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ABSTRACT 

 
MOLECULAR INVESTIGATION OF PATHOGENIC BACTERIA IN 

THE PRESENCE OF PHENOLIC ACIDS 
 

Pathogenic bacteria, including P. aeruginosa, are serious threats for human 

health with their antibiotic resistance and virulence factors. Since phenolic acids, 

secondary metabolites of plants, can be good candidates as antimicrobial agents, their 

mode of action should be investigated. Proteomics is one of the main approaches for 

elucidating the mode of action of such compounds. In addition, in order to enhance the 

antimicrobial effects and stabilities of phenolics, they can be encapsulated into 

nanoparticles. The nanoparticles can be produced from chitosan and alginate which are 

biocompatible polymers. In this study, the antimicrobial effects of 3-HPAA and 4-HBA 

were presented with MIC values of 2.1 and 1.9 mg/ml, respectively. The bacteriocidal 

effects of them were also shown as 2.3 mg/ml for 3-HPAA and 2.1 mg/ml for 4-HBA. 

The morphological changes of bacteria were determined after phenolic acid exposure 

via SEM. The LC-ESI-MS/MS technique was used to show changes in the protein 

profile of bacteria arose from antimicrobial effects. Both phenolic exposures resulted in 

various protein changes especially in membrane-related proteins as well as ribosome 

and protein synthesis related-proteins. In addition, they caused serious oxidative stress 

depending on the protein profile changes related to redox proteins. Alginate-chitosan 

nanoparticles resulted increased antimicrobial effects of the phenolics which were 

produced, characterized and tested on various pathogenic bacteria via agar diffussion 

and spectrophotometric measurements. Hence, free or encapsulated forms of phenolic 

acids were demonstrated as effective antimicrobial agents and based on proteomic 

results, the effect of phenolic acids may be multi targetted. 
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ÖZET 

 
FENOLİK ASİTLERİN VARLIĞINDA PATOJEN BAKTERİLERİN 

MOLEKÜLER İNCELEMESİ 
 

P. aeruginosa’nın da içinde bulunduğu patojen bakteriler antibiyotik 

dirençlilikleri ve virülans faktörleri nedeniyle insan sağlığı için önemli bir tehdit 

oluşturmaktadır. Bitkilerin sekonder metabolitleri olan fenolik asitler antimikrobiyal 

madde olmak için iyi adaylar olduklarından, etki mekanizmalarının çalışılması 

gereklidir. Proteomik çalışmalar, böyle maddelerin etki mekanizmalarının 

araştırılmasındaki önemli yaklaşımlardan biridir. Bunun yanısıra, kararlılıklarının ve 

antimikrobiyal etkilerinin arttırılması için, fenolik asitler nanopartiküller içerisine 

hapsedilebilirler. Nanopartiküller, biyo-uyumlu polimerler olan kitosan ve aljinattan 

sentezlenebilirler. Bu çalışmada, 3-HPAA ve 4-HBA’nın antimikrobiyal etkileri, 

sırasıyla 2.1 and 1.9 mg/ml olan minimum inhibe edici konsantrasyon değerleri ile 

sunulmuştur. Aynı zamanda bakterisidal etkiye sahip oldukları ise 3-HPAA için 2.3 

mg/ml ve 4-HBA için 2.1 mg/ml minimum bakterisidal konsantrasyon değerleri ile 

gösterilmiştir. Buna ek olarak, bakterilerin morfolojilerinde fenolik asit uygulamasından 

sonra oluşan değişiklikler de taramalı elektron mikroskobu ile tespit edilmiştir. LC-ESI-

MS/MS tekniği, antimikrobiyal etkiler nedeniyle protein profilinde oluşan değişiklikleri 

göstermek için kullanılmıştır. İki fenolik muamelesi de bakterinin protein profilinde, 

zarla ilgili proteinlerdeki, ribozom ve protein senteziyle ilgili proteinlerdeki değişimler 

başta olmak üzere, birçok değişime neden olmuştur. Bunun yanında, redox 

proteinlerindeki değişimler göz önüne alındığında, fenoliklerin bakterilerde ciddi 

oksidatif strese yol açtığı görülmüştür. Fenolik asitlerin enkapsüle edilmesini sağlayan, 

sentezlenen, tanımlanan ve antimikrobiyal etkileri birçok patojen bakteride agar 

difüzyon ve spektrofotometrik ölçümlerle test edilen aljinat-kitosan nanopartiküller ise, 

fenoliklerin antimikrobiyal etkilerinin artmasını sağlamıştır. Bu çalışmayla fenolik 

asitlerin hem serbest, hem de enkapsüle edilmiş hallerinin etkili antimikrobiyal 

maddeler oldukları sunulmuş ve proteomik çalışmanın sonuçlarına göre fenolik asitlerin 

çoklu-hedefli etkiler gösteriyor olabildikleri sonucuna varılmıştır.   
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CHAPTER 1 

 

LITERATURE REVIEW 

 
1.1. Scope of the Study 

 
 Throughout the history, the human well-being is threatened by various diseases 

in which the bacterial infections cover a huge part. The bacterial infections arise from 

the pathogenic, opportunistic bacteria, which result in high mortality and morbidity as 

well as reduced life quality and high economic costs. Even today the bacteria still 

continue to cause various infections that are attempted to be controlled. The most 

effective way to combat these infections is using antimicrobial agents, specifically 

antibiotics, since the starting of usage of them lead a decline in these infections, 

worldwide. From the introduction of antibiotics for clinical use such as sulphonamides 

in 1935, penicillin in 1941, streptomycin in 1943 and many others since, the rapid 

decrease in these infections are reported (Aminov, 2017) which covers the duration of 

the discovery, development and use of the antibiotics between 1940-1970 (the golden 

age of antimicrobial therapy) (De Mol et al., 2018). However, the increased usage of the 

antibiotics in humans and animals are also result in the resistance development of the 

pathogenic bacteria since 20th century, which is still a serious problem (Caffrey et al., 

2019). This is also presented by the important international agencies like World Health 

Organization (WHO) and the European Centre for Disease Prevention and Control 

(https://www.who.int/en/news-room/fact-sheets/detail/antibiotic-resistance, Access 

date: 06.04.2019; https://www.ecdc.europa.eu/en/publications-data/surveillance-

antimicrobial-resistance-europe-2017, Access date: 06.04.2019). Various pathogenic 

bacteria are turn out to be multidrug-resistant (MDR) and even, extensively drug-

resistant (XDR) bacteria (Durand et al., 2019). Thus, this period can be accepted as the 

post-antibiotic era (Murima et al., 2014). This situation shows that the continuation in 

antibiotics usage may result in elevated and formidable bacterial infections. It is 

assumed that by the year of 2050, the infections will globally cause ten million deaths 

per year (Maldonado-Carmona et al., 2019). In addition to the antibiotics resistance, the 

bacteria possess various other virulence factors to develop and maintain infections such 
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as biofilm formation and secretion of toxic substances (Bleves et al., 2010). Even in the 

hospitals, during the treatment of diseases such as in the cancer treatment (Galloway-

Pena et al., 2017) or surgeries such as in the implant replacements (Zhou et al., 2015), 

these bacteria are the main reasons of the nosocomial infections. Infections that arise 

from food-borne pathogens also cause serious diseases and outbreaks, worldwide. 

Hence, in addition to development of new designs of existing antibiotics (Lewis, 2017), 

brand new antimicrobial agents and new routes for treatment of the bacterial infections 

are globally investigated. 

 Bioactive compounds such as phenolics, which are found naturally in almost all 

plants, are accepted as one of the promising agents for antimicrobial therapy. These 

compounds demonstrate a bacteriostatic effect through inhibition of bacterial growth or 

a bacteriocidal effect by killing the bacteria in a dose-dependent manner. However, the 

molecular basis of their antimicrobial effect must be investigated by –omics studies, 

such as changes at the proteomic level, in order to use them as new antimicrobial agents 

(Maldonado-Carmano et al., 2019). Additionally, since the encapsulation of these 

agents into nanoparticles can enhance and/or elongate the stability of their antimicrobial 

properties, it is considered as an important method for maintenance of antimicrobial 

activity. 

 

 

    
 

Figure 1.1. The chemical structures of phenolic acids focused in this study. a) 3-HPAA 

b) 4-HBA (Sources: Sigma-Aldrich) 

 

 

The scope of our study covers the demonstration of water-soluble, simple phenolic acids 

with their high antimicrobial effects on Pseudomonas aeruginosa which is one of the 

most important pathogenic bacteria, as well as the proteomic changes in the protein 

profile of this bacteria to enlighten the action path of these agents. In addition, our scope 
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also covers the presentation of the antimicrobial effects and possible application route 

of the phenolic acids on various pathogenic bacteria in vitro after the encapsulation into 

alginate-chitosan nanoparticles. 

