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Summary

Helicobacter pylori is a Gram-negative microaerophilic bacterium tisaalble to establish a
life-long chronic infection in the stomach of mdren half of the human population. The
infection is most of the times asymptomatic butamimportant minority of casesl. pylori
causes gastroduodenal pathologies, including storaad duodenal ulcers, adenocarcinomas
and stomach lymphomasl. pylori is characterized by high genetic variability, oy in
gene sequence but also in gene content. One aihdst striking differences ii. pylori
strains is the presence or absence of a 40-kb Ddgdence namechg Pathogenicity Island,
that encodes a Type IV Secretion System, causiegtridslocation of CagA toxin into
epithelial gastric cells. After entering the ho#lll,cCagA induces cellular modifications,
including alteration of cell structure and motilitgiteration of cell proliferation and of tight
junctions. Most ofH. pylori strains secrete VacA, a toxin that provokes vazatbn in
epithelial cells. AllH. pylori strains contain &acA gene, but the gene sequence is highly
variable, causing changes in VacA functional agtivDther properties affected by genetic
variability are expression and binding ability afh@sins. All these features are involved in
pathogenical variability ofH. pylori, in addition to HP-NAP, a toxin able to activate
immunological response (Chapter I).

Although H. pylori can be successfully eradicated by antibiotics amynpatients, increasing
antibiotic resistance in the bacterium remainsrage problem. New therapies are required
to eradicatdH. pylori infection and looking for new pharmaceutical tasgsould be useful for
the development of new antibiotics in the future.

Recently, new genes involved iH. pylori stomach colonization were identified by
mutagenesis. Of the genes analyzed, 29% had acféditomach colonization effect. These
included knowrH. pylori virulence genes, genes implicated in virulencethrer pathogenic
bacteria, and genes codifying for hypothetical g@irt.

The aim of this project was to determine the thdmeensional structure df. pylori proteins
important for stomach colonization and pathogenasid to obtain information about their
putative functions. In particular, we focalized aiftention on the TenA homologue HP1287,
on the putative adhesin HP1028, on HP0175, a taiim PPlase activity, and on HP0421, a

cholesterola-glucosyltransferase that promotes immune evasion.



The research described in this thesis was mosthedaout at the Department of Biological
Chemistry, University of Padua and Venetian Ingitof Molecular Medicine (VIMM),
Padua.

The strategy adopted involved bioinformatic anadyseCR amplification of the selected
genes starting from purifidd. pylori chromosomal DNA (strain CCUG 17874), cloning in an
His-tag-containing vector and expression of thetgnoin E. coli cells. The soluble
recombinant proteins were then purified using tlwmmatography steps and concentrated for
crystallization trials. The proteins HP1028 and BI®4 were subsequently crystallized and, in
the case of HP1287, the structure was determined-Bay diffraction. Techniques to make
the protein samples more suitable for crystall@atias DLS (Dynamic light scattering), and
to investigate the secondary structure, as CD (@Grc dichroism), were also used.
Mutagenesis techniques were included for functiostldies and for crystallographic
purposes.

After a general introduction, the structural anddiional analysis of HP287 frol. pylori is
described in Chapter Il. HP1287 is a homologue ehA from B. subtilis, an enzyme
involved in thiamin precursors salvage. The protei&s cloned, expressed, purified and
crystallized. The structure was solved by MoleciRaplacement and refined at 2.7 A. The
structure reveals a very high similarity with TefrAm B. subtilis, with the only difference of
the substitution of one amino acid in the activée sfa tyrosine substituted with a
phenylalanine in HP1287). Since HP1287 was novadn the same substrate of TenA from
B. subtilis, a HP1287 F47Y mutant was created to investigatéhe importance of Y47 in
restoring the activity, but the HP1287 activity @med low. Moreover, the position of the
H86 in the HP1287 active site seems to suggestditi@al interaction with the substrate,
not possible in TenA frorB. subtilis. These findings suggested that the enzyme isfapémi
another slightly different substrate, that probatiynes from the thiamin degradation in the
stomach.

The third chapter describes the cloning, expressmurification and crystallization of
HP1028, a putative adhesin important for stomadbntzation. To identify a detergent able
to inhibit aggregation, protein samples were intethavith several detergents and analyzed
by DLS (Dynamic Light Scattering). Since no homalegstructures are known, to get initial
phases to solve the structure, a selenomethiorengative was produced. To improve the
anomalous signal of selenium, a double mutant weated, adding two methionines in the

amino acid sequence. Preliminary data of nativerantint HP1028 were collected at 2.4 A.



HPO175 is a Peptidyl Prolyistrans-Isomerase that induces apoptosis of gastric dthe
cells through TLR4 (described in chapter 1V). Aftdoning, the protein was expressed and
purified in very high yield and its secondary stuwe was analyzed by CD. To reduce the
excessively high solubility of the protein, a lysthnmethylation approach was adopted. Some
crystallization trials were performed.

Finally, the last chapter (chapter V) describes 4#0Q a cholesterai-glucosyltransferase
that promotes immune evasidth. pylori cells containing high levels of cholesterol areilgas
sequestered by macrophages. Intrinsglucosylation of cholesterol abrogates phagocgtosi
of H. pylori and T cell activation. This part of the PhD proje@s carried out at the Max
Planck Institute for Infection Biology in Berlin,nder the supervision of Prof. Thomas F.
Meyer. The recombinant protein, expressedt.ircoli, did not bind strongly to the affinity
IMAC-Ni ?* resin, probably because of the degradation o€therminal His-tag. To solve the
purification problems, two approaches were adopteel:.cloning of a new HP0421 construct
with an N-terminal His-tag and the purification athe refolding of the HP0421 protein from
the pellet, verified by activity tests. Moreoverl.® analysis of HP0421, purified in small
yield, showed that the protein was aggregated. éggjron inhibition tests with detergents

were attempted.






Sommario

Helicobacter pylori € un batterio microaerofilo Gram-negativo in gradp instaurare
un’infezione cronica nello stomaco umano in piulaleheta della popolazione mondiale.
L’infezione € generalmente asintomatica ma, in ralceasi, H. pylori causa patologie
gastroduodenali, quali ulcere gastriche e duodemdinocarcinomi e linfomi gastridd.
pylori e caratterizzato da elevata variabilita geneticay solo all'interno delle sequenze
geniche ma anche nel contenuto genico. Una ddfiereéinze piu importanti nei ceppi H.
pylori € la presenza o l'assenza di una sequenza di DNAOdkb chiamata Isola di
Patogenicitacag, che codifica per un Sistema di Secrezione di t¥p che provoca la
traslocazione della tossina CagA nelle celluleatiaii gastriche. Dopo I'entrata nella cellula
ospite, CagA induce modifiche cellulari come l'adtdone della struttura cellulare e della
motilita, I'alterazione della proliferazione celluik e delle tight junctions. La maggior parte
dei ceppi diH. pylori secernono VacA, una tossina che provoca vacuolmzazelle cellule
epiteliali dello stomaco. Tutti i ceppi ¢H. pylori contengono il gengacA, ma la sequenza
genica e caratterizzata da un’elevata variabititayjsando modifiche nella funzionalita della
tossina. Altre caratteristiche condizionate dal&iabilita genetica sono I'espressione e la
forza di legame delle adesine. Tutte queste caisiithe sono coinvolte nella diversita del
grado di virulenza dH. pylori, assieme a HP-NAP, una tossina in grado di a#ilarisposta
immunitaria (Capitolo 1).

Sebbene la terapia antibiotica sia in grado diiesae H. pylori nella maggior parte dei
pazienti, la resistenza ai chemioterapici da pdde batteri rimane un problema sempre
crescente. Per questo motivo, sono necessarie rexape per I'eradicazione del batterio e,
in questo contesto, € importante identificare numisagli farmaceutici per lo sviluppo di
nuovi antibiotici specifici.

Recentemente uno studio di mutagenesi sistemadécgahoma dH. pylori ha permesso
d’identificare nuovi geni coinvolti nella colonizzane dello stomaco. Dei geni analizzati,
29% hanno evidenziato un effetto nella colonizzagiqyastrica. Tra questi sono stati
identificati geni di virulenza gia noti, geni impanti per la virulenza in altri patogeni e geni
codificanti per proteine ignote.

Scopo di questo progetto di dottorato & determitasgruttura tridimensionale di proteine di
H. pylori importanti per la colonizzazione dello stomaco a patogenesi e ottenere

informazioni sulla loro putativa funzione. In padiare, sono state studiate le proteine



HP1287, omologo di TenA, la putativa adesina HP1G280175, una tossina con attivita
PPlasica e HP0421, una colestaerajtucosiltrasferasi che inibisce la risposta imntaméa.

La maggior parte del progetto e stata effettuaggsw il laboratorio di Biologia Strutturale del
Prof. Zanotti al Dipartimento di Chimica Biologicdell’'Universita di Padova e presso
I'lstituto Veneto di Medicina Molecolare (VIMM) d?adova.

La strategia di lavoro adottata comprendeva anbisnformatiche, amplificazione dei geni
selezionati mediante PCR a partire dal DNA genondichl. pylori (ceppo CCUG 17874),
clonaggio in un vettore di espressione in fusiooe gn His-tag N-terminale e I'espressione
della proteina in cellule batteriche Escherichia coli. Le proteine ricombinanti solubili sono
state poi purificate usando due passaggi cromdtogra concentrate per le prove di
cristallizzazione. Le proteine HP1028 e HP1287 sstate successivamente cristallizzate e,
nel caso di HP1287, é stata risolta la strutturaiamte diffrattometria ai raggi X. Inoltre,
sono state utilizzate anche tecniche per verificle qualita del campione per la
cristallizzazione, come il DLS (Dynamic Light Seathg) e per analizzare la struttura
secondaria, come il Dicroismo circolare (CD). Tebei di mutagenesi sono state impiegate
per studi funzionali e per fini cristallografici.

Dopo un’introduzione generale, nel capitolo Il ésatéta I'analisi strutturale e funzionale di
HP1287 diH. pylori. HP1287 € un omologo di TenA Bi subtilis, un enzima coinvolto nel
recupero di precursori della tiamina. La proteinastata clonata, espressa, purificata e
cristallizzata. La struttura é stata risolta metha®ostituzione Molecolare ad una risoluzione
di 2.7 A. La struttura evidenzia un elevato gradsichilaritd con TenA dB. subtilus, con la
sola differenza della sostituzione di un amminoacidl sito attivo (una tirosina sostituita con
una fenilalanina in HP1287). Poiché HP1287 sembrawa essere attiva nello stesso
substrato di TenA dB. subtilis, per verificare I'importanza della tirosina in posne 47 nel
ripristino dell’attivita catalitica, € stato creato mutante F47Y, che pero non ha evidenziato
una maggior capacita di catalisi rispetto alla H¥7lZhativa. Inoltre, la collocazione
dellistidina 86 nel sito attivo di HP1287, semimigibe suggerire un’interazione
dell’amminoacido con il substrato non possibile ceto di TenA dB. subtilis. Tutte queste
informazioni suggeriscono come questa proteinaepbl metabolizzare un composto
leggermente diverso da quello di TenARlisubtilis, che deriva dalla degradazione della
tiamina nello stomaco.

Il terzo capitolo descrive il clonaggio, I'espresse, la purificazione e la cristallizzazione di
HP1028, una putativa adesina importante per lancatazione dello stomaco. Per identificare

un detergente in grado d’inibire I'aggregazionempeoni proteici sono stati incubati con
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numerosi detergenti e analizzati mediante DLS (Dyiod.ight Scattering). Non essendo nota
alcuna struttura di alcuna proteina omologa, pé&nete fasi approssimate iniziali per la
risoluzione della struttura, la proteina HP1028atasespressa sostituendo le metionine con
selenometionine e purificata. Per amplificare gremde anomalo del selenio, € stato creato un
doppio mutante contenente due ulteriori metionimdansequenza amminoacidica. Dati
preliminari della proteina HP1028 nativa e mutast@o stati raccolti ad una risoluzione
massima di 2.4 A.

HPO175 e una Peptidil-Proliistrans-Isomerasi che induce I'apoptosi di cellule gabiic
attraverso il TLR4 (descritta nel capitolo V). Dopl clonaggio del gene nel plasmide
d’espressione, la proteina € stata espressa ecptaifin elevata quantita e la struttura
secondaria é stata analizzata mediante CD. Pareitlaccessivamente alta solubilita della
proteina, € stata adottata una metodica di metitezidelle lisine e sono state effettuate
numerose prove di cristallizzazione della protelaavatizzata.

Infine, nell’ultimo capitolo (Capitolo V) & desdat la proteina HP0421, una colesteiel-
glucosiltransferasi che promuove limmuno-evasiorigellule batteriche diH. pylori
contenenti alti livelli di colesterolo sono facilmte fagocitate dai macrofagi. La
glicosilazione del colesterolo inibisce l'uptake HL pylori da parte dei macrofagi e
I'attivazione dei linfociti T. Questa parte del gmito di dottorato & stata svolta presso
l'istituto Max Planck di Berlino, sotto la supenase del Prof. Thomas F. Meyer. La proteina
ricombinante, espressa h coli, sembrava non essere in grado di legare la reaffnita
IMAC-Ni ?*, probabilmente a causa della degradazione deltatjsC-terminale. Per risolvere
questi problemi durante la fase di purificaziorena stati adottati due approcci: il clonaggio
d’'un nuovo costrutto di HP0421 con un His-tag Nvtierale e la purificazione e il refolding
della proteina HP0421 dal pellet batterico, validda test di attivita. Inoltre, studi di DLS su
HPO0421, purificata in modeste quantita, hanno ewddo lo stato di aggregazione della
proteina. Per inibire I'interazione aspecifica kekamolecole proteiche, sono state effettuate
prove di disaggregazione con detergenti, verificageliante analisi DLS.
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Chapter |

1.1 Helicobacter pylori

Helicobacter pylori is a Gram-negative bacterium that colonizes themdr stomach, an
ecological niche characterized by very acidic pHetaal condition for most microbesl.
pylori is so well adapted to this unfriendly environmdrdttit is able to establish a life-long
chronic infection (Montecucco, Rappuoli 2001). Theesence of microbes was already
known since 1893 (Bizzozero 1893), telicobacter pylori was identified only in 1982 by
Marshall and Warren (Marshall, Warren 1984), whawite Nobel Prize for this discovery in

O T P 2005. In the last 27 years, this bacterium
R PSR W e object of intense studies because
of its correlation with several gastric
diseases. H. pylori is an S-shaped
microaerophilic bacterium, 0.5 xBn in
length with a tuft of 5 to 7 polar sheathed
flagella (Mobley, Mendz & Hazell 2001).

H. pylori is colonizing the stomach of

more than half of the human population;

Fig. 1.1. Scanning electron microscopy image of H. pylori.
Adapted from Encarta web site.

the infection is often acquired early in life
(almost always before the age of 10 years) by ferall or oral-oral route (Cover, Blaser
2009). Most infected people are asymptomatic, withderate inflammation detectable only
by biopsy and histology. However, an important mityoof them (15-20%) develop during
their life severe gastroduodenal pathologies, bhag stomach and duodenal ulcers,
adenocarcinomas and stomach lymphomas (Monteciappuoli 2001)H. pylori is the
only formally recognized definitive bacterial caregen for humans and is estimated to be
responsible for 5.5% of all human cancer casespmroximately 592,000 gastric cancer

cases per year (Suerbaum, Josenhans 2007).

1.2. Genetic variability of H. pylori

The first genome oH. pylori, strain 26695, was sequenced in 1997: it conefsscircular
chromosome with a size of 1,667,867 base pairs @paverage G + C content of 39% and
1,590 predicted coding sequences (Tomb et al. 1$®lpwing the discovery dfl. pylori, it
was noted that this pathogen has an extraordiremgtyg heterogeneity, and that almost every
isolate from unrelated patients appears to haveigua ‘fingerprint’. H. pylori may have
evolved in a host different from humans and pobksilkiie has made a species jump about
10,000 years ago (Dailidiene et al. 2004; Suerbaéchtman 2004).H. pylori has

11
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accompanied ancient human migrations and tracteeé migrations still remains in modern
populations (Suerbaum, Achtman 2004). Individuas be colonized with multiple strains
and strains have been shown to change during chapionization (Suerbaum, Josenhans
2007). The polymorphism oH. pylori are the result of point mutations, substitution,
insertions and deletions of one or more genes adstiromosome arrangements. A particular
group of polymorphisms are single or double badestd4andem repeats close to 5 of
contingency genes, that are hypermutable owindippage within the DNA repeats. This
slippage results in frequent shifting into and ofiframe, leading to on-off switching of the
associated gene products, and thereby phase geaiativariation (Saunders et al. 1998).
Because of the types in genes in which these repmat found, this phenomenon could
improve the adaptation to changes of the host enmient. Depending on the numbay ¢f
these contingency genes, ldnpylori population colonizing a host’s stomach may consifist
as many as"Zompeting bacterial lineages. Given the divergemengH. pylori strains, the
population diversity and overall fithess of the @pe can be further enhanced by
recombination among different bacterial lineageshi¢ly may often occur by DNA
transformation, conjugation and R/M restriction/nficdtion systems), because it generates
new potentially advantageous genotypes much mdreiesitly than by simple recurrent
mutation (Blaser, Berg 2001; Kang, Blaser 2006). rédoer, the anatomical and
physiological variation of macroniches in the stamaprovides one basis for the
diversification and levels of complexity found inbgopulations oH. pylori (Kang, Blaser
2006).

1.3. Survival systemsin H. pylori

H. pylori colonizes the human stomach, which, due to théligcidic pH, is a hostile
environment for most microorganisms and is considie¢he first line of defense against most
gastrointestinal pathogens. It has been estimasddekposure to gastric acids kills more than
99.9 percent of ingested Salmonella and Vibrio (i@ar Small 1993). AlthougH. pylori is a
neutralophile, it is able not only to survive intlalso to colonize the human stomachas
evolved specialized processes that allow maintenanche pH of its cytoplasm and of the
surrounding liquid at a level that enables the nigras to survive and grow (Sachs et al.
2005). H. pylori survives in this acidic environment by producinguadant quantities of
urease, which hydrolyses urea into ammonia and, @3ulting in the generation of a pH
neutral micro-environment (Dunn, Phadnis 1998). &neount of urease produced by the
bacterium varies with culture conditions and maacteas much as 10% of the total bacterial

12
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proteins (Montecucco, Rappuoli 2001). Most of thease is found in the bacterial cytoplasm,
although up to 10% appears on the surface, owirggltdysis during culture. Surface or free
urease has a pH optimum between pH 7.5 and 8.0t isutreversibly inactivated below pH
4.0. The activity of cytoplasmic urease is low atitmal pH, but increases 10- to 20-fold as the
external pH falls between 6.5 and 5.5, and itssaigtremains high down to pH 2.5 (Weeks et
al. 2000).

Urea is taken up b¥l. pylori through a proton-gated channel, and its hydrolpgisirease
generates ammonia that buffers the cytosol andpémgplasm, and creates a neutral layer
around the bacterial surface (Montecucco, RappR@ll; Weeks et al. 2000H. pylori
urease is a dodecamer and consists of two differgminits of 61.7 kDauj and 26.5 kDafi),

NE," forming a huge complex whose molecular mass
ue.  has been estimated to be about 600 kDa. TEM
., (Transmission Electron Microscopy) studies reveal
| R : .
W f\f an 1.1 MDa double ring dodecameric assembly of
| 13 nm diameter (Ha et al. 2001). The biosynthesis
NHz + NHy  H' + HCO;, | of urease is governed by a seven-gene cluster,
Perialesm T HzOTwCA Urea including the subunits of the urease and the
?NH; £, _ _ -
accessory proteins that are responsible fof" Ni
’F;I(m & . I uptake and insertion into the active site of the-ap
T el L _
Cytopiasm ‘ ‘ 1+ enzyme (Ha et al. 2001); genegel encodes a
e membrane protein with homology to putative

ZNH; + CO, €——Urea

, . , . , amide transporters and its absence impairs acidic
Fig. 1.2. H. pylori pH-buffering mechanism. With

acidification, Urel opens and urea moves into the  gyryjyal. Urel is an acid-activated urea transporte
cytoplasm, increasing intrabacterial urease activity.

Urease produces 2NH; and CO,, gases that readily  crucial for acid resistance of. pylori (Weeks et
exit the cell into the periplasm. Protons entering

the cytoplasm are neutralized by NHs; forming al. 2000). It shows characteristics of a pH-gated
NH,", whereas cytoplasmic carbonic anhydrase

generates HCO;, which is a stronger buffer at  Urea channel (nonsaturable, voltage independent),
neutral pH than NHs. Similarly, the NH; that effluxes . . .

into the periplasm can neutralize entering acidity haVlng low open prObabI“ty at neutral pH and h|gh
and protons coming from the periplasmic carbonic .. .

anhydrase activity, that produces HCO; and H' open prObablllty at pH 5.0 and below, with half-
from CO,. A second NH, is formed along with
HCO;’, the latter providing buffering in the range of
pH 6.1 (Adapted from Sachs et al. 2005).

maximal opening at pH 5.9 (Weeks et al. 2000).
Although the NH produced by urease activity is
able to neutralize entering protons, the pKa ofNiveNH3 pair is 9.2 and would not buffer
the periplasm effectively at a relatively neutrdl, pallowing potentially lethal transient
acidification of the periplasm. Therefore, Bllone would not be able to maintain the
periplasmic pH relatively constant at 6.1. On tlieeo hand, pH 6.1 is the effective pKa of
13
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HCO;s', generated by carbonic anhydrase. Because qgftibth NH and CQ production
from intrabacterial urease activity enable acidlia@ion by H. pylori, NH3 to neutralize
entering protons and HGQo buffer the periplasm (Sachs et al. 2005).

Other important genes involved in acid regulatiom lHP0165 and HP0166, which form the
ArsSR system. Recent studies have shown that theedwmponent system ArsRS is one of
the mechanisms responsible for regulation of mameg inH. pylori in response to an acidic
environment, which regulates most of the acid atafion genes identified so far (Pflock et
al. 2006a). IrH. pylori, the environmental pH is probably sensed direaylyhe histidines in
the periplasmic domain of the histidine kinase eengrotein ArsS (HP0165), which
autophosphorylates itself in response to pH chaagdsransfers the phosphoryl group to its
cognate response regulator, ArsR (HP0166). Thepbtooglated ArsR may function both as
an activator and repressor of pH-responsive taggees by interacting with the promoter
regions (Pflock et al. 2006b). In particular, tHeopphorylated ArsR induced by low pH acts
as an activator in interacting with one of the potens of the HP1186 carbonic anhydrase
gene (Wen, Moss 2009).

