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Summary 

Helicobacter pylori, a Gram-negative, microaerophilic bacterium that colonizes 

the stomach of half the world population, is the main cause of chronic gastritis, 

peptic ulceration, gastric lymphoma, and gastric adenocarcinoma. H. pylori has 

been coevolving with humans for at least 50,000 years, colonizing the stomach 

in childhood and persisting throughout life, in the absence of antibiotic 

treatment. This implies near perfect adaptation to the niche and the ability to 

evade the host immune response. 

The aim of this thesis was to identify and characterize important factors for the 

colonization and adaptation of H. pylori to the gastric environment. In particular, 

I present the results of the study of two periplasmic proteins: the first one 

involved in the bacterium antioxidant defense (Hp catalase-like, HP0485), the 

second one with a role in nutrient uptake from the stomach milieu (Hp dipeptide 

binding protein, HP0298). 

Chapter one contains a general introduction on the bacterium, chapters two and 

three describe the studies of the two proteins and both include an abstract, 

introduction, results, discussion, materials and methods. 

H. pylori catalase-like (HP0485) is a periplasmic protein, with a monomeric

structure, belonging to a family of enzymes structurally related to catalase, but

of undefined function. Despite the conservation of the catalase fold and the heme

cofactor, HP0485 is not capable of catalyzing the dismutation of H2O2 (catalatic

reaction), but a broad spectrum peroxidatic reaction, by coupling the hydrogen

peroxide reduction with the oxidation of various one-electron donor substrates.

Similarly to catalase, Hp catalase-like works at high H2O2 concentrations, being
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not saturated up to elevated H2O2 levels (200 mM). The reaction rate increases 

exponentially and the enzyme does not loose activity even at these high values 

of the peroxide, at variance with peroxidases that are usually inactivated by 

H2O2 concentrations higher than 10-50 mM. This catalytic versatility and 

robustness suggests that Hp catalase-like has a role in H2O2 scavenging, and 

probably another function linked to the oxidation of a reduced substrate in the 

cell periplasm. In addition to the characterization of enzymatic activity, we 

propose a model for the heme assembly mechanism in the periplasm that 

involves the formation of a disulfide bond, identified as a hallmark of secreted 

catalase-like proteins. 

The dipeptide binding protein of H. pylori (Hp DppA, HP0298) is the 

periplasmic component of an ABC importer system that appears to be specific of 

gastric species. Periplasmic binding proteins (PBPs) exhibit ligand promiscuity, 

but a very well conserved binding domain, that is found in many mammalian 

and human receptors, including for example, metabotropic glutamate and GABA 

receptors. To investigate Hp DppA physiologic substrate, we set up a protocol of 

"ligand-fishing" coupled with mass spectrometry. The His-tagged purified 

protein acts as the bait to capture its specific ligand within the endogenous 

environment in which the binding occurs, that is H. pylori cell extract. The 

protein-ligand complex is then purified through affinity chromatography and 

analyzed by HPLC-MS. The compounds that potentially interact with DppA 

were pentapeptides, rich in hydrophobic amino acids and containing at least one 

negative charged residue. Since H. pylori is auxotrophic for some amino acids, 

mostly hydrophobic, and the human stomach is rich of peptides produced by 

food protein digestion, Hp DppA could have a role in the uptake of peptides with 

specific length and amino acid composition that are naturally present in the 

gastric niche. 
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Riassunto 

 

Helicobacter pylori è un batterio Gram-negativo in grado di colonizzare 

la mucosa gastrica umana e persistere per l'intero arco della vita 

dell'ospite. E' associato a patologie gastrointestinali, quali gastrite cronica, 

ulcere gastriche e duodenali, adenocarcinomi e linfomi gastrici. Si tratta 

di uno dei patogeni più diffusi, presente in circa metà della popolazione 

mondiale, e il solo che si è adattato a vivere nell'ambiente ostile dello 

stomaco umano. 

Molteplici sono i fattori di virulenza che permettono al batterio la 

colonizzazione della nicchia gastrica e contribuiscono, anche attraverso l' 

induzione di una risposta infiammatoria, a profonde modificazioni dell' 

omeostasi gastrica.  Queste ultime si associano, ad esempio, 

all'iperproduzione di fattori proinfiammatori, ad alterazioni sia della 

regolazione della secrezione acida gastrica sia del ciclo cellulare e della 

morte cellulare programmata (apoptosi) delle cellule epiteliali gastriche, a 

disordini nel metabolismo del ferro e a carenze di elementi essenziali. 

Studi sulla diversità genetica di H. pylori osservata in ceppi isolati da 

varie regioni del mondo, dimostrano che tale batterio ha avuto una 

coevoluzione col genere umano attraverso la storia, ed è verosimile che 

H. pylori sia stato un costituente del microbiota gastrico per almeno 

50.000 anni. 

 

Scopo della tesi è stato quello di identificare e caratterizzare proteine 

importanti per la colonizzazione e l'adattamento di H. pylori alla nicchia 
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gastrica. In particolare gli sforzi si sono concentrati su due proteine 

periplasmatiche, la prima coinvolta nella difesa antiossidante (l'enzima 

catalasi-like, HP0485), e la seconda nel trasporto di nutrienti presenti 

nell'ambiente dello stomaco all'interno della cellula (la componente 

solubile di un ABC transporter, HP0298). 

La strategia utilizzata prevede un'analisi bioinformatica preliminare, 

l'ottenimento del gene per amplificazione, mediante PCR, dal genoma 

dell'organismo, la costruzione di un vettore per il clonaggio, l'espressione 

eterologa in E. coli e la successiva purificazione. La proteina così ottenuta 

viene caratterizzata mediante diverse tecniche, quali spettroscopia UV, 

dicroismo circolare, gel filtrazione analitica, spettrometria di massa. 

Il capitolo 1 contiene un'introduzione generale sul batterio, il capitolo 2 e 

il capitolo 3 descrivono gli studi relativi alle due proteine e sono entrambi 

suddivisi in un abstract iniziale, un'introduzione, la presentazione dei 

risultati, la discussione di questi ultimi, i materiali e i metodi utilizzati. 

 

La catalasi-like (HP0485) è una proteina periplasmatica con struttura 

monomerica, appartenente ad una famiglia di enzimi a funzione per la 

maggior parte sconosciuta, ma evolutivamente correlati alla ben nota 

catalasi, attore fondamentale nella difesa di H. pylori, grazie alla sua 

azione specifica di rimozione dell'acqua ossigenata. 

HP0485, pur conservando il fold catalasico e il legame al cofattore eme, 

non può compiere la reazione di dismutazione dell'acqua ossigenata; 

possiede invece un'attività perossidasica ad ampio spettro, essendo in 

grado di accoppiare la riduzione del perossido di idrogeno all'ossidazione 

di diversi substrati. Come la catalasi, lavora ad alte concentrazioni di aqua 

ossigenata e non arriva a saturazione a concentrazioni molto elevate di 
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questo substrato (200 mM); la velocità di reazione catalizzata rimane 

lineare anche a questi valori, aspetto che la differenzia dalle perossidasi 

che vengono in genere inattivate da concentrazioni di perossido di 

idrogeno superiori a 10-50 mM. Queste caratteristiche di versatilità e 

robustezza suggeriscono che la catalasi-like abbia un ruolo di scavenger 

dell'acqua ossigenata e probabilmente anche un'altra funzione connessa al 

suo secondo substrato, ossia l'ossidazione di composti nello spazio 

periplasmatico cellulare. Oltre alla caratterizzazione dell'attività è 

descritta anche la presenza di un ponte disolfuro, conservato nelle 

catalasi-like periplasmatiche, con un ruolo nell'assemblaggio dell'eme per 

ottenere un enzima attivo e funzionale. 

 

La proteina periplasmatica HP0298, componente di un sistema di 

trasporto ABC, è classificata come trasportatore di dipeptidi e appartiene 

a una famiglia di proteine in grado di legare diversi substrati, tra cui di- e 

oligopeptidi, nichel, eme, glutatione. Benchè tutte associate a trasportatori 

di membrana batterici, queste proteine presentano un dominio di legame 

al substrato che risulta essere conservato nei domini extracellulari di 

recettori specifici di mammifero e uomo. Un esempio sono i recettori 

ionotropici e metabotropici del sistema nervoso. Per caratterizzare questa 

proteina è stato messo a punto un protocollo di ligand-fishing accoppiato 

alla spettrometria di massa. La proteina purificata, avente un tag di 

istidine, è stata incubata con un estratto cellulare di H. pylori per poter 

interagire con il suo substrato specifico all'interno dell'ambiente naturale 

in cui avviene il legame. Il complesso proteina-ligando è stato poi 

purificato per cromatografia di affinità e analizzato mediante HPLC-MS. 

L'identificazione dei picchi differenziali tra campioni con la proteina e 
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campioni di controllo ha portato alla caratterizzazione di pentapeptidi 

particolarmente ricchi in aminoacidi idrofobici e con almeno un residuo 

carico negativamente. Considerando che H. pylori necessita di alcuni 

aminoacidi essenziali, per la maggior parte idrofobici, e che lo stomaco 

umano è particolarmente ricco di peptidi prodotti dalla digestione delle 

proteine introdotte con il cibo, il ruolo fisiologico di HP0298 potrebbe 

essere l'internalizzazione di peptidi, con caratteristiche specifiche di 

lunghezza e composizione, che sono naturalmente presenti nella nicchia 

gastrica. 
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General Introduction 

 
Helicobacter pylori, a Gram-negative bacterium, persistently colonizes half the 

world's population and is associated with a variety of upper gastrointestinal 

disorders, including chronic gastritis, stomach and duodenal ulcers, 

adenocarcinomas and stomach lymphomas1,2. 

H. pylori is the sole pathogen able to colonize the human stomach, an ecological 

niche characterized by very acidic pH, hostile for most microbes. Since its 

original description in 19843, H. pylori has been extensively studied and many 

related species have been found to colonize the gastrointestinal tract of humans 

and other animals4. 

What makes Helicobacter pylori a successful and life-lasting colonizer of the 

human stomach is undoubtedly its ability to adapt and coevolve with the host; its 

early acquisition by mankind, long before the migrations of modern humans out 

of Africa5 is certainly a proof. Another one is the plethora of factors the 

bacterium is equipped with, addressing the different challenges presented by the 

harsh environment. Among these factors urease, an enzyme that hydrolyses 

gastric juice urea into ammonia and carbon dioxide, plays a central role. H. 

pylori expresses urease at a level higher than that of any known microrganism6, 

and uses the products of the urease reaction to buffer its periplasm, allowing 

maintenance of the cytoplasmic membrane potential7. This is a unique acid-

acclimation strategy by which the bacterium faces acidity that encounters within 

the gastric lumen upon ingestion and periodically during the course of infection. 

Another key aspect of colonization is motility. Because of its neutralophilic 

nature H. pylori needs to leave the lumen and swim with its polar-sheathed 

flagella towards its preferred destination represented by the thick mucus layer 

that covers the epithelial lining of the stomach mucosa8. This movement is 
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guided by the presence of chemical attractants, such as urea and bicarbonate 

ions. H. pylori then binds to Lewis antigens present on host gastric cells through 

several types of adhesins, and secretes factors that stimulate inflammatory cells, 

as well as the multifunctional toxin VacA9. Furthermore, the presence of the cag 

pathogenicity island, a 40-kb DNA that encodes a type IV secretion system, 

seems to be necessary for optimal fitness of the bacterium and the appearance of 

pathogenic traits10. 

Most H. pylori cells are free-living and highly motile in the mucus layer, and 

only a small proportion (approximately 1–5%) attach to epithelial cells. The 

existence of two populations (adherent and non-adherent) with different survival 

characteristics, and the likelihood that there is interaction between these two 

populations, indicate that the mechanisms and features of H. pylori infection are 

multifaceted and complex11. 

Probably the most astonishing and paradoxical aspect of H. pylori infection is its 

persistence in the gastric niche in the presence of a host response. But, being a 

well-adapted microbe, H. pylori has evolved ways not only to circumvent these 

mechanisms, but also to utilize host responses to its own advantage12. The 

depletion of nutrients from the host, for example, is interconnected with the 

adaptively induced inflammatory response in the human stomach. Bacteria 

elaborate pro-inflammatory effectors provoking host responses leading to tissue 

damage with consequent nutrient release. Inflammation, while advantageous to 

the host for microbes that can be eliminated, may be deleterious when infection 

cannot be eradicated, since it leads to impairment of tissue structure and 

function. Thus, the ability of hosts to curtail inflammatory responses during 

persistent infections may be adaptive13. In the same way long-term, uncontrolled 

inflammation may be deleterious for H. pylori, since its niche would be lost14; 

thus it may also be adaptive for H. pylori to down-regulate inflammation15. 

Consistent with this view is the observation that important H. pylori surface 

molecules, such as the lipopolysaccharide, have low pro-inflammatory activity16. 
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These regulated interactions of H. pylori with the host, incorporating positive 

and negative feedback systems, provide an exquisite example of mutual 

pathogen-host adaptation. 

 

To deeply understand the origin and emergence of Helicobacter pylori as a 

human pathogen, it is essential to analyse its genome content and architecture 

and use the potent tool of comparative genomics. H. pylori possesses a relatively 

small genome, consisting of one 1,6-Mb circular chromosome. Such a feature is 

shared by many other pathogenic and non-pathogenic microorganisms of the ε-

proteobacteria lineage that are strictly host-adapted, as their genomes have 

undergone a process known as reductive evolution, leading to reduced genome 

sizes17. The recent sequencing of numerous H. pylori strains18, different gastric 

and enterohepatic Helicobacter species19, and related ε-proteobacteria genera20, 

enables the reconstruction of the ε-proteobacteria phylogenesis. Such an 

evolutionary context provides useful information on gains and losses of genes 

and lead to the identification of both shared and species-specific genes, making 

possible to describe similarities and differences in the lifestyle of these 

organisms, as well as common and divergent mechanisms for host adaptation. 

The genes that are present in all species are likely to be essential for 

maintenance of the microorganism in a mammalian or vertebrate host, thereby 

providing a general strategy for survival and growth, as well as suggesting 

common mechanisms for spread and transmission into larger host populations. 

On the other hand the identification of the genes that are unique to a species is 

an excellent starting point for functional analysis to gain insight on a specific 

microbe-host niche interaction.  

 

Considering species of which a highly resolved whole-genome phylogeny is 

available we built an ultrametric tree describing the evolution of ε-proteobacteria 

(Fig. 1)21. The resulting pattern highlights the deep divergence of 
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Campylobacterales22, which infect the intestine of human and other animals, the 

subsequent emergence of Helicobacteriaceae that colonize also the stomach, and 

the recent adaptation to the human gastric niche. To note, the very recent 

divergence of H. pylori and H. acinonychis  (large feline pathogen) which is 

thought to have occurred <0.4 My ago via host jump from early human 

populations23. 

In an effort to identify and select interesting candidates among H. pylori still 

uncharacterized proteins, we focused both on genes specifically associated with 

the adaptation to the gastric niche and on genes more widespread among ε-

proteobacteria. Accordingly, the studies described in this thesis concentrate on 

two periplasmic proteins with different distributions among ε-proteobacteria 

genomes. The dipeptide binding protein (DppA), part of an ABC importer 

system, appears to be specific of gastric species. The catalase-like protein is 

found in many Helicobacter species and in some Campylobacterales (Fig. 1). 
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Figure 1: Distribution of catalase-like and DppA with related genes in
Epsilonproteobacteria genomes. The ultrametric tree represents a whole-genome phylogeny
of Epsilonproteobacteria. The presence or absence of genes is shown alongside the tree. A
coloured pentagon indicates a gene identified in thebacterium genome; a gray line indicates a
gene not identified in the bacterium genome. Catalase-like and DppA are the objects ofstudy.
DppA together with the whole ABC transporter are specific of gastric species. Catalase-like is
more widespread in Epsilonproteobacteria, but to a lesser extent than catalase.
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Aim of the study 

 
The aim of this thesis was to identify and characterize proteins involved in the 

colonization and adaptation of H. pylori to the human gastric niche. Two aspects 

of the bacterium are highlighted: the potent antioxidant defence, which 

guarantees its survival in spite of a continuous inflammatory response activated 

by the host immune system, and the acquisition of nutrients from the stomach 

resulting in successful replication and persistence. I concentrated on two 

uncharacterized proteins, each of which is associated with one of the two 

aspects. 

 

The first protein, Hp catalase-like, is a periplasmic enzyme linked to the 

antioxidant defence of the bacterium. To characterize its enzymatic activity, I 

compared it with H. pylori catalase and eukaryotic horseradish peroxidase, 

discovering some properties that place this Hp protein halfway between a 

peroxidase and a catalase. The mechanism of heme assembly, involving a 

conserved disulfide bond, was also investigated. 

 

The second protein, Hp dipeptide binding protein (DppA), is the periplasmic 

component of an ABC importer system, implicated in the uptake of nutrient 

found in the gastric environment. To identify the specific ligand I used a strategy 

entailing ligand pull-down assay and mass spectrometry analysis. Such an 

approach could be used as initial interaction screening for the identification of 

putative ligands of other periplasmic binding proteins (PBPs) and related 

receptors bearing the PBP domain. 
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Helicobacter-pylori catalase-like protein is a 
versatile and robust peroxidase 

 

Abstract 

In an environment in which hydrogen peroxide is both an internal and an 

external threat, bacterial pathogens require multiple H2O2 scavenging enzymes. 

Helicobacter pylori, an oxygen-sensitive microaerophilic bacterium, unique in 

its ability to colonize the human stomach, possesses many oxidative stress 

resistance factors to counteract the massive host inflammatory response, but only 

one, the ubiquitous catalase (KatA), is known to be specifically dedicated to 

H2O2 removal. The H. pylori (Hp) genome encodes a catalase-like protein 

(HP0485) that belongs to a family of proteins structurally related to catalase, but 

of undefined function. Despite its monomeric structure, and the weak sequence 

identity to catalase, the predicted three-dimensional structure reveals 

conservation of the catalase fold, and the heme active site. Nevertheless, our 

results show that Hp catalase-like is not capable of performing the catalatic 

reaction. The enzyme exhibits instead a broad-spectrum peroxidatic activity, 

rivaling that of typical peroxidases (i.e. horseradish peroxidase), with which the 

Hp protein shares no structural relation. At variance with peroxidases, but 

similarly to catalases, HP0485 shows a non-saturable interaction with H2O2 and 

can withstand high concentration of the peroxide without loosing activity. These 

features make Hp catalase-like a suitable H2O2 scavenger at elevated H2O2 

concentration. The Hp catalase-like protein is secreted and assembled with the 

heme cofactor in the periplasm. The heme assembly mechanism involves the 

formation of a disulfide bond as a distinctive mark of catalase-like proteins. Our 

work unveils a role for Hp catalase-like in H. pylori antioxidant defence. 
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Introduction 

 

Antioxidant systems are essential to bacterial pathogens. Their living at the 

expense of a host organism is an endless struggle against reactive oxygen 

species (ROS), generated not only intracellularly as by-products of aerobic 

metabolism, but also in the outside environment as weapons of the defence 

response activated in host tissue.  

The human gastric pathogen Helicobacter pylori, because of its microaerophilic 

nature is highly vulnerable to oxygen toxicity, yet has the extraordinary ability to 

persists throughout the life of the host in spite of an aggressive inflammatory 

response24. A significant increase in the levels of ROS, such as superoxide anion 

(O2
-˙), hydrogen peroxide (H2O2), and hydroxyl radical (OH˙), has been 

measured in the stomach mucosa of H. pylori infected patients25 as a result of the 

inflammatory reaction of gastric cells26 and the oxidative burst of macrophages 

and neutrophils infiltrating the gastric epithelium27. This partially explains the 

inflammation-induced tissue damage (gastritis) and ulcer formation that is 

associated with persistent mucosal infection by H. pylori.  

The ability of the bacterium to survive in the presence of high concentrations of 

oxygen radicals strongly depends on a battery of diverse antioxidant factors and 

enzymes28. Among these, hydrogen peroxide scavengers are key defences 

against oxidative stress29. Whereas superoxide (degraded by superoxide 

dismutase to hydrogen peroxide) and hydroxyl radical are highly reactive, and 

have thus a limited radius of action, hydrogen peroxide can easily penetrate 

cellular structures (cell walls, plasma membranes, etc.) and oxidize solvent-

exposed iron-sulfur clusters and sulfhydryl groups, leading to inactivation of 

enzymes and other proteins30. Additionally, its decomposition product hydroxyl 

radical, formed in the Fenton reaction between H2O2 and metal ions, can react 
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with DNA, proteins, and lipids with potentially lethal consequences31. 

 

Rapid and efficient removal of H2O2 is therefore of essential importance for cell 

viability, and hydroperoxidases (catalases and peroxidases) are ubiquitous 

“housekeeping” enzymes well known to fulfil this need32,33. These 

oxidoreductases are capable of heterolytically disrupting the peroxidic bond of 

hydrogen peroxide (H-O-O-H), and also of some small organic peroxides (R-O-

O-H). 

Catalases convert two molecules of hydrogen peroxide to water and molecular 

oxygen, thus degrade hydrogen peroxide by dismutation (catalatic reaction): 

   2 H2O2              2 H2O + O2 

Peroxidases reduce H2O2 and use it for substrate oxidation (peroxidatic 

reaction):  

    H2O2 + 2 AH2         2 H2O + 2 •AH 
 
The first step of the enzymatic cycle of both heme catalases and peroxidases 

(Fig. 1) is in common: a molecule of H2O2 oxidizes the heme iron (Por FeIII, 

where Por stands for the heme porphyrin) to an oxyferryl intermediate, named 

Compound I34. The oxygen–oxygen bond of H2O2 (H-O-O-H) is cleaved 

heterolytically, with one oxygen leaving as water and the other remaining at 

heme iron. Two electrons are removed from the heme in this process, one from 

the iron atom that becomes FeIV, and the second from the porphyrin, which 

acquires cation radical character (•+Por FeIV=O). However, the reactivity of this 

intermediate differs between catalases and peroxidases. In a catalatic cycle 

Compound I is reduced back to the ferric enzyme by a second molecule of 

hydrogen peroxide, with the axial oxygen atom becoming water and both 

oxygen atoms of the peroxide released as molecular oxygen. Thus, catalatic 

reaction occurs in two steps with one substrate, H2O2, acting both as oxidant and 

as reductant (both as electron acceptor and electron donor). 

In contrast, peroxidases catalyse Compound I reduction by one-electron 

22



Figure 1. Reactions catalyzed by peroxidases and catalases using hydrogen peroxide 
(H2O2). The catalytic cycle begins with Compound I formation for both oxidoreductase 
enzymes. In catalases, Compound I is reduced back to the resting state by a second molecule 
of H2O2 (catalatic reaction). In contrast, peroxidases preferentially recover the resting state 
via the peroxidatic reaction, in which Compound I sequentially reacts with two molecules of a 
one-electron donating substrate (AH2), passing through another intermediate named 
Compound II. 
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donating substrates (AH2), typically phenols or aromatic amines, to recover the 

native ferric state via another intermediate named Compound II. In this process, 

the porphyrin accepts one electron, thus loosing its radical character and 

becoming an oxoironIV or hydroxoironIV species (Por FeIV=O or Por FeIV−OH). 

The oxygen bound to iron is concomitantly protonated to give a molecule of 

water that dissociates from the heme to regenerate the resting ferric enzyme. 