 

1.2. Pathogenic Bacteria 

 
 The pathogenic bacteria, which are the causes of serious infections worldwide, 

were examined in this study for testing new antimicrobial agents. Among these, the 

well-known nosocomial pathogen, Pseudomonas aeruginosa was in the focus of this 

study to enlighten the proteomic changes for determination of the possible targets of the 

phenolic acids as promising antimicrobial agents. 

 

1.2.1. Pseudomonas aeruginosa 

 
 Pseudomonas aeruginosa is a Gram negative bacterium which can be colonized 

in various environments (i.e. soil and water), plant and animal tissues (Ha and O’Toole, 

2015; Valentini et al., 2018) as well as instruments and surfaces of the hospitals (Huber 

et al., 2016). As widely distributed opportunistic pathogens (Brown et al., 2012), they 

are accepted as one of the most important pathogenic bacteria in nosocomial (hospital-

acquired) infections, worldwide (Klockgether and Tümmler, 2017) as well as in the 

community-acquired infections (Driscoll et al., 2007). Such that, P. aeruginosa are 

counted in the ESKAPE pathogens which stands for they are among six highly 

antibiotic resistant bacteria that mainly cause nosocomial infections: Enterococcus 

faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 

Pseudomonas aeruginosa and Enterobacter species (Murray et al., 2015). They take 

roles in serious infections such as pneumonia, meningitis, abscess, soft tissue infections, 

urinary tract infections and catheter associated infections (Chatterjee et al., 2016) as 

well as causing the infections that can result in deaths in immunocompromised 

individuals such as cancer, burn, HIV, cystic fibrosis and organ transplantation patients 

(Morita et al., 2014; Huber et al., 2016). P. aeruginosa may be the causative agent of 

both acute and chronic infections (Valentini et al., 2018). The important properties of P. 

aeruginosa, which show an extremely diverse genotype and phenotype (Silby et al., 

2011; Huber et al., 2016), are the ability to adapt various environments via broad 
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changes in metabolism, possessing virulence factors such as proteases, 

lipopolysaccharides and exotoxins (Gellatly and Hancock, 2013) and to switching the 

life-style according to the conditions (Morita et al., 2014). The bacteria can be either in 

planktonic life-style by which causing acute infections or they can be in biofilm forming 

life-style which aids the attachment and continuation in chronic infections (Valentini et 

al., 2018). They also have the both intrinsic and adaptive resistance abilities against 

various antibiotics (Morita et al., 2014; Pang et al., 2019). This high resistance property 

may arise from the low permeability of outer membrane of P. aeruginosa against many 

antibiotics (Breidenstein et al., 2011). For instance, they have resistance to antibiotics in 

use such as penicillins, cephalosporins, carbapenems, monobactams and 

fluoroquinolones (Poole, 2011; Lister et al., 2009) which leads to the very limited 

therapeutic options for these bacteria. Since they are life-threatening pathogens with 

which to combat is highly challenging, it is required to discover, design and develop 

new antimicrobial agents and treatment routes against P. aeruginosa, urgently.  

 

1.2.2. Other Pathogenic Bacteria 

 
 The other pathogenic bacteria in this study are important nosocomial pathogens; 

Staphylococcus epidermidis, Acinetobacter haemolyticus, Methicillin resistant 

Staphylococcus aureus (MRSA) and Methicillin sensitive Staphylococcus aureus 

(MSSA) in addition to serious food-borne pathogens; Salmonella Enteritidis, 

Escherichia coli O157:H7 and Listeria monocytogenes. 

 S. epidermidis are Gram positive bacteria (Neely and Maley, 2000) and they are  

normal occupants of skin and mucous membrane flora of humans and other mammals 

(Parlet et al., 2019; Argudin et al., 2015). As oppurtunistic pathogens, they are accepted 

as the cause of various infections since 1970s with the important virulence factors of 

biofilm formation and antibiotics resistance (Piette and Verschraegen, 2009). Among 

these, the antibiotic resistance is a major problem to fight against Staphylococci with a 

91% resistance in clinical samples (Argudin et al., 2015). It can be stated that all 

infections caused by S. epidermidis are persistent against treatments (Schoenfelder et 

al., 2010). S. epidermidis with antibiotics resistance are colonized in patients and in/on 

hospital devices/areas by which the infections of these organisms take place (Piette and 
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Verschraegen, 2009). These infections resulted in significant outcomes for morbidity, 

mortality and economic costs. 

S. aureus are Gram positive bacteria which are the causative agents of various 

hospital-acquired and community-acquired infections (Bitrus et al., 2018). Methicillin 

resistant S. aureus (MRSA) and Methicillin sensitive S. aureus (MSSA) are known as 

the “hospital pathogens” and “superbugs” with their resistance against many antibiotics 

(Nordmann et al., 2007). They are one of the ESKAPE pathogens since being in the 

aforementioned six highly antibiotic resistant nosocomial bacteria (Murray et al., 2015). 

They may cause acute infections by secreting virulence factors such as exotoxins and 

hydrolytic enzymes or chronic infections such as osteomyelitis, rhino sinusitis and otitis 

(François et al., 2010). The bacteria can survive by adapting to the environmental 

conditions immediately, for instance, the methicillin resistance was detected after six 

months of the initial clinical usage of methicillin in 1961 (François et al., 2010). The 

possession of the mobile genetic element staphylococcal cassette chromosome (SSC) 

which contains the mec gene in their chromosome (SSCmec genomic island), which has 

a broad genetic diversity, S. aureus strains (especially MRSA) gain the high antibiotic 

resistance (Bitrus et al., 2018). That result in the limited choices for the treatment of the 

infections of S. aureus and new antimicrobial agents are in search worldwide. 

A. haemolyticus are Gram-negative opportunistic bacteria which are found in 

soil and waste waters in addition to being a normal occupant of healthy human skin, 

throat and intestine (Mujumdar et al., 2014). Acinetobacter species are considered as 

nosocomial pathogens which can cause various infections such as urinary tract 

infections, wound and burn infections and pneumonia and they are important agents of 

nosocomial outbreaks (Bergogne-Berezin, 1995). Acinetobacter develop resistance 

against common antibiotics in use and the infections caused by these bacteria are related 

especially with intensive care units (ICU) patients (Tripathi et al., 2014).  

S. Enteritidis, E. coli O157:H7 and L. monocytogenes are food-borne pathogenic 

bacteria (Alegbeleye et al., 2018) that can lead food-borne infections via food 

poisoning.  Food-borne diseases arise from contaminated food or water consumption by 

the food-borne pathogens or their toxins (Heredia and Garcia, 2018; Cisse, 2019). They 

are serious threats for human health, cause serious illnesses including diarrhea which 

may lead outbreaks in or between countries with high mortality and morbidity 

worldwide, as well as causing high economic costs (Alegbeleye et al., 2018; Franz et 
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al., 2019; Heredia and Garcia, 2018). According to WHO report in 2015, one of the 10 

people experience diseases of food poisoning every year and about 420,000 deaths were 

presented, worldwide (Alegbeleye et al., 2018). The report indicates that the food-borne 

diseases resulted in nearly 23 million illness cases among which 5000 deaths occurred 

every year in Europe (Flynn et al., 2019). Although the food safety maintenance bears a 

high importance to reduce food-borne illnesses, it is a challenging process because of 

the errors at food processing and consumer levels as well as at the microorganism level 

(Franz et al., 2019). The resistance development of the microorganisms against 

antimicrobial agents is one of the primary reasons of problems in food safety (Franz et 

al., 2019) and new antimicrobial agents must be developed for both protection and 

treatments of food-borne diseases. 