1.4. Stomach colonization

H. pylori is a good swimmer and reaches the thick mucus ldngtrcovers and protects the
epithelial lining of the stomach mucosa. Here, pilga by its flagella, the helicoidal-shaped
bacterium travels across the viscous mucus film ékscrew into a cork; non-motile mutants
cannot colonize the stomach (Montecucco, Rapp@aliLP

However, mostH. pylori avoid the acidic lumen of the stomach by swimmiogard the
mucosal cell surface, using their polar flagella anchemotaxis mechanism. Swimming and
chemotaxis are important to avoid being swept imstile microenvironments and cleared
with the mucous flow (Amieva, EI-Omar 2008). Thetilty of H. pylori is thus considered a
colonization factor, since there is evidence fr@wesal studies that less motile strains are less
able to colonize or survive in the host than futigtile strains (O'Toole 2000). The structure
of the H. pylori flagellum is similar to those of the bactefa coli and S. thyphimurium
(Mobley, Mendz & Hazell 2001): it is composed otbasal body, a hook and a flagellar
filament. The flagella consist mainly of the flalged FlaA and FlaB. Both genes coding for
these flagellins are necessary for the full matidit H. pylori (Andersen 2007). The flagellins
have a similar molecular mass of 53 kDa and shageite high sequence homology (58%
identity) (Suerbaum, Josenhans & Labigne 1993). TBex 16 nmH. pylori hook is
composed of FIgE subunits of 78kDa, wherid> gene encodes a hook-associated that helps

14



Chapter |

the flagellin monomers to be incorporated into gnewing flagellum (O'Toole, Kostrzynska
& Trust 1994). Other genes are involved in flagéllalding and regulation but their roles are
still unclear (O'Toole 2000).

1.5. Adhesion to the gastric cells

H. pylori comes into contact with the mucin layer that cothesepithelial cells either by an
active or a passive process, lds pylori moves actively toward areas with the highest
concentrations of urea and bicarbonate (chemoettirg which are found in the mucosa
(Yoshiyama et al. 1999).

Cell adhesion is an essential stepHnpylori colonization, but one that is very difficult to
dissect at the molecular level. Because severalesopf putative binding molecules are
present on thed. pylori cell surface, and electron microscopy reveals ekenareas of
adhesion to the host cells, it is difficult to digfuish the relative role of each type of
adhesion. In fact, when many ligands are presenthensame particle, even single weak
binding interactions become relevant to the esthbient of a very strong overall interaction,
owing to their combined action (Montecucco, Rappwil01l). Not allH. pylori strains
contain all of the adhesins which contribute to sh@in variation irH. pylori. In addition,
individual types of host's mucin genetically det@mad might facilitate the colonization bf.
pylori compared to other types of mucin. The primary calaton may even take place in the
oral cavity, asH. pylori has been shown to adhere to MG2 in the human salivaicin
(Andersen 2007). Adherence to sialic acid in theimgeems to be a common feature in most
H. pylori strains.H. pylori has at least six adhesins to sialic acid, of wkitbe geneshpaA,
nap, sapA) have been identified (Wadstrom, Hirmo & BorerB&9 and one of thenHpaA)
has been demonstrated to be essentiaHfopylori colonization in mice (Carlsohn et al.
2006).

A well-known H. pylori adhesin is BabA, which binds specifically to thewis B (LeB)
antigen in mucin MUC5AC (Van de Bovenkamp et al020 In a study by Linden et al.
(Linden et al. 2004), all of thel. pylori strains tested adhered to MUC5AC at acid pH,
whereas only BabA-positive strains adhered to MUC%hd MUC1 at neutral pH.

Another well-characterized adhesin is SabA, thas leen shown to bind sialylated
glycoconjugates, in particular the salivary mucitv®7 (Walz et al. 2009): this adhesin is
frequently switched “on” or “off”, suggesting a pesise to changing conditions in the

stomach (Dossumbekova et al. 2006).
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Other adhesins include AlpA/AlpB, whose exact noleH. pylori infection remains unclear
(Maeda, Mentis 2007). AnywayglpA/alpB-deleted mutants were poaolonizers of the
stomachs of C57BL/6 mice, and werassociated with lower mucosal levels of
proinflammatory effectors KC and IL-6 (Lu et al. ®0). Dossumbekova et al.
(Dossumbekova et al. 2006) reported that mutagerwsthe recently discovered adhesin
oipA resulted in lower adherence to gastric epitheliaitro, but did not alter the epithelial

IL-8 secretion.

1.6. Virulence and colonization factors

H. pylori colonization is typically followed by infiltrationof the gastric mucosa by

polymorphonuclear leukocytes, macrophages and lgeyibs. A strong correlation exists

between gastric infiltration by neutrophils, mudodamage and development of duodenal
ulcer disease irH. pylori infections (D'Elios, Montecucco & de Bernard 2Q0%pome

virulence factors present k. pylori are strongly linked to a pathologic phenotype.

1.6.1. VacA

One of the mairH. pylori virulence factors is the VacA secreted toxin. Beeaof its
pleiotropic cellular effects, thi. pylori vacuolating cytotoxin VacA represents an important
paradigm for understanding the actions of multifloral bacterial toxins (Cover, Blanke
2005). VacA is produced as a 140 kDa protoxin amdsecretedvia the type Va or
autotransporter pathway. Proteolytic processinghef protoxin during secretion yields the
mature toxin (88 kDa) that spontaneously formo©edr-shaped dodecameric aggregate of 30
nm in diameter (Sewald, Fischer & Haas 2008). Ma@8-kDa VacA toxin molecules are
secreted as soluble proteins into the extracelgpace, but can also remain localized on the
surface of the bacterium (llver et al. 2004). Tkersted toxin can assemble into water-
soluble oligomeric structures (Cover, Hanson & Heu997), and can insert into planar lipid
bilayers to form anion-selective membrane channEte single polypeptide forming the
mature VacA tends to be nicked through the germraif two fragments, an N-terminal (34
kDa, p37) and a C-terminal (54 kDa, p58), which agmrmon-covalently associated (Lupetti
et al. 1996).

There is considerable, either quantitative or dgatilie, variation in VacA released by various
H. pylori strains. Signal sequences can be grouped int@sit tleree different types (sla, slb
and s2); another highly divergent segment, refetoeals the m-region, is present within p58

(Atherton et al. 1995). Cell type-specific bindihgs been attributed to differences in the m1
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and m2 alleles, with m1 VacA binding and inducirgcwoles in HelLa cells, whereas m2
VacA vacuolates rabbit kidney (RK13) and primanyitleglial cells, but not HelLa cells
(Lupetti et al. 1996). The s2 type signal sequeaqmeears to be poorly efficient, since most
strains containing it fail to release the toxin{étton et al. 1995). Strains which express an
s1/m2 toxin produce large quantities of toxin, whi@ssembles into the correct structure
(Pagliaccia et al. 1998).

The first documented effect of VacA was its abilityinduce cell vacuolization by channel
formation. The more N-terminal region of p55, corsgm of strands b3, b6 and b9, is thought
to function in VacA oligomerization. This is supped by experimental data indicating that
expression of the p33 domain and the N-

i
ss p33 d p55 Autotransporter domain

vae (I T [ | )

1
[] s-region (s1/s2) ; [@ Oligomerization region

[@ Hydrophobic region ! [l m-region (m1/m2)

W iregion ! M Conserved pocket sufficient for vacuolation of target cells
Fig. 1.3. VacA functional domains. Mature secreted VacA L
comprises the p33 and p55 domains. The signal sequence (Y€, Willhite & Blanke 1999). Further

(ss) and autotransporter domains of the protoxin are . . .
processed during transport over the inner and outer studies showed that amino acids 351-360
membranes of H. pylori, respectively. An N-terminal
hydrophobic region contains three GXXXG-motifs for
transmembrane dimerization and pore formation (Sewald
et al. 2008).

terminal region (100 aa) of p55 are

are required for VacA protein—protein
interactions (Torres, McClain & Cover
2006).

Gangwer et al. (Gangwer et al. 2007) docked thstalgtructure of p55 into a cryo-electron
microscopy (cryo-EM) map of the VacA oligomer andre/ able to predict the structure and
orientation of the p33 domain, explaining its fuaotin pore formation and oligomerization.
The p33 domain seems to extend the right-hafideelix fold of the p55 domain, which is in
agreement with observations of VacA monomers ino-&M pictures. In addition to a
function of the N-terminal part of p55 and the p&3mnain in oligomerization to hexamers,
Gangwer et al. hypothesize that three loops medieep55—p55 interaction between two
layers in the dodecameric form of VacA, that coelgblain the oligomerization of purified
VacA in aqueous solution (Gangwer et al. 2007).

The crucial step for channel formation is insertioto the membrane. The hydrophobic N-
terminal region (about 30 aa) of p33 comprisesal@XXXG-motifs that are thought to span
the membrane and are essential for channel ac{iMtClain et al. 2003). The membrane
insertion process of the hydrophobic region cowddritiated by a change of pH. Treatment
of VacA oligomers at pH < 5 results in disassemblythe hexamer into monomers and
induces conformational changes that increase mearabrsertion into liposomes and plasma
(Sewald, Fischer & Haas 2008).

17



Chapter |

The acid-activated VacA toxin is internalized artd has been localized to multiple

intracellular sites, including endosomal compartteethe large intracellular vacuoles that

form as a consequence of VacA intoxication, andrther mitochondrial membrane. Many of

the cellular effects of VacA, both in epitheliallseand T-lymphocytes, can be attributed to

the ability of this toxin to insert into membraresd form anion-selective channel, including

leakage of ions (like P& and Nf*) and other small molecules from gastric epithetialls

(Cover, Blanke 2005). One of the function of VacAght be to increase the supply of

essential nutrients, necessary for growth téf pylori,

(Montecucco, Rappuoli 2001).

/Nuc\eus ||
J \ / J \

Fig. 1.4. VacA vacuole formation mechanism. The
toxin binds to the apical portion of epithelial cells
and inserts into the plasma membrane, forming a
hexameric anionselective channel. These channels
release bicarbonate and organic anions from the
cell cytosol to support bacterial growth. The toxin
channels are slowly endocytosed and reaching late
endosomal compartments, they increase their
permeability to anions with enhancement of the
electrogenic vacuolar proton pump. In the
presence of weak bases, including the ammonia
generated by the Helicobacter pylori urease,
osmotically active acidotropic ions will accumulate
in the endosomes. This leads to water influx and
vesicle swelling, an essential step in vacuole
formation (adapted from Montecucco et al. 2001).

from the underlying tissue

VacA-induced vacuoles are acidic because their
limiting membrane contains the vacuolar-type
ATPase proton pump (v-ATPase), the operation
of which is essential for vacuole formation

(Papini et al. 1996). Accordingly, vacuoles are
promoted by the accumulation of membrane-
permeable weak bases that are trapped by
protonation in their lumen
Rappuoli 2001).

the action of the v-ATPase proton pump builds

(Montecucco,
In late endosomes/lysosomes,
up an electrochemical proton gradient that
progressively depresses its further activity. The
necessary counter ion is normally provided by a
CI” channel present on the same membrane,
which is essential for acidification (Gunther et al
1998). The anion-selective channel activity of
VacA strongly promotes the proton pumping
activity of the v-ATPase, which compensates the
increasing anion concentration, leading to an
enhanced accumulation of protons. This, in turn,
will lead to an accumulation of ammonia and any
other weak bases present in the medium. Even a

limited uptake of osmotic species is expected to

be sufficient to cause a significant increase imatsc pressure given the limited membrane-

free space of late endosomal compartments (Montecirappuoli 2001).
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1.6.2. HP-NAP

One of the major praaflammatory factors produced IH. pylori is the neutrophil-activating
protein (HP-NAP) It is a dodecameric protein of 150 kDa with austure similar to
bacterioferritins, including a central cavity 1
iron accumulation(Zanotti et al. 200. HP-
NAP is a virulence factor that attracts ¢
activates neutrophils, and promotes tl
endothelial adhesion and the production
oxygen radicals and chemokin(D'Elios et al.
2007). HPNAP crosses the epithe and
becomes in close contact with inflammat
cells resident in the tissue followil

inflammation (Montemurro et al. 200,

Fig. 1.5. Ribbon representation of Neutrophii promoting leukocyte adhesion to |

activating protein (HP-NAP). Helicobacter pylori . . . N
Neutrophil activating protein is a dodecamer (Adapted endotheliumin vivo (D E|IOS, Montecucco & di

from zanottiet al. 2002). Bernard 2007)and activating the mast cells
release tumanecrosis factco (TNF-o) (Montemurro et al. 2002.his toxin acts via tc-like
receptors (TLRs), being able to activate-kB after TLR2 activatior(Amedei et al. 2006).
The signal transduction involves the increase @bsnlic C#* and the phosphorylation -
protens, leading to the assembly of functional NADPHdasie on the neutrophil plasi
membrane(Montecucco, Rappuoli 20C. HP-NAP, by acting on both neutrophils a
monocytes, significantly ntributes to the induction of IL-12and IL-23, which has the
potential to drive the differentiation of anti-stimulated T cells towards a polarized 1
phenotype(Amedei et al. 200(. Moreover, this toxinhas been shown to increase
synthesis of tissue factor (TF) and plasminogelvaictr inhibito-2 in mononuclear cell
Macrophage TF production and procoagulant actisity cros-regulated by Thl and Tt
cells: in particular, IFNy and other Thl cykines are required for optimal TF synthe

whereas Th2 cytokines such a-4, IL-10 and IL-13 are inhibitorgDel Prete et al. 199.

1.6.3. The cag Pathogenicity Iand

The cag (cytotoxin associated genes) Pathogenicity Island frori. pylori is a 40 kb DNA
sequencecontaining about 30 gen that encode a TyplV protein secretion systerT4SS)
for toxin CagA translocation(Montecucco, Rappuoli 2001 CagA wasrecognized as a

marker for thecag PAI region which is present virulent strains but missing in aviruleH.
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pylori isolates (Censini et al. 1996). A major breakthtougthe study of CagA came when
five groups independently reported that tdag PAI encodes a functional type IV secretion
system (T4SS) which injects CagA into host cells@&ci, Rappuoli 2000). Pathogenicity
islands seem to increase the fitness of bacteagiven environment by providing them with
environment-specific functions. Theag PAI providesH. pylori with at least two unique
properties: an increased transmission probabitity the transformation of what would be an
almost commensal into a potential pathogen (MomeauRappuoli 2001).

It is possible to find some homologies between
some genes ofH. pylori cag PAI and
Agrobacterium  tumefaciens T4SS  (Llosa,
O'Callaghan 2004). The T4SSs are a large group

of transporter machines in many Gram-negative

) Integrins

External
medium

bacteria which are ancestrally related to

conjugation systems (Cascales, Christie 2003).

Outer ¢
rmembrane

These transporters are functionally diverse both

Murein
layer

in terms of the transported substrate (proteins or

="
Periplasm /

DNA or DNA-protein complexes) and the

recipients, which can be either bacteria of the

[ Substrate (CagA)
[ ] Chaperane (CagF)

2 Pius components

[ Lytic transglycosylase
[ Energetic components
[ Core complex proteins I
Fig. 1.6. A model of the T4SS encoded from the
cag Pathogenicity Island. The cag Pathogenicity
Island form Helicobacter pylori traslocates CagA
toxin into the gastric cells (Adapted from Backert

etal. 2008). DNA and proteins into plant cells. This process

same or different species, or organisms from a
different kingdom like fungi, plants or
mammalian cells (Backert, Selbach 2008). The
T4SS ofA. tumefaciens is a secretion system used

by this promiscuous plant pathogen to deliver

introduces bacterial DNA into the plant genome aadses tumour formation. The T4SS is
composed of at least 12 proteins termed VirB1-1d ¥iD4 and can be categorized into
three groups: cytoplasmic or inner membrane prefem core complex located in the
periplasm or membrane and a pilus or surface sireicthat projects beyond the outer
membrane (Zhong et al. 2007). One protein, VirB4dedicated to the binding of the DNA
substrate. Two ATPase (VirB4 and VirB11) are cligsdias cytoplasmic or inner membrane
proteins. VirB11 and VirD4 proteins assemble inexdmeric structures, whereas VirB4 is a
homodimer. VirB7, VirB8, VirB9 and VirB10 are impant components of the core complex.
The pilus of the T4SS is composed of VirB2 and BirBvhich are considered as major and

minor subunits, respectively (Zhong et al. 2007¢céntly, the structure of a T4SS core,
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encoded by pKM101 frork. coli, has been determined at low resolution using Gtgmtron
Microscopy (Fronzes et al. 2009). The core, conmmisVirB7, VirB8 and VirB10
homologues, has an overall dimension of 185 A it n@ight and diameter. It is made of two
main layers, labeled inner (I) and outer (O). Blathers are either in part (the | layer) or
entirely (the O layer) composed of two walls. Thda@er is made by two regions: the cap,
which is 110 A in diameter and 40 A high, and tr@mbody, which is 185 A in diameter and
60 A high. In the cap, the internal wall forms a Rthole that decreases to 10 A in the
proximity of the main body. In the main body, tigernal wall forms a chamber that is 110 A
wide and 30 A high. The | layer resembles a cug, ithlinked to the O layer by thin stretches
of density. The two walls of the cup merge intdrgke wall near the base. The internal wall
defines a chamber that is as wide as the chamlikeei® layer, but double the height at 60 A.
The O layer is mainly composed of the C-terminahdm of TraF/VirB10, the C terminus of
TraO/VirB9, and TraN/VirB7, whereas the | layercemposed of the N-terminal regions of
TraF/VirB10 and TraO/VirB9.

Focusing on the structure &f. pylori cag Pathogenicity Island, only the function of few
proteins has been determined and the structuresoffpur proteins have been solved: &€ag
(Yeo et al. 2000), CagS (Cendron et al. 2007), Cé&gé&ndron et al. 2004) and CagD
(Cendron et al. 2009). A systematic mutagenesidysdii thecag PAI revealed that 18 of 27
genes are essential for CagA translocation intd belis and 14 for a&ag PAI-dependent
induction of the chemokine IL-8 (Fischer et al. 2D0If we compare théd. pylori cag
Pathogenicity Island to thA. tumefaciens T4SS on the basis of functional and structural
homologies of the components, it is possible tal fmany parallelisms. Id. pylori the
conserved T4SS components include ATPases VirB4gEE#0544) and VirB11l
(Cagr/HP0525) and the coupling protein VirD4 (GagP0524) (Zhong et al. 2007). The
proteins forming the core complex, CagT/HP0532,XZH§ 0528, and CagY/HP0527 IA.
pylori are homologue of VirB7, VirB9, VirB10 respectivelyfthe T4SS pilus base is
associated with VirB7 (CagT/HP0532) and VirB9 (Cdg\R0529) proteins (Rohde et al.
2003). The pilin has been demonstrated to be theBB2¥momologue CagC/HP0546
(Andrzejewska et al. 2006), but the pilus is coddrg CagY, that contains a variable number
of repeats probably useful to avoid the immunegasp (Rohde et al. 2003), and by the
adhesin CagL, that not only anchors the type-IVredean apparatus to the host surface
through binding to integrin, but also promotes algiransduction (Kwok et al. 2007).
Cag//HP0523 is thought to be a transglycosylase thegdythe murein cell wall to facilitate
assembly of the T4SS across the bacterial cell W&hong et al. 2007) and finally,
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CagF/HP0543 is a chaperone-like protein which buoidse to the C-terminal secretion signal
of the CagA effector protein and is crucial for trenslocation of CagA (Pattis et al. 2007).
After injection of the CagA toxin inside the cellagA is tyrosine-phosphorylated by host cell
kinases (Stein, Rappuoli & Covacci 2000). The phosylation sites are Glu-Pro-lle-Tyr-Ala
(EPIYA) motifs repeated up to five times in the €nhinal half of CagA and the number of
repeats could be a reason of different pathogemsc{Backert, Selbach 2008). The kinases
responsible for phosphorylation of CagA are knovmcamenes: Src family kinases (SFKs)
which control cytoskeletal processes, cell prosifeam and differentiation in normal cells, but
are also key players in carcinogenesis (Selbach. &002) and Abl kinases (Tammer et al.
2007). After phosphorylation, CagA acquires theligbto bind specifically to SHP-2, a
cytoplasmic protein tyrosine phosphatase havingtamdem-repeated Src homology-2 (SH2)
domains, named N-SH2 and C-SH2, on the N-termir@f land a protein tyrosine
phosphatase (PTP) domain on the C-terminal hatfdiBg of tyrosine-phosphorylated CagA
to the SH2 domains induces a conformational cham@HP-2, resulting in the activation of
SHP-2 phosphatase activity (Higashi et al. 2003b)P-2 is required for full activation of the
Ras-MAP kinase cascade in response to growth faetaptor interaction and also plays an
important role in cell morphogenesis as well a$ wowitility (Neel, Gu & Pao 2003). As a
result, gastric epithelial cells containing Cag#iekell-morphological transformation termed
the hummingbird phenotype, which is characterizgdelongated cell shape with dramatic
cytoskeletal rearrangements and elevated cell myofiHatakeyama 2009). Recently, focal
adhesion kinase (FAK) has been identified as atmtbsfor CagA-deregulated SHP-2. Upon
dephosphorylation at the activating tyrosine phosghation sites of FAK, SHP-2
downregulates FAK Kkinase activity, resulting in w&sed cell-extracellular matrix
interaction. This in turn causes elevated cell htptithat underlies the hummingbird
phenotype (Tsutsumi et al. 2006). Expression of ACag gastric epithelial cells evokes
sustained Erk MAP kinase activation. Since prolahge activation promotes G1-to-S phase
progression, CagA stimulates cell proliferationtausng Erk activation (Tsutsumi et al.
2006). CagA indirectly affects the activities adiriscription factors through multiple distinct
mechanisms. CagA activates serum responsive ele(B&t)-dependent transcription in a
phosphorylation-independent manner (Hirata et @022. CagA also activates N&B, which
induces pro-inflammatory cytokines, such as intédile IL-8. CagA has been shown to
activate the nuclear factor of activated T cell&ANY) by eliciting nuclear translocation of the
cytoplasmic NFAT in gastric epithelial cells, in way independent from CagA

phosphorylation (Yokoyama et al. 2005). Moreoveag®& disrupts the tight junctions and
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causes loss of epithelial apical-basolateral piylaifihis CagA activity is mediated by the
specific interaction of CagA with partitioning-defeve-1b (PAR1b)/microtubule affinity

regulating kinase-2 (MARK2) (Saadat et al. 2007ARRb, a serine/threonine kinase, has
been shown to act as a master regulator of cedrippl Indeed, cell polarization is established
and maintained by the mutually exclusive distribntof PAR1 and atypical protein kinase C
(aPKC)/PAR3/PARG6 complex (aPKC complex). In poladzpithelial cells, PAR1b localizes
to the basolateral membrane, whereas the aPKC eansplecifically localizes to the apical
membrane. CagA directly binds to the kinase done&iRAR1b in a manner independent of
CagA tyrosine phosphorylation and inhibits the PARInase activity. This in turn causes
junctional and polarity defects and subsequentrg&uzation of the epithelial monolayer
(Saadat et al. 2007). Since PAR1b exists as a hiomeodh cells, two CagA proteins bind to a
PAR1b dimer via the CM sequence and thereby pdgsieem a CagA dimer, which is

crucial for stable CagA-SHP-2 interaction. Thuse t@agA-PAR1b-SHP-2 complex
coordinates cell polarity defects with an oncogesignal to promote epithelial cell

transformation (Hatakeyama 2009).

1.7. H. pylori and gastroduodenal diseases

Although H pylori typically colonizes the human stomach for many desawithout adverse
consequences, the presencetbfpylori is associated with an increased risk of several
diseases, including peptic ulcers, noncardia gastdenocarcinoma, and gastric mucosa
associated lymphoid tissue (MALT) lymphoma (Co®igser 2009).