Thus, a peroxidatic cycle includes three reactions (compound I formation, 

compound I reduction to compound II and compound II reduction back to the 

resting state) and two substrates, H2O2 acts only as oxidant (electron acceptor), 

whereas the electron-rich cosubstrate acts as reductant (electron donor). In the 

majority of the cases the porphyrin prosthetic group is heme b (with some 

exception of heme d) and its highly conserved amino acids surroundings, in 

particular the distal side, that differ between catalases and peroxidases, influence 

its reactivity and direct the reaction towards one of these pathways35. 

In the last thirty-five years, since when the first crystal structures of catalases 

were published36,37, the mechanism of the catalatic reaction accomplished within 

such a strongly preserved active site has been extensively investigated. The 

comparison with peroxidatic reaction, the other side of the moon, has always 

been fascinating and helped to define the crucial residues directing towards one 

of the two pathways. Strong importance was attributed to the proximal heme 

ligands, tyrosine in catalases and histidine in peroxidases. Nevertheless, recent 

experimental and theoretical studies38–40 have shown that the distinct reactivity 

of Compound I towards H2O2 in these enzymes cannot be explained in terms of 

differences in the nature of the proximal ligands, because of its little effect on 

the energy barrier of the oxidation of H2O2 (the second step of the catalatic 

reaction, Fig. 1). On the contrary, the O-O distance between Compound I and 

hydrogen peroxide affects significantly the reaction barrier, implying a major 

role for the distal side residues in determining the different behaviours. In 

catalases distal side properties and architecture allow to attain very short 

24



Figure 2. Catalase and catalase-peroxidase structures. (A) Tetrameric structure of catalase 
from Helicobacter pylori (PDB: 2A9E), coloured gray with a monomer evidenced in blue; 
heme is in red. (B) Dimeric structure of catalase-peroxidase from Mycobacterium avium 
(PDB: 1SJ2), coloured gray with a monomer evidenced in green; heme is in red. 
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distances to undergo the catalatic reaction, whereas in peroxidases a different 

distal environment is responsible for lengthier distances, and the reaction 

proceeds via the peroxidatic pathway. 

Many bacteria rely on two unrelated heme catalases for H2O2 detoxification, a 

typical or “monofunctional” catalase and a “bifunctional” catalase–peroxidase 

(Fig. 2)41. They share high catalatic activity, but have significant differences in 

sequence, active site, tertiary, and quaternary structures, reflecting an 

independent origin. Catalase–peroxidases, besides their catalatic property, 

exhibit a peroxidatic activity similar to that of eukaryotic heme peroxidases, 

with which they share a common origin42. Catalases can also undergo a 

peroxidatic reaction involving organic reductants, similar to peroxidases; 

however, this activity is weak and usually restricted to small organic substrates, 

such as alcohols, nitrite and formate, because of limited accessibility to the 

active site43. 

 

Helicobacter pylori possesses only one catalase (KatA), a monofunctional 

catalase without peroxidase activity44. KatA differs from other catalases for 

some unique properties. It is very stable at high concentration of H2O2 (up to 500 

mM), but is uniquely sensitive to organic hydroperoxides, due to perturbation of 

the heme environment and formation of a catalytically incompetent compound II 

species45. KatA is located both in the cytoplasm and in the periplasm44. H. pylori 

expresses another protein capable of degrading hydrogen peroxide, a cytosolic 

alkyl hydroperoxide reductase (AhpC)46. AhpC belongs to the peroxiredoxin 

family, which comprises enzymes lacking prosthetic groups with the ability to 

catalyse the reduction of hydrogen peroxide, peroxynitrite, and a wide range of 

organic hydroperoxides. Even if H. pylori AhpC has similar rate constant in 

reducing H2O2 and organic hydroperoxides (e.g. t-butyl hydroperoxide), its 

major role under physiological conditions is considered to be the detoxification 

of organic hydroperoxides, as demonstrated by the accumulation of lipid 
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hydroperoxides in ahpC mutant cells45.  

With any number of H2O2 scavenging enzymes in bacterial world29, H. pylori 

possesses only one enzyme specifically dedicated to H2O2 removal, and even if 

its genome contains a periplasmic cytochrome c peroxidase47, to date no 

peroxidatic activity has been demonstrated for any H. pylori proteins. 

We found in Hp genome the presence of a catalase-like protein (HP0485), 

belonging to a poorly known family of proteins structurally related to catalases, 

of undefined function. Proteins in this family have a reduced size in respect to 

catalases, being no longer than 360 amino acids, and for this reason they are 

called "minicatalases". To our knowledge the catalase-related protein of 

Mycobacterium avium ssp. paratuberculosis, annotated as MAP-2744c, is the 

only member characterized for its function and crystal structure48. Even though 

these putative monomeric catalase-related proteins are found exclusively in 

prokaryotes, they do have a eukaryotic counterpart represented by the coral 

allene oxide synthase (cAOS). This heme peroxidase specialized for metabolism 

of a fatty acid hydroperoxide occurs in sea whip coral Plexaura homomalla as 

part of a fusion protein, the other component of which is a lipoxygenase that 

forms the hydroperoxide substrate49. cAOS and MAP-2744c are the only other 

reported structures presenting the catalase fold besides monofunctional 

catalases48,50. Their characterized catalytic activities reflect two different 

achievements within a catalase-related structure. M. avium enzyme, despite a 

predominant peroxidatic reaction with organic hydroperoxides, exhibits 

catalatic activity, whereas cAOS, being not capable of hydrogen peroxide 

dismutation, represents a complete switch from a H2O2-metabolizing catalase to 

a biosynthetic fatty acid hydroperoxidase. 

 

To assess the potential role of the catalase-like in the bacterium antioxidant 

defence, we characterized the enzymatic activity of the H. pylori protein. We 

describe its peroxidatic activity and demonstrate that the assembly of fully active 
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form of this heme enzyme in the periplasm depends on a conserved disulfide 

bond. 
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Results 

 

Helicobacter pylori encodes a protein with catalase fold 

A catalase-like protein is present in the Helicobacter pylori 26695 genome and 

annotated as HP0485. Sequence alignment with H. pylori catalase (Hp KatA) 

reveals 22% of identity over ≈ 300 residues (Fig. 3). Hp catalase-like sequence 

contains 314 residues and that of Hp KatA contains 505 residues. The first 

amino acids of Hp catalase-like (up to His20) correspond to the signal peptide 

(see below) and were not included in the alignment. The region matching in the 

two proteins begins at residue 31 of Hp KatA and terminates at the end of 

HP0485 sequence. Despite of the low sequence identity between the two 

proteins, Hp catalase-like aligns perfectly with many essential, conserved 

residues of catalase heme active site, including the proximal heme-ligand, 

tyrosine (Tyr339 in KatA, Tyr306 in HP0485), and the distal catalytic histidine 

(His56 in KatA, His45 in HP0485)34,35,51. 

A 3D model was built for Hp catalase-like protein, using the structure of Hp 

KatA as template52. The QMEAN453 of the model is -6.48, probably due to the 

low level of identity between the two sequences. The predicted HP0485 

structure was superimposed on a monomer of KatA revealing a striking 

similarity (Fig. 4). Hp catalase-like is essentially a "catalase core", in which the 

antiparallel eight-stranded β-barrel and the majority of the helical domain, both 

defining the heme binding pocket are maintained, whereas the first residues of 

the N-terminal arm and the extended wrapping loop, parts of the catalase 

structure important for tetramerization54, are missing, along with the C-terminal 

α-helical domain. 
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          TT              TT                                    HpKatA
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                   TT               TT                 TT       HpKatA
    70        80        90       100       110       120        
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Figure 3. Sequence alignment of H. pylori catalase and catalase-like. Aligned sequence of 
Hp catalase (HpKatA) and Hp catalase-like (HP0485). Secondary structure elements inferred 
from the crystal structure of Hp KatA (PDB: 2A9E) are shown above the alignment. Upwards 
green triangles indicate the heme binding residues. 

30



Figure 4. Homology modelling of H. pylori catalase-like protein. (A) Superimposition of 
HP0485 model (pink) with a monomer of Hp KatA (blue-gray; gray is the region overlapped 
by HP0485; heme is dark red). The two structures share the antiparallel eight-stranded β-
barrel and the majority of the helical domain, whereas the first residues of the N-terminal arm, 
the extended wrapping loop and the C-terminal α-helical domain are absent in HP0485. (B) 
Superimposition of the heme environments of HP0485 model (pink carbons) and Hp KatA 
(gray carbons). The key residues are the same highlighted in the alignment in Figure 3. 

R93&
R80&

Y306&

S95&
S82&

Y339&
R335&
R302&

H45&
H56&

L113&
N129&

F126&
F142&

R346&
R313&

α&helical&domain&

β&barrel&domain&

wrapping&domain&

NCterminus&

A B

31



 

  

Recombinant expression and periplasmic purification 

In silico analysis with SignalP55 predicted a signal peptide at the N-terminal of 

HP0485 sequence, with a cleavage site located between amino acid positions 20 

and 21, which should result in a mature polypeptide of 35 kDa. This suggests 

that Hp catalase-like is a periplasmic protein exported into the periplasm via the 

Sec-pathway. 

A predicted signal sequence is also present in Hp catalase-like homologous 

proteins of Helicobacter and Campylobacter species, so that multiple alignment 

of a selection of these sequences produced a sequence logo of the signal peptides 

typical of Gram-negative bacteria56 (Fig. 5A and supplementary Fig. S1). 

To recombinantly express Hp catalase-like protein in the periplasm, and avoid 

possible incompatibility with H. pylori and E. coli Sec-secretion systems, we 

inserted the gene encoding the mature form of HP0485 into the pET22 vector as 

a fusion with the PelB signal peptide57. The 6xHis-tag was fused at the C-

terminal. The protein was expressed in E. coli BL21 (DE3), and both the 

precursor and the mature forms were detectable in the induced total cell extract 

on SDS-PAGE (Fig. 5B). After periplasmic extraction with a high-sucrose 

buffer, the mature form of 35 kDa became the predominant one and was purified 

by cobalt affinity chromatography. The binding of HP0485 turned the resin 

brown and the purified protein retained the brownish colour, suggesting the 

presence of bound heme. 

 

Spectral properties 

The absorption spectrum of Hp catalase-like protein showed a distinct Soret 

band at 406 nm, with a 280/406 absorbance ratio of 0.5, and three broad peaks at 

508 nm, 540 nm and 620 nm, consistent with a ferric hemoprotein (Fig. 6A). 

Treatment with sodium dithionite caused a marked change in the spectrum. The 
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Figure 5. Signal peptide and periplasmic purification. (A) Sequence logos of signal 
peptides from HP0485 and homologous protein sequences, aligned by their cleavage sites 
(frequency plot representation). Conserved residues at -1 and -3 of the cleavage site are 
indicated with arrowheads. (B) SDS-PAGE with Coomassie staining of HP0485 purification 
from E. coli periplasm. Both the precursor and the mature forms are visible in the induced 
total cell extract, whereas only the mature form is found in the periplasm. M, molecular 
weight Marker, NI, Not Induced total cell extract, I, Induced total cell extract, P, post 
induction Periplasmic extract, E, affinity chromatography Elution with the purified protein. 
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Figure 6. UV-visible spectroscopy of Hp catalase-like. The protein was in 50 mM sodium 
phosphate buffer (pH 7.4) containing 300 mM NaCl. (A) Native form (pink line); (B) 
Reduction with sodium dithionite. Black solid line, a few second after the addition of excess 
dithionite. Black dashed and dotted lines, 8 and 15 minutes after the addition of excess 
dithionite respectively.  
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Soret absorption decreased in intensity and shifted to 430 nm and the peaks at 

508 nm, 540 nm and 620 nm were replaced with new peaks at 481 nm, 554 nm 

and 592 nm. These changes are characteristic features of a transition to a ferrous 

hemoprotein (Fig. 6B). 

 

Hp catalase-like has a monomeric structure 

To observe the native oligomeric state of Hp catalase-like protein, gel filtration 

chromatography and cross-linking experiments were performed. 

Gel filtration chromatography revealed that Hp catalase-like protein is a 

monomer of 35 kDa (Fig. 7A). A minor peak may represent a fraction of the 

purified protein organized as a dimer, owing to the high concentration of the 

sample. 

Cross-linking experiments with glutaraldehyde were conducted on Hp catalase-

like and Hp KatA in parallel (Fig. 7B). Hp catalase-like migrated on SDS-PAGE 

as a monomer of 35 kDa, with and without glutaraldehyde treatment. 

Conversely, Hp KatA appeared as a monomer of 58.6 kDa without 

glutaraldehyde treatment, and as a tetramer of 234.4 kDa upon the cross-linking 

reaction. 

 

Enzyme activity 

Given the structural similarity to catalase, the catalatic activity of HP0485 was 

measured. Using the decrease in absorbance at 240 nm to follow disappearance 

of H2O2, the HP0485 showed no reaction, even at a concentration 100-fold 

higher than that of Hp KatA (used as a positive control). Thus, Hp catalase-like 

does not present catalatic activity. 

We next assayed the peroxidatic activity, and found that the Hp protein was able 
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Figure 7. Monomeric structure characterization. (A) Analysis of the purified HP0485 by 
gel filtration chromatography. The column was calibrated with molecular mass standards 
(arrowheads). (B) SDS-PAGE of the cross-linking experiments. HP0485 and KatA were 
treated with two concentrations of glutaraldehyde (5 mM and 10 mM). M, molecular weight 
Marker, NC, Not Cross-linked protein, GLUT, Glutaraldehyde treated protein. 
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to catalyse the oxidation of an organic electron-rich substrate, ABTS, by H2O2. 

Titration with increasing concentration of H2O2 (0.1 mM-200 mM), while ABTS 

concentration was kept constant (0.1 mM), showed a non-saturable kinetics and 

the predicted Vmax could not be attained at H2O2 concentration up to 500 mM-1 

M (Fig. 8A). This behaviour is atypical for a peroxidase, but it is common 

among catalases and represents a problem in defining Km and kcat values for 

these enzymes41,58. In the case of Hp catalase-like apparent values of 93.2 mM 

for Km and 194 s-1 for kcat were calculated. Moreover, the enzyme could 

withstand very high concentrations of H2O2 (molar ratio 1 : 107) without loosing 

catalytic efficiency. 

To examine in more detail the peroxidatic activity, oxidation of different one-

electron donors (pyrogallol, guaiacol, ABTS, ascorbate) was performed, using 

H2O2 as oxidant. Enzyme kinetics were measured at different concentrations of 

each electron-rich substrate (see Materials and Methods), while H2O2 

concentration was kept constant (50 mM). The initial rates of oxidation by 

HP0485 showed a simple hyperbolic dependence on the concentration of the 

titrated substrates only in the case of pyrogallol. For the other tested substrates 

(guaiacol, ABTS, ascorbate) there was a reduction in the rate at high substrate 

concentration and the enzymatic behaviour was better described by a hyperbolic 

dependence with substrate inhibition at high concentration of the electron 

donors. This behaviour was reported for other enzymes with peroxidase activity 

and ascribed to the presence of an additional inhibitory binding site for these 

substrates with a regulatory function on the enzyme activity59,60. Figure 9 shows 

the Michaelis-Menten behaviour obtained from above experiments, and Table 1 

summarizes Km and kcat values calculated for the oxidations. Peroxidatic activity 

of typical peroxidase of A. rusticana (horseradish peroxidase, HRP) was 

measured in parallel with the same substrates and exhibited hyperbolic 

dependence on the concentration of substrates (Table 1). 

Hp catalase-like was able to oxidize all the tested compounds; in particular, it 
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Figure 8. Peroxidatic activity with ABTS. (A) Kinetics with ABTS and H2O2. ABTS 
concentration was 0.1 mM and H2O2 concentration was varied (0.1-200 mM) when 
monitoring the formation of the ABTS radical cation at 420 nm. (B) Kinetics with ABTS and 
tBOOH. ABTS concentration was 0.1 mM and tBOOH concentration was varied (0.1-100 
mM). 
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Figure 9. Peroxidatic activity with H2O2 and different one-electron donors. Hp catalase-
like protein was assayed for peroxidatic activity using hydrogen peroxide and different one-
electron donors (pyrogallol, guaiacol, ABTS, ascorbate). H2O2 concentration was 50 mM 
while the other substrate concentration was varied, when monitoring the formation of the final 
oxidative product at the corresponding λ (see Material and Methods and Table S1). 
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could oxidize ascorbate, at variance with HRP. Calculated Km and kcat values for 

ascorbate, respectively of 585 µM and 25 s-1, were reported for some plant 

ascorbate peroxidases61–63. The other electron donors are typical synthetic 

substrates for HRP. Hp catalase-like exhibited a reaction rate ≈ 200-fold lower 

than that of HRP in oxidizing pyrogallol (kcat values of 9.2 s-1 for HP0485 and 

1580 s-1 for HRP), but with both guaiacol and ABTS the catalytic turnover was 

similar between the two enzymes (kcat values for guaiacol of 1.96 s-1 for HP0485 

and 12.2 s-1 for HRP; kcat values for ABTS of 235.3 s-1 for HP0485 and 143.9 s-1 

for HRP). 

The ability of Hp catalase-like to utilise organic hydroperoxides was also 

evaluated (Fig. 8B and Table 2). Kinetics in presence of increasing concentration 

of t-butyl hydroperoxide (t-BOOH; 0.1 mM-100 mM) and constant ABTS (0.1 

mM), showed a weaker peroxidatic activity (kcat: 0.88 s-1) compared to that with 

H2O2 (kcat: ≈ 200 s-1) and again non-saturable interaction with the peroxide 

substrate. We followed the reaction rate up to 100 mM t-BOOH (molar ratio 

HP0485 : t-BOOH = 1 : 105); at this value the increase was still exponential and 

the enzyme did not exhibit loss in activity. These results suggest that Hp 

catalase-like is able to catalyse peroxidatic reaction with both H2O2 and t-

BOOH, being not saturated up to very high peroxide concentrations, but it is 

more efficient with hydrogen peroxide. For comparison, the peroxidatic activity 

of the catalase-like from Mycobacterium avium in equivalent assays, ABTS-

H2O2 and ABTS-t-BOOH, was reported to have kcat values of 13 s-1 and 320 s-1 

respectively. Thus, curiously, the catalase-like of M. avium exhibited opposite 

behaviour with a preference for organic hydroperoxides over hydrogen peroxide. 

 

 

 

40



Table 1. Kinetics parameters for Hp catalase-like and horseradish peroxidase. 

Substrate KM (mM) kcat (s-1) kcat/KM (M-1 s-1) 

PYROGALLOL 0.105 ± 0.014 9.2 ± 0.21 8.8 x 104 

GUAIACOL 17.6 ± 2.7 1.96 ± 0.36 1.1 x 102 

ABTS 0.073 ± 0.038 235.3 ± 90  3.2 x 106 

ASCORBATE 0.585 ± 0.202 25.2 ± 6.4 4.3 x 104 

HP0485 

Substrate KM (mM) kcat (s-1) kcat/KM (M-1 s-1) 

PYROGALLOL 2.2 ± 0.6 1580 ± 121 7.2 x 105 

GUAIACOL  2.8 ± 0.8 12.2 ± 3.4 4.3 x 103 

ABTS 4.6 ± 1.6 143.9 ± 19 3.1 x 104 

ASCORBATE  Activity not detected 

HRP 
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Table 2. Kinetics parameters for Hp catalase-like and M. avium MAP_2744c. 
Values are from this work (HP0485) or from the literature (MAP_2744c; 
Pakhomova et al., 2009 

Substrate KM (mM) kcat (s-1) kcat/KM (M-1 s-1) 

H2O2 93.2 ± 7.7 194 ± 7.6  2.081 x 103 

t-BOOH 165.6 ± 20.6 0.88 ± 0.08 5.3 

HP0485 

MAP_2744c 
Substrate KM (mM) kcat (s-1) kcat/KM (M-1 s-1) 

H2O2 30 13  4.33 x 102 

t-BOOH 0.022 320 1.45 x 104 
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Heme environment 

Our next step was to investigate the origin of the disparity between Hp catalase 

and Hp catalase-like activity. To understand why two enzymes extremely similar 

in structure exhibit such a marked difference in function, the heme active site 

has to be considered. As can be seen from figures 4 and 10, there is a strictly 

conservation of key amino acids close to the heme. In addition to the proximal 

tyrosine (Tyr339 in KatA, Tyr306 in HP0485) and the distal histidine (His56 in 

KatA, His45 in HP0485), an arginine that is hydrogen bonded to Tyr in KatA 

(Arg335) is found at the same position in HP0485 (Arg302), and similarly, a 

serine that participates in hydrogen bond interaction with the catalytic histidine 

in KatA (Ser95) is present in HP0485 (Ser82). All these residues have been 

proposed to be important for Compound I formation that is the first common 

step of the catalatic-peroxidatic cycle (Fig. 1)34,51,64. But there are at least two 

significant differences in the neighbouring residues lining the heme distal side 

that determine a different occupancy and electrostatics in the active site and 

could contribute to the different reactivity of the two enzymes. In particular the 

distal side of the heme in KatA also includes an asparagine (Asn129) positioned 

over the heme near to distal histidine (His56), and is implicated along with the 

distal His in modulating or tuning catalysis51. In HP0485, the distal asparagine is 

not conserved and a hydrophobic residue, leucine (Leu113), is found at this 

position. Another notable difference is the substitution of the valine next to the 

catalytic His in KatA (Val55) with a polar residue, asparagine (Asn44) in 

HP0485 that may alter its availability for the reaction. It is intriguing to note that 

the characteristic of these residues flanking the catalytic His in the heme active 

site are interchanged between the two enzymes: hydrophobic-polar in catalase 

and polar-hydrophobic in catalase-like. 

 

 

43



Figure 10. Key residues in the heme environment in the active sites of H. pylori HP0485 
and KatA. The heme (dark red) has conserved His and Ser residues on the distal side. The 
proximal heme ligand, Tyr, is flanked by a conserved Arg. In HP0485 Leu and Asn residues 
substitute catalase residues Asn and Val respectively. KatA structure is from PDB file 2A9E 
(Hp KatA), HP0485 is a model obtained from SWISS-MODEL. 
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Figure 11. Absorption spectra of Hp catalase-like mutants. Purified N44V, N44A and 
L113N mutants in 50 mM sodium phosphate buffer (pH 7.4) with 300 mM NaCl. The Soret 
peak is at 407 nm in L113N (purple line), 409 nm in N44V (green line), 410 nm in N44A (red 
line). 
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Analysis of HP catalase-like mutants 

In the light of these observations, Hp catalase-like single mutants were created to 

eliminate the differences at the heme distal side with Hp catalase. In the first and 

second mutant, Asn44, next to the catalytic His, was replaced with a 

hydrophobic residue, Val (N44V) and Ala (N44A) respectively. In the third 

mutant, Leu113 was mutated to Asn (L113N). Each substitution gave a protein 

with similar heme content, but a shifted Soret peak in respect to the wt (406 nm). 

As shown in figure 13, N44V and N44A mutants display a peak at 409 nm and 

410 nm respectively, while L113N presents a 407 nm peak. The catalatic 

activities of the mutants were assayed by spectrophotometric measurement of 

H2O2 consumption but, as for the wt protein, no absorbance decrease at 240 nm 

was detected. These results suggest that a single mutation is not sufficient for the 

acquisition of the catalatic activity.  

