026 i kompleks HP1026:ATP-g-S prisutni kao dimerne vrste 

(96,9 kDa) u otopini, te da dodatak ATP-g-S ne potiļe oligomerizaciju. Nadalje, ispitana je 

ATP-azna aktivnost HP1026, te su dobiveni sljedeĺi kinetiļki parametri: Km = 344 mmol L-1, 

Vmax= 0,6019 mmol L-1 s-1, kcat= 0,02 s-1. Dobivene vrijednosti se podudaraju s kinetiļkim 

parametrima u sluļaju aktivnosti proteina MgsA iz bakterije Escherichia coli. Analiza 

sekundarne strukture proteina CD metodom je pokazala da se HP1026 glavninom sastoji od a-

zavojnica (44,5 %). Protein se pokazao kao izuzetno topljiv te je uguġĺen do koncentracije veĺe 

od 40 mg mL-1, a mjerenja DLS-om su pokazala da je uzorak proteina monodisperzan i pogodan 

za kristalizacijske eksperimente. TakoĽer je ispitana termiļka stabilnost proteina uz dodatak 

razliļitih aditiva, te je uoļeno da ADP i ATP-g-S znaļajno poveĺavaju temperaturu mekġanja 

(Tm) proteina HP1026 i to za +3,52 ̄ C u sluļaju dodatka ATP-g-S te za +5,18 ̄C u sluļaju 

dodatka ADP-a. Kristalizacijski eksperimenti postavljeni su koriġtenjem Oryx8 robota 

metodom difuzije pare otapala iz sjedeĺe kapi. Kristali heksagonskog oblika su dobiveni u 
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razliļitim uvjetima PACT SUITE (Qiagen), te su snimljeni na sinkrotronskoj liniji PXIII (SLS, 

Villigen, Ġvicarska) i pokazali slabu difrakciju (do razluļivanja od 15 ¡). Uzevġi u obzir 

rezultate o termiļkoj stabilnosti proteina pokuġala se optimizacija kristalizacije uz dodatak 

aditiva, te su dobiveni veĺi kristali u uvjetu 0,2 mol L-1 NaBr, 0,1 mol L-1 Bis-tris propan pH 

8,5, 20 % PEG 3350, 0,015 mmol L-1  CYMAL -7 pri 20 ̄ C. Iako su kristali bili veĺi i ureĽeniji, 

difraktirali su samo do 7 ¡ ġto joġ uvijek nije dovoljno razluļivanje za rjeġavanje kristalne 

strukture proteina. 
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Ä 1. INTRODUCTION  

The bacterium Helicobacter pylori colonizes the stomach of more than half of the worldôs 

population.1 According to the National Center for Biotechnology Information (NCBI) the 

genomes of seventeen strains have been completely sequenced like 26695, J99, HPAG1 and 

G27.2-5 All of the genomes have similar average lengths of coding sequences and coding 

density. The extremely high recombination rate, in combination with a remarkable sequence 

diversity, has suggested a panmictic population structure.6 Approximately 10 % of the infected 

subjects will develop severe gastric pathologies, like peptic ulcer disease and atrophic gastritis. 

Approximately 1 % of infected individuals develop gastric adenocarcinoma and lymphoma of 

the mucosa-associated lymphoid tissue (MALT). The World Health Organization has declared 

H. pylori a class 1 carcinogen in 1994.7-9 

Due to its pathological relevance, H. pylori has become an important target for research in 

the last twenty years, since its first discovery: a large amount of literature has been produced 

on it, either from the medical or from the biological point of view; interaction maps of its 

proteome have been created10 and analysed and its ability to survive in the acidic environment 

has been investigated.11 On the contrary, structural data on the proteins of this bacterium are 

relatively limited: 439 files of atomic coordinates were present in the Protein Data Bank (PDB) 

in March 2016 (http://www.pdb.org), and 33 are waiting for release. Many proteins have not 

been characterized at all.  

Within this research several proteins from H. pylori, important for its survival, were  

characterized (FlgD, CrdA, HP1026). 