The risks of peptic ulcer disease and noncarditigaglenocarcinoma are determined in part
by characteristics of thid pylori strain with which an individual is colonized. Maxtthe H.
pylori polymorphisms associated with various disease @sksfound in genes that encode
bacterial products that interact with host tissBeveral studies have shown tltag PAI-
positive H. pylori strains, particularly in Western countries, areoerged with a higher risk
of peptic ulcer disease, premalignant gastric fesi@nd gastric cancer than the strains that
lack thecag PAI (Basso et al. 2008). Moreover, the number obgine phosphorylation
(EPIYA) motifs in CagA proteins correlates with gas cancer risk. Strains that express
forms of VacA that are activm vitro are associated with a higher risk of disease than
strains that express inactive forms of VacA (Higashal. 2002a). Similarly, strains that
express BabA and OipA (HopH) OMPs are also assatiaith a higher risk of disease than
the strains that lack these factors (Cover, Bl266©).
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One of the pathologies promoted bl pylori is peptic ulceration, a common disease of
elderly that is increasing in developed countrigthwon-steroidal anti-flammatory drugs
implicated as a major cause (Blaser 1998):Hheylori eradication should give short term
and long term benefits.

Another important pathology is the gastric canteg, most common cancer in several areas
of the world, most notably Japan, Korea and Chiast cases of stomach cancer are
diagnosed between the ages of 50 and 70 yeargpbnger cases are more frequently seen in
families with a hereditary risk of stomach canddatgkeyama 2009). Histologically, there
are two major types of gastric carcinoma, the tmak type, which is associated more
commonly with environmental perturbations, and th#use type, which is ascribed
etiologically more often to host genetic factorecBnt epidemiological studies have indicated
that H. pylori plays a key role in the development of both imbeditype and diffuse-type
gastric carcinomas (Uemura et al. 2001). In padrciuhe dominant form, the intestinal-type,
seems to be related ¢ag” strains oM. pylori (Blaser 1998).

Moreover,H pylori infection significantly increased the risk for gastMALT lymphoma
(Wotherspoon et al. 1991M pylori infection through its diverse virulence factorggers
inflammatory responses by attracting and activatwegtrophils, which release ROS. The
organism also modulates immunologic responsesnbiabnly perpetuate the infection, but
also stimulate the growth of malignant B cells. Th&gen radicals and other inflammatory
products may cause a wide range of genetic danaagktherefore might have a role in the
acquisition of genetic abnormalities in gastric MRlymphoma (Farinha, Gascoyne 2005).
Early stage gastric MALT lymphomas can be curedhout two thirds of cases by antibiotic
eradication of the bacterium (Farinha, Gascoyné&200

Studies in healthy volunteers have shown that 8094L6f gastroesophageal reflux episodes
are associated with abnormal or transient lowepleggeal sphincter relaxation (Penagini,
Carmagnola & Cantu 2002). However, motor alteratiafone are not sufficient to cause
gastroesophageal reflux and must be accompanieckflux content that is aggressive to
esophageal mucosal cells. Gastric juice secretiminly hydrochloric acid and pepsin) was
identified as the most important factor in the iciian of reflux esophagitidd. pylori could

be involved because of the production of gastricesal interleukins IL-8 and IL-1b, which
stimulate gastrin secretion by endocrine G catistaasing the proliferation and the secretion
of acid by parietal cells (Souza, Lima 2009).

Finally, H. pylori infection is associated to dyspepsia. This diseasdefined as a chronic or

recurrent pain centered in the upper abdomen (&kldfandulski & Malfertheiner 2008).
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Dyspeptic symptoms have a high prevalence in thmilation and may overlap with other
domains of functional gastrointestinal disordetghsas with functional esophageal disorders
or irritable bowel syndrome (Selgrad, Kandulski &al&rtheiner 2008). Large population
studies have shown thit. pylori is more frequently detected in dyspeptic patieh&ntin
controls (O'Morain 2006) and it causes diseaseusecaf disturbed acid secretion (el-Omar
et al. 1995).

1.8. Therapy of H. pylori infection

As already recommended in the original Maastrichhg&nsus Report, treatment regimens
should be simple, well tolerated and cost-effectiliee first-line therapy is a proton pump
inhibitor (PPI) triple therapy, consisting of PPglarithromycin and amoxicillin/or
metronidazole in populations with less than 15-2@%arithromycin resistance rate
(Malfertheiner et al. 2007). AlthougH. pylori can be successfully eradicated by antibiotics
and proton pump inhibitors in most patients, insieg antibiotic resistance in the bacterium
remains a serious problem (D'Elios, Andersen 200Rgrefore, there still exists a strong
rationale for development of effective vaccinesiagtaH. pylori. Over the last year, several
approaches were used to develop effedtlvgylori vaccines. Whole bacterial cell sonicates
(first-generation vaccines) and individull pylori proteins (second-generation vaccines)
have been used as antigens to stimulate immunitigi@rhost, but they require adjuvants to
elicit effective protection. They have been studiextensively in animal models but
minimally in humans. About human trials, the mastcessful studies exploited the bacterium
Salmonella typhi carryingH. pylori antigens or inactivated. pylori cells.

During a preliminary study, &. typhi strain, deleted of virulence genes and modified to
constitutively expressH. pylori urease, was orally administered to 8 uninfectedltadu
volunteers, but it was ineffective in producing afstectable mucosal or humoral immune
responses to the urease antigen (DiPetrillo €t%819). The clinical trial was repeated ustg
typhimurium instead ofS. typhi: in some volunteers antibody response agdihspylori
urease was detected (Angelakopoulos, Hohmann 2@3®ther prophylacticSalmonella-
based vaccine named Ty2la(pDB1) was prepared egsipg theH. pylori urease in the
common live typhoid vaccine. The Ty21la vaccine teased orally in uninfected volunteers
with only moderate efficacy but with no major acdseereffects (Bumann et al. 2001). Oral
inactivatedH. pylori whole cell vaccine showed specific B-cell responsesininfected
volunteers but could not eradicate the bacteriuwmmfalready infected individuals, showing
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efficacy of prophylactic but not therapeutic useHbfpylori whole cell vaccine (Losonsky,
Kotloff & Walker 2003).

New vaccine types are going to be explored in thar uture: live vector vaccines, DNA
vaccines, microsphere vaccines, ghost vaccinesfllBrDNA vaccines carry DNA sequences
encodingH. pylori antigens and they are known because of their ysafatl efficacy.
Microspheres effectively induce humoral and mucasahunity as well as cell mediated
immunity, whereas bacterial ghosts are empty aalelpes without cytoplasmic contents
that retain their cellular morphology with nativatigenic structures (Agarwal, Agarwal
2008).

In conclusion, new therapies are required to eeaeld. pylori infection and looking for new

pharmaceutical targets could be useful for the lkbgweent of new antibiotics in the future.
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Crystal structure and enzymatic characterizatiod@1287

from Helicobacter pylori
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2.1. Introduction

2.1.1. Thiamin metabolism in bacteria

Thiamin pyrophosphate (vitamin;) is an essential cofactor for seveimportant enzymes of
the carbohydrate metabolic Many microorganisms, but algdants and fungi, synthesi
thiamin, but the latters not produced by vertebra (Rodionov et al. 20(). The thiamin
metabolism process ia complex procesiand its biosynthesis isot fully understood
(Jurgenson, Begley & Ealick 20(. Moreover the regulation of thiamin is control
transcriptionally through the use of thiamin rimtshes (Serganov et al. 20; Thore,
Leibundgut & Ban 2006)Thiamire monophosphate (ThMRB formedthrough the coupling
of two independently synthesized moieties, the twygmethylpyrimidine pyrophospha
derivative (HMPPP) and hydroxyethylthiazole phosphate derivatiET-P) (Rodionov et
al. 2002). The bestudied thiarin biosynthetic pathways are thoseEscherichia coli and
Bacillus subtilis, which utilize very similar pathways. In all orgams, the thiazole ar
pyrimidine moieties of thiamin monophosphate areegated in separate branches of
pathway and thejoined by a coupling enzyme. ThMP is convertedhi® active form of tF
cofactor thiamin diphosphate (ThDP) by a specifiak¢ (Jurgenson, Begley & Ealick 20(.
Structural and mechanistic studies on thiamirsynthetic enzymes have played a key rol
increasing our understanding of thiar
pyrophosphate biosynthe(Settembre, Begley &
Ealick 2003).

The thiazole moiety ~methyl-58-
hydroxyethylthiazole or THZ) is made throu
three steps. First, glyceraldehyc-phosphate and
pyruvate are coupled together by-deoxy-D-

xylulose-5phosphate synthas(Dxs) to give 1-

deoxy-D-xylulose-5-hosphate (DXP

Fig. 2.1. Ribbon representation of 1-deoxy-D-xylulose-5- Surprisingly, B)3 reqUires thiamine diphosphi

hosphate synthase from E. coli. PDB accession code: . .
2015'.) Y to catalyzethis reaction. The structure of D

from E. coli and Deinococcus radiodurans shows that the enzyme asdimer composed by
three domains, eachdludinc 5 or 6-strande@-sheets. The active site comprised between

the domains | and Il of the same monoi(Xiang et al. 2007).
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In the second step, sevemizymesare involved. First of allthe sulfur carrier protein Thi
undergoes an adenylylatidcay ThiF. The 3D structure ofhiS has been determir by NMR:
it consists of a fivestranded mixecB-sheet with amu-helix, which crosses ovebetween
strandsf2 and 3, and a @-helix between strandp4 and 5 (Wang et al. 200. The
adenylyltransferase ThiF was bound to ThiS tightlyough to be copurified. Cryst
structures of ThiFFhiS complex exists as a dimer of ThiF with oneSTmolecule bound t

Fig. 2.2.A. Ribbon representation of ThiF-ThiS from Fig. 2.2.B. Ribbon representation of ThiO from Bacillus
E. coli. PDB accession code: 1ZUD. subtilis. PDB accession code: 1NG3.

each ThiF protomefLehmann, Begley & Elick 2006). The adenylation of ThiS is requil
for the activation of the enzyme-terminal groupThe sulfur is transferred by ThiE. coli)
or NifS (in B. subtilis) to ThiS, displacing the -terminal oxygen atom. This generates -
COS, which isthe source of the sulfur atom in the thiazole (Jurgenson, Begley & Ealic
2009).IscS is also required for the biosynthesis of -sulfur clusters and may be respons
for sulfur incorporation in molybdogrin (Kessler 2006)Finally, glycine (by ThiO inB.
subtilis) or tyrosine (by ThiH inE. coli) is converted to deydroglycine. The structure
ThiO from B. subtilis is knowr (Settembre et al. 2003)t is a tetramer with 2:-point
symmetry. Each ThiO protomer interacts with eachihef other protomers in the tetram
The ThiO monomer presentwo separate domains. One domain belongs to thathiane
reductase type 2 family and is responsible for ipigpdlavin adenine dinucleotide (FAD), al
the other domain binds substrate. The thiocarbc-terminus of ThiS, along with DXP ai
dehydroglycne, are all coupled together by thiazole synthddd(G, to give thiazole
phosphate carboxylateautomer (Jurgenson, Begley & Ealick 2009Y.hiazole synthas
(ThiG) is a tetramer with 222 symme and it has a rectangular shayfesize 85 A x 75 A x
35 A. The monomer is auf)s barrel with similarities to the aldolase class M dkavin
mononucleotide dependent oxidoreductase and phiesphmaling superfamilie (Settembre et

al. 2004).Interactions between ThiG and ThiS involve two maiea. The first area, calle
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Fig. 2.3.B. Ribbon representation of Tenl from Bacillus subtilis. PDB accession code: 1YAD.

the “clamp” loop, is mainly hydrophobic and invodvéhe extende@2-a2 loop of thiazole
synthase and the @rminal tail of Thi{, that is locatedhside the ThiG loo|] The second area
is dominated by hydrophok contacts as weknd involves conserved surface hydrophc
residueqSettembre et al. 20C. The final product is not thiazole phosphate ("-P), but a
carboxy thiazole phosphate tautomer, which mustatize to form the final producThe
enzyme Tenl B. subtilis) then aromatizes the thiazole tautomer to theztida phosphat
carboxylatgJurgenson, Begley & Ealick 20(.

The biosynthesis of hydroxymeilpyrimidine
(HMP) moiety involve two genesin the first
step, the Zaminc-5-hydroxymethyl-2-
methylpyrimidine phosphate (HN-P) ring is
generated through a complica
rearrangement reaction catalyzed by Ti
from 5-aminoimidazole ribotide (AIF
(Jurgenson, Begley & Ealick 20(. The

crystal structure of ThiC fronCaulobacter

Fig.2.4. Ribbon representation of ThiC from ) )
Caulobacter crescentus. PDB accession code: 3EPM. crescentus has been determine(Chatterjee et

al. 2008).The enzyme is a homodimer. Each protomer contaibsuad metal ion, Zn(ll)

Each protomer consists of three domains. Thedwstain contains a novel fold consisting
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six a-helices and fivg-strands. The second domain comprisefads (barrel fold. Domain 3
forms an antiparallel three-helix bundle followeg & loop that extends into the top of the
(Ba)s barrel of the adjacent protomer. The active stdocated within a cavity at the C-
terminal end of thep)s barrel. Most of the residues in the active siteitgaare highly
conserved among the HMP-P synthase orthologuesrdge Ipeak assigned as a Zn(ll) with
tetrahedral geometry is located within the actite and is coordinated by theeXNof His417,
the Ne2 of His481 and two water molecules with unusudillyg distances (Chatterjee et al.
2008). The cofactor S-adenosylmethionine (SAM) ted[4Fe-4S] cluster were modeled into
the active site. Hydrogen bonds to the phosphateipgrof the substrate analog IMR
(imidazole ribotide) come from the side chains gf2l77, His313, and Arg377 as well as the
amide nitrogen atom of Gly335. The iron atoms efiton sulfur cluster bind to the thiol side
chains of Cys561, Cys564, Cys569 and the carbaxytatiety of SAM.

'. Pyrug’;)_'te This PLP
) Thil— 3H Cysteine
et 0 ThiF | Thil-§5H €= HS5 — [5¢5 € 5 — I5c5
\ - Nifs | 1scs
A —=MNH
Dxs OH i . H.. MNHz
PO " T HO * ThiS-COSH + | «Thi0 -
| o . OH (B subtilis)
R ThiG _ 0
Ho™ PO HOLC Dehydroglycine
Glycine
De oxy-D-xylulose —5 ThiH
Glyceraldehyde 5-phosphate o \ .
3-phosphate W--.OP HQN\V/-\\_/ N on
| Thiazole phosphate \ 4 :
carboxylate A (£, col)
o OH ;
Tenll tautomer Tyrosine
H02C> .
S .
/o3 . N 2 M e
) M | ~ \r/z ~f
Thiazole \/'\//\OP | w IIs
phosphate carboxylate | M q\{_r,/‘x_ 3.N £ ~7'
S ThiE S L SR C
N‘\ —_— MH: gt NH 3
/ S /0
—N /N Thiamin \,,5' Thiamin &,51
Hydroxymethyl N= QPP monophosphate pyrophosphate [
pyrimidine pyrophosphate INH, [ 3 f\
) 7
M ; / /
oo ¢ Thib T PO PPO
L o N Thic N\
<,f
! N=(  op
Ho  TH MH,
S-aminoimidazole Hydroxymethyl
ribotide pyrimidine phosphate

Fig. 2.5. De novo synthesis of thiamin in bacteria. Adapted from Jurgenson et al. 2009.

The last step for the synthesis of hydroxymethytpidine pyrophosphate derivative is the 4-
amino-5-hydroxymethyl-2-methylpyrimidine  phosphat&inase (ThiD). ThiD from

Salmonella thyphimurium is a dimer and each monomer consists of aigihelices, two -
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helices and te@-strands, arranged irn offo. sandwich fold. The dimers interaction dome
involve the Cterminus. The ThiD fold is similar to a family ofbokinase and is able
catalyze the phosphdagion of the HMP to HMP-PPOwing to the possility of using both
the hydroxymethylpyrimidine derivativeHMP or the hydroxymethylpyrimidine phospha
derivative HMPP as substratthe enzyme showlexibility in the active site the phosphate
group of HMPP is able to move into differephosphatdinding pockets through rotatic
about the C827 bond, thus allowing it to be both a product andubstral (Cheng et al.
2002).

The key step for the thiamin biosynthe is the coupling of the two main moieties,
hydroxymethylpyrimidine pyrophosphate derivativedahe hydroxyethylthiazole phosphi
derivative. This reaction is catalyzed [ThiE, a dimer whose structure known. The
structure of ThiE reveals Ba)s-barrel fold, where helice®2-8 andal0 surround the centr
B-barrel. ThiE dimerisation involv helicesa3 from each protomethat aligr parallel to each
other along the dimer interfa(Peapus et al. 2001)he proposed mechanism of the reac

stats with the loss of the PP group from C5 of H-PP to generate a carbocation the

stabilized through the delocalizn system of the pyrimidine ring. Following a proteartsfer

from the N4 nitrogen atom of the pyrimidine ringth@ PP leaving group, a pyrimidine imi

Fig. 2.6.A Ribbon representation of ThiD from S. typhimurium. Fig. 2.6.B. Ribbon representation of ThiE from B. subtilis.
PDB accession code: 1JXH. PDB accession code: 1G4E.

methide intermediate is formed, which then undesgugcleophilic attack from the nitrog
atom of the THZP to form thiamin phospha(Peapus et al. 2001The final step for the
thiamin synthesis is the phosphlation of thiamin, carried out by ThiL. ThiL contes two
domains: the first domain is a hrbarrel with four very long-strands that i involved in the
dimerisation.The second domain is af3 domain formed by s-stranded antiparall@-sheet
and sixa-helicesand is linked to the first domain by a short corivecloop betwee}5 and
B6 (McCulloch et al. 200t Interestingly, five M§" ions are bound to the protein and i
observed to coordinate the phosphate moietiethiamine monophosph: and the AMP
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analog AMP-PCPThree of them are bound to the two phosphate grotipgVP-PCP and
are coordinated to aspartagsiduesThe fourth magnesium ion is coordinatec the oxygen
atom of thep-phosphate grot and two aspartateand one threonine resid.. A fifth

magnesium ion is found coordinated to t-phosphate anfl-phosphate groups of thiami
pyrophosphate and to an aspartic res The enzymatic mechanism requirsome
movement of the magnesium i

(McCulloch et al. 2008).

Thiamine catabolism exists as well anc
associated to vitamin deficien Thiamine
is degraed into the thiazole ar
pyrimidine moieties byan enzyme calle

thiaminase. Two classes of thiamin:

. have been identified: thiaminase | and
ff;ﬁfuf.'pgéb:é’clssﬁﬁﬂrfﬁ? Z::Ig; of ThiL from: Aguex Thiaminase | has been associated
early mortality syndrome in predatory fiof the Laurentian Great Lakes and the New Y
Finger Lakes and in Atlanticabnor from the Baltic Seakish eggs affected by this dise:
contain low levels of thiamine between the time fish are hatched and their first feed
(Honeyfield et al. 2005)The ill fishes are believed to be affectedAlosa pseudoharengus
that expresses high level of thiaminas The difference between thiaminase | and Il is
nucleophile used to separate the two moieties afirtim. Thiaminase | can use anilir
cysteire, dithiothreitol, pyridine, quinoline, and verdamine as substrates, thiaminase |
able to use only watéCostello et al. 199. Moreover, thiaminase | and Il have also differ
sequences and structures. The structure of thigmiharom Bacillus thiaminolyticus is
ellipsoidial withdimensions 70 £x 42 A x 35 A. Thiaminase | islonomeric and has tw
distinct globular domain@dentifiec as N- and C- domains), linkéxy a deep groo\. Each of
these domains has ap fold and they share a similar struci, with a central f-pleated
sheet, flanked on both sides thelices. A cleft is located ihetween the N and-domains
and six tyrosine residues and four acidic residarespresent in the cleft. The active site
identified using the mechani-based inhibitor 4-amino-6-chloro-2¢bmethylpyrimidine,
which bonds irreversibly to the act-site cysteine residue (Cys113hiamin is positioned il
the active site by two hydrogen bonds between thenpdine moiety and Asp272, one
which occurs through an intervening water molec@u241 then activates Cys113

deprotonation for attack at C6 of the pyrimidine flmm a zwitterionic intermediate
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Nucleophilic attack and protonation by Glu241 résulcleavage of the bond between
thiazole and pyrimidine and release of prod (Campobasso et al. 19

The only thiaminase 1l whose structihas been determined, is Ten# was firstly classified
as enzyme involved in thiamin metabolism becausé¢hisf residual activit (Toms et al.

2005) but the function and the structure of this enzyareediscussed late

Fig. 2.8.A. Ribbon representation of thiaminase | from B. Fig. 2.8.B. Active site of thiaminase | from Bacillus
thiaminolyticus. PDB accession code: 2THI. thiaminolyticus.

2.1.2. Thiamin salvage pathway

Instead ofde novo synthesis, he main portionsof thiamin can be salvageiln bacteria,
thiazole alcohoterivative (THZ)can be converted to thiazole phosptderivative (THZ-P)
by thiazole kinase (ThiM). The structure of ThiMin Bacillus subtilis shows an homology
to ribokinase and other kinas(Sigrell et al. 1998)ThiM is a trimer and every monom

contains ning3-strands and 12-helices, but the addition@tsheet, that acts like a flap

Fig. 2.9.A. Ribbon representation of the ThiM Fig. 2.9.B. Reaction catalyzed by ThiM. Adapted from Jurgenson et al.
monomer from B. subtilis. PDB accession code: 2009.
1EKQ.

ribokinases, is missing, replaced by some resicedsnging to thefollowing protomer
(Campobasso et al. 2000)he active site contains TI-P and the substrate ATWhen the
substrate is located insitlee active site, the enzyme shows a conformatianftilitates the
transfer of thephosphate moiety to the hydroxyl group of the tbiezThe thiazole ring is
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bound to the enzyme through a hydrogen bond tcathele nitrogen atom of Met45. The
phosphate moiety of THZ-P interacts with the sitlaic of Ser198. Argl21 binds to tRe
phosphate of ATP and Thrl68 binds to thphosphate through the hydroxyl moiety of its
side chain. The ribose ring interacts through artgyein bond between the 2’ position of the
ribose ring and the carboxylate moiety of Asp172.

Another enzyme involved in salvage of thiamin is iN;h which catalyzes the
pyrophosphorylation of the thiazole hydroxyl grdupm thiamin. Iterative BLAST searches
suggest that the bacterial thiamin pyrophosphatadd (ThiN) shares at least some structural
homology with THI80 from yeast and mouse, whosacstire is known (Baker et al. 2001;
Timm et al. 2001). Each monomer consists offindomain and &-sandwich domain. Both
domains contribute to dimer formation. Each of thw® active sites is located in a cleft
between the N-terminal domain of one protomer &edd-terminal domain of the other.

The key enzyme for the salvage of the thiamin pigline moiety is TenA, whose function

and structure are discussed later.