 

Assembly and disassembly of the catalase-like heme cofactor 

To understand the process of Hp catalase-like assembly in the periplasm the apo 

form of the protein was generated through acid-butanone extraction of bound 

heme65. This method has been successfully used for other hemoproteins like 

cytochromes and globins, which retain their tertiary structure and can be readily 

reconstituted with free heme66. Upon phase-separation, the lower phase 

remained colourless, whereas the upper phase was coloured and contained free 

heme, as demonstrated by the absorption at 385nm. The final spectrum of the 

dialyzed lower phase containing the protein, lacked the peak at 406 nm and the 

minor peaks (Fig. 12A), still the protein conserved unaltered tertiary structure as 

shown by the CD spectra of the holo and the apo forms (Fig. 12B). This result 

clearly indicates that heme is non-covalently bound to Hp catalase-like protein, 
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Figure 12. Holo and apo forms of Hp catalase-like. The two protein forms were both in 10 
mM sodium phosphate buffer (pH 7.4); the spectra were collected at 25 °C. Holo form is 
pink; apo form is blue. (A) Absorption spectra; (B) Far UV CD spectra. 
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Figure 13. Heme reconstitution of the apo Hp catalase-like. (A) Hemin titration of the apo 
Hp catalase-like (12 µM) to re-form the holo protein, monitored by visible absorption 
spectroscopy immediately after mixing of the samples. (B) The change in A406 with 
increasing amounts of hemin (100 nM-20 µM) shows the essentially stoichiometric 
incorporation of heme. (C) Peroxidatic assay with H2O2 and ABTS coupled to the hemin 
titration of the apo protein. Aliquots of apo Hp catalase-like (7 mM) were incubated with 
hemin at concentrations ranging from 1 µM to 80 µM at 25 °C for 15 minutes. After this time 
the peroxidatic activity of 5 nM of the protein from the sample was determined. 
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as reported for catalases35, and that heme binding is not necessary for the 

maintenance of the folding. 

Titration of the apo catalase-like with free hemin at physiological conditions (25 

°C, pH 7.4) was able to regenerate the holo form of the enzyme. The Soret 

absorption peak concomitantly increased and reached a maximum when HP0485 

and hemin were present at approximately equimolar amounts (Fig. 13A-B). The 

peroxidatic activity of the reconstituted apo form was almost fully recovered (≈ 

80%) within fifteen minutes of incubation at room temperature after the addition 

of excess hemin. This was tested with an ABTS-H2O2 assay coupled to the 

hemin titration of the apo protein (Fig. 13C). Aliquots of apo Hp catalase-like (7 

µM) were incubated with hemin at concentrations ranging from 1 µM to 80 µM 

at 25 °C for 15 minutes. After this time, the peroxidatic activity of 5 nM of the 

protein from the sample was determined. Control incubations with only apo 

catalase-like or hemin, yielded no reaction. The peroxidatic activity increased 

with the addition of hemin and reached a plateau at a 4-fold amount of hemin 

with respect to the protein. 

 

A conserved disulfide bond is essential for heme binding 

To gain insights on the mechanism of heme assembly within the catalase-like 

active site, the presence of a putative disulfide bond was investigated. In the Hp 

catalase-like model structure, in proximity of the heme cavity, two cysteines 

(Cys50 and Cys277) appear to be at a distance of 2.5 Å, consistent with a 

disulfide bond (Fig. 14A). These two cysteines are not present in Hp KatA, but 

are conserved in HP0485 homologous containing a putative signal peptide in 

these protein sequences. Additional evidence for the existence of a disulfide 

bond is given by the co-variance of these two cysteines in multiple sequence 

alignments that include catalase-like proteins lacking the signal peptide (e.g. 

from Gram-positive bacteria) (Fig. 14D). 
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Figure 14. Evidence for the presence of a disulphide bond in secreted catalase-like 
proteins implicated in the heme assembly. (A) Cysteine residues (yellow sticks) in HP0485 
model structure at a distance of 2.5 Å, consistent with a disulfide bond. (B) SS-bond reduction 
with 5 mM TCEP lead to the detachment of heme from the active site. Absorption 
spectroscopy of holo HP0485 untreated (pink line) and treated with TCEP (black dashed line). 
(C) Far UV CD spectra of holo HP0485 untreated (pink line) and treated with TCEP (black 
dashed line). (D) Multiple sequence alignment of HP0485 and related proteins displaying the 
covariance of the two Cys (yellow stars).  
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Swoodyi               IN      V        A        V  V     .MDSYRLVSF  TCLLTG TVLSSSVF ADRSSAEL DA NGTPD

Mavium                                             AIDA  .......................MHHHHHHMSGGLTPDQ    IR

Hminutum                                    M   V  AVDA  ................................ ADP QE    ME

        40        50        60        70     

HP0485                    H  G      F                     LN     PK KIN  K FC  G   PN  A   L VPLL  K IK  A..KE  M    T    AK V L  AQ KKD D    NE E 

Hacinonychis               H  G      F                     LN     PK KIN  K FC  G   PN  I   L VPLL  K IK  A..KE  M    T    AK I L  QA KND D    DE E 

Hmustelae                 H  G      F                     LN     PK KIN  K FC  G    S  A   L VPLL  K IK  G..KD  M    T    TK V LS QE RDS D    NQ E 

Clari                     H  G      F                     LN     PK KVN  K FC  G   P   I   V VPLL  K LQ  ADPKN  A    A    AM T E ALS NKE D    TQ S 

Cjejuni                   H  G      F                     LN     PK KVN  K FC  G   P   I   I VPLL  K LQ  ADPKN  V    A    AM T E AQS NKE D    TY S 

Hbilis                    H  G      F                     LN     PH KIN  K FC  G   P   I   L IPLL  K IA  GDSKD  K    A    AN E I ANN TKT N    KE S 

Hcinaedi                  H  G      F                     LN     PH KIN  K FC  G   PN  V     IPLL  K  T  AEEAN  K    A    AI E I  KE AKDFA    HN SK

Swoodyi                   H  G      F                     AS          N  K FC  G   PN  L   L IP      IS  REAGKKVKLR  A    TS S I  PK HNT A  FFKQAE 

Mavium                    H  G      F                            P  RA   K     G    T  A     AP L    VGTGG..AQ GC  L A  TLYR T TA RD VMLSA  H DGST 

Hminutum                  H  G      F                      T        R    R         PT  A     A       VKH G..TVQGY RA P  LVFHAT T  PE RPLTA EHFQGPP 

   80          90            100         110 

HP0485          R S         D                            PA V Y LGG       KSK      RGMALKL       SWTMV  S       ..VAMD    V.....       EN..QNA     

Hacinonychis     R S         D                            PA V Y LGG       KSK      RGMALKL       SWTMV  S       ..VAMD    V.....       EN..QNA     

Hmustelae       R S         D                            PA V Y LGG       RSK      RGMAL L       TWTMV  F       ..VEMD    G.....     Q EG..KGG     

Clari           R S         D                            PI V Y LGG       KSK      RGMAIRI       SWTM   Q       ..AFKD    T.....       TDPKDSA    G

Cjejuni         R S         D                            PI V Y LGG       KSK      RGMAIRI       SWTMV  Q       ..AFKD    T.....       TDPQDSA     

Hbilis          R S         D                               V Y LGG       KSK      RGMALKI        W IVKTE       GSRVAS    P.....       QG..QKDE E  

Hcinaedi        R S         D                             V V F L G       KSK      R LALKI       SW MA. K     A GNLKQS    N..... S     QG..KND  E  

Swoodyi         R S         D                            PI A F LGG       R        R M LKI       S N V  T       TNPHAS  GAG..... F S   DG..DKE L F 

Mavium          R S         D                            PA I F  G                 RGMAVK        T  V   L    N SGNPKQR GAPG....V      FTLP.DGS TD S

Hminutum        R S         D                               V F           R         GLAVR          T AHTL    NASGSPHAP  GSDRQGAVL     FDLP.SGKHA W 

      120       130        140       150     

HP0485                    F                              M N  I FAKNP E  QF  M  P   GKV    I KL   V SY L TE N     N  A  FE RI .KN   DEAR K  YEE P  

Hacinonychis               F                              M N  I FAKNP E  QF  M  P   GKV    I KL   V SY L TE N     E  A  FA RI .QN   DEAK K  YEE P  

Hmustelae                 F                              M N  I FAKNP E  QF  M  P   GKV    V KL   V SY T AE L     E  I  LA RT .KN   DEER K  SQE A  

Clari                     F                              M N  I FAKNP E  QF  M  P   GKV    I KM   V SY L TE N     K  G  FE RL .VN   DQEK S  MQE D  

Cjejuni                   F                              M N  I FAKN  E  QF  M  P   GKV    I KM   V SY L TE N    LK  G  FE RL .VN   DQEK S  MQE D  

Hbilis                    F                              M N  I FAKNP E   F  M  P   GKV    I K    V SY L TE N     Q  GE FA RI .KD   DTAY A RTSE A  

Hcinaedi                  F                              M N  I FA N  E  QF  L      GKI    A K    V SF T AR N  T AS  K  MR QVQQKE   TQDK D QRAK R  

Swoodyi                   F                                N  V FA N  E  NF         GK        L     N TT SP F  S LE  F  QTKVKQGAE  Q......W VDNQP A

Mavium                    F                              A T  L    TP        A  P          A HL        Q AR LVSS  EG IDLLK MR .GLT.TPLRL T  LTHPRLL

Hminutum                  F                              A N  A  ARTP E  Q   A  P          L  I   L    A IP FV    E  L VTR QR .NASPHPLRM GY LTH HAL

  160       170       180        190         

HP0485                      A                            R F  Y  TIGIS S  NT Y SVH F F     G LLPARWKFV N AA TK     S V   P Y   A R KDKK. K         

Hacinonychis                 A                            K F  Y  TIGIS S  NT Y SVH F F     G LLPMRWKFV N TA TK     S V   P Y   A R KDKK. K         

Hmustelae                   A                            R F  Y  NVGIT S  NT Y SVH F F     G MLPAKWKFV R DA MK     P V   P Y   T M KDKKT K         

Clari                       A                            R F  Y   IGIS S  NT F SIH F F        LPARWK V N AA TDK    K V   P F   T Y KQANGENY      L 

Cjejuni                     A                            R F  Y   IGIS S  NT F SIH F F        LPARWK V N AA TDK    K V   P F   T Y KQTGSENY      L 

Hbilis                      A                            K F  Y  NIGIT S  NT Y SIH F F       LIPARFKFV N EE MK     G V   M H   T Y KDNK.NK         

Hcinaedi                    A                              F     SLPIT S  NS Y SVH F F     G LL ARF FIAN AKEVQ     P F   A H   T G LQSN. D  L   S  

Swoodyi                     A                            K F  Y  TLP S S  NS Y  V  F F     G I P RW F  A FD IK   P A F   R FG NS L SANN. D K G  S E

Mavium                      A                                       I  S  TT Y  LH F W     G A  VRYH VGALPLLREANR PA Y   E HG  A R IAAD. S RF    L 

Hminutum                    A                                    T PA        Y SVH Y       G     RYRWVPGIRGIVG K  PS.F HCQ N   A HLVDAQ. QRRAF     

200       210       220       230        240   

HP0485      P      L            L                           GI Y N  ELK   S Y    F  HL    PI Y M LV AN KE  K   PQ   QKD N  LSA QQ  KT.K  E Q Y  F  

Hacinonychis P      L            L                           GV Y N  ELK   S Y    F  HL    PI Y M LV AN TD  K   PQ   QKD N  LSA QQ  KT.K  E K Y  L  

Hmustelae   P      L            L                           GV Y S  DLK   S Y    F  HV    PI Y M LV AN VD  R   NQ   EKK D  LTA QE  KT.K  E K Y  F  

Clari       P      L            L                           GV Y N   MK   S F    F  RV    PV Y M LV AN SE  A   EAQ  SAS D  KED QN  KANK  V K Y  Y  

Cjejuni     P      L            L                           GV Y N   MK   S F    F  RV    PV Y M LV AN SE  A   EAQ  SAS D  KED ED  KTNK  E K Y  Y  

Hbilis      P      L            L                           GV Y    EL    N F    F  K     PI Y M LV AN AN  A  KEN  QKLS D  ESD KE SKK.A  A K I  L  

Hcinaedi    P      L            L                           GI   S  EL      F    F   L    PV F L LV  N KV  KG  KE  NGLNDE  ESA KKA SK.A  E D T  VP 

Swoodyi     P      L            L                           GV   S   L    N F        I    PA W L I  A  VD  VN  QNQ DKLP N  KDELLTL QQ.K  I D Y QL E

Mavium      P      L            L                              Y S  DAR     F       RL    PV F   V  A  TAAEE   AS   GKDPD  TDELAA  QD.G  R DFR QI G

Hminutum    P      L            L                           GA   S  EAR     Y       RV     V F L    AN SA  AT  PA   KRPEQ  LDELRE  SR.ER T N VFQL  

    250       260       270            280   

HP0485        D        W                                  N    DTTAL  G H  LLVGTL V            CN  VY K  ATN      K K KE      K EKYEG.....MG  KD  F

Hacinonychis   D        W                                  N    DTTVL  G H  LLVGTL V            CN  VY K  ATN      K K KE      K KEYEG.....MG  KD  F

Hmustelae     D        W                                  N    DTTAL  G H  L AGTL I            CN  VY K  AIN      K K RE Y    K EQYEG.....MG  KD  F

Clari         D        W                                  N    ETTAL  G H   LVGT  V            CN  VY K  ITN      S K KES    FK NALSD.....ED  FD  F

Cjejuni       D        W                                  N    ETTAL  G H   LVGT  V            CN  VY K  IIN      E K KES    FK NALSE.....ED  FN  F

Hbilis        D        W                                       DTTAL  G H  I VGTL V            CN  VF PK KTD      S K KE E    L KQYNG.....DI  GD  M

Hcinaedi      D        W                                  N    DT  V  G R  IVLGTL V            CN  VF K  KIK  AQ  E A EN      K SKFDG.....YG  GE  M

Swoodyi       D        W                                       D TVL    R  LLVGQV I            C   IF PG EIN P    PET QR      L DGSRDSESATMQ DRG  N

Mavium        D        W                                  T    D S A        V                      VF P  STV P S  QSTQIVT GTVTITGPDTERE...HGGDIV  D

Hminutum      D        W                                       D T      R  I AGQL I                VF PG PTH A RP PED QK P    V DSLYEDQ...RESERF  D

    290       300       310                  

HP0485      P     G     D     R   Y      R                  LP  V  P  PLF I N V  ITF R Q               AD  K  EA T    Q   E  G   S   ..............

Hacinonychis P     G     D     R   Y      R                  LP  V  P  PLF I N V  ITF R Q               AD  K  EA I    Q   E  G   G   ..............

Hmustelae   P     G     D     R   Y      R                  LP  V  P  PLF I N V  ITF R Q               SD  T  RP N    Q   E  G   G   ..............

Clari       P     G     D     R   Y      R                  VP  V  P  PLF V N A  ITF K Q               SD  Q  NP Q    D   E  A   G   ..............

Cjejuni     P     G     D     R   Y      R                  IP  V  P  PLF V N    ITF   Q               SD  Q  NP Q    D   ET A   GM  ..............

Hbilis      P     G     D     R   Y      R                  LP  V  P  PLF   N V  ITF R Q               NV  N  EA K    ET  D  S   G   ..............

Hcinaedi    P     G     D     R   Y      R                  LP  I  P   IF L N V  LS  K                 SN  H  QA N D  E   L  A  AS  ...............

Swoodyi     P     G     D     R   Y      R                  LP  I     PI  A T A   SF R Q               VL  E  KPSA   LN   P  IE  I   ..............

Mavium      P     G     D     R   Y      R                  V   I     PV    T V  AS    T               MR TD  EPSD   LRF  L  S  VKL  GVDRGAQAPPV...

Hminutum    P     G     D     R   Y      R                  V   I     PI      V   SY R S               TG VP  ELSD   LHF AK  SE  N   SETKPEPKPADLRQ
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To provide experimental evidence, HP0485 was treated with 5 mM TCEP to 

reduce the disulfide bond; interestingly, the bound heme was lost, as indicated 

by a spectrum resembling that of the apo protein (Fig. 14B). Far UV CD 

measurement demonstrated that the protein still retained a folded conformation 

with no appreciable differences from the holo form (Fig. 14C). 

The addition of free heme to this apo form, in presence of TCEP, resulted in a 

visible spectrum resembling that of free heme rather than that of a heme-protein 

complex, and after gel filtration chromatography the protein spectrum was still 

featureless above 300 nm. Thus, reduction of the disulfide bond impaired the 

heme-reconstitution of apo catalase-like. Overall these experiments demonstrate 

the essentiality of disulfide bond formation for the incorporation of heme into 

the active site. 

 

Evolutionary relationship between catalase and catalase-like proteins 

Based on the alignment of the entire amino acid sequences of various 

prokaryotic catalase and catalase-like proteins, a tree was constructed to gain an 

overview of the phylogenesis of Hp catalase-like and its related proteins, as well 

as explore the features that are either in common or different between the two 

groups of enzymes (Fig. 15). 

The phylogenesis shows the distinct group of catalase-like that separated quite 

early from catalases, as there is no mixture of members between the two 

lineages.  As well as catalases that are divided in "small" subunit and "large" 

subunit enzymes43, catalase-like proteins display differences in sequence length 

and therefore in dimension. In agreement with the catalase-like phylogenesis 

presented by Pakhomova et al.48, two major groups are found: catalase-like with 

up to 330 residues and catalase-like with a number of residues ranging from 330 

up to 360. Whatever the exact dimension is, it does not reach that of catalases, 
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Figure 15. Phylogenesis of HP0485 and related proteins. Midpoint-rooted tree representing 
the evolutionary relations between catalase and catalase-related enzymes. HP0485 segregates 
with the subgroup with proteins < 330 amino acids from Gram negative bacteria. Groups are 
named according to Klotz and Loewen for catalases, and Pakhomova et al.&for catalase-like. P. 
Homomalla AOS is equally distant from both groups.!
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owed to the absence of two domains (Fig. 3), and for this reason catalase-like 

proteins are also called "mini-sized" catalases or "minicatalases". 

Selected portions of the multiple sequence alignments of catalase-like proteins 

and catalases (Fig. S2 and S3) show the conservation of key residues within the 

heme binding pocket. The proximal Tyr and the distal His are always conserved. 

In contrast, the other two residues, the Val preceding the His, and the vicinal 

Asn, that are present in almost all catalases, are variant positions in catalase-like 

enzymes. Overall, a lower degree of conservation in catalase-like compared to 

catalases is evident from the comparison of branch lengths in the two groups, 

hinting at the heterogeneous activity expected for these proteins. 
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Discussion 

 

Helicobacter pylori has the extraordinary ability to survive within the human 

stomach although it induces an intense and persistent inflammation in the 

infected gastric mucosa, that culminates in the heavy generation of reactive 

oxygen metabolites. To overcome the severe oxidative stress the bacterium 

employs a great armoury of ROS detoxifying factors. 

Being so powerful and specific for the degradation of hydrogen peroxide, 

catalase is one of H. pylori most prominent antioxidant enzymes, with a unique, 

strongly preserved three-dimensional organization. 

Within the bacterium genome another protein is present that bears a catalase 

domain, and belongs to a family of enzymes structurally related to catalase, but 

of undefined function. 

To uncover another potential actor in the antioxidant resistance of this highly 

successful human pathogen, we characterized H.pylori catalase-like protein, 

HP0485. 

 

Hp catalase-like is located in the cell periplasm, as shown by the presence of a 

signal peptide at the N-terminal of the sequence. After recombinant expression 

and periplasmic purification, the protein appeared to be a monomer of 35 kDa 

with a ferric heme group. Despite the weak sequence identity to catalase (22%), 

the predicted tertiary structure resembles a catalase core and accurately 

conserves the heme environment. In particular, key catalytic residues such as the 

proximal iron-ligand tyrosine (Tyr306) and the distal histidine (His45), with 

their respective neighbours, arginine (Arg302) and serine (Ser82), are preserved. 

Quite unexpectedly, we found that Hp catalase-like protein does not present 

catalatic activity. The enzyme catalyses the H2O2-dependent oxidation of 
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different organic electron donors (i.e. pyrogallol, guaiacol, ABTS, ascorbate). 

Catalase-like interaction with hydrogen peroxide appears to be non-saturable at 

physiological levels, as the reaction rate constantly increases at H2O2 

concentration up to 500 mM - 1 M, yet the peroxidatic activity in the presence of 

a suitable electron-rich substrate is efficient enough (kcat/Km ≈ 106 M-1 s-1 for the 

kinetics with ABTS) to suggest an important role for Hp catalase-like in cellular 

H2O2 metabolism. HP0485 can use also organic hydroperoxides, i.e. t-butyl 

hydroperoxide, as oxidant, but its involvement in organic hydroperoxide 

detoxification is less likely, since it shows a feeble catalytic activity. 

 

A close look at the two structures with a catalase fold, the experimental KatA 

structure and the HP0485 model, pointed out the presence of two important 

differences in the heme active site. The valine preceding the catalytic histidine in 

KatA (Val55) is substituted with an asparagine (Asn44) in catalase-like, while 

the distal asparagine in KatA (Asn129) is replaced by a leucine in catalase-like 

(Leu113). Single mutations introduced in Hp catalase-like protein to alternately 

abolish these differences were not useful for the acquisition of catalatic activity, 

suggesting that the two newly generated active sites still retain significant 

divergences from that of catalase. 

 

Extraction of the heme from the active site produced the apo catalase-like, which 

retained a folded conformation as a proof that heme is not required for the 

maintenance of the structure. Reconstitution of the apo protein with free heme 

led to the recovery of the 80% of the peroxidatic activity, but the stoichiometry 

of the heme titration calculated by monitoring the increase of the 406 nm peak 

and that obtained by monitoring the peroxidatic reaction did not match. Whether 

this discrepancy is due to non-optimal conditions (temperature, timing, pH, etc.) 

used for the in vitro assay, or to the in vivo uncoupling of the two processes, it is 

still an open question that needs further investigation. 
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A disulfide bond identified as a hallmark of secreted catalase-like proteins, was 

found to be implicated in the heme assembly. Since two cysteines (Cys50 and 

Cys277) were positioned at a distance compatible with the formation of a 

disulfide bond in HP0485 model structure and displayed a clear pattern of 

covariance in proteins multiple alignments, being both conserved only in the 

enzymes with a signal peptide, we hypothesized a link between the correct 

formation of a disulfide bond and the assembly of a functional hemoprotein in 

the periplasm. Accordingly, reduction of the two cysteines led to the loss of the 

bound heme, and reconstitution of the holo form was impaired in the presence of 

reducing agents.  

  

The phylogenetic analysis of catalase-like proteins identifies this group of 

prokaryotic enzymes as a novel distinct branch of the catalase superfamily, 

equally distant from catalases and cAOS48. As suggested by the lower degree of 

conservation at sequence level, the bacterial catalase-related structure appears to 

be less constrained than the catalase one, and this likely reflects heterogeneous 

activity among these catalase-like enzymes. This idea is supported by the two 

family members characterized so far. As perfect example of promiscuous 

activity, M. avium catalase-like, exhibits weak catalatic activity, minor 

peroxidatic activity using H2O2, and strong peroxidatic activity using organic 

hydroperoxides48. The other family member, the Hp catalase-like characterized 

here, does not show catalatic activity, has minor peroxidatic activity using 

organic hydroperoxides, and strong peroxidatic activity using H2O2. 

 

Hp catalase-like protein: a peroxidase in catalase clothing 

Concealed behind a catalase appearance, Hp catalase-like turned out to be a 

versatile and robust peroxidase. The first attribute arises from its broad 
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peroxidatic activity, the second one from its ability to withstand high 

concentration of hydrogen peroxide. 