The flagellum is a protein complex composed of about 50 different proteins needed for its 

proper regulation and assembly. It provides the cell a chance to move to a more favorable 

environment and to avoid stressful conditions.12 Major sections that define the flagellum are: 

the filament, the hook and the basal body.13 FlgD plays an important role in H. pylori virulence, 

owing to its role in forming the hook cap component.14 Until now only two crystal structures 

of FlgD have been solved (from Xanthomonas campestris and Pseudomonas aeruginosa) but 

the protein sequence identity between FlgD from H. pylori and FlgD from the previously 

mentioned bacteria is less than 20 %.  
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H. pylori copper resistance determinant CrdA (HP1326) is required for keeping the 

concentration of free copper ions below toxic levels.15 At this moment there are no structural 

data on the CrdA protein and the only available studies are on RNA profiling.16 

Genes for heat shock proteins (HSPs) of H. pylori are organised in three multicistronic 

operons, transcriptionally controlled by three upstream promoters (Pgro, Phrc, Pcbp). Successful 

infection and adaption to the extreme gastric environment is also enabled by the heat shock 

proteins (HSPs) which are involved in regulation of the urease activity and adhesion to the 

epithelial cells.17 Since HP1026 is part of one of the heat shock operons controlled under the 

HspR regulator with an unclear function, investigation of its role is very important. 

Biophysical and structural characterization of the described proteins is crucial for 

understanding the function of these H. pylori vital proteins for survival in a highly acidic 

environment. The starting hypotheses of this work were: (1) FlgD controls the proper 

polymerization of FlgE inside the hook of the flagellum, (2) the CrdA protein is involved in 

maintaining the concentration of free copper ions below toxic levels and (3) the HP1026 protein 

possesses an ATP-binding domain.  

The goal of the doctoral dissertation was to structurally characterize FlgD, CrdA and 

HP1026, and taking into account their biophysical and structural properties to potentially 

demonstrate their function. The structural characterization was done by biophysical and 

structural analysis utilizing methods like thermal stability assay, circular dichroism, X-ray 

diffraction and 1D-NMR. To understand if CrdA exerts function of copper transport the 

interaction between the copper ions and CrdA was investigated by UV-VIS titration. To obtain 

experimental evidence on the role of HP1026, the ATP hydrolysis assay was performed using 

the reversed phase HPLC by measuring the change of the absorbance of the reactions products. 

The results obtained in this research widen our knowledge and contribute to better 

understanding of the role of the essential metal ions in the structure and function of 

metalloproteins, the control of proper flagellum construction, as well as the function of the heat 

shock protein. 
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Ä 2. LITERATURE REVIEW  

2.1. Helicobacter pylori ï an interesting medical target 

 

Helicobacter pylori (H. pylori) is a small (3.5 ɛm x 0.5 ɛm), slow growing, microaerophilic, 

non-spore forming and spiral-shaped Gram-negative rod bacteria (Fig. 1). The bacterium 

became an important and interesting target of research since it is known that it can colonize 

human gastric cells and lead to development of severe gastrointestinal diseases such as chronic 

gastritis, peptic ulcer disease, gastric mucosa associated lymphoid tissue (MALT) lymphoma, 

and gastric cancer.18,19 The bacterium was isolated and characterized at the beginning of the 

ó80s by scientists Marshall and Warren.20 It is known that more than half of the human 

population is affected with this bacterium.21 Moreover, this bacterium has accompanied humans 

for tens of thousands of years during migrations in the absence of a targeted antimicrobial 

therapy.7 It has been hypothesized that H. pylori colonization could have provided benefits to 

its human carriers and hence provided a selective advantage during long periods of human 

history.22,6,9 The infection with this bacterium is mainly transmitted from human-to-human 

possibly by the fecalïoral or oralïoral route. The infection can be spread vertically within 

families, generally in early childhood. While many H. pylori infected individuals are clinically 

asymptomatic, most will exhibit some degree of gastritis. Approximately 10 % of the infected 

subjects will develop more severe gastric pathologies, like peptic ulcer disease and atrophic 

gastritis. Approximately 1 % of infected individuals develop gastric adenocarcinoma and 

lymphoma of the mucosa-associated lymphoid tissue (MALT), a correlation that prompted the 

World Health Organization to declare H. pylori the first bacterial class 1 carcinogen in 1994.8,9 
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Figure 1. Electron micrograph of H. pylori. Spiral bacterial bodies with a bundle of sheathed 

flagella; bar = 1 Õm, (taken from Yoshiyama and Nakazawa, 2002).23
 

 

H. pylori genome is relatively small containing less than 1600 genes,2  in comparison to 

other Gram-negative prokaryotes, such as Escherichia coli and Salmonella enterica subsp. 

enterica serovar, whose genomes include more than 4000 genes.24,25 The genomes of seventeen 

strains of H. pylori have been completely sequenced, among them 26695, J99, HPAG1 and 

G27.2-5 Genome of the strain 26695 contains 1,667,867 base pairs. It is 24 kb larger than the 

J99 strain, which contains 1,643,831 base pairs, 71 kb larger than HPAG1, which contains 

1,596,366 base pairs and 15 kb larger than the G27 strain, which contains 1,652,983 base pairs. 

