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ABSTRACT 

Characterizing the function of the Helicobacter pylori chemoreceptor TlpA, 

its role in regulating gastric localization, and effect on inflammation in vivo 

Kevin S. Johnson 

 
 Helicobacter pylori is a ubiquitous bacterial pathogen, colonizing half of 

the world’s population. Stomach colonization leads to inflammation development, 

called gastritis. Depending on the severity of gastritis, more serious diseases can 

develop, such as peptic ulcers or gastric cancer. To successfully colonize the gastric 

niche, H. pylori uses chemotaxis. Through this system, proteins called 

chemoreceptors sense a variety of beneficial and harmful conditions, regulating the 

localization and fitness of H. pylori in the gastric niche. The H. pylori 

chemoreceptor TlpA alters host inflammation through an unknown mechanism. To 

better understand this phenotype, this thesis characterizes 1) the sensing profile of 

TlpA and 2) how TlpA affects the host immune response and the localization of H. 

pylori in vivo. 

 TlpA has a dCache_1 periplasmic sensing domain and previous studies have 

identified two signals sensed by this chemoreceptor. It has become appreciated that 

dCache_1 sensor domains can bind diverse sets of ligands, and ligand binding can 

occur through either the membrane-proximal or -distal subdomain. To better 

understand what signals TlpA may be responsible for sensing in vivo, we performed 

an extensive screen for novel TlpA ligands using ligand binding arrays and surface 
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plasmon resonance. TlpA-dependent chemotactic responses towards hits from this 

screen were characterized using a temporal, live-cell tracking assay. Novel TlpA 

chemoattractants were identified, and their binding was characterized using in 

silico molecular docking experiments and in vitro SPR assays with TlpA 

membrane-proximal and -distal subdomain point mutants. Roles in ligand binding 

were identified for each subdomain. Additionally, an antagonistic TlpA ligand was 

identified, which blocked the normal chemotaxis response to TlpA 

chemoattractants. Antagonistic ligands are an emerging theme in signal 

transduction and may play a role in regulating chemotactic responses in vivo. In 

total, these studies provide a clearer understanding of the signals sensed by TlpA, 

the role of dCache_1 subdomains in ligand binding, and identifies a potential 

mechanism for regulating chemotactic responses. 

 To better understand how TlpA affects host inflammation, we performed 

detailed, longitudinal colonization studies in an in vivo murine model over 8-

months. Throughout this period, we determined total colonization loads, assessed 

gland colonization, measured inflammation via histology, and performed flow 

cytometry to analyze the innate and effector CD4+ T-cell populations recruited to 

the stomach during infection. We found that TlpA attenuates inflammation in the 

corpus of the stomach at 5-month post-infection, which is associated with a 

decreased Th17 frequency. In addition, TlpA altered the timing of transient 

increases in inflammation. Also, in agreement with other reports, TlpA is not 

required for WT colonization levels overall in the stomach. However, TlpA 



 

xiv 
 

regulates the localization of H. pylori within the gastric glands of the corpus and 

antrum. This regulation is most prominent during the first month of infection. From 

this work, we propose a possible link between TlpA regulated gland colonization 

and inflammation development. 

 The regulation of host inflammation is critical for controlling H. pylori 

disease outcomes. In total, this work furthers our understanding of this process by 

characterizing the sensing capabilities of TlpA and providing a detailed 

understanding of the localization and immune response affected by TlpA during 

colonization. This work lays the groundwork for future studies aiming to 

understand how the chemotaxis system of H. pylori alters disease outcomes and 

could potentially lead to the development of novel chemotaxis-related therapeutics. 
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CHAPTER 1- Colonization, localization, and inflammation: The roles of 

Helicobacter pylori chemotaxis in vivo 

An earlier version of this chapter was published (Johnson and Ottemann, 2018). 

1.1 Abstract 

Helicobacter pylori is a gram-negative bacterium that infects half of the 

world’s population, causing gastritis, peptic ulcers, and gastric cancer. To establish 

chronic stomach infection, H. pylori utilizes chemotaxis, driven by a conserved 

signal transduction system. Chemotaxis allows H. pylori to sense an array of 

environmental and bacterial signals within the stomach, guiding its motility 

towards its preferred niche within the gastric mucosa and glands. Fine-tuned 

localization, regulated by the chemotaxis system, enables robust colonization 

during the acute stage of infection. During chronic infection, chemotaxis helps 

maintain bacterial populations and modulates the host immune response. Given its 

importance in host colonization and disease, chemotaxis is an attractive target for 

future treatments against H. pylori infections. 

1.2 Highlights  

• The H. pylori chemotaxis system includes classical and auxiliary 

chemotaxis proteins  

• H. pylori senses several host and bacterial ligands through four 

chemoreceptors 
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• Chemotaxis is critical for colonization during acute infection 

• Chemotaxis modulates host inflammation during chronic infection 

1.3 Introduction 

Helicobacter pylori is a gram-negative bacterium that has evolved a keen 

ability to chronically colonize the stomach, infecting roughly half of the world’s 

population (Hooi et al., 2017a). Colonization can lead to the development of 

chronic gastritis, gastric and duodenal ulcers, and gastric cancers (Cover and 

Blaser, 2009; Plummer et al., 2015). Colonization is also linked to potential health 

benefits, including protection against allergic asthma, and inflammatory bowel and 

esophageal diseases, presumably though modulating effector T-cell populations or 

gastric acid production (Arnold et al., 2011a; Blaser et al., 2008; Parsonnet, 2014; 

Salama et al., 2013). The beneficial and pathogenic aspects of H. pylori require 

colonization; therefore, an important goal is to understand the molecular basis of 

the bacterial factors that promote chronic infection.   

H. pylori colonizes the primate stomach, a harsh environment. The stomach 

lumen ranges between pH 1-5 (Fimmel et al., 1985), conditions at which H. pylori 

is viable for only ~30min (Schreiber et al., 2005). Additionally, stomach contents 

are cleared regularly, and the gastric mucosa undergoes constant turnover (Atuma 

et al., 2001). Accordingly, H. pylori must rapidly initiate colonization and localize 

where the environment is more hospitable. These hospitable niches are found close 

to the gastric epithelium, within 15μm from the gastric epithelial cells (Schreiber et 

al., 2004), and deep within gastric glands (Howitt et al., 2011). 
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H. pylori colonization is promoted by chemotaxis, the focus of this review. 

Chemotaxis is a process that enables H. pylori to sense environmental signals and 

regulate its motility to move away from harmful conditions and towards favorable 

ones (Wadhams and Armitage, 2004).  Chemotaxis promotes colonization and 

plays a role in modulating host immune responses (McGee et al., 2005; Rolig et al., 

2011; Williams et al., 2007). In addition to chemotaxis, H. pylori utilizes a suite of 

colonization factors, including urease, cell shape, adhesins, the Cag pathogenicity 

island type four secretion system, and the toxin VacA. Readers are referred to 

several excellent recent reviews on these topics (Keilberg and Ottemann, 2016; 

Polk and Peek, 2010; Salama et al., 2013; Sgouras et al., 2015).   

1.4 The H. pylori signal transduction system transforms ligand presence into 

a swimming response 

 Chemotaxis signal transduction systems allow bacteria to direct their 

motility (Colin and Sourjik, 2017; Wadhams and Armitage, 2004; Wuichet and 

Zhulin, 2010). Such systems are widespread, present in ~50% of bacterial species, 

highlighting the strong fitness advantage they confer (Wuichet and Zhulin, 2010). 

The chemotaxis system of H. pylori contains core chemotaxis proteins found in all 

chemotaxis systems and auxiliary ones found in only some (Figure 1.1). The core 

chemotaxis proteins are the chemoreceptors (TlpA, TlpB, TlpC, and TlpD), the 

CheW coupling protein, the CheA kinase, and the CheY response regulator (Tomb 

et al., 1997; Wadhams and Armitage, 2004). The H. pylori auxiliary chemotaxis 

proteins include three CheV-type coupling proteins (CheV1, CheV2, and CheV3), 
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the CheZ phosphatase, and the unique chemotaxis protein ChePep, which localizes 

CheZ to the cell poles (Abedrabbo et al., 2017; Howitt et al., 2011; Lertsethtakarn 

et al., 2015; Lertsethtakarn and Ottemann, 2010; Andrew C Lowenthal et al., 2009; 

Pittman et al., 2001; Terry et al., 2006). Environmental signals are sensed either 

directly or indirectly by chemoreceptors and are relayed to the histidine kinase 

CheA via the CheW or CheV1 coupling proteins (Abedrabbo et al., 2017; Wadhams 

and Armitage, 2004). Currently, the role of CheV2 and CheV3 are unknown. 

Chemicals sensed as repellents activate CheA’s auto-phosphorylation, and this 

phosphoryl group is subsequently passed to CheY via histidine-to-aspartate 

phosphorelay (Jiménez-Pearson et al., 2005). Phosphorylated CheY interacts with 

the flagellar motor, causing it to rotate clockwise and the bacteria to reverse or 

change direction (Lam et al., 2010; Andrew C. Lowenthal et al., 2009). 

Alternatively, attractants squelch CheA’s auto-phosphorylation; non-

phosphorylated CheY does not interact with the motor, and the bacteria swim 

straight without direction changes. Mutants in any one of these proteins are non-

chemotactic (Che-) to varying degrees and with different swimming behavior.  

Accordingly, cheW, cheA, cheY, cheV1, and cheV2 mutants are all Che-, displaying 

straight swimming phenotypes, likely because they do not produce phosphorylated 

CheY (Foynes et al., 2000; Andrew C Lowenthal et al., 2009; Terry et al., 2006, 

2005). cheZ, chepep, cheV3 mutants are also Che-, but display hyper-reversal 

phenotypes, apparently because they produce high amounts of phosphorylated 

CheY  (Howitt et al., 2011; Lertsethtakarn et al., 2015; Andrew C Lowenthal et al., 
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2009; Terry et al., 2006). Readers are referred to several excellent reviews of this 

system for more molecular details (Keilberg and Ottemann, 2016; Lertsethtakarn 

et al., 2012, 2011). 

 

Figure 1.1- H. pylori chemotaxis system.  
Chemotactic signals are sensed by the chemoreceptors TlpA, TlpB, TlpC, and 
TlpD. Signals are relayed through the coupling protein CheW (W) or the auxiliary 
CheV-type coupling protein CheV1 (V1) to the histidine kinase CheA (A). 
Repellents promote CheA auto-phosphorylation, while attractants squelch CheA 
auto-phosphorylation. Phosphorylated CheA passes its phosphoryl group to the 
CheY (Y) response regulator via histidine to aspartate phosphorelay. 
Phosphorylated CheY interacts with the flagellar motor and is dephosphorylated by 
CheZ phosphatase (Z), in complex with ChePep (Pep). CheV2 and CheV3 are not 
depicted as their role in this system are unknown. 
 

1.5 H. pylori senses multiple host and bacterially-generated conditions as 

repellents and attractants 

H. pylori senses specific chemicals and conditions via three transmembrane 

chemoreceptors with periplasmic sensing domains—TlpA, TlpB, TlpC— and one 

cytoplasmic receptor, TlpD (Andermann et al., 2002; Croxen et al., 2006; McGee 

et al., 2005; Schweinitzer et al., 2008). The signals of these chemoreceptors and 
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their distribution likely play a driving role in the localization of H. pylori in vivo. 

Thus, efforts have been made to determine H. pylori’s sensing profile.    

H. pylori experiences multiple repellent conditions. Several of these are host 

generated, including acidic pH, reactive oxygen species (ROS), and bile (Collins et 

al., 2016; Croxen et al., 2006; Worku et al., 2004). The acidic stomach lumen is 

toxic to H. pylori (Fimmel et al., 1985; Schreiber et al., 2005). Accordingly, acid is 

a potent chemorepellent, with TlpA, TlpB, and TlpD playing roles in sensing 

(Croxen et al., 2006; Goers Sweeney et al., 2012; Huang et al., 2017), and TlpC 

playing a role in modulating the acid response (Sanders et al., 2013). Currently, 

there is only a mechanistic proposal for how TlpB senses acid via amino acids that 

are variably protonated (Goers Sweeney et al., 2012). Another signal, ROS (Collins 

et al., 2016), is produced by host epithelial and immune cells (Grasberger et al., 

2013; Handa et al., 2010; Naito and Yoshikawa, 2002). TlpD senses ROS via an 

unknown mechanism (Collins et al., 2016). Bile acids are toxic to H. pylori and are 

sensed via unknown chemoreceptor(s) (Hänninen, 1991; Worku et al., 2004). Bile 

is released from the gallbladder into the duodenum (Behar, 2013). The repellent 

and toxic properties of bile may explain why H. pylori does not colonize this region 

(Hänninen, 1991; Rolig et al., 2012; Worku et al., 2004). 

H. pylori is also repelled by the self-generated, quorum-sensing molecule 

autoinducer-2 (AI-2) and responds to its own electron transport chain (ETC) (Rader 

et al., 2011; Schweinitzer et al., 2008). AI-2 is sensed by TlpB as a chemorepellent, 

in a manner dependent on the periplasmic proteins AibA and AibB (Anderson et 
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al., 2015; Rader et al., 2011). A repellent response to AI-2 may promote dispersion 

of H. pylori in vivo. H. pylori also senses disruptions to the ETC via TlpD, but the 

physiological change required to induce this sensing is unknown (Behrens et al., 

2016, 2013; Schweinitzer et al., 2008) 

In addition to chemorepellents, many of which are harmful to the bacterium, 

H. pylori also senses several beneficial chemoattractants. One of these 

chemoattractants, urea, is sensed by TlpB (Huang et al., 2015; Mizote et al., 1997; 

Nakamura et al., 1998; Worku et al., 2004). In non-infected individuals, urea is 

available at concentrations between 5-21 mM within the stomach (Neithercut et al., 

1993) and is hydrolyzed by H. pylori urease into ammonia and bicarbonate to buffer 

its local environment (Salama et al., 2013). Arginine is sensed as a chemoattractant 

by TlpA (Cerda et al., 2003, 2011; Worku et al., 2004) and is an essential amino 

acid for H. pylori (Nedenskov, 1994; Reynolds and Penn, 1994). In both urea and 

arginine chemotaxis, chemoattraction may help H. pylori find key nutrients while 

also directing it toward the epithelial surface. 

There are several additional chemotactic signals that have not been 

extensively studied. For example, H. pylori uses chemotaxis to migrate to the site 

of gastric damage (Aihara et al., 2014). However, the exact host-derived chemicals 

that direct this response are unknown. Another attractant that has not been mapped 

to a chemoreceptor is cholesterol (Wunder et al., 2006).  
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Figure 1.2- Chemotaxis promotes localization and modulates inflammation in 
vivo.  
Wild-type (WT) H. pylori robustly colonizes gastric glands early during infection, 
and can replicate and spread between glands. Conversely, non-chemotactic (Che-) 
H. pylori fail to colonize gastric glands to the same degree. Concurrently, WT H. 
pylori initiates a proinflammatory immune response, with a substantial T-helper 17 
cell (Th17) response, while non-chemotactic H. pylori promotes a dampened 
immune response, skewed toward T-regulatory cells (Tregs). 
 

1.6 Chemotaxis during in vivo colonization 

Che- H. pylori mutants have severe colonization defects (Figure 1.2) and 

appear to interact with host tissue differently based on their aberrant inflammatory 

responses (Figure 1.2). These aspects are discussed in the following sections. 

1.6.1 Chemotaxis is required for wild-type colonization 

 Chemotaxis is required for wild-type (WT) level colonization of the 

stomach, based on studies using a variety of Che- mutants lacking CheA, CheY, 

CheW, or ChePep. In some cases, Che- mutants did not colonize at all (Foynes et 
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al., 2000; McGee et al., 2005), and in others, they colonized poorly (Aihara et al., 

2014; Keilberg et al., 2016; Rolig et al., 2012, 2011; Terry et al., 2005; Williams et 

al., 2007). Che- mutants require 100-fold more bacteria to initiate colonization 

(Terry et al., 2005); thus, some studies might have employed H. pylori doses that 

were below the infectious dose. Overall, these results show that chemotaxis is 

critical during the initial stages of infection, particularly with low infectious doses, 

such as could be experienced during natural infection.  

1.6.2 Chemotaxis during early infection 

For roughly the first three months of infection, chemotaxis is critical. 

During this period, Che- mutants display significant colonization defects that are 

greater in one region, the antrum (Rolig et al., 2012; Terry et al., 2005). The murine 

stomach is extensively invaginated into over 25,000 glands. Gastric glands in the 

corpus and antrum contain distinct cell types (Yang and Ottemann, 2019), which 

are explained in greater detail in Chapter 3. Che- mutants fail to robustly colonize 

these niches, especially within the antrum (Howitt et al., 2011; Keilberg et al., 2016; 

Sigal et al., 2015). During the first month of a WT infection, the number of glands 

infected and the amount of H. pylori per gland increases. Che- mutants, however, 

infect few glands initially and fail to promote this same population expansion 

between and within glands (Keilberg et al., 2016).  

1.6.3 Chemotaxis during chronic infection 

A hallmark of H. pylori colonization is its ability to achieve chronic 

infection. The role of chemotaxis during the chronic stage has been more difficult 
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to evaluate. However, it seems that in the absence of challenge by WT, Che- H. 

pylori can achieve WT levels of colonization as early as one month post-infection, 

maintaining comparable levels up to six months post-infection and presumably 

longer (Keilberg et al., 2016; Rolig et al., 2012; Terry et al., 2005; Williams et al., 

2007). During the chronic stage of infection, Che- H. pylori colonize gastric glands 

in the corpus and antrum, while WT populations also colonize the mucus layer of 

the corpus (Keilberg et al., 2016). Additionally, Che- mutants have been observed 

to be less closely associated with the gastric epithelium during this stage (Williams 

et al., 2007). 

1.6.4 Competition 

 Che- H. pylori have general colonization defects when they are the sole 

infecting strain, with even greater colonization defects observed during competition 

experiments. When mice are infected with equal doses of WT and Che- H. pylori, 

the Che- mutant is outcompeted by over 1000-fold (Andermann et al., 2002; Terry 

et al., 2005). If the infections are given sequentially, a secondary WT infection can 

displace a primary population of Che- H. pylori, nearly displacing the entire gland 

population of Che- bacteria. In contrast, a secondary WT infection is unable to 

displace a primary population of WT, a phenotype termed colonization resistance 

(Keilberg et al., 2016; Terry et al., 2005). This finding suggests that chemotaxis is 

needed to maintain colonization during chronic colonization, especially when WT 

H. pylori are present.  
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1.6.5 Role of chemoreceptors for colonization 

Chemoreceptors head the chemotaxis signal transduction system. 

Accordingly, several studies have examined the in vivo phenotypes of 

chemoreceptor mutants. Loss of individual chemoreceptors alters the sensing 

profile of H. pylori but does not cause a complete loss of chemotactic ability. 

Specifically, bacteria would lose the ability to sense some compounds, perhaps 

biasing bacteria towards or away from signals sensed by the remaining 

chemoreceptors. Such a change could lead H. pylori towards more inhospitable 

environments.  

tlpA and tlpC mutants colonize mice to WT levels during single strain 

infections but are outcompeted by WT during competition infections (Andermann 

et al., 2002). This phenotype suggests that WT either exacerbates or alters the 

environment to reveal the mutant’s defect. One possible mechanism is that WT 

outcompetes the mutant for finding nutrients, an idea that would fit well with the 

function of TlpA for finding the essential amino acid, arginine (Cerda et al., 2003, 

2011; Nedenskov, 1994). Another possibility is that the WT causes a host response 

that the mutant cannot avoid. While the exact reason why WT outcompetes tlpA 

and tlpC mutants are unknown, these phenotypes provide clear support for the 

importance of TlpA and TlpC in vivo.  

tlpB mutants have either no defects or subtle ones that appear more 

pronounced later in infection (Croxen et al., 2006; Huang et al., 2015; Rolig et al., 

2012; Williams et al., 2007). Interestingly, tlpB mutants are not outcompeted by 
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WT (McGee et al., 2005; Williams et al., 2007), suggesting that WT does not 

exacerbate or reveal the mutant’s defect.  Because this mutant is not outcompeted, 

this suggests that TlpB’s signal, urea, is found at levels that are not limiting for H. 

pylori, an idea that fits well with its relatively high (mM) levels (Neithercut et al., 

1993). The late infection defects observed for tlpB mutants could be related to 

enhanced inflammation (see below) or to defects associated with AI-2 chemotaxis 

(Rader et al., 2011; Williams et al., 2007) 

In single strain infections, tlpD mutants have substantial colonization 

defects early in infection, greater than Che- H. pylori (Behrens et al., 2013; Rolig 

et al., 2012). Additionally, tlpAD double mutants have an even greater colonization 

defect and are defective in antral gland colonization (Huang et al., 2017). Treatment 

of tlpAD-infected mice with omeprazole, which blocks acid production, rescues H. 

pylori levels to that seen in tlpD single strain infections (Huang et al., 2017; Rolig 

et al., 2012). This result suggests the inability to sense acid via TlpA and D reduces 

in vivo fitness, and indicates the remaining colonization defect in tlpD infections is 

potentially due to an inability to sense ROS or changes in its ETC activity (Collins 

et al., 2016; Schweinitzer et al., 2008).  

1.6.6 Role of auxiliary chemotaxis proteins in colonization 

Loss of the auxiliary chemotaxis proteins creates H. pylori mutants that are 

either fully or partially Che- (Howitt et al., 2011; Lertsethtakarn et al., 2015; 

Andrew C Lowenthal et al., 2009; Pittman et al., 2001). Likewise, mutants lacking 

the CheVs or ChePep display colonization defects that range from severe, similar 
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to fully Che- mutants, to less severe (Howitt et al., 2011; Andrew C Lowenthal et 

al., 2009; Sigal et al., 2015). Overall, the data support the idea that auxiliary 

proteins can have as substantial an effect as core proteins.   

1.6.7 Chemotaxis modulates host inflammation 

 Host inflammation is a major disease outcome of H. pylori colonization. 

Inflammation occurs upon recognition of microbial-associated molecular patterns 

(MAMPs) or damage-associated molecular patterns (DAMPs) by local monocytes, 

macrophages, and epithelial cells. These cells release pro-inflammatory cytokines 

and chemokines, the latter of which recruit neutrophils and antigen-presenting cells, 

including macrophages and dendritic cells, to the site of infection (Soehnlein and 

Lindbom, 2010; Wilson and Crabtree, 2007). Dendritic cells release cytokines and 

process and present H. pylori antigens, priming T-cell differentiation (Josefowicz 

et al., 2012; Larussa et al., 2015; Peek et al., 2010; Salama et al., 2013; Shiu and 

Blanchard, 2013; Soehnlein and Lindbom, 2010; Wilson and Crabtree, 2007). H. 

pylori colonization induces the differentiation of pro-inflammatory T-helper 1 

(Th1) and T-helper 17 (Th17) cells and anti-inflammatory T-helper 2 (Th2) and T-

regulatory cells (Tregs) (Larussa et al., 2015; Peek et al., 2010; Salama et al., 2013; 

Wilson and Crabtree, 2007). The degree of host inflammation is modulated by the 

balance of effector T-cell populations. H. pylori induces inflammation via its 

intimate interaction with the gastric epithelium and the production of virulence 

factors such as the type 4 secretion system, CagA, NapA, and VacA (Peek et al., 

2010; Salama et al., 2013; Wilson and Crabtree, 2007). The inflammatory response 
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to H. pylori colonization, however, is also modulated by chemotaxis (McGee et al., 

2005; Rolig et al., 2011; Williams et al., 2007).  

