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中⽂文摘要 

 

胃幽⾨門螺旋桿菌是⼀一種感染胃上⽪皮細胞的病菌，會造成許多上消化道疾病，

包括胃潰瘍、︑､⼗十⼆二指腸潰瘍、︑､胃炎、︑､胃癌和黏膜相關淋巴組織淋巴癌等等，但實

際上致病的因⼦子仍不甚清楚。︒｡在本篇論⽂文中，我們利⽤用分⼦子探針去偵測當胃幽⾨門

螺旋桿菌感染時，表⽪皮細胞所增加的岩藻糖⽔水解酶和活性。︒｡以便了解宿主和致病

菌之間的關係。︒｡此外我們同時偵測到岩藻糖⽔水解酶和⼰己醣胺⽔水解酶，在細菌感染

時，兩者活性⼤大幅提升；這兩個酵素屬於醣⽔水解酶，分別有⾮非還原端⽔水解岩藻糖

和⼄乙醯葡萄糖胺⼄乙醯半乳糖胺。︒｡ 

在本實驗室先前的研究中，發現當胃幽⾨門螺旋桿菌感染時，會促使宿主細胞

釋放出第⼆二型岩藻糖⽔水解酶，並進⽽而影響到細菌的貼附、︑､⽣生⾧長及發病。︒｡利⽤用產⽣生

醌甲基化物的活性探針，我們進⼀一步地觀測到當胃幽⾨門螺旋桿菌感染時，⼈人類第

⼀一型岩藻糖⽔水解酶的活性有增強的現象。︒｡在探討各種不同的細菌表⾯面分⼦子中，脂

多醣為影響⼈人類第⼀一型岩藻糖⽔水解酶活性增強的主因之⼀一。︒｡ 

另外，第⼆二型岩藻糖⽔水解酶和⼰己醣胺⽔水解酶也會在胃幽⾨門螺旋桿菌感染時分

泌。︒｡其中，兩者產⽣生共同作⽤用，會降低胃幽⾨門螺旋桿菌的⽣生存⼒力。︒｡在更進⼀一步的

實驗中，利⽤用掃描式及穿越式電⼦子顯微鏡，發現酵素的殺菌效果是藉由破壞細菌

表⾯面的脂多醣和肽聚醣。︒｡在表⾯面受到破壞後，巨噬細胞呈現出更容易吞噬受到醣

⽔水解酶處理後的胃幽⾨門螺旋桿菌。︒｡ 
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Abstract 

            Helicobacter pylori, a Gram-negative bacterium found on the luminal surface of 

gastric epithelium, is the main cause to the development of three important upper 

gastrointestinal diseases: duodenal or gastric ulcers, gastric cancer, and gastric mucosa-

associated lymphoid-tissue (MALT) lymphoma. Despite the known pathology, factors 

leading to disease progress still remain ambiguous. In this thesis we aim at examining 

how the pathogen interacts with gastric host, which includes the application of a synthetic 

probe to detect the enhanced α-L-fucosidase activity upon bacterial infection and the role 

of upregulated α-L-fucosidase and human β-D-hexosaminidase in H. pylori infection. The 

two glycosidases are in-charge of removal of fucose and GlcNAc/GalNAc residues from 

non-reducing termini of glycans, respectively. 

            We previously indicated that human fucosidase 2 (Fuca2) was secreted upon H. 

pylori infection, and that the enzyme is critical to bacterial adhesion, growth and 

pathogenesis. By using a quinone methide-generating, activity-based probe, we 

additionally observed enhanced activities of human fucosidase 1 (Fuca1, a lysosomal 

enzyme) upon bacterial infection. Further studying the effect of several bacterial 

stimulants on the enhanced Fuca1 activity, we identified the lipopolysaccharides (LPS) to 

be one major factor. 

 

          In addition to Fuca2, β-D-hexosaminidase is another major glycosidase secreted 

upon H. pylori infection. The enzyme was found to reduce viability of H. pylori, which 

was aggravated by the presence of Fuca2. Further studies, including the imaging analyses 
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of scanning electron microscopy and transmission electron microscopy, supported the 

idea that the bactericidal effect was due to the damage on the cell surface, and that LPS 

and the adjacent peptidoglycans appeared to be the targets of enzymatic degradation. 

Additionally, the released enzyme activities were shown to render H. pylori more 

vulnerable to the phagocytosis by macrophages. 

 

Keywords: Helicobacter pylori, Glycosidase, Quinone methide, Lipopolysaccharide, 

Bactericidal activity. 
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1.General Introduction 

1.1 Helicobacter pylori 

           Helicobacter pylori is the spiral, microaerophilic, flagellated, gram-negative 

bacteria. This bacteria whose ecological niche is human gut, currently is known to 

have infected over half of the total population. While most of the infected individuals 

remain asymptomatic, the infection is considered as a leading cause for 

gastrointestinal disorders such as gastritis, gastric ulcer, gastric cancer, or malignant 

lymphoma.(1) (Figure 1) During the past 20 years of research, the tentative 

association between persistent H. pylori infection and the development of gastric 

cancer has been well established, prompting the International Agency for Research on 

Cancer to classify H. pylori as a type I carcinogen.(2)  

 

Figure 1. Pathophysiology of H. pylori on gastric mucosa 
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           A number of virulence factors have been identified for this pathogen. The 

bacteria once into the host system requires flagella and urease to reach upto the site of 

colonization followed by adherence for which the adhesion molecules (ex: BabA, 

SabA,OipA) are the pre-requisite. The lipopolysaccharide on the outer surface of the 

bacteria not only maintains the bacterial membrane integrity but also is useful to 

evade the host immune system by blood group antigen mimicry, providing persistent 

infection. The exotoxins VacA and CagA secreted into the host cell initiate several 

signal transduction pathways leading to disease progression. (Figure 2) 

 

 

 

Figure 2. The role of Helicobacter pylori virulence factors in pathogenesis (3) 
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1.2 Virulence factors 

 

Flagella:  H. pylori usually have a unipolar bundle of two to six flagella bearing three 

structural elements, a filament, a hook and the basal body.(4) To date only 

components of filament and hook have been characterized to some extent. The 

flagella is composed of Falgellins FlaA and FlaB. Studies have shown both the 

subunits are essential for complete motility.(5) flaE gene encodes the protein of the 

hook and flaD encodes hook associated protein. 

 

Adhesins:  The bacterial cell surface proteins that help in adherence are adhesins. 

These adhesins belong to the largest outer membrane protein family called Hop 

family. The most studied adhesins of H. pylori are BabA, SabA, Hopz, Alp A/B and 

OipA. 

 

Bab A: Lewis blood group antigen binding adhesin can bind to human Leb and 

terminal fucoses of blood group antigen O, A and B on gastric epithelial cells.(6,7) 

The BabA mediated adherence to host cell aggravates the inflammatory response in 

stomach.(8) The BabA and lewis-b binding was also shown to induce DNA damage 

in host cell.(9) It is also shown that the BabA positive strains bind more densely 

compared to BabA mutant strains.  

 

Sab A: Sialic acid binding adhesins bind to sialyl dimeric Lex.(10) A number of H. 

pylori binding sialylated glycosphingolipids have been identified such as sialyl alpha 

3 neolactohexaosylceramide, neolactooctaosyl ceramide, sialyl dimeric Lex 

glycosphingolipid. It was shown that H. pylori could bind to sialic acid containing 

carbohydrates on granulocytes which causes oxidative burst in these cells.(11) 
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OipA: Outer inflammatory protein A is proinflammatory protein. Its exact role is 

unclear while it is said to increase secretion of IL8 secretion from gastric epithelial 

cells and along with cagPAI induces inflammation through phosphorylation of 

different signaling pathways.(12,13) 

 

Lipopolysaccharide: Lipopolysaccharide is the major component on the bacterial cell 

wall of gram-negative bacteria. It is a complex molecule contributing to the 

membrane integrity of the bacteria. The LPS of H. pylori consists of O-specific 

polysaccharide chain, a core oligosaccharide and a lipid part called Lipid A. (14)  The 

O-antigen of H. pylori contains several lewis antigens including Lex, Ley, Lea, Leb, 

which are also present on host cells providing molecular mimicry.(15) The molecular 

mimicry is considered pathogenic firstly because it can cause the induction of 

autoantibodies that cause tissue damage by fixing complement. Secondly, it might 

help in immune evasion by preventing the induction and binding of antibodies 

towards epitopes shared by itself and microorganism. This lack of response by the 

host towards the surface antigens leads to persistent infection.  These O-antigens are 

hypothesized to help in bacterial adherence to host cells. The bacterial LPS undergoes 

phase variation(16),(17) providing dynamic adherent phenotype depending on the 

microenvironment around it. 