 

1.3. Phenolic Acids 

 
The phenolic compounds, which are widely produced as secondary metabolites 

by almost all plants and fungi, are the phytochemicals which have various roles in plant 

metabolism such as pollination, pigmentation and growth as well as the defense against 

environmental stresses, predators and microorganisms (Hurtado-Fernandez et al., 2010; 

Duthie et al., 2003; Heleno et al., 2015). The phenolics also display many beneficial 

properties for human well-being by showing antimicrobial, anti-oxidant, anti-

carcinogenic, cardio-protective and anti-inflammatory properties (Karaosmanoglu et al., 

2010; Andjelkovic et al., 2006; Daglia, 2012; Gutiérrez-Larraínzar et al., 2012; Diaz-

Gomez et al., 2013; Cueva et al.,2010). In addition, it was presented that phenolics 

enhance the composition and function of gut microbiota by supporting the beneficial 

bacteria (Cardona et al. 2013).  Since they are found in nearly all plants, the foods in 

human diet which were derived from plants such as fruits, vegetables, olive oil, wine, 

tea, etc., widely contain phenolic compounds (Lima et al., 2019). For instance, the 

average phenolic acid consumption by humans is presented as about 200 mg/day 

depending on the preferences in their diet (Heleno et al., 2015). For the absorption of 

the consumed phenolics, they are conjugated via methylation, sulfation and 

glucuronidation first in the small intestine and then in the liver. These are the main 

processes for their detoxification and elevation of their hydrophilicity for elimination by 

urination in the human body (Heleno et al., 2015). Hence, the humans benefit from the 
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advantageous properties every time they consume plant-derived foods when avoiding 

the possible toxic effects.   

  The plants use phenylalanine or tyrosine as precursors to naturally synthesize the 

phenolic compounds via shikimate pathway (Heleno et al., 2015). The characteristic 

structures of phenolic compounds possess one or more benzene ring and hydroxyl 

groups as well as other radical groups (Hurtado-Fernandez et al., 2010). The phenolic 

compounds can be divided into two main groups based on their skeleton nature: 

Polyphenols and phenolic acids. The polyphenols which contain flavonoids and tannins 

have more than one benzene rings in their structures. On the other hand, the phenolic 

acids, which are the main topic of this study, are included in simple phenolics since they 

have one phenol ring in their structures. (Hurtado-Fernandez et al., 2010). The phenolic 

acids fall into two groups due to the attachment type of carboxylic group to the benzene 

ring: Hydroxybenzoic acids contain the carboxylic group as directly attached while 

hydroxycinnamic acids possess an ethylene group for the attachment of the carboxylic 

group (Andjelkovic et al., 2006). The chemical structures of hydroxybenzoic acids are 

presented as C6-C1 whereas those of hydroxycinnamic acids as C6-C3 (Tripoli et al., 

2005). The two phenolic acids which were investigated in this study belong to these two 

distinct groups. The 3-hydroxyphenylacetic acid (3-HPAA) is included in 

hydroxycinnamic acids group while the 4-hydroxybenzoic acid (4-HBA) is in 

hydroxybenzoic acids group. The molecular weight of 3-HPAA and 4-HBA are 152.15 

g/mole and 138.12 g/mole, respectively (Sigma-Aldrich). They are both water-soluble 

simple phenolic acids with one hydroxyl group on the benzene ring. The 3-HPAA is 

mostly detected in olive oil wastewater (OOWW) involving high degree of polyphenols 

which is the by-product of olive oil extraction process (Roig et al., 2006; Zafra et al., 

2006). In the study performed in IYTE, 4-HBA is detected in extra virgin olive oils in 

west part of Turkey (Ocakoglu et al., 2009). Although both phenolic acids only have 

one hydroxyl group, its position differs (Figure 1.1) (Tang et al., 2016; Fletcher et al., 

2019). As a matter of fact, the number and the position of the hydroxyl groups on the 

benzene rings are accepted to affect the antimicrobial and anti-oxidant properties of the 

phenolic compounds (Lima et al., 2019; Heleno et al., 2015). The selection of the 

phenolic acids in this study were done not only due to having similar structures in two 

distinct groups but also due to having one hydroxyl group at different positions. Hence, 

the comparison between these phenolic acids can be more relevant in terms of their 
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effects on bacterial growth and the protein profile. The chemical structures of 3-HPAA 

and 4-HBA are presented in Figure 1.1.a and Figure 1.1.b, respectively. 

The antimicrobial properties of the phenolic compounds and phenolic-containing 

plant extracts against pathogenic bacteria were presented in various studies. These 

studies indicated that phenolic compounds may be potential effective antimicrobial 

agents. In the study of Cueva et al., the antimicrobial effects of 13 different phenolic 

compounds involving 3-hydroxybenzoic acid (3-HBA), 4-HBA, 3-HPAA and 4-

hydroxyphenylacetic acid (4-HPAA) were individually tested in the concentration range 

of 62.5-10000 μg/ ml on the different strains of pathogenic bacteria; E. coli, S. aureus, 

P. aeruginosa (Cueva et al., 2010). It was found that E. coli and S. aureus were affected 

by phenolic compounds with respect to their structures and in a strain-specific, dose-

dependent manner. The benzoic and phenylacetic acids were presented as in the most 

effective phenolic compounds among the tested chemicals. However, even 1000 μg/ ml 

concentrations of the compounds could not inhibit the P. aeruginosa which indicated 

that higher concentrations of phenolic acids are required for these bacteria. It was 

concluded that the usage of the phenolic acids at physiological concentrations results in 

the bacterial growth inhibition depending on the bacterial strain, phenolic acid dose and 

structure (Cueva et al., 2010). The antimicrobial tests of phenolic compounds, gallic 

acid and catechin, were performed on Helicobacter pylori which are the Gram negative 

bacteria causing peptic ulcer (Diaz-Gomez et al., 2013). Regardless of being applied 

individually or in combination, these phenolic compounds resulted in reduced bacterial 

growth in a dose-dependent manner. In addition, gallic acid resulted in higher 

antimicrobial effect than cathecin. Thus, the antimicrobial effect was found as phenolic 

compound type-dependent. 

In another study, Sanhueza et al. tested the antimicrobial effects of phenolic 

acids and flavonoids including gallic acid, vanillic acid, syringic acid and catechin as 

well as various antibiotics on clinical strains of S. aureus and E. coli (Sanhueza et al., 

2017). In addition, they compared those with the effect of grape pomace extract which 

contains all of the tested phenolics according to their HPLC study as well as testing the 

synergistic effects of the extract with antibiotics. The results showed that the tested 

bacteria were resistant to the antibiotics while phenolic compounds displayed high 

antimicrobial effects except (+)-catechin. The MIC values for phenolic acids were in the 

range of 0.062-3 mg/ml and the MIC values of flavonoids were found in 0.1-1.5 mg/ml 
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range for S. aureus. Whereas the phenolic acids showed MIC values in the range of 0.2-

2.5 mg/ml and flavonoids showed 0.2-5 mg/ml for E. coli. They concluded that MIC 

values of the phenolic acids and flavonoids were similar to the MIC values of grape 

pomace extracts against antibiotic resistant bacteria (Sanhueza et al., 2017). Hence, the 

antimicrobial effect of the grape pomace extract may be due to its phenolic compound 

ingredients. Additionally, when the antibiotics were applied as a mixture with grape 

pomace extract, a synergistic effect was detected which may show that phenolic acids 

aid the bacterial growth inhibition of antibiotics (Sanhueza et al., 2017). Likewise, the 

study of Shen et al. indicated that the blueberry extract and the phenolic compounds 

chlorogenic acid, ellagic acid, quercetin and quercetin-3-galactoside, which were found 

in high levels in the blueberry extract, exhibited a dose-dependent bacterial growth 

inhibition of food-borne pathogens L. monocytogenes and Salmonella Enteritidis (Shen 

et al., 2014). Among the phenolic compounds tested, the least effective phenolic 

compound was found as the chlorogenic acid (500 μg/ml) while the most effective one 

was the ellagic acid (44 μg/ml) against L. monocytogenes and Salmonella Enteritidis 

(Shen et al., 2014). It was concluded that the phenolic contents of blueberry extracts 

may be the reason of the antimicrobial effect (Shen et al., 2014). 

The distinct antimicrobial effects of the phenolic compounds are demonstrated 

on nosocomial or food-borne pathogenic bacteria in many studies. These studies mostly 

point out the higher antimicrobial effect of phenolic acids is associated with their 

smaller structures among all the phenolic compounds. It can be speculated that the small 

sizes of phenolic acids may lead the strong interactions with membranes or other targets 

in bacteria (Lima et al., 2019). For instance, outer membrane of Gram negative bacteria 

may be easily crossed by phenolic acids due to their small structures while the 

membrane does not usually allow big and hydrophobic molecules to be transported 

(Cueva et al., 2010). Relatedly, the antimicrobial effects of the phenolic compounds 

must be occurred due to the targeting some structures or metabolic pathways of the 

bacteria. Unfortunately, it is known that the antimicrobial agents can target human 

proteins as well as bacterial proteins which reduce the success of antimicrobial therapy 

(Chavali et al., 2012). Hence, the determination of the pathogen protein targets may be a 

starting point for the elucidation of action mechanisms of these compounds not only for 

further studies of future antimicrobial therapies but also elimination of the compounds 

targeting human proteins, leading specific antimicrobial agents for pathogens. A general 
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idea for possible pathogen protein targets of the antimicrobial agents can be achieved by 

using the proteomic approaches since the obstruct of checkpoints of important 

metabolic pathways is accepted as a useful way for antimicrobial therapy (Garg et al., 

2018). 