 Chemotaxis was first shown to modulate inflammation using a tlpB mutant 

in a gerbil model of infection (McGee et al., 2005). tlpB mutants colonized gerbils 

to WT levels at four weeks post-infection, but induced only low gastric 

inflammation, as measured using histological enumeration of lymphocytes. While 

tlpB mutants induced less inflammation than WT, tlpB-infected gerbils had high 

neutrophil recruitment to the gastric tissue, such as seen a few days after H. pylori 

infection. This phenotype suggested tlpB-infected gerbils were mimicking an early 

stage of infection (McGee et al., 2005).  

 Subsequent studies extended this work to the mouse model, examining the 

roles of all chemoreceptors (Williams et al., 2007). Three months post-infection, 

Che-, tlpA, and tlpB mutants induced modestly less inflammation than WT. At later 

time points, six months post-infection, tlpA and tlpB mutants caused high 

inflammation, while Che- mutants induced low inflammation. At both time points, 

all strains colonized to WT levels. Overall, these results made it clear that the 

inflammatory response was modulated by bacterial properties controlled by 

chemotaxis and was affected independent of overall bacterial load (Williams et al., 

2007). 

 To gain insight into why Che- mutants induce less inflammation, Rolig et 

al. (2011) examined the specific immune cell populations recruited to the stomach. 

While Che- mutants induce less histologically-evident inflammation, the total 
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number of CD4+ T-cells recruited was equivalent between mice infected with WT 

or Che- H. pylori two months post-infection (Rolig et al., 2011). WT infections, 

however, were found to have a higher density of pro-inflammatory Th17 cells, as 

assessed by expression of associated genes, and an overall elevated ratio of 

Th17/Treg cells compared with Che- infections. A possible explanation for the 

ability of WT to trigger a Th17-response came from the observation that WT 

infections induced more gastric tissue apoptosis than did Che- infections (Rolig et 

al., 2011). Because apoptosis is a host response that can lead to the differentiation 

of Th17 cells (Torchinsky et al., 2009), it seemed plausible that the inability to 

trigger apoptosis partially explains why Che- infections lack Th17 cells. It is still 

not fully understood why WT H. pylori induces more apoptosis and a more robust 

Th17 response; however, it is now known that Che- mutants are mislocalized 

(Howitt et al., 2011; Keilberg et al., 2016; Williams et al., 2007). Mis-localization 

possibly induces modified interactions with distinct immune cell types known to 

sample H. pylori, such as dendritic cells, compared to WT infections, modulating 

the resulting inflammatory response. The reason for the elevated inflammation of 

tlpA and tlpB mutants is still under study.  

1.7 Conclusions 

Chemotaxis is one of several colonization factors utilized by H. pylori to 

promote chronic infection of the stomach (Foynes et al., 2000; Howitt et al., 2011; 

Andrew C Lowenthal et al., 2009; McGee et al., 2005; Rolig et al., 2012; Salama 

et al., 2013; Terry et al., 2005; Williams et al., 2007). Work over the past 20 years 
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strongly supports that chemotaxis helps H. pylori find nutrients such as urea and 

arginine and avoid toxic substances such as acid and ROS. The list of critical 

compounds sensed by H. pylori will undoubtedly grow as more work is done to 

better understand the sensing profile of each chemoreceptor. Chemotaxis plays 

roles in localization and modulating the host immune response. The stomach 

landscape is comprised of multiple niches, and studies support that chemotaxis is 

particularly critical for colonization during early infection, especially in the antrum, 

and for spread into new glands (Howitt et al., 2011; Keilberg et al., 2016; Rolig et 

al., 2012). During established infections, chemotaxis is less critical for colonization 

(Keilberg et al., 2016). Non-chemotactic H. pylori likely enter glands stochastically 

during early infection. Once in a gland, chemotaxis may not be required for growth. 

Instead, in late-stage infections, the role of chemotaxis in inflammation-control 

becomes apparent (McGee et al., 2005; Rolig et al., 2011; Williams et al., 2007).  

Understanding the mechanisms by which chemotaxis modulates host inflammation 

will facilitate our understanding of how bacteria control this important process and 

may lead to future treatments to modify disease outcomes. Several pathogens are 

motile and chemotactic. H. pylori is leading our understanding of the roles for this 

important process in vivo, and it will be of great interest to assess how many of the 

same principles translate across bacterial systems and organs.   

1.8 Papers of significance 

(*= Of special interest, **= Of outstanding interest) 
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*Lertsethtakarn et al. 2012- A review covering the H. pylori chemotaxis system in 

greater molecular detail. 

**Goers Sweeney et al. 2012- The authors solved the first crystal structure of the 

sensing portion of the H. pylori chemoreceptor, TlpB. Additionally, a proposed 

mechanism for pH sensing by TlpB is reported.  

**Huang et al. 2015- This study describes the mechanism of urea sensing by TlpB. 

*Huang et al. 2017- This study uncovered the role of TlpA, TlpB, and TlpD in pH 

sensing and showed tlpAD mutants have severe colonization defects in vivo. 

*Croxen et al. 2006- The first paper to demonstrate H. pylori senses acidic pH 

through TlpB. 

*Rader et al. 2011- This study uncovers the role of TlpB in sensing the bacterial-

derived signaling molecule, autoinducer-2. 

*Collins et al. 2016- This study demonstrates H. pylori senses reactive oxygen 

species through TlpD. 

*Schweinitzer et al. 2008- This study demonstrates H. pylori is capable of sensing 

changes in electron transport chain activity through TlpD.  

*Aihara et al. 2014- This study determined H. pylori requires chemotaxis to localize 

to the site of gastric injury in vivo via two-photon microcopy. 

**Terry et al. 2005- This is a seminal paper investigating the role of H. pylori 

chemotaxis in vivo. This study demonstrated that non-chemotactic H. pylori infect 

to lower levels and are defective in antral colonization, determined the infectious 
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dose of non-chemotactic H. pylori. Also, Competition experiments were performed 

with wild-type and non-chemotactic H. pylori. 

**Keilberg et al. 2016, MBio- A comprehensive study of wild-type and non-

chemotactic H. pylori population dynamics within the gastric glands and mucus 

layer of the antrum and corpus of the stomach over a 6-month period. Additionally, 

competition experiments with wild-type and non-chemotactic H. pylori were 

performed. 

**Howitt et al. 2011- This study determined the auxiliary chemotaxis protein, 

ChePep, is required for chemotaxis, and ChePep mutants are unable to colonize 

gastric glands within the antrum. It was the first study to show chemotaxis is 

required for gland colonization. 

*Rolig et al. 2012- This work demonstrated that non-chemotactic H. pylori have a 

general colonization defect within the antrum and that TlpD mutants, overall, have 

a more severe colonization defect than non-chemotactic H. pylori.  

**Williams et al. 2007- A comprehensive study investigating the role of each H. 

pylori chemoreceptor in vivo over a 6-month infection. Inflammation, as scored by 

histology, and overall bacterial loads are measured. This work identified 

differential immune responses elicited by tlpA, tlpB, and Che- mutants. 

**Rolig et al. 2011- This study investigates the host-immune responses elicited 

during infection with wild-type and Che- H. pylori. Host gene expression and flow 

cytometry were used to uncover the unique effector T-cell populations recruited 

during each infection.   
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CHAPTER 2- The dCache chemoreceptor TlpA of Helicobacter pylori binds 

multiple attractant and antagonistic ligands via distinct sites  

An earlier version of this chapter was published (Johnson et al., 2021). 

2.1 Abstract 

The Helicobacter pylori chemoreceptor TlpA plays a role in dampening host 

inflammation during chronic stomach colonization. TlpA has a periplasmic 

dCache_1 domain, a structure that is capable of sensing many ligands; however, 

the only characterized TlpA signals are arginine, bicarbonate, and acid. To increase 

our understanding of TlpA’s sensing profile, we screened for diverse TlpA ligands 

using ligand binding arrays. TlpA bound seven ligands with affinities in the low to 

middle micromolar ranges. Three of these ligands, arginine, fumarate, and cysteine, 

were TlpA-dependent chemoattractants, while the others elicited no response. 

Molecular docking experiments, site-directed point mutants, and competition 

surface plasmon resonance binding assays suggested that TlpA binds ligands via 

both the membrane-distal and -proximal dCache_1 binding pockets. Surprisingly, 

one of the non-active ligands, glucosamine, acted as a chemotaxis antagonist, 

preventing the chemotaxis response to chemoattractant ligands and acted to block 

binding of ligands irrespective of whether they bound the membrane-distal or -

proximal dCache_1 subdomains. In total, these results suggest TlpA senses 

multiple attractant ligands as well as antagonist ones, an emerging theme in 

chemotaxis systems.  
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2.2 Importance 

Numerous chemotactic bacterial pathogens depend on the ability to sense a diverse 

array of signals through chemoreceptors to achieve successful colonization and 

virulence within their host. The signals sensed by chemoreceptors, however, are 

not always fully understood. This is the case for TlpA, a dCache_1 chemoreceptor 

of H. pylori that enables the bacteria to induce less inflammation during chronic 

infections. H. pylori causes a significant global disease burden, which is driven by 

the development of gastric inflammation. Accordingly, it is essential to understand 

the processes by which H. pylori modulates host inflammation. This work uncovers 

the signals that TlpA can sense and highlights the underappreciated regulation by 

antagonistic chemoreceptor ligands, which is an emerging theme among 

chemotactic systems.  

  

2.3 Introduction 

Chemotaxis is a vital host colonization strategy used by many pathogens, 

including Helicobacter pylori, Campylobacter jejuni, Borrelia burgdorferi, 

Pseudomonas aeruginosa, Vibrio cholerae, and Salmonella enterica. How 

chemotaxis benefits bacteria, however, varies. Pathogens have been found to use 

chemotaxis to access growth-promoting nutrients, locate environmental substrates 

that regulate virulence gene expression, spread throughout tissue and into specific 

niches, and affect host interactions that control inflammation (Matilla and Krell, 

2018). Chemotaxis signaling systems are highly conserved, and their widespread 
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presence in pathogens underscores the importance of understanding their roles in 

colonization (Matilla and Krell, 2018; Wuichet and Zhulin, 2010).  

One pathogen that requires chemotaxis to promote infection is H. pylori. 

This Gram-negative bacterium chronically colonizes the stomach of nearly half of 

the world’s population and ~35% of individuals in the United States (Hooi et al., 

2017a). Stomach colonization results in chronic inflammation and a subset of 

individuals develop ulcers and gastric cancer (Cover and Blaser, 2009; Plummer et 

al., 2015). H. pylori presents a significant disease burden, with ~700,000 deaths 

worldwide from gastric cancer yearly (Ferlay et al., 2015). The degree of host 

inflammation, which drives disease severity, varies amongst infected individuals. 

(Arnold et al., 2011b; White et al., 2015; Wroblewski et al., 2010). We understand 

some H. pylori properties that dictate inflammation severity, such as the Cag 

pathogenicity island (Blosse et al., 2018; Javed et al., 2019). Still, the full 

compendium of H. pylori properties that modulate this host response is not yet 

understood.  

 H. pylori chemotaxis has been linked to host inflammation (Johnson and 

Ottemann, 2018; McGee et al., 2005; Rolig et al., 2011; Williams et al., 2007). 

Specifically, mutants missing key chemotaxis signal transduction proteins trigger 

less host inflammation, despite achieving normal colonization levels, while mutants 

missing either the chemoreceptors TlpA or TlpB cause elevated inflammation 

(McGee et al., 2005; Rolig et al., 2011; Williams et al., 2007).  Chemoreceptors 

head the chemotaxis signal transduction system and dictate which signals a 
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bacterium responds to. Loss of individual chemoreceptors within a system alters a 

bacterium's sensing profile but does not cause a complete loss of chemotactic 

ability, presumably biasing the bacterium towards signals sensed by the remaining 

chemoreceptors.  

H. pylori possesses four chemoreceptors—TlpA, TlpB, TlpC, and TlpD, which 

play non-identical roles in infection. TlpA, C, and D are required for colonization, 

while TlpA and B are required for inflammation control (Andermann et al., 2002; 

Rolig et al., 2012; Williams et al., 2007). In this work, we focus on TlpA, which 

plays multiple roles in promoting early but not late colonization and dampening 

later inflammation. At early times, 2-weeks post-infection, H. pylori ΔtlpA displays 

a modest colonization defect compared to wild type (WT) as the sole infecting 

strain, a deficiency exacerbated by WT coinfection (Andermann et al., 2002; Rolig 

et al., 2012; Williams et al., 2007). However, during the late stage of infection after 

6 months, H. pylori ΔtlpA colonize to normal levels but induce significantly more 

histologically evident inflammation than WT (Williams et al., 2007).  

TlpA is a transmembrane chemoreceptor with a periplasmic double Cache 

(dCache_1) ligand-binding domain (LBD) (Sweeney et al., 2018; Upadhyay et al., 

2016). Cache domains are ubiquitous extracellular sensing domains found in both 

eukaryotes and prokaryotes (Upadhyay et al., 2016). Cache domains bind a wide 

variety of small molecules, but mostly amino acids, modified amino acids, and 

carboxylic acids (Upadhyay et al., 2016). Many Cache domains have been found to 

bind multiple ligands (Upadhyay et al., 2016). dCache_1 domains have two Cache 
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subdomains, a membrane-distal and -proximal subdomain, which each can bind 

ligands, although most commonly the ligands are bound in the membrane-distal 

domain (Machuca et al., 2017; Mckellar et al., 2015; Upadhyay et al., 2016). TlpA 

has some identified chemotaxis-active ligands, including arginine and sodium 

bicarbonate (Cerda et al., 2003, 2011). Additionally, TlpA has been shown to play 

a subtle role in sensing acidic pH, but to a much lesser extent than TlpB or TlpD 

(Huang et al., 2017). Whether TlpA senses additional ligands or how any of these 

ligands are bound, however, is unknown.  

Given the sensing potential of dCache_1 chemoreceptors, we hypothesized that 

TlpA would be capable of sensing ligands beyond those previously reported. 

Knowing a full set of ligands is critical for interpreting the TlpA-associated 

phenotypes. In this study, we identified new TlpA ligands and characterized their 

binding and ability to induce a chemotactic response. Ligand binding arrays were 

used to screen a broad set of ligands for binding to TlpA, resulting in the 

identification and verification of seven TlpA specific ligands. The use of a temporal 

chemotaxis assay enabled us to determine that three ligands, arginine, fumarate, 

and cysteine, acted as TlpA-sensed chemoattractants, while the other ligands 

elicited no response. Molecular modeling experiments, assessment of TlpA point 

mutants, and SPR competition assays suggested that TlpA ligands interact with two 

distinct sites in TlpA. Furthermore, one of the high-affinity non-chemotactic TlpA 

ligands, glucosamine, blocked attractant responses to, and binding of, 

chemoattractant ligands, thus acting as an antagonist. Overall, our findings suggest 
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TlpA responds to several key H. pylori nutrients using both dCache_1 subdomains, 

with some acting as agonists and some as antagonists for a chemotaxis attractant 

response.  

 

2.4 Results 

2.4.1 TlpA interacts directly with multiple ligands 

TlpA’s LBD (TlpALBD) interactions with potential ligands were assessed using 

small-molecule arrays containing amino acids, organic acids, salts, and glycans 

(Supplemental Table 2.1). TlpALBD bound seven small molecules: arginine, 

cysteine, fumarate, glucosamine, malic acid, thiamine, and alpha-ketoglutarate 

(Table 2.1 and Supplemental Fig. 2.1). Glycan arrays containing both simple and 

complex glycans were also interrogated, but no binding was detected. 

We next determined TlpALBD ligand binding affinity by surface plasmon 

resonance (SPR). Arginine, cysteine, fumarate, and glucosamine all exhibited high-

affinity binding (dissociation constant [Kd] <10 µM), while malic acid, thiamine, 

and alpha-ketoglutarate showed lower affinities (>45 µM) (Table 2.1). Overall, 

these data suggest that the TlpALBD can interact directly with these seven ligands, 

with affinities ranging from 2- 224 µM.   
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Table 2.1- TlpALBD ligand binding analysis from ligand binding array screen 
and surface plasmon resonance. 
Data represent the mean values (± SD) of three independent experiments (n= 3). 
For ligand binding array, results reported as +, positive binding; +/-, intermediate 
binding; -, no binding. Binding affinity (µM) was determined by SPR. 

 

  
2.4.2 Some TlpA ligands act as chemoattractants while others elicit no response 

H. pylori chemotactic responses towards the seven putative TlpA dependent 

ligands were examined by a live-cell video microscopy assay that measures the 

temporal chemotaxis response to test ligands. In this assay, attractants eliciting 

fewer direction changes, and repellents more direction changes compared to basal 

levels (Collins et al., 2016; Goers Sweeney et al., 2012; Lertsethtakarn et al., 2015; 

Machuca et al., 2017; Rader et al., 2011; Schweinitzer et al., 2008; Terry et al., 

2006). Several TlpA ligands were acidic in solution, leading to the appearance of 

significant TlpA-independent chemorepellent responses; these were cysteine, 

thiamine, malic acid, and alpha-ketoglutarate (Supplemental Fig. 2.2A-C). Acidic 

conditions are sensed by chemoreceptors other than TlpA (Croxen et al., 2006; 

Goers Sweeney et al., 2012; Huang et al., 2017) and potentially mask chemotactic 
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responses to the ligands being tested. Accordingly, the pH of the ligand stocks for 

cysteine, thiamine, malic acid, and alpha-ketoglutarate was neutralized using 

NaOH to match the pH of the water used in the mock-treated control. This treatment 

eliminated the confounding effect of media acidification when assessing 

chemotactic responses (Supplemental Fig. 2.2C). After incorporating these 

adjustments, we found that the addition of arginine, fumarate, or cysteine resulted 

in fewer direction changes for WT H. pylori (Fig. 2.1A, B, C), suggesting these 

compounds were attractants. The highest concentration tested, 10 mM, induced the 

most significant and robust attractant responses for each ligand (arginine, P<0.01; 

fumarate, P<0.01; cysteine, P<0.001) (Fig. 2.1A, B, C). Responses to 1 and 0.1 mM 

ligands were apparent but not significant when compared to the untreated control. 

Glucosamine, thiamine, malic acid, and alpha-ketoglutarate induced no significant 

direction changes at any concentration tested (Fig. 2.1D and E), suggesting they do 

not act as attractants or repellents.  

To determine if chemoattractant responses toward arginine, fumarate, and 

cysteine were TlpA dependent, the same tracking experiments were repeated with 

a mutant lacking tlpA (ΔtlpA). The ΔtlpA mutant retained general chemotactic 

ability, producing a significant attractant and repellent response to controls 

dipyridyl and HCl, respectively, but failed to exhibit a chemotactic response to 

arginine, fumarate, or cysteine (Fig. 2.1A, B, C). These results suggest that the 

high-affinity ligands arginine, fumarate, and cysteine are TlpA-dependent 

chemoattractants. 
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Figure 2.1- H. pylori responds to arginine, fumarate, and cysteine as TlpA-
dependent chemoattractants in the temporal chemotaxis assay.  
Cultures of H. pylori PMSS1 WT and ΔtlpA were grown overnight, back-diluted, 
then incubated until an OD600 of 0.12– 0.15 was reached. Cultures were treated with 
water (Mock) or with various concentrations of compounds as indicated. For Fig. 
1C and E, the pH of cysteine, thiamine, malic acid, and alpha-ketoglutarate stocks 
was adjusted using NaOH to match the pH of the water used for the untreated 
control. The cells were immediately filmed, and direction changes were counted 
over a 3 second swimming period in at least 100 cells per treatment from 3 
biological replicates. Data is normalized to the untreated control for each strain, as 
described in the methods. Error bars represent the standard error of the mean. *, 
P<0.05; **, P<0.01; ***, P<0.001, comparisons to untreated control per strain 
using two-way ANOVA, Dunnett’s multiple comparison test.  
  

2.4.3 TlpA has at least two ligand interaction sites.  

To gain insight into how TlpALBD binds ligands, a blind docking modeling 

experiment was carried out using AutoDock Vina (Krieger et al., 2002; Wang et 

al., 2016). We focused on two high-affinity ligands, arginine and fumarate. We 

found that these two ligands occupied two main sites, referred to as clusters 

(Supplemental Table 2.2), which map to the membrane-distal and -proximal 

dCache_1 binding pockets (Fig. 2.2A and D). Arginine was placed mostly in 
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Cluster D (55%, Supplemental Table 2.3), which is located in the membrane-distal 

dCache_1 domain. Arg-153 dominated this binding interaction with stabilization 

from Tyr-151 (Fig. 2.2B and C).  Fumarate, in contrast, was placed mostly in 

Cluster A (45%, Supplemental Table 2.3), in the membrane-proximal dCache_1 

domain, with Phe-203 being the most crucial residue required for interaction with 

fumarate (Fig. 2.2E and F). The docking experiment further revealed that although 

fumarate and arginine are likely to have two distinct preferred binding sites, they 

both can bind to their reciprocal sites. For example, 25% of the models had arginine 

found in fumarate’s preferred Cluster A (Supplemental Table 2.3). Overall, these 

analyses suggest that arginine is more likely to bind the membrane-distal dCache_1 

domain, while fumarate is more likely to bind the membrane-proximal dCache_1 

domain, but binding to the other binding pockets is also possible. 

 

Figure 2.2- Docking analysis of TlpA and arginine or fumarate identifies 
several clusters that are occupied by these ligands. 
Docking analysis shows several clusters occupied by (A) arginine and (D) fumarate 
on the surface of a space-filling version of TlpALBD. Cluster C and G are 



 

29 
 

biologically irrelevant due to the homodimer formation of TlpA, and Cluster B and 
H are poorly populated (Supplemental Table 3). (B-C) View of the energetically 
preferred bound conformation of arginine in Cluster D, the predicted membrane-
distal dCache pocket, with key interacting amino acids shown. (E-F) View of the 
energetically preferred bound conformation of fumarate in Cluster A, the 
membrane-proximal dCache pocket, with key interacting amino acids shown.  
 

 To further study TlpA-ligand interactions, we generated TlpALBD point 

mutants at residues in the membrane-distal (D165A, M183A) or membrane-

proximal (Y228A, Y252A, D254A) binding pockets and determined the binding 

affinity of the resultant proteins towards all ligands (Table 2.2 and Fig. 2.3A). 