 

 

Vac A:  The 95KDa vacuolating cytotoxin injected by the bacteria into the host 

causes formation of vacuoles in the perinuclear area which grow in size leading to cell 

necrosis. (18) The mature toxin is suited to the gastric environment where the acids 
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activate it; this activated form causes significant changes in the epithelium. This toxin 

further becomes resistant to damage by acid and pepsin. (19) 

 

CagPAI: A 40Kb gene containing about 31 coding regions, encoding components of 

Type IV secretion system such as CagT whose function is to translocate components 

through TFSS,(20) CagY whose function is to modulate host immune response in 

order to promote persistent bacterial infection.(21) On adhering at the site of infection 

the bacteria first forms the TFSS and pilus formation and translocates CagA into the 

host cell. SRC and ABL kinases phosphorylate the translocated CagA.(22) The 

phosphorylated CagA further interacts with several host proteins altering the host-

signaling pathway. CagA translocation not only occurs in epithelial cells but also in 

immune cells such as B cells and dendritic cells. CagA translocation into epithelial 

cells activates host immune response whereas translocation into immune cells like 

DCs suppresses the immune response. In addition to CagA, peptidoglycan is also 

translocated into host cell inducing the proinflammatory cytokines through NOD1 

activation.(23) 
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1.3 Host pathogen interplay 

  

            From bacterial colonization to infection, the microenvironments of the host are 

in constant flux as bacterial and host factors contribute to changes at the host-

pathogen interface, with the host attempting to eliminate bacteria and the bacteria 

fighting to persist residency. 

 

            The glycans present on the host and bacterial cell surface play important role 

in host pathogen interaction. While the glycans on host cell provide ligands for 

bacterial adhesion and source of energy at one end, the recognition of bacterial 

surface signature glycans activates host immune response on the other. In some 

instances the bacteria produces certain proteins as part of host pathogen interaction. 

For example Aggregatibacter actinomycetemcomitans produces dispersin B, which 

degrades the extracellular matrix around the bacteria. It has been reported that 

mycobacteria induces the expression of hyalurunon sythases in alveolar epithelial 

cells thereby synthesizing more hyaluronan on cell surface, which is cleaved by 

hyalurunidase like lyases. Further the cleaved hyaluronan is used as carbon source by 

the bacteria.(24) (Figure 3) 



	  

	   7	  

 

Figure 3. Hyaluronidase activity in mycobacteria and the effect of hyaluronidase 

inhibitor on hyaluronan-dependent growth of BCG and M. tuberculosis. (A), One 

mg/ml of hyaluronan and 700 mg/ml of BCG cell lysate was mixed and incubated for 

3 days in the presence (HA+Lysate+Vcpal) or absence (HA+Lysate) of ascorbic 

palmitate (Vcpal), an inhibitor of hyaluronidase. As controls, hyaluronan alone (lane 

1, HA) or BCG cell lysate alone (lane 2, Lysate) was treated in the same way. 

Hyaluronan was precipitated by ethanol after phenol extraction and resolved in water. 

Then hyaluronan was fractionated by PAGE gel electrophoresis and visualized by 

staining with alcian blue. (B), BCG-Luc (0.01 OD at 630 nm) was cultured in carbon-

starved 7H9 media (7H9), media containing hyaluronan (500 mg/ml) as a sole carbon 

source (7H9-HA), or complete 7H9-ADC media (7H9-ADC) in the presence or 

absence of 25 mM Vcpal (+Vcpal), an inhibitor of hyaluronidase. The growth of 

bacteria was monitored by luciferase activity. RLU, relative luciferase unit (RLU).  
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 In another example Spy1600 is the enzyme secreted by Streptococcus pyogenes 

which cleaves the β-O-linked N-acetylglucosamine from mammalian 

glycoproteins.(25)  

 

             In contrast to above listed examples there are reports where the host cells are 

known to secrete various proteins in response to bacterial infection as part of defense 

mechanism. Galectin 3 is expressed in macrophages, which is secreted out through a 

non-classical transport pathway and interacts with several pathogen surface glycans or 

LPS thereby negatively regulating the inflammatory response.(26). Lysozyme, 

lactoferrin, and collectins secreted by host cells act primarily by targeting the bacterial 

outer membrane (27). Epithelial cells in contact with H. pylori, release human 

defensin-2 and defensin-3, which is bactericidal not only for H. pylori but also to 

many gram-positive bacteria.(28) In many instances bacteria fights back to the host 

defense for survival and persist infection. Cathelicidin is produced in intestine in 

response to H. pylori infection and ablation of cathelicidin significantly increases the 

susceptibility of H. pylori colonization in mouse model.(29) However, the addition of 

phosphorylcholine (ChoP) to the oligosaccharide portion of NTHI (Haemophilus 

influenzae nontypeable strains lipooligosaccharide (LOS), results in increased 

resistance to the cathelicidin LL-37.(30) The compositions of OMVs in V. cholerae is 

altered by increase in Bap1 protein which binds to AMP leading to AMP 

resistance.(31) Through diversionary strategies like LPS and DNA secretion, AMP 

bacterial interactions are reduced, leading the bacterial biofilms to persist in the host 

and aid in disease progression.  

       We have previously shown the secretion of fucosidase2 in reponse to H. pylori 

infection in gastric epithelial cells. The released fucosidase cleaves the glycans on 
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host cells to minimize the ligands for bacterial attachment. However, the bacteria 

takes up the cleaved fucose as energy source.(32) In another instance Neisseria 

gonorrhoeae resists to killing by human complement and cationic antimicrobial 

peptides by the addition of phosphoethanolamine to the phosphate group at the 4′ 

position using lipooligosaccharide phosphoethanolamine transferase A (LptA). Loss 

of this enzyme, increases bacterial sensitivity to killing by human complement and 

cationic antimicrobial peptides.(33) 

 

             Thus, host pathogen interactions at one end explains the host’s effort to 

defend the infection on the other end explains bacterial strategies to evade host 

defense and its ways to persist infection benefitting from host, for survival. 

 

1.4  Fucosylation 

           Specific terminal glycan modifications, including fucosylation, can confer 

unique functional properties to oligosaccharides and are often regulated during 

ontogeny and cellular differentiation.(34) Important roles for fucosylated glycans 

have been demonstrated in a variety of biological settings. It is found at the terminal 

or preterminal positions of many cell-surface oligosaccharide ligands that mediate 

cell-recognition and adhesion-signaling pathways. These include such normal events 

as early embryologic development and blood group recognition and pathologic 

processes including inflammation, infectious disease recognition, and neoplastic 

progression. They play an important role in cell recognition processes ranging from 

fertilisation and development through to pathological events and cell death (35). 

Certain bacteria decorate themselves with fucosylated glycans so as to mimic the 
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blood group antigens in host and thus escape the immune surviellence by molecular 

mimicry.(36,37) The important role played by fucoses led to an increasing interest in 

fucose related enzymes such as α-L-fucosidases. 