All the genomes have similar average lengths of coding sequences, coding density and the bias 

of initiation codons. Plausible cause of a wide genetic diversity could be explained by the need 

of H. pylori to adapt to the gastric conditions of its host as well as to the distinct patterns of the 

host immune response. 

 

2.2. H. pylori virulence factors 

 

Several pathogenicity factors like cytotoxin associated gene pathogenicity island (cag PAI), 

VacA vacuolating cytotoxin, urease, adhesins and outer membrane proteins are involved in 

virulence of H. pylori .26 Large diversity of H. pylori strains indicated that some of the strains 

are more virulent and can induce morphological changes and successive degeneration of in 

vitro-cultured cells.27 
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CagA was identified as a main marker for the evaluation of the strain pathogenicity and the 

presence of a genomic PAI. Cag PAI is a DNA fragment about 40 kb long which encodes for 

about 27 to 31 proteins, depending on the analyzed strain (Fig. 2).28,29 Eighteen proteins of cag 

PAI are involved in the structural organization of the type IV secretion system (T4SS) which is 

the main apparatus used in the infection process. T4SS enables penatration to the gastric 

epithelial cells and translocation of CagA, peptidoglycan and other bacterial effectors to the 

host cell.30-32 After the injection of CagA into the host cells the protein becomes phosphorylated 

and starts to interact with more than 20 different human proteins included in signal 

transduction.33 This influences the proper function of epithelial cells like cellïcell adhesion, 

signalling, adherence and proliferation.34 The bacterial peptidoglycan delivered by T4SS 

triggers in the host cell the Nod1-response and induction of the nuclear factor-kB pathway.35 

 

 

 

Figure 2. (a) Genes of the H. pylori strain 26695 that encode for the cag PAI. Numbers 

correspond to the HP0XXX number of the ORF represented by arrows;2 (b) schematic overview 

of the prototypal T4SS VirB ù D from A. tumefaciens (left) and comparison with components of 

the Cag-T4SS from H. pylori (right). Cytoplasmic NTPases,  proteins forming the core trans-
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membrane complex and  pilus components are coloured in blue, various shades of green and 

yellowùorange, respectively. Integral transmembrane segments or proteins are shown as squares. 

The additional components that have been shown to participate in the Cag-T4SS complex are 

coloured in pink while the effector CagA that has been located at the tip of the pilus is coloured 

in black. The figure is adapted form Terradot and Waksman, 2011.32 

 

VacA is another protein classified as a pathogenic factor of H. pylori.26 In its active form it 

is a 95 kDa toxin responsible for massive vacuolization in gastric epithelial cells in vitro.36 

Moreover, it is shown that peptic ulceration and gastric cancer can be caused by secretion of 

VacA.37,38 Firstly, VacA is produced as a 140 kDa proprotein that is further cleaved into the 95 

kDa mature protein during the secretion. There is a significant difference in the pathogenicity 

of this toxin encoded by the vacA gene among the different H. pylori strains. VacA gene can 

encode for several types of VacA protein that has different composition of signal and middle 

regions (s1/m1, s1/m2, s2/m2). S1/m2 genotypes have the highest vacuolating activity and are 

more involved in the peptic ulceration and gastric carcinoma, while the s2/m2 genotypes lack 

the vacuolating activity.37 It is also interesting to highlight that even the specific vacA genotype 

of the same patient-strain combination shows a different expression level of VacA over time, 

showing the ability of rapid evolution of this bacterium to adapt its genetic material for 

persistent infection.39,40 When secreted, VacA forms pores in the membrane of the epithelial 

host cells allowing the release of urea, anions, cations and nutrients from the host cells. The 