 

1.4. Proteomic Investigation of Antimicrobial Effects 
 

 The -omics sciences, including genomics, proteomics, transcriptomics, 

metabolomics, glycomics or the combinations of those, are accepted as dependable 

approaches with their related bioinformatics analyses due to their allowance to obtain 

wide informations that give clues about the action mechanisms of the bioactive 

compounds (Maldonado-Carmona et al., 2019). Among those, the proteomics may 

display useful results since the protein profiles possess the final state of the cell after the 

modifications. Hence, using the proteomics is a dependable approach for the 

determination of the bacterial protein profile changes for adaptations to different 

conditions such as growing in the presence of a chemical compound and it can aid 

reliable results in potential target determinations in the antimicrobial discovery area 

(François et al., 2010; Navare et al., 2015). For instance, the changes in the proteins 

functioned in bacterial cell processes which are required for the growth and survival can 

indicate the favorable targets (Lee et al., 2015). For this purpose, besides gel-based 

proteomic techniques, the mass spectrometry coupled with the liquid chromatography 

(LC) as well as electrospray ionization (ESI) is also a popular technique namely “Liquid 

Chromatography Electrospray Ionization Tandem Mass Spectrometry” (LC-ESI-

MS/MS) (shot gun proteomics) with higher sensitivity and speed (François et al., 2010, 

Walther and Mann, 2010). In this technique, the protein samples are digested as the first 

step either with in-gel or in-solution digestion depending on the preference of a gel-

based first separation of proteins or not, respectively (Choksawangkarn et al., 2012). 

The fractination which is performed after digestion step provides the enhancement of 

analytical dynamic range and proteome coverage (Yang et al., 2012). After that, the 

identification of high numbers of peptides can be obtained since this technique 

possesses two consecutive separation steps for peptides: LC and ESI-MS/MS (Stapels et 

al., 2004; Walther and Mann,2010). The first separation of the peptides is carried out by 

High Pressure Liquid Chromatograpy (HPLC) by either strong cation exchange (SCX) 



 

 

 
11 

chromatography depending on the charges or pH reversed-phase (RP) chromatography 

depending on the hydrophobic interactions (Batth et al., 2014). Either low or high pH 

HPLC columns can be used in RP chromatography (Wang et al., 2011). Since it results 

in enhanced protein identification, more clean samples excluding desalting, reducing 

sample loss as well as process time, high pH RP is more useful than low pH RP or SCX 

(Yang et al., 2012). Prior to second separation by HPLC using low pH columns, the 

samples are charged and transfered to gas form by ESI which allow the detection of the 

molecules in an electric field (Walther and Mann,2010). After the data is obtained and 

processed for the protein identification by search engines such as MASCOT (Walther 

and Mann, 2010), the functions of the proteins are determined in online databases 

(i.e.Uniprot, KEGG, Swissprot). The interaction network of the proteins can be detected 

for a deeper insight of the changes in the bacterial cell systems by databases such as 

STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) which is a 

widely-used, open source database (http://string-db.org/) (Cafarelli et al., 2017). The 

interaction network of genes/proteins stands for the representation of the intractions 

between the genes/proteins of interest as a graphic  by displaying each gene/protein as a 

node and their interaction as the connecting edge. The interaction informations are 

obtained from various sources such as primary databases as well as the predicted 

interactions via statistical methods and the interactions can be phyisical (direct) or 

functional (indirect) which are indicated by colors (Miryala et al., 2018; Cafarelli et al., 

2017). 

After the proteome elucidation, the protein data can be validated at the 

transcriptomic level by the technique named real time quantitative PCR (RT-qPCR). In 

this technique, the relative fold change of the gene expression of the protein of interest 

is determined based on the normalization to the expression of the reference gene and 

control group. A reference gene must be simultaneously analyzed with the investigated 

genes and specific primers for each gene must be designed by online tools such as 

Primer BLAST. The reference gene of the bacteria can be determined among the 

housekeeping genes such as  gyrB, rpoA, rpoB, oriC, dnaJ, and rplI as well as 16S 

rRNA genes depending on the properties of the bacteria and the experimental conditions 

(Takahashi et al., 2017). For instance, in the study of Llanes et al. it was shown by RT-

qPCR and immunoblotting that the overexpression of the genes of MexAB-OprM and 

MexXY efflux pumps were simultaneous (Llanes et al., 2004). In that study, 12 
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multidrug resistant P. aeruginosa strains were investigated and rpsL gene was used as 

the housekeeping gene for RT-qPCR. Based on the results, they concluded that the 

simultaneous overexpression of the efflux pump genes might aid the enhancement of 

the resistance of clinical strains (Llanes et al., 2004). Similarly, Dumas et al. used this 

technique for the investigation of expression of antibiotic resistance genes in wild-type 

and mutant, clinical and laboratory strains of P. aeruginosa (Dumas et al., 2006). Since 

the Mex drug efflux pumps, AmpC β-lactamase and OprD which is the porin of 

carbapenem are related to the antibiotic resistance of P. aeruginosa, they elucidated the 

expression of the genes of these proteins by RT-qPCR. As the reference gene, they also 

used ribosomal rpsL gene to normalize the results. Their results presented a high fold-

increase in the expression of aforementioned genes and they concluded that RT-qPCR is 

a reliable technique for the investigation of expression of antibiotic resistance genes 

(Dumas et al., 2006). It is clear that rpsL gene, which is a 16S ribosomal protein gene, 

was used as the housekeeping gene in the RT-qPCR studies in the literature. Thus, this 

gene was chosen as the reference gene in our protein data validation study which was 

performed via RT-qPCR. Although the data of proteome and transcriptome may not 

always be overlapped due to the modifications of the proteins during or after their 

maturation, this type of validation is still accepted as a reliable technique to confirm the 

expression change of gene of protein of interest. For instance, Ma et al. investigated the 

mechanism of action of daptomycin antibiotic on S. aureus at the proteomic level by 

determining the whole proteome via LC-MS/MS and then validated the results via RT-

qPCR for the genes of diphosphate kinase (NDK) and 5’-nucleotidase (NT5) enzymes 

by normalizing the results based on housekeeping gene, triosephosphate isomerase 

(TPI) gene (Ma et al., 2017). The proteomic data showed that the profile of membrane 

proteins and DNA metabolism were affected in the presence of daptomycin. The results 

displayed the relevant gene expression changes with the protein data by the increased 

expression of NDK gene and decreased expression of NT5 gene. These are both 

important enzymes which function in the purine metabolism. Thus, the changes of these 

proteins were not only confirmed at the proteomic level but also confirmed at the 

transcriptomic level. They concluded that doptamycin displayed a dual action 

mechanism by damaging the cell membrane and DNA metabolism of S. aureus which 

may explain its mode of action as a bacteriocidal antibiotic (Ma et al., 2017).  In 

addition, various studies exist in the literature for the determination of the changes in 
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the protein profiles of bacteria, enlightening the bacterial metabolisms as well as the 

answers to different conditions which can aid the development of antimicrobial agents. 

In the study of Carrera et al., the proteome of 20 food-borne strains of Staphylococcus 

aureus were investigated by in-solution proteolytic digestion and LC-ESI-MS/MS 

analysis (Carrera et al., 2017). They used UniProt database to analyze the data sets and 

they determined the networks of the proteins by gene ontology (GO) analysis. They 

discussed that most common identified proteins of these strains were surface-associated 

proteins that were related to pathways and networks of energy, lipid metabolism and 

virulence (Carrera et al., 2017) which may be a clue for the target of new antimicrobials 

against these bacteria. Kılıç et al. elucidated the P. aeruginosa protein profile against 

chromium (VI) toxicity via proteomic approach. Since these bacteria are resistant 

against  chromium (VI), the identifying the overexpressed proteins of these bacteria in 

high levels of the chromium (VI) may show the resistance scope of the bacteria (Kılıç et 

al., 2010). Since they used a gel based method, a small quatity of the proteins were 

detected. They used in-gel digestion of the protein spots prior to LC-ESI-MS/MS and 

determined 21 proteins which were expressed differently than the control group. The 

upregulated cytosolic proteins were detected which are related to stress response, 

protein biosynthesis, energy production metabolism and response to oxidative stress. 