 

1.5 Alpha-L-fucosidase  

             Alpha-L-fucosidase is one of the lysosomal hydrolases that catalyzes the 

hydrolytic removal of the L-fucose residues of glycoconjugates. Its clinical 

importance is exemplified by the disease fucosidosis, a lysosomal storage disorder 

caused by deficient fucosidase activity due to genetic defect.(38) It is also known that 

an abnormal increase in fucosidase activity is associated with several pathological 

conditions, such as inflammation,(39) carcinoma of the stomach, ovary,(40) and 

liver,(41) cystic fibrosis,(42) and bacterial infection (32). It has been proposed as a 

tumor marker since many studies reported increased fucosidase serum levels in 

patients with cirrhosis and HCC. (39) Mammalian fucosidases are multimeric, 

containing glycoprotein subunits of about 53kDa; they have a maximal activity 

between pH 4 and 6.5. They have a considerable degree of heterogeneity due to their 

glycosylation. The serum fucosidase activity in normal individuals is reported to be 

about 381 U/ml. (43) Currently, α-L-fucosidases are known to be classified under 

Glycoside hydrolase families GH29 and GH95, the latter are said to follow a strict 

substrate specificity to terminal Fuc α 1-2 Gal linkage and hydrolyze the linkage via 

inverting mechanism (44,45) whereas the former class follow relatively relaxed 

substrate specificities with hydrolysis proceeding via a retaining mechanism. (46) 
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1.6 N-Acetyl β-D-hexosaminidase  

         N-Acetyl β-D-hexosaminidase is a lysosomal hydrolase that cleaves the terminal 

beta linked GlcNAc or GalNAc residues from oligosaccharides, glycolipids, 

glycoproteins or Glycosminoglycans. It exist as an isoenzyme namely Hex A and Hex 

B formed by assembly of two subunits alpha and beta encoded by two closely related 

genes HEX A and HEX B. Another minor form Hex S that is also said to exist rarely 

is formed by two alpha subunits. A fully processed Hex A is said to be associated 

with plasma membrane lipid microdomains and lysosomal membrane. It has been 

found that, mutations in the α- and β-subunit coding genes lead to the development of 

Tay-Sachs and Sandhoff diseases, respectively, which are severe lysosomal storage 

disorders associated with neurodegeneration.(47) In addition, β-hexosaminidase 

altered expression has been often associated with cancer (48,49). Elevated levels of 

Hex B have been found in tumor tissues and serum samples in disease(50-52). The 

presence of Hex S has been observed in leukaemic cells but not in their normal 

counterparts. (53). β-hexosaminidase is often considered as biomarker for cancers. 

More recently increased activity of β-hexosaminidase was found in asthma patients 

(54) indicating a possible role of the enzyme in asthma related inflammations. β-

hexosaminidase has been often used as a diagnostic marker to monitor the progression 

of different types of pathologic conditions such as rheumatoid arthritis,(55) 

osteoarthritis(56), arterial hypertension,(57) glomerulonephritis (58). β-

hexosaminidase has been characterized as the dominant glycosidase released by 

chondrocytes(59) and was served as a glycosaminoglycan-degrading enzyme in the 

cartilage matrix. Therefore, inhibition of β-hexosaminidase activity might be a 

possible treatment to prevent the degradation of cartilage matrix glycosaminoglycan 

in the course of osteoarthritis (60) 
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            It has been reported that β-hexosaminidase is secreted from immune cells such 

as mast cells and neutrophils in a process called degranulation. Increased secretion of 

β-hexosaminidase from mast cells on treatment with HP-NAP (Helicobacter pylori 

Neutrophil activating protein) has been reported. (Figure 4) 

 

 

 

Figure 4. Effect of HP-NAP on peritoneal rat mast cells (PMC) degranulation. (A) 

PMC (1 Å~ 106 cells/ml) were incubated for 30 min at 37 °C with HP-NAP or with 

A23187 or with the two agonists together. The amounts of β-hexosaminidase in the 

supernatants were measured. (61) 

 

          The secreted β-hexosaminidase along with other cytokines is said to recruit the 

neutrophils and monocytes at the site of infection. Earlier reports show β-

hexosaminidase has bactericidal effect in case of gram-positive bacteria. (62-64)  
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1.7 Macrophage-mediated phagocytosis 

          The different macrophage receptors recognise Gram-positive and Gram-

negative bacteria through conserved structures on the bacterial surface and facilitate 

phagocytosis and the trigger for the adaptive immune response. Examples of such 

receptors include scavenger receptors, C-type lectins, integrins, Toll-like receptors 

and siglecs. These receptors recognize bacterial ligands ranging from 

lipopolysaccharides on Gram-negative bacteria to peptidoglycan and lipoteichoic acid 

on Gram-positive bacteria.(65) In histological sections of gastric mucosa from 

patients infected with H. pylori, an accumulation of lymphocytes, neutrophils, 

monocytes, and macrophages can be detected. Macrophages are involved in 

amplification of the inflammatory response by production of cytokines such as IL-1, 

TNF-α, and IL-6 (66-68) and IL-6 activation has been linked to activation of TLR4, 

MAPK, and NF-κB signaling events (69). Macrophages also function as effector cells 

in host defense. One such pathway involves generation of nitric oxide (NO) derived 

from the enzyme inducible NO synthase (iNOS, NOS2), which has been shown to be 

upregulated by H. pylori in macrophages in vitro (70) (71) (72) and in vivo (73). Co-

culture studies demonstrate that H. pylori can be killed by macrophages even when 

physically separated from these effector cells by a filter support and that this 

antimicrobial defense is NO dependent (70,71). The arginase enzyme possessed by H. 

pylori, encoded by the gene rocF can compete sufficiently with macrophages for the 

iNOS substrate L-arginine (L-Arg) such that host NO production is impaired, leading 

to enhanced survival of the bacterium. (71) Bacterial arginase generates urea from L-

Arg, which is then utilized by urease to synthesize ammonia that is required to 

neutralize gastric acid. However, attenuation of macrophage NO generation 

additionally benefits H. pylori by enhancing immune evasion. Another example of the 

ability of H. pylori to escape the macrophage response is via glucosylation of 
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cholesterol, and mutant strains that cannot process cholesterol have increased 

susceptibility to phagocytosis by macrophages and cannot colonize the mouse 

stomach. (74) 
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2. Research motivation 

          Many lysosomal hydrolases are upregulated during infections. From our 

previous report, as part of host defense, gastric epithelial cells release fucosidase 2 in 

response to H. pylori infection, which is used by bacteria as a beneficial strategy for 

adhesion and persistent infection (32). After successful adhesion, the bacteria paves 

its way for further infection. Literature shows that in an attempt to evade infection, 

that gastric epithelial cells internalize H. pylori where the bacteria enclosed in 

vacuoles induce autophagy. Upon induction of autophagy by H. pylori in gastric 

epithelial cells, internalized bacteria are able to multiply inside the autophagosome 

but are degraded after fusion of the autophagosome with lysosome. Having known the 

upregulation of secretory fucosidase (fuca2), we aimed to monitor the regulation of its 

intracellular counterpart, the lysosomal fucosidase during H. pylori infection. 

 

        Upon mycobacterial infection, β-hexosaminidase was characterized as a 

peptidoglycan hydrolase with mycobatericial effect when secreted from host 

lysosomes (62). (Figure 5) 
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Figure 5. β-Hexosaminidase is a mycobactericidal peptidoglycan hydrolase. (A) Mm 

was incubated with 0, 0.5, 1, 2, and 4 units/ml human hexosaminidase. Bacterial 

survival was enumerated as colony-forming units on 7H10 agar. Assays were done in 

triplicate, at pH values of 5 and 7. (B) β-Hexosaminidase is predicted to hydrolyze the 

β-1,4-linked glycosidic bond between NAM and NAG, as shown. C) PG hydrolase 

activity of β-hexosaminidase was assessed by zymography. PBS and BSA were 

negative controls, and lysozyme was used as a positive control. 

 

 

           In another report β-hexosaminidase was said to effect the survival of some 

gram-positive bacteria including S. aureus, S. epidermidis and B. subtilis by 

degrading the PGN layer in the cell wall. These findings have revealed a role for β-

hexosaminidase in host defense mechanism induced by bacterial infection. Both M. 

tuberculosis (Mtb) and H. pylori are successful commensal pathogens with high 

infection rates throughout the world. Once established, the infections would remain 

life-long. However, not all of the infected people develop same types of symptoms or 

diseases, highlighting the existence of possible host defense mechanisms in the 

pathogenesis of these bacteria. We thus hypothesized that induction of β-

hexosaminidase may also occur in the pathogenesis of H. pylori infection, and 

possibly play a defensive role 

 

            In this thesis, as part of host pathogen interaction we study the regulation of 

intracellular human α-L-fucosidase and human β-D-hexosaminidase during H. pylori 

infection. We further explore bactericidal action of the secreted β-hexosaminidase and 

α-fucosidase during H. pylori infection. Finally investigate the effect of the action of 

these enzymes on macrophage-mediated phagocytosis. 
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3. Material and Methods 

3.1 Cell lines and bacterial culture. AGS (ATCC® CRL-1739) and 293T (ATCC® 

CRL-11268) were grown to confluency using DMEM (Gibco) supplemented with 10 

% FBS (Gibco), 1 % penicillin/streptomycin/ampicillin (Gibco) and 1 % sodium 

pyruvate (Gibco) and J774A.1 (ATCC® TIB-67™) were cultured using RPMI 

supplemented with 10 % FBS (Gibco) and 1 % sodium pyruvate (Gibco). Cells were 

cultured in an atmosphere of 5 % CO2 at 37 °C. H. pylori wild type (NTUH-C1) was 

obtained from National Taiwan University Hospital, H. pylori (26695) was obtained 

from BCRC, Taiwan. They were stored at -80 °C in sheep blood containing 15 % 

glycerol and cultured on 5 % sheep blood agar plates (BD) under anaerobic 

conditions. 