VacA protein is also included in several cellular processes like induction of apoptosis (through 

the activation of the endogenous mitochondrial channels) and inhibition of T-cells activation 

and proliferation (Fig. 3). 
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Figure 3. The influence of VacA on several cellular processes and its involvement in the 

infection process of H. pylori. This figure is taken form Kusters et al., 2006.26 

 

Since H. pylori colonizes an acidic niche like gastric epithelial cells, regulation of acidity is 

an important mechanism of survival of this bacterium in these conditions. H. pylori survives in 

the range of pH 4 - 6.5 and thus this bacterium requires special mechanisms to adopt to the 

extreme acidic enviroment. Urease is the main enzyme that can increase pH by catalyzing the 

hydrolysis of urea that generates ammonia and carbon dioxide.26 Ammonia neutralizes the 

acidity inside the gastric lumen and forms a neutral microenvironment surrounding the 

bacterium (Scheme 1).41 
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NH3  +  H2N-C-OH H2N-C-NH2 + H2O                    

 

         O                                                                        

            

NH3  +  H2CO3 H2N-C-OH + H2O                    

 

H2CO3   H+ + HCO3
- 

2 NH3 + 2 H2O  2 NH4
+ +  2 OH- 

 

Scheme 1. Hydrolysis reaction of urea catalyzed by urease. 

 

In general, urease can be found inside the cytoplasm of all other bacteria and plants,42 while 

the urease from H. pylori can also be present on the surface of the cell but only when it 

undergoes spontaneous autolysis.43 The role of cytoplasmic urease is protecting the bacterium 

from acidity because it could increase the periplasmic pH and membrane potential in 

combination with UreI, a proton-gated urea channel44,45 while the external urease is essential 

for survival of the acid-exposed organism. The crystal structure of nickel-containing urease 

from H. pylori (Fig. 4) shows that the protein is built from two different subunits - a and b (a 

- 61.7 kDa, b - 26.5 kDa) forming a heterotrimeric (Ŭɓ)3 assembly.46  

Urease 

Urease 
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Figure 4. Cartoon view of the crystal structure of urease from H. pylori (PDB ID: 1E97).46 a 

and b subunits are colored in yellow and pink, respectively, while the two nickel(II) ions are 

labelled as grey spheres. This figure was produced using CCP4MG.47 

 

Adhesins and outer membrane proteins are an additional class of H. pylori virulence 

factors.26 They are responsible for the adhesion of bacterial cells to the gastric epithelium. A 

list of part of the adhesion proteins involved in the infectious process is given in Table 1. 
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Table 1. Adhesins and their role in the pathogenesis of H. pylori  

Protein / gene 

cluster 

Predicted role Association with H. pylori 

related disease 

BabA Binds to fucosylated Leb blood group 

antigen on cells48 

babA2 allele has been 

implicated in peptic ulcer 

disease and gastric cancer49 

SabA Mediates binding to sialic acid 

containing glycoconjugates (sialyl-

Lex and sialyl-Lea antigens) and is 

involved in the activation of 

neutrophiles50 

- 

SabB Unknown binding specificity Absence of SabB expression by 

the phase variation is involved 

in the development of duodenal 

ulcers51 

 

In addition to the previously described virulence factors, several other factors are important 

for the successful colonization and survival of H. pylori in the gastric epithelial cells such as 

motility, detoxification, metal ion homeostasis and heat shock regulation. They will be in more 

detail discussed in the next paragraphs. 

 

2.3. H. pylori flagellum 

 

H. pylori motility requires proper structural organization of 2-6 unipolar flagella.52 In order 

to survive in the hard stomach environment and to permanently colonize it, H. pylori has to 

move through the mucous layer and adhere to gastric epithelial cells, in particular during the 

initial phases of the infection53,54 and in doing so it has to rely on flagella.55,56 In contrast to 

many other Gram-negative bacteria, Helicobacter (and Campylobacter) species possess an 

unusual velocity in viscous media, possibly due to their helical shapes and to the presence of 

exclusively polar flagella.55 The structural organization and control of flagella in Gram-negative 

bacteria has been thoroughly studied.55, 57-59 The complex flagellar structure is composed of 

approximately 30 different proteins, but many additional proteins (like chaperons and pumps) 
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are necessary for flagella expression and assembly, resulting in a total of at least 45 proteins 

(listed in Table 2).  