The membrane bound proteins were upregulated functioned in the stress response, some 

ribosomal structural proteins, outer membrane proteins and energy metabolism proteins. 

Thus, the proteomic approach was successfully used to aid enlightening the resistance 

mechanism of P. aeruginosa against chromium (VI). The study of Sharma et al. 

demonstrated the proteome of clinical strain of Klebsielle pneumoniae in the presence 

of meropenem (a type of carbapenem) (Sharma et al., 2019). Since these bacteria 

possess a carbapenem resistance, Sharma et al. aimed to bring out the resistance 

mechanism of the bacteria to be able to detect the molecular targets to combat the 

resistant strains. They used LC- MS/MS and related bioinformatics tools, Gene 

Ontology, KEGG and STRING and demonstrated that 52 proteins were over expressed 

which might be used for bacterial resistance and survival. The overexpressed proteins 

were related mainly to protein translational machinery complex, DNA/RNA 

modification, carbapenems cleavage, energy metabolism and intermediary metabolism 

(Sharma et al., 2019). Thus, whole proteome of Klebsielle pneumoniae was enlightened 

in terms of carbapenem resistance-related proteins for further studies of antimicrobial 
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developments. Li et al. used the combination of proteomics and metabolomics data for 

the determination of the E.coli answer to ciprofloxacin (Li et al., 2018). They performed 

LC-MS/MS for protein identification of the bacteria growth in the environments with or 

without ciprofloxacin and compared those. They presented the changed protein profile 

with 143 decreased and 147 increased expressions. When they integrated proteomic 

data with the metabolomic data, they suggested a possible mode of action of this drug as 

blocking the DNA replication while increasing the DNA gyrase and DNA 

topoisomerase I. In addition, the ciprofloxacin exposure resulted in the changes of 

tRNA biosynthesis with the enhancement of aminoacyl-tRNAs ligases, but diminished 

the biosynthesis of related amino acids (Li et al., 2018).  

As a consequence, proteomic approach is used for comparison between chemical 

of interest-treated or non-treated groups of the same organism to determine the 

molecular effects of the chemical on the organism. To the best of our knowledge, 

although the antimicrobial effects of the phenolic compounds are presented in a plenty 

of studies in the literature, the studies focusing on the molecular mechanism of their 

antimicrobial effects are very limited. Since our study aims to determine the changes in 

the whole protein profile of P. aeruginosa in the presence of phenolic acids, it may aid 

to fulfill the lack of information about the antimicrobial effects of these compounds at 

the molecular level. These informations can be a starting point to guide more detailed 

studies about the phenolic acid mode of action, in the future. 

 

1.5. Encapsulation of Phenolic Acids 

 
 Nowadays, the encapsulation of the bioactive compounds, such as phenolic 

compounds, is a popular concept in the studies related to biomedical field. Although the 

phenolic acids are promising candidates for alternative treatments against pathogenic 

bacteria showing distinct antimicrobial effects, they have broad ranges of aqueus 

solubilities and rapid degradation profiles which may decrease their antimicrobial 

potential. The encapsulation of the phenolic acids into nanoparticles can solve these 

problems (Krausz et al, 2015). Nanoparticles are the particles which have a size range 

between 1-100 nm (Capaldi Arruda et al., 2015). But the ones that have sizes below 

1000 nm are also accepted as nanoparticles in pharmaceutical science (Li et al., 2015). 

They are useful for encapsulation of drugs to be able to increase their stability and to 
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control their release properties. For encapsulation of the phytochemicals such as 

phenolic compounds into nanoparticles, hydrogen bonds and hydrophobic interactions 

are effective. These interactions encapsulate the phenolics in the nanoparticles not only 

to facilitate the aqueous solubility of phenolics but also to decrease the oxidation and/or 

degradation of the phenolics (Li et al., 2015). In the treatment of infections, the usage of 

the nanoparticles can be an alternative therapy route (Andonova and Urumova, 2013). 

Encapsulation would provide phenolic acids an increased stability, controlled release 

and protection against environmental changes. Relatedly, the antimicrobial effects of 

the phenolics can be achieved in higher levels when they are encapsulated compared to 

their effects of free form. In addition, because the resistance is not occurring in bacteria 

against phenolic acids so far, they can be alternative agents in infection treatments. In 

the encapsulation processes, polymers like chitosan and alginate are widely used. 

Chitosan is a biodegradable, biocompatible, non-toxic material with antimicrobial 

activity which can be used for variable applications. It is produced from chitin via 

deacetylation of chitin under alkaline conditions or by chitin deacetylase enzyme 

(Jayakumar et al., 2010). It has ability to comprise with vitamins, minerals, oils, 

proteins and biologically active natural products to form functional substances (Tang et 

al., 2013; Azevedo et al., 2014; Budnyak et al., 2016; Deka et al., 2016; Wu et al., 2018; 

Moschona and Liakopoulou-Kyriakides, 2018). Because of its extensive usage, easy 

preparation, known antimicrobial property and biodegradable nature, chitosan can be a 

good choice for encapsulation of phenolic acids for using as a possible treatment of 

infections in the future. Alginate is another important material which is used in 

encapsulation processes. It is an anionic polymer that is obtained from algae which 

consists of glucorinic acid and mannuronic acid residues. It is a commonly used 

material for encapsulation of chemicals because of its easy-to-use, non-toxic, 

biodegradable and biocompatible nature (Paques et al., 2014) and ability to synthesize 

hydrogels in the presence of divalent cations (Yang et al., 2011).   

The alginate-chitosan nanoparticles, which possess alginate as a pre-gel and 

chitosan as a covering material, can be obtained depending on the electrostatic 

interactions of carboxyl groups of alginate and amino groups of chitosan (Zimet et al., 

2018). In the production of alginate-chitosan nanoparticles, ion-gelation technique is a 

widely-used technique in which calcium chloride is used as a cross linker to make the 

pre-gel of the alginate. The usage of calcium in this process result in the linkage of the 
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alginate monomers to each other making an egg-box-shaped structure in which the drug 

of interest can be captured (Wu et al., 2018; Zimet et al., 2018). Then, the coating of 

alginate which is an anionic polymer with chitosan which is cationic, results in alginate-

chitosan nanoparticles. This type of coating presents a better coating because of the 

obtained polyelectrolyte complex with an increased stability (Paques et al., 2014). Since 

the phenolic acids that were used in this study are water soluble, alginate-chitosan 

nanoparticles were expected to provide a durable coat for better protection for these 

phenolic acids.  

The important parameters of successful nanoparticle production are the 

homogeneity, physicochemical properties, size and shapes of the particles and the 

behavior. After the nanoparticle production, these properties can be characterized via 

some analyses (Bhattacharjee et al., 2016) such as dynamic light scattering (DLS), 

Fourier transform infrared spectrometry (FTIR) and scanning electron microscopy 

(SEM). Dynamic light scattering is a technique that measures the average 

hydrodynamic diameters of the particles (particle size) in a solution (Krausz et al., 2015; 

Bhattacharjee et al., 2016) and shows the uniformity of the tested sample. If the DLS 

result of a solution demonstrates a single peak, it can be concluded that the particles in 

that solution have a uniform nature (Mohammadi et al., 2016) while more than one peak 

of the same sample demonstrates the particles may not be homogeneous. In addition, the 

polydispersity index (PDI) values of the samples which are obtained from DLS data 

also give opinion about the homogeneity of the particles. The PDI value smaller than 1, 

displays that the particles in the solution show a narrow size distribution which leads to 

homogeneity in size (Liu et al., 2018; Qi et al., 2004). The FTIR measurements of the 

nanoparticle samples is useful to demonstrate that the produced nanoparticles display a 

unique spectrum as a unique compound. The spectra of the polymers and phenolic acids 

either individually and nanoparticle forms can be detected and compared for presenting 

the production of nanoparticles resulted in the eventual unique bonds (Mladenovska et 

al., 2007). Additionally, the exact shapes and diameters of the particles can be 

visualized under electron microscopy since DLS show only the average and 

hydrodynamic diameters. 