 

The presence of peroxidatic activity instead of catalatic activity is a property 

typical of eukaryotic peroxidases. Indeed the comparison with one of the most 

famous peroxidases, HRP, seems appropriate. Compared to HRP in terms of 

catalytic rate, kcat, HP0485 is inferior in the reaction with pyrogallol, whereas it 

is similarly effective in oxidizing ABTS and guaiacol (Table 1). Interestingly, 

however HP0485 is effective in oxidizing ascorbate, a substrate that is not 

attacked by HRP. Ascorbate is the physiological substrate of eukaryotic 

peroxidases from higher plants and green algae, constituting the family of 

ascorbate peroxidases. These enzymes represent a different evolutionary lineage 

from that of HRP and share a prokaryotic origin with bacterial catalase-

peroxidases42. In prokaryotes ascorbate peroxidase activity was reported several 

times67,68, but none of the putative enzymes were purified. An ascorbate-

oxidizing activity was detected in H. pylori69 and in agreement with this, the 

concentration of vitamin C was found to be decreased in gastric juice from H. 

pylori infected patients, and replaced by its oxidation product, dehydroascorbic 

acid70. However, Ødum and Andersen attributed the ascorbate oxidizing activity 

detectable in H. pylori lysate supernatant to a protein band of ≈ 14 kDa, 

consistent with a cytochrome c-like molecule69. In this work we showed that 

purified recombinant Hp catalase-like is able to catalyse the H2O2-dependent 

oxidation of ascorbate, with efficiency comparable to some ascorbate 

peroxidases, but at higher H2O2 concentrations (10-500 mM vs 0,1-10 mM)60–62. 

 

In the light of its broad specificity for electron donors, the complete inability of 

Hp catalase-like protein to use H2O2 for a catalatic reaction is surprising. 

Investigation of Hp catalase-like peroxidatic property revealed two features 

shared with catalase enzymes. First, HP0485 shows non-saturable interaction 
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with H2O2, as the Vmax is not attained at H2O2 concentration up to 500 mM - 1 

M. Second, the reaction rate constantly increases even at high excess of H2O2 

(molar ratio 1:107) without the loss of enzyme activity. Conversely, most 

peroxidases, including HRP, are inactivated at concentration of H2O2 higher than 

10-50 mM71.  

HP0485 exhibits the same non-saturable behaviour with t-butyl hydroperoxide at 

physiological levels. The Hp enzyme can withstand very high concentrations of 

t-BOOH (molar ratio 1:105) without loosing activity, even if the turnover 

number is over 200-fold lower compared to the reaction with hydrogen peroxide. 

This latter aspect in contrast with catalase that is extremely sensitive to t-butyl 

hydroperoxide, being totally inactivated by 1:800 molar ratio45. 

 

The substrate inhibition observed in HP0485 kinetics with three of the tested 

electron donors was described for other peroxidases. Interestingly, for the 

multifunctional enzyme, dehaloperoxidase-hemoglobin (DHP), it represents a 

strategy to solve the toxicity problem posed by some of its substrates. Indeed its 

substrate inhibition behaviour has been attributed to the presence of an internal 

binding site that plays a role in regulating its peroxidase function and preventing 

the collapse of the protein stability during the catalytic reaction at high substrate 

concentration59. In this light, the substrate inhibition behaviour of HP0485 could 

be related to its increased stability in respect to other peroxidase enzymes. 

 

A common feature on the heme distal side in catalatic reaction 

The residue considered unanimously of vital importance for catalase function on 

the heme distal side is the conserved histidine. The distal asparagine is also 

highly preserved in catalase (Fig. S3) and its role in catalysis, according with 

molecular dynamic studies, seems to be related mainly with the orientation and 

flow of substrates and products51.  The importance of this residue was called into 
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question when several different mutants were obtained, which retained catalatic 

function and only exhibited overall lower activity72,73. This effect was marked in 

particular at high H2O2 concentration, with lower values of both Vmax and Km, 

suggesting a possible role for the Asn in binding the peroxide and thus 

increasing affinity for the substrate72.  

The valine flanking the distal histidine is well conserved in catalases, but to a 

lower extent compared to Asn, as also methionine or proline natural variants can 

be found (Fig. S2). This position certainly came to prominence with the 

structural characterization of coral allene oxide synthase50. The absence of 

catalatic activity in cAOS was attributed to the presence of a threonine replacing 

the valine, and the hypothesis was confirmed by the acquisition of catalatic 

function in Thr to Val mutant74. Molecular dynamic analysis showed that the Thr 

in cAOS forms a strong hydrogen-bond with H2O2 and, with the aid of the 

catalytic His, helps to pull H2O2 away from the heme iron center75. On the other 

hand, mutations of the valine in catalase decrease, but not abolish catalatic 

activity, suggesting a minor but still important role in helping optimizing 

catalysis for this residue76.  

 

To understand why HP0485 single mutations of asparagine (Asn44) and leucine 

(Leu113) to their counterparts in catalase, Val and Asn respectively, did not lead 

to the acquisition of catalatic activity, it can be helpful to consider these two 

residues together and not separately. Noteworthy, their positioning in Hp 

catalase-like creates an electrostatic pattern on the distal side of heme that is 

exactly opposite to that found in catalase: polar-hydrophobic versus 

hydrophobic-polar (Fig. 10). Keeping this in mind, it is interesting to reconsider 

the other known catalase-related enzymes. In M. avium protein leucine is found 

in place of the valine, and glutamine substitutes the asparagine, such as the 

catalase pattern hydrophobic-polar is maintained, resulting in a weak but 

detectable catalatic activity. A completely different pattern is present in cAOS, 
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with two polar residues, threonine and asparagine, at these positions, and the 

catalatic reaction is absent. Our results enrich this framework, as we 

characterized a catalase-related protein with a natural inverted pattern (polar-

hydrophobic instead of hydrophobic-polar) on the heme distal side that is 

incapable of dismutating H2O2. We introduced single mutations, leading to 

disruption of the pattern and its conversion to polar-polar and hydrophobic-

hydrophobic, without achieving any catalatic activity. All together these lines of 

evidence suggest the requirement of a hydrophobic-polar pattern on the heme 

distal side for the accomplishment of the catalatic reaction. It will be thus 

interesting to see if a double mutant would fulfil this active site requirement in 

Hp catalase-like. 

 

A disulfide bond for heme assembly 

It is not completely known how most hemoprotein, including catalase, are 

assembled from their constituents, heme and polypeptide, within the cell. 

In catalase binding to the heme internalization is a complex mechanism that 

likely involves the oligomerization process, as the heme pocket is formed with 

residues from two different subunits35. A model hypothesizes the initial 

formation of holo monomers, followed by holo dimers, and finally by holo 

tetramers54. Dissociation of the tetramer that can be obtained at extremes of pH, 

leads in the majority of the cases to enzyme inactivation, as monomers are 

formed and usually followed by release of the heme77. Attempts to reconstitute 

active catalase by addition of heme to the apo protein prepared in this way have 

not been successful, not even with the aid of molecular chaperones54. In vitro 

assembly was reported only for an organism, Enterococcus faecalis, that cannot 

synthesize heme, but can acquire it from the environment to form a cytoplasmic 

catalase78. Apart from this exception, the problem of in vitro folding and 

assembly of catalases still remains unsolved54. 
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SS-bond formation 

Heme binding 

Figure 15. Model for Hp catalase-like protein assembly in the periplasm. The 
representation with HP0485 model (pink ribbon rendering, with two Cys in yellow and heme 
in red) shows the order of events during the protein assembly and heme incorporation to 
generate active Hp catalase-like, as suggested by our experimental results. Step 1, Disulphide 
bond formation within a folded or partially folded apo catalase-like. Step 2, insertion of heme 
in the active site. 
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In our work we successfully obtained the apo form of Hp catalase-like as well as 

its reconstitution at physiological conditions. We discovered that the recovery of 

a full active enzyme depends on the formation of a conserved disulfide bond. To 

illustrate our results we propose a model for the assembly of catalase-like (Fig. 

16). The protein first acquires its folded conformation in the periplasm upon 

cleavage of the signal peptide (apo form); next disulfide bond formation permits 

the insertion of heme in the active site (holo form).  

 

The successful in vitro assembly of catalase-like suggests that this process does 

not require additional cellular components, and can promptly occur inside the 

cell. The dependency on a disulfide bond can be a control mechanism that 

allows the insertion of the heme only when the protein is correctly folded to 

avoid formation of nonproductive enzymes. Another possible explanation is that 

heme binding is regulated to produce a holo peroxidase only when its activity is 

needed. The peroxidatic reaction, besides hydrogen peroxide degradation, 

produces oxidized compounds that can be damaging for the cell, if not correctly 

metabolised. Therefore this process is likely coupled to other co-regulated 

detoxifying systems.  Furthermore, the presence of disulfide bond is a mark of 

rigidity and stability for a protein (e.g. free exposed cysteines are target of attack 

by hydrogen peroxide) and represents an important aspect when considering the 

prominent stability of Hp catalase-like capable to cope with extremely high 

doses of hydrogen peroxide. 

 

What is the physiological role of Hp catalase-like? 

Bacterial cells typically own multiple scavenging systems to keep intracellular 

hydrogen peroxide at low non-harmful levels. The various catalases and 

peroxidases can be distinguished by variation in substrate specificity, kinetic 

properties, enzyme stability, expression pattern, and compartmentalization. E. 
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coli, for example, expresses at least three authentic scavengers, two heme 

catalases, one cytoplasmic and one periplasmic, plus AhpC peroxidase. H. pylori 

has only one catalase located both in cytoplasm and in periplasm79, and it 

possesses likewise AhpC in the cytoplasm. Yet, differently to E. coli AhpC, 

acting primarily in H2O2 degradation, H. pylori AhpC is mainly dedicated to 

detoxification of organic hydroperoxides, providing also a protecting role for 

catalase in preventing its organic hydroperoxides-dependent inactivation45.  

 

The evaluation of Hp catalase-like role as H2O2 scavenger inside the cell could 

start from considering its catalytic efficiency. It rivals that of eukaryotic 

peroxidases (i.e. HRP), but is certainly inferior to that of powerful catalase. The 

latter aspect might suggest that HP0485 function in H2O2 degradation becomes 

important when that of catalase is failing. This is typical of cell multiple 

scavenging systems, that cannot be entirely appreciated when they are all 

together present. H. pylori catalase-deficient mutants are viable when cultured in 

vitro, suggesting that endogenously generated H2O2 is efficiently removed by 

another scavenger80,81. AhpC could supply catalase lack in the cytoplasm but the 

periplasm would remain defenceless. However, we believe that the presence of 

HP0485 in the periplasm cannot be merely explained with the balance of H2O2 

scavengers between cytoplasm and periplasm, as it is not self-evident that 

another peroxidase is needed. 

 

An additional line of evidence comes from regulation, and thus from gene 

expression data. Hp catalase-like results significantly up-regulated under aerobic 

condition (20% O2), and this connotes its role in H. pylori antioxidant defence82. 

Furthermore, its expression under normal growth conditions is induced with that 

of two other important antioxidant factors, superoxide dismutase (SOD) and 

neutrophil activating protein (NapA), after the late log-to-stationary phase 

transition, in which there is a major switch in gene expression, mainly involving 
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gene related to virulence83. Conversely expression of KatA is not enhanced by 

the cells entering stationary phase, as the highest activity occurs during 

exponential phase44. 

 

As a peroxidase, Hp catalase-like requires an electron donor for function. For 

most peroxidases the naturally occurring substrate is unknown; there are only 

few examples of a known specific substrate for peroxidatic activity. One of these 

is provided by the catalase-peroxidase from Mycobacterium tuberculosis that 

can activate the antituberculosis drug isoniazid84. However, the requirement of 

another substrate might imply another function in addition to hydrogen peroxide 

removal, for example the oxidation of toxic reductants and thus, their 

detoxification29. HP0485 ability to oxidize different compounds could reflect a 

versatile and flexible function within the cell, and this is certainly an intriguing 

aspect that needs further exploration. Our efforts are underway to clarify the 

precise function of Hp catalase-like protein and understand its contribution to H. 

pylori antioxidant defence. 
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Materials & Methods 

 

Homology modelling 

Homology modelling of H. pylori catalase-like was performed with SWISS-

MODEL85 using the structure of H. pylori KatA (PDB: 2A9E) as template. 

Images were created with the PyMOL Molecular Graphics System program. 

 

Cloning and expression of recombinant H. pylori catalase-like 

The HP0485 gene was amplified by PCR from genomic H. pylori G2786, with 

primers 5’-ATATATCCATGGGACATGAAGTGAGCGCTG-3’ (forward, 

NcoI recognition site underlined) and 5’-

ATATATCTCGAGTTGCCTTCTGCTAAAAG-3’ (reverse, XhoI recognition 

site underlined), using Phusion DNA Polymerase (Thermo Scientific). In this 

way the signal peptide at the N-terminal of the sequence predicted with 

SignalP55 was removed. The amplified HP0485 gene was cloned into the 

pET22b(+) vector (Novagen) in frame with N-terminal PelB sequence and C-

terminal His-tag. The integrity of the construct was confirmed by DNA 

sequencing. 

20 ml of an O/N culture (40ml, 37°C) of E.coli BL21(DE3) cells harbouring the 

pET22-HP0298 plasmid were used to inoculate 1 litre of Luria-Bertani (LB) 

medium containing 100 µg ml-1 ampicillin. Cells were grown for 2.5 hours at 37 

°C until OD600 of 0.6-0.8 was reached. HP0485 expression was induced with 0,1 

mM isopropyl-β-D-thiogalactopyranoside (IPTG) and cells cultivation for 

another 20 hours at 30 °C. Culture was harvested at 4°C and stored at -80 °C. 
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Periplasmic purification 

Hp catalase-like was isolated from the periplasmic fraction. To isolate the 

periplasm, after the cells from 1 litre culture had been spun down, the cell pellet 

was resuspended in 10 ml osmotic shock buffer (500 mM sucrose, 100 mM Tris, 

and 1 mM EDTA, pH 8) and incubated O/N at 4°C on a rotating shaker, 

followed by centrifugation at maximum speed for 45 min. The supernatant, 

containing the periplasmic extract was subjected to affinity chromatography with 

TALON metal affinity resin (Clontech). Briefly, the periplasmic fraction was 

mixed with 1-2 ml of resin and incubated for 45 min at 4°C on a rotating shaker. 

The sample was packed in a polypropylene tube and washed four or five times 

with 10 resin volumes of wash buffer (50 mM Tris, 10 mM imidazole, pH 8.0). 

The resin was transferred to a plastic column, washed with another resin volume 

of wash buffer, and finally the bound protein was eluted three times by the 

addition of 1 ml of elution buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM 

imidazole, pH 7.4). The protein fractions were pooled and dialyzed at 4°C 

against 4000 volumes of pH 7.4 storage buffer consisting of 50 mM NaH2PO4, 

300 mM NaCl. Final concentration and purity were estimated through UV-

visible spectra (ε280 = 37.485 M-1 cm-1) and SDS-PAGE respectively. The protein 

was stored at 4 °C. 

 

Spectroscopic measurements  

Spectroscopic analyses were performed at room temperature in pH 7.4 storage 

buffer containing 50 mM NaH2PO4, 300 mM NaCl in a quartz cell with a 1 cm 

path length (105.201-QS from Hellma), using a JASCO V-750 

spectrophotometer. In some experiments, the enzyme was reduced with few 

grains of sodium dithionite (DTO) or 5 mM tris (2-carboxyethyl) phosphine 

(TCEP). 
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CD spectra were collected using JASCO J-715 spectropolarimeter equipped with 

a Peltier thermal controller. Measurements were performed in far-UV 

(wavelength range form 250-200 nm) in 10 mM NaH2PO4 pH 7.4 at room 

temperature, using a 1 mm path quartz cuvette (QS-110 from Hellma). Three 

runs were accumulated with 0.4 mg/ml protein, a bandwidth of 0.2 nm and a 

response time of 8 s at a scan speed of 50 nm/min. Each spectrum is subtracted 

of the buffer contribution. 

 

Size exclusion chromatography 

The native monomeric structure of Hp catalase-like was determined by gel 

filtration chromatography using a Superdex 200TM 10/300 GL (GE Healthcare), 

equilibrated with 50 mM NaH2PO4, 300 mM NaCl, pH 7.4. The His-tagged 

HP0485 eluted as a single peak, corresponding to a monomer of 35 kDa. The 

system was operated on an AKTA FPLC instrument (GE Healthcare). Prior to 

perform the experimental measures the system was calibrated using markers of 

different molecular weight: dextran (2000 kDa), aldolase (158 kDa), 

conalbumine (75 kDa), ovalbumin (44 kDa) and myoglobin (17 kDa). 

 

Chemical cross-linking 

Chemical cross-linking was performed to determine the oligomeric state of Hp 

catalase-like in comparison with Hp KatA. The reactions were performed by 

adding 5 mM and 10 mM of glutaraldehyde to protein solutions containing 7 µM 

of HP0485 or KatA, in 50 mM NaH2PO4, 300 mM NaCl, pH 7.4. Each reaction 

was incubated at room temperature for 2 min and then quenched by the addition 

of glycine to 300 mM. The samples were resolved by SDS-PAGE (12% gel) and 

the cross-linked products were visualized by Coomassie Brilliant Blue staining. 
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Peroxidatic activity assays 

The kinetic assays were conducted in 50 mM NaH2PO4, pH 6 at room 

temperature, using a JASCO V-750 spectrophotometer. 

Peroxidatic activity of Hp catalase-like was determined with assays containing 

H2O2 and one of the reducing substrates: pyrogallol, guaiacol, ABTS or 

ascorbate (all purchased from Sigma). The activity with pyrogallol and guaiacol 

was determined at 420 nm for pyrogallol and 470 nm for guaiacol, which 

corresponds to the absorbance peaks of purpurogallin and tetraguaicol products 

with extinction coefficients ε420 = 2640 M-1 cm-1 and ε470 = 26600 M-1 cm-1 

respectively. The assays contained 50 mM H2O2 and 0.1-10 mM pyrogallol or 1-

40 mM guaiacol. For ascorbate the activity was followed as the decrease in A290 

due to the consumption of ascorbate in an assay containing 50 mM H2O2 and 

0.05-1 mM ascorbate (ε280 = 2800 M-1 cm-1) in 50 mM NaH2PO4, pH 6, 

containing 0.1 mM EDTA. The ABTS assay followed the formation of the 

ABTS radical cation at 420 nm (ε420 = 36000 M-1 cm-1) in a solution containing 

50 mM H2O2 and 0.01-0.12 mM ABTS. These assays were also performed for 

HRP (Sigma) at the same experimental conditions, with the exception of a 10 

mM H2O2 constant concentration. 

The ABTS assay was also performed to compare HP0485 ability to utilize 

different peroxides. For these kinetics ABTS concentration was 0.1 mM, and 

H2O2 or t-butyl hydroperoxide concentration was varied (0.1-200 mM for H2O2 

and 0.1-100 mM for t-butyl hydroperoxide). 

The total volume of each assay was 1 ml in a quartz cuvette with a 1 cm path 

length. All the assays were started by enzyme addition. The exact final 

concentration of enzyme added varied for each reducing substrate used. In 

particular, a concentration of 5 nM in ABTS oxidation assays, and of 0.2 µM in 

oxidation assays with the other one-electron donors, generated a satisfactory 

linear absorbance change over the 3±5 min assay period. Activity was calculated 
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from the gradient of the change in absorbance with time (∆A) divided by the 

molar extinction coefficient (ε). The kinetic data were then fit to the Michaelis-

Menten equation with substrate inhibition (for HP0485 with guaiacol, ABTS and 

ascorbate) or without substrate inhibition (for HP0485 with pyrogallol and HRP 

with all substrates) to estimate the kinetic parameters. 

 

Site direct mutagenesis, cloning, expression and purification of Hp catalase-

like mutants 

The N44V, N44A and L113N HP0485 mutants were obtained using 30 ng of 

pET22-HP0485 construct as template. We employed site-direct mutagenesis by 

primer extension, in which flanking primers (complementary to the ends of the 

target sequence) and internal primers (containing the mutate bases) were 

required, as described by Steffan et al.87. Briefly, during the first round of PCR 

two reactions were assembled using one flanking and one internal primer. The 

products were then mixed for the second PCR reaction that was assembled with 

the flanking primers. The complementary ends of the products hybridized in this 

PCR reaction to create the final product, which contains the mutated internal 

sequence. For all mutants the flanking primers were those used for HP0485 

amplification. For N44V the internal primers were 5’-

CTAAAATGAAAATCGTGCACACTAAGGGG-3’ (forward, mutation in 

bold) and 5’-CCCCTTAGTGTGCACGATTTTCATTTTAG-3’ (reverse, 

mutation in bold). For N44A the internal primers were 5’-

CTAAAATGAAAATCGCGCACACTAAGGGG-3’ (forward, mutation in 

bold) and 5’-CCCCTTAGTGTGCGCGATTTTCATTTTAG-3’  (reverse, 

mutation in bold). For L113N the internal primers were 5’-

CAATGGTGATGAACAATACAGAAATC-3’ (forward, mutation in bold) and 

5’- GATTTCTGTATTGTTCATCACCATTG-3’  (reverse, mutation in bold). 
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As for the HP0485 wild-type sequence, the mutant sequences were cloned into 

the pET22b(+) vector (Novagen) in frame with N-terminal PelB sequence and 

C-terminal His-tag. The integrity of the constructs were confirmed by DNA 

sequencing prior to transform E.coli BL21(DE3) cells. Strategy of expression 

and purification of Hp catalase-like mutants was in accordance with the 

procedure described for the wild-type catalase-like. 

 

Catalase activity assay 

Hp catalase-like and its mutants were assayed for catalase activity by measuring 

the decrease at 240 nm due to the consumption of H2O2 in 50 mM NaH2PO4, pH 

6, at room temperature, using a JASCO V-750 spectrophotometer. 

 

Preparation of apo Hp catalase-like 

The heme was extracted from Hp catalase-like using 2-butanone/HCl, according 

to the method of Teale65. 300 µl of 150 µM purified HP0485 were adjusted with 

0,1 M HCl to pH 1.7-2, followed by the addition of two volumes of 2-butanone. 

The mixture was shaken briefly and was allowed to stand at room temperature 

for 1-2 min. The aqueous fraction containing apo catalase-like was dialyzed first 

against 1000 volumes of Milli-Q water to remove any remaining ketone, then 

against 1000 volumes of 50 mM NaH2PO4, 300 mM NaCl, pH 7.4. 

 

Reconstitution of apo protein 

For heme reconstitution 130 µl of 12 µM apo protein in 50 mM NaH2PO4, 300 

mM NaCl, pH 7.4, were titrated with 0.3 µl aliquots of a solution of hemin 

(Sigma) in 0.1 N NaOH to 100 nM-20 µM final concentration, at room 
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temperature. Samples were mixed by inversion and spectra were recorded 

immediately. For peroxidatic assay with H2O2 and ABTS coupled to the hemin 

titration of the apo protein, 1 µl aliquots of apo Hp catalase-like (7 µM) in 3 µl 

of storage buffer (50 mM NaH2PO4, 300 mM NaCl, pH 7.4), were incubated 

with 1 µl aliquots of hemin at concentrations ranging from 1 µM to 80 µM at 

room temperature for 15 minutes. After that the peroxidatic activity of 5 nM of 

the protein from the sample was determined. 

 

Phylogenetic reconstruction 

The midpoint-rooted circular phylogram representing a maximum-likelihood 

phylogeny of H. pylori catalase-like and related proteins was created with the 

ClustalW program88 and visualized with FigTree. Multiple sequence alignments 

were built with ClustalW, analyzed with Genedoc, and the online resource 

Espript89 was used to generate alignment figures. 
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Figure S1: Signal peptides from HP0485 and homologous protein sequences, aligned by 
their cleavage site. 