 

Table 2. H. pylori proteins involved in flagellum assembly (adapted from Puliĺ et al., 2014).60 

Location Protein 

name 

Name for 

strain 

26695 

Typology Role Complex Number 

of AA 

PDB-ID structure  

Export 

system 

FliO HP0583 Membrane protein Protein associated 

with FliP 

 293  

FliP HP0685  Protein associated 

with FliO and MS-

ring 

 153  

FliQ HP1419  Export component Associated 

with FlhA 

and FlhB 

88  

FliR HP0173  Associated with the 

MS ring 

 225  

FlhA HP1041  Target for soluble 
export proteins 

 733 3MYD 

FlhB HP0770  Target for soluble 

proteins 

 358  

FliH HP0353 Soluble protein Negative regulator 

of FliI 

The 

complex 

FliHIJ 
forms an 

ATPase 

complex 

258  

FliI  HP1420  ATPase; export 

protein outside of C-

ring 

Interaction 

with FliH 

434  

FliJ HP0256  Putative protein  142  

FlgJ HP0245  Putative protein  105  

MS ring FliF HP0351 Transmembrane 
protein 

Transmembrane 
component of  rotor 

Associated 
with FlhA 

389  

C ring FliG HP0352 Cytoplasmic 

protein 

Rotor switch protein Associated 

with MotA 
FliM 

343 3USW; 3USY 

FliM HP1031  Involved in the rotor 

switch; binds the 
CheY-P protein 

N-terminus 

interacts 
with FliF 

354 4GC8, 4FQ0 

FliN HP0584  Flagellar export 

component; role in 
switching protein 

 106  

 FliY HP1030  Flagellar export 

component 

 283  

Stator 
 

MotA HP0815 Transmembrane 
protein 

Forms a proton 
channel through the 

membrane 

 210  

MotB HP0816   Associated 
with MotA 

257 3SO3, 3SOH 
(periplasmic region), 

3IMP, 3CYP, 3CYQ 

(C- terminal domain) 

P ring FlgI HP0246  Part of bushing  285  

L ring FlgH HP0325  Part of  bushing  237  

Proximal 

rod 
 

FliE HP1557  Has a role in rod 

stability during the 
growth; part of the 

export gate; MS ring 

rod junction protein 

 109  

FlgB HP1559    140  

FlgC HP15558    161  

Distal 
rod 

FlgF HP1092    269  
FlgG HP1585    262  

Hook-

filament 

FlgK HP1119 Soluble HAP1  606  

FlgL HP0295  HAP3  828  
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junction 
protein 

Filament 

capping 

FliD HP0752  HAP2  685  

Hook cap FlgD HP0907 Soluble Rod-modification 
protein; required for 

hook polymerization 

 301  

Hook FliK HP0906  Hook length 

regulator 

 77  

FlgE HP0870  Hook protein Helped by 

FlgD in 

polymerizat
ion 

718  

Filament FlaA HP0601  Flagellin subunit Polymerize

s with FlaB 

510  

FlaB HP0115  Flagellin subunit  514  

 HP1076   Interacts 

with FliS 

 3K1H 

FliS HP0753 Cytosolic protein 

specific for FlaA, 

FlaB 

  120 3IQC; 3K1I 

Regulato

ry protein 

FlgM HP1122  Encodes the 

inhibitor of 

flagellum ů28-factor 

 77  

FliA HP1032  Negative regulator 

of FlgM 

 255  

FlgR HP0730  Activates 
transcription with 

ů54-factor 

 381  

Chemota

ctic 
factor 

CheY HP1067  Chemotaxis  Interacts 

with FliM 

124 3GWQ; 3H1F; 

3H1G; 3H1E 

Chaperon FlgN HP1457  Chaperon FlgK-

FlgL 

 210  

FliT HP0754  Chaperon FliD  79  

FlgA HP1477 Periplasmic 

protein 

Chaperon involved 

in P-ring assembly 

 218  

Flagellar 

biosynthe

sis 
protein 

FlhF HP1035    459  

Flagellar 

assembly 

factor 

FliW1 HP1154    135  

Paralysed 

flagellar 

protein 

pFlA HP1274    801  

Flagellar 
assembly 

factor 

FliW2 HP1377    129  

 

The flagellum is a rotatory nano-machine that can be described as composed of two portions, 

the extracellular filament and the hook-basal body (Fig. 5). The latter represents the flagellar 

motor that converts the chemical into mechanical energy.57 The hook-basal body can be divided 

into three substructures: (1) the base, localized in the inner membrane and spanning to the 

cytoplasm; (2) the rod and ring structures, located in the periplasm; and (3) the hook, present 

on the surface. The assembly of the flagella and the stator requires proper interactions with the 

peptidoglycan layer through which the organelle has to pass for externalization.61 Roure et al. 