Mutation of either membrane-distal residue resulted in an ~10-fold decrease in the 

binding affinity for arginine, cysteine, fumarate, and glucosamine (Fig. 2.3B and 

Table 2.2). Mutation of the membrane-proximal residue TlpAY228A also lead to a 

decrease in binding affinity for arginine, cysteine, and fumarate, but it was only 4-

fold. The other mutation in the membrane-proximal site (TlpAD254A) only affected 

fumarate binding (Fig. 2.3B and Table 2.2). No proximal pocket residues affected 

the binding affinity of glucosamine. Membrane-distal and -proximal mutations 

resulted in a modest ~3- 4-fold increase in binding affinity toward malic acid and 

thiamine compared to the WT control. Additionally, no appreciable change in 

binding affinity towards alpha-ketoglutarate was observed for any point mutant. 

Overall, TlpA binding interactions by the high-affinity ligands arginine, cysteine, 

fumarate, and glucosamine are most disrupted by mutations in the membrane-distal 

dCache_1 domain, but mutations in the membrane-proximal dCache_1 also 
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significantly impair fumarate, and to a lesser extent, arginine and cysteine binding, 

consistent with the predictions from the docking analysis. 

Table 2.2- Binding affinity (µM) of TlpALBD and TlpALBD membrane-distal 
and -proximal dCache mutants to TlpA ligands.  
Data represent the mean values (± SD) of three independent experiments (n= 3). 

 

 

Figure 2.3- TlpALBD binds chemotaxis-active ligands through the membrane-
distal or -proximal dCache subdomains.  
(A) A ribbon diagram of TlpALBD as a homodimer. The membrane-distal and 
membrane-proximal dCache domains are colored teal and gold, respectively. 
Residues that were mutated to alanine are highlighted in each region to make 
TlpAD165A, TlpAM183A, TlpAY228A, TlpAY252A, and TlpAD254A. (B) The relative 
binding affinity [Kd] for each ligand to TlpALBD membrane-distal and -proximal 
dCache point mutants relative to WT TlpALBD. E.g., mutation of D165 to A resulted 
in a ~ 6-fold decrease in arginine binding affinity compared to WT binding. Data 
represented the mean values and standard error of the mean of three independent 
experiments (n=3). 
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2.4.4 TlpALBD binds arginine and fumarate through distinct binding sites. 

The above data suggest that TlpALBD can bind ligands in both dCache_1 

subdomain binding pockets. To further analyze the possibility of two distinct 

binding sites for chemotaxis-active ligands in TlpALBD, we employed a competition 

SPR (A-B-A) binding assay focused on arginine and fumarate because they were 

both chemoattractants and predicted to bind different sites preferentially. In this 

assay, the competition for binding to TlpALBD between arginine and fumarate is 

assessed by adding the ligands sequentially and monitoring whether the SPR signal 

changes upon the addition of the second ligand. The two ligands' binding status can 

be classified as either independent, shared, or preferential shared sites. For 

independent sites, ligand A saturates all its binding sites, and ligand B then binds 

to its independent site; this mode produces additive effects on the SPR signal. 

Shared sites, in contrast, do not produce additive/cumulative effects, i.e., ligand A 

binds its site and then blocks ligand B from the same site. Lastly, it is also possible 

to have preferential shared sites where ligands share the same binding site, but the 

protein binds to one ligand preferentially when in equilibrium.  

We first saturated TlpALBD with arginine and then added fumarate. In this 

case, an increased response (additive effect) was observed compared to the 

theoretical value (Fig. 2.4). This outcome suggests fumarate and arginine bind to 

independent sites. Conversely, when TlpALBD was saturated with fumarate, 

arginine did not produce an additional response compared to the theoretical value 

(Fig. 2.4). This result suggests that fumarate prevented arginine binding, either 
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because arginine competed with fumarate at the same site(s), or that fumarate 

caused an allosteric effect that prevents arginine binding, a common occurrence in 

sensory proteins (Biemann and Koshland, 1994). Overall, the docking and 

competitive SPR data support the hypothesis that there are two binding sites with 

possible cooperative interactions or overlap between them.  

 

Figure 2.4- SPR competition analysis indicates the presence of two distinct 
binding sites for TlpA ligands.  
SPR competition analysis of binding by arginine and fumarate to WT TlpALBD. 
Compounds were used at concentrations 10x their respective Kd. Arginine, 
response to arginine only; Fumarate, response to fumarate only; Arginine → 
Fumarate, fumarate response after saturation with arginine; and Fumarate → 
Arginine, arginine response after saturation with fumarate. The theoretical value is 
responses units (RU) values based on mathematical theory: Independent Site is the 
sum of individual responses; Shared Site is the sum of individual responses divided 
by the number of individual responses. All response data was normalized 100 Da 
molecular weight for each analyte allowing direct comparison of responses. 
 

The docking analysis and competition SPR assay suggested that arginine 

and fumarate bind to distinct TlpALBD sites, therefore we sought to further 

characterize TlpA-ligand interactions using Saturation Transfer Difference (STD) 
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NMR spectroscopy, which can measure protein-ligand interactions and ascertain 

which part of a ligand interacts with the receptor protein (Haselhorst et al., 2009; 

Mayer and Meyer, 1999). When TlpALBD bound fumarate, a significant STD NMR 

signal was detected, consistent with the two ethylene protons interacting with the 

protein (Fig. 2.5A). Similarly, when TlpALBD bound arginine, significant STD 

NMR signals were observed (Fig. 2.5B). On arginine, the relative STD NMR 

effects showed the H-3 and H-4 protons on the side chain received the largest 

saturation transfer from the protein protons, indicating arginine interacts with 

TlpALBD around its middle carbon side chain region (Fig. 2.5B). These results, 

therefore, provide additional confirmation that TlpA interacts with fumarate and 

arginine, mostly along the carbon chain backbones in each ligand.  

 

Figure 2.5- STD NMR analysis supports TlpALBD binds fumarate and 
arginine. 
1H NMR spectra are shown at the bottom for (A) fumarate and (B) arginine. The 
STD NMR spectra are shown on top acquired at 600 MHz, 289 K with an on-
resonance of -1 ppm and off-resonance of 33 ppm and a total saturation time of 2 
sec. 
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2.4.5 A non-chemotaxis active TlpA ligand can antagonize chemoattractant 

responses  

It was surprising to find a high affinity direct binding ligand, glucosamine, 

which bound to the membrane-distal dCache_1 subdomain (Fig. 2.3) that did not 

elicit a chemotaxis response (Fig. 2.1D). Previous reports on ligand interactions 

with chemoreceptors in E. coli and P. aeruginosa suggested that some ligands bind 

chemoreceptors as antagonists, blocking normal chemotactic responses toward 

chemotaxis-active ligands (Bi et al., 2013; Martín-Mora et al., 2018). 

Consequently, we tested whether glucosamine could block binding of the 

chemotaxis-active TlpA ligands arginine and fumarate, using a competitive SPR 

assay. Of note, the other non-chemoactive TlpA ligands, malic acid, thiamine, and 

alpha-ketoglutarate were not affected by either membrane-proximal or -distal 

dCache_1 domain point mutants (Fig. 2.3), therefore we hypothesized they would 

be unable to effect binding of chemotaxis-active TlpA ligands, as they do not 

appear to bind through the same sites. The results showed that when glucosamine 

was added following saturation with arginine or fumarate, the response was not 

additive, suggesting glucosamine competed with both arginine and fumarate (Fig. 

2.6A and B). However, when arginine or fumarate were added to TlpALBD 

following initial saturation with glucosamine no additive response was observed 

(Fig. 2.6A and B). This result suggests that glucosamine can prevent binding of 

both ligands to TlpALBD. 
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Figure 2.6- SPR competition analysis demonstrates glucosamine blocks 
bindings of TlpA chemoattractants.  
Data from SPR competition analysis of binding of arginine, fumarate, and 
glucosamine to WT TlpALBD are shown. Compounds were used at concentration 
10x their respective Kd values. (A) Arginine, response to arginine only; 
Glucosamine, response to glucosamine only; Arginine → Glucosamine, response 
to glucosamine following saturation with arginine; Glucosamine → Arginine, 
response to arginine following saturation with glucosamine. (B) Fumarate, 
response to fumarate only; Glucosamine, response to glucosamine only; Fumarate 
→ Glucosamine, response to glucosamine following saturation with fumarate; 
Glucosamine → Fumarate, response to fumarate following saturation with 
glucosamine. The theoretical values are response units (RU) values based on 
mathematical theory. All response data was normalized 100 Da molecular weight 
for each analyte allowing direct comparison of responses. 
 

 Consequently, we tested whether glucosamine affected H. pylori 

chemotaxis by developing a ligand competition tracking assay between non-

chemotaxis active and chemotaxis-active TlpA ligands. This assay is a modified 

version of our live-cell video microscopy assay where the addition of a chemotaxis-

active ligand is followed by the addition of a non-chemotaxis active ligand 10-

seconds later and vice versa. Using this approach, we determined that glucosamine 

addition prevented the chemoattractant response towards arginine, fumarate, and 
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severely blunted the response to cysteine (Fig. 2.7). This response was decreased 

regardless of whether glucosamine was added prior to or after the addition of the 

chemoattractant. In total, these results suggest that glucosamine blocks chemotaxis-

active ligand binding and acts as a TlpA chemotaxis antagonist.  

 

 
 
Figure 2.7- Ligand competition tracking experiment between chemoactive and 
non-chemoactive TlpA ligands.  
Cultures of H. pylori PMSS1 WT were grown in BB10 overnight and then back-
diluted as described in Fig. 1. Cultures were mock-treated or with various 
concentrations of compounds as indicated. The pH of the cysteine stock was 
adjusted using NaOH to match the pH of the water used for the untreated control.  
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The cells were immediately filmed, and direction changes were counted over a 3 
second swimming period in at least 100 cells per treatment from 3 biological 
replicates. Repellents increase in direction changes, as exemplified by the control 
repellent HCl, while attractants decrease direction changes as exemplified by the 
control attractant dipyridyl. Data is normalized to the untreated control for each 
strain, as described in the methods. Error bars represent the standard error of the 
mean. *, P<0.05; **, P<0.01; ***, P<0.001, comparisons to untreated control per 
strain using two-way ANOVA, Dunnett’s multiple comparison test. 
 
 
2.5 Discussion 

We report the identification of several ligands specific for H. pylori 

dCache_1 chemoreceptor TlpA, including confirmation of previous reports that 

TlpA interacts with arginine (Cerda et al., 2003, 2011). Arginine, along with 

fumarate and cysteine, functioned as TlpA-sensed chemotaxis attractants. 

Furthermore, these chemotaxis-active ligands appeared to interact with the 

membrane-distal and -proximal dCache_1 domains. Finally, we found that 

glucosamine acts as a chemotaxis antagonist, blocking TlpA binding and responses 

to multiple attractants.  

2.5.1 TlpA can bind a broad set of ligands with diverse biological functions 

TlpA bound a broad set of molecules ranging from the amino acid arginine 

with a large, charged side chain, the amino acid cysteine with a smaller polar side 

chain, organic acids including fumarate, malic acid, and alpha-ketoglutarate, the 

large vitamin thiamine, and the amino sugar glucosamine. Ultimately, our data 

suggest that only some of these ligands bind within the canonical dCache_1 binding 

pockets, including all those that affected chemotaxis. Thus, these results agree with 
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previous reports showing that individual dCache chemoreceptors can sense diverse 

types of ligands (Rahman et al., 2014; Ud-Din et al., 2020).  

The three molecules that elicited a chemotaxis response, arginine, fumarate, 

and cysteine, have been shown to have important biological roles in H. pylori 

biology. Arginine is an essential amino acid for H. pylori under in vitro growth 

conditions (Nedenskov, 1994), and H. pylori uses arginine to promote acid 

tolerance and dampen host immune responses (Alam et al., 2018; Gobert and 

Wilson, 2016; Mcgee et al., 1999; Valenzuela et al., 2014). Fumarate is predicted 

to be an alternative terminal electron acceptor for growth under anaerobic 

respiration (Mendz et al., 1995), and the associated enzyme, fumarate reductase, is 

essential for H. pylori colonization in vivo (Ge et al., 2000). Additionally, fumarate 

is highly depleted when H. pylori is co-cultured with gastric organoids, consistent 

with the prediction that it is preferentially used in vivo (Keilberg et al., 2020). 

Lastly, cysteine is an essential amino acid for some strains of H. pylori (Nedenskov, 

1994). These ligands have been shown to be present in the stomach during infection 

via metabolomics studies (Keilberg et al., 2020; Nishiumi et al., 2017), however, 

the exact concentration of these ligands are not known. Each chemotaxis-active 

TlpA ligand is important for critical cellular functions for H. pylori, therefore the 

ability to sense these ligands is likely a survival-linked evolutionary adaptation. 

2.5.2 TlpA appears to use both binding pockets 

dCache_1 chemoreceptors contain two potential ligand-binding pockets in 

each Cache subdomain. Previous work showed dCache_1 chemoreceptors sense 
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chemotaxis-active ligands through either subdomain, but as of yet, not both 

(Machuca et al., 2017; Mckellar et al., 2015). In contrast, our data suggests that 

TlpA might bind ligands in both Cache subdomains. Ligand binding locations, 

suggested by docking prediction analysis, placed fumarate within the membrane-

proximal subdomain and arginine within the membrane-distal subdomain. These 

location assignments were further supported by TlpALBD point mutants of residues 

within the predicted dCache_1 membrane-distal (D165A and M183A) and 

membrane-proximal (Y228A, Y252A, D254A) subdomains. All membrane-distal 

subdomain mutations led to a decreased binding affinity for the chemotaxis-active 

ligands, arginine, fumarate, cysteine, as well as the antagonist ligand glucosamine. 

These findings suggest that the membrane-distal site is important for chemotaxis 

signaling, as seen in other dCache_1 receptors (Mckellar et al., 2015; Upadhyay et 

al., 2016). It has been shown that individual dCache_1 receptors can bind aliphatic, 

small polar, and large positively charged amino acids through a single subdomain 

due to the malleable nature of dCache_1 receptors that can accommodate ligands 

of different sizes and charges (Ud-Din et al., 2020). Thus, it is plausible the 

membrane-distal subdomain could be able to accommodate these diverse ligands.   

Our data also suggest that the membrane-proximal subdomain plays a role 

in the TlpA ligand binding. Site-directed mutagenesis of the membrane-proximal 

subdomain, as well as the membrane-distal one, decreased fumarate binding. This 

outcome suggests that the point mutations either directly disrupted ligand binding 

or altered long-range interactions in the protein that influence ligand binding 
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affinities. Additionally, our data showed that fumarate blocked arginine binding, 

despite having similar binding affinities. Of note, arginine binding to the 

membrane-proximal domain was affected by the membrane-proximal domain 

point-mutant TlpAY228A, while fumarate is affected by both TlpAY228A and 

TlpAD254A membrane-proximal domain point-mutants, which supports docking 

analysis predictions suggesting fumarate preferentially binds to the membrane-

proximal domain, while arginine preferentially binds the membrane-distal domain.  

Several models could account for these findings. One is that fumarate binds at the 

membrane-proximal site and creates an allosteric change that prevents ligand 

binding at the membrane-distal site. Alternatively, the amino acid changes in the 

proximal site could affect ligand affinities at the distal site. Finally, a third 

possibility is that arginine binds at both sites, and proximal site binding is affected 

by the proximal mutations. It will be interesting to dissect whether there is 

cooperative interactions, distinct site binding, or simultaneous site binding. 

Regardless,  while cooperativity between subdomains in dCache_1 chemoreceptors 

has not yet been observed, it is well documented that four-helix bundle types of 

chemoreceptors have negative cooperativity between their two binding sites 

(Biemann and Koshland, 1994). It furthermore is not yet known which site is 

required for chemotaxis. Overall, our data suggests that TlpA may use both 

dCache_1 subdomains to bind ligands.  
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2.5.3 TlpA chemotaxis responses can be antagonized. 

We were somewhat surprised to find a high-affinity binding TlpA ligand, 

glucosamine, that did not elicit a chemotaxis response yet appeared to bind the 

membrane-distal dCache_1 subdomain. Indeed, we found that glucosamine 

occluded chemotaxis-active TlpA ligands from binding and inhibited the normal 

chemoattractant responses towards arginine, fumarate, and cysteine. This response 

was observed whether glucosamine was added before or after the addition of the 

TlpA chemoattractants, suggesting glucosamine may have a very high on-rate for 

binding TlpA compared to arginine, fumarate, or cysteine. Two studies have 

reported high-affinity chemoreceptor ligands that acted as antagonists by blocking 

chemotaxis-active ligand binding (Bi et al., 2013; Martín-Mora et al., 2018), and 

Cache receptor antagonists have been reported for a histidine kinase (Busch et al., 

2007). Martín-Mora and colleagues showed that binding of the attractant malic acid 

to the P. aeruginosa sCache chemoreceptor PA2652 was inhibited by either 

citraconic acid or D,L- methylsuccinic acid, and subsequently chemoattractant 

responses towards malic acid were decreased (Martín-Mora et al., 2018). Another 

of these studies described finding diverse ligands for the E. coli four-helix bundle 

chemoreceptor Tar, and reported a high-affinity ligand, cis-1,2-cyclohexane-

dicarboxylic acid also acted as an antagonist for aspartate chemotaxis. cis-1,2-

cyclohexane-dicarboxylic acid competed for aspartate binding and blocked 

intracellular kinase activity (Bi et al., 2013). We expect there will be more 

discoveries of these types of chemo-modulatory antagonists, or maybe even 
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chemotaxis enhancing ligands because ligand discovery methods have changed. 

Specifically, previous efforts relied on chemotaxis assays, and so only chemotaxis-

active ligands could be identified. In contrast, recent approaches look for direct 

ligand-receptor interactions at the molecular level, thus expanding our ability to 

identify the interacting partners (Bi et al., 2013; Ehrhardt et al., 2018; Hartley-

Tassell et al., 2010; Krell, 2015; Mckellar et al., 2015).  

The function of chemoreceptor antagonists is not yet known in any system 

(Bi et al., 2013; Martín-Mora et al., 2018). In the case of TlpA, it is possible to 

speculate that when confronted with abundant glucosamine, H. pylori benefits by 

not responding to arginine, fumarate, or cysteine. However, the role of glucosamine 

in H. pylori infection is unknown, although it has been shown to support the growth 

of some H. pylori clinical isolates using phenotypic Biolog plates (Lee et al., 2017). 

One possibility is that antagonist ligands may function as a form of adaptation, as 

H. pylori lacks the classical adaptation proteins CheR and CheB (Lertsethtakarn et 

al., 2011), possibly in lieu of, or in augmentation to, other adaptation systems.  

Chemotaxis antagonists may be useful tools to modulate chemotaxis and affect 

bacterial pathogenesis. In the case of TlpA, blocking its function early in infection 

would decrease colonization; however, a later attenuation of chemotactic responses 

might be predicted to enhance inflammation (Andermann et al., 2002; Rolig et al., 

2012; Williams et al., 2007). Future work performing molecular dynamics 

experiments to understand how agonist and antagonist ligands interact with 

TlpALBD will help to understand the function of chemoreceptor antagonists.  
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One caveat of this study is that experimental analyses were carried out under 

two different conditions. The ligand-binding work was all done with purified 

TlpALBD, while the chemotaxis studies were done with full-length TlpA that was in 

the context of both a membrane and its interactions with other chemoreceptors. 

These two different situations may lead to varying outcomes. For example, it is not 

clear how ligand interactions would change in the context of chemosensory array-

packed receptors, which is an area for future work. 

Expanding the knowledge of TlpA ligands, and how TlpA interacts with 

these ligands is essential for better understanding why TlpA enhances the in vivo 

fitness of H. pylori and alters inflammatory phenotypes driven by H. pylori. Future 

experiments manipulating the ability of H. pylori to sense specific TlpA ligands 

will be useful to understand whether all or a subset of TlpA ligands play a role in 

driving these in vivo phenotypes (Andermann et al., 2002; Rolig et al., 2012; 

Williams et al., 2007). Furthermore, this work provides another example (Bi et al., 

2013; Martín-Mora et al., 2018) of a chemotaxis system having antagonistic 

ligands, operating through a distinct type of chemoreceptor ligand-binding domain. 

These results suggest an interesting possible mechanism for regulating responses 

to multiple chemotactic ligands in a nutrient-rich environment using agonist and 

antagonist ligands.  
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2.6 Methods 

2.6.1 TlpA construct design and protein purification 

The periplasmic portion of TlpA (TlpALBD), amino acids 28- 299, from 

Helicobacter pylori SS1 was cloned into a pBH4 expression vector 

(pBH4_TlpALBD) to generate an N-terminal 6x-His-tagged construct, with a TEV 

protease site, under control of IPTG (Sweeney et al., 2018). Alanine point mutants 

at Asp 165, Met 183, Tyr 228, Tyr 252, and Tyr 254 in TlpALBD were generated via 

site-directed mutagenesis of pBH4_TlpALBD with primers listed in Supplemental 

Table 4 and confirmed via restriction digest and sequencing (QuikChange, 

Stratagene). TlpALBD and all point mutants were purified as described by Sweeney 

et al. 2018 (Sweeney et al., 2018). CD spectroscopy was used to confirm the correct 

folding of all proteins (Supplemental Fig. 2.3) (Elgamoudi et al., 2021).  

2.6.2 Ligand binding array 

Small-molecule arrays were prepared and performed as previously described (Day 

and Korolik, 2018). Briefly, 1 µg of purified TlpALBD in PBS, pH 7.2, was 

incubated with a molar concentration ratio (4:2:1) of anti-His antibody (Cell 

Signaling), followed by incubation with a secondary antibody (Thermo Scientific) 

for signal amplification. The protein-antibody mix was added to an Arrayit 

Superepoxy III glass substrate array blocked with PBS, pH 7.2, with 1% bovine 

serum albumin. The glass substrate array was printed with quadruplicate spots of 

148 different amino acids, salts of organic acids, and other small molecules 

(Supplementary Table 2.1). Unbound protein was washed away with PBS with 
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0.05% Tween. The arrays were scanned by a ProScan Array scanner at 488/520 nm 

and the results analyzed by ScanArray Express software program (Perkin Elmer). 

Three biological replicates were performed with a total of 12 data points for each 

glycan tested. Binding was classified as positive for a ligand if the relative 

fluorescence unit value was greater than one-fold above the mean background 

(defined as average background of negative control spots plus 3 standard 

deviations) and was statistically significant (p < 0.005, Students T-Test). The small 

molecule array slide preparation and analysis were done in accordance with 

MIRAGE guidelines (Liu et al., 2017) (outlined in Supplemental Table 2.5). 

2.6.3 Surface Plasmon Resonance Measurements 

Purified TlpALBD was immobilized on a CM5 series S sensor chip and binding 

affinities tested using a BIAcoreTM S200 instrument (GE Healthcare) as described 

(Day et al., 2016; Day and Korolik, 2018; Rahman et al., 2014). Briefly, proteins 

were captured using an amine coupling kit (GE Healthcare), in which the 

carboxylmethyl dextran matrix of the sensor chip was activated by injection of a 

mixture of 0.2M 1-ethyl-3-[(3-dimethylamino) propyl]-carbodiimide (EDC) and 

0.05 M N-hydroxysuccinimide (NHS), followed by neutralization of the remaining 

unreacted NHS ester groups by an injection of 1 M ethanolamine-HCl (pH 8.0). 