>WP_029647928.1 . 
-----MKKISLSLCLVFSLGFLKAH 
>WP_013023348.1 | catalase-like [Helicobacter mustelae]. 
---MKKISLSVCAVLFSCMGFAHAH 
>WP_039629043.1 catalase-like [Campylobacter lari]. 
----MKKYISSCLAICCLSSAIYAN 
>WP_034554113.1 | catalase-like [Helicobacter apodemus]. 
--MKNKKYLSLALACCLLGSIALAQ 
>WP_027327717.1 | catalase-like [Helicobacter pametensis]. 
---MKKSLSLIVAALLCGSVAGYAQ 
>WP_042960407.1 | catalase-like [Campylobacter fetus]. 
----MNKVFSFCAAACLFVSALNAE 
>WP_040462952.1 | catalase-like [Helicobacter bilis]. 
------MSKLFVSTLFVSTMCVYGN 
>WP_005022233.1 | catalase-like [Helicobacter pullorum]. 
MLKNFKKVLTICASTCLLGTFVNAQ 
>WP_006655894.1 catalase-like [Helicobacter canadensis]. 
MLKNFKKVLTICASTCLLGTFVNAQ 
>WP_013469182.1 | catalase-like [Helicobacter felis]. 
---MQRLKRVLFPLLGVFCLCAHAT 
>WP_033788399.1| catalase-like [Helicobacter pylori]. 
-----MKKIGLSLGLIFSLGFLKAH 
>WP_011577620.1| catalase-like [Helicobacter acinonychis]. 
-----MKKICLSLGLIFSLGFLKAH 
>WP_053945167.1| catalase-like [Helicobacter ailurogastricus]. 
----MPKFACSLLLPLVLLSLTHAK 
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Figure S2: Selected parts of the multiple sequence alignment of 19 catalase-like proteins. 
Secondary structure elements inferred from the crystal structure of M. avium catalase-like 
(PDB: 3E4W) are shown above the alignment. (A) Distal side of the prosthetic heme group. 
(B) Proximal side of heme. Upwards pink triangles indicate the essential histidine and 
tyrosine residues; upwards cyan triangles indicates the other heme binding residues (same 
residues highlighted in figure S3).  

                                                       Mavium_catalase2              
                                             1       10

Mavium_catalase2              .............................................MHHHHHHMSG

Ynurmii_catalase2                                             L        L             ........................MRKVSFSL SCLITFGC PSVSGTVPQ....

HP0485                                                        L        V             ...........................MKKIG S....LCL LS..LGFLKAHEV

Hacinonychis_catalase2                                        L        I             ...........................MKKIC S....LGL FS..LGFLKAHEV

Hmustelae_catalase2                                           L        V             ...........................MKKIS S....VCA LFSCMGFAHAHDV

Clari_catalase2                                               I        A             ............................MKKY S....SCL FCCLSGAIYANEV

Cjejuni_catalase2                                             I        A             ......................MKLGVCNEKY S....SCL ICCLSSAIYANDV

Hbilis_catalase2                                              V        V             ...........................MSKLF S....TLF ST..MCVYGNETK

Hcinaedi_catalase2                                            V        V             .......................MQKRISQTF WNGLKVLV VFLGFVGVLRADV

Ssanxanigenens_catalase2                                      L        A             ......MPLTFRT...LAGP..........AA IGAIVLLL GGFAWAAGWIGGD

Scellulosum_hypotheticalprotei                                 L        A             MAEELEMFGFLRSDGGLVGPLRAKAGEIARAS IFAIVAAL AAFAFVAGVLEPS

Bphytofirmans_catalase2                                       V        A             ......MAKPSVPNPAPACV.......PCRLA IGAAVLAL GGFAYTAGWLTPA

Psputorum_catalase2                                           A        A             ......MTEPSSSDPRAICV.......PCRAA IVAVVGLL GGFAYAAGWLTPQ

Akashmirensis_catalase2                                       V                      ......MTTGQK...............LMRLA IGVAVLGIGAAFGYTGGWLAPQ

Nvulneris_catalase2                                           V        I             ......MTDESSGLSLNRRT.......VLGGA LAAVGAAG GGFLFSENIIGPW

Bkribbensis_hypothetical      ...............................................MKLSETSQ

PaenibacillusspP22_proteinsrpA ..................................MQAIAGSWKENEFMSTQKEPG

Hminutum_catalase2            ......................................................M

Swoodyi_catalase2                                                      L             .....................MDSYRLVSFINTCLLTGVTV SSSVFAADRSSAE

                    TT                                 Mavium_catalase2              
        20          30        40        50        60   

Mavium_catalase2                                        H  G      F                        AI            P  R   AK     G    T        A      GLTPDQ  DAIRGTGG..AQ GC AL    TLYR T TA RDAVMLSA PHLDG.

Ynurmii_catalase2                                       H  G      F                     A  MV               R   AK  C  G    S        A L    EIN EQ  NALNDVFG..RHSKQ AS    F FS K IA GEGTELSQ D LRKN

HP0485                                                  H  G      F                     A  IA            P  K    K  C  G    N        V L    S.. EE  DIFYKLNA..KE KM IN T  F AK V LP AQAKKDLD P LNE.

Hacinonychis_catalase2                                  H  G      F                     A  IA            P  K    K  C  G    N        V L    S.. EE  DIFYKLNA..KE KM IN T  F AK I LP QAIKNDLD P LDE.

Hmustelae_catalase2                                     H  G      F                     A  IA            P  K    K  C  G    S        V L    S.. EG  DAFYKLNG..KD KM IN T  F TK V LS QEARDSLD P LNQ.

Clari_catalase2                                         H  G      F                     A  IA            P  K   AK  C  G             V L    EYD QK  DIFYQLNADPKN KA VN    F AM T EPALSINKEVD P LTQ.

Cjejuni_catalase2                                       H  G      F                     A  IA            P  K   AK  C  G             V L    KYD QK  DIFYQLNADPKN KV VN    F AM T EPAQSINKEID P LTY.

Hbilis_catalase2                                        H  G      F                     A  IA            P  K   AK  C  G             I L    QYD EG  DVFYALNGDSKD HK IN    F AN E IPANNITKTLN P LKE.

Hcinaedi_catalase2                                      H  G      F                     A  IV            P  K   AK  C  G    N        I L    QDD QE  EYFYTLNAEEAN HK IN    F AI E IP KEVAKDFA P LHN.

Ssanxanigenens_catalase2                                H  G      F                        IV            P  R   AK  C  G    N        A A    RIDGGD  T.ALDDNGG.SH GY RA    L FA R QA GGGTALSS G FAAG

Scellulosum_hypotheticalprotei                           H  G      F                        LV            P  R   AK  C  G    S        A V    RLTPAK  D.ALEGHDG.LH GF RA    V FT R EA GAGARLSR S FARG

Bphytofirmans_catalase2                                 H  G      F                     A  II            P  R   AK  C  G    N        A V    RLT PR  N.TFEAVAG.QH GY RN    L VE Y DG GEGAALSS A FAAG

Psputorum_catalase2                                     H  G      F                     A  VI               R   AK  C  G    N        A V    RLS NT  D.TFESNGG.IHEGF RN    L VD Y ES GGAAWLSK L FAPG

Akashmirensis_catalase2                                 H  G      F                     A  IA            P  R   AK  C  G    S        A L    RLT DR  N.TFEPGGK.SH GF RN    V VT H ES GQAQALSS P FSPG

Nvulneris_catalase2                                     H  G      F                     A  VA               R   AK     G    N        A V    RLT RR  DRLQEAAGG.NFSGR RN    IAVA Y ES GNGVEVCK S FRAG

Bkribbensis_hypothetical                                H  G      F                     A  AI            P  R   AR     G    N        A      RDL GK  DHIETIGG..KF AL RA    CFYE I KP GRAAGLTT PHLQN.

PaenibacillusspP22_proteinsrpA                           H  G      F                        AV            P  R   AK  C       S        A      SRLPEQ  NAIEQISG..TH GY RA    I CEAV RP GAVSEWTT PHLQQ.

Hminutum_catalase2                                      H  G      F                     V  AV               R    R          T        A      ADP QE  DAMEKHTG..TVQGY RA P  LVFHAT TP PEARPLTA EHFQG.

Swoodyi_catalase2                                       H  G      F                     A                       AK  C  G    N        A      LVD VNGTPDSASREAG..KKVKLRN    F TS S IP P.KLHNTL IPFFKQ

               TT  TT     ....        T.T              Mavium_catalase2              
      70        80            90        100       110  

Mavium_catalase2                     R           D                                       A   FS G                   MAV            V A T  L STVP LI   N SGNPKQR GAPGVR....G   KFTLP.DGSTTD S Q AR L

Ynurmii_catalase2                    R           D                                       V   FSIGG                R LA           W LVM S    EQSD VG      GNPQAA ...NAK.NL G  FELVNT.KHSR Q   I SPFF

HP0485                               R           D                                       A   YSLGG                R MAL          W MVM N  I KEIP SV      ..VAMD ...KSK..V G   KLEN..QNAS T   L TE N

Hacinonychis_catalase2               R           D                                       A   YSLGG                R MAL          W MVM N  I KEIP SV      ..VAMD ...KSK..V G   KLEN..QNAS T   L TE N

Hmustelae_catalase2                  R           D                                       A   YSLGG                R MAL          W MVM N  I KEIP FV      ..VEMD ...RSK..G G   QLEG..KGGT T   T AE L

Clari_catalase2                      R           D                                       I   YSLGG                R MAI          W M M N  I KSLP QV      ..AFKD ...KSK..T G   RITDPKDSAS T G L TE N

Cjejuni_catalase2                    R           D                                       I   YSLGG                R MAI          W MVM N  I KSLP QV      ..AFKD ...KSK..T G   RITDPQDSAS T   L TE N

Hbilis_catalase2                     R           D                                           YSLGG                R MAL          W IVM N  I KSIKTEV      GSRVAS ...KSK..P G   KIQG..QKDE E   L TE N

Hcinaedi_catalase2                   R           D                                       V   FSL G                R LAL          W MAM N  I KSK. KV    A GNLKQS ...KSK..N S   KIQG..KNDS E   T AR N

Ssanxanigenens_catalase2             R           D                                       V   FSLGG                H MAL          W LAM    I .DYP IG      GNPLAT ...GRN.VF S   LLQTP.DGQE R   DHTP F

Scellulosum_hypotheticalprotei        R           D                                       V   FS GG                R MAL          W  AM    V .EVP VG   T  GMPYAP ...GRV.AL S   SFSLP.NGEQ RT  NHIP F

Bphytofirmans_catalase2              R           D                                       V   F VPG                R LAL          W   M S  V .RTP TG  A   GNPSAP ...TSS.PV S   LFQLQ.NGEQ RTG N TP F

Psputorum_catalase2                  R           D                                       V   F IPG                R MAL          W   M T  L .RTP TG  A   PNPTAS ...NSV.PI S   MFTLA.DGEQ RTG N TP F

Akashmirensis_catalase2              R           D                                       L     LPG                R  AL          W AAM S  V TTTP VG LA   PNPYAP ...SSV.PI SF  RFTMP.DGQQ R   N MP F

Nvulneris_catalase2                  R           D                                       L   FSL G                R L L          W LAL N  V .RYR DG    A GNPHVP ...DLA.TP G G RLFLP.DGEQ R   V VP F

Bkribbensis_hypothetical             R           D                                       A   FS                     MAV            LV  S  I EKVQ II   NSSTNPGHS ALTPPK....G   QFKLS.GGSVTN  CT IP F

PaenibacillusspP22_proteinsrpA        R           D                                       A   FS                     LAV            IVA T  V EETR IM   NTNPDPDNR LLSPAK....G   QFLLP.DGARPV   A TP F

Hminutum_catalase2                   R           D                                           FS                     LAV             AA N  A PPVHTLV   NASGSPHAP RGSDRQGAVLG   RFDLP.SGKHATW  A IP F

Swoodyi_catalase2                    R           D                                       I   FSLGG                R M L             V  N  V AEIP TA      TNPHAS .....RGAG F S KIDGD..KESLNF TT SP F

α1 β1 η1 η2 

β2 β3 β4 

   TT       TT   TT                                    Mavium_catalase2              
270        280       290       300       310       320 

Mavium_catalase2                          P     G     D     R   Y      R                       F    V   I     PV    T V  AS    T            .EHGGD.IVV D MR TD  EPSD   LRF  L  S  VKL  GVDRGAQAPPV.

Ynurmii_catalase2                         P     G     D     R   Y      R                  C    F    LP  I     P   V   A  IS  R Q            ..DQQ DKKV I TV  Q  RVSD  TLA  AE  L  TS   ............

HP0485                                    P     G     D     R   Y      R                  C    Y    LP  V     PL  I N V  ITF R Q            ..GMG NKDV F AD  K  EAPT   FQ   E  G   S   ............

Hacinonychis_catalase2                    P     G     D     R   Y      R                  C    Y    LP  V     PL  I N V  ITF R Q            ..GMG NKDV F AD  K  EAPI   FQ   E  G   G   ............

Hmustelae_catalase2                       P     G     D     R   Y      R                  C    Y    LP  V     PL  I N V  ITF R Q            ..GMG NKDV F SD  T  RPPN   FQ   E  G   G   ............

Clari_catalase2                           P     G     D     R   Y      R                  C    Y    VP  V     PL  V N A  ITF K Q            ..DED NFDV F SD  Q  NPPQ   FD   E  A   G   ............

Cjejuni_catalase2                         P     G     D     R   Y      R                  C    Y    IP  V     PL  V N    ITF   Q            ..EED NFNV F SD  Q  NPPQ   FD   ET A   GM  ............

Hbilis_catalase2                          P     G     D     R   Y      R                  C    F    LP  V     PL    N V  ITF R Q            ..GDI NGDV M NV  N  EAPK   FET  D  S   G   ............

Hcinaedi_catalase2                        P     G     D     R   Y      R                  C    F    LP  I      I  L N V  LS  K              ..GYG NGEV M SN  H  QAPN D FE   L  A  AS  .............

Ssanxanigenens_catalase2                  P     G     D     R   Y      R                  C    F    LP  I     PL  A S A   SF R              .ETGA RDLN D TI  S  AVSD   LA   K  SS  T  AAEGAGPSAVGED

Scellulosum_hypotheticalprotei             P     G     D     R   Y      R                  C    F    LP  I     PL  A S A  VS  R              .EAGP RDIT D LI  A  EPSD   LS   S  A  LT  AGEGPAPSALSRG

Bphytofirmans_catalase2                   P     G     D     R   Y      R                  C    F    LP  I     PL  A S A  LSY R T            .ANGT RDIN D TI  A  APSD   LA   A  A   K   REEALHPALHQT

Psputorum_catalase2                       P     G     D     R   Y      R                  C    F    LP  I     PL  A S A  LSY R T            .DDGA RDVN D TI  A  EPSD   LA   A  A   K   REEALNGAPDAP

Akashmirensis_catalase2                   P     G     D     R   Y      R                  C    F    LP  M     PL  A S V  VS  R T            .DNGP RDIN D TV  Q  AISD   LP   S  A  VD   HEGLSRPMPSSS

Nvulneris_catalase2                       P     G     D     R   Y      R                       F    LP  I     PL  A S V   SF R              .AADNVQDVN D LV  D  AASD   LP   A  AE  R  AGEPRAAGAIQVV

Bkribbensis_hypothetical                  P     G     D     R   Y      R                       F    LP  I     PI      A   SY R T            .APDS...LL D TI  Q  ECTP   LQF HA  EN  R   DMN.........

PaenibacillusspP22_proteinsrpA             P     G     D     R   Y      R                             G  I     PI      A  VSF R S            .EPEG...LLMD TVT E  EVSE   LRF KD  A   E   QGL.........

Hminutum_catalase2                        P     G     D     R   Y      R                       F    V   I     PI      V   SY R S            .QRESE.RFV D TG VP  ELSD   LHF AK  SE  N   SETKPEPKPADL

Swoodyi_catalase2                         P     G     D     R   Y      R                  C    F    LP  I     PI  A T A   SF R Q            SATMQ DRGI N VL  E  KPSA   LN   P  IE  I   ............

                                                       Mavium_catalase2              
                                                       

Mavium_catalase2              ...........                                            

Ynurmii_catalase2             ...........                                            

HP0485                        ...........                                            

Hacinonychis_catalase2        ...........                                            

Hmustelae_catalase2           ...........                                            

Clari_catalase2               ...........                                            

Cjejuni_catalase2             ...........                                            

Hbilis_catalase2              ...........                                            

Hcinaedi_catalase2            ...........                                            

Ssanxanigenens_catalase2      IARSDAR....                                            

Scellulosum_hypotheticalprotei PAEEGARR...                                            

Bphytofirmans_catalase2       QTNGDHS....                                            

Psputorum_catalase2           QGNTTQEARSR                                            

Akashmirensis_catalase2       SAASEHSR...                                            

Nvulneris_catalase2           QA.........                                            

Bkribbensis_hypothetical      ...........                                            

PaenibacillusspP22_proteinsrpA ...........                                            

Hminutum_catalase2            RQ.........                                            

Swoodyi_catalase2             ...........                                            

β11 α8 

 

A

B

76



Figure S3: Selected parts of the multiple sequence alignment of 22 monofunctional 
catalases. Secondary structure elements inferred from the crystal structure of Hp KatA (PDB: 
2A9E) are shown above the alignment. (A) Distal side of the prosthetic heme group. (B) 
Proximal side of heme. Upwards pink triangles indicate the essential histidine and tyrosine 
residues; upwards cyan triangles indicates the other heme binding residues (same residues 
highlighted in figure S2).  

                   TT              TT             Hpylori_catalase            
    1            10        20        30        40 

Hpylori_catalase                             T   G            G  G          E     M             T   APV D NN  TA  R PVLL     L K.... VNKDVK.....Q  AF    W D  VI   P      QSTWF   

Hacinonychis_catalase                        T   G            G  G          E     M             T   APV D NN  TV  R PVLL     L K.... VNKDLK.....Q  AF    W D  VV   P      QSTWF   

Hcinaedi_catalase                            T   G            G  G          E     M           L T     V DNQN  SV  R PLLL D   L K.... ANFKS......   TT RQ G    VM   P      Q TWY   

Hmustelae_catalase                           T   G            G  G          E     M           L N   V V  NQ   TV  R PMLL     L K.... KKETKR.NF.I   DA  H GN  DSI   P      ENTWF   

Hbilis_catalase                              T   G            G  G          E     M           L T    PI DNQN  TA  R P LL D   L K.... SKK........   AT T  G    SI   S   T  Q TWL   

Clari_catalase                               T   G            G  G          E     M           L N     I DNQN  SA  K PLLM D   L K.... KK.........   DF NI A    SL   A      Q YIL   

Cjejuni_catalase                             T   G            G  G          E     M           L N     I DNQN  SA  K PLLM D   L K.... KK.........   DF NI A    SL   V      Q YLL   

Saerolata_catalase                           T   G            G  G          E                 L T   IPV DNQN  TA  R PVLM D   I K.....MTT........   TF    G    SL   P      Q FHL   

PseudomonasspVLB120_catalase                  T   G            G  G          E     M           L T   APV DNQN  SA  R PLLL D   V K.... SKI........   AS    A    SR   P      D FHL   

Bkribbensis_catalase                         T   G            G  G          E     M           L T   APV DNQN  TA  R P LI D   L K.... STNNR......   SW    G    SQ   Q   T  Q VHL   

Akashmirensis_catalase                       T   G            G  G          E     M             T   APA    N  TV    PILL D   L  .... SDSNNK.TASGS  GA    QSDR SL   AN     H VHF  Q

Nvulneris_catalase                           T   G            G  G          E     M             T    PV   N   TA    PILL D   I K.... TKP........T  NT T  ESD ESL   TQ     H HYL   

Mplatani_catalase                            T   G            G  G          E     M           L T    PV DNQS  TV  R PA L     I K.... SD.....QRPI   RQ H  R    LR   E    T ENYQF   

Hminutum_catalase                            T   G            G  G          E     L           L T   APV  NQN  TA  R GILL D   I KLAAL SGGAALADPPP   DS    GS   SK   P      E FHL   

Aaustralica_catalase                         T   G            G  G          E     L           I T   VPV DNQ    L  R P LL D     KNNGP QRHRIDSGGRA   NQ    A   HSLR  E   T  E FILR  

Scellulosum_catalase                         T   G            G  G          E     L           L T   VPV DNQN   A  R P LI D     KNQGP QKHRVDSLGRA   NQ    G    SLR  L   T  E FILR  

PaenibacillusspP22_catalase                  T   G            G  G          E     L           L T   L V E      A  R P LM D     K...Q AQHTVDNDGQR   NQ  H A DEHSLK  V   T  E FHFR  

Ssanxanigenens_catalase                      T   G            G  G          E     M           L     APV DN N  TA  R PALL D   I K.... SEQPP......  HAS    V  L IQ   P      Q IWL   

Swoodyi_catalase                             T   G            G  G          E     M           L T   APV DNQN  TA  R PMLL     I K.... DKK........   AF    P    VK   K      ENAWF   

Ynurmii_catalase                             T   G            G  G          E     M           L T   APV DNNN  TA  R PMLL D   L K...M SKKKG......   AA    V    VV   P      Q VWF   

Bphytofirmans_catalase                       T   G            G  G          E     M           L S   APV DNQN  TA  R PVVL D   L K.... SER.K......   AA    A    SM   A      Q VWL   

Psputorum_catalase                           T   G            G  G          E     M           L T   APV DNQN  TA  R PALL D   I K.... SDKMK......   AA    T    TQ   P      Q VWL   

                                               TT Hpylori_catalase            
       50        60        70             80      

Hpylori_catalase                  E  PER  HA G  A G                  A        LA F R RI    V  K  G Y  F VT      DIT YTK  IF   G   A D       V     S    T T  K.....   K    K  SKV K

Hacinonychis_catalase             E  PER  HA G  A G                  A        LA F R RI    V  K  G Y  F VT      DIT YTK  IF   G   A D       V     S    T T  K.....   K    K  SKV K

Hcinaedi_catalase                 E  PER  HA G  A G                  A        LA F R RI    V  R  G    F AT      DIS YSK  VF   G   A D       V     S  H V E  A.....   K    A  .KK T

Hmustelae_catalase                E  PER  HA G  A G                  A        LAHF R RI    V  K  G Y  F VT      DIT YTK  IF   G     D       V     S    T T  N.....   K    K  SKV K

Hbilis_catalase                   E  PER  HA G  A G                  A        LAHF R RI    V  K    Y    IT      DIT YSK  IF   G     D       V     SA   ELT  N.....   M    D  SQV K

Clari_catalase                    E  PER  HA G  A G                  A        LAH  R RI    V  K  G Y    IT      DIS YTK  V    G    QN       T     S    ELK  K.....   Q    K L.QL E

Cjejuni_catalase                  E  PER  HA G  A G                  A        LAH  R RI    V  K  G Y    IT      DLS YTK  IF   G    QN       T     S    EIK  A.....   A    K  .QK E

Saerolata_catalase                E  PER  HA G  A G                  A        LAHF R RI    V  K  G Y  F VT      DVS WT        G     N       V     A    V R  R.....   A  T AFLNKV K

PseudomonasspVLB120_catalase       E  PER  HA G  A G                  A        LAHF R  I    V  K  G Y  F VT      DIT YTH  LF   G     N  N    R     S    T T  R.....   H    K  SEV K