The studies that focus on the antimicrobial agents loaded in chitosan 

nanoparticles or alginate-chitosan nanoparticles are increasing in the literature which 

present efficient results for the nanoparticles as antimicrobial agents. Liu et al. tested the 
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antimicrobial properties of ε-polylysine loaded alginate-chitosan nanoparticles on E. 

coli, B. subtilis, S. aureus and M. luteus (Liu et al., 2018) by agar diffusion and the 

results showed that ε-polylysine loaded alginate-chitosan nanoparticle showed high 

antimicrobial effects by producing distinct inhibition zones (Liu et al., 2018). In 

addition, the encapsulation of ε-polylysine displayed three-fold increase in antimicrobial 

activities than its free form on the same bacteria (Liu et al., 2018).  In the study of Jamil 

et al., the chitosan nanoparticles loaded with kefzole, an antibiotic, and tested on 

multidrug resistant Klebsiella pneumoniae and Pseudomonas aeruginosa by agar 

diffusion (Jamil et al., 2016 (a)). It was demonstrated that the antibiotic alone did not 

produced zones of inhibition while encapsulated antibiotics showed antimicrobial 

effects in an increasing manner depending on the increasing concentrations of the 

antibiotics in the nanoparticles. This may demonstrate that the encapsulation of the 

drugs can enhance their antimicrobial properties (Jamil et al., 2016 (a)). In addition to 

agar diffusion studies, the bacterial growth studies also demonstrate the increased 

effects of the agents after encapsulation. Jamil et al. investigated the growth of MRSA 

and E. coli in the presence of cardamom essential oil and cardamom essential oil loaded 

chitosan nanoparticles individually (Jamil et al., 2016 (b)). The results demonstrated 

that cardamom essential oil caused no inhibition on the growth of both bacteria while 

both null nanoparticles and loaded nanoparticles resulted in growth control for the first 

48 hours. After 48 hours, the complete inhibition was continued for only cardamom oil 

loaded chitosan nanoparticles until seven days. (Jamil et al., 2016 (b)). In another study, 

rosmarinic acid, protocatechuic acid and 2,5-dihydroxybenzoic acid were encapsulated 

into chitosan nanoparticles by using low and high molecular weights, individually and 

tested on the growth of various pathogens; Bacillus cereus, Escherichia coli O157, 

Listeria innocua, Staphylococcus aureus, Salmonella typhimurium and Yersinia 

enterocolitica (Madureira et al., 2015). These nanoparticles displayed high 

antimicrobial effects on the tested bacteria with higher than 70% inhibition of the 

growth with different inhibition percentages for each organism. Rosmarinic acid loaded 

nanoparticles presented the highest effect with more than 90% inhibition while 

protocatechuic acid loaded nanoparticles presented the lowest percent inhibition 

(Madureira et al., 2015). Thus, the phenolic compound loaded nanoparticles may show 

a strain-specific antimicrobial effect due to the type of loaded phenolic compound. 

Based on these knowledge, it was aimed to elucidate the effects of phenolic acids, 3-
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HPAA and 4-HBA, on the growth of widely distributed, serious pathogenic bacteria, P. 

aeruginosa. Additionally, it was aimed to determine their effects on the whole proteome 

of the bacteria in order to show their antimicrobial effects at the molecular level. On the 

other hand, the investigations on the encapsulation of these phenolic acids in terms of 

production, characterization and antimicrobial effects on various pathogenic bacteria 

were also aimed. The main courses of the study are:  

1. The determination of the growth behavior and morphological state of P. aeruginosa 

in the presence of water-soluble phenolic acids in vitro. 

2. The determination of the changes in the total protein profile of P. aeruginosa in the 

presence of phenolic acids via LC-ESI-MS/MS and validation of the protein data at the 

transcriptomic level via real time quantitative PCR. 

3. The production and demonstration of the potential usage route of alginate-chitosan 

nanoparticles loaded with water-soluble phenolic acids in vitro. 
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CHAPTER 2 

 

EFFECTS OF THE PHENOLIC ACIDS ON GROWTH 

AND MORPHOLOGY OF Pseudomonas aeruginosa  

 
2.1. Introduction 

 
Pseudomonas aeruginosa, which can be isolated from various environments, is a 

health-threatening opportunistic pathogen. It causes various infections in humans 

worldwide. For instance, in nosocomial infections, P. aeruginosa is accepted as one of 

the most important pathogenic bacterium (Breidenstein et al., 2011). Although it is a 

rare resident of human microbiota, it may be found up to 50% of the microbial flora of 

the patients during the hospitalization period. It is difficult to cure the infections caused 

by these bacteria on the fact that they require an extensive antibiotic therapy. However, 

P. aeruginosa has resistance to many antimicrobials such as penicillins, cephalosporins, 

carbapenems, monobactams (Poole, 2011) and fluoroquinolones (Lister et al., 2009). 

Even if antibiotic resistance is not observed in some strains, they can gain resistance 

during the treatment (Potron et al., 2015). Besides their multidrug resistance (Strateva 

and Yordanov, 2009), the biofilm-formation property of these bacteria (Andonova and 

Urumova, 2013) make it difficult to combat. These properties make the infections of P.  

aeruginosa life-threatening with high mortality and morbidity rate (Aloush et al., 2006; 

Gill et al., 2018). Therefore, new antimicrobial agents are in search. 

Phenolic compounds are naturally synthesized chemicals by almost all plants as 

secondary metabolites. (Hurtado-Fernandez et al., 2010). They have roles in plants for 

plant metabolisms in addition to  protection against bacteria (Duthie et al., 2003). They 

have various beneficial properties for humans such as antimicrobial, anti-oxidant, anti-

carcinogenic, cardio-protective and anti-inflammatory properties (Karaosmanoglu et al., 

2010; Andjelkovic et al., 2006; Daglia, 2012; Gutiérrez-Larraínzar et al., 2012; Diaz-

Gomez et al., 2013; Cueva et al.,2010). The common structure of simple phenolic 

compounds consist of a benzene ring with one or more hydroxyl groups and different 

functional groups (Hurtado-Fernandez et al., 2010). Hydroxybenzoic acids and 
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hydroxycinnamic acids are two main groups of phenolic acids. In hydroxycinnamic 

acids, carboxylic group is attached to benzene ring via an ethylene group. However, in 

hydroxybenzoic acids, carboxyl group is directly attached to the benzene ring 

(Andjelkovic et al., 2006). The phenolic acids that will be used in this study are 3-

Hydroxyphenylacetic acid (3-HPAA) and 4-Hydroxybenzoic acid (4-HBA) which 

belong to hydroxycinnamic acids and hydroxybenzoic acids, respectively. They are 

simple phenolic acids with one phenol ring and they are water soluble.  

The objectives of this study were to determine the minimum inhibitory 

concentrations (MIC) and minimum bacteriocidal concentrations (MBC) of 3-HPAA 

and 4-HBA on P. aeruginosa and to investigate morphological changes of the bacteria 

in the presence of subinhibitory concentrations of these phenolic acids. 

 

2.2. Materials and Methods 

  
 The effects of phenolic acids on P. aeruginosa were investigated by 

spectrophotometric and enumeration methods prior to scanning electron microscopy.  

 

2.2.1. Bacterial Strain and Culture Conditions 

 
Pseudomonas aeruginosa (ATCC 27853) was grown in Mueller Hinton broth 

(MHB) and Mueller Hinton agar (MHA) media (Fluka) at 37oC without shaking. 

Bacterial growth behavior was determined by plotting the growth curve of the bacteria 

during 24 hours (Appendix A). The bacteria were maintained on MHA at 4oC which 

were refreshed every week or long term-stock cultures when necessary. The long term-

stock cultures of the bacteria were kept at -80oC in MHB containing 20% glycerol.  

 

2.2.2. Antimicrobial Activities of Phenolic Acids 

 
A single colony of P. aeruginosa was inoculated into 4 ml of MHB media and 

the bacteria were incubated at 37oC for 18 hours (overnight). Spectrophotometric 

measurement was performed to determine the optical density (O.D.) of overnight 

bacterial culture at 600 nm. The phenolic acids (3-HPAA and 4-HBA) were obtained 
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commercially (Sigma-Aldrich). The solutions of 3-HPAA and 4-HBA were prepared 

freshly in the required concentrations in sterile double-distilled water (ddH2O) and 

added to MHB at the time of each experiment. The final bacterial load of 106 cfu/ml 

from overnight culture was inoculated into phenolic acids containing MHB. Blanks of 

test group were the phenolic acid solution prepared in required concentration and MHB 

without addition of bacteria. Control group also had 106 cfu/ml final bacterial load from 

overnight culture into MHB without phenolic acid addition. Blank of control group was 

MHB. The O.D. of the treated and untreated cultures were measured at 600 nm at 0th 

and 24th time points of the growth. At the same time, the cell viabilities of the cultures 

grown for 24h were tested by enumeration method on MHA. The initial bacterial load 

was also confirmed by enumeration method in each experiment, throughout the study. 