2.1.3. Function of TenA from Bacillus subtilis

TenA is an enzyme present in several eubacteriaasnithea, usually found in a cluster with
other genes involved in thiamin metabolismBeillis subtilis, TenA is part of the thiazole
biosynthetic operon (TenA-Tenl-ThiO-ThiS-ThiG-ThifHD) and is known to be strongly
repressed by thiamin (Lee et al. 2001). The fidgentified function of theéenA gene from
Bacillus subtilis was the transcriptional control of extracellulaxzgmes (Pang, Nathoo &
Wong 1991). Overexpression ¢dnA can stimulate eight- to ninefold the production of
several extracellular enzymes like neutral proteaakkaline proteases and levansucrase at the
transcriptional level and, functionally speakitenA appears similar tdegQ, degR, senS and
senN. Dependence on a functiordgS product suggested th@nA acts indirectly to enhance
the production of extracellular enzymes. It maynsiate the protein kinase activity of the
degS product and result in an increase in the levelth& activateddegU transcription
activator.

An enzymatic activity of TenA as thiaminase Il hasen identified: TenA enzyme was
incubated with thiamin for 1 minute, the degradafiwoducts were purified by RP-HPLC and
identified by NMR (Toms et al. 2005).

Recently, the physiological activity of TenA wa®idified. InBacillus halodurans, the gene
tenA is clustered with the transporter ThiXYZ, involved HMP analogs transporters
(Rodionov et al. 2002) and YImB. In basic soil, wéB. halodurans lives, but even in milder
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conditions, whera. subtilis grows, the thiamin is degraded in several compsuiidiamin
decomposition reaction is presumably catalyzed leyalnion-bound hydroxide on the clay
NH; surface (Xu et al. 2001). One of

Jj/\ these thiamin-degradation
/L )\&\ Thiaminase I A /\\<\\ compounds is  N-formyl-4-

L amino-5-aminomethyl-2-

methylpyrimidine (FAMP), that

Fig. 2.10. The firstly identified reaction of TenA: the thiamin is degradated in
the two main moieties, the pyrimidine derivative and the thiazole derivative. couyld be produced by the
Adapted from Toms et al. 2005.

mechanism shown in Fig. 2.11:

water addition to the thiazolium heterocycle of toenpound 1 gives 2, which then undergoes
ring opening to give 3. Tautomerization to 4 follEvby hydrolysis gives FAMP (5) (Jenkins
et al. 2007). FAMP is transported inside the baalterell by the specific ABC transporter
ThiXYZ, whose subunit ThiY is the putative substréinding component and has been
demonstrated to bind the FAMP (Jenkins et al. 20BAMP is metabolized by YImB to 4-
amino-5-aminomethyl-2-methylpyrimidine (AMP). AMB subsequently converted by TenA
to the thiamin precursor HMP. The previous ideetifreaction catalized by TenA, thiamin
hydrolysis, does not follow Michaelis-Menten kimstiand competition assays show that
TenA catalyzes the hydrolysis of AMP 100 times daghan it catalyzes the hydrolysis of
thiamin: these findings suggest that the salvagthefpyrimidine moiety of thiamin is the

main physiologic activity of TenA (Jenkins et 2007).

. <% A v W v W% W | s
A /‘\\ﬁ /L)]A rfi\\@ —A )h; o

Fig. 2.11. The proposed mechanism of thiamin degradation to FAMP. Adapted from Jenkins et al. 2007.

NH., 0 NH,
J\ Amidohydrolase
NI X H (YImB) _TenA R ”
A - /J\ P
N

Fig. 2.12. YImB removes the formyl group of FAMP, producing AMP, that is metabolized by TenA to HMP. Adapted
from Jenkins et al. 2007.
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2.1.4. Structure of TenA from B. subtilis

The structure of TenA frorBacillus subtilis has been determinexs well asthat from other
species (Toms et al. 2009)ke Pyrobaculum aerophilum (2GM7) , Pyrococcus horikoshii
(AUDD) (Itou et al. 2004)Pyrococcus furiosus (LRTW) (Benach et al. 200, Sulfolobus
solfataricus (2QZC).TenA is a tetramer with 222 pointmmetry and has a rectangt shape
with approximate dimensionsf 70 A x 65 A x 45 A. Tie TenA monomer is rougt
rectangular shaped as waellith dimensions of 46 A x 30 A x 25 A. The TenAdotonsist
of 11 a-helices and a deep acidic pocket is located incéral region of the prote
surrounded by helices4, o5, 09, andal0. The pocket is flanked by several aromatic
acidic residues and has a volume of 7¢;. TenA fromB. subtilis has been crystallized
complex with HMP as well. The electron density
crystals grown in the presence of HMP showed
HMP molecule per monomer inside the active ¢
The pyrimidine ring of the HMP molecule
sandwiched between two tyrosine residues (T
and Tyr139), with a ring stacking distance of 34¢
The binding of HMP is also stabilized by seve
electrostatic and hydrogdyending interactions: tF
4-amino group and the N3 nitrogen atom of
pyrimidine ring both form hydrogen bonds w
Asp44. The N1 atom of HMP is close to Glu,

Fig. 2.13. Ribbon representation of TenA from B.

subtilis. PDB accession codes: 1YAF, 1YAK. whereas the sulfur atom of Cys135 is located aBc

A from the C6 position of thpyrimidine ring. The structures of TenA from otlercteria ar
very similar to B. subtilis one, with just slight differences in the number a-helices.
Interestingly, in TenA structures frorPyrococcus horikoshii (Itou et al. 2004) and
Pyrococcus furiosus (Benach et al. 200 a residual electron density, corresponding prob
to a copurified compound, has been identified in betwdenaromatic rings of the consery
tyrosine residues Tyr47 and Tyrl3

The mechanism of the reaction has been clarifiedniyagenesis studi, whose kinetic

parameterselative to the mutaniare shown in table 2.1.
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Protein K m(pM) K (min™) Kea/Km(@Mmin?)  Relative K /K
Native 11.8+1.6 22+05 19+03 1
E205A 251+315 0.27 £ 0.006 0.001 + 0.0001 0.0005
D44A 337+94 0.09 + 0.004 0.0003 + 0.00008 0.0003
Y112F <25 0.31+0.02 >0.012 + 0.0007 >0.01
YA4ATF <25 0.75+0.03 >0.029 £ 0.0012 >0.03
C135A Inactive Inactive Inactive Inactive

Table 2.1. Kinetic parameters of TenA wild-type and mutants

The catalytic residue is Cys135, that adds to Céefpyrimidine ring generating anion 2
(Fig. 2.14.). The leaving group ammonia is expellgving 3. The addition of a water
molecule and the expulsion of the catalytic cysajive the final product. A network of other
residues promotes the enzymatic catalysis: thdytiataesidue Cys135 is deprotonated by
Tyrd7, Tyrll2 and the glutamic acid in position 2GBat protonates the pyrimidine,
stabilizing the resulting anion. The aspartic anighosition 44 seems to be important for the

substrate binding.

MHg NH
MH2 o~/ —=H MHz
N7 ) NZ YT X NP NP
—_— — —_—
)|\ = )\ 7]
I S I s ¥ \N S \N )\
H TCys
Cys
1 2 3 4
Fig. 2.14. Steps of the reaction catalyzed by TenA from B. subtilis. Adapted from Jenkins et al. 2008.
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Fig. 2.15. Proposed mechanism of the reaction catalyzed by TenA from B. subtilis. Adapted from Jenkins et al. 2008.
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2.1.5. HP1287 from Helicobacter pylori
TenA homologue inHelicobacter pylori is HP1287. The alignment of the amino acid
sequence of HP1287 shows 33% identity and 51% anittyilto the TenA protein fronB.

subtilis. HP1287 sequence alignment with TenA fr8msubtilis and other bacteria reveals

that the residues important for the catalysis areserved, with the only exception of Tyr47,
substituted from Phe47 iHl. pylori: Cysl135, Tyrll2, D44 are maintained, whereas the

glutamic acid in position 205 is substituted by Z&d in HP1287. Recently, a transposon

mutagenesis method in a mouse model of infectiaidhentified HP1287 within a pool of

candidates that might contribute to stomach cobltion and persistence (Baldwin et al.

2007), raising intriguing questions about the puéatoles of the corresponding protein

product.

H.
c.
B.

Fig.2.16. Sequence alignment of HP1287 from H.pylori and TenA from other bacteria
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The HP1287 gene cloned in our lab belongs to tHe pylori CCUG17874 strain. The

sequence below corresponds to the full-length pradded of a N-terminal His-tag flanked

by a cleavage sequence for TEV protease, coming fie construct codified by pET151

expression vector, in which the gene was cloned.
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| corresponds to the cleavage site for TEV protease.

HP1287 Properties
Number of amino acids 223
Molecular Weight 25643.2
Theoretical pl 5.23
Abs (1 g/l) 1.886

Chapter Il

Table 2.2. Some properties of HP1287 protein, referred to the construct after cleavage with TEV protease.
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2.2. Materialsand Methods

2.2.1. Cloning, expression and purification of H. pylori HP1287

The HP1287 gene was amplified by PCR from genorH. pylori CCUG17874, using th
primers 5 CACCATGCAAGTTTCACAATATCTGTA-3  (forward, Topoisomeras
recognition site underlined) and-TTATCAACTTTGATACGCCATATCC-3' (reverse). It
was then cloned intthe pET151 vector (pET151; Invitrogen) in frametwén Mterminal
His-tag flanked by a TEV proteolysis site, using a T@PCloning kit by Invitroger

E. coli BL21(DE3) cells, harboring the pET1-HP1287 plasmid, were grown in LB mediu
supplemented with 10Qg/mL ampicillin and the protein expression indudegd 1 mM
isopropyl$-D-thiogalactopyanoside (IPTG). The bacterial pellet was resuspérid 50 mM
phosphate pH 7.4, 300 mM NacCl; cells lysis was quened by a tw-step method, vi
incubation with lysozyme (1 mg/ml, 1 h, 4 °C) amhigation. The lysate was centrifuget

remove cell debrisnd loaded into a column containing 4 ml of*

charged Chelatin
Sepharose™ (GE Healthcare). After extensive washgigg the lysis buffer, supplement

with 20mM imidazole, the resin was incubated owgti at 4°C and under mild shakir
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kDa | Ve=13,15mi | ]
97 —— I .
| I,
6 — ‘ —— Bufe | %
i |
| it /|
as Ed i
> |
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Fig. 2.17.A. SDS-PAGE of samples coming from Fig, 2.17.B. Elution profile of HP1287 gel filtration
different steps of HP1287 purification. chromatography.

with recombinant HisTEV protease. The supernatant was recovered byrifogattion,
fillered and supplemented with 2 mM o«p-D-glucopyranoside to prevent HP12
aggregation. The proteolytic product was furthenffd by Superdex 200™ 10/300 GL (C
Healthcare), quilibrated with 30 mM Tris pH 8, 50 mM Nal The protein was eluted as
single peak, roughly corresponding to a tetramerraigrated as a single 25 kDa species
SDSPAGE (theoretical mass: 25,643.2 Da, confirmed @s$1Spectrometry). HP1287 w
concentrated to 1g/ml for crystallization purpos¢

Expression and purification of HP1287 F47Y werdgened in the same conditions used

the native enzyme.
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2.2.2. Mutagenesis of HP1287

The F47Y mutation was performed with QuikChangee-Biirected Mutagenesis Kit
(Stratagene). The primers used were 5’-TATATCATTCASI TATTTGTATCTTTTAGA
ATACGCTAAGGTG-3' (forward, the mutagenesis codonrmslerlined) and 5'-TTAGCGTA
TTCTAAAAGATACAAATAATCCTGAATGATATAAAAAC -3' (reverse). The pET1b
HP1287 plasmid was amplified usifjuTurbo DNA polymerase and incubated wibbpn |
to digest the template plasmid. Mutated plasmidsevedterwards transformed int coli
Top10 competent cells and selected on LB agargtaietaining ampicillin (10Qg/ml).

2.2.3. Crystallization and structure deter mination

The best crystals of HP1287 were obtained at 20/ @apour diffusion technique using a 4
mg/ml protein stock solution and 0.1 M Tris pH 8151 M Lithium sulphate, as precipitant.
In particular, the highest quality crystals wer¢anfred by the seeding technique with the help
of the Oryx8 drop maker (Douglas Instruments). @ibigation of HP1287 F47Y was

performed at 4°C.

Douglas Instruments
Suceess in protein ciystallization

Fig. 2.18.A. Oryx8 Protein Crystallization System by Fig. 2.18.B. HP1287 Crystals.
Douglas Instruments.

A preliminary diffraction data set at 3 A resolutizvas measured at the XRD1 beamline of
ELETTRA synchrotron (Trieste, Italy), whilst the ddaesolution data set for the wild-type
enzyme (2.7 A resolution) was collected at the E®R&MmIline 1D23-2 (Grenoble, France).
An entire set of data was measured at 100°K from agstal, using the precipitant solution
including 20% glycerol as cryoprotectant. Crystaédong to space group B2, with cell
parameters a = b 148.42 A, = 233.52 A. A dataset of the F47Y variant was messat
the 1D14-4 beamline at a maximum resolution of &.4The datasets were processed and
scaled with programs MOSFLM and SCALA (CollaboratiComputational Project 1994),
respectively. As confirmed by the structure deteation, the asymmetric unit contains two

monomers, corresponding to af 6.27 A/Da and a solvent content of about 80% of the
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crystal volume. The structure was solved by mokecrdplacement with the Molrep software,

using structure 1TO9 as the starting model. A twbfaon-crystallographic axis relates the

monomers A and B, whilst the other two monomers
are generated by a crystallographic two-fold axis.
The refinement was performed using the package
CNS (Brunger et al. 1998) and, in the final steps,
with Refmac (Murshudov et al. 1999). Several cycles
of automatic refinement and manual model building

reduced the crystallographic.R. for the wild-type
Fig.2.19. HP1287 crystal in a loop. enzyme to 0.236 (R 0.257) for all the data from
125 A to 2.7 A resolution. All residues are clearisible in the electron density. In monomer
A, four additional residues at the N-terminus, deg from the cloning construct, are also
visible. The F47Y variant was refined starting frahe molecular model of the wild-type
enzyme, after substituting the mutated residue. Th& refinement procedure (Painter,
Merritt 2006) was introduced in the last cyclegefinement. Since the mutant diffracts to a
higher resolution, the quality of its model preseslightly better statistics::Ror = 21.8 and
Riee = 23.0. The quality of both models, assessed usoftgvare Procheck (Laskowski et al.
1993), is as expected or better for a structutbistesolution.

Wild-Type Mutant F47Y

Space Group 14,22 14,22
Cell parameters (A) a=b=148.42, ¢=233.52 a=b=148.73, ¢=233.57

Resolution (A) 125-2.7 (2.85-2.70) 78 — 2.4 (2.53-2.40)

Independent reflections 36057 (5136) 51200 (7412)
Multiplicity 9.4 (8.8) 9.9 (10.2)
Completeness (%) 99.8 (99.0) 99.7 (100)
<l/o(1)> 9.4 (3.8) 8.6 (3.7)
Rmerge 0.081 (0.526) 0.153 (0.460)
Refinement
Total number of atoms, including solvent 3623 3637
Mean B value (A%) 53.2 26.8
Reryst 23.6(36.1) 21.8 (27.5)
Reree (%) 25.7(34.4) 23.0 (30.0)
Ramachandran plot [%]

Most favored 90.2 94.6
Additionally allowed 8.1 5.4
Generously allowed 1.7 0.0

Overall G-factor 0 0.1
R.m.s. on bonds length [A], angles (°) 0.016, 1.6 0.010, 1.2

Table 2.3. Statistics on data collection and refinement. A wavelength of 0.9794 A was used. A CCD
detector was positioned at a distance of 150 mm from the sample. Rotations of 1° were performed.
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2.2.4. Enzymatic activity test

Hydrolytic activity towards the substrate 4-aminaBinomethyl-2-methylpyrimidine
(Interchim, Montlugon, France) was determined, @scdbed previously (Jenkins et al. 2008),
by monitoring the release of ammonia through thetaghate dehydrogenase assay (Day,
Keillor 1999). Recombinant HP1287 with a concemrabf 2.4uM, was added to a mixture
of 5 units of glutamate dehydrogenase, 5 mMetoglutarate, 0.1 mM EDTA, 0.250 mM
NADPH and 20-480uM 4-amino-5-aminomethyl-2-methylpyrimidine in twoiffdrent
buffers (20 mM sodium phosphate at pH 8 and 50 mESVat pH 6). The reaction was
followed by monitoring the decrease irgsfas a result of the enzymatic consumption of
NADPH. The HP1287 enzyme concentration was caledlay measuring Ao and applying
the theoretical extinction coefficient 48360'dn?, as estimated by ProtParam (Wilkins et al.
1999). The collected data were fitted to the Midisadenten equation using GraphPad
prism, version 5 (GraphPad Software Inc., San Di€yd, USA), evaluating the initial rates
by using the absorbance values at a fixed timbarihear segment of the registered curves.
To determine thiaminase Il activity, |BM HP1287 was incubated overnight at 20 °C with a
mixture containing 2.5 mM thiamin, 30 mM Tris, 5MNaCl (pH 8.0). An aliquot of 100
uL from the reaction mixture was heated to 95 °CHonin and centrifuged at 35 000 g to
remove denatured protein. The reaction producte warified by RP-HPLC on a;gcolumn
(Grace Vydac, WR Grace & Co-Conn, Columbia, MD, J8A20 mM phosphate buffer (pH
6.6). The elution of HMP, thiamin and thiazole vedxained using a gradient of methanol to a
final concentration of 50% and was monitored by sneiag As,. Reaction products were
identified by NMR and MS.

To evaluate thiaminase | activity, M HP1287 was incubated at room temperature with 100
uM 4-nitrothiophenolate, 80@M thiamin in 50 mM phosphate buffer (pH 7.2), 100/m
NaCl, 2 mM Tris(2-carboxyethyl)phosphine (HanesafKi& Begley 2007). The enzymatic
activity was monitored at 411 nm for 15 min using Shimadzu UV-2501PC

spectrophotometer (Shimadzu Corp., Kyoto, Japan).
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2.3. Results

2.3.1. Structure of wild-type HP1287

H. pylori HP1287 was produced starting from tthepylori CCUG17874 genomic DNA. The
protein was expressed iBscherichia coli with an N-terminal His-tag, cleaved by TEV
protease after affinity chromatography and purifisdgel filtration. The crystals obtained,
despite their relatively large size, present a mbddfracting power, even when using a very
brilliant synchrotron source. This may be ascribedhe very loose packing of the protein
tetramers in the crystal cell, which leaves a laagsount of empty space, ~ 80% of the
volume, filled with solvent. The alignment of theiao acid sequence of HP1287 shows 33%
identity and 51% similarity to the TenA proteinnd. subtilis.

The 3D structure of the monomer is quite similathat of the other members of the TenA
family of known structure: twelveu-helices, labeled A-L, are arranged in a complex
topology, as previously described (Toms et al. 2006e assignment of secondary structure
elements, made according to the software ProchemskOwski et al. 1993), is illustrated in
Fig. 2.20. The slightly different number of a-hek¢ compared to other members of the same
family, is a result of some pairs of helices, seHe, H-I and J-K, comprising long helices

interrupted by kinks, which break each long a-helixwo shorter ones. The superposition of
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Fig. 2.20. Representation of Secondary Structure of HP1287.

the Gu atoms of one monomer with that of the other mesbérthe family gives a rmsd of
1.7, 1.3 and 1.4 A for models 1RTW, 1UDD and 1T Yekpectively. The major differences
are observed in two regions: in the long stretcmusing residues 94-106 that connects
helices E to G and includes the short helix F, ianesidues 148-157 that connect helix | to
helix J. Helix E is also slightly shifted with resy to the other models. The quaternary
organization of the enzyme is that of a tetrames@nting 222 symmetry. One of the two-fold
axes coincides with a crystallographic one, so ¢ghdimer is present in the asymmetric unit.
The only contacts in the dimer are made throudtelix G and its symmetry mate, which
accounts for the burying of 163¢ &f the solvent-accessible surface of each monoftes.

dimer interacts with a second one burying a muctelaurface (7700 %, which involves
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parts of ahelices C, D, G and L d connections between helicesi;-G—H, K-L and F-G.
The molecular weight from the gel filtration expednt indicates that the tetran

corresponds to the physiological u

Fig.2.21.A. On the left, ribbon representation of HP1287 tetramer, on the Fig.2.21.B. Superposition of main
right, ribbon diagram of the same tetramer equivalent to 90° rotation chains. In blue HP1287 from H.
from the left view. pylori, In red TenA from B. subtilis.

2.3.2. Structure of HP1287 F47Y

Because of the verlow catalytic activity of the wil-type enzyme (see next below &
Discussion), a mutant where Phe47 was substituteal tyrosine was prepared, as desd
in the experimental procedi. Crystals of the FA7Y variant are isomorphous whibse of the
wild-type protein and the two crystal structures arectprally superimposable: the rm
between equivalent dCatoms is 0.7:4. In particular, Tyr47 keeps the position previgt
held by phenylalanine, whereas the only significdifterence between the twdructures
involves residues 784 of chain A.These conneat-helices D and E, but although, in i
wild-type protein, they present only some irregularit&sch that helices D and E can
considered as two parts of a loa-helix, in the FA47Y variantthese become complete
unfolded, breaking the continuity between the twtdes. The same situation does not o«
in the other monomer defining the asymmetric umhiere the electron density in this reg

Is not very clearly defined.

2.3.3. Enzymatic activity and the putative catalytic site

A small cavity is present in each monomer, locaeung helices C, G, | and L. This cav
which has been demonstrated to host the substratieeiB. subtilis enzyme (Toms et al.
2005) is quite a long tunnel that extends inside eaatiepn monomer from the prote

surface. The inner part of the cavity, which ismected to the solvent through a long tur
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is lined by residues Phe210 and 47, Trp211, Tyr&ll 189, Asp44 and Glu207 (Fig. 2.22.A).
In one of the two monomers of the asymmetric umiorfomer D in our labeling system), a
residual electron density is visible, whereas, onomer A, the cavity is empty. Noticeably,
an unknown ligand was also found in TenA fr&®rhorikoshii (Itou et al. 2004) and frorR.
furiosus (Benach et al. 2005). The flat electron denskglii corresponds to an endogenous

compound of theE. coli where the protein was produced, or to a reagend asging

' \ N | N

Fig. 2.22.A. HP1287 active site. In red the catalytic Fig. 2.22.B. Electron density map of HP1287 active site. A residual
residue. electron density is located between F47 and Y139 (Fourier map
0=1.8, Fourier difference map 0=3.8)

purification, possibly imidazole. It approximatatyimics the HMP bound to thB. subtilis
enzyme (PDB code: 1YAK). In our model, the pyrimielring is stacked with the aromatic
rings of Tyrl39and Phe47 (where the latter replaces Tyr47 presehe B. subtilis enzyme)
and lies coplanar with sid#ains of Cys135 and Asp44, as shown in Fig. 2.21.B

Activity data at pH 8 indicate that the wild-typ@zgme is poorly active on 4-amino-5
aminoethyl-2-methylpyrimidine: with ack and Ky of 1.7 + 0.2 miff and 58 + 22uM,
respectively. The FA7Y variant appears to be poactive as well: with ad;and Ky of 0.06

+ 0.006 min)1 and 68 + 16M, respectively. At pH 6, the activity is absentoidover, the

enzyme does not present any activity on thiaminmabtgion.