Bkribbensis_catalase              E  PER  HA G  A G                  A        LAHF R RV    V  K  G    F VT      DMS YTK  LF   G     N       V     A  H Y E  N.....   K    K  HSE K

Akashmirensis_catalase            E  PER  HA G  A G                  A        MAHF R KV       K  G F  F  T      DVS YTK  LF         N       QP    A    V ET E.....   K    A  .QKAC

Nvulneris_catalase                E  PER  HA G  A G                  A        LA F R RV    V  K  G Y    VT      DVS YTK  LF   G   Q N       I     A    ELV  N.....   R    K  .QP A

Mplatani_catalase                 E  PER  HA G  A G                  A        I HF R RI    V  R  G    F A        AS YTR  V    G  T  D       V     A  H Y E YGTIGGEP  K    R LNET V

Hminutum_catalase                 E  PER  HA G  A G                  A        LARF R RI    V  R  G Y  F         D S  TK  L    G     D       V     V    T ESYG..... F QL   S LTAK K

Aaustralica_catalase              E  PER  HA G  A G                  A        I HF H RI    V  R  G    F  T      DIT  TR   F   G  T  D       V     S  H Y EC E.....   AL   AP AKV K

Scellulosum_catalase              E  PER  HA G  A G                  A        I HF H RI    V  R  G    F  T      DIT  TK   F   G  T  D       V     S  H Y EC E.....   SL   AP AKV K

PaenibacillusspP22_catalase       E  PER  HA G  A G                  A        M HF H RI    V  R  G    F V        M   T           T  D       I     F  H Y Q YK.....P AEL E GFLQDPSV

Ssanxanigenens_catalase           E  PER  HA G  A G                  A        LAHF R  I    M  K  G Y  F VT      DIT FTR  IF   G     D  V    R     W    S T  H.....   R    K  SEV K

Swoodyi_catalase                  E  PER  HA G  A G                  A        LAHF R  I    M  K  G F  F VT      DIS FTK  LF   G     D  V    R     S    R T  H.....   E    K  ESV K

Ynurmii_catalase                  E  PER  HA G  A G                  A        LAHF R  I    M  K  G Y  F VT      DIT YTR  IF   G     D  V    R     S    T T  H.....   K    K  SQI K

Bphytofirmans_catalase            E  PER  HA G  A G                  A        LAHF R  I    V  K  G F    VT      DIS YTK  VF   G     D  V    R     S    TLK  H.....   R    K  AQV T

Psputorum_catalase                E  PER  HA G  A G                  A        LAHF R  I    V  K  G F    IT      DIT YTR  VF   G     D  V    R     S    KLT  H.....   K    R  EAV K

              TT                 TT               Hpylori_catalase            
  90       100       110       120       130      

Hpylori_catalase             T    RFS V          RD RGF  K  T  GN D VGN    F      F    T AGE G AD        AM YY EE  W L   NTPV FIK EC F        R S  AV  P                          

Hacinonychis_catalase        T    RFS V          RD RGF  K  T  GN D VGN    F      F    T AGE G AD        AM YY EE  W L   NTPI FIK EC F        R F  AV  P                          

Hcinaedi_catalase            T    RFS V          RD RGF  K  T  GN D VGN    F     MFI   T APE G AD        AV FY  E  W L   NTPI FIK P           L S  AV  P         T                

Hmustelae_catalase           T    RFS V          RD RGF  K  T  GN D VGN    F      F    T AGE G AD        AM YY EE  W L   NTPI FIK PC F        R A  AE  P                          

Hbilis_catalase              T    RFS V          RD RGF  K  T  GN D VGN    F     AFL   T AGE G AD        AL FY  E  W I   NTPV FIK K           R A  AE  V         N                

Clari_catalase               T    RFS V          RD RGF  K  T  GN D VGN    F     LFI   T AGE G AD        AI FY  E  W L   NTP  FIN P           A A  AE  V         K            T   

Cjejuni_catalase             T    RFS V          RD RGF  K  T  GN D VGN    F     LFL   T AGE G AD        AI FY  E  W L   NTP  FIV P           T A  AE  V         K            T   

Saerolata_catalase           T    RFS V          RD RGF  K  T  GN D VGN    F      FL   T  GE G AD        AL FY EE  Y L   NTPV FVE ET       G  K S  AE  P                          

PseudomonasspVLB120_catalase  T    RFS V          RD RGF  K  T  GN D VGN    F      FL   T  GE G AD        AV FY EE  W I   NTPV FIQ ET       G  R S  TE  P                          

Bkribbensis_catalase         T    RFS V          RD RGF  K  T  GN D VGN    F     MFI   T AGE G AD        AV FY ED  Y I   NTPV FIR P           L S  TV  P                          

Akashmirensis_catalase       T    RFS V          RD RGF  K  T  GN D VGN    F     M A   T AGE G  D         L FY DE  Y L   NTPV FVK E L         A SP TW  V   S                      

Nvulneris_catalase           T    RFS V          RD RGF  K  T  GN D VGN    F       V   T AGE G  D        AV FY ED  Y L   NTPV FIR ESL         Q SP TW  P                          

Mplatani_catalase            T    RFS V          RD RGF  K  T  GN D VGN    F     MFV   T AG     E        AV F   D  W L   N  V FIK P          AKESP TA  P       K V          LK    

Hminutum_catalase            T    RFS V          RD RGF  K  T  GN D VGN    F     MFV   T I   G  E        AL FY DE  W L   N PV FIK P         HPQ SP TL  P                    L     

Aaustralica_catalase         T    RFS V          RD RGF  K  T  GN D VGN    F     VFV   T AGE G AD        AV FY DE  W L   N PV FIK P           R S  AV  V                    I     

Scellulosum_catalase         T    RFS V          RD RGF  K  T  GN D VGN    F     VFV   T AGE G AD        AV FY EE  W L   N PV FIR P           R S  TV  V                    I     

PaenibacillusspP22_catalase  T    RFS V          RD RGF  K  T  GN D VGN    F     VFV   T AG  G AD        AV FY EE  F L   N PV FIK P          SR S  TV  V                    M     

Ssanxanigenens_catalase      T    RFS V          RD RGF  K  T  GN D VGN    F     LFM   S AGE G AD        AL FY EE  W L   NTPV F T D           R A  AE  I                         F

Swoodyi_catalase             T    RFS V          RD RGF  K  T  GN D VGN    F     VFV   T AGE G AD        AI FY E   W L   NTPV FLE E           R A  AE  I          Q               

Ynurmii_catalase             T    RFS V          RD RGF  K  T  GN D VGN    F     MFV   T AGE G AD        AM FY EE  W L    TPV YLK D           R A  AE  I                   D      

Bphytofirmans_catalase       T    RFS V          RD RGF  K  T  GN D VGN    F     LFM   T AGE G AD         I FY EE  W V   NTPV FIE P           R A  AE  V   S                      

Psputorum_catalase           T    RFS V          RD RGF  K  T  GN D VGN    F     VFL   T AGE G AD         L FY DE  W L   NTPV FIE P           R A  AE  V   S                      

α2 

β1 η1 

β2 β3 β4 
                                  TT   TT         Hpylori_catalase            
     290       300       310       320       330  

Hpylori_catalase                   P    G   L       F   EQ  F       G     D  LIW    Y LM V  V  NKNPENY AEV  AA  P NVVP I YSP RM   YLQD    E  I E                 S A      G       

Hacinonychis_catalase              P    G   L       F   EQ  F       G     D  LVW    Y LM V  V  NKNPENY AEV  AA  P NVVP I YSP RM   SQKD    E  I E                 T A      G       

Hcinaedi_catalase                  P    G   L       F   EQ  F       G     D  L W    Y LI I  M  NKNPENY AEV  AA  P SVVP I YSP RL T SHKD    E  I T                 N A      G       

Hmustelae_catalase                 P    G   L       F   EQ  F       G     D  LVW    Y LI V  V  NRNPENY AEV  AA  P SVVP I YSP KM   SHKD    E  I E                 D A      G       

Hbilis_catalase                    P    G   L       F   EQ  F       G     D  LVW    Y LI V  L  NKNPENY AEV  AA  P NIVP V YSP KM   SHKD    E  I E                 N A      G       

Clari_catalase                     P    G   L       F   EQ  F       G     D  LVW      LI V  L  NKN  NY  EV  AA  P NIVP I FSP KM   PHSIV   E  E V    VQ   N       S S      G       

Cjejuni_catalase                   P    G   L       F   EQ  F       G     D  LIW      LM I  M  NKNP NY  EV  AA  P NIVP I FSP KM   PHSLV   D  E I     Q   N       S S      G       

Saerolata_catalase                 P    G   L       F   EQ  F       G     D  LVW    Y LI I  L  NRNPENY AEV  AA  P NVVP I FSP KM   RHAD    E  H E                 S A      S       

PseudomonasspVLB120_catalase        P    G   L       F   EQ  F       G     D  L W    F LI V  L  NRNP NY AEV  A   P NMVP V  SP RM T SQKD    E  V E     L         T G S      GL      

Bkribbensis_catalase               P    G   L       F   EQ  F       G     D  LVW    Y LI A  M   RNPENY AEV  A   P NLVP V  SP KM   SQKD    E  R V D             T S G      EV      

Akashmirensis_catalase             P    G   L       F   EQ  F       G     D  L W    Y LI V  M  NRNPENF A I  AA  P NIVP I  SP KM T SHKD    K  T T          Q      S G      GL      

Nvulneris_catalase                 P    G   L       F   EQ  F       G     D  LVW    Y LI V     NRNP NY VDI  AA  P NVVP I YSP KM   SHKD    E  KWT     A           E S      G       

Mplatani_catalase                  P    G   L       F   EQ  F       G     D  LLW    F LL    M   R PDNF ADV   A     LV  I FS  KM   PVDQ    PC R V D V          S  GTGV  D  D  D    

Hminutum_catalase                  P    G   L       F   EQ  F       G     D  LVW       I L  I  NK PDNF  E   AA  P    P I  S  RL   PEDKV S K  K T   M     E T     S GVQP   EP E    

Aaustralica_catalase               P    G   L       F   EQ  F       G     D  LL       L  V  M   RNPD F  E   VA     VVP I FT   L  VPEELA  RT  R V D    Y  G T     CTQH     D  N P  

Scellulosum_catalase               P    G   L       F   EQ  F       G     D  LI       L  V  L  NRNPDNF AE   VA     IVP I FT   L  VPEELA  RT  R V           T     CTQH     D  N P  

PaenibacillusspP22_catalase        P    G   L       F   EQ  F       G     D  LLW      V  I  L  NRN DNF AE   IA  P  LV  I FS   L   PEELV  QR  K T    T      T     H GH  K  D  N P  

Ssanxanigenens_catalase            P    G   L       F   EQ  F       G     D  LVW    Y LI V  I  NR PDNF AEV  A   P NIVP I FSP RM   PKGD    E  E E   Y           S S A      G       

Swoodyi_catalase                   P    G   L       F   EQ  F       G     D  LVW    Y LI V  L  NRNPDNY AEV  AA  P TIVP I FSP KM   PHKD    Q  E E                 A T      G       

Ynurmii_catalase                   P    G   L       F   EQ  F       G     D  LVW    Y LI V     NRNPENY  EV  AA  P NVVP I FSP KM   PHGD    D  YFE         S       N A      S       

Bphytofirmans_catalase             P    G   L       F   EQ  F       G     D  LVW    Y LI V  I  NRN  NY ADV  AA  P NVVP I FSP RL   SQKD    D  T E    AQ           T A      G       

Psputorum_catalase                 P    G   L       F   EQ  F       G     D  LVW    Y LI V  L  NRNPENY ADV  AA  P NVVP I FSP RL   PHAD    D  V E                 N G      S       

                                         TT       Hpylori_catalase            
     340        350        360        370         

Hpylori_catalase              R   Y D    R G  N    P N              G         QG LFS     RY L       I V    R     S  RD  M              G TH     .V YPQ    .KP CP.FH SS   Y QN.GYY.

Hacinonychis_catalase         R   Y D    R G  N    P N              G         QG LFS     RY L       I V    R     S  RD  M              G TH     .V YAQ    .KP CP.FH SS   H QN.GYY.

Hcinaedi_catalase             R   Y D    R G  N    P N              G         QG LF      RY L       I I    K     S  RD  M            A G TQ     .I HHQ    .AP SA.LN SV   Y TN.GAY.

Hmustelae_catalase            R   Y D    R G  N    P N              G         QG LF      RY L       L V    K     N  RD  M            A G TA     .I HGQ    .AP VP.VH TH   F QN.GNY.

Hbilis_catalase               R   Y D    R G  N    P N              G         QG LFS     RY L       L V          N  RD  M              G TQ     .I HSQ    .AAIAS.VS TH   Y QR.GSF.

Clari_catalase                R   Y D    R G  N    P N              G         Q  IFS     RY I       L V    K     T      M        A     P AH     .T YHL    .RA SE.VN YNVA A NFDTYK.

Cjejuni_catalase              R   Y D    R G  N    P N              G         Q  IFS     RY I       L V    K     T      M        A     P AQ     .T YHL    .RA SE.VN YNVA A NFDNYK.

Saerolata_catalase            R   Y D    R G  N    P N              G         QG LFS     RY L       L V    H     S  RD  M              A AH     .G YGL    .KP AAPVH YQ   A RFDGNG.

PseudomonasspVLB120_catalase   R   Y D    R G  N    P N              G         QG VF      RY V       L V    R     S  RD  M            A A AH     .T HQQ    .AP .CPMH YQ   S AN.GSY.

Bkribbensis_catalase          R   Y D    R G  N    P N              G         QG LF      RY V       L I    K     N  RD  M            A S AH     .A HNS    .RP SD.VN YQ   Q RFDTNG.

Akashmirensis_catalase        R   Y D    R G  N    P N              G          G AF      R  I       L V    K     T   D  M       L    A N AQ N   .T FHQ    .RP VP.VN YMF  Q AYEHS..

Nvulneris_catalase            R   Y D    R G  N    P N              G          G VF      RY I       L      R     S  KE  M       L    A A AH     .T YAQ  P .LP AAQVN YS   A RYFYND.

Mplatani_catalase             R   Y D    R G  N    P N              G         QG   S     RY V       L I          T  RD  M          TL  S TQ     .P YLQ    APAPGVKTA NQ   Q TFYVDGV

Hminutum_catalase             R   Y D    R G  N    P N              G         QG LFS     RY V       L V          N      M              A TQ     .A YQS    RSRATVN.. NNQG A NIAHT..

Aaustralica_catalase          R   Y D    R G  N    P N              G         QG  FS        L       I I          N  RD             N   L TQIT   GP FHL    .APVAQ.VH NQ   FHQHGIFR.

Scellulosum_catalase          R   Y D    R G  N    P N              G         QG  FS        L       I I          N  RD             N   L TQLT   GP FHE    .APVAE.VH NQ   FHRQAINR.

PaenibacillusspP22_catalase   R   Y D    R G  N    P N              G         QG LFS        L       I I          N  RD                 T TQLS   GP FHE    .RPMCP.VH NQ   MHRMTINR.

Ssanxanigenens_catalase       R   Y D    R G  N    P N              G         Q  LFS     RY L       I V    R     S  RD  M        A     P AA     .V HDH    .AA CP.VR YH   M RVDGNA.

Swoodyi_catalase              R   Y D    R G  N    P N              G         QG LFS     RY L       I V    K     S  RD  M              G SQ     .V HSH    .AP CP.FH YH   Q RTDGNA.

Ynurmii_catalase              R   Y D    R G  N    P N              G         QG LFS     RY L       I V    K     N  RD  M              G AH     .V HHQ    .GA CP.FH YH   A RVDGNS.

Bphytofirmans_catalase        R   Y D    R G  N    P N              G         QG LFS     RY L       I V    R     S  RD  M              G TQ     .I HHQ    .AA VPSPH FH   A RTDGNL.

Psputorum_catalase            R   Y D    R G  N    P N              G         QG LFS     RY L       I V    K     S  RD  M              G TQ     .V HSA    .AP CPFHH FH   A RVDGNL.

                                                  Hpylori_catalase            
  380       390             400       410         

Hpylori_catalase                   Y                                                   PSS      E                               ..GSLQN T   LPGYK. DKSAR.....DPKFNLAHIEKEFEVWNWDYR

Hacinonychis_catalase              Y                                                   PSS      E                               ..GALQN T   LPGYK. DKSAR.....DPKLNLTHIEKEYEVWNWDFR

Hcinaedi_catalase                  Y                                                   PS       D                               ..GSIRN E  ILDGYK. NWSLK.....EPILDPLNFESESKLGQWDYR

Hmustelae_catalase                 Y                                                   PSS      E                               ..GSYMN N   IPGYQ. DHSVR.....VPKFNPASIEKETDIYDYDFR

Hbilis_catalase                    Y                                                   PS       E                               ..GGERN N  IFNDYV. DSKAI.....EP...PLHIQEGNVITRYNHR

Clari_catalase                     Y                                                   PNS      E                               ..NGLAY E   YDDSPK DKSYL.....EPDLALEGN.......AQRYA

Cjejuni_catalase                   Y                                                   PNS      E                               ..NDAAY E   YDNSPK DKSYL.....EPDLVLEGV.......AQRYA

Saerolata_catalase                 Y                                                   PNS      D                               ..GGAPN Q   FG.GPV SPRYS.....EPALRIQGD.....ADRYDHR

PseudomonasspVLB120_catalase        Y                                                   PNS                                      ..GSAPN E   YADAPKQSARHA.....EPALPLSGA.....ADRYDHR

Bkribbensis_catalase               Y                                                   PNS      E                               ..GGSVY E   FGGPA. TPENK.....PASFEVAGA.......AQSVP

Akashmirensis_catalase             Y                                                   PNS      D                               ..GNAPV V   GGRPWA ETGKT.....EDG.WEADG...DMVRQAYTL

Nvulneris_catalase                 Y                                                   PNS      D                               ..ANVPV A   FGGPHA PAQAP.....DGGLWDFEP...TMVRAGYLE

Mplatani_catalase                  Y                                                   PST      E                               GENKHIN E   IGQGLR APKPA.....KEYHQPVEG.....QLGRYQT

Hminutum_catalase                  Y                                                   PS       D                               ..KSDVN E  .ITRETT SPAYL.....LS.QMALSG.....TTQQVAI

Aaustralica_catalase               Y                                                   PNS                                      ...GRVS E   LAGGCPHQAGAASGFTSYAERLLAQQATAEPTKLRAKP

Scellulosum_catalase               Y                                                   PNS                                      ...GRVN E   LAGGCPFQAGAR.GFASVAERLLAQQAATEPSKLRAKP

PaenibacillusspP22_catalase        Y                                                    N                                       ...GPVA HK GIAGGSPHTTEDG.........YKHYQEKVDGRVTRERS

Ssanxanigenens_catalase            Y                                                   PNS      D                               ..GGKPS W   KGAWIG TPDHR.....EPPLALDGNP....ADHWDHR

Swoodyi_catalase                   Y                                                   PNT      E                               ..GRTIG E   QSQWQ. QPDFS.....EPPLQIDGD.....ADAYSHK

Ynurmii_catalase                   Y                                                   PNS      E                               ..SNTAT E   FGLFQ. QPDFS.....EPPLTLTGA.....ADHWNHR

Bphytofirmans_catalase             Y                                                   PN                                       ..GGNVN E  RFGDFV.QDANAS.....EPPL.AAGAV.....DRYEHR

Psputorum_catalase                 Y                                                   PN       E                               ..GSTPN E  RYGAFA. QAEYR.....DPQQ.AVGAV....ADRFDHR

β9 α8 β10 

α9 η7 η8 

η9 η10 α10 

A

B
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Table S1: One-electron donors substrates assayed for Hp catalase-like peroxidatic 
activity. 

Substrate Chemical 
structure 

Kinetics 
λ (nm) 

Product ε #
(mM cm)-1 

 
Pyrogallol 
 

 
420 

 
Purpurogallin 

 
2,64 

 
Guaiacol 

 
470 

 
Tetraguaiacol 

 
26,6 

 
ABTS 

 
420 

 
ABTS radical cation 

 
36 

 
Sodium 
ascorbate 

 
290 

 
Dehydroascorbate 

 
2,8 
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Functional characterization of the gastric specific 
periplasmic binding protein HP0298 

 

Abstract 

As essential components of ABC importer systems in Gram-negative bacteria, 

periplasmic binding proteins (PBPs) have a crucial function in nutrient uptake 

and are often related to the environment wherein the microorganisms live. The 

highly adapted human pathogen, Helicobacter pylori, requires a number of 

amino acids for growth, many of which are hydrophobic. Its dipeptide binding 

protein, DppA (HP0298), part of the ABC dipeptide transport system 

(dppABCDE) was previously assessed for peptide uptake, but its function is not 

fully understood. The protein shares 39% identity with the well-characterized E. 

coli DppA and differs significantly from all the other PBPs of the same group. 

HP0298 is closely related to proteins of other Helicobacter species that are all 

gastric pathogens in different hosts. To gain insight on H. pylori (Hp) DppA 

physiological role we set up a protocol of "ligand-fishing" assay coupled with 

mass spectrometry aimed to purify the specific PBP ligand from the native 

environment in which the binding occurs. A recombinant His-tagged DppA was 

produced, and incubated with H. pylori cell extract; the in-solution formed His-

tagged protein-ligand complex was trapped and purified by affinity 

chromatography, and then subjected to HPLC-MS analysis. The compounds 

potentially interacting with HP0298 were pentapeptides, rich in hydrophobic 

amino acids and containing at least one negative charged residue. Considering 

the nutrient requirement of H. pylori and the high peptide content of its unique 

niche, we conclude that Hp DppA could be involved in the uptake of gastric 
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peptides derived from food proteins, with specificity based on length and amino 

acid composition. 

Because the PBP domain-containing proteins not only function as the initial 

receptors in metabolite transport in bacteria, but also they are employed in 

several signal transduction pathways in mammals (including humans), this 

experimental method could be extended to other still orphan receptors as initial 

interaction screening for ligand identification. 
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Introduction 

 

Periplasmic binding proteins (PBPs) are a large bacterial family of proteins 

serving as primary receptors for a large number of metabolites. Located in the 

periplasm of Gram-negative bacteria, PBPs mediate substrate transport or induce 

chemotaxis towards the nutrient source90. In both cases, they are involved in the 

active transport of solutes inside the bacterial cell, as constituents of the 

multicomponent transport systems ATP-binding cassette (ABC transporters)91,92. 

In general, the ABC transport systems for solutes uptake consists of two 

transmembrane domains, which assist in ligand translocation across the inner 

membrane, two peripheral membrane ATP-binding domains, responsible for 

energizing the systems, and a periplasmic binding protein, which binds its ligand 

with high affinity and delivers it to the translocator93.  

PBPs bind a broad spectrum of diverse molecules, ranging from amino acids, 

carbohydrates, amines, metal ions, di- and oligo-peptides and vitamins. Besides 

the wide variation in ligand size and chemical functionality, PBPs have different 

sizes (25 to 70kDa) and little sequence similarity, but they share an extremely 

conserved three-dimensional structure (Fig. 1)94. They are monomers formed by 

two large polypeptide lobes connected by a flexible hinge region with a large 

cleft, wherein the ligand binds. Ligand binding induces a conformational change 

such that the two lobes twist and close to entrap the ligand and the protein 

undergoes the transition from the open conformation to the closed one. This 

model of binding has led to the term "Venus flytrap" mechanism95,96. In addition 

to ligand binding, hinge bending in the PBP fulfils a key role in signal 

transduction. It enables the formation of a ligand-stabilized closed structure 

which is presumably recognized, in preference to the open structure, by the 

appropriate membrane-bound components and, thus, initiates nutrient 
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Figure 1. Structure of E. coli DppA. (A) Structure in open unliganded conformation (PDB: 
1DPE) (B) Structure in closed liganded conformation with the bound Gly-Lys dipeptide 
(PDB: 1DPP). Structures in gray cartoon rendering with ligand in orange spheres. 