Purified TlpALBD was diluted in 10 mM sodium acetate buffer pH 4.5 at a 

concentration of 100 μg/mL for immobilization to the chip. 8400 response units 

(RU) of TlpALBD were captured on Flow Cell 2. As a negative control, Flow Cell 1 

was a blank control undergoing the same treatment as the other flow paths, without 
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the protein injection. This set enabled double reference subtraction of the responses 

(2-1, 3-1, 4-1).  The tested compounds were prepared as a stock concentration of 

100- 200mM in PBS. The compounds were then diluted between 1 nM-1mM in a 

series of 1:10 dilutions in PBS and run over the flow cells at a flow rate of 30 

μL/min. Between each sample testing, a series of buffer-only injections were run to 

enable double blank subtraction for the sensorgram assessment. After the initial 

run, based on the results, the dilution series ranged from 0.195 µM to 1 mM in 1:4 

dilutions in PBS. Then the samples were run using single-cycle kinetic/affinity 

methods in triplicate for those compounds that showed sub-millimolar affinity after 

the initial binding screen. The datasets were analyzed using the BIAcore s200 

evaluation software 2.0.2; sensorgrams were double reference subtracted. 

2.6.4 Bacterial strains and growth conditions  

For all chemotaxis assays, H. pylori strain PMSS1 was used (Arnold et al., 2011b). 

Bacteria were grown in Brucella broth (BD BBL/Fisher) with 10% heat-inactivated 

fetal bovine serum (FBS) (Life Technologies) (BB10), with shaking, at 37°C, under 

microaerobic conditions of 5% O2, 10% CO2, 85% N2. The PMSS1 ΔtlpA mutant 

was created by natural transformation of wild-type PMSS1 with 5 μg of ∆tlpA::cat 

SS1 genomic DNA (Andermann et al., 2002). Chloramphenicol-resistant mutants 

were selected using 10 μg/ml chloramphenicol on Columbia Horse Blood Agar as 

previously described (Andermann et al., 2002). Mutation of tlpA was confirmed by 

PCR amplification of genomic DNA from WT PMSS1, ∆tlpA::cat PMSS1, and 

∆tlpA::cat SS1 using primers TlpA_SS1_5’ (TTGTCTAAAGGTTTGAGTATC) 



 

47 
 

and TlpA_SS1_3’(TTAAAACTGCTTTTTATTCAC) (This study) (Supplemental 

Figure 2.4). 

2.6.5 Chemotaxis assays 

Swimming behavior assays were done with H. pylori PMSS1 strains and grown in 

BB10 as described above. Overnight cultures were diluted to an OD600 of 0.1 in 

fresh BB10 and then incubated with shaking as above until an OD600 of 0.12– 0.15 

was reached. Motility of these cultures was confirmed, and then they were used for 

chemotaxis assays by treating with L-arginine monohydrochloride (J.T. Baker, 

B577-05), sodium fumarate (Acros Organics, 215531000), L-cysteine 

hydrochloride monohydrate (RPI, C81020), D(+)-glucosamine hydrochloride 

(Chem-Impex International Inc., 01450), thiamine hydrochloride (Fisher 

BioReagents, BP892), α-ketoglutaric acid (Santa Cruz Biotechnology, SC-

208504), or L-malic acid (MP Biomedicals, 102237) at a final concentration of 0.1 

mM, 1 mM, 10 mM or an equal volume of H2O as a mock-treated control (4 μl H2O 

or 4 μl of ligand stock in H2O into 96 μl culture). The number of direction changes 

in a bacterial swimming trajectory were enumerated over a three-second interval to 

determine whether each putative ligand is sensed as an attractant, repellent, or 

elicits no response (Collins et al., 2016; Goers Sweeney et al., 2012; Lertsethtakarn 

et al., 2015; Machuca et al., 2017; Rader et al., 2011; Schweinitzer et al., 2008; 

Terry et al., 2006).  The results were compared to both a repellent control, 10 mM 

HCl (Fisher Chemical, A144S), which results in increased direction changes 

(Croxen et al., 2006; Goers Sweeney et al., 2012) and an attractant control, 50 μM 



 

48 
 

2,2’-dipyridyl (Arcos Organics, 117500250), which results in fewer direction 

changes (Collins et al., 2016). Each control is sensed by chemoreceptors other than 

TlpA (Collins et al., 2016; Croxen et al., 2006; Goers Sweeney et al., 2012; Huang 

et al., 2017). The pH of BB10 upon treatment was independently assessed using a 

Denver Instruments pH meter. Prior to realizing chemotactic responses may be due 

to media acidification, we resuspended all ligands in pure water. Therefore, to be 

able to compare results to previous experiments, we continued resuspending 

acidified ligands in pure water, then adjusting the pH of the resuspended ligand 

using NaOH. Cultures were filmed immediately after ligand addition at 400x 

magnification using a Hamamatsu Digital Camera C4742-95 with the μManager 

software (Version 1.4.22), mounted on a Nikon Eclipse E600 phase-contrast 

microscope. For the competition chemotaxis assay, cultures of H. pylori and ligands 

were prepared as above. However, 1 minute after the addition of a non-chemoactive 

ligand at a final concentration of 10 mM, a chemoactive ligand was added at a final 

concentration of 10 mM, and then cultures were filmed as described above. Videos 

were relabeled to blind the observer to the strain identity. For each sample, > 100 

3-s-long bacterial tracks from three independent cultures were analyzed manually 

to identify stops followed by direction changes. Data for all biological replicates 

for each condition was combined, and the average number of direction changes in 

3 seconds and standard error of the mean were calculated. For each strain, data was 

normalized to the untreated control for each experimental condition. Statistical 
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analysis of the data for treated versus untreated samples was performed using a 

two-way ANOVA, Dunnett’s multiple comparison test. 

2.6.6 SPR TlpA competition assays 

SPR competition assays were performed by using a BIAcore S200 instrument and 

the A-B-A inject function (Elgamoudi et al., 2021). Competition A-B-A analyses 

were used to interrogate the specificity of the potential ligand binding site 

preferences of TlpALBD and to unravel the nature of the ligand-sensor interactions. 

This assay was designed to show if a cumulative response is observed when a 

second analyte (B) is flown across the bound protein saturated with the first analyte 

(A) (Fig. 2.4). As the assay is designed to provide saturation of all analytes tested, 

this assay does not provide 1:1 competition to indicate which is the preferred 

analyte for a binding site. The proteins, wild-type TlpALBD was immobilized as 

above. The A-B-A was used with combinations of each of the compounds (at 

concentration 10-fold higher than the equilibrium dissociation constant [Kd]) and 

PBS control, with 60-second injections of analyte A to ensure saturation or near-

saturation was reached prior to competition with analyte B. The results were 

analyzed using BIAcore S200 evaluation software using the sensorgram mode, and 

data was zeroed to baseline before the initial A injection. All response data was 

normalized 100 Da molecular weight for each analyte, allowing direct comparison 

of responses. Independent Site theoretical values are calculated by taking the sum 

of individual responses. Shared Site theoretical values are calculated by taking the 

sum of individual responses divided by the number of individual responses.  



 

50 
 

2.6.7 Saturation Transfer Difference (STD) NMR 

In this experiment, the entire TlpALBD protein was first saturated at the protein 

resonances, and then excess ligand was added. As the ligand binds and releases 

from the receptor, saturation transfers from the protein to bound ligand. This 

transfer appeared as an increase in ligand intensity on epitopes that interacted with 

the TlpALBD protein. For STD NMR experiments, samples of 25 µM TlpALBD in 

complex with either 2.5 mM Arginine (Arg) or Fumaric Acid (Fum) in 99% D2O 

were prepared. All STD NMR spectra were acquired in Shigemi tubes (Shigemi, 

USA) with a Bruker 600 MHz Advance spectrometer at 283 K using 1H/13C/15N 

gradient cryoprobe equipped with z-gradients. Protein resonances were saturated at 

-1.0 ppm (on-resonance) and 33 ppm (off-resonance) and a total saturation time of 

2 sec. A total of 512 scans per STD NMR experiment were acquired and a 

WATERGATE sequence was used to suppress the residual HDO signal. A spin-

lock filter with 5 kHz strength and a duration of 10 ms was applied to suppress 

protein background. On- and off-resonance spectra were stored and processed 

separately, and the final STD NMR spectra were obtained by subtracting the on- 

and off-resonance spectra. Control STD NMR experiments were performed 

identically in the absence of protein.   

2.6.8 Docking analysis 

To evaluate a potential binding site for Arginine (Arg) and fumaric acid (Fum) to 

TlpALBD (PDB code: 6E09).  A blind docking experiment was performed using the 

AutoDock Vina protocol (Trott and Olson, 2009), a high-scoring molecular 
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docking program (Wang et al., 2016), implemented in the YASARA Structure 

molecular modeling package (Ver. 16.46)(Krieger et al., 2002). The blind docking 

experiment was set up by using the entire TlpA as-potential binding site (grid size 

92.99 Å x 75.73 Å x 62.13 Å). A total number of 999 Vina docking runs were 

performed.  
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CHAPTER 3- The Helicobacter pylori chemoreceptor TlpA regulates 

colonization within gastric glands and alters host inflammation 

3.1 Abstract 

One of the many ways Helicobacter pylori drives colonization and controls host 

inflammation is through its chemotaxis system. Chemotaxis is regulated by 

chemoreceptors. The H. pylori chemoreceptor TlpA plays a critical role in 

dampening chronic host inflammation via an unknown mechanism. It has become 

appreciated that chemotaxis and specific chemoreceptors dictate the localization of 

H. pylori in the stomach corpus and antrum. Additionally, chemotaxis affects 

immune responses, characterized by changes in CD4+ effector T-cell populations. 

To better understand how H. pylori alters host inflammation via TlpA, we 

performed an 8-month study to assess inflammatory responses and colonization 

dynamics of wild type and a tlpA deficient strain. We discovered that at 5-months 

post-infection, TlpA dampens host inflammation in the corpus, which is associated 

with decreasing the Th17 cell response. Changes in inflammation are not related to 

overall differences in bacterial number between WT and ΔtlpA H. pylori; however, 

TlpA is required for limiting gland colonization during the acute stage of infection. 

The ability of H. pylori to limit gland colonization early in infection could be an 

important mechanism by which H. pylori influences late host inflammation.   

3.2 Importance 

Helicobacter pylori colonizes half of the world’s population and is 

responsible for a significant disease burden by causing gastritis, peptic ulcers, and 
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gastric cancer. The development of host inflammation drives these diseases, but 

there are still open questions in the field about how H. pylori controls this process. 

It is known that the chemoreceptor TlpA dampens host inflammation, but it is 

unclear how. This work chronicles the role TlpA plays in inflammation 

development and the localization of H. pylori in the murine stomach over an 8-

month time course.   

3.3 Introduction 

Bacterial colonization confers both beneficial and harmful effects to the 

host. For instance, beneficial roles of our microbiota include increasing nutrient 

availability, protecting against pathogens, and providing immunological benefits 

by producing specific metabolites and promoting particular anti-inflammatory cell 

types (Lazar et al., 2018). Helicobacter pylori is one bacterial species that confers 

both beneficial and harmful effects. This bacterium colonizes individuals during 

early childhood, often transferred from mother to child, leading to lifelong 

colonization of the stomach (Harris et al., 2013; Salama et al., 2013). Colonization 

in the early childhood period leads to immunological benefits. These benefits are 

characterized by the development of T-regulatory cells that in turn decrease the risk 

of asthma and other pathologies (Arnold et al., 2011a; Cover and Blaser, 2009; 

Harris et al., 2013). However, continued colonization into later life can lead to 

disease, including gastritis, peptic ulcers, and gastric cancer, ultimately 

contributing to a significant disease burden throughout the world (Cover and 

Blaser, 2009; Ferlay et al., 2015; Hooi et al., 2017b; Plummer et al., 2015). These 
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diseases are driven by stomach inflammation, making it critical to understand the 

mechanisms by which this bacterium manipulates host inflammation. 

H. pylori forms intimate interactions with the human host, colonizing the 

two distinct regions of the stomach called the corpus and antrum, a pattern 

mimicked in murine models. Within these regions, H. pylori is found in the mucus 

layer lining the gastric epithelium, attached to gastric epithelial cells, and within 

gastric glands that invaginate both regions (Howitt et al., 2011; Keilberg and 

Ottemann, 2016; Schreiber et al., 2004; Yang and Ottemann, 2019). By all 

accounts, the stomach does not appear to be a hospitable niche for colonization. Its 

high acidity is toxic to H. pylori (Schreiber et al., 2005), contents of the stomach 

are emptied within hours of eating a solid digestible meal (Goyal et al., 2019), and 

the mucus layer (Atuma et al., 2001; Schreiber and Scheid, 1997) and gastric glands 

in which the bacteria reside are renewed in a matter of days, which is exacerbated 

by H. pylori colonization (Creamer et al., 1961; Sigal et al., 2015). Despite these 

challenges, H. pylori chronically colonizes the stomach using a variety of factors. 

These include virulence factors such VacA and γ-glutamyl-transpeptidase (GTT), 

which both lead to tolerogenic T-cells responses through effects on myeloid cell 

populations in the stomach (Salama et al., 2013; Zhang, 2020); the Cag PAI, which 

alters host cells signaling, increasing host inflammation and disease severity; 

adherence factors to facilitate host cell attachment; and urease to buffer the local 

environment of the bacteria; as well as several other factors (Keilberg and 

Ottemann, 2016; Salama et al., 2013).  
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The chemotaxis system of H. pylori dictates the localization of the bacteria 

within the stomach, which in turn promotes successful colonization and host 

inflammation development (Johnson and Ottemann, 2018). Chemotaxis regulates 

the motility of bacteria in dynamic environments, such as the stomach, in response 

to harmful and beneficial signals located extra- and intracellularly. These signals 

are sensed by chemoreceptors and are transduced through a two-component signal 

transduction system (Keilberg and Ottemann, 2016; Lertsethtakarn et al., 2011). H. 

pylori expresses three transmembrane chemoreceptors, TlpA, TlpB, TlpC, and one 

intracellular chemoreceptor, TlpD. Much work has been done to determine the 

sensing profile of these chemoreceptors to better understand their roles in vivo. 

Multiple attractants are sensed that are beneficial for H. pylori growth, including 

arginine, fumarate, and cysteine by TlpA; urea by TlpB; and lactate by TlpC (Cerda 

et al., 2003, 2011; Huang et al., 2015; Johnson et al., 2021; Machuca et al., 2017). 

Repellents, in contrast, are harmful to the bacteria and include acid sensed by 

multiple chemoreceptors, autoinducer-2 sensed by TlpB, and reactive oxygen 

species sensed by TlpD (Collins et al., 2016; Croxen et al., 2006; Huang et al., 

2017; Perkins et al., 2019; Schweinitzer et al., 2008). The ability to sense signals 

through this system maximizes the fitness of the bacteria in vivo, as essential 

metabolites can be sought, and harmful host conditions can be avoided (Collins et 

al., 2018; Huang et al., 2017). The loss of a chemoreceptor in this system leads to 

the inability to sense a subset of these signals, biasing a bacterium to the signals 

sensed by the remaining chemoreceptors.  
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During colonization, these chemoreceptors play unique roles, likely due to 

their distinct sensing profiles. TlpA, TlpC, and TlpD are all required for 

colonization of the stomach to varying digress, while TlpA and TlpB are required 

to dampen host inflammation during chronic infection (Andermann et al., 2002; 

Collins et al., 2018; Rolig et al., 2012; Williams et al., 2007). The work presented 

here focuses on understanding TlpA’s role in colonization and inflammation 

control in vivo. Previous work analyzing total tissue bacteria found that TlpA plays 

roles in colonization during the first two weeks of infection. ΔtlpA H. pylori was 

outcompeted by WT 50-fold in co-infections (Andermann et al., 2002) and had mild 

colonization defects in the antrum in single-strain infections (Rolig et al., 2012). 

During the later stages of infection, ΔtlpA H. pylori colonized to WT levels overall 

in the stomach at both 3- and 6-months post-infection (Williams et al., 2007). 

Intriguingly at late time points, e.g., 6-months post-infection, ΔtlpA H. pylori 

induced significantly more histologically measured inflammation (Williams et al., 

2007). Given that host inflammation control by H. pylori dictates disease severity, 

this study aims to understand better how TlpA modulates host inflammation. 

(Arnold et al., 2011b; White et al., 2015; Wroblewski et al., 2010). 

H. pylori inflammation is driven primarily by CD4+ effector T-cells 

(Lundgren et al., 2005). Specifically, Th1 and Th17 cells drive pro-inflammatory 

responses through the production of IFNγ and IL-17a, respectively (Arnold et al., 

2011b; Bamford et al., 1998; Eaton et al., 2001; Gray et al., 2013; Rolig et al., 

2011). Conversely, Tregs suppress the amount of inflammation induced during 
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infection through the secretion of IL-10 (Arnold et al., 2011; Eaton et al., 2001; 

Gray et al., 2013; Rolig et al., 2011). During the acute stage of infection, several 

myeloid cell types are recruited to the gastric lamina propria and interact with H. 

pylori. These include CD103+ CD11b+ DCs, CD103+ CD11b- DCs, CD103- 

CD11b+ DCs, MHCII- Monocytes, MHCII+ Monocytes, MHCII+ Macrophages, 

Neutrophils, and Eosinophils (Arnold et al., 2018, 2017; Oertli et al., 2012; Zhang, 

2020). These innate immune cell populations have been shown to interact with or 

phagocytose H. pylori, ultimately driving effector CD4+ T-cell differentiation 

through the production of cytokines (Zhang, 2020).   

Chemotaxis and chemoreceptors regulate the ability of H. pylori to colonize 

gastric glands (Collins et al., 2018; Howitt et al., 2011; Huang et al., 2017; Keilberg 

et al., 2016). During acute infection, non-chemotactic mutants have severe 

colonization defects of gastric glands in both the corpus and antrum. This gland 

colonization can be described in terms of the fraction of colonized glands, referred 

to as gland percent, and bacteria per colonized gland referred to as gland density. 

Non-chemotactic mutants exhibit significantly lower gland density and gland 

percent up to 1-month post-infection (Howitt et al., 2011; Keilberg et al., 2016). 

Chemoreceptors also regulate gland colonization as ΔtlpD and ΔtlpAD H. pylori 

have gland colonization defects 2-weeks post-infection. These phenotypes were 

ameliorated by reducing host ROS production or increasing stomach pH, 

respectively  (Collins et al., 2018; Huang et al., 2017).  
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The ability of H. pylori to colonize gastric glands is important for several 

reasons. For one, gland colonization seems to underlie colonization resistance, the 

property of an initial infection preventing a second one. Specifically, non-

chemotactic H. pylori do not colonize the glands and develop colonization 

resistance like WT does (Keilberg et al., 2016; Fung et al., 2019; Terry et al., 2005). 

Second, H. pylori in the glands can interact with Lgr5+ stem cells, increasing the 

proliferation rate of these mammalian cells, leading to hyperplasia (Sigal et al., 

2015). Lastly, gland populations may be associated with inflammation. 

Specifically, non-chemotactic mutants do not colonize glands and induce 

significantly less inflammation (Rolig et al., 2011; Williams et al., 2007). This 

inflammatory response is associated with a decreased pro-inflammatory Th17 cell 

response compared to WT H. pylori (Rolig et al., 2011). This data suggest that 

gland colonization may promote a pro-inflammatory Th17 response. Other data 

show that, in addition, the host T-cell response limits H. pylori gland infection, 

further supporting the connection (Carbo et al., 2014; Fung et al., 2019). Currently, 

it is unknown what role TlpA plays in gland colonization or how any phenotypes 

relate to host inflammation. 

In this work, we aimed to better understand the role of TlpA in host 

colonization and regulation of inflammation by assessing gland and total 

colonization, as well as inflammation development over an 8-month infection 

course. Our work confirmed previous findings that TlpA is not required to maintain 

overall colonization levels in the stomach. However, TlpA regulates gland 
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colonization levels, specifically the ability of H. pylori to maintain WT level gland 

loads during early infection and to colonize glands to WT frequencies during late 

infection. TlpA was found to transiently attenuate inflammation in the corpus, 

associated with changes in Th17 cell density. Additionally, TlpA offset cyclical 

changes in inflammation during late infection. In total, this work suggests TlpA 

affects host inflammation specifically in the corpus by attenuating Th17 cell 

abundance, potentially through the regulation of gland colonization by TlpA.  

 

3.4 Results 

3.4.1 TlpA dampens inflammation during chronic infection 

 ΔtlpA H. pylori mutants induce high levels of inflammation at 6-months 

post-infection (Williams et al., 2007). The inflammation associated with ∆tlpA 

infection, however, was normal at 3-months post-infection, raising questions about 

the exact inflammation kinetics. Specifically, we wanted to know when ∆tlpA 

inflammation peaked and for how long  (Williams et al., 2007). We thus carried out 

two independent, 8-month mouse colonization studies. Mice were infected orally 

with WT or ΔtlpA SS1 GFP+ H. pylori, and time points at 0.5-, 1-, 2-, 3-, 4-, 5-, 5.5-

, 6-, 6.5-, and 8-months post-infection were examined. Inflammation was assessed 

by histology of hematoxylin and eosin-stained tissue sections spanning the corpus 

to antrum. Inflammation grades were assigned by a pathologist (Dr. J. Elliot 

Carter), as done previously (Rolig et al., 2012; Williams et al., 2007), assessing the 

density and distribution of lymphocytic infiltration into the lamina propria of the 
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corpus and antrum separately. Inflammation grades were determined from the 

average of the two independent studies (Sup. Fig. 3.1).  

Over the first 4-months of infection in the corpus, inflammation steadily 

increased in both WT and ΔtlpA H. pylori infections (Fig. 3.1A). During this period, 

there were no differences in the inflammation response between the two strains. At 

5-months, however, ΔtlpA H. pylori induced significantly more inflammation (p < 

0.05) in the corpus (Fig. 3.1A). This event was followed by a large decrease in 

ΔtlpA H. pylori-infection inflammation relative to WT at 5.5-months, however, this 

difference was not significant (p = 0.1872). The amount of inflammation induced 

by ΔtlpA then increased over the next month, reaching a maximum at 6.5-months 

post-infection, followed by another large decrease by 8-months post-infection. 

During this period, WT colonization also caused month-to-month fluctuations in 

inflammation, but to a lesser degree, and was temporally offset. For example, the 

first inflammation peak with the ΔtlpA mutant occurred at 5-months versus 5.5-

months for WT.  

In the antrum, there were no significant differences in inflammation induced 

between WT and ΔtlpA infection groups over the 8-month infection period (Fig. 

3.1B). Both strains induced comparable levels of inflammation for the first 5-

months of infection. At 5.5-months post-infection, the level of inflammation caused 

by the ΔtlpA H. pylori decreased (Inflammation grade ~1.5 to 0.5) and remained at 

a similar level until the following month. During this period, WT induced higher 

inflammation levels, which peaked at 6.5-months post-infection. While the level of 
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inflammation WT induced at this period is greater than ΔtlpA H. pylori, it was not 

significantly different (P = 0.1228) (Fig. 3.1B). Finally, at 8-months post-infection, 

both strains induced a similar level of inflammation (Fig. 3.1B). 