Protein K m(pM) K e(min™) Kea/Km(pMmin®  Relative K /K
HP1287 wild-type 58 + 22 1.7+0.2 0.029 + 0.009 0.0015
HP1287 F47Y 68 + 16 0.06 + 0.006 0.00088 + 0.00024 0.0005

Table 2.4. Activity of HP1287 wild-type and F47Y.
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2.3.4. Thiamin metabolism in H. pylori

A comparative analysis of the thiamin biosynthgbathway of more than 80 bacterial
genomes was performed (Rodionov et al. 2002). Hhpylori genome includes two genes
that code for enzymes possibly involved in the phosylation of HMP and
hydroxyethylthiazole (HET), ThiD (HP0844) and ThilHP0845), respectively, and one
responsible for the coupling of the HMP and HET aties, corresponding to ThiE (HP0843)
(Rodionov et al. 2002). By contrast, the bactermpparently lacks the genes devoted to the
biosynthesis of the thiamin precursor HMP and HE®ietes. Moreover, the two genes
HP1290 and HP1291 could define a divergon withgbee coding for the TenA enzyme,
located far away from genes ThiD, ThiM and ThiE iskhare likely involved in the thiamin
biosynthesis pathway (Rodionov et al. 2002). Indé#@1290 shares a significant sequence
similarity with PnuT, a component of the PnuC famibf nonphosphorylated N-

ribosylnicotinamide transporters
(Rodionov et al. 2002). HP1291 is

TenA similar (34% amino acid sequence
{HP1287) ) _ o
identity) to the thiamin
Hydroxymethylpyrimidine Hydroxyethylthiazole
(HMP) (HET) pyrophosphokinase from
ThiD Thit Bacteroides thetaiotamicron
(HPo844) | (HPosas)
Hydroxymethylpyrimidine Hydroxyethylthiazole (PDB code: ZOMK) and shares
mwrophosphate phosphate . . i
{HMP-PP) (HET-P) 24% identity with the mouse
| | enzyme (PDB code: 2F17) (Liu,
ThiE
(HP0843) Timm & Hurley 2006).

| Thiamine phosphate |

A homology model of all these
ThiL

(HP1291) proteins, with the exception of the
| Thiamine phosphate | putative transporter HP1290, was
Fig. 2.23. Thiamin metabolism in H. pylori. built using the swiss-model server

(Arnold et al. 2006). The analysis of these striegu(Fig. 2.23.) indicates that their active
sites are structurally well preserved and that HBO8P0844, HP0845 and HP1291 can be
considered as orthologues of Thik, ThiD, ThiM arlLT respectively.
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2.4. Discussion

The structure of HP1287 is very similar to thatBofubtilis TenA, with the few differences
involving mainly the regions between helices E @&tbgether with | and J, thus confirming
that, from the structural point of view, it belongsthe thiaminase Il enzymes family. The
structure of the active site of thg subtilis TenA enzyme is well characterized and, upon
comparison withtH. pylori TenA, a high degree of structural similarity issebved, with the
exception of mutations in position 47, from TyrRbe, and position 51, from Phe to Tyr. The
hypothesized mechanism for the reactiorBosubtilis TenA (Jenkins et al. 2008) assumes
that the thiol group of Cys135 adds to C6 of th@migine ring, favoring the exit of the
aminic group. The subsequent addition of a wateleoute and the expulsion of the active
cysteine complete the reaction. Asp44 is positicioestabilize and orient the binding of the
substrate, and Tyrl112, Glu205 (207 in HP-TenA) ayd47 assist the reaction. All these
residues, with the exception of Tyr47, are preserdur structure and their positions in the
active site are conserved. Because the activityoof enzyme towards 4-amino-5-
aminomethyl-2-methylpyrimidine is very modest, thigygests that a tyrosine at position 47
could play a crucial role in catalytic efficiencdyurthermore, our activity data are in good
agreement with those obtained for the mutant Y4f7the@B. subtilis enzyme (Jenkins et al.
2008): ka: and Ky in the latter are reduced to values comparablidee found for théd.
pylori enzyme. Tyr51, which replaces the phenylalaniresgmt in other enzymes of this
family, despite its close proximity to the substras unable to compensate for the absence of
Tyrd7 because its orientation is incorrect withpess to the substrate. Mutation Y47F appears
to be peculiarly conserved id. pylori because it is present in all the strains sequetaed
date, whereas, in most of the other bacteria, @siye is present in this position. To test the
role of Tyrd7, the mutant F47Y was prepared. Thigation does not perturb the active site,
which becomes even more similar to that ofBheubtilis enzyme. Nevertheless, the catalytic
activity remains very low. A careful comparisontbé active sites of the enzymes from the
two species shows that, despite a complete cortgamat the residues known until now to be
involved in the catalytic mechanism, another sigaiit difference is present in the pylori
enzyme. In the latter enzyme, His86, which belagshelix E, points towards the center of
the active site cavity, making it smaller. Moreqvidis86 is at a distance allowing possible
interaction with the substrate. His86 is also pnese the amino acid sequenceBfsubtilis
enzyme, although this part afhelix E is distorted and the histidine points lte exterior of
the proteins, towards the solvent. All these presiobservations suggest that the active site

of TenA has been slightly modified to act towarddifeerent substrate: the hydroxyl group of
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Tyr51 and His86 could be correctly positioned ie #Hrctive site with respect to a different,
unknown pyrimidine derivative. The presence ofated number of enzymes involved in the
thiamin biosynthesis iil. pylori, and the peculiar environment in which it thrivesleads to
the hypothesis of the existence of a reduced tmalmbsynthetic pathway. Indeed,
degradation products of thiamin (Hartman et al.4)98n be present in the stomach during
digestion as a result of the processing and stavéfmods (Richardson, Finley 1985). At the
same time, the very acidic environment of the sthmaakes the accumulation of FAMP
very unlikely because it is mainly a base-degradedvative of thiamin. We tentatively
suggest the presence of an as yet unidentifiedlipeqrecursor, deriving from the human
stomach food assumption or processing, which eymatized through an unknown receptor in

Fig. 2.24. The position of His86 in Bacillus subtilis TenA (on the left) and Helicobacter pylori HP1287 (on the right).
His86 in H. pylori could be close enough to interact with the unknown substrate.

cooperation with the PnuC analog HP1290 transpoltdas converted by TenA to HMP,
which is subsequently phosphorylated by ThiD (HRO84 the activated compound HMP-
PP. Phosphorylation of HET is catalyzed by ThiM (8R5). The final synthetic reaction that
combines the two, giving rise to thiamin phosph&tegyromoted by ThiE (HP0843) and the
conversion to thiamin pyrophosphate by HP1291, kimnsequently has been labeled ThiL.
It must be considered that FAMP, which has beemtified as the starting point of the
thiamin salvage pathway iB. halodurans (Jenkins et al. 2007), apparently cannot play the
same role inH. pylori because the amidohydrolase enzyme YImB is alsonabse the
earliest studies concerning TenA, the protein fi@nsubtilis was found to play an indirect
role in the control of gene expression of degragaginzymes, mainly alkaline protease arpE
(Pang, Nathoo & Wong 1991); however, on the basalsubsequent findings with respect
to this class of proteins, this role appears toubkkely, at least inH. pylori. We cannot
exclude the possibility that TenA, besides beingarnyme involved in thiamin biosynthesis,

plays another relevant (despite still not beingrab&rized) role inH. pylori and other
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bacteria. Finally, the pivotal role of TenA in ttieamin biosynthetic route as the first enzyme
of the pathway is in agreement with the relevaricthis protein in the stomach colonization
process, where thenA gene has been found among the approximately 36@sgat could

play a relevant role in its colonization and peesise (Baldwin et al. 2007).
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Cloning, Expression, Purification and Crystallipatiof
HP1028 fromHelicobacter pylori
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3.1. Introduction

3.1.1. Identification of new H. pylori genesinvolved in stomach colonization

Recently, new genes involved iH. pylori stomach colonization were identified by
mutagenesis (Baldwin et al. 2007). A C57BL/6 moudection model was used to query a
collection of 2,400 transposon mutants in two défé bacterial strain backgrounds (NSH79
and NSH57) foH. pylori genetic loci contributing to colonization of thestach. Behavior
of transposon insertions in 758 different gene la@s monitored by microarray-based
tracking of transposon mutants. Of the loci mea$u223 (29%) had a predicted colonization
defect. These included previously descrilb&dpylori virulence genes, genes implicated in
virulence in other pathogenic bacteria and 81 Hygtatal proteins. In particulailP1028
seemed to be important for stomach colonizatidN$t79 background, but it looked like not
to be a candidate mutant in the NSH57 strain backgt. The location of the transposon for
the clones detected in the NSH57 screen was exdnainé the insertion in gend¢P1028 at
nucleotide 150 (out of 450) was found. For the NBH&reen, the insertion iHP1028
appeared attenuated.

The uncharacterized colonization candidBiie1028 gene was better analyzed by making
independent null alleles. Null alleles were madeboth the NSH79 and NSH57 mouse
adapted strain backgrounds to determine if the qiiype was strain specific or not. These
mutants were tested in a 1:1 competition experimetfit wild-type bacteria. After 1 week of
infection, the stomach was harvested and the cotiveendex was determined (CFU mutant
bacteria/CFU wild-type bacteriaHP1028 gave a phenotype in both strain backgrounds
(NSH79 and NSH57), confirming that the leaky muatatwas the reason of the different
phenotypes in the two analyzed bacterial strains.

3.1.2. Function of HP1028

The specific function oHP1028 in H. pylori is unknown, but some hypothesis on the
putative function could be performed. The bioinfatio tools Gaggle identifiedP1028 as a
cag Pathogenicity Island-functionally associated gEteannon et al. 2006).
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— Fur HP1028 HP1029 Fhiy FliM FliA  |—

Fig. 3.1. Graphic representation of HP1028 gene localization into H. pylori genome

HP1028 andHP1029 are connected via gene cluster operon edgeBYqHP1030) andFIliM
(HP1031) that encode key flagellar switch proteins (Fid..3 In this operon is also present
an alternate sigma factos48) gen€fliA (HP1032), which has been implicated in mediating
transcription of FlaA, the major flagellar subuméquired for both motility (Josenhans,
Labigne & Suerbaum 1995) as well as gastric coktion (Eaton et al. 1996). Close to the
HP1028 gene is also locatedP1027 (Ferric Uptake Regulator protein, fur), encoding a
protein involved in the modulation of urease exgpi@s in response to nickel (van Vliet et al.
2001). Since there is no known structure of any
homologue protein, Homology modeling methods
failed to predict a putative HP1028 fold. Moreover,
the HP1028 protein sequence was manually
submitted to Robetta, a structure prediction server
(Chivian et al. 2003). Among the various proteins
analyzed the most striking was the match of
predicted three dimensional structure of HP1028 to
B-chain of ebulin (PDB 1HWM), a ricin-like toxin
(Fig. 3.2) (Pascal et al. 2001). Proteins with the
conserved ricin domain are ribosome inactivating

proteins widely distributed in plants, fungi, algae

. . . ) and bacteria. Thep-chain is responsible for
Fig. 3.2. Ribbon representation of Ebulin from

Sambucus ebulus (PDB accession code 1HWN). attaching the toxin to cell surface galactosided an
The B-chain is colored in blue.
facilitating delivery to the cytosol. The ebulp:

chain contains 319-sheet and 6%-helix and has two distinct structural domains. ieat
these domains contains three homologous subdordasignatedy, 3, andy. Two of these
subdomains, d and 2, have shown galactoside-binding features by clitggi@phic methods
(Pascal et al. 2001).
A simple similarity analysis using BLASTp (www.btascbi.nlm.nih.gov/Blast.cgi) does not

match any sequence of proteins whose function roctsire is known, but it identifies a
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conserved domain, named COG4731, present in sebametkeria, like Burkholderiales,
Campylobacterales, Caulobacterales, RhizobialesSmbchaetales. The function and the
structure of COG4731 domain, belonging to DUF214pesfamily, are unknown. These
hypothesized functions of HP1028, coupled to itgantance irH. pylori survival in stomach
environment, implicate it in a likely role iH. pylori pathogenesis.

3.1.3. HP1028 gene and protein features

The HP1028 gene was cloned from the. pylori genome of CCUG17874 strain. Analysis
with SignalP (www.cbs.dtu.dk/services/SignalP/) imlormatics tool identifies a signal
peptide at the N-terminus and a predicted proti&osjte between T6and the 1% amino acid

of HP1028 sequence. The sequence below correspmmesombinant protein, without signal
peptide, added of a N-terminal His-tag flanked bgleavage sequence for TEV protease,

coming from the construct codified by pET151 expi@s vector.

-24 -14 -4 23 33 43
MHHHHHHGKP | PNPLLGLDS  TENLYFQ|G D  PFTVELPGY  QIQEFLYMKS  SFVEFFEHNG
53 63 73 83 93 103

KFYAYA SDV.  DGSKAKKDKL ~ NPNPKLRNRS  DKGVWWFLSDL | KVGKRSYKG — GKAYNFYDGK
113 123 133 143 153 163
TYYWVRVAQNS  NGDLEFTSSY  DKWGYLGKTF  TWKRLSDEEI KNLKLKRFNL ~ DEVLKTI KDS

Pl

| corresponds to the cleavage site for TEV protease.

HP1028 Properties
Number of amino acids 155
Molecular Weight (Da) 17946.3

Theoretical pl 9.36
Abs (1 g/l) 1.526

Table 3.1. Some properties of HP1028 protein, referred to the construct after cleavage with TEV protease.
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3.2. Materialsand M ethods

3.2.1. Cloning of HP1028

HP1028 open reading frame was PCR amplified from the geadNA of H. pylori strain
CCUG17874, using the primers 5-CAGTAGAGTTGCCTGGAATTTATC-3' (forward,
Topoisomerase recognition site underlined) and PACTAGATAGGGCTATCTTTAATG
-3’ (reverse). The PCR product was inserted intoekpression pET151/D-TOPdrectional
vector, using TOP®Cloning kit by Invitrogen.

3.2.2. Mutagenesis

Since the amino acid sequence of HP1028 contaifys are internal methionine residue,
because of the removal of the signal peptide comigithe initial N-terminal methionine, two
mutants with one and two additional methioninedess were produced in order to solve the
phase problem, using QuikChange® Site-directed bartasis Kit (Stratagene). The mutated
amino acids, L129M and A110M, were selected asniost variable amino acids in a
multiple alignment of all the HP1028 sequenceslallg from differentH. pylori strains. A
single mutant containing the mutation L129M andculde mutant L129M/A110M were
created. For the L129M mutation the following prisewere used: FW 5'-
CTATGATAAATGGGGGTATATGGGCAAGACTTTCACTTGG-3 and RV 5'-
CCAAGTGAAAGTCTTGCCCATATACCCCCATTTATCATAG-3, whereas for A110M
mutation FW 5-GACCTACTACGTGAGAGTCATGAAAATTCAAACGGGG-3' and RV
5-CCCCGTTTGAATTTTGCATGACTCTCACGTAGTAGGTC-3' were used. HP1028
double and single mutants were obtained by consecBCR reactions using a high fidelity

thermostable DNA polymeras@f(Turbo DNA polymerase, Stratagene). Single cloneswe
then sequenced to confirm the occurrence of theedemutationspET151 HP1028 L129M
and pET151 HP1028 L129M A110M were obtained for the transformation in B834(DIE3)
coli competent cells.

3.2.3. Dynamic Light Scattering (DL S) analysis

A sample of HP1028, in buffer 30 mM Tris pH 7.5028M NacCl, 10 mM galactose, coming
from preliminary purification trials was analysed ALS Zetasizer Nano ZS (Malvern
Instruments). Since the protein was aggregated:egggon-inhibition tests were performed
using detergents at concentration lower than th&€€Glue (Gall, Ruff & Moras 2003). 2d

of samples of HP1028 protein, at 5 mg/ml conceiaotnatwere incubated with different
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detergents at 0.5 CMC concentration. The detergasesl included C12E9, C12ES8, n-
Dodecyl$-D-maltoside, CTAB, LDAO, n-Octyp-D-thioglucoside, n-Octanoylsucrose,
MEGA®-8, n-Heptyl$-D-thioglucopyranoside, CHAPS, FOS-Choltr@. C12E8 seemed to
inhibit HP1028 aggregation at 58V (0.5 CMC) concentration. Further DLS analysis for
crystals optimization purposes revealed that addBiRE8 at 0.25 CMC (27.uM)

concentration to the buffer was sufficient to inhdggregation.
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Fig. 3.3. Distribution diagrams of HP1028 without detergent: Volume (%) vs Size radius (nm) (left) and Intensity (%) vs
Size radius (nm) (right).
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Fig. 3.4. Distribution diagrams of HP1028 incubated with 0.5 CMC C12E8: Volume (%) vs Size radius (nm) (left) and
Intensity (%) vs Size radius (nm) (right).

3.2.4. Expression and Purification

The plasmidpET151-HP1028 codifying for native HP1028 was used to transfdemcoli
BL21(DE3) strain. Cells harboringeT151-HP1028 were grown at 37°C in 3 liters LB
medium containing 10Qg/ml ampicillin until 0.6 ORw. The protein expression was induced
by adding 1 mM isopropyp-thiogalactopyranoside (IPTG) and incubating thetéx@al cells

in mild shaking for 5 h at 30 °C. Cells were hatedsoy centrifugation at 11 000 g for 8 min
and suspended in 30 mM Tris-HCI, pH 7.5, 250 mM NAO mM galactose, 0.05% NaN
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55 uM C12E8 (0.5 CMC). Reuspended cells were lysated, by incubating wisozyme 1
mg/ml for 1 h at 4°C and bsonication in presence of proteinhibitors (Protease Inhibito
Cocktail, Sigma-Aldrich). Akr centrifugation (25 min at 2000 g), thesoluble fraction we
loaded onto a 1 ml Hi$rap column (GE Healthcare) equilibra with the tuffer. After two
washing steps with the buffsupplemered with 20 mM imidazoland 40 mM imidazole, th
protein was eluteth imidazole gradient to 500 mNThe Histag was cleaved by enzymz
digestion with 1.5 m@obacco Etch Virus (TEV) proteg, carried out adding 0.5 mM EDT
and 1 mM DTT to proteirsolution and incubating O.N. at 4. The protein was purifie
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Fig. 3.5.A Chromatogram of HP1028 Niz*-affinity, Fig. 3.5.B. SDS-PAGE of samples coming from different steps
of affinity chromatography. Strangely, Hisc-HP1028 seemed to
have an higher apparent MW.

from the cleavageolution by diluting the imidazole concentration20 mNV with buffer,

loading the protein solution onto ml His-Trap column andollecting the flow throug|

The protein was concentrated by ultrafiltration @&8pin 15R ,000 MW, Sartorius) fo
loading on XK 16/20 size exclusion colun(GE Healthcare)oaded witt about 24 ml
Sephacryl St00 HR (GE Healthcare). The monodisperse proteis ggparated from tf
aggregated fractioand concentrated to 50 mg/ml for crystallizatiompmses The proteins
concentration was determined by UV/VIS spectrosc@80 nm,Cary 50 Bio U\-Visible

spectrophotometer, Varian Ipasing the theoretical absorption coeffici

Protein purity waslwecked by SD-PAGE at the end of the purification step.
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Fig. 3.6.A. Elution profile of HP1028 gel filtration chromatography. Fig. 3.6.B. SDS-PAGE of HP1028
at the end of the purification.
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Expression and purification of HP1028 single (L122Wd double (L129M/A110M) mutants

were performed using the same method, but the ssiore of the mutant proteins was
performed using a seleno-methionine containing omadiFor the expression of seleno-
methionine derivated proteins,Met auxotrophE. coli strain (B834) was used. The protein
expressions were performed in 2 liters of a sel@ethionine-containing medium, composed
by minimal medium M9 added of glucose 2%, vitami) 8mall quantity of metals, amino

acids and seleno-methionines. In some purificafidios crystal optimization a lower

concentration of C12E8 was used (2i\6, 0.25 CMC) in purification buffers.

3.2.5. Western Blotting
HP1028 samples were re-suspended in loading bufifet o H

S
HP1028
kDa

175

separated by SDS-PAGE. After the SDS-PAGE, thelvedo
proteins were transferred electrophoretically onta -

HP1028

nitrocellulose membrane (HybondTM, GE Healthcared a

incubated with primary antibody against His-taghbiocking

30

reagent O.N. at 4 °C. The membrane was washed tihmes in — —— isghpicze
PBS-Tween (0.15% Tween 20), 3% BSA and then in«ambez
for 1 h at room temperature with secondary antibGaiyti- Fig.3.7. western Blotting of His,-

mouse IgG, linked to alkaline phosphatase) diluellocking HP1028.

5

7

reagent. The membrane was washed as described abdvdeveloped using 5-bromo-4-
chloro-3-indolyl-1-phosphate (BCIP) and nitro bltetrazolium (NBT) (Western Blfe

Promega), following the manufacturer procedure.

3.2.6. Circular dichroism analysis

To determine the secondary structure of native 2B1@ Circular Dichroism analysis was
performed. CD measurements of the protein diluteed mg/ml final concentration were
performed using a JASCO-J720 Spectropolarimetex,dr05 cm path length cell. The spectra
in the far-UVv (190-260 nm) were recorded at a soapspeed of 50 nm/min. Ten spectra
were accumulated and averaged followed by basebnection by subtraction of the buffer.
Mean residue weight ellipticities were calculated @xpressed in units of degree’amol™.
The circular dichroism spectrum was deconvolutedgusoftware program CDNN version
2.1 (Bohm, Muhr & Jaenicke 1992). The spectrum deotution showed 48%-sheet, 6%:-
helix, 30% random coil and 16@turn. Therefore, the protein was predicted to lzéniy a
B-protein.
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Fig. 3.8. Far-UV CD spectum of native HP1028.

3.2.7. Crystallization and preliminary X-ray diffraction trials

The purified native HP1028 protein has been dilue®5 mg/ml for crystallization trials.
Crystallization conditions were identified usingttisg drop methods and Oryx8
crystallization robot (Douglas Instruments). Selvemgstallization precipitants were used
from different commercial kits: Structure Screeand Il from Molecular Dimensions, The
PACT Suite, MB Class | and Il from Qiagen. Genemjstallization trials were performed
mixing 0.35 ul protein solution with 0.35ul precipitant on 96-well plates (Douglas
Instruments), containing 80l precipitant in every well. Three crystallizati®@mperatures
were tested: 4°C, 10°C and 20°C. Preliminary ctgsshnative HP1028 were obtained in two
different conditions: with the screening solutiora®d with the screening solution 35 from
Structure Screen |. The first crystal typology,abéd at 30 mg/ml protein concentration with
screening solution | 35, composed by 0.2 M Lithisatiphate monohydrate, 0.1 M Tris pH
8.5, 30% PEG 4000, had a monolithic cubic shape. (&9.). Preliminary diffraction trials
reveal that the crystals belonged to P23 spacepgadtih cubic unitary cell and diffracted to 4

A maximum resolution, even afte
incubation of the crystals with differen
cryoprotectant solutions (precipitant add
of 15% glycerol or 5% Ethylenglycole o
5% PEG 400). The crystals obtained at
mg/ml with screening solution | 9
composed by 20% isopropanol, 0.1
Sodium Citrate pH 5.6, 20% PEG 400
had a long-shape and they appea Fig. 3.9. Native HP1028 crystal grown in Structure screen | 35
twinned. Crystals belong to space gromeuntedinaloop.