A B
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translocation or chemotaxis97. The PBP fold is also used inside the cell as the 

ligand binding domain of many transcription factors, including the classical Lac 

repressor98.  

Even though the PBPs are restricted to Gram-negative bacteria, homologous 

proteins exist in Gram-positive bacteria as extracellularly bound lipoproteins99, 

and in Eukaryotes as ligand binding domain of diverse receptors. These include 

glutamate/glycine-gated ion channels such as the NMDA receptor, G protein-

coupled receptors, including metabotropic glutamate, GABA-B, calcium 

sensing, and pheromone receptors, and atrial natriuretic peptide-guanylate 

cyclase receptors100. All these receptors, arisen via gene fusion events between 

genes encoding the PBPs and genes for integral membrane proteins, are 

regulated by conformational changes of the protein extracellular domain in 

response to ligand binding. Thus, the PBP module is exceptionally widespread 

and thanks to the extensive information available about three-dimensional 

structure and mechanism of ligand binding, it can serve as a guide in drug design 

and development. 

 

In bacteria, PBPs together with the other members of the ABC transporter are 

important virulence factors because they play roles in nutrient uptake. It has 

been demonstrated that transporters encoded in bacterial genomes correlate with 

the physiological niches the bacteria live in101, thereby playing a role in the 

adaptation to a specific environment and its available sources. 

Helicobacter pylori, a highly adapted human pathogen, possess diverse ABC 

transport systems for nutrient uptake, by which he depletes the host of essential 

elements.  Studies focusing on the nutrients requirements of H. pylori for growth 

have shown that the bacterium is auxotrophic for several amino acids, including 

methionine, alanine, histidine, isoleucine, and valine, and consequently 

dependent on a steady supply of these growth factors from the environment102. 

Furthermore, despite its capability to grow on glucose103, H. pylori does not have 
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the enzymatic machinery to break down more complex carbohydrates, and is 

thus limited in carbohydrates utilization104. H. pylori can actually survive 

employing amino acids as the basic nutrients and the sole carbon and nitrogen 

energy sources105.  In addition to transporting amino acids, H. pylori may have 

the ability to transport the abundant peptides, which are found in the stomach.  

Two ABC transporters have been classified for peptide uptake, one for 

dipeptides (dppABCDF) and the other for oligopeptides (oppABCD)47. Both of 

these systems are extremely conserved in H. pylori strains, indicating their 

essential nature106. 

A previous study showed that the dipeptide system mutants (in particular, dppA, 

dppB, dppC mutants) lacked the ability to use only certain dipeptides, 

hexapeptides, and nonapeptides, while the oligopeptide system mutants (oppA, 

oppB, oppC mutants) were not particularly affected, or only partially, in their 

peptide uptake capability107.  Since the dpp gene cluster is homologous to 

the nik operon of Escherichia coli, H. pylori DppA was assessed for a role in 

nickel import, but the hypothesis has been ruled out, because the gene product 

showed no contribute to the synthesis of catalytically active urease108. 

Based on sequence homology analyses, the bacterial PBP superfamily has been 

classified into 8 clusters, and H. pylori DppA was assigned to cluster 5, 

comprising dipeptide (DppA family), oligopeptide (OppA family) and nickel 

specific PBP’s (NikA family)90. Continuous family updates by the Transporter 

Classification Database has now led to a cluster 5 PBPs containing up to 42 

different subfamilies that are associated with translocation cargos that can vary 

from di- and oligo-peptides, and nickel substrates to antimicrobial peptides, δ-

aminolevulinic acid, heme, plant opines, carbohydrates, glutathione and others. 

Investigation of PBP specific ligand has proven to be a challenge for several 

reasons. Although many PBP structures are available, it is almost impossible to 

make an accurate prediction about the exact substrates that are bound, owed to 

the versatile nature of the PBPs that usually can accommodate different ligands 
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within their binding pockets. A similar problem is encountered when performing 

ligand-binding studies. Many PBPs present comparable affinity for different 

substrates, and the discrimination between the physiological ligand and an 

unspecific one is challenging. Often, analysis of the genome context of an ABC 

transporter helps by finding linked genes that give clues to function, but this is 

not applicable in many cases. Besides, many PBP genes are misannotated with a 

wrong attribution in respect to the transported substrate. One example is 

provided by the glutathione-binding protein (GbpA) of Haemophilus influenzae 

that was initially classified as heme-binding protein109,110. 

 

Our interest in H. pylori DppA (HP0298) was corroborated by our findings that 

it represents an exclusive trait of pathogenic gastric species and the discovery of 

its specific substrate could broad the knowledge on an uptake system, with its 

linked intracellular pathways, that can be relevant for the human host. 

This study describes the unbiased method that we employed to investigate its 

physiological substrate. This method, named "ligand-fishing" is a ligand pull-

down assay coupled with mass spectrometry (MS). MS-based approaches are 

extensively used in interactomics studies for analyzing protein–protein and 

protein–ligand interactions, and also in the expanding field of metabolomics. MS 

provides high sensitivity, wide dynamic range and the possibility of 

distinguishing metabolites by their accurate m/z signals and fragmentation 

patterns. Chromatography can be easily coupled with MS to differentiate 

metabolites by their retention times providing an additional dimension for 

identification. In our protocol the purified recombinant His-tagged DppA is 

immobilized on cobalt affinity chromatography resin and acts as the bait to 

capture its specific ligand from its native environment, being in our case, H. 

pylori cell extract. The eluted samples are then subjected to HPLC-MS with 

Orbitrap mass spectrometer, and the untargeted metabolite profiling of extracts 

are inspected for mass spectral features that differ significantly between the 
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protein and control samples. The results could give clues on the specific ligand 

or a category of substrates that bind to the periplasmic binding protein. 

Considering the involvement of PBP domain-containing proteins in several 

signal transduction mechanisms in mammals and humans, this experimental 

method could be extended to other still orphan receptors in search of 

their ligand. 
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Results 

 

Phylogenesis of H. pylori DppA and related PBPs 

To reconstruct the evolutionary relation of H. pylori DppA within the PBP 

superfamily a homology research was performed with BlastP. The sequences 

with significant E values were all PBPs of cluster 5 (DppA-OppA-NikA)90. The 

majority is annotated as generic solute binding proteins (Sbp), but some of them 

are classified as dipeptide binding proteins (DppA), oligopeptide binding 

proteins (OppA), heme binding proteins (HbpA), nickel binding proteins 

(NikA), or glutathione binding proteins (GbpA). 51 sequences were selected for 

multiple alignment and tree reconstruction (Fig. 2). Among the five main 

phylogenetic clusters, HP0298 grouped with proteins all belonging to 

Helicobacter species. These proteins appeared to be distantly related to DppA-

OppA, NikA, HbpA and GbpA families. Only a few of these proteins have 

already been characterized, but many of them are putative proteins and often 

their annotation disagrees with their position in the phylogenesis. For example, 

many proteins classified as HbpA are found within the GbpA group. 

This phylogenesis reflects the principle postulating that periplasmic binding 

proteins from evolutionarily divergent organisms, which are specific for the 

same solute are, in general, much more closely related to each other than are 

proteins specific for different solutes from the same organism90. Consistently, 

the Helicobacter species are found in two different groups. H. canis, H. bilis and 

H. hepaticus are found among NikA group, whereas all the other Helicobacter 

species, including H. pylori, form a separate cluster. Noteworthy, these divergent 

Helicobacter species are all gastric pathogens of different organisms, human (H. 
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Figure 2. Phylogenesis of HP0298 and related proteins. Midpoint-rooted tree representing 
the evolutionary relations between 51 periplasmic binding proteins of cluster 5 (Tam and 
Saier, 1993). HP0298 segregates with other PBPs all belonging to gastric Helicobacter 
species (red), and it is distantly related to the other PBP families of dipeptide and oligopeptide 
binding proteins, DppA-OppA (cyan), nickel binding proteins, NikA (green), putative heme 
binding proteins, HbpA (yellow), glutathione binding proteins, GbpA (blue)  
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pylori) and other mammals. This led us to hypothesize that a specific ligand 

could exist for Hp DppA that is linked to the gastric environment. 

 

Expression and periplasmic purification of recombinant Hp DppA 

At the N-terminal of the HP0298 sequence a signal peptide was predicted 

(SignalP)55, that directs the protein to the periplasmic space via the Sec-pathway. 

According to this analysis, the protein is cleaved at residue 23, leading to a 

mature form of 61 kDa in the periplasm. For the recombinant expression, the 

endogenous signal peptide was removed and substituted with a sequence (PelB) 

recognized as a signal peptide by E. coli57. The gene sequence was cloned into 

pET22 plasmid fused with the 6xHis tag at the C-terminal. After HP0298 

overexpression, the periplasm was extracted with osmotic shock buffer and the 

protein purified by cobalt affinity chromatography. To evaluate the obtained 

preparation both Glycine–SDS-PAGE and Tricine–SDS-PAGE111 were 

employed. The latter is the preferred electrophoretic system for the resolution of 

proteins smaller than 30 kDa and a substantial contamination due to the presence 

of small peptides was detected. To further remove the contaminants, size 

exclusion chromatography was performed. Fractions containing HP0298 eluted 

consistently with a monomer of 61 kDa and yielded a preparation that was over 

95% pure (Fig. 3). 

 

pH stability and denaturation studies 

In the ligand pull-down assay the protein, in complex with the ligand, is eluted 

from the cobalt resin, with two different buffers. In particular, prior to elution 

the resin is split in two aliquots and the release of the protein with the bound 

ligand is attained through competition by the addition of imidazole, or through 
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Figure 3. Gel filtration chromatography. The upper gel was obtained with Glycine SDS-
PAGE, while the lower gel was obtained with Tricine SDS-PAGE. A higher amounts of 
protein contaminants is visible from the Tricine SDS-PAGE gel that was extensively removed 
after size-exclusion chromatography. M, molecular weight Marker, L, protein Loaded on 
column, E, protein Elutions. 
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Figure 4. CD measurements. (A) Spectra of HP0298 in 10 mM NaH2PO4 ranging from pH 2 
to 8.3 at 25 °C. (B) Spectra of HP0298 in 50% and 70% acetonitrile solutions. 
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the protonation of the tag histidines by a reduction in pH. Two different elution 

buffers are used in parallel to reduce the possible interference in the subsequent 

analysis. During the pull-down elution step in native conditions the ligand is still 

bound to the protein. In contrast, the elution from the HPLC column is 

performed in a gradient of acetonitrile and the ligand is released. 

Before setting the protocol, denaturation studies were performed to evaluate (1) 

the stability of the protein in different conditions, to confirm that the acid pH 

elution did not affect the structure of the protein, (2) if the degree of denaturation 

in acetonitrile was marked enough to ensure the release of the ligand from the 

protein. 

To assess the effect of changes in pH on the secondary structure, CD spectra of 

HP0298 were recorded from 250–200 nm in buffers ranging from pH 2 to 8.3 at 

25 °C (Fig. 3A). CD spectrum appeared that of a mixed α-helix/β-sheet structure 

as described for the PBP fold. The spectra were collected immediately, after 2 

hours and after 18 hours after the dilution in the proper buffer. The protein was 

stable in all the tested conditions up to 18 hours. 

CD measurements were also carried out in denaturant conditions with 

acetonitrile at two different concentrations (50% and 70%) at 25 °C (Fig. 3B). 

The spectra were recorded after 10 minutes, after 1 hour and after 22 hours after 

the dilution in acetonitrile solution. All spectra resulted deeply affected. In 70% 

acetonitrile, after only 10 minutes, the protein lost the majority of the secondary 

structure elements. 

 

Ligand pull-down assay 

For the ligand pull-down assay a H. pylori G27 total cell extract from 50 ml total 

culture was prepared as described in Material and Methods. The suspension was 

split into two identical aliquots and mixed with purified His-tagged HP0298 

(600 ng; 8 µM) or buffer for the control sample; both samples were further 
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Figure 5. Ligand pull-down assay. H. pylori cell extract with the prey ligand is split in two 
aliquots; one is incubated with the protein, and then with the resin, while the other one is 
incubated only with the resin serving as a control. After recovery of the control from the resin, 
the obtained precleared extract is again employed for another fishing round. The overall 
procedure includes three fishing steps to minimize the number of false positives within a 
single experiment. Prior to elution the resin is split in two aliquots and the release of the 
protein with the bound ligand is attained through competition by the addition of imidazole, or 
through the protonation of the tag histidines by a reduction in pH (pH 2). 
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incubated with Co-resin (Fig. 4). After that, the control was passed through a 

column, and the cleared lysate was collected for the second round of the fishing 

experiment. The resin with the protein–ligand complex bound was washed 

several times and then split for elution with imidazole buffer (50 mM Tris pH 8, 

250 mM imidazole) and pH 2 buffer (50 mM Tris pH2). The cleared lysate was 

split again in two aliquots and mixed with purified His-tagged HP0298 (300 ng; 

8 µM) or buffer for the control sample, and the procedure was repeated as 

described for the first round. A new cleared (twice) lysate was collected and the 

third round of the fishing experiment was performed (His-tagged HP0298 150 

ng; 8 µM). The overall procedure includes three fishing steps to minimize the 

number of false positives within a single experiment.  

 

Characterization of peptides complexed with Hp DppA 

To investigate the substrate preference of Hp DppA, the eluted samples were 

analysed by HPLC-MS. Untargeted metabolite profiling of extracts were 

explored to identify differential m/z features between protein and control 

samples. We employed XCMS software program to detect the species enriched 

in the samples with the protein (Table S1). Four m/z peaks with ≥ 5-fold 

differences between all protein and control samples in both the elution 

conditions were considered (Table 1). They correspond to m/z 516.3028, m/z 

562.2725, m/z 578.2496, m/z 602.3402. When searched against the Metlin112 

metabolite database to make putative metabolite assignment, the m/z values in 

positive ion mode matched the mass of different tetrapeptides and pentapeptides 

with ≤ 5 ppm mass accuracy.  

To confirm the identity of the compounds MS/MS analysis was performed, 

followed by de novo sequencing with PEAKS software113. For each of the m/z 

values one or two possible pentapeptides were identified with < 2 ppm mass 

accuracy (Table 2). Notably, all the peptides copurified with HP0298 contained 
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Figure 6. Homology modelling of H. pylori DppA. HP0485 model was created with SWISS-
MODEL using the structure of E. coli DppA (PDB: 1DPE) as template. In the surface charge 
representation negative charges are shown in red, and positive charges are shown in blue. In 
the inset, detail of the binding pocket in gray cartoon rendering. Residues lining the cleft are 
labeled (black carbon sticks). 

L341#

R397#

A395#
N398#L427#

W442#

M443#

W423#

A438#
F439#S440#

G441#

m/z z Mass Peptide ppm 

516.303 1 515.2955 LGLDV 0.3 

562.2725 1 561.2646 LTVDD 1.1 

578.2496 1 577.2418 AMEDL 1 

602.3402 1 601.3323 LELDL 1.1 

Table 2. Results of de novo sequencing of the selected m/z features enriched in the 
samples with HP0298 obtained with PEAKS software. 
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at least one negatively charged residue. The other amino acids were almost all 

hydrophobic with abundance of leucine. Since the masses of leucine and 

isoleucine are the same and the list contains leucine only, a switch between these 

two residues is possible. All the pentapeptide sequences were verified not to 

belong either to the HP0298 sequence or the PelB sequence. After that, a 

homology search of H. pylori G27 genome was performed and the pentapeptide 

sequences were found in some proteins. Since these peptides could be 

internalized from the external environment and H. pylori was cultured in a 

medium with bovine serum, a search against the Bos taurus proteome was 

carried out. Several proteins were found that contain the putative sequences: 

almost all these proteins have a homolog in human. 

 

Surface charge distribution of the peptide-binding pocket of Hp DppA 

To examine the hydrophobic and electrostatic properties of HP0298 binding 

pocket a model structure was generated by homology modelling using the 

structure of E. coli DppA as template (Fig. 6). A prevalence of hydrophobic 

residues is found lining the binding cleft between the two domains. The 

determined surface charge distribution shows a positively charged surface inside 

the pocket and on the secondary elements above that are enclosing the pocket 

upon ligand binding. According to this model, that of Hp DppA appears to be an 

attractive binding site for hydrophobic negative charged peptides. 

 

Generation of H. pylori dppA-negative mutant 

To further investigate the contribution of Hp DppA in the physiology of the cell, 

we constructed Hp dppA knock-out mutant. For this purpose, H. pylori strain 

G27 was transformed with the vector pBS::∆HP0298, in which most of the 
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sequence encoding for HP0298 was replaced with a kanamycin resistance 

cassette. Mutants carrying the correct replacement of the wild type sequence 

with the kanamycin cassette were confirmed by PCR, and were viable on 

Brucella agar plates. 
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Discussion 

 

Periplasmic binding proteins, coupled with inner membrane and ATP-binding 

proteins in a multicomponent ABC transport system, are important virulence 

factors for bacteria, as they serve roles in nutrient uptake and chemotaxis90. 

The gastric pathogen Helicobacter pylori requires several growth factors and has 

evolved different mechanisms to utilize the sources provided by it colonizing 

niche. In particular the bacterium possesses a dipeptide ABC transporter 

(dppABCDF) with a soluble periplasmic component, DppA (HP0298), 

homologous to PBPs of cluster 5 (DppA-OppA-NikA). Despite the efforts for 

the identification of the specific ligand, a definite resolution of the physiological 

role accomplished by Hp DppA and the entire ABC system has not been 

achieved107,114, therefore we decided to investigate on the specific substrate of 

this PBP with a different approach. 

To gain insight into the protein phylogeny we constructed a tree with a selection 

of cluster 5 PBPs and discovered that H. pylori DppA was distantly related to the 

other PBP families and grouped with other proteins all belonging to 

Helicobacter species sharing the same colonizing niche, the stomach, in 

different host organisms. 

For substrate searching in the protein natural milieu we adopted a ligand pull-

down strategy coupled with mass spectrometry analysis. The His-tagged 

recombinant DppA, after purification, was mixed with H. pylori extract in which 

the endogenous ligand should be present, and immobilized on the cobalt resin to 

be purified in complex with the bound ligand. The MS analysis helped to 

distinguish between compounds that significantly bound to the protein, and 

matrix adducts or contaminations. We observed four m/z features that differed 

significantly between all protein and control samples pairs. The accurate masses 

103



 

 

were first searched in Metlin metabolite database and matched that of different 

tetrapeptides and pentapeptides. Next, de novo sequencing of the MS/MS data 

gave diverse possible pentapeptide sequences, all rich in hydrophobic and 

negative charged residues.  The sequences matched with some the proteins of H. 

pylori G27. Furthermore, different proteins of Bos taurus (since H. pylori was 

cultured in a medium supplemented with bovine serum) and Homo sapiens were 

found to contain the putative sequences.  

Hp dppA knock-out mutant was obtained and will be characterized and tested in 

appropriate in vitro and/or in vivo models, following the confirmation of the 

ligand-fishing assay results. 

Homology modelling with E. coli DppA as template, allowed the creation of a 

three-dimensional model for HP0298. Interestingly, the binding pocket located 

in the cleft between the two domains has a distinctly positive bottom and is lined 

with hydrophobic residues that could nicely accommodate a hydrophobic 

negative charged peptide. 

 

Many studies have been performed on the oligopeptide binding receptor, OppA, 

of different Gram-negative and Gram-positive bacteria and the protein was 

produced endogenously where natural peptides are available for binding115–119. 

These works pointed out the existence of a mechanism for peptide selection 

based on amino acid composition rather than sequence. For example, Klepsch et 

al. characterized E. coli OppA and discovered a preference for positively 

charged peptides119. In our work we showed that HP0298 preferentially binds 

pentapeptides that are rich in negative and hydrophobic amino acids (in 

particular aspartate and leucine or isoleucine). This result suggests that also for 

H. pylori DppA the peptide amino acid composition might be a determinant for 

the binding. Remarkably, the amino acids that are considered to be essential for 

the bacterium are mostly hydrophobic. Further binding studies with the purified 

protein and different peptides, with both similar and different characteristics 
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from those identified, will be carried out to confirm the evidence. These 

properties can be related to the natural niche of the bacterium. The human 

stomach is very rich in peptides that are produced during digestion by the action 

of proteases and peptidases. Pepsin, a well-known aspartic protease of the 

human gastric mucosa, is active at low pH (pH < 3.0) and quickly denatured 

when the pH exceeds 5.5, thus preventing continuous proteolytic action that may 

damage the stomach120. This enzyme seems to have a preference for 

hydrophobic amino acid residues on both sides of the sensitive peptide bond121, 

producing peptides with at least one hydrophobic end. Since H. pylori DppA 

expression was shown to be dependent on pH, in particular increased with 

decreasing medium pH122, it is tempting to speculate that this periplasmic 

binding protein functions as a receptor for the specific uptake of gastric peptides 

derived from food proteins. Future research will focus on the link between the 

internalization of specific peptides and the physiology of both the cell and its 

native environment. With clues about the substrate, Hp dppA-negative mutant 

will be helpful for further experiments. 

 

We have developed a protocol that couples affinity purification with high 

performance liquid chromatographic tandem mass spectrometry (HPLC-

MS/MS) for the identification of unknown ligand of periplasmic binding 

proteins. This procedure can be applied to virtually any other PBP-ligand couple 

of which the ligand is unknown. The PBP module is found in many mammalian 

membrane receptors containing an extracellular binding domain that can be 

recombinantly expressed in soluble form. Whatever the need, either to discover 

the physiological ligand that is not known, or to design a specific drug, this 

approach offers several advantages: 
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1. Being both soluble and stable proteins, production of recombinant His-

tagged PBP baits and its purification by cobalt affinity chromatography 

is accessible, simple, and compatible with assessment by HPLC and MS. 

2. Prey ligands are extracted from the endogenous environment of the bait 

protein. 

3. Co-resin provides a negative control to identify non-specific binding 

proteins. 

4. Since the ligand from the binding protein has to be released for mass-

spectrometric detection, there is no limit of preserving intact complex of 

PBP-ligand as in other techniques (e.g. native MS, crystallization, etc.). 

5. Gel-free MS workflow aids comprehensive detection of low-abundance 

peptides, low-affinity interactions, and overcomes the challenge of 

having a non-protein ligand. 

6. Numerous tools are available for the analysis of MS data, including 

specialized metabolic databases that can aid metabolite identification; 

MS/MS experiments can be performed on the differential peaks for 

accurate metabolite assignment. 

7. Comparison of dependent (three rounds of the same fishing experiment) 

and independent (different prey ligand containing extracts) replicates 

plus negative controls can minimize false positive identifications. 

 

Additional independent binding experiments with bait protein and prey ligand 

are needed to verify the interaction and quantitatively describe it. An important 

benchmark for the proper description and characterization of a new ligand-

receptor interaction is the measurement of the binding affinity. There are many 

potential approaches that can yield an estimate of the binding affinity in terms of 

association and dissociation constants, between a ligand and receptor; these 

include isothermal titration calorimetry123, differential scanning fluorimetry124, 

or microscale thermoforesis125. However, the ligand-fishing protocol that we 
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described can be an up-front and sensitive interaction screening, aimed to 

identify ligands for PBPs and related proteins. 
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Materials & Methods 

 

Phylogenetic reconstruction 

The midpoint-rooted circular phylogram representing a maximum-likelihood 

phylogeny of H. pylori DppA and related periplasmic binding proteins was 

created with the ClustalW program88 and visualized with FigTree. 