 

3.2 Co-culture conditions. The H. pylori clinical strain was cultured under 

microaerobic conditions. Bacterial cells were collected with a cell scraper in 

phosphate-buffered saline (PBS) and resuspended in serum-free Dulbecco’s modified 

Eagle’s medium (DMEM). AGS cells were cultured in DMEM at 37 0C up to 

confluency and washed with PBS, then infected with H. pylori  (MOI of 100 or 200) 

and incubated at 37 0C for 6–8 h in serum-free DMEM. To identify possible 

stimulants, the bacteria (MOI of 200), dead but intact bacteria (resuspended in PBS 

and heated at 60 0C for 1 h), LPS (10 mg/mL; obtained by hot phenol extraction), 

crude flagella, bacterial lysate, and pellet (bacteria were resuspended in PBS, lysed by 

repeated cycles of freezing and thawing, homogenized for 20 min, and centrifuged at 

12000 g for 10 min at 4 0C to obtain the cell lysate and pellet) were all obtained from 

the same number of H. pylori. The resulting samples were suspended in PBS and 

added to serum-free DMEM to treat AGS cells. The control experiments were treated 

with PBS. For experiments with inhibitor FNJ, the cells were treated with FNJ (5 mm) 
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prior to infection with H. pylori, and colistin sulfate (10 mg/mL) was added to the 

cells for the LPS neutralization experiment. AGS cells were pretreated with 

Hexosaminidase inhibitor and or fucosidase inhibitor (5 µM) before and during 

infection for experiments to show the bactericidal effect of Hexosaminidase and 

fucosidase. 

 

3.3 Confocal microscopy and Imaging. AGS cells (~1 X 105) seeded and cultured 

for 3 days on a cover slipped glass slides in 24-well plates. For the H. pylori infection 

experiment, the cells were infected as mentioned in co-culture procedure. Cells were 

treated with or without FNJ prior to the bacterial infection. Further the cells were 

incubated with 1 (10 µM) for 2 h. The cells were washed three times with PBS and 

then incubated with LysoTracker. Red DND-99 (Invitrogen) in serum-free medium at 

a concentration suggested by the manufacturer for the enzyme localization. For 

experiment to show effect of β-hexosaminidase and fucosidase on adherence and 

survival of bacteria, the cells were treated with β-hexosaminidase inhibitor 

(compound 4) (5 µM) (75) or fucosidase inhibitor (compound 2) (5 µM) (76) or both 

prior to and during infection. The cells were washed three times with PBS, fixed with 

formaldehyde (4 %). The fixed cells were labeled using rabbit anti-H. pylori antibody 

as primary and alexa fluor 488 donkey anti rabbit IgG as the secondary antibody. The 

cells were washed thrice with PBS and fixed by incubating cells with 3% 

formaldehyde solution for 15 min at 37 °C. The cells were further washed and stained 

for nucleus using Hoechst 33258 (Sigma) according to the guidelines given by the 

manufacturer. The cover glass was mounted using Prolong– antifade mounting 

solution (Invitrogen) and sealed. The images were acquired by using (objective 63 X) 

Zeiss confocal microscope. For experiment to show effect of β-hexosaminidase and 

fucosidase on adherence and survival of bacteria images were acquired by Z- 
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projection. 

3.4 Labelling of Fuca1 in co-culture condition. For experiments involving co-

culture with H. pylori or bacterial extracts (lysate, pellet, LPS, flagella and or colistin 

sulfate 10 µg/ml), co-culture was carried out as described under co-culture conditions. 

AGS cells were incubated with or without FNJ (5 µM) for 1 h prior to H. pylori 

infection for experiments involving inhibitor treatment. The cells were further treated 

with 1 (10 µM) for 2 h. The cells were washed thoroughly and scrapped using a cell 

scraper and lysed using RIPA lysis buffer (Sigma) supplemented with 1 % protease 

inhibitor cocktail (Calbiochem) and centrifuged at 12000 g for 15 min to obtain the 

lysate. Protein quantitation by Bradford assay and normalizations were performed. 

Slot blotted the samples onto PVDF membrane and the membrane was washed for 10 

min, three times. The membrane was visualized under Fujifilm LAS-4000 Image 

acquisition System (with y515 blue filter) to obtain the fluorescence signal. The 

signals obtained were normalized against the signal obtained from control. The same 

membrane was blocked with 5 % BSA in Tris-buffered saline and Tween 20 (TBST, 

containing 0.1 % Tween 20) for 1 h at room temperature. Actin was detected using 

mouse anti-actin antibody (1:5000) (Sigma) as the primary antibody and Horseradish 

peroxidase-conjugated anti-mouse antibody (GE Healthcare) at a dilution of 1:5000, 

serving as the secondary antibody. Blots were imaged using ECL system (GE 

Healthcare) according to manufacturer’s instruction. The signals obtained by 

immunoblotting were normalized against that of control.  

 

3.5 Immunoblotting of Fuca1 in co-culture condition. AGS cells were infected 

with H. pylori  (MOI of 100 or 200) for 6-8 h, washed, lysed and subjected to SDS-

PAGE. The gel was transferred onto PVDF membrane, and blocked by BSA (5 %) for 

1 h at RT. Fuca1 and actin (as the loading control) were detected by using mouse anti-
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Fuca1 (Abgent) and anti-actin (Sigma) monoclonal antibodies as primary antibodies 

respectively and horseradish peroxidase-conjugated anti-mouse antibody (GE 

Healthcare) serving as the secondary antibody. Blots were imaged using ECL system 

(GE Healthcare) according to manufacturer’s instruction. 

 

3.6 LPS extraction. The extraction was carried out according to the procedure 

reported by Hildebrandt et al.(77) with slight modifications. After the cell culture and 

harvest, H. pylori was collected and washed with PBS. The bacterial cells were 

incubated in 60 mM Tris-HCl (pH 7.2) containing 2 % SDS at 95-98 °C for 10 min. 

The sample was further incubated at 60 °C for 2 h in 60 mM Tris-HCl (pH 7.2) that 

consists of 0.67 % SDS and 0.67 mg/ml proteinase K. Samples were extracted with 90 

% hot phenol at 70 °C for 20 min, cooled down to 10 °C, and centrifuged at 12000 x g 

at 10 °C. The resulting aqueous layer was collected and the sample was re-extracted 

with water. The aqueous layers were pooled and adjusted to 0.5 M NaCl and treated 

with 10 volumes of ethanol and allowed to precipitate at -20 °C for overnight. The 

precipitant was collected by centrifugation at 20000x g for 20 min, air dried, 

resuspended in water, and lyophilized. The samples were dialysed in 3K MWCO 

dialysis bag against water to obtain a pure LPS. Quantitation of LPS was done by 

purpald assay.  

 

3.7 Crude Flagella Extraction. The first step in the isolation of flagella as described 

by De Pamphilis et al. was followed with slight modifications. (78) The bacteria were 

suspended in PBS, washed and further processed in a sonicator (Branson) under low 

amplitude (32 %). The suspension was diluted in Tris buffer (pH 7.8) and centrifuged 

at 12000 x g for 10 min to sediment cell or cell debris and at 55000 x g for 1 h to 

sediment the flagella. The flagella pellet was dialyzed for a day and the crude extract 
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obtained was used for further studies. 

 

 

3.8 Co-culture medium concentrate. AGS cells were cultured until 80 % confluency 

in DMEM medium. H. pylori was cultured and collected using a cell scrapper and 

suspended in PBS. AGS cells were washed and incubated with H. pylori at a 

multiplicity of infection of 200 for 8 h. The co-culture medium was collected filtered 

through 0.22 µm filter and concentrated using centricon 10KDa MWCO and washed 

with buffer 50 mM HEPES pH 5.6. The medium concentrate was used for assay or 

treatment with H. pylori. 