Overall, these results confirm our previous report that ΔtlpA H. pylori 

induces significantly more inflammation during chronic infection (Williams et al., 

2007). There are some variations in the timing, as this phenotype was previously 

observed at 6-month (Williams et al., 2007), while here we found elevated 

inflammation at 5-months post-infection (Fig. 3.1A). One new observation is that 

the loss of TlpA creates an H. pylori strain that induces high levels of inflammation 

in a temporal manner that is offset from WT. These phenotypes were most striking 

in the corpus, while in the antrum there were also subtle but not significant. 

 

Figure 3.1- ΔtlpA H. pylori infections result in early inflammation peaks with 
offset kinetics compared to WT.   
Female C57BL/6N mice (n ≥ 7 per group) were orally infected with WT SS1 GFP+ 
or ΔtlpA SS1 GFP+ for 0.5-, 1-, 2-, 3-, 4-, 5-, 5.5-, 6-, 6.5-, and 8-months, in two 
independent infections. Inflammation induced by WT SS1 GFP+ or ΔtlpA SS1 
GFP+ infection groups was measured by assessing lymphocyte recruitment to the 
lamina propria of (A) corpus and (B) antrum via histology, as performed previously 
(Williams et al., 2007). Error bars represent the standard error of the mean. *, 
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P<0.05, comparisons between strains using two-way ANOVA, Šídák multiple 
comparison test. 
 
3.4.2 Increased Th17 cell density is observed in ΔtlpA H. pylori infected during 

late infection 

To better understand the nature of the corpus immune responses observed 

in ΔtlpA H. pylori infected mice, we assessed innate immune and effector T-cell 

populations by flow cytometry. Innate immune cell populations examined include, 

CD103+ CD11b+ DCs, CD103+ CD11b- DCs, CD103- CD11b+ DCs, MHCII- 

Monocytes, MHCII+ Monocytes, MHCII+ Macrophages, Neutrophils, and 

Eosinophils (Arnold et al., 2018, 2017; Oertli et al., 2012) (Sup. Fig. 3.2A). Over 

the period assessed, there were elevated levels of all innate immune populations 

relative to uninfected animals (Sup. Fig. 3.3). However, there were few differences 

in recruitment between WT and ΔtlpA H. pylori infection groups (Fig. 3.2). For 

example, at 6- and 8-months post-infection, there was a decrease in the frequency 

of eosinophils among all CD45+ cells in WT-infected mice. This resulted in ΔtlpA 

H. pylori infected mice having a significantly higher frequency of eosinophils (Fig. 

3.2A). There were no other significant differences in the recruitment of innate 

immune cell populations between infection groups.  
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Figure 3.2- Innate immune cells recruitment during chronic infection is 
similar between WT SS1 and ΔtlpA H. pylori infected mice 
Mice infected with WT SS1 GFP+ or ΔtlpA SS1 GFP+ were used to isolate corpus 
lamina propria leukocytes after 5-, 5.5-, 6-, 6.5-, and 8-months post-infection from 
the same mice as shown in Sup. Fig. 1A (n = 7- 9 per group). Analysis including 
uninfected mice is included in Sup. Fig. 3.2. A) neutrophils, B) eosinophils, C) 
MCHII+ macrophages, D) MCHII- monocytes, E) MHCII+ monocytes, F) CD103- 
CD11b+ DCs, G) CD103+ CD11b- DCs, and H) CD103+ CD11b+ DCs were 
analyzed by flow cytometry. Data are presented as the frequency of each cell type 
as the percent of all live CD45+ lymphocytes. Error bars represent the standard error 
of the mean. *, P<0.05, comparisons between strains using two-way ANOVA, 
Šídák multiple comparison test. 
 
 To further compare the inflammatory response between WT and ∆tlpA 

mutants, we next focused on CD4+ effector T-cell populations that are important 

for the development of inflammation (Lundgren et al., 2005). It has been well 
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established that Th1 and Th17 cells drive pro-inflammatory responses through the 

production of IFNγ and IL-17a, respectively (Arnold et al., 2011b; Bamford et al., 

1998; Eaton et al., 2001; Gray et al., 2013; Rolig et al., 2011). Conversely, Tregs 

suppress the amount of inflammation induced during infection through the 

secretion of IL-10 (Eaton et al., 2001; Arnold et al., 2011b; Rolig et al., 2011; Gray 

et al., 2013). Accordingly, we assessed the recruitment of all CD4+ effector T-cells 

(CD4+ TCRβ+), Th1 (Tbet+), Th17 (RorγT+), and Tregs (FoxP3+) (Sup. Fig. 3.2B). 

In both WT and ΔtlpA H. pylori infected mice, Th1 and Treg recruitment were 

equivalent throughout the period observed (Fig. 3.3A and C). However, at 5- and 

8-months post-infection in ΔtlpA H. pylori infected mice, there was a significantly 

higher frequency of Th17 cells among all CD45+ lymphocytes recruited to the 

corpus (Fig. 3.3B). At 5.5- and 6- months post-infection, Th17 cell recruitment in 

ΔtlpA H. pylori infected mice was also higher, but not significantly (Fig. 3.3B). 

While there were significant differences in the frequency of Th17 cells among all 

CD45+ lymphocytes recruited, there were no differences in the absolute cell count 

of any effector T-cell subtype or total CD45+ lymphocytes observed (Sup. Fig. 

3.4A- F). This finding suggests that the frequency of each cell type among all 

lymphocytes recruited during infection may dictate the amount of histologically 

evident inflammation that is observed instead of gross numbers of a given cell type. 

Further analysis measuring cytokine expression from these T-cell subtypes needs 

to be performed to explore these connections further.  
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Figure 3.3- Inflammatory changes in ΔtlpA H. pylori infected mice are 
associated with an increase in the Th17 population recruited to the corpus 
lamina propria.  
Mice infected with WT SS1 GFP+ or ΔtlpA SS1 GFP+, and lymphocytes from the 
corpus lamina propria were isolated at 5-, 5.5-, 6-, 6.5-, and 8-months post-infection 
from the same mice from Fig. 2 (n = 7- 9 per group). Analysis including uninfected 
mice is included in Sup. Fig. 3.3. A) Th1 (Tbet+ TCRβ+ CD4+), B) Th17 (RorγT+ 
TCRβ+ CD4+), and C) Tregs (FoxP3+ TCRβ+ CD4+) were analyzed by flow 
cytometry. Data are presented as the frequency of each cell type as the percent of 
all live CD45+ lymphocytes. Error bars represent the standard error of the mean. *, 
P<0.05, comparisons between strains using two-way ANOVA, Šídák multiple 
comparison test. 
 

3.4.3 Gland colonization patterns of H. pylori are dynamic throughout a long-term 

infection 

Having observed that TlpA influences inflammatory cell abundance in the 

corpus, we next assessed the colonization patterns of WT and ΔtlpA H. pylori in 

fine detail. Previous work has assessed overall tissue colonization in both strains 

(Andermann et al., 2002; Rolig et al., 2012; Williams et al., 2007), but there have 

been no detailed longitudinal studies combining inflammation development and 

gastric localization. Accordingly, we assessed the colonization patterns of WT and 

ΔtlpA SS1 GFP+ H. pylori from the same samples above (Fig. 3.1) at 0.5-, 1-, 2-, 3-

, 4-, 5-, 5.5-, 6-, 6.5-, and 8-months post-infection. At each time point, we 

enumerated corpus and antrum total colony forming units (CFU) from bulk tissue, 
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the average number of bacteria per gland (gland colonization), the average number 

of bacteria per occupied gland (gland density), and the percentage of glands 

occupied (gland percent) (Fig. 3.4). Of note, gland colonization is the composite of 

both gland density and gland percent, thus providing an overall picture of gland 

colonization dynamics. The latter two metrics give a contextual understanding of 

the overall gland colonization patterns.  

WT H. pylori displayed a pattern in which there were significantly more 

total bacteria in the antrum compared to the corpus (~10 fold) until 1-month post-

infection (Fig. 3.4A), as observed in previous work (Keilberg et al., 2016; Martinez 

et al., 2018). These differences between the corpus and antrum disappeared by 2-

months post-infection. For the remainder of the time course, there were no 

significant differences in the total number of bacteria between these regions. While 

the colonization differences between regions were not significant, the antrum-

located H. pylori displayed large population expansions and contractions from 

month-to-month. For instance, there was a ~60-fold increase and decrease in the 

antrum population from 5.5- 6.5-months post-infection, and by 8-months post-

infection, there was ~20-fold less WT H. pylori overall in the antrum (Fig. 3.4A). 

Over this time course, WT displayed obvious differences in gland 

colonization dynamics between the corpus and antrum. Initially, average gland 

colonization was equal in the two regions (Fig. 3.4B), but significantly more corpus 

glands were colonized (Fig. 3.4D). Antral gland colonization rapidly expanded (Fig 

3.4B), with a significant increase in gland density and gland percent occupancy (Fig 
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3.4C-D), followed by an equally abrupt decline by 2-months post-infection (Fig. 

3.4B). This decline was caused by a significant decline in gland density, although 

gland percent occupancy remained high (Fig. 3.4C-D). At 4-months post-infection 

in the antrum, there was another significant increase in gland colonization (Fig. 

3.4B), caused by a significant increase in gland density within the antrum (Fig. 

3.4C) and not due to an increase in gland percent occupancy (Fig. 3.4D). This 

expansion in the antral gland population at 4-months post-infection was transient, 

and by 5-months post-infection, this population declined to levels comparable to 

the corpus (Fig. 3.4B-C). From 3- to 8-months post-infection, there was generally 

a significantly higher gland percent occupancy in the corpus than in the antrum 

(Fig. 3.4D). ΔtlpA H. pylori also follow similar overall colonization trends between 

regions. However, ΔtlpA H. pylori always has higher corpus gland occupancy (Fig. 

3.4E-H).  

Altogether, WT H. pylori favors antral colonization early in infection, 

partially due to higher gland colonization in this region. After 2-months, overall 

differences between regions subside, and there is a general switch to favoring 

corpus gland colonization for the remainder of the time course. 
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Figure 3.4- WT SS1 and ΔtlpA H. pylori SS1 have unique colonization patterns 
in the murine stomach 
Colonization dynamics of WT SS1 and ΔtlpA SS1 within the mouse stomach were 
analyzed over a time course from the acute to chronic stage of infection from the 
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same mice from Sup. Fig. 1A-B. Female C57BL/6N mice (n ≥ 4) were orally 
infected with WT SS1 GFP+ or ΔtlpA SS1 GFP+ for 0.5-, 1-, 2-, 3-, 4-, 5-, 5.5-, 6-, 
6.5-, and 8-months. Total colonization levels of (A) WT and (E) ΔtlpA in the corpus 
and antrum region of the stomach was determined by homogenizing tissue and 
plating for colony forming units (CFU). For each strain, gland colonization 
phenotypes were quantified and compared between the corpus and antrum. 
Individual glands were isolated and GFP+ bacteria were visualized using the 
Bacterial Localization in Isolated Glands (BLIG) method (Keilberg et al., 2016). 
For each mouse, 100 isolated glands from the corpus and 100 from the antrum were 
analyzed. (B and F) Gland colonization is the average number of WT SS1 GFP+ or 
ΔtlpA SS1 GFP+ per all glands analyzed in either region. (C and G) Gland density 
is the average number of WT SS1 GFP+ or ΔtlpA SS1 GFP+ per occupied gland. (D 
and H) Gland percent is the average percent of glands that are occupied by either 
WT SS1 GFP+ or ΔtlpA SS1 GFP+ at each time point. For all graphs, error bars 
represent the standard error of the mean. *, P < 0.05; **, P < 0.01; ***, P < 0.001; 
****, P < 0.0001, comparisons between corpus and antrum using two-way 
ANOVA, Šídák multiple comparison test. 

 

3.4.4 Sensing through TlpA alters H. pylori gland localization 

We next compared the colonization patterns between WT and ΔtlpA H. 

pylori to better understand the colonization differences between strains (Fig. 3.5 

and Sup. Fig. 3.5). At 1-month post-infection, there were significantly more (P < 

0.05) ΔtlpA H. pylori CFU in the corpus compared to WT (Fig. 3.5A). At all other 

time points, there were no significant differences in colonization CFU between the 

strains in either the corpus or antrum (Fig. 3.5A and D, Sup. Fig. 3.5). These results 

are consistent with previous reports (Williams et al., 2007).  

In corpus glands, ΔtlpA H. pylori showed early elevated numbers, e.g., from 

0.5- 1-month post-infection (Fig. 3.5B). This increase was associated with 

significantly higher corpus gland percent occupancy at some time points, but at 

others, it was defined by higher gland density (Fig. 3.5C and D). From 2- 8-months 

post-infection, there were few differences in gland colonization between the strains 
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in either the corpus or antrum (Fig. 3.5B and F). For both strains, gland colonization 

steadily decreased from the peak at 1-month post-infection until 3-months post-

infection in both regions (Fig. 3.5B and F). Of note, at 4-months post-infection, 

there was a significant increase in both WT and ΔtlpA H. pylori gland colonization 

(Fig. 3.5B and F). However, this WT gland density increase was antrum-specific, 

and ΔtlpA H. pylori increase was corpus-specific (Fig. 3.5C and G). These increases 

seemed fairly restricted to the individual gland level, meaning that the number of 

bacteria per gland increased but not the percent glands occupied. This outcome was 

especially apparent for the tlpA mutant, which did not substantially increase the 

percent glands occupied, while WT H. pylori did (Fig. 3.5D).  

During the 2–8-month period, there were more limited differences in gland 

colonization. ΔtlpA H. pylori, however, consistently colonized fewer glands in both 

regions (Fig. 3.5D and H). At 2-, 4-, 6-, and 6.5-months post-infection in the corpus, 

and at 1-, 2-, 3-, 4-, 5-, 6-, and 8-months post-infection in the antrum, ΔtlpA H. 

pylori had significantly lower gland percent occupancy (Fig. 3.5D and H). One 

exception to this was at 5.5-months post-infection in the antrum when ΔtlpA H. 

pylori had significantly higher gland percent occupancy (Fig. 3.5H), which was 

associated with a non-significant increase in gland density (Fig. 3.5G).  

Overall, these results demonstrate that ΔtlpA H. pylori have higher corpus 

gland colonization during the first month of infection. After this point, ΔtlpA H. 

pylori colonizes fewer glands throughout the time course (Fig. 3.5 and Sup. Fig. 

3.5). Additionally, an intriguing expansion in gland colonization occurs at 4-
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months post-infection for both strains in a region-specific manner, a phenotype that 

has not been previously reported. 

 

Figure 3.5- ΔtlpA H. pylori occupy more glands, with greater density during 
early infection, and colonize glands with lower frequency during late infection. 
Overall colonization and gland colonization phenotypes were quantified and 
compared between WT SS1 GFP+ or ΔtlpA SS1 GFP+ from the infection groups 
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from the same mice as in Fig. 4. Colonization of WT SS1 and ΔtlpA in the corpus 
was assessed for (A) total colonization, (B) gland colonization, (C) gland density, 
and (D) gland percent. Colonization of WT SS1 and ΔtlpA in the antrum was 
assessed for (E) total colonization, (F) gland colonization, (G) gland density, and 
(H) gland percent. For all graphs, error bars represent the standard error of the 
mean. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001, comparisons between 
strains using two-way ANOVA, Šídák multiple comparison test. 

 

3.4.5 Non-chemotactic H. pylori induction of inflammation is associated with 

gland colonization phenotypes 

Our results above suggest that tlpA mutants display elevated gland 

colonization compared to WT specifically in the corpus, a region that also shows a 

heightened inflammatory response to these mutants. This finding raised the idea 

that gland populations may play a role in dictating the inflammatory response. To 

further explore this idea, we examined a mutant with a known inability to colonize 

the glands in early infection, the non-chemotactic ΔcheY H. pylori. This mutant 

furthermore elicits low inflammation (Rolig et al., 2011; Williams et al., 2007). 

Therefore, a more detailed time course than done previously with ΔcheY GFP+ H. 

pylori infected was carried out. As reported before, we documented that cheY 

mutants caused less inflammation than WT in both the corpus (Fig. 3.6A) and 

antrum during late infection (Sup. Fig. 3.6A). Like WT and ∆tlpA, ΔcheY induces 

increasing amounts of inflammation from 2- to 4-months post-infection in the 

corpus (Fig. 3.6A) while in the antrum, ΔcheY H. pylori induces similar levels of 

inflammation relative to WT and ΔtlpA (Sup. Fig. 3.6A). However, by 5-months 

post-infection, ΔcheY causes less inflammation in both regions (Fig. 3.6A and Sup. 

Fig. 3.6A).  
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Over the infection time course, there were no significant differences in total 

colonization levels between WT, ΔtlpA, and ΔcheY in either the corpus or antrum 

(Fig. 3.6B and Sup. Fig. 3.6B). However, when looking at the populations of these 

strains within glands, differences appear. At 2-months post-infection in the corpus 

and antrum, there is significantly lower gland colonization by ΔcheY relative to WT 

SS1 (Fig. 3.6C and Sup. Fig. 3.6C), due to a significantly lower gland percent 

occupancy by ΔcheY (Fig. 3.6E and Sup. Fig. 3.6E). This result suggests that 

previously seen early gland deficits continue to 2-months post-infection. Somewhat 

surprisingly, at 3-months post-infection in the corpus and antrum, there is a 

significant increase in gland colonization by ΔcheY relative to WT and ΔtlpA, due 

to a significant increase in gland density by ΔcheY (Fig. 3.6C-D and Sup. Fig. 3.6C-

D). This expansion of ΔcheY in corpus glands continues at 4-months post-infection, 

as the gland density increases relative to the previous month and is significantly 

higher than WT and ΔtlpA (Fig. 3.6C-D). This modest expansion correlates with 

high inflammation at 4-months as well. In total, ΔcheY H. pylori accumulates to a 

high gland density and cause increased levels of inflammation, from 2- to 4-month 

post-infection.  
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Figure 3.6- Non-chemotactic H. pylori induce inflammation transiently during 
infection, associated with increase gland density. 
Colonization dynamics of WT SS1, ΔtlpA, and ΔcheY SS1 within the corpus were 
analyzed during the chronic stage of infection. Female C57BL/6N mice (n ≥ 3) 
were orally infected with WT SS1 GFP+, ΔtlpA, ΔcheY SS1 GFP+ for 2-, 3-, 4-, 5-
, 6-, and 8-months. Data are from the same animals as in Sup. Fig. 5. (A) 
Inflammation by histology, (B) total colonization, (B) gland colonization, (C) gland 
density, and (D) gland percent were assessed. For all graphs, error bars represent 
the standard error of the mean. Comparisons between strains were made using two-
way ANOVA, Tukey multiple comparison test. WT vs. ΔtlpA: a, P<0.0001; b, 
P<0.001; c, P<0.01; d, P<0.05. WT vs. ΔcheY: ****, P<0.0001; ***, P<0.001; **, 
P<0.01; *, P<0.05. ΔtlpA vs.ΔcheY: #, P<0.0001; †, P<0.001; ‡, P<0.01; ¥, P<0.05. 
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3.5 Discussion 

In this work, we sought to understand how H. pylori influences 

inflammation during infection through its chemotaxis system, focusing on the 

chemoreceptor TlpA. Our results suggest that ΔtlpA H. pylori have altered late-

infection inflammation kinetics that results in their inflammation being higher than 

WT at some time points and lower at others. This phenotype manifests in transient 

spikes in corpus inflammation during the late stage of infection, which is associated 

with an increased frequency of Th17 cells. Chemotaxis regulates the localization of 

H. pylori in the gastric mucosa. Accordingly, to better understand how 

inflammation may be regulated by chemotaxis, we analyzed the colonization 

patterns of WT and ΔtlpA H. pylori. During the late stage of infection, both strains 

have similar total colonization levels and gland colonization characteristics. 

However, during the early stage of infection, up to 1-month post-infection, ΔtlpA 

H. pylori colonizes more corpus glands, accumulating to higher numbers per gland 

than WT H. pylori. Early gland colonization phenotypes may dictate later 

inflammatory outcomes. Previous work has demonstrated that non-chemotactic H. 

pylori have severe gland colonization defects during early infection and induce less 

inflammation during the late stage of infection. These data suggest a possible role 

of early gland colonization influencing inflammation throughout infection. 

3.5.1 Region-specific inflammation control 

 H. pylori colonizes the two major anatomical regions of the murine stomach 

called the corpus and antrum. The corpus is comprised of zymogenic glands, which 
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secrete acid, pepsinogen, hormones, and mucins, while the antrum is comprised of 

mucous glands, which secrete mucus and hormones (Yang and Ottemann, 2019). 

Due in part to the different cell types in each region, each has distinct metabolomes, 

creating unique microenvironment niches within the stomach (Yang and Ottemann, 

2019; Keilberg et al., 2020). Likely because of these factors, H. pylori has distinct 

colonization patterns within the mucus and gastric glands of each region (Keilberg 

et al., 2016). Previous work demonstrated that TlpA plays a role in dampening host 

inflammation late during infection at 6-months post-infection (Williams et al., 

2007). To expand on these studies, we wanted to assess if inflammatory outcomes 

of infection were widespread or region-specific.  

 In our experiments, we found there was no difference in inflammation 

between WT and ΔtlpA H. pylori for the first 4.5-months of infection. After this 

time period, the pattern changed. For example, at 5-months post-infection in the 

corpus, ΔtlpA H. pylori induced significantly elevated inflammation, a response 

that was reproducible and similar to that observed in the prior publication (Williams 

et al., 2007). This heightened inflammatory response was transient, with the 

inflammation decreasing rapidly by 5.5-months, and then fluctuating for the 

remainder of the time course. Of note, inflammation in both WT and ∆tlpA H. pylori 

infections fluctuated, but the loss of tlpA resulted in an offset and heightened pattern 

of inflammation compared to WT (Fig. 1A). Intriguing to note, TlpA appears to be 

under selective pressure, accumulating a high frequency of mutations in the dCache 

sensing domain of tlpA (Collins et al., 2016; Ailloud et al., 2019). While it is not 
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yet known how these mutations affect TlpA sensing and signaling, it is interesting 

that tlpA is one of the more highly affected loci and may be subject to mutations 

that change its properties and possible inflammatory-control abilities.  

In this study, our latest time point was at 8-months post-infection. However, 

like in the human stomach, H. pylori can establish chronic colonization, lasting for 

over a year in a murine model. Colonization studies up to 15-month- post-infection 

with H. pylori SS1 have been performed, showing that mice colonized for 15-

months had higher inflammation than at 6-month post-infection (Thompson et al., 

2004). Given this outcome, it may be interesting to see how inflammation evolves 

over a more extended period. Of note, the H. pylori strain used, SS1, does not have 

a functional Cag PAI T4SS, inducing less inflammation, with lower pathology, 

compared to its parent strain, PMSS1 (Arnold et al., 2011b). It would also be 

informative to see how these inflammatory kinetics translate to another strain of H. 

pylori. The current colonization window we are examining suggests that TlpA is 

important for causing consistent levels of inflammation in the stomach. Following 

this inflammatory event at 5-months post-infection, we observed ~7- and ~17-fold 

colonization decreases in the corpus and antrum, respectively. It has been well 

established in the literature that inflammation severity and colonization levels are 

inversely related (Algood and Cover, 2006; Arnold et al., 2011b; Chen et al., 2001). 