P22,2; and preliminary diffraction data were collected3& A maximum resolution, using a

cryoprotectant solution containing the precipitamdded of 10% Glycerol. Crystals
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optimization trials of both the crystal types weerformed: changing the components of the
precipitant, the dimension of the drops, the temfee, the concentration of the protein,
addition of adjutants, small organic molecules detergents, and usirsgeding techniques.
No higher resolution data were collected for thrstfcrystal type, obtained with Structure
Screen | solution 35, even if crystals were bigugiiofor data collection, since they poorly
diffract, probably because of the high solvent eant All the methods used for crystals
optimization did not permit to improve the qualy the native HP1028 crystals obtained
with both the precipitants. On the other hand, HF810129M and HP1028 129M/A110M
crystals, obtained with screening solution | 9frdidted to higher resolution (Fig. 3.10.).
HP1028 L129M/A110M crystals were optimized reducitige concentration of C12E8
detergent to 0.25 CMC (27,8M) in the purification buffer.

Some other trials to improve the quality of thestays were attempted. The vapour-diffusion

crystallization drops were added of detergents €@eint screen, Hampton research) at 0.25
CMC and 0.125 final concentrations. ZWITTERGENT®148- FOS-Choline® -12 and
CHAPSO seemed to slightly improve the crystals igpaDiffraction data were collected
from HP1028 L129M and HP1028 L129M/A110M crystasspectively, to 2.4 A and 2.5 A
maximum resolution (see paragraph 3.2.8.).

To increase further on the anomalous signal
of the selenium at some wavelength,
oxidation of the selenium in the seleno-
methionine  derivatized protein  was
attempted. The selenium oxidation was
performed following a protocol present in
literature (Sharff et al. 2000). A HP1028
L129M/A110M sample was oxidated with
hydrogen peroxide 0.1% for 90 seconds and

Fig. 3.10. HP1028 L129M A110M crystals grown at 35 mg/ml  SUDSequently  diluted in  buffer and

protein concentration in 20% isopropanol, 0.1 M Sodium . . .
Citrate pH 5.6, 20% PEG 4000 at 20°C. concentrated for crystallization trials. No

crystals of oxidated HP1028 L129M/A110M were obégin

To obtain initial approssimate phases to solve gtracture by MAD, as well as the

selenomethionine derivated protein, an lodine-@iied protein was produced (Miyatake,
Hasegawa & Yamano 2006). A Qubdrop of 0.67 M Kl, 0.47 M4 was located next to the
crystallization drop, containing HP1028 crystalsd athe vapour-diffusion chamber was
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sealed. The two droplets were incubated for 1 haturoom temperature. The lodine-
derivatized crystals diffracted to a very low resiin.

To obtain initial phases by MIR method, HP1028 U¥#2%rystals were soaked with
precipitant added of 10 mM PCIPtCh, AuCls, TICI3- H,O, AgNG;, IrCls- H,O, GHgHgO,,
Eu(NGy)3- 6HO, GdCh-H,O or 0.3ul of 50 mM solution of each heavy metal was added t
1.5l crystallization drops before crystals formati@erivatized crystals obtained in both the

methods diffracted poorly.

3.2.8. Data collection

Cryoprotectants used for the crystal type obtawél precipitant Structure Screen 9 were
20% isopropanol, 0.1 M Sodium Citrate pH 5.6, 20EGP4000 added of 5% Glycerol or
10% PEG400.

The soaked crystals were then mounted on a cryw-boad immediately frozen under a
nitrogen stream at 100 K. Diffraction data of HP802129M, crystallized in precipitant
Structure Screen | 9 were collected on beamlinel#B®Llising a Q315r ADSC X-ray detector
at the European Synchrotron Radiation Facility (EpR Grenoble, with 1° oscillation per
image. Instead, HP1028 L129M/A110M data were ctdigcat 1D23-1 (ESRF) with 1°
oscillation per image using an ADSC Q315R detector.

All the data sets were integrated usiM@SFLM (Leslie 1992) and merged witBCALA
(Collaborative Computational Project 1994) as immated in CCP4 (Collaborative
Computational Project, Number 4, 1994). Both thestals of HP1028 L129M and of HP1028
L129M/A110M belong to P2:2; space group with slightly different cell paramster
a=34.1644 b=78.9431, c=130.8406 A and a=34.15038018116, c=131.3469 A,
respectively. Data at different wavelengths, cqoesling to remote and peak, for the MAD
experiment were collected from several crystalan&mf the data-collection statistics are
shown in Tables 3.2 and 3.3. MAD approaches torohéte the positions of Selenium atoms
and to calculate the phases were performed uss§HARP/autoSHARP suite (Bricogne et
al. 2003).
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3.3. Results and Discussion

The native HP1028 protein was expresseé.igoli in a soluble form, without the putative
signal peptide identified by SignalP. After puriftion trials by Ni*-affinity chromatography,
the HP1028 protein resulted to be aggregated fr&w® &nalysis. To inhibit the hydrophobic
unspecific interactions between protein molecul@®tein samples were incubated with
different detergents at concentration lower than GCind one detergent (C12E8) was
identified as able to disaggregate the protein.(Big., Fig. 3.4.). A detergent concentration
lower than CMC was used to cover aggregation-ptoteophobic surfaces of HP1028 and
to avoid micelles-formation in protein solution. Madisperse HP1028 protein was purified in
high yield for crystallization purposes in a Cl2&htaining buffer using Ki-affinity
chromatography (Fig.3.5.A) and size exclusion clatmgraphy (Fig. 3.6.A.), that suggested a
monomeric state of HP1028 protein. High purity loé tprotein solution at the end of the
purification step was confirmed by SDS-PAGE (Fig6.B). Interestingly, the apparent
molecular weight of HisHP1028 (Fig. 3.5.B.) seemed to be higher than ergde about 27
kDa, whereas the HP1028 protein after cleavageh@fHis-tag had a normal SDS-PAGE
migration pattern (Fig. 3.6.B.). Western Blottingadysis (Fig. 3.7.) was performed on
samples after affinity chromatography using anlertty against His-tag to validate the
presence of HisHP1028.

On the other hand, further DLS analysis indicatetinaeric state of HP1028 protein: these
discrepancies in Molecular weight estimation forifiedent techniques could be caused by
the low resolution of the manually-packed size esicin column used for the purification, the
binding of detergent molecules on the protein srfand the hydrodynamic volume of the
protein that could be different in presence ofgH#g or not.

Interestingly, HP1028 was purified with a sephacgmtaining gel filtration column, because
HP1028 seemed to bind the Sephadex resin, contairf@dperdex columns. Since Sephadex
resins are made by dextran, a cross-linked polysaie, it is possible to hypothesize an
interaction between the HP1028 protein and carbeitgd, as suggested by the bioinformatic
tool Robetta. Circular dichroism analysis (Fig. )3idicated a prevalence di-sheet
secondary structure (48%), like ebuliachain, enhancing the hypothesis of a similarity
between the two structures. Following this hypathebe protein buffer was added of 10 mM
galactose, with the purpose of stabilizing the girotluring the crystallization trials and, if the
protein-galactose interaction exists and is stemgugh, of identifying the binding site by co-
crystallization. If this hypothesis was confirmét?1028 could be identified as an adhesin or
a carrier for carbohydrates.
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Fig. 3.11. A crystal of HP1028 L129M A110M with seleno-
methionines in a loop.

solution | 9, were used for data collection.

To obtain approximate phases by MAD
method, a single mutant (L129M) and a
double mutant (L129M/A110M) HP1028

were produced. Single and double mutant
HP1028 proteins were expressed, marked
with seleno-methionines and purified by
affinity chromatography and gel filtration,

similarly to the native HP1028 protein.

crystals of L129M
L129M/A110M HP1028 with seleno-

methionines, obtained with Structure screen

Optimized and

After extensive screening of these crystals, data were collected at 2.4 A and 2.5 A,

respectively, for single mutant and double mutaotgn (Tables 3.2. and 3.3). The crystals

belong to orthorhombic R2,2, space group.

Data set Remote Peak
Beamline ID14-4 ID14-4
Wavelength 0.8726 0.9795
Space group R2,2; P22,2;

Unit cell parameters (A)
Resolution (A)
Total No. of reflections 70998 (10588)

No. of unique reflections 10461 (1497)

Multiplicity 6.8 (7.1)
Anomalous multiplicity 3.6 (3.7)
Completeness (%) 99.9 (100.0)

Anomalous completeness 100.0 (100.0)
0.131 (0.395)

10.8 (5.0)

Rmerge

l/s(1)

a=34.2096 b=79.2777, c=1389
79.31-2.85 (2.85-2.70)

a=34.1644 b=78.9431, c=130.8406
78.94-2.55822.40)
188390 (2682
14580 (2078)
12.9 (12.9)
6.9 (6.7)
100.0
100.0
0.159 (0.430)
15.9 (5.3)

Table 3.2. Data-collection and processing statistics relative to HP1028 L129M. Values in parentheses are for the highest

resolution shell.
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Data set Remote Peak

Beamline ID23-1 ID23-1

Wavelength 0.97206 0.97887

Space group R2,2; P22,2;

Unit cell parameters (A) a=34.3751 b=82.3462 c=1800 a=34.1503 b=80.9116 c=131.3469
Resolution (A) 82.48-2.95 (2.95-2.80) 80.85-2.646422.50)
Total No. of reflections 56527 (8355) 73968 (10450)
No. of unique reflections 9628 (1383) 13201 (1880)
Multiplicity 5.9 (6.0) 5.6 (5.6)

Anomalous multiplicity 3.3(3.3) 3.1 (3.0)
Completeness (%) 99.2 (100.0) 99.4 (98.7)
Anomalous completeness 98.0 (99.2) 97.8 (95.8)

Rmerge 0.165 (0.498) 0.112 (0.499)

I/o(l) 12.4 (4.7) 14.4 (5.2)

Table 3.3. Data-collection and processing statistics relative to HP1028 L129M/A110M. Values in parentheses are for the
highest resolution shell.

Based on the molecular weight of the protein (17388) and the volume of the asymmetric
unit, the Matthews parameters (Matthews 1968) fa, dwo, three and four molecules in the
asymmetric unit are 5.06, 2.53, 1.69 and 1.2fDA respectively. This suggests the presence
of two molecules in the asymmetric unit, which esponds to 51.4 % solvent content.
Several trials were performed to phase HP1028 L12&l HP1028 L129M/A110M using
MAD method and different combinations of data dait as yet, we have not been able to
obtain a solution. This is probably attributablete low quality of the anomalous data and to
the low multiplicity of some data sets. Furtheradate going to be collected to attempt to

solve the three-dimensional structure.

Fig. 3.12.A. Reciprocal space planes of HP1028: 0kl (left) and hOl (right)
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Fig. 3.12.B. Reciprocal space plane hk0 of HP1028
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Cloning, Expression and Purification of HPO175 from

Helicobacter pylori
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4.1. Introduction

4.1.1. Identification of HPO175 in Helicobacter pylori secretome

HP0175 fromHelicobacter pylori was previously identified in 1998 by proteomic dsaés
(McAtee et al. 1998). After analysis of the proteamtigens of the gastric pathogen
Helicobacter pylori recognized by human sera, HP0175 was identifiednasof the highly
and consistently reactive antigens. Further clingtadies (Atanassov et al. 2002) identified
HPO175 as one of five antigenskbfpylori preferentially recognized by antibodies in patients
affected by gastroduodenal ulcers and non-ulcepapy§a, suggesting a possible use of this
protein inH. pylori vaccine development. Studies (Kim et al. 2002; Bamet al. 2002) dfl.
pylori secretome revealed that HPO175 was secreted maldeim and, since this protein was
too small to contain the multiple domains necesarautotranspor(Schmitt, Haas 1994), a
type ll-like secretion mechanism was hypothesiaed,the general secretory pathway of

Gram-negative bacteria.

4.1.2. HPO175 isatoxin with Peptidyl-prolyl cistrans-lsomer ase activity
PPlases catalyse tloes-trans isomerization of proline imidic peptide bonds illgopeptides
and include distinct classes of proteins, chareddrby different drug specificity and by
different structures:cyclosporin A-binding cyclophilins, FK506-bindingroteins and
parvulin-like PPlases that do not bind immunosugpgaats (Shaw 2002).

Cyclophilins could play important roles on protdanafficking, assembly, immune-system
modulation and cell signaling (Obchoei et al. 2088 are composed by an eight-stranigled
barrel that forms a hydrophobic binding site forcogporin A (Ke et al. 1991). FK506-
binding proteins (FKBPs) are chaperons most highiyressed in the nervous system (Shim
et al. 2009), they play an important role in the€ll- activation (Kang et al. 2008) and are
characterized by an amphipathic five stranflesheet located around a single shetielix
(Michnick et al. 1991). Parvulin-like PPiases cehxf a halfp-barrel, four antiparallel
strands surrounded by fowrhelices, and have been demonstrated to be invalvezell
regulatory mechanisms (Ranganathan et al. 199¢erRly, Parvulin-like PPiases have been
shown to be involved in cell signaling. Their darkagion can lead to cancerogenesis. In
particular, the parvulin-like PPlase Pinl contrtie conversion of peptidyl-proline bond
conversion fronxis to trans, only when the preceding serine or threonine issphorylated
(Finn, Lu 2008). Pinl overexpression is found imesal types of cancer, suggesting a key
role in regulation of proteins that facilitate pgetent proliferative capacity.
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Some clues have been reported that confirm theafotbee three main classes of PPlases in
bacterial infection and virulence. The streptocbccgclophilin SIrA is involved in
pneumococcal colonization (Hermans et al. 2006)e THip protein of Legionella
pneumophila, a member of the FK506-binding protein familyingolved in its entry into host
cells and intracellular replication (Kohler et 2003).

In a more recent study, Basak et al. identified Rieetidyl-prolyl
HPO175

J' cistrans-lsomerase (PPlase) activity of Parvulin-like HPRHnhd

TLR4 its ability to induce apoptosis (Basak et al. 2008)e HP0O175

lv apoptosis ability was confirmed through a KO pylori strain,

ASK1 activation where interaction of the protein with Toll-Like Reator 4 (TLR4)

J' was demonstrated. Through TLR4-binding HP0175 atdi

P38 MAPK activation . . .

several mechanisms. After TLR4 interaction, HPOis’able to

mme}msmam activate apoptosis signal-regulating kinase 1 (AGKRB8 MAPK

¢ and caspase 8. Subsequently, caspase 8 mediaeagseof Bid

ok factor, leading to deregulation of the mitochonidrizembrane
l potential, release of cytochromend activation of caspase 9 and

et hdpionie g 3. Finally, the last step of HPO175-induced cellatte is

characterized by PARP cleavage and consequentagi®pt

cytochrome c release

i Moreover, HP0175 was demonstrated to induce ILl&ase from
caspase 0 activation THP-1 (Human acute monocytic leukemia) cell lined &rom
l PBMCs (Peripheral Blood Mononuclear Cells) (Patretkal.

caspase 3 aclivation . .
l 2006). HPO175-promoted TLR4-dependent signalinghvways
were demonstrated to activate the MAPKs, ERK argl da\PK

PARP cleavage
and apoptosis

, _ through PI3K and Ras/Racl. This, subsequentlyyateiil MSK1,
Fig. 4.1. Apoptosis pathway
induced by HPO175. Adapted by 3 nyclear kinase central leading to HPO0175-driveR«R
Basak et al. 2005.

activation. NF«xB activation was necessary for driving HPO175-
inducedlL-6 gene expression. Since MSK1 is able to phospheryistone H3 as well as the
p65 subunit of NReB, MSK1 could most likely influence HPO175-promotetdromatin
modifications atiL-6 promoter level, by inducingl-6 gene expression. HP0175-stimulated
histone H3 phosphorylation on Serl0 and p65 phastdtmn were dependent on MSK1 and
chromatin immunoprecipitation assays confirmed thegraction of p65 and phospho-Serl0
H3 with thelL-6 promoter was correlated on MSK1, which seems &y jal central role in

HP0175-mediated induction of IL-6.
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Finally, it was demonstrated that HPO175 transvatds EGFR and stimulates EGFR-
dependent VEGF production in the gastric cancdrliced AGS (Basu et al. 2008). VEGF
plays an important role iRl. pylori-associated gastroduodenal diseases (Uemura2Q(Qdl)
and is overexpressed in human gastric adenocaram@Brown et al. 1993). VEGF function
Is pleiotropic: it is involved in the reconstructi@f normal mucosal architecture required
during healing, but at the same time, VEGF promdaastric carcinomas by supporting
tumor-associated angiogenesis (Basu et al. 2008).

Exogenous HPO0175 was able to stimulate EGFR aiivawith involvement of

HPO175 o7 cyclooxygenase-2. Additionally,
? TLR4-mediated EGFR
TLR4
v \_ transactivation seemed to be
MyDEs PI-3K J, . ..
: / \ nansiocation of TLR410 Ipid ratts  INdependent frontag Pathogenicity
4 .
— TAK1 Raci  Fas Associaiionl iy wiih Island. The TLR4 was co-localized
' ’ + oy TLR4, activation of ) o .
} X & & Kynkinesg ane with the lipid raft marker flotillin,
yn-mediaie: Wrosine
| 38 MAPK ERI hosphorylation of TLR . . .
: : \ . ook il suggesting that the binding of
| /
L .
B N l HPO175 to TLR4 triggers the
phosphorylation b ; -
osccta > interaction of phosphio- . ..
™ N TLR wih EGFR translocation of TLR4 to lipid rafts,
Vi in hped radts
l v 1 a prerequisite for EGFR activation.
translocation of / activation of EGFR
i ‘ | AGS cells have been reported to
MSK1-gependent +
E[tiirg‘)hc.sphcw. —— IL-6 gene transcription VEGF transcription express C-SI‘C, Lyn, and C_Fgr (Steln

Fig. 4.2. HPO175-mediated IL-6 Fig. 4.3. VEGF activation et gl. 2002): the translocation of
release mechanism. Adapted from pathway promoted by HP0175.

Pathak et al. 2006. Adapted from Basu et al. 2008. TLR4 to |Ip|d rafts have been

demonstrated to facilitate its interaction with Lyrfollowed by Lyn-dependent

phosphorylation of TLR4 on tyrosine residues. Sombhservations suggested that VEGF

activation could be stimulated via Hife:{Basu et al. 2008).

4.1.3. HPO175 similarity analysis

HPO175 amino acidic sequence analysis identifiesslotein as belonging to the Parvulin-
like family of PPlases. Analysis with BLASTp dete@&1% identity and 45% similarity with
the C-terminal catalytic domain of chain A of SuirAm Escherichia coli, whose structure is
known. SurA is a chaperone that facilitates corfetding of outer membrane proteins in
Gram-negative bacteria. SurA is packed in the atysith a tetramer in the asymmetric unit
and every protomer is constituted by four domahisRK1, P2, and C), grouped in two parts.

The larger part, called “core domain”, is composédN, P1 and C segments, whereas the
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smaller one includes the P2 domain, which is cotatketo the core domain by two 25-30 A-

long segments. Because of the domain organizaBar is an asymmetric dumbbell. The

HPOLT75 . . . e
SurA APQVVDKVAAVVNNGVVLESDVDGLMQSVKLNAAQARQQLPDDATLRHQIMERLIMDQIILOMGQKMGVK

o 40

1 1 20
HPO175 . .... KN LLVGAASFLMP HN . ..o KKL‘TDSS[-G
Sura ISDEQLDOAMAN TENKONNM TILDOMRIS RILEYYDGLNYNTYRNQIRKEMI I SEVRREAIE VR RRTI T|T|L PO E VIEISI#

50 60 [o] 80 o 100

7 9
HP0175 E\T|VD[ERP ... ... ITKEJDFDMIKQREEEAN FF DKL KIAK[EK|EFAL TsXeFNT R TEAL VENEENK|TEK LIS TPEFKAM
SurA E\OQVENONDASTELNLEH I LT PLPERIIT SO VN E A S|OARENT VIsEPAR NCED FC K LENTIAH S ABQOATLNGGQ

110 120 130 140 150 160

HP0175 EAVKVEFW KKQV KV IBEKEMODEYNANKDQH. . . . .. EHARHILK .. .
Sura GWGRIMEMPG I FEXOAL|S TAKESGD|IIVGIEIR SIGVGIEHE ILKVNDR GES KN I[SiV|TIHVi;#N:8:88A1)4P S P T MT)y)

170 180 190 200 210 220 230

HP0175 KIS IDK[OJPKAKKERKETEL NDIN KNQNKFKNQMA DK AFAMTP DYKT

Sura IH0 AR VK L0 T AAD T K S GKITIAA AARNKIEFISIOpREGE] . . BN Olefesdfejw AlT{P D T F DRAIRIDENL T RIAN K[eloM|s|. |2
240 250 260 270 280 290

HP0175 PVFGHI ,§SKDPTY YP'rL%KGQELREMNQERIL. K H Kv INK .

Sura 1A% H|S Shelwpt LEEIR 1D T RN, . \%D KE§D|A 2 QYDIR AY RUSAM NIR|[KIF SIHEIA AlSIW MOIAOIIA SEYY|VIKEIL SN

Fig. 4.4. Sequence alignment of HP0175 from H. pylori and SurA from E. coli.

core unit begins at the N-terminus with a pair ledrs antiparallel3 strands followed by-

helices. P1 domain, connected with the N-termimeathdin through a short linker, shares the

topology of the Parvulin-like family of PPlasesndar to human Pinl one (Ranganathan et

al. 1997). The scaffold of the PPlase domain isua-strande@-sheet surrounded by four

helices. The C-terminal domain is composed by g éshelix located between the N-terminal

and P1 domain and by a sh@rstrand antiparallel to the initidll strand of the N-terminus.

The C-terminal helix partially occludes the catalytleft of P1. The P2 domain has a

Parvulin-like fold as well and shares sequencelaiity with the P1 domain.

The homology regions between SurA and HP0175 irevtihe N-domain, P1 and part of P2

domains. A putative structure of HP0175 was prediaising the bioinformatic Homology

Modelling tool ESyPred3D (www.fundp.ac.be/scienbedbgie/urbm/bioinfo/esypred/) using

as template SurA fror&. coli.

74



Chapter IV

Fig. 4.5. Crystal structure of SurA from E. coli (left) and Homology Modelling structure of HP0175 from H. pylori (right).

4.1.4. HPO175 gene and protein features

The HPO175 gene was cloned from thé. pylori genome of CCUG17874 strain. Analysis
with SignalP (www.cbs.dtu.dk/services/SignalP/)ifiormatic tool identifies a signal peptide
at the N-terminus and a predicted proteolytic biééween 26 and the 2% amino acid of
HP0175 sequence. The sequence below correspontle teecombinant protein, without
signal peptide, added of a N-terminal His-tag fleshkby a cleavage sequence for TEV

protease, coming from the construct codified by pEIexpression vector.