(2012)61 demonstrated that even though the flagella were correctly assembled, lack of the 
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appropriate lytic transglycosylase (MltD) resulted in incorrect localization of the flagellar motor 

protein HpMotB to the bacterial pole and with a loss of motility.  

 

 

 

Figure 5. Structural organization of the H. pylori flagellum (adapted from Puliĺ et al., 2014).60 

 

Until know little is known about the structure and assembly of flagellar proteins from H. 

pylori. Moreover, only seven 3D structures (including flagellar chaperons) have been 

determined so far (Table 2). 

The relevance of studying the molecular architecture of flagellar proteins is crucial for 

designing new therapeutic targets since flagella are components essential for bacterial 

colonization of the host. On the other side, the flagellum represents an ideal example of a 

molecular machine and the mechanism of conversion of chemical into mechanical energy.  The 

bacteria have been able to devise it during billion years of evolution and it can eventually be 

applied for nano-technological purposes. 
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2.3.1. The hook 

 

The hook, which is a tubular structure that connects the basal body to the extracellular 

filament, is made of about 120 copies of a single protein, called FlgE. Until now, only the crystal 

structure of FlgE from Salmonella enterica subsp. enterica serovar Typhimurium (PDB ID: 

1WLG)62 has been determined at 1.8 ¡ resolution. The structure corresponds to residues 71-

369 out of a total of 402. The crystallized fragment of FlgE lacks both the N- and C-terminal 

regions, since the full-length protein formed filaments and thus failed to crystallize. The same 

behavior occurs during the crystallization of the full-length flagellin protein. The group of 

authors that solved the crystal structure of FlgE built a model of the hook by using electron 

cryomicroscopy and image analysis, together with the docked crystal structure of FlgE. 

According to the density map, the hook is composed of three domains: the outermost domain 

at the surface (7.5 nm), the middle domain (5-6 nm) and the inner core domain that forms a 

tube (1 nm thick; 3 nm axial lumen).  

FlgE is a protein that tends to form filaments and, for this reason, it needs the presence of 

other proteins, FliK, FlhB and FlgD, in order to properly assemble the hook outside the external 

membrane of the bacterium.63 FliK is supposed to be involved in measurement of the correct 

hook length64,65 while FlhB (part of the type III secretion system, T3SS) is located in the inner 

membrane and helps the hook formation by interacting with the C-domain of FliK. When this 

interaction occurs, it induces a signal for termination of the export of proteins involved in the 

hook assembly and a signal for the export of proteins necessary for the filament formation.66 

There are also two proteins between the hook and the filament, called hook associated 

proteins - FlgK and FlgL. These proteins form a very short hook-filament junction zone, 

important for adapting these two mechanically different structures. The hook is relatively 

flexible, while the filament works as a propeller and for this reason has a much more rigid 

structure. According to this fact, those two proteins should share structural characteristics 

similar to the hook and filament proteins.  
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2.3.2. FlgD protein 

 

FlgD in Salmonella typhimurium is predicted to control the correct number of FlgE 

monomers that form the hook.67 In this bacterium FlgD is absolutely needed for the assembly 

of the flagellar hook, but it has not been detected in the mature flagellum.68 FlgD, like the 

majority of the flagellar extracellular components, is exported via a specific T3SS, located at 

the base of the flagellum. After assembly of the basal body in the cytoplasmic membrane and 

the C-ring in the cytoplasmic space, the flagellar export apparatus is built within the C-ring and 

gets ready to export the axial components, among which is FlgD, to construct the rod, hook, 

hook-filament and the long filament, according to this order.66 FlgD is associated to the 

apparatus when the rod is completed, but it is discarded as soon as the hook is completed, i.e. 

when FlgK is added to the hook. During this process the interaction between FlgE and FlgD 

may take place.69 

Two crystal structures of FlgD from other bacteria have been determined: Pseudomonas 

aeruginosa (PaFlgD, PDB ID: 3OSV)12 and Xanthomonas campestris (XcFlgD, PDB ID: 