 

2.2.3. Determination of P. aeruginosa Morphology 

 
The morphological properties of P. aeruginosa treated with/without phenolic 

acids were determined by scanning electron microscopy (SEM) and the colour changes 

of the bacterial cultures were clearly detected by naked eye. The bacterial cultures were 

prepared with the same protocol of antimicrobial studies (see Section 2.2.2). After 24 h 

of growth, the cells of each group was harvested by centrifugation at 14.000 x g for 2 

minutes.  The pellets were washed with 0.1% peptone twice and resuspended in 0.1% 

peptone. After placing 10 μl of these samples on aluminium (Al) foil, they were dried 

for 15 minutes at 37oC. The prepared samples were placed on the carbon band 

containing, metal grids  and covered with gold for 2 minutes. Then, these samples were 

examined under scanning electron microscope (Phillips XL-30S FEG) at İYTE-MAM. 

To observe the color changes in the broth cultures, the samples were prepared as 

explaned in section 2.2.2. After 24 h of incubation, the cultures were photographed to 

demonstrate the colour differences between the control group and phenolic acid treated 

groups.  

 

2.3. Results and Discussion 

 
The investigated, water soluble phenolic acids (3-HPAA and 4-HBA) 

demonstrated strong antimicrobial activity against P. aeruginosa. The MIC and MBC 
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values were determined for both phenolic acids as well as their effects on the bacterial 

morphology and culture color. 

 

2.3.1. Antimicrobial Effects of Phenolic Acids on P. aeruginosa  

 
The antimicrobial effects of 3-HPAA and 4-HBA were determined on P. 

aeruginosa both spectrophotometric and viable cell count studies. The range of tested 

concentrations of 3-HPAA and 4-HBA were 1.7-2.3 mg/ml and 1.5-2.1 mg/ml, 

respectively. The growth curves of P. aeruginosa in the presence of 3-HPAA and 4-

HBA with the indicated consantrations were presented in Figure 2.1a and b. The MIC 

values were determined as 2.1 mg/ml for 3-HPAA and 1.9 mg/ml for 4-HBA (Figure 

2.1a and b). Since no survivors were detected in the presence of 2.3 mg/ml 3-HPAA and 

2.1 mg/ml 4-HBA (Table 2.1), these concentrations were considered as MBC of the 

tested phenolic acids. The difference in concentration values for MIC and MBC arouse 

from the dose-dependent nature of antimicrobial effects of phenolic acids. Both 

phenolic acids demonstrated similar antimicrobial patterns. However, it could be 

concluded that 4-HBA has higher antimicrobial effect on P. aeruginosa than that of 3-

HPAA, since the lower concentrations of 4-HBA showed the higher antimicrobial 

effect. For instance, 1.7 mg/ml 3-HPAA caused 31% inhibition while the same 

concentration of 4-HBA caused 71% inhibition (Table 2.1). This might be due to the 

structural differences between 3-HPAA and 4-HBA: Since, their carboxyl groups are 

attached to the benzene ring differently, they belong to different phenolic acid groups. 

While the carboxyl group of 3-HPAA (a member of hydroxycinnamic acid) is attached 

to benzene ring via an ethylene group, it is directly attached to the benzene ring in  4-

HBA (a member of  hydroxybenzoic acid) (Andjelkovic et al., 2006). Although they 

both contain one hydroxyl group attached, their positions on the benzene ring are 

different. These structural differences might be the reason for the slight variations of the 

antimicrobial effects of 3-HPAA and 4-HBA. 

 

2.3.2. The Morphology of P. aeruginosa  

 
The colour differences between bacterial cultures that were treated and untreated 

with 3-HPAA and 4-HBA were presented in Figure 2.2 a and b, respectively. The 
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culture of P. aeruginosa has a distinct greenish-blue colour as a result of the mixture of 

blue color from the bacteria and yellow color from the media (Rada and Leto, 2013). 

The pigment called pyocyanin produced by P. aeruginosa is the reason for the blue 

color (Rada and Leto, 2013).  When the P. aeruginosa cultures were grown in the 

presence of 3-HPAA or 4-HBA, the blue color was not observed (Figure 2.2). The 

significatly distinct greenish blue color was observed in the control groups, after 24 

hours of incubation without phenolic acids. 

Our results were consistent with the study of Ugurlu et al. which presented that 

the the solutions of vanillic acid, caffeic acid, cinnamic acid and ferulic acid (phenolic 

acids) treatment reduced the pyocyanin production in P. aeruginosa (Ugurlu et al., 

2016). 

The morphological properties of untreated (Figure 2.3 a and b), 3-HPAA treated 

(Figure 2.3 c and d) and 4-HBA treated (Figure 2.3 e and f ) P. aeruginosa were 

investigated by SEM analysis. It was clearly shown that the surface of the bacteria have 

a collapse line especially in 3-HPAA treatment. The collapse on the bacterial surfaces 

demonstrate that the phenolic acids might affect the envelope structure (characteristic 

structure of Gram negative bacteria made up of two membranes with a thin 

peptidoglycan layer in between) (Stinnett et al., 1973)  of P. aeruginosa.  

 

   

Table 2.1. Percent inhibitions and cell viabilities of phenolic acids for P. aeruginosa. 

 

3-HPAA 4-HBA 

Phenolic Acid 

Concentrations 

(mg/ml) 

Percent 

Inhibitions 

Cell Viability 

(cfu/ml) 

Phenolic Acid 

Concentrations 

(mg/ml) 

Percent 

Inhibitions 

Cell Viability 

(cfu/ml) 

1.7 31  TMTC* 1.5 39 TMTC 

1.9 58 TMTC 1.7 71 TMTC 

    2.1** 98 TMTC     1.9** 99 TMTC 

      2.3*** 99 No survivors       2.1*** 99 No survivors 

 

*TMTC: Too many to count  

** Minimum inhibitory concentration (MIC) 

***Minimum bacteriocidal concentration (MBC) 
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Figure 2.1. The growth of P. aeruginosa in the presence of phenolic acids. a) 3-HPAA 

b) 4-HBA 
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Figure 2.2. The comparison of colors of P. aeruginosa cultures after 24 hours of 

incubation. Control (a and b-I, II, III, 3 sets); 1.9 mg/ml 3-HPAA treated (a-

IV, V, VI, 3 sets) 1.6 mg/ml 4-HBA treated (b-VII, VIII, IX, 3 sets) 

cultures. 

 

 

 

  

  

  
 

Figure 2.3. The morphology of P. aeruginosa. Control cells at 100,000x magnification 

(a,b); 3-HPAA treated cells  at 60,000x magnification (c) and at 125,000x 

magnification (d); 4-HBA treated cells at 50,000x magnification (e) and at 

70,000x magnification (f) at the 24th h of growth. 
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CHAPTER 3 

 

MOLECULAR INVESTIGATION OF ANTIMICROBIAL 

EFFECTS OF THE PHENOLIC ACIDS ON P. aeruginosa 

 
3.1. Introduction 

 
Pseudomonas aeruginosa which is one of the most important pathogenic 

bacterium worldwide (Faure et al., 2013) has resistance to many antimicrobials such as 

penicillins, cephalosporins, carbapenems, monobactams (Poole, 2011) and 

fluoroquinolones (Lister et al., 2009). The infections of P.  aeruginosa have a high 

mortality and morbidity rate (Gill et al., 2018). It is challenging to treat the infections 

caused by these bacteria since an extensive antibiotic therapy is required. (Zhou et al., 

2015). Therefore, new antimicrobials other than antibiotics are in search (Mathieu et al., 

2016). Phenolic compounds, which are naturally synthesized by almost all plants as 

secondary metabolites (Hurtado-Fernandez et al., 2010), are accepted as promising 

antimicrobial agents. Among their many beneficial properties (as antimicrobial, anti-

oxidant, anti-carcinogenic, cardio-protective and anti-inflammatory) the antimicrobial 

effects of phenolic acids were presented in many studies (Karaosmanoglu et al., 2010; 

Andjelkovic et al., 2006; Daglia, 2012). However, these studies mostly focus on the 

antimicrobial effects of the phenolic acids without investigating the molecular 

mechanisms which is required for the development of new antimicrobial treatments.  

The shot-gun proteomics is a reliable technique for presenting the molecular 

mechanisms (Wang et al., 2014) which includes a useful two step technique called LC-

ESI-MS/MS. The usage of combination of two techniques allows the identification of 

more peptides than usage of one technique in peptide separation (Stapels et al., 2004). 