Multiple sequence alignments were built with ClustalW, analyzed with Genedoc, 

and the online resource Espript89 was used to generate alignment figures. The list 

of residues involved in protein-ligand interactions was downloaded from the 

NCBI's Conserved Domain Database (CDD)126. 

 

Cloning and expression of recombinant H. pylori DppA 

The HP0298 gene was amplified by PCR from genomic H. pylori G2786, with 

primers 5’-ATATATCCATGGGAAGCGAAAGCCCGAATGC-3’ (forward, 

NcoI recognition site underlined) and 5’-

ATATATCTCGAGTCTCAGCGCTTTTTCCAG-3’ (reverse, XhoI recognition 

site underlined), using Phusion DNA Polymerase (Thermo Scientific). In this 

way the signal peptide at the N-terminal of the sequence predicted with 

SignalP55 was removed. The amplified HP0298 gene was cloned into the 

pET22b(+) vector (Novagen) in frame with N-terminal PelB sequence and C-

terminal His-tag. The integrity of the construct was confirmed by DNA 

sequencing. 

20 ml of an O/N culture (40ml, 37°C) of E.coli BL21(DE3) cells harbouring the 

pET22-HP0298 plasmid were used to inoculate 1 litre of Luria-Bertani (LB) 

medium containing 100 µg ml-1 ampicillin. Cells were grown for 2.5 hours at 37 

°C until OD600 of 0.6-0.8 was reached. HP0298 expression was induced with 
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0.25 mM isopropyl-β-D-thiogalactopyranoside (IPTG) and cells were incubated 

for another 20 hours at 20 °C. Culture was harvested at 4°C and stored at -80 °C. 

 

Periplasmic purification 

HP0298 was isolated from the periplasmic fraction. To isolate the periplasm, 

after the cells from 1 litre culture had been spun down, the cell pellet was 

resuspended in 10 ml osmotic shock buffer (500 mM sucrose, 100 mM Tris, and 

1 mM EDTA, pH 8) and incubated for 2 hours at 4°C on a rotating shaker, 

followed by centrifugation at maximum speed for 45 min. The supernatant, 

containing the periplasmic extract was subjected to affinity chromatography with 

TALON metal affinity resin (Clontech). Briefly, the periplasmic fraction was 

mixed with 1-2 ml of resin and incubated for 45 min at 4°C on a rotating shaker. 

The sample was packed in a polypropylene tube and washed four or five times 

with 10 resin volumes of wash buffer (50 mM Tris 10 mM imidazole, pH 8.0). 

The resin was transferred to a plastic column, washed with another resin volume 

of wash buffer, and finally the bound protein was eluted three times by the 

addition of 1 ml of elution buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM 

imidazole, pH 7.4). The protein fractions were pooled and dialyzed at 4°C 

against 4000 volumes of pH 7.4 storage buffer consisting of 50 mM NaH2PO4, 

300 mM NaCl. 

Purity of His-tagged DppA was assessed by Glycine SDS-PAGE and Tricine 

SDS-PAGE111; gels were stained with Coomassie brilliant blue. The protein was 

further purified by Sephacryl S-200 HR (GE Healthcare), equilibrated with 50 

mM NaH2PO4, 300 mM NaCl, pH 7.4. The His-tagged HP0298 was eluted as a 

single peak, corresponding to a monomer of 61.4 kDa. Final concentration and 

purity were estimated through UV-visible spectra (ε280 = 104170 M-1 cm-1) and 

Glycine/Tricine SDS-PAGE respectively. Prior to store at -80°C, HP0298 was 

added of glycerol at a final concentration of 15%. 
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CD measurements 

CD measurements were performed using a Jasco J715 spectropolarimeter 

equipped with a Peltier thermal controller. CD spectra were recorded to evaluate 

tertiary structure stability for HP0298. Three runs were accumulated with 0.3 

mg/ml protein in 10 mM NaH2PO4 (pH 2–8.3) and acetonitrile solution (50-

70%) using a 1 mm path quartz cuvette (QS-110 from Hellma). Spectra were 

recorded for each sample from 250 to 200/180 nm at 25 °C using a bandwidth of 

0.2 nm and a response time of 8 s at a scan speed of 50 nm/min. Each spectrum 

is subtracted of the buffer contribution. 

 

Ligand pull-down assay 

For the pull-down assay total extracts from H. pylori G27 cells were prepared. 

First, H. pylori G27 was revitalized from glycerol stocks on Brucella broth agar 

plates added with 5% fetal calf serum and Skirrow’s antibiotic supplement under 

microaerophilic conditions in jars (Oxoid gas packs). After restreaking on fresh 

plates, bacteria were cultured in a 9% CO2–91% air atmosphere at 37°C and 

95% humidity in a water-jacketed incubator (Thermo Forma Scientific). Liquid 

cultures were grown in modified Brucella broth medium supplemented with 5% 

fetal bovine serum. Total cell extract from H. pylori G27 for a single pull-down 

experiment was obtained from a 50 ml culture. In particular, cells were spun 

down and resuspended in 2 ml of lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 

pH 7.4) containing 1 mg/ml lysozyme and 10 µg/ml (each) DNase and RNase, 

sonicated on ice, and centrifuged at maximum speed for 30 min; the supernatant 

was collected and stored at 4°C. 

For the pull-down assay, the suspension was split into two 1 ml aliquots and 

mixed with 100 µl of purified His-tagged HP0298 (600 ng; 8 µM) or 100 µl of 

storage buffer (50 mM NaH2PO4, 300 mM NaCl, pH 7.4) for the control sample, 
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and incubated for 1 hour at 4 °C. Both samples were mixed with 100 µl of 

TALON resin and incubated for another hour at 4 °C on a rotating shaker. After 

that, the control was passed through a column, and the cleared lysate was 

collected for the second round of the fishing experiment. The resin with the 

protein–ligand complex bound was washed six times with 1 ml of 50 mM Tris 

buffer, pH 8, and then split for elution with imidazole buffer (50 mM Tris pH 8, 

250 mM imidazole) or pH 2 buffer (50 mM Tris pH 2). In both cases, three 

successive elutions with 100 µl of buffer were carried-out. The cleared lysate (1 

ml) was split again in two 500 µl aliquots and mixed with 50 µl of purified His-

tagged HP0298 (300 ng; 8 µM) or 50 µl of storage buffer for the control sample, 

and the procedure was repeated as described for the first round, using 50 µl of 

TALON resin. Three elutions with 80 µl of buffer were carried-out in this 

second step. A new cleared (twice) lysate was collected and the third round of 

the fishing experiment was performed. 250 µl aliquots from the lysate were 

mixed with 25 µl of purified His-tagged HP0298 (150 ng; 8 µM) or 25 µl of 

storage buffer for the control sample, and further incubated with 25 µl of 

TALON resin. Three elutions with 60 µl of buffer were carried-out in this third 

step. All samples were stored at 4 °C prior to HPLC-MS analysis. 

 

HPLC-MS and HPLC-MS/MS analysis 

The analysis of the eluted samples with the protein-ligand complex and that of 

the control samples were performed using a HPLC DIONEX Ultimate 3000 

coupled with LTQ Orbitrap XL (Thermo Fisher Scientific Inc., San Jose, CA) 

and fitted with a heated ESI probe (H-ESI-II, Thermo Fisher Scientific Inc.). 

Chromatographic separations were carried out by means of an Aeris Peptide 

3.6u XB-C18 column (150x2.13mm; Phenomenex). The mobile phases 

consisted of 0.2% (v/v) formic acid in water (A) or in acetonitrile (B). A 
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gradient elution was applied as follows with a flow rate of 0.2 ml/min: 0-5 min, 

2% B, 5-30 min, 40%B, 30-31 min, 50% B, 31-43 min, 80% B, 50-51 min, 2% 

B, plus reconditioning. 

The MS worked in positive ionization mode, with a capillary temperature of 275 

°C, while the source was maintained at 250 °C. The sheath gas flow was 40 

units, while auxiliary and sweep gases were set to 10 units. The source voltage 

was 3.5 kV. The capillary voltage and tube lens were 12.76 and 70.13 V, 

respectively.  

The MS was performed following two scan events: (1) FT-MS in positive 

ionization mode with a resolution of 7500 and MS scan range from m/z of 50 to 

400; (2) FT-MS in positive ionization mode with a resolution of 15000 and MS 

scan range from m/z of 400 to 2000. Chromatograms and spectral data were 

acquired using XCalibur software 2.1. XCMS software127 was employed to 

analyze the untargeted metabolomic datasets to identify metabolite features that 

differed significantly between the protein and the control samples.  

The identification of potential DppA peptide ligands was performed with 

metabolite fragmentation in MS/MS, with parent masses at m/z of 516.30350, 

562.27250, 578.24970, 602.34050 and MS scan range from m/z of 400 to 2000; 

isolation width of 1 m/z, activation type of CID, normalized collision energy of 

35, activation Q frequency of 0.25, an activation time of 30 ms. De novo 

sequencing of peptides was carried out with PEAKS software113. 

 

Homology modelling 

Homology modelling of Hp DppA was performed with SWISS-MODEL85 using 

the structure of E. coli DppA (PDB: 1DPE) as template. Images were created 

with the PyMOL Molecular Graphics System program and the APBS plug-in in 

PyMOL128. Negative charges are shown in red, and positive charges are shown 

in blue. 
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Construction of Hp dppA knock-out mutant 

H. pylori G27-derivative dppA knock-out mutant was obtained using a 

pBluescript KS II vector carrying DNA regions flanking the dppA gene on the 

H. pylori chromosome, as well as a Campylobacter coli aphA-3 kanamycin 

resistance (KmR) cassette. Primer forward 5’-

ATATGCGGCCGCAACCAAGCGTGGTTTTAGAAGAG-3’ (NotI 

recognition site underlined) and primer reverse 5’-

ATATGGATCCTTAGATGGATTAAGAGCAGCGTTTGG-3’ (BamHI 

recognition site underlined) were used to amplify and clone a 573 bp NotI-

BamHI fragment encompassing the region upstream Hp dppA, which 

corresponds to 458 bp upstream the HP0298 open reading frame (ORF) and 101 

bp of the 5’ region of the HP0298 ORF. Primer forward 5’-

ATATGGATCCTAAAACGACCGGAGTGAGCGTG-3’ (BamHI recognition 

site underlined) and primer reverse 5’-

ATATGAATTCACAATGCTAGGCAAAATCAAGTGCTTG-3’ (EcoRI 

recognition site underlined) were used to amplify and clone a 697 bp BamHI-

EcoRI fragment encompassing the region downstream Hp dppA, corresponding 

to 55 bp of the 3’ region of the HP0298 ORF and 630 bp downstream the 

HP0298 ORF. The kanamycin cassette, obtained as BamHI-BamHI fragment 

from pVac::KmR vector129, was inserted between these two fragments and the 

final construct was used to transform H. pylori G27. H. pylori transformants 

were obtained by double homologous recombination of the naturally competent 

G27 strain: freshly grown overnight cultures were spotted onto plates and grown 

for a further 5 hours, at which point 15 µg of plasmid DNA (pBS::∆HP0298) 

was added onto the growing strain and incubated overnight. Positive clones were 

selected on Brucella agar plates supplemented with kanamycin (25 µg/ml), 

according to the resistance phenotype conferred by the KmR cassette. The 

kanamycin-selected mutant strains were confirmed by PCR. 
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Figure S1. Multiple sequence alignments of 5 PBPs. Each of these sequences represents one 
of the clusters of the tree in Figure 2. Pink upwards triangles indicate essential residues 
involved in protein-ligand interactions, according to CDD. Green numbers below the 
alignment indicate putative disulfide bonds in E. coli DppA. 

                                                                 DppA_Ecoli       
1        10        20                         30        40       

DppA_Ecoli       M                                                            P             M  L L                                LV      P   N  L  RISLK.KSG LK G SLVAMTVAAS..........VQAK.......T  YCSEGS EGF  Q F

HP0298           M                                                            P           L    L                                  LV      G      L  NNVFVKG FFFL LFGFFLKASESPNATLNPSKENVSVEEQKRFGGV  FARGAD SSMD A V

Sbp_Hinfluenzae  M                                                            P           L A  L L                                 V      P   S  L  KLKATLT T AT V AACDQSSSANKSTAQTEAKSSSNN.......TF YCTVKA LGF  A I

HbpA_Mhaemolytica M                                                            P           L L  L L                                LI      P   S  I  RLS...Q S SV L SASSLVAAA............PVN.......T  NCVATP MKL  A T

NikA_Ecoli       M                                                            P           L A  A A                                I           N  L  LSTLRRT F LL C SFIVHAAAPD.....................E TTAWPVNVGPL  H Y

                                                   1
                     TT               TT                 TT      DppA_Ecoli       
 50        60        70        80        90       100       110  

DppA_Ecoli                    Y  L           P LA  W  S DG   TF LR  V             T  T Y AS   L    V FK G   V        EV E   TY  H  K  KWH NK F      SG T D  SVP  NR  E  I TTE I G  EK       K        G    D  E KPTRE

HP0298                        Y  L           P LA  W  S DG   TF LR  V             T    Y AT   I    V FR G   V        DI      Y  H  K   FHQTK W      DGES V  G.N  DT  Q  Y TTE E A  TS    P  LV       G Y     Y NKKVE

Sbp_Hinfluenzae               Y  L           P LA  W  S DG   TF LR  V                T Y AS   V    V FK G   I        EI D   SY  H  K  KFHTTK F     IEG S N  SQQ  NR  E  K STD E A  ES       L        G       E TPTRD

HbpA_Mhaemolytica              Y  L           P LA  W  S DG   TF LR  V             N  N F AS   I    L FK G   V        EI D   SY  H  K  KFHSNK F      DA D N  SQQ  NR  A  A ELT E S  ER       L        D       Q TPTRT

NikA_Ecoli                    Y  L           P LA  W  S DG   TF LR  V             T  Q F  S   V    V Y      V           E   TW        KF N          PN M AQ M..  EP  K QADG.S I W  KS TH    K    T  DD   S GE......P

                                               TT                DppA_Ecoli       
     120       130       140       150       160       170       

DppA_Ecoli         A      F                                            L      FL   N DDVVFS  RQ      Y      SY YF  M L  LI  V  VDD TV    T   AP    L         D  KNAQNP HKVSGG  E  EG G PE  SE KK   N  QFV  RPE    AD

HP0298             A      F                                            L      FL   S  DVLFS  RQMD    Y      SY YW  M M  II  I  LDD TI  T N   AP    F  K      E    KAKR YSPGAK  K  EG G SH  KS EA   Y  RF   GPE    AN

Sbp_Hinfluenzae    A      F                                            L      FL   N DDVVFS  RQLD    Y      TY YF  M    LL  V  VDD TI  T N   A     F         Q    PNHT HNVSKG  P  KA KFPK  KS EK   N  RI   KKD T  AS

HbpA_Mhaemolytica   A      F                                            L      FL   N DDVVFS  RQMD    Y      TY YY  M L  IL  V  VDD TV  T Q   AP    L         Q    LNHP HKVSDG  F  HW N PK  KT EK   Y  KI   QPN    TT

NikA_Ecoli         A      F                                            L      FL     E AA N    LD                  L L   I  V  L    L  T      P    FD  A  E  RAV  NRQ...........RHAW E ANQ VD KA SKTE QI  KSAYY   QE

    ..                                                TT         DppA_Ecoli       
180         190       200       210       220       230       240

DppA_Ecoli       L     F  I                     P GTGP                   Y          MD   AS  S EYAD MM  G  E L    I    F    Y  DS I Y      W  K  ID A  ..    L K    A  KA TP K DLN       QLQQ QK  R R KAFDG  GT PQ  

HP0298           L     F  I                     P GTGP                   Y          MD   LS  S DYAD LA     D L    I    F    W  D  I  L N   W  K  LD G  ..    L K    Y  QNNKK E AKK       KFFL NK EK IL K QD  GP AY  

Sbp_Hinfluenzae  L     F  I                     P GTGP                   Y          MD   IS  S EYAD ML  G  E L    V    F    Y  DQ I YV N   W  R  LD G  ..    Y A    S  KA KP T DSR       VFVG KT  A Q  A EN  KG TP  

HbpA_Mhaemolytica L     F  I                     P GTGP                   Y          MD   LS  S EYAD LL  G  E L    I    F    Y  DQ V YV N   F  K   E A  ..    Y K    K  AE KP L DQA       VFQA QT  A R  A PD  QG AKF 

NikA_Ecoli       L     F  I                     P GTGP                   Y          L           F       G         I    W        Q   FV N   W  K  I  A PRP RF APSQ KNHETMN .....IKA       ILQESKLN YDV  R EN  GE PA K

                                                              TT DppA_Ecoli       
       250       260           270       280       290       300 

DppA_Ecoli              P    R                                                N  K LV SI  D S   A L   E  VM  PN      DIA M Q   I L    GL V YL      T  F  T  A V Y K QKN CQ  PY  ....PA   R K DKS N MEMP  N G  SY VQ 

HP0298                  P    R                                                N  KKVV       ST  L L  GE  LM  PN    L EV  L   P I V    GL A WL   T     VRTI NS   A A RT  IM  TG  .... N  EQ EKV N V DKSA  L S  SL  Q 

Sbp_Hinfluenzae         P    R                                                N  KRLV SI  D TT  A L  G   LI  PN    V DLA M T P V L    GL V YI   T     I  V  A   Y K QA TCD  LF  .... A   K K D K Q LEQK  N A  AF  E 

HbpA_Mhaemolytica        P    R                                                N  KKLI SI  D  T  A L  GE  VI  PN    I DIA M Q P V L    GL L YI   S     F  T  AG  Y K KA  CD  DF  .... S   Q K D K N LQRD  N A  GL  T 

NikA_Ecoli              P    R                                                N  KKI  NV  D TT  V    GD  LL        L   A   Q P        PI    L   T    TF  I  P   A AFET  ID  YGNEGLLP DTF RFS N AYHTQLSQ  ETVM AL  A 

                     1
                                      TT TT  TT                  DppA_Ecoli       
      310       320       330       340       350       360      

DppA_Ecoli              VR A   A            G                N           KAK LL  A     V     LTY V K  II AVY      A N  PPTM  Y   V  Y YD           KPLDD K  Q      N DA  K   Q AGVS K LI    WG  DD QD T  PE   A  KE 

HP0298                  VR A   A            G                N           KAK LL  A           IN  I     I VLY    Q M N  PPTI  Y   I  Y YD           KYFDNPL  L   H  NADDY K   E FA K V PF    WG  YN KP E  LK   E  KQ 

Sbp_Hinfluenzae         VR A   A            G                N           KAK LL  A     V     LNY V K  II AVY    T A N  PPTI  Y   I  Y YD           APFDN K  Q      D KA  E   Q AG S K PL    WS  DE QD P  PE   Q  AE 

HbpA_Mhaemolytica        VR A   A            G                N           KAK LL  A     A     L Y   K  IV AVY    T A N  P SV  Y   L  Y F            PALNN K  Q  H  TD KA  E   Q GG V S PF D  LG  PN PQ E NLE   A  TE 

NikA_Ecoli              VR A   A            G                N           KAK LL  A     L     LNY V K  LI  A     Q A T   PSV      L    YD           APTNE A  E      N KS  DN LY TQ V D LFA   PYA LG KPSQ  PQ   A  EK 

                         TT                                      DppA_Ecoli       
 370       380               390       400       410       420   

DppA_Ecoli       G                                 A  I A     G        E      R       GF  DLW              P     RR  EM Q D AKV V A IV   W  Y K  KD LEK  SI   AMP........VQR YNPNA  M       W     Q K  TY  GE L  A  

HP0298           G                                 A  I A     G        E      R    Y  GF   IF              P      K     Q   AKI I V I    W  Y K      PN  KTT  TTA........TRN ...... G VF   SL     D K EVY  GA L  TGL

Sbp_Hinfluenzae  G                                 A  I A     G        E      R    Y  GF  D W                    KR  EL   D AKI V    V   W  Y K  KE  PN  ET F IQP........VIRASNPNP  M    M  W     KTNP TY  AD R  A  

HbpA_Mhaemolytica G                                 A  I A     G        E      R    F  GF  EIW              P     RR  EI Q D AKI V A LV   W  F K  RE  AD  ET   VQP........VVR SNPNP  T       W     K K  TH  AD N  T  

NikA_Ecoli       G                                 A  I A     G        E      R    W  P   DI               G     K   EI Q D   I A V LI           RD  TL AGK  REKNGQPLRIELSFI TDALS SM       MRQ   D S  GE ESSIYA Q  

                           ..        TT                          DppA_Ecoli       
    430       440       450         460       470       480      

DppA_Ecoli       G              DP  F                                         R  L E      GW       DN    L           SN   W    FE LI  A              HQTVMM  TGDNG     FAT FSC..AASEQG  YSK CYKP  D  QP RATDDHNK VE 

HP0298           G              DP  F                                         R  L E      GW       DN L  L           QN   Y    F  LL  A              HEMAFS  MADIA      YT WSEQAASAIPT  HSF KNKE SN  IK KRVSDQKE EA 

Sbp_Hinfluenzae  G              DP  F                                         R  L E      GW       DN L  L           SN   F    FD LL  A              LTAGIF  SGDNG      SP LG...SSNIGN  MAR KNPE  A  DK IGLTNKEE TA 

HbpA_Mhaemolytica G              DP  F                                         R  L E      GW       DN L  L           TN   W    FE LL  A              FSTGTY  TSRNG      FP LS...KSNIPG  YGR TDEK  Q  AQ VQTQNRDE AK 

NikA_Ecoli       G              DP  F                                         R  L                    L  M            Q         D  I  V             RFGMIFHRTWGAPY  HA  SS RVP..SHADFQA QGLADKPLI KE GE LATHDETQ QA 

                          2              2
                           TT       TT                           DppA_Ecoli       
 490       500       510       520       530                     

DppA_Ecoli       Y                                                                   A  VMH  AP L IA      P    V GY   P     F  V I                  KQ QV   DQ  A I  HSTVFE VRKE K  VVD LGKHH EN S E...             

HP0298           Y                                                                   A  IIH  APYVPLA     VP    V GY   G     FF V L                  LK QE   KD       YPYSV  HLSK K  KTT VSVNR  K Y EK..             

Sbp_Hinfluenzae  Y                                                                   A  IVH  APWIPVA     AP    V GY   P     FY V V                  KQ QV   NQ       HSVGF  LSPR K  VQS FGYDA  G S DGK.             

HbpA_Mhaemolytica Y                                                                   A  IA    PFIPLA     VP    V GF   P     FY V L                  QQ VE  NEQT      HAINY  LSKR Q  VQN FGYTP  G S SE..             

NikA_Ecoli       Y                                                                   I   LH  A YLPI      V     L      P      F                      RD LTR  DE V    SYISMM VSKPE GNIPYA IATEIP EQIKPVKP             

β1 η1 

α1 α2 β2 β3 β4 β5 

α3 η2 α4 α5 β6 β7 α6 

η3 α7 α8 β8 β9 

β10 α9 α10 β11 β12 

α11 α12 β13 α13 

β14 α14 β15 α15 

β16 α16 α17 α18 α19 

α20 β17 β18 β19 β20 
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Figure S2.Example of de novo sequencing of the m/z 578.2496 with PEAKS software.
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