-24 -14 -4 33 a3 53
MHHHHHHGKP | PNPLLGLDS ~ TENLYFQ|G D PFTANNATHN  TKKTTDSSAG  VLATVDGRPI
63 73 83 93 103 113
TKSDFDM KQ ~ RNPNFDFDKL ~ KEKEKEALI D QAIRTALVEN  EAKTEKLDST  PEFKAMVEAV
123 133 143 153 163 173
KKQALVEFWA  KKQAEEVKKV ~ Q PEKEMDF  YNANKDQLFV ~ KQEAHARHI L VKTEDEAKRI
183 193 203 213 223 233
| SEI DKQPKA  KKEAKFI ELA  NRDTI DPNSK ~ NAQNGGDLGK  FQKNQVAPDF  SKAAFALTPG
243 253 263 273 283 293
DYTKTPVKTE ~ FGYHI I YLIS  KDSPVTYTYE  QAKPTIKGM.  QEKLFQERWN  QRI EELRKHA

Kl VI NK

| corresponds to the cleavage site for TEV protease.
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HPO175 Properties
Number of amino acids 276
Molecular Weight (Da) 31611.0

Theoretical pl 9.10
Abs (1 g/l) 0.457

Table 4.1. Some properties of HP0175 protein, referred to the construct after cleavage with TEV protease
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4.2. Materialsand methods

4.2.1. Cloning of HPO175

HP0175 gene was PCR amplified from chromosomal DNAHofpylori strain CCUG17874,
using the primers 5’-CACGCAAATAACGCTACGCATAAC-3’ (forward, Topoisomerase
recognition site underlined) and 5-CTATTACTTGTTGARCAATTTTAGC -3’ (reverse)
The PCR amplification product was inserted intogRpression pET151/D-TOP@rectional

plasmid, using TOP®Cloning kit by Invitrogen and following the manufarer procedure.

4.2.2. Expression and Purification

The expression vector resulting from the cloningpsivas used to transforea coli BL21
(DE3) (Invitrogen) for protein expression. Cellsthaing pET151-HPO175 were grown at 37
°C in 2 liters LB medium containing 10@g/ml ampicillin. 1 mM isopropyB-
thiogalactopyranoside (IPTG) was added to the nmedinduce protein expression and the
culture was incubated for 4 h at 30 °C under mhdking (200 rpm). The bacteria were
harvested by centrifugation and stored at -80 @& Bacterial pellet was re-suspended in 30
mM MOPS pH 7.2, 200 mM NaCl and cell lysis was perfed by incubation with lysozyme
(2 mg/ml, 1 h, 4 °C) and by sonication after additof Protease Inhibitor Cocktail (Sigma-
Aldrich). The lysed cell suspension was clearededdris by centrifugation (40000 g, 25 min,
4 °C) and the supernatant was loaded onto a 5 islrepp FF column (GE Healthcare),
equilibrated with the buffer used for bacteriaktespension.

After three extensive washes with 2 %, 5% and 18dlations of Elution buffer (30 mM
MOPS pH 7.2, 200 mM

L \ ' NaCl, 500 mM Imidazole),

"'u “ L\ ; the protein was eluted by
| | \ applying a gradient from 10

| | "-\‘ | Y | ! % to 100 % Elution buffer.
. \ | e o "-\.\ | Because of the huge
T NJ amount of protein,

probably greater than the

Fig. 4.6. Affihity éhrouhat:)gra:phy of ;IPO;JS;JH P(.)]175‘>:wa.s] preqsen"c: in gll th’e péaks of o )
the chromatogram. column binding capacity,

Hiss-HP0175 was present in all the fractions colle¢teth the chromatography.
The fractions containing HigHP0175 were pooled and incubated O.N. at 4 °C witimg
TEV, concentrated by ultrafiltration (10,000 MWCHRijllipore), diluted with 30 mM MOPS
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pH 7.2, 200 mM NaClto 8 mM final concentration imidazoland loaed again into tf
affinity column. The proteinfraction not bound the column, i.ewithout His-tag, was
concentrated fothe second step of purificatioa size exclusion chromatography. Bece of
the very high yield of purifiecprotein (300 mg), several chromataghic runs using an
HiLoad 26/60 Superdex 200 GE Healthcare column were performed.he dution volume
showed that HPO175 isdimeric protein. The protein, that revealadvery high slubility,

was concentrated to 83ng/ml forcrystallization trials.

260
Voo = 549.3 - 73.9 x log(M,) N MW HPQ175
N . | ve=211ml kDa
Column: Hiload 26/60 Superdex 200 / ) 97
Flow rate: 1.5 ml/min |
Buffer: 30 mM MOPS pH 7.2 |
200 mM Nacl |

Voiston (M)

\ 66

‘ i 45

P o | H 30 - < HPO175

20.1

|

[]
Fig. 4.7.A. Size exclusion chromatography of HP0175. The elution volume suggests a dimeric
form of HP0175.

Fig. 4.7.B. SDS-PAGE of
HP0175 at the end of the
purification process.

4.2.3. Western Blotting

Samples from different steps of HPO175 purificatiwere - Hs oo
investigatedfor the presence of the I-tag. After loading of

the samples into a SDPAGE, the proteins wertransferred

on a nitrocellulose membrane by electrophoreHybondTM, - “— wpours
GE Healthcare). After blockingf the membrane using BSA

(3%) solution in PBS for 1 land incubation of the prima

antibody O.N. at 4 °Cthree washing steps usii3% BSA in

PBS were performed. The secondary antibody wasated

for 1 h at room temperature and washed for thmeediwith ;iegf.o:‘(;_&a .‘,'Zeitfi!? 3?:\3:1:6 osftel-’l)P(Ei::
PBS. Finally, the membrane was developed using 5- TEV protease.
bromo-4-chloro-3-indolyl-lphosphate (BCIP) al nitro blue tetrazolium (NBT)(Western

Blue®, Promega).
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Chapter IV

To increase the possibilities of HP0175 crystaliaa trying to remove the flexible loo of

the protein and to obtaia protein core suitable for crystallization, a limiteproteolysis of
HP0175 was attemptedForsgren, Lamont & Persson 2(; Danley et al. 200(. Different

proteases andifferent incubation times were tested. The praea®ste were thrombin,

trypsin, chimotrypsin, thermolysiat 1:1000 protease/HP0175 ratiioug of protease with

ob F13 40 ] 0]

[\« Proteolyzed HP0175, Ve = 14.9

mg of HP0175 were
incubated at 37°C in

Column:  Superdex 200 10/300 GL 200 u' buffer Tris

Flow rate: 0.7 ml/min
Buffer: 30 mM MOPS pH 7.2

200 mM NaCl pH 8, 50 mM NacCl.
Incubation times
attempted were 15,
30 and 60 minutes

M for all the proteases.

Fig. 4.9. Size exclusion chromatogram of prt:t:eoly;ic p:;du;: of ;;901;5. Al the samples
coming from the proteolysitests were loaded into SOFAGE, which shows a -27 kDa
degradation product in proteolysis mix incubated for 1 h with trypsin. Boale upthe
process, 18 mg of HP0175 were incubated witud.&ypsin for 1 h at 37° in 10 ml buffer
30 mM Tris pH 8, 50 mM NaC The proteolysis reactiowas stopped by addirPMSF (2
mM), the proteolysis mix was concentrated by ultrafiitia (1,000 MWCO Millipore) and
loaded into a Superdex 200 10/300GL column (GE tHeafe). The HP0175 proteoly:
product was concentrated ,000 MWCO Millipore) for crystallization purpose

4.2.5. HPO175 Lysines methylation

alkylation

R—NH, + H.C=0 R—N=CH, + HxO

reduction
— R—NH—CHj (1)

CHsz
alkylation
R—NH—CH3z + Ho.C—=0 ==——= R—N—CH>0H
reduction
— RN(CHg), (2

R = lysine or a N-terminal amino acid residue
Fig. 4.10. Lysine methylation method (adapted
from JBS Methylation Kit manual).

It is generally accepted that chemical modificatodi
proteins sometimes could facilitate crystallizati
Protein flexibility can come from lar-scale motions
of domains,surface loops and - or C- terminus.
These flexible pastcould be reduced or eliminated
redesigning the protein construct removing
disordered terminal extensionswith limited
proteolysis (Walter et al. 20080bayashi, Kubota &

Matsuura 1999)Methylation of lysines is one of ti
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most common methods to engineering the proteirasarfo reduce its entropy (Walter et al.
2006). To perform this chemical modification for G5, that contains 39 lysines per
monomer, JBS Methylation Kit by Jena Bioscience wasd. It employs formaldehyde as
alkylating reagent and dimethylamine borane compexreducing agent in mild reaction
conditions (Walter et al. 2006). In particular, by of HP0O175 were used for every
methylation step, following the manufacturer's mdore. The methylated protein was

subsequently purified by size exclusion chromatoigya

4.2.6. Crystallization trials

HPO175 samples at different protein concentratiamstii 350 mg/ml, were used for
crystallization tests. Crystallization trials weararried out using Oryx8 crystallization device
(Douglas Instruments). Both sitting drops and nbatch drops were performed, screening
different precipitant solutions from several kiStructure Screen | and Il by Molecular
Dimensions, PACT Suite, JCSG Suite, Anions and dbatiSuites, PEGs and PEGs I,
AmSQO,, MPD Suite, MbClass | and Il Suites by Qiagen.yOhelw crystallization conditions
showed a microcrystalline precipitate at high proteoncentration and some optimization
trials were attempted, modifying protein concembratand precipitant composition. No
crystals were obtained from these trials.

Similar crystallization trials were performed wiphoteolysed and methylated HP0175, but no
crystals were obtained.

To reduce the very high HPO175 solubility, the HP®Xurification buffer was changed.
Since HPO175 is a basic protein, positively-chargiephysiological pH, KSCN, a salt able to
decrease the solubility of positively-charged prte(Hofmeister 1888), was added to the
protein buffer instead of sodium chloride. A 350/migconcentrated protein sample was
diluted 1:100 in 30 mM MES 6.2, 200 mM KSCN and cemtrated again by ultrafiltration
(20,000 MWCO, Millipore). Moreover, since the thetical HP0175 Isoelectric point (pl) is
about 9.1, the protein buffer was substituted 8idhmM Tris pH 8.5, 50 mM, to exploit the
inferior protein solubility in proximity of pH vaks of the buffer close to protein pl. Several
crystallization conditions were attempted, but ngstals were obtained.

80



Chapter IV

4.3. Results and Discussion

The HP0175 gene, amplified without the DNA sequence codifyfagthe putative secretion
signal, was cloned in frame with an N-terminal kg-in pET151 expression vector. HP0175
was expressed in BL21(DEB) coli cells. The protein was subsequently purified dingy
chromatography (Fig. 4.6.) and size exclusion clatmgraphy (Fig. 4.7.A) in very high yield.
The high purity of HP0175 protein at the end of pheification step was checked by SDS-
PAGE (Fig. 4.7.B) and His-tag cleavage was testetViestern-Blotting (Fig. 4.8). Since no
crystallization conditions were identified evenngsa very high concentration of protein (350
mg/ml), probably because of the extremely high lsiity of HP0175, some methods to
decrease the solubility of the protein were attepTwo protein buffers were used. The first
buffer contained a salt able to decrease the djuiSCN) of positively-charged proteins.
The second buffer had a pH closer to HP0175 plaaddferent salt concentration. Both the
buffers did not change significantly the proteitubdity.

To remove flexible parts of the protein and to wrotein surface entropy, limited
proteolysis and lysines methylation were attempléahited proteolysis with trypsin gave a
25-27 kDa proteolytic product, purified by size kston chromatography (Fig. 4.9). Both
proteolysed and methylated HP0O175 were used tapttéo find crystallization conditions,

that have been not identified yet.
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Cloning, Expression and Purification trials of HRQ4rom

Helicobacter pylori
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5.1. Introduction

5.1.1. Growth-inhibition effect of al,4-GIcNAc-capped O-glycans mucins
against H. pylori

H. pylori infection is asymptomatic in most of the infectedividuals, suggesting that natural
defense mechanisms occur in the human stomach dweaet al. 2004).

Gastric mucins are classified into two types, basedheir histochemical properties (Ota et
al. 1991): the first type is a mucin derived byfaoe mucous cells and displayed on
MUCS5AC core protein (Reis et al. 1999), whereasgsbeond type is a mucin displayed on
MUCG6 core protein secreted by the Brunner's glamdghe duodenum, glands of the
gallbladder and in a few by acinar cells of the guaas, glands of the antrum and by
mucopeptic cells of the neck zone of the body negibthe stomach (Reis et al. 2000). These
two types of mucins form the surface mucous gelg$MGL), which reveals an alternating
laminated array (Kobayashi et al. 2009).

H. pylori associates only with surface mucous cell-type muand two carbohydrate
molecules, Lewid and sialyl dimeric Lewis X displayed in surface aous cells, serve as
specific ligands forH. pylori adhesins, BabA and SabA, respectively (llver et18I98;
Mahdavi et al. 2002)H. pylori seldomcolonizes deeper portions of gastric mucosa, where
gland mucous cells produce mucins having termiigd-linked N-acetylglucosamineo(,4-
linked-GIcNAC) residues bound to core 2-branched O-glycans
[GIcNAca1—4GaPB1l—4GIcNA1—6(GlcNAcl—4GaBl—3)GalNAaw— Ser/Thr],
abbreviated asl,4-GIcNAc-cappedO-glycans (Hidaka et al. 2001). The inhibition ldf
pylori growth in this part of the human stomach is caused spadifi by al,4-GIcNAc-
cappedO-glycans, which have protective properties againstbacterium (Kawakubo et al.
2004). Recombinant soluble CD43, the preferentiaé grotein ofal,4-GIcNAc-cappedD-
glycans,was produced in CHO cells (Chinese Hamster Ovalig)agith and without theD-
glycans. Effect oH. pylori growth was testeth vitro incubating the two CD43 isoforms in
presence of bacterial cellsl. pylori cells incubated withul,4-GIcNAc-cappedD-glycans-
containing CD43 grew slower than the cells incuthateh only CD43. TheH. pylori growth
reduction rate was dependent on the dose&lgf-GIcNAc-capped-glycans-CD43 and was
demonstrated to be effective even using CD34 as patein instead of CD43. Additionally,
p-nitrophenyla-N-acetylglucosamine and natural gastric mucins, ainimg the glycan

portion, were able to suppress. pylori growth. The al,4-GlcNAc-cappedO-glycans
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antibiotic activity was confirmed by incubating AGEells transfected withal,4N-
acetylglucosaminyltransferase with pylori cells (Kawakubo et al. 2004).

5.1.2. Morphological effectsin H. pylori cells and the role of cholesteryl-a-
D-glucopyranoside

In addition to bacterial growth inhibition, othehgnotypes were observed kh pylori cells
incubated withal,4-GIcNAc-cappedO-glycans mucins, like reduction of motility, cell
elongation, segmental narrowing and folding (Kawakwet al. 2004). Thes®-glycans
induced morphological abnormalities similar to #ageoduced byB-lactamase inhibitors,
responsible of disruption of peptidoglycan wall yinthesis. This finding suggested an
inhibition of cell wall biosynthesis caused by thesucins (Kobayashi et al. 2009).

The H. pylori wall containsa-cholesteryl glucosides, that represent 25% ofl thyeds,
including cholesteryk-D-glucopyranosideoCG) (Haque et al. 1995). Mass spectrometry
analysis oH. pylori wall components reveals a reduction of cholestetipFglucopyranoside
in bacterial cells incubated wittl,4-GIcNAc-cappedO-glycans-CD43. Enzymatic studies
showed thaH. pylori lysate was able to catalyze the glycosylation aflesterol, suggesting
the presence of a cholestessglucosyltransferase expressed by the bacteriunw@Kabo et
al. 2004).

5.1.3. Identification of HP0421 as a Cholester ol-a-glucosyltransfer ase

To identify the gene encoding the cholesterglucosyltransferase ill. pylori genome, a
BLAST similarity research was performed, startimgni the amino acid sequence of the
sterolf-glucosyltransferase frorArabidopsis thaliana, but no similar enzymes were found
(Lebrun et al. 2006). Based on previously iderdifisorrelations between cholesterol and
diacylglycerol-using enzymes (Cases et al. 1998 AST analysis using the amino acids
sequence of diacylglycerokglycosyltransferase fromA. laidlawii identified a significant
similarity (42% similarity and 19% identity) with 0421 fromH. pylori (Lebrun et al.

CH,OH o] H3C CH

o H,C CHy ke 3
oH o o | NH CH, 3 o
I I 3
OH 0—P—0—P—0 CH CH,OH

CH3
CH
(o] 3|
oH o6 O o N —> o)
OH
HO OH (0]
OH

OH OH

Fig. 5.1. Chemical reaction catalyzed by HP0421 protein. This enzyme catalyzes the glucosylation of cholesterol using
UDP-glucose.
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2006). HP0421 enzymatic activity was validated bgating a knock-out strain ¢f. pylori.
Deletion of HP0O421 gene caused the loss of cholesterglucosyltransferase activity
determined byn vitro activity assay oi. pylori lysates. Further analysis detects the absence
of three glycolipids in K.O. bacterial cells, inding cholesterylk-D-glucopyranoside of
CG), demonstrating thaiP0421 gene was required fa-CG synthesis (Lebrun et al. 2006).
E. coli cells, expressing HP0421, were incubated with sév&erols and UDPHC]: this
assay reveals the enzyme selectivity for choles&sosubstrate. Localization assaysHn
pylori fractions showed as HP0421 enzymatic activity weesgnt in membrane fraction,

demonstrating the protein association to the mengbrdebrun et al. 2006). Inhibition

30 120 uM oCGL 25 120 uM 0CGL
80 UM oCGL
8 80uMoCGL . |
40 UM oCGL
— 20
- i 40 M oCGL < ¢
£ c ] 0 uM «CGL
£ 154 z uM o
> " 0uMoCGL 5 4 |
10 5 =
54 31
0 } . . . . 0 : ; .
002 000 002 004 006 008 0.10 0.4 0.2 0.0 0.2 0.4 0.6
1/[UDP-GIc] (uMT) 1[CHL] (uM™)

Fig. 5.2. Lineweaver-Burk plot corresponding to HP0421 enzymatic assays in the presence of a-GC as inhibitor. HP0421
was incubated with 5 pM cholesterol and different concentrations of UDP-glucose (left). Several concentrations of
cholesterol was added to HP0421 and 20 uM UDP-glucose (right). Adapted from Lee et al., 2008.

kinetic studies, adding-CG as inhibitor, suggested that HP0421 works iroered Bi-Bi
manner, and that cholesterol is added to the enaybstrate complex after the binding of
UDP-glucose to the enzyme. Based on this mechanlsnenzyme-UDP-glucose complex
presumably induces a conformational change thaigethe binding to an acceptor substrate
(Lee et al. 2008; Kobayashi et al. 2009). Finali,,4-GlcNAc-cappedO-glycan was
demonstrated to inhibit the cholesteseflucosyltransferase HP0421 (Lee et al. 2008).
Further studies, in particular structural stude®jld be important to develapl,4-GIcNAc-
cappedO-glycan-based drug and to identify a low molecwaight inhibitor specific for the

enzyme to eradicatd. pylori infection.

5.1.4. Cholester ol glycosylation causesimmune inhibition

Since it is not able to syntheside novo sterols H. pylori requires exogenous cholesterol for
its growth. RecentlyH. pylori cells have been demonstrated to follow the chetebt
gradient, to associate to cholesterol-rich memlzraaed to extract cholesterol from

membranes of gastric epithelial cells by directtaon (Wunder et al. 2006). Cholesterol
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extraction was demonstrated to be connected toutéisin of lipid rafts. CD55, a protein
bound to glycosylphosphatidylinositol and assodidte lipid rafts (Legler et al. 2005), was
expressed in AGS cells in fusion with reporter pmotGFP. Infection of the AGS cells with
H. pylori was linked to a decrease of fluorescence in iatecklls, suggesting a reduction of
lipid raft integrity (Wunder et al. 2006).

Additionally, H. pylori cells were incubated with different concentratiafisholesterol and
used to infect macrophages (Wunder et al. 2006).pylori cells-phagocytosis was
demonstrated to be increased against cholestetobacterial cells. Further studies in T cells

activation in vitro demonstrated that

e cholesterol stimulated antigen-specific
20107 T cell activation orH. pylori infection

B 1ox 10 of APC. These findings were
S 1.0x 10% 4 confirmed by studiesn vivo in mice.
05 10% Anyway, to escape phagocytosid,

j pylori is able to glycosylate

:x\‘?g 2 @oo@” @\@ X &oﬁ\' ‘@\QQ’ o @Go@“ cholesterol. Cholesterol glycosylation

o T e T was demonstrated to be time

120 24h 480 dependent and to provide protection

Fig.5.3. Cholesterol a-glucosylation is essential for H.pylori
infection. C57BL/6 mice were infected with wild-type, A421 mutant from phagocy{osis (Wunder et al.

and reconstituted H. pylori. Bacterial charge was evaluated

harvesting the stomach. Adapted from Wunder et al. 2006. 2006). Additionally, studies on
HP0421-deletedH. pylori cells showed that the mutant strain was not ablsynthesize
cholesterol glycosides and was easily internalizgdnacrophages, indicating as cholesterol-
a-glucosyltransferase HP0421 is essential to avbidgpcytosis. Finally, immune evasion
from T cells byH. pylori expressing HP0421 was demonstraiedvitro and in vivo,
comparingH. pylori strains deleted dflP0421 gene with reconstituted strains (Wunder et al.

2006).

5.1.5. HP0421 Homology modeling and structure prediction

HP0421 is a member of the glycosyltransferase fami(GT4) and shares some sequence
similarity with several members of the family withacylglycerol glycosyltransferase and
monoglycosyldiacylglycerol glycosyltransferase wtyi (Lebrun et al. 2006). Some of them
are A. laidlawii diacylglycerol glucosyltransferase ardiacylglycerol-3-glucose-(2)-
glucosyltransferaseA. thaliana sulfolipid synthase and diacylglycerol-3-galact¢¥e>6)-
galactosyltransferas& pneumonia diacylglycerol glucosyltransferase and diacylglyte3-
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1
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Fig. 5.4. Sequence alignment of HP0421 from H. pylori and GT4 Glycosyltransferase from Bacillus anthracis
glucose-(1>2)-galactosyltransferasehut also proteins fromClostridium thermocellum,
Deinococcus radiodurans, Helicobacter hepaticus, Lactobacillus johnsonii and T. maritima
(Lebrun et al. 2006).
An Homology Modelling with the ESyPred3D serverséa on GT4 Glycosyltransferase
from Bacillus anthracis (Ruane, Davies & Martinez-Fleites 2008) as a tateplvhich shares
24% identity and 43% similarity with a 172-aminoidsc domain with HP0421, was
performed successfully.
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Fig. 5.5. Crystal structure of chain A of GT4 Glycosyltransferase from Bacillus anthracis template (left) and Homology
Modeling structure of HP0421 from H. pylori (right).
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GT4 Glycosyltransferase fromacillus anthracis is a tetrameand every monom folds in

two “Rossmannike” B/a/p domainsdividedby a deep crevice in the interdomain region

a kinked C-terminabi-helix, which intersects from the @&rminal domain t contact the N-

terminal domain. The Nerminal domain is composed of a -stranded twisted3-sheet

flanked, on both sides of thg-sheet, by sixa-helices, whereas the @©&rminal domair

comprises fivep-strands surrounded by fow-helices(Ruane, Davies & Martin-Fleites

2008).
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Fig. 5.6. Folding and hydrophobicity of HP0421
predicted using Foldindex bioinformatic program.

terminal HP0421 domain.