3C12)14, Fig. 6. Both structures lack the N-terminal domain, which is predicted to be largely 

flexible, at least for the isolated proteins. A study of FlgD from Escherichia coli70 indicated 

that the first 71 N-terminal residues represent a signal for the export of the protein through a 

T3SS into the flagellar channel. T3SS is an essential part of the flagellum apparatus that allows 

the proper export of the proteins necessary for the assembly of the flagellum itself. In both FlgD 

structures monomer is composed of two domains rich in b strands: Fn-III nad tudor domains 

(Fig. 6). Kuo et al. (2008)14 performed DALI search against the PDB using the coordinates of 

the two separate domains of XcFlgD. They found that tudor domain superimposes well with the 

spinal muscular atrophy tudor domain and a number of chromo domain (a member of tudor 

family that can interact with specific methylated lysines in histones). Fn-III domain 

superimposes well with the Fn-III domain of cell adhesion and heparin-binding proteins.   
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Figure 6. Crystal structure of FlgD monomer from: (a) X. campestris (PDB ID: 3C12)14, (b) P. 

aeruginosa (PDB ID: 3OSV)12. This figure is produced using  CCP4MG.47 

 

2.4. Detoxification and metal ion homeostasis in H. pylori  

 

Regulation of metal ion homeostasis is of critical importance to all living organisms. 

Particularly, adaptation of H. pylori to the conditions in the gastric mucosa involves acquisition 

mechanisms that overcome a temporary lack of the metal ions. Metal ions have role in various 

biochemical reactions and both deficency and excess of particular metal ion can lead to the cell 

death or growth delay. Metal ions are cofactors of enzymes that catalyze reactions like electron 

transport, energy metabolism, redox reactions and are involved in the regulation of the osmotic 

pressure of the cell.26  

Nickel ions are essential for the proper structural organization and activity of the main 

pathogenicity factors, urease and hydrogenase. Moreover, several accessory proteins like 

HypA, HypB and UreG are needed for the maturaion of the [Ni,Fe] hydrogenase and urease.71,72 

In the acidic microaerobic environment H. pylori utilizes FeoB protein for transport of the 

ferrous ion (Fe2+).73 Ferric reductase is another type of enzyme that reduces ions Fe3+ to Fe2+ 
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which are then transported by the FeoB system. Beside the mentioned iron dependent enzymes, 

iron storage proteins in H. pylori have been characterized ï Pfr ferritin and HP-NAP 

bacterioferritin. Pfr ferritin is a 19 kDa protein known to be responsible for the regulation of 

the concentration of free iron ions below the toxic levels as well as an iron deposit that can 

release and reuse the stored iron under the reduced iron conditions.74 Cobalt ions are also 

important for the activity of arginase enzyme which is involved in the nitrogen metabolism75 

and immune response of H. pylori. 

 

2.4.1. Copper ion homeostasis 

 

Besides nickel, iron and cobalt, copper ion is also an important cofactor in the regulation of 

metal homeostasis in H. pylori and plays significant role in electron transport, oxidases, 

hydroxylases and can mediate the formation of the oxygen reactive species. In addition, several 

proteins are involved in the transport of copper ions and control of concentration of free copper 

ions in the cytoplasm below toxic values. Among them are P-type ATPase CopA,76 HP1326 

(CrdA), HP1327 (CrdB), HP1328 and HP1329.16 An interesting study reported by Bereswill et 

al. (2000)77 suggested that the ferric uptake regulator (Fur) protein participates not only in the 

regulation of ferritin-mediated iron storage but also in the copper repression of Pfr synthesis. 

They showed that iron starvation, as well as medium supplementation with nickel, zinc, copper 

and manganese at nontoxic concentrations, repressed synthesis of ferritin in the wild-type strain 

but not in the H. pylori fur mutant. 

2.4.2. CrdA protein 

 

CrdA (HP1326) is a 13.8 kDa putative copper resistance determinant rich in methionines. 