 

3.9 H. pylori viability under co-culture condition. AGS cells were cultured in 12 

well plates. The cells were infected with H. pylori at an MOI of 100 and incubated for 

6-8 h. The cells were treated with β-hexosaminidase inhibitor or fucosidase inhibitor 

or both prior to and during infection [(5 µM) final concentration]. The cells were 

washed vigorously and the cells were treated with 0.01 % saponin solution (mild 

detergent). The lysate containing bacterial cells were plated onto blood agar plates 

and incubated for 5 days at 37 °C in humidified microaerobic chambers. The number 

of colonies formed was counted.  

 

3.10 Bacterial survival assay.  H. pylori was cultured and 1 x 105 cells were 

suspended in brucella broth in triplicate and treated with co-culture medium 

concentrate with or without β-hexosaminidase inhibitor (75) and fucosidase inhibitor 

and incubated at 37 °C for 3-5 days and OD at 600 nm was measured every 24 h 

using Flex station3 plate reader.  
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3.11 LPS degradation analysis. LPS was extracted as described above. LPS (1 µg) 

was treated with co-culture medium concentrate with or without β-hexosaminidase 

inhibitor (5 µM) or fucosidase inhibitor (5 µM) overnight followed by treatment with 

proteinase K (0.5 mg/ml) for 2 h at 37 °C. Analysis of bacterial LPS by SDS-PAGE 

was developed by modified silver-staining method. The fixation step was carried out 

by placing the gel into a 40 % ethanol-5 % acetic acid solution (200 ml) in a clean 

dish overnight. The fixing solution was then replaced with 0.7 % periodic acid in 40 

% ethanol-5 % acetic acid solution, and incubated for 5 min to undergo LPS oxidation. 

After oxidation, the gel was washed three times with 500-1000 ml distilled water for 

at least 15 min each time. Freshly prepared staining reagent (150 ml) containing 2 ml 

concentrated ammonium hydroxide, 28 ml of NaOH (0.1 N), 5 ml of silver nitrate (20 

% w/v) and 115 ml distilled water was poured and the gel was agitated vigorously 

(about 70 rpm) for 10 min. Then three 10-min washes were performed with distilled 

water. The water was then replaced with developer (200 ml) consisting of 50 mg citric 

acid and 0.5 ml of 37 % formaldehyde per liter. When the stain reached desired 

intensity, development was terminated by 10 % acetic acid. 

 

3.12 Cell wall extraction. The procedure followed is as described by Wang et al. (79) 

with slight modifications. H. pylori cells were cultured and collected and washed with 

Tris-HCl pH 7.2 centrifuged at 8000 x g for 20 min at 4 0C and resuspended and 

treated with boiling 4 % SDS buffered with Tris-HCl pH 7.2 and boiled for 30 min. 

The samples were cooled overnight and centrifuged at 65000 rpm for 1h. The pellet 

was washed with water and resuspended in Tris-HCl pH 7.5 containing 10mM NaCl, 

DNase (10 µg/ml) and RNase (50 µg/ml) and incubated for 2 h at 37 °C. Followed by 
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addition of proteinase-K (50 µg/ml). The solution was re-extracted by boiling in 1 % 

SDS for 15 min and collected by centrifugation and washed with water 4-5 times. The 

cell wall pellet thus obtained was resuspended in distilled water and lyophilized. 

 

3.13 Zymography analysis. Zymography analysis was performed as described by 

Koo et al. (62). Polyacryl amide gel containing cell wall extracted from H. pylori (~ 

0.1 %) was spotted with co-culture medium concentrate, β-hexosaminidase (1.5 mU) 

or equivalent amount of BSA. The protein solutions were allowed to absorb into the 

gel for 1 h. The gel was washed and incubated for O/N in HBSS at 37 °C. The gel 

was then stained with methylene blue for 1 h and washed using water. 

 

3.14 Scanning Electron microscopy. The H. pylori cells were cultured treated with 

co-culture medium with or without hexosaminidase inhibitor and fucosidase inhibitor 

for 4-6 h and bacterial cells were pelleted washed thrice with PBS. The samples were 

first fixed with glutaraldehyde 2 % washed and treated with 4 % OSO4. Then the 

samples were dehydrated using graded ethanol series. The final dehydration step 

included incubating sample in acetone for 5 min. The dehydrated samples were spread 

onto sample stud and coated with gold and images were acquired using NOVA 200 

Nano SEM. 

 

 

3.15 Transmission Electron Microscopy. Bacteria for TEM samples were grown 

and incubated with co-culture medium with or without inhibitors. Cell pellets were 

obtained from 10 ml of each control or treated cell suspension and fixed with 
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glutaraldehyde and OsO4 as described above. The same buffers and dehydration 

protocol as for SEM were used followed by graded acetone series and embedding in 

epoxy resin. Ultrathin sections were prepared on Formvar-coated grids and stained 

with 3 % uranyl acetate. The images were acquired by FEI Tecnai G2 F20 S-TWIN. 

 

3.16 Macrophage mediated phagocytosis. J774A.1 cells were cultured and infected 

with H. pylori (MOI 100). The co-culture was carried out for 3 h. The cells were then 

washed, fixed and differential immunostaining using rabbit anti-H.pylori antibody 

(Abcam) and goat anti rabbit Alexa flour 647 antibodies to label the extracellular H. 

pylori was peformed. Cells were permeabilised with Triton-X (0.1 %) and 

intracellular and extracellular H. pylori were labeled with rabbit anti-H.pylori 

antibody (Abcam) and goat anti rabbit Alexa flour 488. Mounted slides were imaged 

using Leica TCS confocal microscopic system. 

 

3.17 Glycosidase activities examined in co-culture medium. Glycoside hydrolase 

activities were determined by measuring the liberation of 4-methylumbelliferone (4-

MU) from different glycosides (Sigma Aldrich). Each reaction contained 20 µl Hex 

assay buffer (50 mM HEPES buffer at pH 4.25, 100 mM NaCl, 0.1 % BSA), 15 µl of 

co-culture medium concentrate, and 15 µl 4-MU substrate (at a final concentration of 

~300 µM for sialic acid, ~600 µM for other substrates). The reaction was incubated 

for 30 min at 37 °C, and then stopped by addition of 150 µl quenching buffer (200 

mM glycine, pH 10.8). The fluorophore was excited at 365 nm, and the emission was 

measured at 465 nm.  
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4. Results 

4.1 Upregulated activity of Fuca1 in H. pylori infection 

              The lysosomal enzymes have a critical role to play in the bacterial 

degradation during autophagy. Having known the upregulation of secretory 

fucosidase we aimed to monitor the activity of its intracellular counterpart that is 

fuca1, which is otherwise called as lysosomal fucosidase (Fuca1). We applied a 

quinomethide based activity based probe (compound 1) [synthesized by Yu-Ling Hsu 

at Dr. L.C. Lo’s laboratory, Dept. of chemistry, NTU] to monitor the activity of Fuca1 

in cells upon H. pylori infection. (80) Compound 1 contains a-fluoromethylphenyl-α-

L-fucopyranoside as the reacting group and recognition group along with fluorophore 

BODIPY as the reporter. (Figure 6) When the glycosidic bond is cleaved by α-L-

fucosidase, the L-fucose-released intermediate undergoes 1,4- elimination with 

removal of a fluoride ion to generate a reactive quinone methide that reacts with a 

nearby nucleophile of the enzyme, thereby leading to the formation of a BODIPY-

labeled enzyme adduct which can be visualized at excitation wavelength = 497 nm, 

emission wavelength = 520 nm. It was found to be cell permeable, non-toxic and 

specific to α-fucosidase. (81) AGS cells infected with H. pylori for 6 h were treated 

with 1 (10 µM) for 2 h. To validate the observed signals in cell to be α-L-fucosidase-

specific, FNJ (5 µM) was added to the cultured AGS cells prior to the labeling step. 

The presence of FNJ was able to significantly abolish the signal of 1 (Figure 7), also 

evidenced by in vitro analysis (Figure 8). After several washes, the cells were further 

counterstained with a lysosome marker (Lysotracker) and a nucleus marker (Hoechst). 

The BODIPY signal of 1 was not only co-localized well with that of lysotracker, but 

also increased remarkably upon infection (Figure 7), indicating that there was an 

upsurge activity of the lysosomal Fuca1. The observation was also confirmed by 
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immunoblotting using anti-Fuca1 antibody (Figure 9). Thus the level of Fuca1 is 

upregulated along with Fuca2 during H. pylori infection.  