Therefore, it is presumably advantageous for H. pylori to limit the amount of 

inflammation it induces during infection.   
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 We characterized the ΔtlpA-mutant immune response using flow cytometry. 

We observed ΔtlpA H. pylori infected mice had increased Th17 cell density (Fig. 

3.3B), but not any other cell type, during the period of increased inflammation at 

5-months post-infection (Fig. 3.2 and Fig. 3.3A+C). Th17 cells play a major role in 

inflammation development during H. pylori colonization, primarily through the 

production of pro-inflammatory cytokines (Dixon et al., 2019; Serrano et al., 2013; 

Shiomi et al., 2008). Some of the primary cytokines include: 1) IL-17A, which 

promotes neutrophil recruitments through IL-8 and promotes the expression of 

antimicrobial peptides from epithelial cells; 2) IL-17F, which upregulates the 

expression of other pro-inflammatory cytokines and chemokines, inducing IL-2, 

TGF-β, IL-6, and GM-CSF; 3) IL-21, which promotes the proliferation of Th1 and 

Th17 cells, creating a positive feedback loop, and promote the proliferation of B-

cells; and 4) IL-22, which acts on non-hematopoietic cells by upregulating 

antimicrobial peptide expression and promoting tissue repair (Dixon et al., 2019). 

Further work needs to be performed to determine if differences in cytokine 

expression are observed in ΔtlpA H. pylori infected mice. Interestingly, recent work 

has shown that arginine, a TlpA chemoattractant (Johnson et al., 2021), and the 

polyamine pathway are critical for maintaining Th17 pathogenicity (Wagner et al., 

2021). TlpA may attenuate host inflammation by mediating a chemoattractant 

response towards arginine, allowing H. pylori to readily use it and thus limiting its 

availability to the host. In turn, this usage could reduce arginine uptake by Th17 
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cells, resulting in decreased cytokine production and pathogenicity (Wagner et al., 

2021).   

We also observed significantly higher eosinophil recruitment compared to 

WT at multiple time points in ΔtlpA H. pylori infected animals (Fig. 3.2A). 

Recently, eosinophils have been shown to play a major role during H. pylori 

colonization, as eosinophils interact with H. pylori in the gastric mucosa, regulating 

Th1 cell proliferation (Arnold et al., 2018). Th1 cells are a significant contributor 

to the development of pathologies that are observed during H. pylori colonization 

through the production of IFNγ (Gray et al., 2013). However, changes in eosinophil 

populations do not correlate with any change in Th1 recruitment during the period 

of observation at the 5- 8-month post-infection window (Fig. 3.2A and Fig. 3.3). 

Therefore, it appears that changes in the Th17 cell population may underlie the 

attenuation of inflammation by TlpA. 

3.5.2 H. pylori localization throughout colonization is dynamic and regulated by 

chemoreceptors 

Over the past decade, it has become appreciated that colonization of gastric 

glands by H. pylori is regulated by chemotaxis (Howitt et al., 2011). Non-

chemotactic mutants, including ΔcheY and Δchepep¸ have been shown to have 

severe defects in gland colonization compared to WT H. pylori during the first 

month of infection (Howitt et al., 2011; Sigal et al., 2015; Keilberg et al., 2016; 

Collins et al., 2018; Fung et al., 2019). A functional aspect of gland colonization is 

that it appears to promote colonization resistance to secondary infection, even by 
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matched isogenic strains (Keilberg et al., 2016; Fung et al., 2019). This may explain 

why non-chemotactic H. pylori are outcompeted by an isogenic WT strain, as they 

are unable to colonize gastric glands (Terry et al., 2005). In addition to general 

chemotaxis, specific chemoreceptors also play an essential role in regulating gland 

colonization. 

Each chemoreceptor expressed by H. pylori is responsible for sensing 

multiple ligands and signals (Johnson and Ottemann, 2018). Accordingly, progress 

has been made to understand how chemoreceptors regulate the localization of H. 

pylori in the stomach. Studies with the chemoreceptor TlpD are illustrative of the 

roles that individual chemoreceptors can play. ΔtlpD H. pylori have overall 

colonization defects in the stomach (Rolig et al., 2012), associated with decreased 

gland percent but increased gland density. This colonization phenotype is 

ameliorated in mice defective in reactive oxygen species (ROS) production, 

demonstrating the importance of TlpD in sensing and initiating a chemorepellent 

response to ROS during infection (Collins et al., 2018). In addition to ROS, TlpD 

has been shown to sense pH synergistically with TlpA. ΔtlpAD H. pylori have a 

more severe overall colonization defect at 2-weeks post-infection than ΔtlpD H. 

pylori and are defective in gland colonization. These defects were improved via 

omeprazole treatment, a proton-pump inhibitor that increases the pH of the stomach 

(Huang et al., 2017). In total, this work demonstrates the importance 

chemoreceptors can play during colonization. The inability to sense specific signals 
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in the gastric environment leads to altered localization, leaving H. pylori susceptible 

to non-optimal or even toxic host conditions and immune responses. 

Our studies examined the colonization patterns of both WT and ΔtlpA H. 

pylori throughout a long-term infection. We found that WT and ΔtlpA H. pylori 

have similar overall colonization trends when assessing each strain individually, 

comparing differences in colonization between the corpus and antrum. Both strains 

favor the antrum during the first month of colonization (Fig. 3.4A and E). After this 

point, there are no statistical differences in overall colonization between regions of 

the stomach when analyzing each strain independently. ΔtlpA H. pylori favors 

corpus glands throughout the infection time course, except at 0.5-months post-

infection (Fig. 3.4F-G). WT, however, tends to favor antral glands 1-2-months post-

infection, with either higher gland percent or density (Fig. 3.4B-D). Thus, it seems 

that loss of tlpA results in strains that are unable to thrive in the antrum, suggesting 

TlpA’s signals are present in the antral glands or mucus layer during this period.  

One striking gland colonization trend occurs at 4-months post-infection. 

WT H. pylori experience a significant increase in the antral gland population, 

associated with increased gland density (Fig. 3.4B-C). ΔtlpA H. pylori also 

experiences a significant increase in the gland population, but conversely, this 

occurs in the corpus and is significantly higher than WT (Fig. 3.4F-H and Fig. 3.5B-

C). This population change suggests the gastric environment is changing at this 

time. While there are no differences in inflammation induced between infection 

groups at this time point, these population shifts occur directly before the ΔtlpA H. 
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pylori spike in inflammation at 5-months post-infection (Fig. 3.1A).  The 

accumulation of ΔtlpA H. pylori within corpus glands at 4-month post-infection 

suggests there may be a TlpA signal present that usually directs the bacteria to exit 

corpus glands. There is a significant increase in WT corpus gland percent at this 

same time point (Fig. 3.5D), providing some support for this idea. While it may be 

possible for a TlpA chemoattractant, such as arginine, fumarate, or cystine, to be 

present outside of the glands at this time point, previous work has shown that 

increased gland density occurs when unable to sense a chemorepellent signal 

(Huang et al., 2017; Collins et al., 2018). TlpA has been shown to play a role in 

acid-sensing, but this function occurs primarily in cooperation with TlpD (Huang 

et al., 2017). Therefore, this phenotype is unlikely to be caused by an inability to 

sense acid, suggesting TlpA might sense additional repellents. Of note, the ΔtlpA 

H. pylori population within the corpus glands declined by 5-month post-infection 

(Fig. 3.4F-G and Fig. 3.5B-C). The increased Th17 response at this time point is 

subtle but significant. This elevated Th17 response may underlie the gland 

population decrease, as gland colonization is regulated by host immune responses 

(Carbo et al., 2014; Collins et al., 2018; Fung et al., 2019). 

3.5.3 Potential link between gland colonization patterns and inflammation 

development 

It has been demonstrated that non-chemotactic H. pylori mutants induce low 

inflammation levels at 2-month post-infection, which is characterized by a 

decreased Th17 response (Rolig et al., 2011). Additionally, non-chemotactic H. 
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pylori mutants have severe colonization defects during the acute stage of infection 

until 1-month post-infection (Keilberg et al., 2016). Our results show that ΔtlpA H. 

pylori have high gland colonization in the corpus until 1-month post-infection, 

characterized by increased gland density and gland percent relative to WT (Fig. 

3.5B-D). A potential mechanism by which chemotaxis affects inflammatory 

outcomes is through controlling colonization of gastric glands during the acute 

stage of infection. During this period, various myeloid cell types in the stomach 

interact with H. pylori. This is critical for developing the effector T-cell response, 

characterized by the recruitment and proliferation of the pro-inflammatory, Th1 and 

Th17 cells, and the anti-inflammatory Tregs during infection (Zhang, 2020). It is 

plausible that situations that result in high numbers of bacteria per gland increases 

the chance for total or specific myeloid cells to interact with H. pylori. High or 

distinct myeloid sampling might, in turn, result in differences in T-cell priming and 

subsequent T-cell populations. On the other hand, non-chemotactic mutants have 

low gland density and occupancy compared to WT (Keilberg et al., 2016). As a 

result, there may be decreased T-cell priming during the early stage of infection, 

potentially explaining why non-chemotactic H. pylori induce a dampened Th17 

response during infection (Rolig et al., 2011). These ideas, however, need to be 

explored in future experiments. 

During our colonization studies, we also included ΔcheY H. pylori, a non-

chemotactic mutant. Interestingly, despite previous reports showing that ΔcheY H. 

pylori induces less inflammation at either 2-, 3- or 6- months post-infection (Rolig 
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et al., 2011; Williams et al., 2007), we observed that ΔcheY H. pylori induces higher 

but not significant levels of inflammation at 4-months post-infection (Fig. 3.6A). 

This increase in inflammation is associated with increased gland density by ΔcheY 

H. pylori relative to WT at this same time point (Fig. 3.6C-D). Because non-

chemotactic H. pylori cannot migrate in response to chemical gradients, they are 

likely trapped within gastric glands unless they can escape in a stochastic manner. 

This could explain why the gland density of ΔcheY H. pylori increases from 2- to 

4-months post-infection (Fig. 3.6D). Thus, controlling gland density during 

infection via chemotaxis may be a mechanism by which H. pylori modulates 

inflammation. 

3.6 Conclusion 

This work is significant because it provides the first in-depth analysis of 

inflammation and colonization patterns of H. pylori throughout a late stage of 

infection. Additionally, we provide greater clarity as to the nature of inflammation 

control by H. pylori during infection and the role of chemotaxis, and the individual 

chemoreceptor TlpA, in this process. These findings lay the groundwork for future 

studies that explore these ideas. 

 

3.7 Methods 

3.7.1 Bacterial strains and culture conditions 

H. pylori strains used in this study were all derived from the H. pylori strain SS1. 

They include WT, WT GFP+, ΔtlpA GFP+ (This study), ΔcheY::cat GFP+, and 
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ΔtlpA::kan-sac (Lee et al., 1997; Keilberg et al., 2016; Rader et al., 2011). Bacteria 

were grown at 37°C under microaerobic conditions of 5% O2, 10% CO2, and 85% 

N2 on solid media containing Columbia Blood Agar Base (BD), containing 5% 

defibrinated horse blood (Hemostat Laboratories, Dixon, CA), 50 µg/ml 

cycloheximide (VWR), 10 µg/ml vancomycin, 5 µg/ml cefsulodin, 2.5 U/ml 

polymyxin B (all from Gold Biotechnology), and 0.2% (wt/vol) beta-cyclodextrin 

(Spectrum Labs, Gardena, CA) (CHBA) or in Brucella broth (BD BBL/Fisher) with 

10% heat-inactivated fetal bovine serum (FBS) (Life Technologies) (BB10), with 

shaking. Chloramphenicol-resistant mutants were selected using 10 μg/ml 

chloramphenicol (Gold Biotechnology) on CHBA, as previously described 

(Andermann et al., 2002).  

The ΔtlpA SS1 clean deletion mutant was made by natural transformation 

of ΔtlpA::kan-sac H. pylori SS1 with pTA10, which contains a tlpA deletion 

flanked by 500 bp of the up- and down-stream regions of tlpA (Rader et al., 2011). 

Sucrose resistant colonies were selected on CHBA containing 75 µg/ml sucrose 

(Fisher Chemical), followed by screening for kanamycin sensitivity on CHBA with 

15 µg/ml kanamycin (Gold Biotechnology). The ∆tlpA deletion was confirmed via 

PCR (TlpA_SS1_5’, TTGTCTAAAGGTTTGAGTATC; TlpA_SS1_3’, 

TTAAAACTGCTTTTTATTCAC) (Data not shown) and western blot using anti-

TlpA22 (Williams et al., 2007) (Sup. Fig. 3.7). ΔtlpA SS1 was then transformed 

with the GFP expression plasmid, pTM115 (ureAp-GFP aphA3 KmR) (Keilberg et 
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al., 2016). Colonies were screened for kanamycin resistance and GFP+ 

fluorescence. 

3.7.2 Ethics statement 

The University of California Santa Cruz Institutional Animal Care and Use 

Committee approved all animal protocols and experiments performed (Protocol 

Ottek1804). Female C57BL/6N mice (Helicobacter free, Charles River) were 

housed and cared for at the University of California Santa Cruz Vivarium. 

3.7.3 Animal infections  

Female C57BL/6N mice (Helicobacter free, Charles River) were orally infected 

with H. pylori at 6 to 8 weeks of age, as done previously (Collins et al., 2018; 

Howitt et al., 2011). H. pylori SS1 strains were grown to late exponential phase 

(OD600 = ~0.75) in BB10 and were checked for GFP fluorescence and motility using 

a Nikon Eclipse E600 phase-contrast microscope at 400x magnification with a LED 

illuminator (pE-300white, CoolLED) with a fluorescent filter for GFP. Motile GFP+ 

cultures were concentrated to OD600 = 3 (~9 x 108 CFU/ml) by centrifugation of 1 

ml culture aliquots in 1.5 ml Eppendorf Tubes at 2320 x g for 10 minutes. Culture 

supernatant was removed via aspiration and pellets were gently resuspended in 

BB10 to achieve an OD600 = 3. For infection, mice were scruffed and oriented at 

45˚ with head and abdomen up, then orally fed 50μl of the OD600 = 3 culture via a 

pipet tip, for an inoculum of 4.5 x 107 CFU. Mice in the uninfected group were fed 

50μl of BB10. Input inocula were plated on CHBA plates to determine the true 

input CFU. Two independent time course infections were performed for this study. 
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The infection time course reported in Figures 1- 5 included time points at 0.5- (WT 

and ΔtlpA, n = 7), 1- (WT and ΔtlpA, n = 7), 2- (WT and ΔtlpA, n = 4), 3- (WT and 

ΔtlpA, n=4), 4- (WT and ΔtlpA, n=7), 5- (WT, n=7; ΔtlpA, n=9), 5.5- (WT, n=7; 

ΔtlpA, n=9), 6- (WT, n=7; ΔtlpA, n=8), 6.5- (WT, n=7; ΔtlpA, n=8), and 8-months 

(WT and ΔtlpA, n=6). The infection time course reported in Figure 1 and 6. and 

Supplemental Figures 5- 6, include, 2- (WT, ΔtlpA, and ΔcheY, n=7; ), 3- (WT, 

ΔtlpA, and ΔcheY, n=7), 4- (WT, ΔtlpA, and ΔcheY, n=6), 5- (WT, ΔtlpA, and 

ΔcheY, n=6), 6- (WT, ΔtlpA, and ΔcheY, n=7), and 8- months (WT, n=7; ΔtlpA, 

n=9; ΔcheY, n=9). From this time course, only 3 mice were used for gland analysis 

from 2-5- months post-infection, after which all mice from the infection group were 

used. For both time course infections, 3- 4 uninfected mice were included per time 

point. After the infection period, the mice were sacrificed by CO2 narcosis, the 

stomach was removed at the stomach-esophageal junction and the antrum-

duodenum sphincter, then opened by cutting along the lesser curvature of the 

stomach. Stomach contents were washed gently using ice-cold PBS. For dissection, 

a piece of tissue from the antrum to corpus was removed and stored in a histology 

cassette (Histoware) with sponge pads in Buffered Formalde-Fresh solution (Fisher 

Chemical) for histology. The remaining stomach was then separated between the 

antrum and corpus at the transition zone, based on tissue coloration. Each section 

was then divided into pieces to determine output CFU, to assess gland colonization, 

and for flow cytometry. To determine colonization load, tissue pieces were 

weighed, homogenized using the Bullet Blender (Next Advance) with 1.0 mm 
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zirconium silicate beads, and then plated onto CHBA plates, supplemented with 20 

µg/ml bacitracin, 10 µg/ml nalidixic acid, and 15 µg/ml kanamycin, to determine 

CFU/g of stomach tissue. 

3.7.4 Gland isolation and microscopy 

Gastric glands from the antrum and corpus were isolated and H. pylori colonization 

within glands was quantified using the Bacterial Localization in Isolated Glands 

methods, as done previously (Collins et al., 2018; Keilberg et al., 2016). Briefly, 

glands were isolated by agitating dissected tissue from the antrum or corpus in PBS 

with 5 mM EDTA at 4˚C for 2 hours. The incubated tissue was then transferred to 

PBS with 1% sucrose and 1.5% sorbitol and vigorously by hand for 30 sec (both 

Fisher Chemical). Glands were labeled with 10 µg/ml Hoechst DNA stain (Life 

Technologies) and stored on ice. Glands were visualized with a Nikon Eclipse E600 

microscope with a LED illuminator (pE-300white, CoolLED) and fluorescent filters 

for 4’,6’-diamido-2-phenylindole (DAPI) and GFP. At each infection time point, 

100 glands from the antrum and 100 from the corpus were imaged and the number 

of GFP+ H. pylori per gland were manually counted. Gland colonization was 

calculated as the average number of bacteria per gland. Gland density was 

calculated by averaging the number of bacteria within occupied glands. Gland 

percent is calculated as the average frequency of glands occupied per mouse. 

Standard error of the mean was calculated for each. Statistical analysis of the data 

for between infection group or stomach regions at each time point was performed 

using two-way analysis of variance (ANOVA), Šídák multiple comparison test.  
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3.7.5 Histology 

Tissue pieces from the antrum to corpus stored in Buffered Formalde-Fresh solution 

(Fisher Chemical) in histology cassettes with sponges were processed for 

sectioning and graded for lymphatic infiltration as done previously (Williams et al., 

2007). Briefly, tissue was embedded in paraffin, sectioned (5 μm), stained in 

hematoxylin and eosin, and evaluated by a pathologist in a blind fashion (J. Elliot 

Carter). To ensure reproducibility, slides were read twice and checked to ensure 

identical grades were obtained. Inflammation, defined as lymphocytic infiltration, 

was assessed using standard methods (Eaton et al., 1995; Williams et al., 2007) and 

sections were given scores as follows: 0, no infiltrate; 1, mild, multifocal 

infiltration; 2, mild, widespread infiltration; 3, mild, widespread and moderate, 

multifocal infiltration; 4, moderate, widespread infiltration; and 5, moderate, 

widespread and severe, multifocal infiltration. Neutrophil infiltration was scored as 

present or absent. Sections were also assessed for atrophy according to previously 

defined standards (Rugge et al., 2002). Rugge et al. defined gastric atrophy as the 

loss of gastric glands in the area of the gastric mucosa being sampled. Atrophy can 

be associated with metaplasia, where gastric glands from a section of stomach are 

lost and replaced by gastric glands from a separate region of the gastric mucosa, or 

as atrophy without metaplasia, in which gastric glands from a section of stomach 

are lost with no replacement by other gastric glands and fibrosis of the lamina 

propria is seen. Samples negative for atrophy lack either manifestation of atrophy 

described. Mice from both time course infections were pooled for analysis. The 
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average inflammation grade and standard error of the mean was calculated for each 

strain per time point. Statistical analysis of the data for between strains was 

performed using two-way ANOVA, Šídák multiple comparison test. 

 
3.7.6 Gastric lamina propria leukocyte isolation 

Lamina propria leukocyte isolation from gastric tissue was performed as done 

previously (Arnold et al., 2017, 2018, 2019). Tissue pieces from the antrum and 

corpus were placed in 50 ml conical tubes in 5 ml RPMI (Gibco) with 10% FBS 

(Gibco) on ice during the dissection of the mice. Media was discarded by aspiration 

and replaced by 30 ml of 1x Hanks Balance Salt Solution (Gibco) with 0.5% BSA 

(MillaporeSigma) and 5 mM EDTA (Fisher Chemical) prewarmed to 37˚C. The 

tubes were then incubated horizontally at 37˚C with shaking for 1 hour at 200 rpm 

in a Thermo Scientific MaxQ 4000 benchtop orbital shaker. After incubation, the 

supernatant was removed by aspiration, the tissue resuspended in 30 ml of room 

temperature PBS for 2 minutes, and then the PBS was replaced with 15 ml of RPMI 

with 10% FCS, 500 U/ml Type IV Collagenase (Sigma-Aldrich), 0.05 mg/ml 

DNaseI (Gold Biotechnology) pre-warmed to 37˚C and incubated horizontally at 

37˚C with shaking for 1 hr at 200 rpm in a Thermo Scientific MaxQ 4000 benchtop 

orbital shaker. Following incubation, the solution was pulled through a 20 ml 

syringe 10-15 times to finish homogenization. The supernatant containing lamina 

propria leukocytes was filtered through a 40 µm cell strainer (Falcon) and then 30 

ml of PBS was added. Cells were collected by centrifugation in a Thermo Scientific 

Sorvall Legend XTR with a TX-1000 Rotor at 1500 rpm (526 x g) for 8 min, the 
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supernatant was discarded by aspiration, the cell pellet was resuspended in 4 ml of 

80% Percoll (GE Healthcare), added to a 15 ml falcon tube, then overlayed with 4 

ml of 40% Percoll. The 40/80% Percoll gradient was centrifuged for 15 min at 3000 

rpm at 18˚C. The interphase, containing cells, was collected and washed with PBS 

with 0.5% BSA. 