In contrast to known copper chaperones, the protein sequence of CrdA lacks cysteine and 

histidine residues. Since CrdA is a secreted protein, it is predicted that it contains the first 20 

amino acids as signal peptide. Protein sequences of CopC from Pseudomonas syringae and 

CrdA from H. pylori share a common MXXMPGMP amino acid motif.  Crystal structures of 

the copper binding CopC protein from Pseudomonas syringae (PDB ID: 2C9Q),78 and 

Methylosinus trichosporium (PDB ID: 5ICU),79 revealed that this class of proteins can contain 

different binding arrangements: a canonical two binding site (Cu(II) and Cu(I)) or just a single 

Cu(II) binding site, Fig. 7.  
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Figure 7. Structure alignment of MstCopC (light pink) and PssCopC (purple). Copper ions are 

presented as blue spheres. This figure is taken from Lawton et al. (2016).79 

 

At this moment, there are no structural data on the CrdA protein and the only available 

studies are RNA profiling.16 According to the former study ORF HP1326 that encodes the H. 

pylori CrdA protein, showed a strong transcription activity upon increased copper 

supplementation while the nonheme iron containing ferritin (Pfr) synthesis was repressed (Fig. 

8). Similar behaviour was observed when the neighboring genes HP1327 (CrdB) and HP1328 

(CzcB) were inactivated. Other homologs of known copper regulation activity like E. coli 

CueR, Pseudomonas CopR/S and Ralstonia CzcRS are not present in the H. pylori genome. 

Taking all together, Waidner et al. (2002)16 proposed a novel type of copper efflux pump called 

Czc system that is consisted of copper resistance determinants CrdA (HP1326), CrdB 

(HP1327), CzcB (HP1328) and CzcA (HP1329), Fig. 8, which H. pylori requires for keeping 

the concentration of free copper ions below toxic levels. 
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Figure 8. Schematic overview of H. pylori responses to increased copper concentrations. 

Induction (+) and repression (-) of gene expression mediated by the increased copper pool are 

indicated by arrows. The putative composition of the Czc system of H. pylori HP1326 to 

HP1329 was constructed using the Ralstonia Czc system as a model. Putative location of CrdA 

(HP1326) protein is indicated in green. This figure is adapted from Waidner et al. (2002).16 

 

2.5. Heat shock proteins in H. pylori  

 

Heat shock proteins (HSPs) are, together with the transcription regulatory factors HrcA and 

HspR, another important factors of H. pylori successful infection and adaptation to the extreme 

gastric environment.80,17 These factors, besides their main role in protection of the bacterium 

from the environmental stresses, are also involved in the regulation of urease activity and 

adhesion to epithelial cells.81,43 Generally, Gram-negative bacteria like E. coli show positive 

regulation of HSPs through a specialized RNA polymerase s32 factor, which is absent in the 

genome of H. pylori. Opposite to the E. coli regulation, transcription control of HSPs in H. 
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pylori is negatively regulated by HrcA and HspR. The HSPs of H. pylori are organised in three 

multicistronic operons, transcriptionally controlled by three upstream promoters (Pgro, Phrc, 

Pcbp), Fig. 9. It has been demonstrated that under the normal growth conditions two regulators 

ï HrcA and HspR are both needed to repress transcription from Phrc and Pgro promoters in an 

independent80 or cooperative manner82 while HspR by itself controls the Pcbp promoter. The 

same dual heat shock regulation is presented in Staphylococcus aureus where CtsR and HrcA 

synergistically repress transcription of dnaK and groESL operons.83 When H. pylori is exposed 

to heat shock the repression is blocked and HSP transcription is induced. Moreover, Roncarati 

et al. (2007)80 supposed that controlled synthesis of HSPs such as GroES, GroEL and DnaK 

chaperones could affect the flagellar assembly or other cellular structures and contribute to the 

proper motility. 

 

 

 

 

Figure 9. Structural organization of H. pylori heat shock operons and their transcriptional 

regulation controlled by HrcA and HspR regulators. Hp1026 gene (highlighted in red) is part 

of one of the heat shock operons regulated by HspR. This figure is adapted from Roncarati et 

al. (2011).17 

 

2.5.1. HP1026 protein 

 

HP1026 is an uncharacterized protein with an interesting gene location under the control of 

one of the heat shock promoters (Pcbp), and the HspR repressor. Two other genes, cbpA and 

hspR, that are located upstream of the hp1026 gene (Fig. 9) are regulated by the same promoter 

and repressor. It is known that cbpA codes for a homologue of cochaperone curved DNA-




























































