 

 

Figure 6: Structure and mechanism of compound 1 
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Figure 7. Compound 1- derived labeling of Fuca1 and Fuca2 in cell during H. pylori 

infection confocal imaging of AGS cells infected with H. pylori (200 MOI; 2 h) 

with/without FNJ (5 µM), followed by labeling with 1 (10 µM, 2 h) and staining with 

LysoTracker DND99 red and Hoechst. An increased signal was observed upon H. 

pylori infection. Co-localization of Fuca1 and lysosomes is indicated in yellow. 
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Figure 8. In vitro analysis to display the enhanced intracellular α-fucosidase activity 

using 1. AGS cells were first infected with H. pylori (MOI of 200) for 6 h, followed 

by treatment with 1 for 2 h and the resulting lysates were transferred onto PVDF 

membrane by slot blotting. The fluorescence signal indicated the existence of 1-

conjugated α-fucosidase. The signal was diminished in presence of FNJ, supporting 

the specificity of 1. The same membrane was subjected to immunoblotting using anti-

actin antibody. 
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Figure 9. Up-regulation of Fuca1 in AGS cells owing to H. pylori infection by 

immunoblotting. The H. pylori-infected AGS cells (MOI of 100 or 200) were cultured 

for 6-8 h, washed, lysed and analyzed with SDS-PAGE. The gel was transferred onto 

PVDF membrane, and blocked by 5 % BSA for 1 h at RT. Fuca1 and actin (as the 

loading control) were detected by using mouse anti-Fuca1 and anti-actin monoclonal 

antibodies, respectively. 
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4.2 Stimulant for upregulation of Fuca 

         As the H. pylori adhesion pulls the trigger to enhance the fucosidase activities, it 

is thus worth identifying possible molecules or components behind the scenes. AGS 

cells were treated with each of several stimulants for 6 h, including live H. pylori, 

dead but intact H. pylori, the bacterial cell pellet and lysate, all resulting from the 

same number of bacteria. The cells were further treated with 1 (10 µM) for 2 h, 

washed, lysed and subjected to SDS-PAGE. The fluorescence signals of labelled 

Fuca1 were monitored. We observed enhanced Fuca1 activity in the cells treated with 

dead but intact H. pylori or the bacterial cell pellet, which is comparable to H. pylori-

treated cells (the left four bars in Figure 10A), implying that the bacterial cell surface 

appears to be essential for the elevated enzyme activities. Being the major virulence 

factors on the cell surface of bacteria, (82), (83) the lipopolysaccharides (LPS) and 

flagella were purified and obtained for further incubation with AGS cells to monitor 

the Fuca1 activity. We observed a significant increase in the Fuca1 activity with the 

LPS treatment (the right two bars in Figure 10A) and this signal was abrogated on the 

co-treatment with colistin sulfate (Figure 10B), a polymyxin antibiotic known for 

LPS binding and neutralizing activity.(84) This result indicated LPS could be majorly 

but not solely responsible for the up-regulation of Fuca1 caused by the infection, as 

we cannot rule out other factors present on the bacterial surface 
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Figure 10. Stimulants for enhanced fucosidase activity. A) AGS cells treated with H. 

pylori, dead (intact) H. pylori, bacterial pellet and lysate, LPS, crude flagella extract, 

or PBS. Fluorescence intensities measured were normalized against the control. The 

signals obtained for actin by immunoblot served as the loading control. Data 

represents the ratio of signals obtained from labeled fucosidase to the signals obtained 

from actin. Data were compared by using Student’s t-test. Bars represent the 

mean±.SD of three independent experiments with **P.0.01, ***P.0.001 for each 

treatment compared to the control. Representative of one of the three experiments is 

shown under the graph B) AGS cells wereincubated with LPS (10 µg/mL) with or 

without colistin sulfate (10 µg/mL) for 6–8 h and further treated with 1 (10 µM) for 2 

h. The cell lysates were blotted onto PVDF membrane by slot blotting. The elevated 

fluorescence signals corresponding to Fuca1 activity due to LPS treatment were 

abrogated in the presence of colistin sulfate. Data were compared by using Student’s 

t-test. Bars represent the mean ± SD of three independent experiments with *P.0.05 

Representative of one of the three experiments is shown under the graph. 
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4.3 Secretion of β-hexosaminidase from gastric epithelial cells upon H. pylori 

infection 

H. pylori infection in mast cells induces secretion of β-hexosaminidase,(61) However 

little is known about β-hexosaminidase  in epithelial cells. Also since fuca2 is 

secreted on H. pylori infection we were interested to learn about other glycosidases 

and since β-hexosaminidase was reported to be secreted on treatment with HP-NAP 

we chose to study the regulation of β-hexosaminidase during H. pylori infection. 

Since the gastric epithelial cells are the primary site of infection we investigated the 

effect of H. pylori infection on the levels of β-hexosaminidase in gastric epithelial 

cells. AGS and Capan 1 cells were infected with H. pylori at an MOI of 200 for 6-8 h. 

The co-culture medium was collected filtered through 0.22 µm filters, concentrated 

and assayed for presence of β-hexosaminidase. Increased β-hexosaminidase activity 

was found in cells infected with H. pylori when compared with untreated cells. 

(Figure 11 A,B) The secretion was dependent on period of infection (Figure 12A) 

and multiplicity of infection (Figure 12B). To know if the enzyme released from the 

cells is due to cell damage/leakage or cell death on infection, we performed cell 

viability assay. The result confirms that the release of enzyme was not due to 

apoptosis or cell damage as the cells are viable on infection under specified time 

(Figure 13). β-hexosaminidase is known to secrete in small vesicles from immune 

cells in a process called degranulation as part of host defense. Our results show that 

gastric epithelial cells also secrete β-hexosaminidase in an attempt to defend against 

infection. 
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Figure 11. Increased β-hexosaminidase activity in co-culture medium upon H. pylori 

infection: (A) AGS cells (B) CAPAN1 cells were treated with H. pylori (MOI of 200) 

for 8 h and the co-culture medium was collected and concentrated. β-Hexosaminidase 

activity assay was performed using MUG (4-Methylumbelliferyl N-acetyl-β-D- 

glucosaminide) and MUGS (4-Methylumbelliferyl-N-acetyl-beta-D-glucosaminide-6-

sulfate) as the substrates. Several fold increase in β-hexosaminidase activity in 

medium was observed. The bars represent mean ± SD with P values * ≤ 0.05, ** ≤ 

0.005 
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Figure 12. Time- and MOI-dependent increase of β-hexosaminidase activity in co-

culture medium on H. pylori infection: AGS cells were treated with (A) H. pylori 

(MOI of 200) (B) H. pylori (MOI of 100, 200, 400) for 8 h and the co-culture medium 

was collected concentrated. β-Hexosaminidase activity assay was performed using 

MUG and MUGS substrates. The bars represent mean ± SD with P values * ≤ 0.05, 

** ≤ 0.005, *** ≤ 0.001 
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Figure 13. Viability of AGS cells was measured upon H. pylori infection. AGS cells 

were treated with H. pylori (MOI of 100, 200, 400) for 8 h and the cells were treated 

with MTT for 2 h, followed by solubilizing buffer (acidified isopropanol). The 

absorbance at 570 nm was measured indicating the cell viability. The bars represent 

mean ± SD 
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4.4 Bactericidal effect of β-hexosaminidase. 