3.7.7 Flow cytometry 

Flow cytometry was carried out as described previously (Arnold et al., 2017, 2018, 

2019). For surface staining, cells were stained in PBS with 0.5% BSA with Fixable 

Viability Dye eFluor 780 (eBioscience) and a combination of the following 

antibodies: anti-mouse CD45 (PE/Cy5, 30-F11, BioLegend), CD45 (Alexa Fluor 

700, 30-F11, BioLegend), CD11c (APC, N418, BioLegend), I-A/I-E (Alexa Fluor 

700, M5/114.15.2, BioLegend), F4/80 (FITC, BM8, BioLegend), CD103 (Brilliant 

Violet 605, 2E7, BioLegend), CD11b (Brilliant Violet 421, M1/70, BioLegend), 

Ly-6G (PE/Dazzle 594, 1A8, BioLegend), Ly-6C (PE/Cy7, HK1.4, Biolegend), 

Siglec-F (PE, S17007C, BioLegend), TCRβ (PE/Cy7, H57-597, BD), or CD4 

(APC, RM4-5, BioLegend). Mouse Fc Block (CD16/CD32, BD) to minimize 

unspecific antibody binding. For transcription factor staining, cells were fixed and 

permeabilized with FoxP3 Fix/Perm Buffer Set (BioLegend) following the 

manufacturer’s instructions. Cells were stained with anti-mouse T-Bet (FITC, 

4B10, BioLegend), RORγT (PE, Q31-378, BD), and FoxP3 (Pacific Blue, 

BioLegend, MF-14). Absolute cell counts were determined by adding CountBright 

Plus Absolute Counting Beads (Invitrogen) to each sample, which were analyzed 
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on an LSRII (BD Biosciences). Up to 300,000 cells were recorded per mouse, with 

some samples containing as few as 30,000 cells. Absolute counts are reported at 

cells/ ul. Analysis was performed using FlowJo (BD). 
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CHAPTER 4- Conclusion and future directions 

The ability to sense and perceive environmental signals is critical to all 

domains of life. In bacteria, chemotaxis systems are present in ~50% of species and 

enables a bacterium to direct its motility in response to harmful and beneficial 

environmental signals sensed by chemoreceptors (Wuichet and Zhulin, 2010). For 

numerous bacterial pathogens, chemotaxis and individual chemoreceptors are 

critical for in vivo colonization and pathogenesis (Matilla and Krell, 2018). One 

species that exemplifies this is Helicobacter pylori. The chemotaxis system of H. 

pylori is required for successful colonization of the stomach, and it plays a role in 

controlling host inflammation (Johnson and Ottemann, 2018). Previous work in our 

lab discovered that the H. pylori chemoreceptor TlpA dampens the severity of host 

inflammation, late in infection, through an unknown mechanism (Williams et al., 

2007). Because inflammation underlies the diseases caused by H. pylori, we wanted 

to understand how TlpA plays a role in this process. This thesis provides more 

clarity to this question by 1) determining the sensing profile of TlpA and 

characterizing ligand binding interactions and 2) determining how TlpA regulates 

the localization of H. pylori in the stomach and characterizes the immune response 

influenced by TlpA.    

 

5.1 The sensing profile of TlpA 

To better understand the role of TlpA in vivo, it is crucial to know what 

signals this chemoreceptor is capable of sensing. It has been characterized that TlpA 
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senses arginine and bicarbonate, and plays a minor role in acid-sensing in 

combination with TlpB and TlpD (Cerda et al., 2003, 2011; Huang et al., 2017). 

The ligand-binding domain of TlpA adopts a dCache_1 fold, which are ubiquitous 

extracellular sensing domains (Sweeney et al., 2018; Upadhyay et al., 2016). 

dCache_1 domains are composed of tandem Cache domains, referred to as the 

membrane-distal and -proximal subdomains, either of which can bind multiple 

ligands (Machuca et al., 2017; Mckellar et al., 2015). Therefore, we reasoned TlpA 

might be capable of sensing additional ligands. 

 To discover novel TlpA ligands, we used ligand binding arrays and surface 

plasmon resonance (SPR). From these efforts, TlpALBD was found to bind arginine, 

cysteine, fumarate, and glucosamine at a high affinities (Kd < 10 µM), while malic 

acid, thiamine, and α-ketoglutarate bound at a lower affinities (Kd > 45 µM). 

Chemoattractant responses, dependent on TlpA, were identified to arginine, 

fumarate, and cysteine. H. pylori elicited no chemotactic response to all other 

identified ligand hits. We characterized TlpA ligand binding using in silico docking 

analysis, competition SPR assays, and site-directed mutagenesis studies. We found 

that both the membrane-distal and -proximal subdomain play unique roles in 

binding distinct ligands through these experiments. Additionally, site-directed 

mutagenesis identified TlpALBD binds glucosamine through a canonical dCache 

binding pocket in the membrane-distal subdomain, like the chemoactive TlpA 

ligands. The other non-chemoactive ligands did not bind TlpALBD through a 

canonical binding pocket. We then explored the possibility that glucosamine might 
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act as a chemotaxis antagonist, an emerging concept in signal transduction systems 

(Bi et al., 2013; Martín-Mora et al., 2018). Glucosamine blocked TlpA 

chemoattractant binding in vitro and blocked normal H. pylori chemoattractant 

responses to arginine, fumarate, and cysteine. Together, these studies characterized 

glucosamine as a bona fide antagonist ligand. In total, this work greatly expanded 

our understanding of the sensing ability of TlpA and added a deeper understanding 

of the mechanisms of ligand binding through dCache_1 type chemoreceptors.  

 

5.2 The role of TlpA in vivo 

 H. pylori chemotaxis plays a major role in colonization and inflammation 

development. Over the past decade, it has become appreciated that chemotaxis, and 

individual chemoreceptors, dictate the fine-scale localization of H. pylori in the 

mucus layer and gastric glands of the corpus and antrum throughout colonization 

(Howitt et al., 2011; Keilberg et al., 2016). For example, it has been shown that 

non-chemotactic H. pylori have a severe gland colonization defect early in infection 

and elicit less inflammation during later stages of infection (Keilberg et al., 2016; 

Rolig et al., 2011; Williams et al., 2007). This inflammatory phenotype is 

characterized by a diminished Th17 response, compared to WT H. pylori (Rolig et 

al., 2011). The H. pylori chemoreceptor TlpA plays an important role in dampening 

chronic host inflammation (Williams et al., 2007), but how this outcome is achieved 

is unknown. 
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To better understand the role TlpA plays in vivo, we characterized the TlpA 

dependent inflammatory response and the localization of H. pylori throughout a 

long-term infection. Using a WT and tlpA deficient strain of H. pylori, 8-month 

time course infections were performed. TlpA was required to suppress 

inflammation at 5-month post-infection in the corpus. After this point, TlpA plays 

a role in controlling transient spikes in inflammation, which is offset from WT, and 

changes in inflammation were associated with increased Th17 cell frequencies in 

the corpus. No major differences in the total number of either strain were observed 

in the bulk tissues. However, TlpA limited the number of H. pylori colonizing 

individual glands and the percent of glands infected early during infection. This 

phenotype was most striking in the corpus. From this work, we hypothesized that 

early gland colonization phenotypes could lead to altered inflammatory outcomes 

by limiting antigen sampling in the glands and subsequent T-cell activation.  

To draw further connections between gland colonization and inflammation 

development, we examined a non-chemotactic H. pylori mutant (ΔcheY H. pylori) 

in more detail. It is known that ΔcheY H. pylori have a severe gland colonization 

defect early in infection and develop lower levels of inflammation during the 

chronic stage of infection (Keilberg et al., 2016; Rolig et al., 2011; Williams et al., 

2007). However, there was limited knowledge of how ΔcheY H. pylori 

inflammation develops and colonization dynamics proceed past 1-month post-

infection. Therefore, we assessed and compared the colonization patterns and 

inflammation outcomes dependent on chemotaxis (ΔcheY) and TlpA (ΔtlpA). We 
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confirmed previous reports that ΔcheY H. pylori induces less inflammation late in 

infection. Interestingly, we found that ΔcheY H. pylori induced increasing 

inflammation and gland density from 2- 4 months post-infection, which was 

immediately followed by a collapse in the gland population and decreased 

inflammation. This phenotype was unique to ΔcheY H. pylori. These results suggest 

that chemotaxis limits bacterial gland density to control aberrant inflammatory 

responses during infection.   

In total, these results suggest that control of H. pylori localization via 

chemotaxis and TlpA may be important for regulating host immune responses. 

 

5.3 Future directions 

There are several lines of future investigation that can be explored to further 

our understanding of TlpA. Focusing first on TlpA sensing, we identified arginine, 

fumarate, and cysteine as TlpA chemoattractants. It would be informative to know 

where these ligands are present and their abundance during an infection in vivo. For 

example, the expression of tlpA is critical for limiting gland colonization during 

early infection. Accordingly, this implies TlpA senses either an attractant signal in 

the mucus layer or a repellent signal is present in the glands during this time. 

Previous metabolomic studies have analyzed bulk tissue. However, it would be 

informative to perform a metabolomic analysis comparing metabolites present in 

the mucus layer versus isolated glands over a 1-month infection. These studies 

would also help determine if and where glucosamine, the TlpA antagonist, is in the 
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gastric environment. The role of chemotaxis antagonists in vivo is currently 

unknown. Therefore, it is essential to know if H. pylori may experience this ligand 

in the gastric environment. Along these lines, site-directed mutants in the 

membrane-distal or -proximal subdomain of TlpA could also help assess which 

TlpA signals are important for early gland localization. It was shown that 

membrane-distal point mutants were more critical for arginine, cysteine, and 

glucosamine binding, while membrane-proximal mutants were more critical for 

fumarate binding. First, site-directed TlpA mutants in H. pylori could be created, 

and in vitro chemotaxis assays would be used to characterize which ligands each 

TlpA point-mutant is responsive to. Then, these TlpA point mutant strains could be 

used to infer which signals, or at least which dCache_1 subdomain, is critical for 

regulating the localization of H. pylori in vivo.  

To better understand how TlpA regulates host inflammation, several 

approaches can be taken. From my findings, I hypothesize that increased gland 

colonization by ΔtlpA H. pylori early in infection leads to increased interactions 

with myeloid cells and T-cell priming. Therefore, a more detailed analysis of the 

immune response during this period would be the next step. To test this hypothesis, 

a flow cytometry experiment with fluorescently labeled H. pylori could be used to 

quantify the number of dendritic cells and macrophages that have encountered H. 

pylori, dependent on TlpA. If sufficient numbers of dendritic cells were observed 

from gastric tissues, FACS could be used to isolate dendritic cells, and in vitro T-

cell activation experiments could be performed to assess TlpA dependent 
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differences in T-cell activation. To confirm whether TlpA is required early or late 

in infection for inflammation control, a H. pylori strain with Tet-regulation of tlpA 

expression could be generated (Debowski et al., 2013). With this strain, the 

expression of tlpA could be turned off after one month, or vice versa, to determine 

when tlpA expression is critical for inflammation control. These experiments and 

more could be performed to gain a better understanding of the H. pylori 

chemoreceptor TlpA. Below are additional open questions that remain to be 

explored.    

 

5.4 Outstanding questions 

• What TlpA signals dictate the localization of H. pylori and inflammation 

control? 

• Does TlpA sense any repellent conditions? 

• What is the role of a chemotaxis antagonist in vivo? 

• Do TlpA chemoattractants directly bind to the distal or proximal domain, or 

do point mutants disrupt signal transduction or cause allosteric changes? 

• During the early period in infection, do ΔtlpA H. pylori get phagocytosed at 

a higher rate? 

• When is tlpA expression required for inflammation control? 

• Do tlpA mutants have increased colonization resistance?  

• Can the addition of TlpA ligands to the animal's diet affect the localization 

of H. pylori? 
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APPENDIX 1- Supplemental information to Chapter 2 

 

Supplemental Figure 2.1- Representative sensorgrams from surface plasmon 
resonance (SPR) analysis of TlpALBD with A) Arginine, B) Cysteine, C) 
Fumarate, D) Glucosamine, E) Malic Acid, F) Thiamine, G) Alpha 
Ketoglutarate. 
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Supplemental Figure 2.2- Thiamine, alpha-ketoglutarate, cysteine, and malic 
acid trigger TlpA-independent repellent responses.  
(A-B) Cultures of WT and ΔtlpA::cat PMSS1 were grown in BB10 overnight and 
then treated with various concentrations of thiamine or alpha-ketoglutarate. (C) 
Cultures of WT PMSS1 were grown as above and treated with 10mM pH 
neutralized or unadjusted thiamine, alpha-ketoglutarate, cysteine, and malic acid. 
For all experiments, cells were immediately filmed after ligand addition, and 
direction changes were counted over a 3 second swimming period in at least 100 
cells per treatment. Repellents cause increases in direction changes, as exemplified 
by the control repellent HCl, while attractants cause fewer direction changes as 
exemplified by the control attractant dipyridyl. Error bars represent the standard 
error of the mean. *, P<0.05; **, P<0.01, comparisons to untreated control per 
strain using two-way ANOVA, Dunnett’s multiple comparison test. 
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Supplemental Figure 2.3- CD spectrometry of WT TlpALBD and point mutants 
TlpAD165A and TlpAY252A.  
The far-UV CD spectra of TlpAD165A and TlpAY252A are similar to WT TlpALBD, 
including all other TlpALBD point mutants used in this study (Data not shown). 
 

 
Supplemental Figure 2.4- Verification of ΔtlpA::cat PMSS1.  
Mutation of tlpA was confirmed by PCR amplification of gDNA from WT PMSS1, 
∆tlpA::cat PMSS1, and ∆tlpA::cat SS1 (Andermann et al., 2002) using primers 
TlpA_SS1_5’ (TTGTCTAAAGGTTTGAGTATC) and TlpA_SS1_3’ 
(TTAAAACTGCTTTTTATTCAC). 
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Supplemental Table 2.1- Amino acids, salts of organic acids, other chemotactic 
small molecules and glycans printed on the small molecule chemotaxis arrays. 

 
 
 
 
 

Name Structure/ Molecular Formula
Amino acids, salts of organic acids, + other small
molecules
Alanine C3H7NO2

Arginine C6H14N4O2

Asparagine C4H8N2O3

Aspartate C4H7NO4

Cysteine C3H7NO2S
Fumaric Acid C4H4O4

Glucosamine C6H13NO5

Glutamic acid C5H9NO4

Glutamine C5H10N2O3

Histidine C6H9N3O2

Isoleucine C6H13NO2

leucine C6H13NO2

Lysine C6H14N2O2

Malic Acid C4H6O5

Methionine C5H11NO2S
Phenylalanine C9H11NO2

Proline C5H9NO2

Purine C₅H₄N₄
Serine C3H7NO3

Succinic Acid C4H6O4

Thiamine C12H17N4OS
Threonine C4H9NO3

Tryptophan C11H12N2O2

Tyrosine C9H11NO3

Valine C5H11NO2

α-ketoglutarate C5H6O5

Terminal Galactose
Lacto-N-Biose I Galβ1-3GlcNAc
N-Acetyllactosamine Galβ1-4GlcNAc
β1-4galactosyl-galactose Galβ1-4Gal
β1-6galactosyl-N-acetylglucosamine Galβ1-6GlcNAc
β1-3galactosyl-N-acetylgalactosamine Galβ1-3GalNAc
AsialoGM1 Galβ1-3GalNAcβ1-4Galβ1-4Glc
Lacto-N-tetrose Galβ1-3GlcNAcβ1-3Galβ1-4Glc
Lacto-N-neotetrose Galβ1-4GlcNAcβ1-3Galβ1-4Glc

Lacto-N-neohexose Galβ1-4GlcNAcβ1-6(Galβ1-4GlcNAcβ1-
3)Galβ1-4Glc

Lacto-N-hexose Galβ1-4GlcNAcβ1-6(Galβ1-3GlcNAcβ1-
3)Galβ1-4Glc

Globotriose Gala 1-4Galβ1-4Glc
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Supplemental Table 2.1 Cont. 
 

 
 
 
 

Tn Antigen GalNAca1-O-Ser
Galactosyl-Tn Antigen Galb1-3GalNAcα1-O-Ser
α1-3 Galactobiose Gala1-3Gal
Linear B-2 Trisaccharide Gala1-3Galβ1-4GlcNAc
Linear B-6 Trisaccharide Gala1-3Galβ1-4Glc
α1-3, β1-4, α1-3 Galactotetrose Gala1-3Galβ1-4Galα1-3Gal
β1-6Galactobiose Galβ1-6Gal
Terminal disaccharide of globotriose GalNAcβ1-3Gal
Receptor for pili of P. aeruginosa GalNAcβ1-4Gal
P1 Antigen Galα1-4Galβ1-4GlcNAc
α-D-N-acetylgalactosaminyl-1-3Gal-β1-4Glc GalNAcα1-3Galβ1-4Glc

iso-Lacto-N-octose Galβ1-3GlcNAcβ1-3Galβ1-4GlcNAcβ1-
6(Galβ1-3GlcNAcβ1-3)Galβ1-4Glc

para-Lacto-N-hexose Galβ1-3GlcNAcβ1-3Galβ1-4GlcNAcβ1-
3Galβ1-4Glc

Terminal N`Acetyl glucosamine
N,N'-Diacetyl chitobiose GlcNAcβ1-4GlcNAc
N,N',N''-Triacetyl chitotriose GlcNAcβ1-4GlcNAcβ1-4GlcNAc
N,N',N'',N'''-Tetraacetyl chitotetrose GlcNAcβ1-4GlcNAcβ1-4GlcNAcβ1-4GlcNAc

N,N',N'',N''',N'''',N'''''-Hexaacetyl chitohexose GlcNAcβ1-4GlcNAcβ1-4GlcNAcβ1-
4GlcNAcβ1-4GlcNAcβ1-4GlcNAc

Bacterial cell wall muramyl discaccharide GlcNAcβ1-4MurNAc
Manno se containing structures
β1-2-N-Acetylglucosamine-mannose GlcNAcβ1-2Man

Bianntennary N-linked core pentasaccharide GlcNAcβ1-2Manα1-6(GlcNAcβ1-2Manα1-
3)Man

α1-2-Mannobiose Manα1-2Man
α1-3-Mannobiose Manα1-3Man
α1-4-Mannobiose Manα1-4Man
α1-6-Mannobiose Manα1-6Man
α1-3, a1-6-Mannobiose Manα1-6(Manα1-3)Man
α1-3, α1-3, α1-6-Mannopentaose Manα1-6(Manα1-3)Manα1-6(Manα1-3)Man
Fucosylated structures
Lacto-N-fucopentose I Fucα1-2Galβ1-3GlcNAcβ1-3Galβ1-4Glc
Lacto-N-fucopentose II Galβ1-3(Fuca1-4)GlcNAcβ1-3Galβ1-4Glc
Lacto-N-fucopentose III Galβ1-4(Fuca1-3)GlcNAcβ1-3Galβ1-4Glc

Lacto-N-difucohexose I Fucα1-2Galβ1-3(Fucα1-4)GlcNAcβ1-3Galβ1-
4Glc

Lacto-N-difucohexose II Galβ1-3(Fucα1-4)GlcNAcβ1-3Galβ1-
4(Fucα1-3)Glc

H-disaccharide Fucα1-2Gal
2'-Fucosyllactose Fucα1-2Galβ1-4Glc
3'-Fucosyllactose Galβ1-4(Fucα1-3)Glc
Lewisx Galβ1-4(Fucα1-3)GlcNAc
Lewisa Galβ1-3(Fucα1-4)GlcNAc
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Blood Group A-trisaccharide GalNAcα1-3(Fucα1-2)Gal
Lactodifucotetrose Fucα1-2Galβ1-4(Fucα1-3)Glc
Blood Group B-Trisaccharide Galβ1-3(Fucα1-2)Gal
Lewisy Fucα1-2Galβ1-4(Fucα1-3)GlcNAc
Blood Group H Type II Trisaccharide Fucα1-2Galβ1-3GlcNAc
Lewisb tetrasaccharide Fucα1-2Galβ1-3(Fucα1-4)GlcNAc
Sulpho Lewisa SO3-3Galβ1-3(Fucα1-4)GlcNAc
Sulpho Lewisx SO3-3Galβ1-4(Fucα1-3)GlcNAc

Monofucosyl-para-Lacto-N-hexose IV Galβ1-3GlcNAcβ1-3Galβ1-4(Fucα1-
3)GlcNAcβ1-3Galβ1-4Glc

Monofucosyllacto-N-hexose III Galβ1-4(Fucα1-3)GlcNAcβ1-6(Galβ1-
3GlcNAcβ1-3)Galβ1-4Glc

Difucosyllacto-N-hexose Galβ1-4(Fucα1-3)GlcNAcβ1-6(Fucα1-
2Galβ1-3GlcNAcβ1-3)Galβ1-4Glc

Trifucosyllacto-N-hexose Galβ1-4(Fucα1-3)GlcNAcβ1-6(Fucα1-
2Galβ1-3(Fucα1-4)GlcNAcβ1-3)Galβ1-4Glc

Lacto-N-fucopentaose VI Galβ1-4GlcNAcβ1-3Galβ1-4(Fucα1-3)Glc

Lacto-N-neodifucohexaose I Fucα1-2Galβ1-4(Fucα1-3)GlcNAcβ1-3Galβ1-
4Glc

Lacto-N-neodifucohexaose II Fucα1-3Galβ1-4GlcNAcb1-3Galβ1-4(Fucα1-
3)Glc

Trifucosyllacto-N-neoteraose I Fucα1-2Galβ1-4(Fucα1-3)GlcNAcβ1-
3(Fucα1-2)Galβ1-4Glc

Monofucosyllacto-N-neohexaose I Galβ1-4(Fucα1-3)GlcNAcβ1-6(Galβ1-
4GlcNAcβ1-3)Galβ1-4Glc

Difucosyllacto-N-neohexaose I Galβ1-4(Fucα1-3)GlcNAcβ1-6(Galβ1-
4(Fucα1-3)GlcNAcβ1-3)Galβ1-4Glc

Difucosyllacto-N-neohexaose II Fucα1-2Galβ1-4(Fucα1-3)GlcNAcβ1-6(Galβ1-
4GlcNAcβ1-3)Galβ1-4Glc

Monofucosyl(1-3)-iso-lacto-N-octaose
Galβ1-3GlcNAcβ1-3Galβ1-4(Fucα1-
3)GlcNAcβ1-6(Galβ1-3GlcNAcβ1-3)Galβ1-
4Glc

Trifucosyl(1-2,1-2,1-3)-iso-lacto-N-octaose
Fucα1-2Galβ1-3GlcNAcβ1-3Galβ1-4(Fucα1-
3)GlcNAcβ1-6(Galβ1-3GlcNAcβ1-3)Galβ1-
4Glc

Blood Group A Tetrasaccharide GalNAcβ1-3(Fucα1-2)Galβ1-4Glc
Blood Group B pentasaccharide Galβ1-3(Fucα1-2)Galβ1-4(Fucα1-3)Glc
Neu5Ac containing structures
Sialyl Lewisa Neu5Acα2-3Galβ1-3(Fucα1-4)GlcNAc
Sialyl Lewisx Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAc
Sialyllacto-N-tetrose a Neu5Acα2-3Galβ1-3GlcNAcβ1-3Galβ1-4Glc

Monosialyl, monofucosyllacto-N-neohexose Galβ1-4(Fucα1-3)GlcNAcβ1-6(Neu5Acα2-
6Galβ1-4GlcNAcβ1-3)Galβ1-4Glc

2,3'-Sialyllactosamine Neu5Acα2-3Galβ1-4GlcNAc
2,6'-Sialyllactosamine Neu5Acα2-6Galβ1-4GlcNAc
LS-Tetrasaccharide a Neu5Acα2-3Galβ1-3GlcNAcβ1-3Galβ1-4Glc
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LS-Tetrasaccharide b Galβ1-3(Neu5Acα2-6)GlcNAcβ1-3Galβ1-4Glc
LS-Tetrasaccharide c Neu5Acα2-6Galβ1-4GlcNAcβ1-3Galβ1-4Glc