5.1.6. HP0421 gene and protein feature

HP0421 gene, from 2669%. pylori strain, was previously cloned in tlegpression vectc

pPET24d in frame with a @rminal Hi-tag. The amino acidic sequence of the recombil

protein (C-Hig-tag HP0421)is represented belo
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YRY! HHI HCP SKFI VEELEK

180
YNYGGKKYAI
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A new construct encoding recombinant HP0421 in &amth a N-terminal His-tag was

cloned in pET28a expression plasmid. The aminoi@sielquence of the second recombinant

protein construct (N-Histag HP0421) is represented below.

-11

-1

10

MGSSHHHHHH SSGLVPR||GSH WI VLVWDSF

50
HVDNL GSEEE

110
EKTAVKI ARE

170
SKFI VEELEK

230
| KAVALSKYK

290
AANVESEAI A

60
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120
MQVPY! GSFH

180
YNYGGKKYAI

240
QDI VLLLKGK

300
CLEAI SVG V

70
PLVTEI SHKQ

130
LQPEHI SYNM

190
SNGFDPMFRF

250
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80
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140
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EHPQKSLFDT

260
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320
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AFRFFEALKK RGHVMRWAP
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MLFSWFKSSH YRY! HHI HCP
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220

TPFKI AWGR YSNEKNQSVL
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PVI ANSPLSA TRQFALDERS LFEPNNAKDL SAKI DWALEN

350 360
KLERERMQNE YAKSALNYTL

370 380
ENSVI Q EKV YEEAI RDFKN NPHLFKTLS

| corresponds to the cleavage site for thrombin protease.

HP0421 Properties
Number of amino acids 389
Molecular Weight (Da) 44965.1

Theoretical pl 8.96
Abs (1 g/l) 1.175

Table 5.1. Some properties of HP0421 protein, referred to the native protein without amino acids from the constructs
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5.2. Materials and methods

5.2.1. Cloning of N-terminal His-tag HP0421

HP0421 gene was amplified by PCR from chromosomal DNAHofpylori strain 26695,
using the DNA polymerase AmpliTagq G6ldy Applied Biosystems and the primers 5'-
GCACATATGGTTATTGTTTTAGTCGTGGATAG-3’ (forward) and 5'-
AATAGGATCCTTATTATGATAAGGTTTTAAAGAGATGGG-3' (reverse), composkE by

a flanking part and two restriction site (undertihefor Ndel and BamHI respectively. The
PCR amplification product was cloned in pGENI cloning plasmid by Promega, exploiting
the overhangs between the vector and PCR prodyeterated by a DNA polymerase that
adds a single deoxyadenosine to the 3’-ends ofathplified fragments. The reaction is
performed incubating the sample at 70 °C with Affgdj Gold® DNA polymerase into a 0.2
mM dATP-containing buffer for 30 minutes. After misformation inE. coli DH5a and
selection of positive clones, t&EM-HP0421 plasmid was double digested with Ndel and
BamHI, theHP0421 gene was purified and inserted into a pET28a ghgiMovagen) in
frame with a sequence encoding angHiggy followed by a Thrombin cleavage site at the N-

terminus of the recombinant construct (N4-H0421).

5.2.2. Expression and solubility estimation of C-terminal His-tag HP0421
C-terminal His-tag HP0421 solubility (C-HislP0421) was tested in two buffers 30 mM
HEPES pH 7, 300 mM NaCl and 30 mM Tris pH 8, 500 mKICI with different expression
conditions. HP0421 expression B coli BL21(DE3) harbouringpET24d-HP0421 was
induced with 0.5 mM IPTG and performed in 250 nthtd.B medium added with 50g/ml
kanamycin at 30 °C and at 18 °C for 4 hours and, @eNpectively. After bacteria re-
suspension in 10 ml buffer, lysis was performednaybation with 1 mg/ml lysozyme at 4 °C
for 1 hour and by sonication. After centrifugatigellet and supernatant samples have been
loaded into a SDS-PAGE to evaluate the solubilityth® expressed protein. The protein
solubility, estimated by SDS-PAGE, was about 40%lirthe expression trials.

To express C-terminal His-tag HP0421 in high yi&dgoli BL21(DE3) harbouring pET24d-
HP0421 were grown in 3 liters LB supplemented viidmamycin (5Qug/ml) with vigorous
shaking; at an O§p of 0.6, expression of HP0421 was induced by tlditiath of 0.5 mM
IPTG and the culture incubated for a further 4 IB@&t°C under mild shaking. The bacteria
were harvested by centrifugation and stored at °@0Expression of N-terminal His-tag
HP0421 was performed in the same way of C-terntitistag HP0421.
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5.2.3. Purification trials of C-terminal His-tag HP0421

To purify C-terminal Hisag HP042 (C-Hiss-tag HP0421) a first step byaffinity IMAC-
Ni?* chromatography was performeAfter bacteria resuspension in 35 ml buffer 30 m
HEPES pH 7300 mM NacCl, ysis was performed by incubation with 1 mglysozyme at 4
°C for 1 hour and by sonicati, after adding oprotease inhibitor cocktail (Roche, Comp-
mini EDTA-free). After centrifugatior the supernatant was loaded intHis-Trap column
(GE Healthcare) equilibrated with the buffAfter a washing step with 20 mM imidazolehe
protein was eluted in imidazole gradient to 500 nThe presence of-Hiss-tag HP0421 was
detected by SD®AGE. The SD-PAGE, loaded with fraction samples from elution, sho
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e PP kDa
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Fig. 5.7. IMAC-Niz"-affinity chromatography of C-terminal His-tag HP0421 (left). SDS-PAGE corresponding to the affinity
chromatography (right).

a protein weaklypinding to the nickel, becaumost ofthe HP0421 protein eluted with a I
imidazole concentratiortifl 40 mM) together with othet. coli protein:.

To improve protein binding, trials were performesing different buffer (Tris, HEPES,
PBS), testing differenpH values (7-8.5) and modifyinghe ionic strengt (50-500 mM

NacCl), but no improvements of protein binding w:
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The first method testedwas ionic exchang
: ~d chromatography. The affinity = chromatograph

fractions containing C-Histag HP042lwere collected
and diluted in 30 mM MES pH 6 till a final Na
Fig. 5.8. SDS-PAGE of HP0421 samples before concentration of about 6 mMhé&sample, that showed

ionic exchange chromatography. The protein ) ) ) .
tends to flocculate at low salt concentration. some flocculation, was filtrated with 0.22n filter anc
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loaded into a Cationic Exchange ChromatographyrmosolgMono S HR 5/5, GE Healthcare).
The elution step was performed with NaCl gradient M. SDS-PAGE revealed that HP0421
flocculated before the loading into the column. ihbibit HP0421 flocculation, different
buffers with different pH and slightly higher finanic strength (25 mM NaCl ) were used
and even an Anionic Exchange Chromatography wamated.

Samples, coming from IMAC-Ki affinity chromatography and containing C-ktag
HP0421, were used to perform a size exclusion catognaphy. For this purification step, a
HiLoad 26/60 Superdex 200™ (GE Healthcare) colunmas wsed. HP0421 revealed an
unusual elution volume, almost corresponding tottital column volume. HP0421 was not
successfully purified using this method, owing ke tpresence oE. coli proteins with a
molecular weight very similar to that of HP0421.

Hydrophobic Interaction Chromatography was alsenagited. Preliminary protein solubility
trials failed to identify the ammonium sulphate centration in which HP0421 was soluble
and sufficient to allow it to bind to the hydrophoatrix.

Finally, affinity chromatography and ionic exchangeromatography were attempted on
denaturing conditions (8 M urea), but the yieldpofified denatured HP0421 was not high
enough for refolding purposes.

5.2.4. HP0421 Refolding

Purification of the insoluble fraction of HPO42Dbiin inclusion bodies is briefly described.
After HP0421 expression ia. coli and lysis of the bacterial cells by lysozyme (¥/mmig1 h,
4°C) and sonication (in buffer 50 mM Tris pH 8, T%ton X-100, 0.1% sodium deoxicolate,
100 mM NacCl, 0.1% Napl 10 mM DTT), the pellet, obtained by centrifugatiat 20,000
rpm for 25 min, was re-suspended in a Triton and Afgontaining buffer (50 mM Tris pH
8, 0.5% Triton X-100, 100 mM NaCl, 1 mM EDTA, 1 mPITT, 0.1% NaN) and submitted
to sonication.
The Triton, contained into the buffer, is requestedsolubilize proteins present in the
bacterial pellet. Aimost all th&. coli proteins and a small amount of recombinant protein
were removed in this way: at the end of the prqcE§¥421 was still present in the pellet
because of its large amount. Several washing steps performed, until the bacterial pellet
contained the only pure HP0421 protein, whereadastewashing step was performed in a
buffer without Triton X-100. The purity of HP042law checked by SDS-PAGE.
The pellet, after centrifugation, has been re-saded in 7 M guanidine pH 5 to solubilize the
HPO0421 protein in a denatured form. The samplebesn used for the HP0421 refolding
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process. Small aliquotef the sample have been diluted to 1:100 into sgvesfolding
buffers containing different concentratis of gluthatione reduced/oxiced system, of EDTA
or of MgCh and CaCl and incubated O.N. to identify the best conditions &fold the
protein.After dialysis 1:10 against a Tris buffer, the dtyabf the refolding process has be
evaluated by activity tesiThe best refolding conditions, after optimizatioh componen
concefrations, contained: 100 mM Tris pH 8, 300 mM NaGl5 M guanidine, 0.5 N

Mw B A C D E F
kDa o
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17

Fig. 5.9. SDS-PAGE relative to HP0421 refolding trials. The lanes correspond to different refolding conditions.

sucrose, 1.4 M arginine, 10 mM EDTA, 10 mM reduggdthatione, 1 mM oxidate
gluthatione, 3QuM cholestero

Optimized refolding protocols are as follc 1 ml of 40mg HP0421 (ir7 M guanidine pH 5
solution, 0.1 mM DTT)was rapidly injected via a small gauge needle 208 ml of
vigorouslystirred refolding buffer. Buffer was saturatedwititrogen, sealed with parafil
and incubated 8lays at 6°C without stirrin Refolding solution wassubsequently dialysed
over night against 2 litelC mM Tris pH 8, 100 mM NaCl, inM EDTA.

5.2.5. HP0421 Activity Test

HPO0421 ability to glycosylate cholesterol startingm UDF-glucose was investigated by
specific activity test. qul of refolded proteir(or sample coming from different purificatit
steps) was mixed wit.1 mM cholesterol, 8@M UDP-**C-glucose (300 mCi/mmol, 1
uCi/400 ul) in PBS pH 7.5 to 5@l total volume and incubated at °C for one hourAfter
the addition 0f0.01% Bromophenol bluell the lipids have beeextractel by adding 5Qul
hexane/isopropanol 3:2 and purified by TLC (ThiryéaChromatography). Thsilica TLC
plate has been developed in chlorophorm/methand58&nd exposed O.N. to a Phos}-
imaging film to detect the radioactivity of the pract
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Fig. 5.10. TLC from HP0421 activity test. 1,2,3,4,5,6: HP0421 protein obtained from different refolding buffers,
7: E.coli cytosolic extract expressing HP0421

5.2.6. Western Blotting

The western blotting method was used to validate thesgoree of HP0421 irpurified
fractions, using polyclonahntibodie against the protein, and to detect the-tag of N-
terminal and C-terminal His-tadP0421after expression and during purification st
Protein samples were added with loading buffer separated by S[-PAGE. Folowing
SDSPAGE, the resolved proteins were transferred elpbworetically onto a nitrocellulos
membrane (HybondTM, GE Healthcare) and incubatett wiimary antibody in blockin
(3% BSA in PBS) reagent O.N. 4 °C. The membrane was washed three tim« PBS-
Tween (0.15 % Tween 20), and then incubated forwiith secondary antibody (a-mouse
IgG, coupled to horseradish peroxidasepresence oblocking reagent. The membrane v
washed in PBSween 0.15¢ three timesand developed using the SuperSi®

Chemilumnescent substrate (Piert

vow Because HP0421 migrates in &-

N.L Ldh MW  through FR1  FR2 C+A (4B

PAGE with lower apparent ma
than expected, samples from affin

C-terminal _

chromatography was checked the
HPO421

presence of the protein, usi
polyclonal antibodies specific for tt
protein.

Additionally, the presence of F-tag
| in C-Hiss-tag HP0421 and -Hiss-

Fig. 5.11. Western blotting of C-Hisg-tag HP0421 using an antibody tag HPO0421 samples was validat

against His-tag. by Western blotting using a spec
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antibody against His-tag.o conirm that the protein detected by the antibody agjatihs-tag
was HP0421, other twdVestern blottingswere performed using polyclonal antibod
specific for HP0421.

lNow

NI Lah MW through FR1 FRZ FR3

N-terminal His-tag
HPD421

Fig. 5.12. Western blotting of N-Hisg-tag HP0421 of fractions from affinity chromatography, using an antibody against
His-tag.

5.2.7. Dynamic Light Scattering (DL S) analysis

Samples of C-Histag HP0421 and of -Hiss-tag HP0421 protein purified by refolding au
by chiomatographic methods were anied at DLS Zetasizer Nano ZS (Malve
Instruments). Since the HPO4protein seemed to be aggregatedif analysis HP0421
aliquots at 0.6 mg/ml were incubated witfferent detergents at 0.5 CMC concentration.
detergents used wereC12E8, rDodecylf-D-maltoside, rOctanoylsucrose, MEG®-8,
CHAPS, FOS-Cholirg-9. Only the n-DodecyB-D-maltoside semed to inhibit partially th

protein aggregation.
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Fig. 5.13. Distribution diagrams of HP0421 without detergent: Volume (%) vs Size radius (nm) (left) and Intensity (%) vs
Size radius (nm) (right).
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Fig. 5.14. Distribution diagrams of HP0421 with 0,5 CMC n-Dodecyl-B-D-maltoside: Volume (%) vs Size radius (nm) (left)
and Intensity (%) vs Size radius (nm) (right).

Affinity chromatography trials of N-Histag HP0421 in a n-DodecpHD-maltoside(0.5
CMC)-containing buffer did not show a stronger firgdof HP0421 with the IMAC-Ni* and
no higher yields of protein were obtained.
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5.3. Results and Discussion

HP0421 gene had been previously cloned in frame with tr@inal His-tag intqpET24d
expression vectorE. coli BL21(DE3) cells harbouringpET24d HP0421 were used for
expression and solubility trials. C-HBitag HP0421 solubility was tested in two different
buffers with different expression conditions antineated about 40%. To purify C-Hisag
HP0421 in high vield, a 3 liters culture was senpl an affinity IMAC-Nf* chromatography
was performed. The SDS-PAGE, loaded with fractiamgles from chromatographic steps,
exhibited weak binding to the nickel matrix, beausost of the HP0421 protein eluted with
a low imidazole concentration together with othErsoli proteins and just a small amount of
pure HP0421, less than 2@@, could be obtained at the end of the process &i. To
increase C-Histag HP0421 binding strength, binding trials weesfgrmed using different
buffers, but the protein binding was not improved.

Therefore, to remove the protein contaminants carse purification step was planned. Three
purification methods were attempted. The first fication trial tested was lonic Exchange
Chromatography: but in low saline content buffex notein was almost insoluble (Fig. 5.8.).
Subsequently, a gel filtration chromatography wasfqymed but the purification was
unsatisfactory, due to the presence of proteinasoimtants with a molecular weight similar to
that of the C-Higtag HP0421, that the low resolution of the sizelesion column could not
separate successfully. The third attempted chrognapby was HIC (Hydrophobic
Interaction Chromatography). Preliminary proteinubdity trials were performed after
addition of ammonium sulphate, but in presence e&la concentration sufficiently high to
allow the binding of the protein to the hydrophot@sin, C-Hig-tag HP0421 was not soluble.
Moreover, the possible causes of the Csttag HP0421 weak binding to the affinity IMAC-
Ni?* resin were investigated. Western blotting studée®aled that C-Histag HP0421 lacked
the C-terminal His-tag sequence during the putiidcasteps, but not after expressiongn
coli, probably because of gradual C-terminal proteigra@ation (Fig. 5.11.). C-terminal
degradation could be caused by flexibility of Oateral domain, as predicted by the
Foldindex program (Fig. 5.6).

Since the C-Higtag HP0421 could not be purified in sufficient ambby affinity IMAC-
Ni?* chromatography or other standard chromatographyhats, to solve the purification
problem, two new strategies were planned: the ofpoif a N-terminal His-tag construct and
the purification of insoluble fraction of HPO42Din inclusion bodies ik. coli, followed by
protein refolding. A C-Higtag HP0421 refolding method was set up (Fig. @8y the
success of the process was evaluated by actiaty {(Eig. 5.10.). The refolding protocol was
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optimized, but, unfortunately, this did not incredlse yield of HP0421 protein obtained at the
end of the process (lower than 2% of maximum reggvie comparison with the amount of
C-Hiss-tag HP0421 protein purified by affinity chromataghy.

To circumvent the C-terminal degradation problerh€dHiss-tag HP0421, which occurred
during the purification step, a new N-terminal kg protein construct was prepared (NgHis
tag HP0421) and expressed. Affinity chromatografMmC-Ni?* revealed that the new N-
terminal His-tag construct seemed to slightly inyerahe binding to the affinity resin
compared to the C-terminal His-tag construct, altiothe average yield was still low, 0.4
mg from 2 liters of. coli culture. Anyway, Western blotting studies showeat imost of the
N-Hisg-tag HP0421 protein, even if it still contained Hrs-tag, was present in the flow
through of the affinity column (Fig. 5.12.).

The possible causes of this phenomenon were igatst. DLS analysis revealed that the
weak binding of N-Histag HP0421 protein construct to the affinity resmas probably
caused by protein aggregation (Fig. 5.13.). Sampiegigregated N-Histag HP0421 protein
were incubated with different detergents to idgntihe able to inhibit protein aggregation.
The only detergent that could slightly inhibit uasfic protein molecules interaction was n-
Dodecyl$-D-maltoside (Fig. 5.14.).

Unfortunately, further affinity chromatography tsausing a n-Dodecy}-D-maltoside-
containing buffer did not show any improvement ofHiés-tag HP0421 binding to the
affinity IMAC-Ni 2* column.
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Appendix A: Abbreviationsand Symbols

a-CG

A

aa

Abs
ADP
AIR
AMP
ATP

B. subtilis
cag
Cag
CCD
CHAPS

CMC

CioEs
Ci2Eo

CTAB

Da

DTT

DXP

E. coli
EDTA
ESRF

FAD
FAMP
F(hkI)
Fobs,Fcalc
FOS-Cholin& -9
FPLC

Fur

Hepes
HET
HET-P
HMP

Cholesteryb-D-glucopyranoside
Angstrom

amino acid

Absorption

Adenosine Di-Phosphate
5-aminoimidazole ribotide
4-amino-5-aminomethyl-2-methylpyrimidine
Adenosine Tri-Phosphate
Bacillus subtilis
cytotoxin associated gene (gene)

Cytotoxin associated gene (associatedipyote
Charge-Coupled Device
3-[(3-Cholamidopropyl)-dimethylammonio]-1-pane
sulfonate / N,NDimethyl-3-sulfo-N-[3-[[&58,70,120)-3,7,12
trinydroxy-24-oxocholan-24-yllamino]propyl]-1-
propanaminium hydroxide, inner salt

Critical micelle concentration
Octaethyleneglycol Mono-n-dodecyl Ether
Polyoxyethylene(9)dodecyl ether / Thesit & Dodecylw-
hydroxy-poly(oxy-1,2-ethanediyl)
Hexadecyltrimethylammonium bromide /
Cetyltrimethylammonium bromide/ Cetrimonium bromide
Palmityltrimethylammonium bromide

Dalton

DiThioThreitol

1-deoxy-D-xylulose-5-phosphate
Escherichia coli

Ethylene Diamino Tetracetic Acid

European Synchrotron Radiation Facility
flavin adenine dinucleotide
N-formyl-4-amino-5-aminomethyl-2-methylpgridine
Structure factor amplitude

Observed and calculated structuterfamplitudes
n-Nonylphosphocholine

Fast Protein Liquid Chromatography
Ferric Uptake Regulator protein

N-[2-Hydroxyethyl] piperazine-N'-[2-etlesolfonic] acid
see THZ
see THZ-P
4-amino-5-hydroxymethyl-2-methylpyrimidine
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HMP-P
HMP-PP
H. pylori

IMR
IPTG
LB
LDAO
MAD
mAuU
MEGA®-8
MES
MIR
MS
MW

n-Octanoylsucrose

n-Octyl$-D-thioglucoside

O.N.
oD
ORF
PAI
PCR
PDB
PEG

pl
r.m.s.d.
RP-HPLC
SAD
SDS
SDS-PAGE
SAM
SEM
ThDP
ThMP
THZ
THZ-P
TLC
TLR4
Tris
Triton

o(l)

4-amino-5-hydroxymethyl-2-methylpyrimidipbosphate
4-amino-5-hydroxymethyl-2-methylpyrimidipgrophosphate
Helicobacter pylori

Measured Intensity of the diffraction spots

Imidazole ribotide
IsoPropyB-D-ThioGalactopyranoside

Luria Bertani liquid medium

LaurylDimethylAmine Oxide (detergent)
Multiple Anomalous Dispersion

milli Absorption unit

Octanoyl-N-methylglucamide

2-(N-Morpholin) ethansulfonate

Multiple Isomorphous Replacement

Mass Spectrometry

Molecular Weight

Sucrose monocaproylate / n-OgkdhbD-fructofuranosyle-D-

glucopyranoside

n-Octyp-D-thioglucopyranoside / 1-s-OctgHD-thioglucoside
Over Night

Optical Dispersion

Open Reading Frames

PAthogenicity Island

Polymerase Chain Reaction

Protein Data Bank

PolyEthylene Glycol

Isoelectric point

Root-mean-square deviation

Reversed Phase-High Performance LiquidiGatography
Single Anomalous Dispersion

Sodium Dodecyl Sulfate

SDS-PolyAcrylamide Gel Electrophoresis
S-adenosylmethionine

Scanning Electron Microscopy

Thiamine diphosphate

Thiamine monophosphate
4-methyl-58-hydroxyethylthiazole
4-methyl-53-hydroxyethylthiazole phosphate

Thin Layer Chromatography

Toll-Like Receptor 4
2-Amino-2-(hydroxymethyl)-1,3-propanediol
Octylphenoxypolyethoxyethanol Polyethylenkydsl-p-
isooctylphenyl Ether

Standard deviation of the measured Intesifl)
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Ala
Arg
Asp
Asn
Cys
Gly
GIn
Glu
His
lle
Lys
Leu
Met
Phe
Pro
Ser
Thr
Tyr
Trp
Val

Amino acids

Ks<HApUUnPMTr X" ITmMmOOOz03>
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Alanine
Arginine
Aspartic acid
Asparagine
Cysteine
Glycine
Glutamine
Glutamic acid
Histidine
Isoleucine
Lysine
Leucine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tyrosine
Tryptophan
Valine



Appendix B: Crystallographic formulas

number of unique reflections measured
completeness = funique e/

total number of unique reflections

total number of intensity measurements

multiplicity =

total number of unique reflections measured

_ Yhki|lFo(hkD|—|Fo(hkD]|

Rfactor -
ZhkilFo(hkD)|
R — Ytest set||Fol—IFcl|
free —
Ztest setl Fol
R _ Zhkilner=T pkil
merge —
Yhkt Ihkl
Volume of unit cell
VM = !

Total molecular mass in unit cell
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