             Although it has been reported that the surface protein HP-NAP in mast cells 

induces β-hexosaminidase, the role of the upregulated enzyme during H. pylori 

infection is not known. Since β-hexosaminidase affects the survival of gram-positive 

bacteria, we aimed to investigate the possible role of β-hexosaminidase released by 

gastric epithelial cells in H. pylori viability. AGS cells were infected with H. pylori 

(MOI of 200). We made use of β-hexosaminidase inhibitor (Ki = 0.69 ± 0.077 nM) to 

nullify the effect of β-hexosaminidase by treatment of AGS cells with β-

hexosaminidase inhibitor before and during H. pylori infection.  Infection was carried 

out for 8 h and the cells were washed thoroughly to remove unattached and / or dead 

and detached H. pylori. Immunocytochemistry was performed to label H. pylori. The 

fluorescence indicating the number of bacterial cells attached onto host cells was 

monitored. The results showed increased fluorescence in wells treated with β-

hexosaminidase inhibitor indicating the inhibitory effect of β-hexosaminidase on 

bacterial attachment and survival (Figure 14). Further to know if the secreted α-

fucosidase has any effect on bacterial viability we treated the cells with α-fucosidase 

inhibitor. The cells treated with both β-hexosaminidase inhibitor and α-fucosidase 

inhibitor showed further increase in number of bacteria adhered to the cell indicating 

synergistic role of α-fucosidase along with β-hexosaminidase. To further confirm the 

viability of bacteria, the co-culture was treated with saponin 0.01 %. The total lysate 

containing bacteria was plated on to sheep blood agar plates and incubated for 3-5 

days and colony forming units were counted showing increased number of colonies 

formed on treatment with β-hexosaminidase inhibitor compared to untreated cells 

(Figure 15). The number of colonies formed in the case of co-treatment of α-

fucosidase inhibitor and β-hexosaminidase inhibitor indicates a synergistic 
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bactericidal activity of the two enzymes. Thus confirming the inhibitory effect of β-

hexosaminidase on bacterial survival. It was observed that α-fucosidase alone could 

not present a significant bactericidal effect shown in cells treated with α-fucosidase 

inhibitor alone. A similar result was observed in order to see the effect through the 

growth curve in an alternate approach wherein the bacteria were directly treated with 

co-culture medium concentrate with either β-hexosaminidase inhibitor or α-fucosidase 

inhibitor or co-treatment of the two, and the bacterial growth curve was monitored 

(Figure 16). 
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Figure 14. β-Hexosaminidase in co-culture medium was found to affect bacterial 

viability: (A) AGS cells were treated with H. pylori (MOI of 200) for 8 h. The cells 

were treated with β-hexosaminidase inhibitor (HI) and α-fucosidase inhibitor (FI) or 

both before and during the infection. The cells were washed several times and fixed, 

followed by incubation with anti-HP antibody and then by secondary antibody with 

Alexa Flour 488. The cells were further counterstained for nuclei using Hoechst. 

Confocal microscopy images were acquired.  
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Figure 15. β-Hexosaminidase in co-culture medium affects bacterial viability by CFU 

enumeration method: AGS cells were treated with H. pylori (MOI of 200) for 8 h. The 

cells were treated with HI and FI or both before and during the infection. The cells 

were washed several times and lysed using saponin 0.01 %, followed by plating the 

lysate onto CDC plates. The resulting colonies formed were ennumerated. The bars 

were plotted with values obtained from three independent experiments. The bars 

represent mean ± SD. with P values * ≤ 0.05 
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Figure 16.  Effect of β-hexosaminidase and α-fucosidase in co-culture medium on 

bacterial growth curve: H. pylori (1x106) cells were treated with co-culture medium 

concentrate with or without HI, FI or both in brucella broth and cultured under 

microareobic conditions for 3-5 days. OD 600 nm was measured for every 24 h and 

the growth was plotted. The error bars represent mean ± SD with P values * ≤ 0.05, 

** ≤ 0.001. 
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4.5 Degradation of bacterial surface structures by β-hexosaminidase and α-

fucosidase. 

           β-hexosaminidase has been shown to cleave the glycosidic bonds in the biofilm 

and cell walls,(62) we therefore tested if β-hexosaminidase has a target site on H. 

pylori surface. Since H. pylori is a gram-negative bacteria we considered checking if 

it has any effect on LPS. We extracted LPS from H. pylori and treated with co-culture 

medium with or without inhibitors and run the sample on SDS-PAGE followed by 

modified silver staining to see the pattern of the LPS. We found a significant change 

in pattern on treatment with co-culture medium and in the samples treated with β-

hexosaminidase and α-fucosidase inhibitors there was rescue of degradation of major 

bands as indicated by the arrow (Figure 17A).  β-hexosaminidase has been shown to 

degrade the cell wall in some gram positive bacteria and therefore we further 

extracted bacterial cell wall and performed zymography to show β-hexosaminidase 

degrades the cell wall (peptidoglycan) of H. pylori (Figure 17B). Thus the above 

results imply that β-hexosaminidase shows antibacterial effect by degrading the LPS 

and further making the cell wall leaky. This was further confirmed by the electron 

microscopy where in the above panel shows the SEM images with intact/normal 

bacterial surface in untreated groups; the cells are aggregated and the surface is 

distorted in case of co-culture treated groups and the surface integrity is rescued 

majorly on treatment with the β-hexosaminidase and α-fucosidase inhibitor. (Figure 

18). The lower panel showing the TEM images indicates a similar result wherein the 

co-culture medium concentrate treated bacteria shows the damaged cell wall which is 

rescued by the co-treatment of β-hexosaminidase and α-fucosidase inhibitor (Figure 

18) Therefore β-hexosaminidase and α-fucosidase degrade LPS followed by 
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degradation of peptidoglycan in cell wall by β-hexosaminidase thus exhibiting 

bactericidal activity. 

 

  

 

Figure 17. Degradation of H. pylori LPS and cell wall by secreted β-hexosaminidase 

and α-fucosidase. (A) H. pylori LPS (1 µg) was treated with co-culture medium 

concentrate with or without HI and FI for 8 h, and analysed by SDS-PAGE. The gel 

was stained by modified silver stain method. The result shows significant pattern 

change on treatment with co-culture medium concentrate and the degradation was 

rescued on treatment with the inhibitors.  B) H. pylori cell wall was extracted and 

embedded in 8 % polyacryl amide gel and co-culture medium, 1.5 mU β-

hexosaminidase and BSA were spotted onto the membrane. Staining was performed 

using methylene blue. 

M            1        2        3       4 

1- E. coli LPS 
2- Hp LPS ctrl 
3- Hp LPS + co-culture medium 
4- Hp LPS + co-culture medium 

+ HI-FI 

A) 

B) 
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Figure 18. Degradation of H. pylori cell surface shown by SEM and TEM. H. pylori was 

treated with co-culture medium with or without HI and FI. The samples were 

processed for SEM and TEM as described (see Material and Methods, section 3.14 

and 3.15) and the images were acquired. 
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4.6 Effect of bactericidal action of β-hexosaminidase and α-fucosidase on 

macrophage mediated phagocytosis. 

        The bacteria, upon infection, resist immune surveillance by molecular mimicry. 

Thus the immune cells cannot differentiate bacterial surface from host due to this 

phenomena of molecular mimicry. The action of these secreted glycosidases damage 

the surface glycans and disturb the molecular mimicry. Thus, we wanted to see the 

effect of degradation of H. pylori surface by β-hexosaminidase and α-fucosidase on 

macrophage-mediated phagocytosis. We treated H. pylori with co-culture medium 

concentrate with or without β-hexosaminidase and α-fucosidase inhibitor and 

incubated these bacteria with macrophage for about 3 h. The cells were then washed 

fixed and subjected to differential immunostaining using anti-H. pylori antibody to 

label the extracellular and intracellular bacteria. The number of bacteria phagocytosed 

when the bacteria were treated with co-culture medium concentrate with or without 

the co-treatment of β-hexosaminidase and α-fucosidase inhibitor was assessed by 

merging the confocal microscopy images obtained by differential staining. As shown 

in the images, extracellular bacteria are shown in red and extracellular and 

intracellular bacteria stained upon permeabilisation are shown in green. The merge 

image shows the white (pseudocolor) obtained by overlap of red with green that 

indicates the extracellular bacteria and the green dots indicates the intracellular 

bacteria. The result obtained shows an increase in number of phagocytosed H. pylori, 

which has been treated with co-culture medium concentrate compared to the group 

which was co-treated with inhibitors (Figure 19 A,B) indicating that the surface 

degradation by the secreted enzymes lends bacteria more vulnerable to macrophage-

mediated phagocytosis.  
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Figure 19. Effect of surface degradation on macrophage-mediated phagocytosis. (A) 

J774A.1 cells were cultured and infected with H. pylori (MOI 100) pretreated with 

co-culture medium with or without addition of HI and FI. Incubation was carried out 

for 3 h. The cells were fixed and differential immunostaining was performed. Merge 

panel showing green dots indicate phagocytosed bacteria. (B) Quantitation of 

phagocytosis from confocal images using Image J. 
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5.  Discussion and conclusion 

 

              When gastric epithelial cells were infected with H. pylori, there was an 

increased activity of intracellular fucosidase (Fuca1) along the secretory type of 

fucosidase (Fuca2). We made use of Compound 1, to visualize the enzyme activity. 