Disialyllacto-N-tetrose Neu5Acα2-3Galβ1-3(Neu5Acα2-6)GlcNAcβ1-
3Galβ1-4Glc

2,3'-Sialyllactose Neu5Acα2-3Galβ1-4Glc
2,6'-Sialyllactose Neu5Acα2-6Galβ1-4Glc
Colominic acid (Neu5Acα2-8Neu5Ac)n (n<50)

Biantennary 2,6-sialylated-N-glycan-Asn
Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-
6(Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-
6)Manβ1-4GlcNAcβ1-4GlcNAc-Asn

Carageenan and Glycoaminoglycans (GAGS)

Neocarratetrose-41, 3-di-O-sulphate (Na+) C24H36O25S2Na2 (Mixed anomers.
Tetrasaccharide of regular κ - carrageenan)

Neocarratetrose-41-O-sulphate (Na+)
C24H37O22SNa (Mixed anomers. Derived from
C1003 by removal of the non-reducing
terminal 4-sulphate)

Neocarrahexose-24,41, 3, 5-tetra-O-sulphate (Na+)

C36H52O40S4Na4 (Mixed anomers. A hybrid
sequence comprising carrageenan
disaccharides in the order k-i-k, derived from
the carrageenan from Chondrus crispus)

Neocarrahexose-41, 3, 5-tri-O-sulphate (Na+) C36H53O37S3Na3 (Mixed anomers.
Hexasaccharide of regular κ-carrageenan)

Neocarraoctose-41, 3, 5, 7-tetra-O-sulphate (Na+) C48H70O49S4Na4 (Mixed anomers.
Octasaccharide of regular κ-carrageenan)

Neocarradecose-41, 3, 5, 7, 9-penta-O-sulphate (Na+) C60H87O61S5Na5 (Mixed anomers.
Decasaccharide of regular κ- carrageenan)

ΔUA-2S → GlcNS-6S Na4 (I-S) C12H15NO19S3Na4 (Predominant disaccharide
produced from heparin by heparinase I and II)

ΔUA → GlucNS-6S Na3 (II-S) C12H16NO16S2Na3 (Produced from heparinase
II digestion of heparin and heparin sulphate)

ΔUA → 2S-GlcNS Na3 (III-S) C12H16NO16S2Na3 (Produced from heparin by
digestion with heparinase I and II)

ΔUA → 2S-GlcNAc-6S Na3 (I-A) C14H18NO17S2Na3 (Minor component
produced from heparin by heparinase II)

ΔUA → GlcNAc-6S Na2 (II-A)
C14H19NO14SNa2 (Product of the action of
heparinases II and III on heparin and heparan
sulphate)

ΔUA → 2S-GlcNAc Na2 (III-A) C14H19NO14SNa2 (Minor product of the action
of heparinase II on heparin)

ΔUA → GlcNAc Na (IV-A) C14H20NO11Na (Produced from heparin
sulphate by digestion With heparinase III)

ΔUA → GalNAc-4S Na2 (ΔDi-4S)
C14H19NO14SNa2 (Produced from various
chondroitin sulphates By the action of
chondroitinases ABC, B and AC-1)
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ΔUA → GalNAc-6S Na2 (ΔDi-6S)
C14H19NO14SNa2 (Produced from various
chondroitin sulphates By the action of
chondroitinases ABC, AC-1 and C)

ΔUA → GalNAc-4S,6S Na3 (ΔDi-disE)
C14H18NO17S2Na3 (Produced from various
chondroitin sulphates By the action of
chondroitinases ABC, B and AC-1)

ΔUA → 2S-GalNAc-4S Na2 (ΔDi-disB)

C14H18NO17S2Na3 (Produced from various
chondroitin sulphates by action of
chondroitinase ABC and/or B. Most typically
from chondroitin sulphate B (dermatan
sulphate))

ΔUA → 2S-GalNAc-6S Na3 (ΔDi-disD)
C14H18NO17S2Na3 (Produced from various
chondroitin sulphates by the action of
chondroitinase ABC)

ΔUA → 2S-GalNAc-4S-6S Na4 (ΔDi-tisS)

C14H17NO20S3Na4 (Produced as a minor
component by the action of chondroitinase
ABC on various chondroitin sulphates,
particularly B)

ΔUA → 2S-GalNAc-6S Na2 (ΔDi-UA2S)

C14H19NO14SNa2 (Produced as a minor
component from various chondroitin
sulphates by the action of chondroitinase
ABC)

ΔUA → GlcNAc Na (ΔDi-HA)
C14H20NO11Na (The only unsaturated
disaccharide produced from hyaluronic acid
by the action of chondroitinase ABC or AC-1)

Hyaluronan fragments (4mer) (GlcAβ1-3GlcNAcβ1-4)n (n=4)

Hyaluronan fragments (8mer) (GlcAβ1-3GlcNAcβ1-4)n (n=8)
Hyaluronan fragments (10mer) (GlcAβ1-3GlcNAcβ1-4)n (n=10)
Hyaluronan fragments (12mer) (GlcAβ1-3GlcNAcβ1-4)n (n=12)
Heparin (GlcA/IdoAα/β1-4GlcNAcα1-4)n (n=200)
Chondroitin sulfate (GlcA/IdoAβ1-3(±4/6S)GalNAcβ1-4)n (n<250)

Dermatan sulfate ((±2S)GlcA/IdoAα/b1-3(±4S)GalNAcβ1-4)n
(n<250)

Chondroitin 6-Sulfate (GlcA/IdoAβ1-3(±6S)GalNAcβ1-4)n (n<250)

HA - 4 (GlcAβ1-3GlcNAcβ1-4)n (n=4)
HA - 6 (GlcAβ1-3GlcNAcβ1-4)n (n=6)
HA - 8 (GlcAβ1-3GlcNAcβ1-4)n (n=8)
HA 10 (GlcAβ1-3GlcNAcβ1-4)n (n=10)
HA-12 (GlcAβ1-3GlcNAcβ1-4)n (n=12)
HA-14 (GlcAβ1-3GlcNAcβ1-4)n (n=14)
HA-16 (GlcAβ1-3GlcNAcβ1-4)n (n=16)
HA 30000 Da (GlcAβ1-3GlcNAcβ1-4)n
HA 107000 Da (GlcAβ1-3GlcNAcβ1-4)n
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Supplemental Table 2.2- Clusters A-H and their interacting amino acids. 

 
Supplemental Table 2.3- TlpALBD docking analysis with fumarate and 
arginine. 

 
Supplemental Table 2.4- Primers for site-directed mutagenesis of TlpALBD. 
Mutated codons, bolded; restriction sites used for screening clones, underlined. 

 

Cluster Amino acids

A
PHE-203, ILE-205, VAL-211, ILE-224, TYR-228, VAL-231, ALA-234, THR-235, VAL-
238, LEU-250, TYR-252, LEU-263, VAL-265, ALA-285, ILE-287

B GLY-206, VAL-207, LYS-208, LEU-242, GLU-243, LYS-269, LEU-280, ASN-281

C VAL-60, ASN-63, THR-64, SER-67, ALA-94, ASN-95, SER-96, HIS-97

D
SER-102, MSE-103, PHE-104, THR-114, GLU-126, ASN-133, ALA-136, ARG-153,
TYR-151, LEU-167, ALA-181, LEU-182, MET-183

E PHE-105, LYS-106, ASN-107, ARG-108, ASN-172, VAL-179

F LYS-138, ASN-142, GLU-144, ILE-145, SER-146, SER-276, LYS-277, ASP-278

G
PRO-76, LYS-77, ASP-78, THR-79, LYS-84, PHE-105, ASN-107, ARG-108, LEU-111,
ASN-172, GLU-173, VAL-179

H
SER-96, HIS-97, VAL-98, ALA-99, ARG-117, ASP-118, MSE-155, PRO-156, ASN-157,
ALA-159, VAL-161, SER-187, SER-190

1

Fumarate Arg inine

Cluster Cluster Occupation % Cluster Occupation %

A (membr ane-proximal Cache) 45 25

B 10 5

C 20 5

D (membr ane-distal Cache) 10 55

E 5 -

F 10 -

G - 5

H - 5
1

Primer name Sequence (5’ → 3’)

TlpA_D165A_For GGGGCGGAAGTTTATGGAGTTGCTATTCTTTTACCTTTATTG

TlpA_D165A_Rev CAATAAAGGTAAAAGAATAGCAACTCCATAAACTTCCGCCCC

TlpA_M183A_For GAGGTTGTAGGGGCTTTGGCGGTTTTTATTTCCATTGACAGC

TlpA_M183A_Rev GCTGTCAATGGAAATAAAAACCGCCAAAGCCCCTACAACCTC

TlpA_Y228A_For GACAAACCTATCGCAGAAATTGCTAAGAGCGTACCTAAAGCC

TlpA_Y228A_Rev GGCTTTAGGTACGCTCTTAGCAATTTCTGCGATAGGTTTGTC

TlpA_Y252A_For CTCTAAAGCGACTTTAGAAGCTTTAGATCCCTTTAGCCATAAGG

TlpA_Y252A_Rev CCTTATGGCTAAAGGGATCTAAAGCTTCTAAAGTCGCTTTAGAG

TlpA_D254A_For CTAAAGCGACTCTAGAATACTTAGCTCCCTTTAGCCATAAGG

TlpA_D254A_Rev CCTTATGGCTAAAGGGAGCTAAGTATTCTAGAGTCGCTTTAG

1
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Supplemental Table 2.5 - Supplementary glycan microarray document based 
on MIRAGE guidelines (Liu et al., 2017). 

 
 
 
 

Classification Guideli nes

1. Sample: Glycan Binding Sample

Description of
Sample

Sample names:
TlpA protein
Origin: Helicobacter pylori SS1; produced as a recombinant His -tagged protein in E.
coli.

Method of preparation:
The preparation of TlpA is explained in the Materials and Methods section: TlpA
construct design and protein purification.

Sample
modifications

Sample is a His Tagged protein containing only the periplasmic receptor domain, amino
acids 28-299, of the full length TlpA transmembrane protein.

Assay
protocol

Please see Materials and Methods: Ligand  bind ing  array.

Proteins were complexed with mouse anti-his antibody, with secondary and tertiary
AlexaFluor555 antibodies (rabbit anti-mouse, goat anti-rabbit) at a molar ratio of 4:2:1.
The protein/antibody complex was incubated on ice for 10 mins prior to placing on the
array. Arrays were performed with 1 µg of complexed protein incubated on the array for
20 min. Arrays were then washed 3 times in Array PBS (PBS + 2 mM MgCl2 + 2 mM
CaCl2) then dried by centrifugation for 3 min at 300 x g. Scanning was performed using
an Innopsys InnoScan 1100AL and analyzed using Mapix (Innopsys). Yes/no binding
was determined by six positive replicate spots in three replicate experiments. Positive
binding was determined by spots being significantly greater than negative control spots
by two-tailed t test.

2.1 Glycan Library

Glycan
description for
defined
glycans

Glycans in this study are listed in Table S1 and is a published library (Waespy et al.,
2015).

Glycan
description for
undefined
glycans

N/A.

Glycan
modifications

Glycans were prepared in one of two ways for printing:
1. Glycans (with IDs in number/letter format; e.g. 1A, 4C, 7K) were sourced
commercially from Dextra Laboratories, Elicityl and Carbosythn and were made into
glycoamines using a published protocol (Day et al., 2009).
2. Glycans (with IDs in number only format) were obtained from Prof. Nicolai Bovin and
were modified with spacers (Blixt et al., 2004). The library of these glycans was first
published in (Huflejt et al., 2009).

2.2 Small molecule Library

Sample
description for
defined
compounds

Compounds printed in the amino acid/small molecule array for this study are listed in
Table S1.
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1. 3. Printing Surface; e.g., Microarray Sli de

Description of
surface

Epoxy activated glass microarray slides.

Manufacturer ArrayIt SuperEpoxy 3 (SME3).

Custom
preparation of
surface

N/A.

Non-covalent
Immobilisation

N/A.

4. Arrayer (Printer)

Description of
Arrayer

Glycan array: SpotBot® Extreme Protein Microarray Spotter (ArrayIt, California, USA).
Small molecule array: ArrayJet Argus Marathon non-contact printer.

Dispensing
mechanism

Glycan array: Contact printing using 946NS6 pins with a 6 pin in a 3 columns x 2 rows
configuration.
Small molecule array: Non-contact jet printing

Glycan and
small
molecule
deposition

Glycan array: Approximately 1.8 nl per spot is printed according to manufactures
guidelines.
Glycan were at 500 µM in 50:50 DMF:DMSO.
Small molecule array: Approximately 320 nl per spot is printed according to
manufactures guidelines.
Samples were at 1000 µM in PBS with 2% glycerol

Printing
conditions

Glycan array: Array were printed with dehumidification at a maximum humidity of 60%
relative humidity (Standard laboratory starting humidity of 75-90%) at 22ºC. Glycans
were left to react with the slide for at least 8 hours after the print was completed.
Small molecule array: Array were printed with dehumidification at a maximum humidity
of 60% relative humidity (Standard laboratory starting humidity of 75-90%) at 22ºC.
Samples were left to react with the slide for at least 15 hours after the print was
completed.

2. 5.1 Glycan array with “ Map”

Array layout

The array consists of a single array of glycans split between 6 pins (3 columns x 2 rows)
with 4500 μm row and column spacing. Each pin printed a 20 columns x 16 rows with
200 μm spot spacing (center to center) with a minimum spot size of 100μm. Each sample
is printed in quadruplicate with each of the 6 print areas including at least three negative
control samples (print solution only) and two positive control samples consisting of one
sample of fluoroscienamine and one sample of a mixture of rabbit anti-mouse antibody
labeled with Alexa 555 and Alexa 647. Positive controls provide proof of successful
immobilization of the amine reagents and provides for orientation for analysis. The
antibodies also can provide controls for secondary antibodies used in experiments (if
applicable).

Glycan
identification
and quality
control

Arrays are quality controlled by a range of measures. 1. Each printed array is post print
scanned to confirm deposition of the glycans on the array surface prior to neutralization
of the remaining slide surface. 2. Post neutralized slides are scanned again to monitor
for remaining autofluorescence. 3. Slides are assayed with fluorescently labeled lectins:
WGA-Texas Red (EY Laboratories) and ConA-FITC (EY Laboratories).
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5.2 Small molecule array with “Map”

Array layout

The array consists of triplicate sub-arrays of amino acids and small moleucles (24 rows
x 10 columns) with 400μm spot spacing (centre to centre) with a minimum spot size of
100μm. Each sample is printed six times, with each of the 3 sub-arrays including at least
six negative control samples (print solution only) and a positive control samples
consisting of one a mixture of rabbit anti-mouse antibody labeled with Alexa 555 and
Alexa 647. Positive controls provide proof of successful immobilization of the amine
reagents and provides for orientation for analysis.

Sample
identification
and quality
control

Arrays are quality controlled by a range of measures. 1. Each printed array is post print
scanned to confirm deposition of the samples on the array surface prior to neutralization
of the remaining slide surface. 2. Post neutralized slides are scanned again to monitor
for remaining autofluorescence.

1. 6. Detector and Data Processing

Scanning
hardware

Inopsys InnoScan 1100AL (Lasers: 488 nM, 532 nM with two filter sets for analysis at
532 and 595 nM), 635 nM) scanner.

Scanner
settings

Scanning resolution: 10 µM
Laser channel: 532 nM operating 595 nM excitation / 625 nM emission filter set.
PMT: 20% gain
Scan powers: Low laser power.

Image
analysis
software

Innopsys MAPIX.

Data
processing Data was exported as a CSV file and exported to Microsoft Excel.

7. Glycan Microarray Data Presentation

Data
presentation

Glycan array: Data is presented as yes/no binding in Table 1. The full list of glycans is
shown in Table S1.

2. 8. Interpretation and Conclusion from Microarray Data

Data
interpretation

Glycan arrays: We only use glycan arrays as a yes/no binding tool. Due to this we look
only at binding that is unambiguously above background vs lack of binding above
background. Average background + 3x standard deviation of the background of 20 sets
of 4 spots of DMF:DMSO only spots is applied to determine if binding observed is
significantly above background. Only spots with values equal to or greater than this value
were considered as binding from data of any tested slide. These values are slide
dependent.
Small  molecule arrays: We only use amino acid arrays as a yes/no binding tool. Due
to this we look only at binding that is unambiguously above background vs lack of binding
above background. Average background + 3x standard deviation of the background of
6 spots of PBS + 2% glycerol only spots is applied to determine if binding observed is
significantly above background. Only spots with values equal to or greater than this value
were considered as binding from data of any tested slide. These values are slide
dependent.

Conclusions
TlpA binds multiple ligands. Subsequent work showed that some of these are
attractants, some elicit no response, and some are antagonists.
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APPENDIX 2- Supplemental information to Chapter 3 

 
Supplemental Figure 3.1- Significantly more inflammation is induced by ΔtlpA 
H. pylori in a transient manner during chronic infection.  
Two independent infection time courses were performed were female C57BL/6N 
mice orally infected with WT SS1 GFP+ or ΔtlpA SS1 GFP+. Time course 1 
assessed time points at 0.5- (WT and ΔtlpA, n = 7), 1- (WT and ΔtlpA, n = 7), 2- 
(WT and ΔtlpA, n = 4), 3- (WT and ΔtlpA, n=4), 4- (WT and ΔtlpA, n=7), 5- (WT, 
n=7; ΔtlpA, n=9), 5.5- (WT, n=7; ΔtlpA, n=9), 6- (WT, n=7; ΔtlpA, n=8), 6.5- (WT, 
n=7; ΔtlpA, n=8), and 8-months (WT and ΔtlpA, n=6). Time course 2 assessed time 
points at 2- (WT and ΔtlpA), 3- (WT and ΔtlpA, n=7), 4- (WT and ΔtlpA, n=6), 5- 
(WT and ΔtlpA, n=6), 6- (WT and ΔtlpA, n=7), and 8- months (WT, n=7; ΔtlpA, 
n=9). Inflammation induced by WT SS1 GFP+ or ΔtlpA SS1 GFP+ infection groups 
was measured by assessing lymphocyte recruitment to the lamina propria of (A) 
corpus and (B) antrum via histology, as performed previously (Williams et al., 
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2007). Error bars represent the standard error of the mean. *, P<0.05, comparisons 
between strains using two-way ANOVA, Šídák multiple comparison test. 
 

 
Supplemental Figure 3.2- Gating strategy used to identify innate immune and 
effector T cell populations.  
Leukocytes were isolated from the corpus lamina propria via enzymatic digestion 
with collagenase IV and Percoll gradient centrifugation. Isolated leukocytes were 
then analyzed via flow cytometry. A) Gating strategy for innate immune cell types, 
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as performed by Arnold et a. 2017. B) Gating strategy for CD4+ effector T cell 
populations. 

 

Supplemental Figure 3.3- Absolute counts of innate immune cell populations 
recruited to the corpus during chronic infection. 
Mice were infected with WT SS1 GFP+ or ΔtlpA SS1 GFP+ and leukocytes from 
the corpus lamina propria were isolated at 5-, 5.5-, 6-, 6.5-, and 8-months post-
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infection (n = 7- 9 per group). (A-E) neutrophils, eosinophils, MCHII+ 
macrophages, MCHII- monocytes, MHCII+ monocytes, CD11b+ DCs, CD103+ 
CD11b- DCs, and CD103+ CD11b+ DCs were analyzed by flow cytometry. Data 
are presented as the absolute count (cells/ µl) of each cell type. Error bars represent 
the standard error of the mean. *, P<0.05; **, P<0.01; ***, P<0.001; ****, 
P<0.0001, comparisons between strains using two-way ANOVA, Tukey multiple 
comparison test. 
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Supplemental Figure 3.4- Absolute counts of effector T cell populations and 
total CD45+ leukocytes recruited to the stomach during chronic infection. 
Mice were infected with WT SS1 GFP+ or ΔtlpA SS1 GFP+. Leukocytes from the 
corpus lamina propria were isolated at 5-, 5.5-, 6-, 6.5-, and 8-months post-infection 
(n = 7- 9 per group). (A-E) Th1, Th17, Tregs, and CD45+ leukocytes were analyzed 
by flow cytometry. Data are presented as the absolute count (cells/ µl) of each cell 
type. Error bars represent the standard error of the mean. *, P<0.05; **, P<0.01; 
***, P<0.001; ****, P<0.0001, comparisons between strains using two-way 
ANOVA, Tukey multiple comparison test. 
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Supplemental Figure 3.5- A replicate time course infection confirms few 
differences in gland colonization between WT and ΔtlpA SS1 during the 
chronic stage of infection. 
Female C57BL/6N mice (n ≥ 3) were orally infected with WT SS1 GFP+ or ΔtlpA 
SS1 GFP+ for 2-, 3-, 4-, 5-, 6-, and 8-months. Colonization of WT SS1 and ΔtlpA 
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in the corpus was assessed for (A) total colonization, (B) gland colonization, (C) 
gland density, and (D) gland percent. Colonization of WT SS1 and ΔtlpA in the 
antrum was assessed for (E) total colonization, (F) gland colonization, (G) gland 
density, and (H) gland percent. For all graphs, error bars represent the standard error 
of the mean. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001, comparisons 
between strains using two-way ANOVA, Šídák multiple comparison test. 
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Supplemental Figure 3.6- Colonization dynamics of ΔcheY SS1 during the 
chronic stage of infection. 
Colonization dynamics of WT SS1 and ΔtlpA SS1 within the antrum were analyzed 
during the chronic stage of infection. Female C57BL/6N mice (n ≥ 3) were orally 
infected with WT SS1 GFP+ or ΔtlpA SS1 GFP+ for 2-, 3-, 4-, 5-, 6-, and 8-months. 
(A) Inflammation by histology, (B) total colonization, (B) gland colonization, (C) 
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gland density, and (D) gland percent was assessed. For all graphs, error bars 
represent the standard error of the mean. Comparisons between strains were made 
using two-way ANOVA, Tukey multiple comparison test. WT vs. ΔtlpA: a, 
P<0.0001; b, P<0.001; c, P<0.01; d, P<0.05. WT vs. ΔcheY: ****, P<0.0001; ***, 
P<0.001; **, P<0.01; *, P<0.05. ΔtlpA vs. ΔcheY: #, P<0.0001; †, P<0.001; ‡, 
P<0.01; ¥, P<0.05. 
 
 

 

Supplemental Figure 3.7- Verification of ΔtlpA SS1 GFP+ 

Verification of the generation of a ΔtlpA clean deletion mutant in a GFP+ SS1 
background was confirmed via PCR (Data not shown) and western blot. Anti-
TlpA22 (Williams et al., 2007) was used to detect the conserved, cytoplasmic 
portion of H. pylori TlpA, B, C, and D. All ΔtlpA SS1 GFP+ clones lack TlpA but 
express all other chemoreceptors. 
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