Since the signal obtained from the probe is colocalised with the lysotracker, it can be 

said that the majority of the signal is from the lysosomal fucosidase. 

 

         This upregulation in the activity of enzyme could be the reflection of a host 

defense mechanism arising from the microbial infection. The extracellular release of 

Fuca2 is believed to alter the surface glycan structures of the host in response to 

bacterial adhesion. (32) However the bacteria makes use of this scenario by feeding 

on the cleaved fucoses. In an attempt to overcome the infection, host cells come with 

alternate approaches such as elevating lysosomal killer enzymes. H. pylori is 

internalized by epithelial cells through receptor mediated endocytosis, pinocytosis and 

actin polymorphism (85,86). It is not surprising that the observed increase of 

lysosomal Fuca1 aids in digesting the invading bacteria or bacterial components, in 

agreement with the host defense strategies of other lysosomal enzymes. (87,88). 

However, more experimental evidence is required to confirm this. The escalation of 

human Fuca1 and Fuca2 activities could be also considered as a sign of cell 

inflammation as the consequence of bacterial infection.  

 

          Literature shows bacterial surface can stimulate host cell proteins or host cell 

defense system. Heat killed intact bacteria was shown to stimulate immunoglobulins 

in Xenopus B cells. (89) Bacterial LPS has been found to stimulate antigen processing, 
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cytokine production, lysosomal enzyme upregulation (lysosomal thiol reductase) in 

immune cells. (90). Bacterial flagella, and LPS are known to upregulate chemokine 

expressions. Thus indicating the bacterial surface or surface structures stimulates host 

proteins or trigger host immune system. Even in the case of Fuca1, upregulation was 

observed in cells treated with dead intact bacteria and pelleted bacterial surface 

structures compared to untreated or bacterial lysate treated groups. Further we found 

significant increase in Fuca1 on treatment with LPS, and the presence of LPS 

neutralizing molecule significantly abrogated the effect. We did consider some of the 

bacterial surface adhesins such as babA and sabA by using babA mutant and sab A 

mutants. However sabA and babA mutants’ binding ability was reduced by about 30 

% and as maintaining the same number of bacteria during infection was critical for 

comparing the different factors, we ruled out the adhesins in the experiment.  

 

            It is believed that in a strategy to evade the phagolysosomal degradation, the 

pivotal lysosomal components such as CTSD Cathapsin D are made inactive by 

unknown mechanism, leading to reduced efficiency of lysosome mediated 

degradation.(88) Thus in order to overcome this strategy, host cells might elevate 

other lysosomal enzymes to carry out the degradation. Elevated Fuca1 activity might 

also be a part of this process. Study of other lysosomal enzyme activities in such a 

scenario can give a clear view on degradation of internalized bacteria in epithelial 

cells. 

 

           We also report the elevated activity of β-hexosaminidase secreted by the host 

cells into the medium on H. pylori infection. This released enzyme affected bacterial 

survival. We screened for the activity of various other glycosidases upon H. pylori 
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infection and observed an increased activity of many of them in the co-culture 

medium. (Figure 20)  

 

Figure 20. Glycosidase activities examined in co-culture medium. AGS cells (~8×107) were 

infected with H. pylori at MOI of 200. Glycosidase activities in co-culture medium were 

measured after 8 h infection. The co-culture media from PBS only (ctrl.) and H. pylori (26695) 

(inf.) were concentrated by 10-kDa centricon before activity assay. Enzyme activities were 

evaluated by corresponding substrates consumed per minute per micro liter of co-culture 

medium. Each measurement was done in triplicates. 

          We hypothesize that the released glycosidases together play a role in the 

sequential degradation of bacterial surface glycans thereby disrupting the bacterial 

outer surface and affecting its survival. As H. pylori is a gram-negative bacteria its 

outer surface is covered by a dense lipopolysaccharide layer. The structure of O-

antigen in the 26695 shows that its outer most layer is decorated with fucoses more in 

the form of lex and lesser as ley. (15,91) The α-fucosidase2 and hexosaminidase 

released into the medium together involve in the degradation process by cleaving the 
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terminal fucoses and underlying hexoses. Traces of galactosidases probably aid in 

cleaving the galactoses present. Thus the enzyme enters further into the deeper layers 

and act on the underlying peptidoglycan layer. Degradation of the bacterial cell wall 

by the enzyme lends it distorted and leaky. 

 

          β-Hexosmaninidase is the enzyme, which has earlier shown to have 

mycobactericidal effect.(62) It acts by degradation of bacterial cell wall in gram-

positive mycobacterial species. β-hexosaminidase has also been shown to disrupt the 

bacterial biofilm to disperse bacterial cells. Reports indicating that β-hexosaminidase 

can degrade the peptidoglycan layer in the Bacillus anthrax spore to release the active 

form of anthrax.(63)  

 

            It was observed that addition of potent β-hexosaminidase inhibitor abrogated 

the activity of β-hexosaminidase secreted in the co-culture medium. Thus the number 

of live bacteria in β-hexosaminidase inhibitor treated co-culture condition was higher 

than the control well (only H. pylori  / no inhibitor treated) and the live bacteria were 

further increased on co-treatment of β-hexosaminidase inhibitor and α-fucosidase 

inhibitor. This indicates that β-hexosaminidase has bactericidal effect and Fuca2 

along with β-hexosaminidase shows synergistic effect. The similar effect was 

observed when the bacteria were directly treated with medium concentrate in vitro 

with or without inhibitors treatments. However it was observed that α-fucosidase 

alone showed no or minimal effect on the viability of bacteria indicating loss of 

fucose units alone doesn’t affect the viability of bacteria where as when the deeper 
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layers are degraded and the membrane backbone is disrupted the cell viability is 

significantly affected.  

 

          The secreted enzymes cleave the surface glycans and further degrade the 

peptidoglycan layer in the cell wall and render the cell wall leaky shown by modified 

silver stain of LPS treated with co-culture medium with/without co-treatment of β-

hexosaminidase inhibitor and α-fucosidase inhibitor and by zymography of cell wall. 

This is further confirmed by transmission electron microscopy. The bacterial surface 

is damaged and the molecular mimicry is lost and the bacteria now tend to become 

more vulnerable to immune cell surveillance. 

  

          The bacteria interacts with immune cells either by passing through the disrupted 

tight junctions of the epithelial cells or through the M cells present in the lining of the 

epithelium. The process of recognition of H. pylori by the macrophages involves the 

interaction of glycosaminoglycans expressed on the surface of macrophage and the 

surface bacterial protein binding heparin. Covering with hyaluronic acid inhibited 

phagocytosis of H. pylori. Literature reports suggest bacterial adhesion or surface 

protein dependent interaction of H. pylori with macrophages.  (92) In this study we 

tried to explore the bacterial surface glycan dependent phagocytosis. We hypothesize, 

on degradation of surface glycans by the secreted β-hexosaminidase and α-fucosidase 

the molecular mimicry is lost and phagocytosis of the surface degraded bacteria is 

more compared to the bacteria whose surface degradation is rescued by the presence 

of β-hexosaminidase inhibitor and α-fucosidase inhibitors indicated by differential 

immunostaining data. The fate of bacteria with loss of surface fucoses alone by the 
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secreted α-fucosidase and the effect of presence of fucose with different linkages on 

the o-antigen is under investigation. 

 

         Thus, overall it can be said that on bacterial infection, host cells secrete the 

glycosidases as part of host defense mechanism and at certain instances the bacteria 

smartly utilizes the situation for example it uses the cleaved host fucoses as energy 

source but as infection progresses and the enzymes secreted further target bacterial 

glycans to protect the host cells from infection. In the due course the molecular 

mimicry on bacterial surface is lost and the bacteria becomes vulnerable to immune 

surveillance. 
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6. Summary: 

In this thesis, we show that gastric epithelial cells exhibit enhanced intracellular α-

fucosidase activity along with secretory type of α-fucosidase and bacterial surface, 

majorly bacterial lipopolysaccharide is the stimulant, which induces the enhanced 

activity of the enzyme. Besides α-fucosidase, we have observed increased activity of 

β-hexosaminidase secreted into the co-culture medium. The secreted β-

hexosaminidase and α-fucosidase together show bactericidal effect by degrading 

bacterial surface structure and lending the bacteria more vulnerable to macrophage 

mediated phagocytosis. 
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