Since in the LC-ESI-MS/MS technique the peptide mixture is analyzed consecutively 

by liquid chromatography (LC) and electrospray ionization (ESI) coupled with mass 

spectrometry, it result in the identification of a large quantity of peptides. This 

technique includes these general steps: proteolytic digest, LC-ESI, MS/MS and data 

analysis (Walther and Mann, 2010). Briefly, in MS based shot-gun proteomics 
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technique, the protein samples undergo a proteolytic digest to obtain peptide samples 

which will be analyzed. The proteolytic digestion of the proteins can be performed 

either by in-gel digestion or in-solution digestion (Choksawangkarn et al., 2012). 

Following the proteolytic digestion the fractionation of the protein samples can be 

performed since the fractionation of the protein samples before LC-MS/MS analysis 

increases both the analytical dynamic range and proteome coverage (Yang et al., 2012). 

The first separation of peptides prior to tandem mass spectrometric analysis is carried 

out by liquid chromatography (The first HPLC step) either by strong cation exchange 

(SCX) chromatography which is charge based or (low or high) pH reversed-phase (RP) 

which depends on the hydrophobic interactions (Wang et al., 2011; Batth et al., 2014). 

However, the usage of high pH RP as the first separation rather than SCX or low pH RP 

results in more clean samples which eliminate the desalting step and an increase in the 

number of proteins identified (Yang et al., 2012). Therefore, usage of high pH RP gives 

better results since it decreases the samples loss and the process time while increasing 

the protein identification (Yang et al., 2012) and resolution (Batth et al, 2014). In the 

second HPLC step, coupled with electrospray ionization (ESI), low pH columns are 

used for the samples which become charged and transformed to gas form right before 

the HPLC by electrospraying (ESI). The gas phase allows the mass to charge ratio of 

the molecules can be determined in a static or dynamic electric field (Walther and 

Mann, 2010). Then the obtained data are processed by MASCOT (one of the widely 

used search engines) for protein identification which is followed by protein function 

search in online databases (i.e. UniProt, KEGG, SwissProt) (Walther and Mann, 2010). 

The studies that focus on the investigation of protein profile of microorganisms 

by mass spectrometry exist in the literature either on the comparison of proteome of 

different strains (Carrera et al., 2017) or the comparison of toxic compound treated and 

untreated groups of the same strain (Kılıç et al., 2010).  

In this study, the determination of protein profile of P. aeruginosa treated with 

or without phenolic acids were performed by LC-ESI-MS/MS. The phenolic acids 

which were used in this study were belong to two different groups of phenolic acids: 

hydroxycinnamic acids (3-HPAA) and hydroxybenzoic acids (4-HBA). The aim of this 

study was to present the changes in the protein profile of P. aeruginosa in the presence 

of 3-HPAA or 4-HBA which showed a dose-dependent antimicrobial activity on the 

bacteria (Chapter 2). We hypothesized that, if growth pattern of the bacteria changes in 
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the presence of phenolic acids, then; some changes in the proteome of the bacteria 

would be expected after the treatment with subinhibitory concentrations. The 

investigation of the proteomic changes of the bacteria after phenolic acid application 

would be the first step in the determination of the molecular action mechanism of 

phenolic acids by which the molecular targets of antimicrobial effects would be 

presented.  

 

3.2. Materials and Methods 

 
The changes in total protein profile of P. aeruginosa were investigated after 

treatments with subinhibitory concentrations of 3-HPAA (1.9 mg/ml) or 4-HBA (1.6 

mg/ml) via LC-ESI-MS/MS analysis and MASCOT software by using reference 

database of P. aeruginosa in UniProt. The proteins that were undetected or newly 

detected after the treatment were grouped by Venn diagram analysis. The functions of 

the proteins were determined by UniProt and were grouped based on the biological 

processes according to which they were involved. The STRING database was used for 

the visualization of the interaction network of these group of proteins to suggest the 

effects of phenolic acids on P. aeruginosa at the proteomic level. 

 

3.2.1. Bacterial Growth Conditions and Phenolic Acid Treatment 

 
During the experiments; Pseudomonas aeruginosa (ATCC 27853) were 

maintained on MHA agar plates by inoculation of a single colony on fresh agar plate 

and overnight incubation at 37oC, every week. The bacteria were kept in glycerol at -

80oC as stock culture. 

To obtain the overnight cultures, the single colonies of P. aeruginosa were 

inoculated in 4 ml of MHB broth media individually and were incubated at 37oC for 18 

hours without shaking. The final bacterial load of 106 cfu/ml from overnight culture was 

inoculated into 400 ml total volume of MHB containing 1.9 mg/ml 3-HPAA or 1.6 

mg/ml 4-HBA. The same bacterial load from overnight culture was inoculated into 400 

ml total volume of MHB without phenolic acid addition, for control group. All of these 

were incubated at 37oC for 18 hours without shaking. The obtained cultures were used 

for total protein isolation. 
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3.2.2. Total Protein Isolation 

 
Total proteins were isolated from control group and phenolic acid treated groups 

with the following protocol: The cells were harvested at 10,000 x g for 20 minutes at 

4oC. They were washed twice with 20 ml of 0.85% NaCl and centrifuged at 20,000 x g 

for 20 minutes at 4oC. The pellet was dissolved in PBS (pH 7.4) buffer. Sonication was 

performed for 9 seconds with 9 seconds of intervals during 15 minutes for control group 

and 10 minutes for phenolic acid treated groups. The centrifugation was carried out at 

20,000 x g for 20 minutes at 4oC and the supernatant was transferred into lo-bind 

Eppendorf tubes. The samples were kept at -80oC until further usage. 

 

3.2.3. Preparation of Peptide Samples 

 
The ice-cold acetone in 4 times volume of the samples was added on the protein 

samples and vortexed prior to keeping at -20oC for overnight for acetone precipitation. 

Then, the protein concentrations were determined by Bradford assay. Since the proteins 

will be dissolved in resuspension buffer in the next step, bovine serum albumin (BSA) 

standard was prepared with resuspension buffer (7 M urea and 2 M thiourea in pH 7.8 

0.1 M Tris-HCl) and graph was plotted based on the spectrophotometric values of 

solutions vs concentrations (Appendix C). Then the equation on the graph was used in 

protein amount determination (R2>98). After Bradford assay, the concentrations of 

protein samples were adjusted to 0.4 mg for the LC-ESI-MS/MS analysis. Prior to 

trypsin addition, in solution digestion was applied to the protein samples as a three-step 

procedure: DTT (1st step), iodoacetamide (2nd step) and DTT (3rd step). The final 

concentrations of the reagents were used as 10 mM DTT, 20 mM iodoacetamide and 20 

mM DTT in 50 mM Tris-HCl (pH 7.8). In each step, the samples were kept in dark at 

room temperature for 50 minutes. To clean up the samples, they were transferred into 

the pre-wetted (with ddH2O) 10K cut-off filters centrifuge at 14,000 rpm for 30 

minutes. After washing the samples with 50 mM Tris-HCl (pH 7.8), trypsin (in 50 mM 

Tris-HCl (pH 7.8)) was added in the final concentration of 0.04 μg/ml for each protein 

sample. The trypsin digestion was carried on overnight at 37oC. The peptide samples 

were transferred into lo-bind Eppendorf tubes and the volumes of the samples were 

decreased below 100 μl with speed-vac centrifuge. They were kept at -20oC. 
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3.2.4. LC-ESI-MS/MS (Liquid Chromatography-Electrospray 

Ionization-Tandem Mass Spectrometry) 
 

High pH reversed-phase chromatography with fraction concatenation was 

applied to peptide samples as the first step. The volumes of the samples were adjusted 

to 100 μl by addition of phase A. The phases in fractionation are: Ammonium formate 

(10 mM) in ddH2O (phase A, pH 10) and acetonitrile (90%) and ammonium formate 

(10 mM) in ddH2O (phase B, pH 10).  Fractionation of peptide samples were performed 

with HPLC with high-pH column by LC-solution programme and MALDI-Spotter. The 

samples were collected in 96-well plates by MALDI-Spotter with 0.05 ml/min flow rate 

and the fractions were transferred into Eppendorf tubes randomly.  

The samples were completely dried by speed-vac centrifuge and zip-tip was 

applied to the samples before second step (low-pH HPLC) of the analysis. Zip-tip was 

performed according to the following protocol: 20 μl of Acetonitrile (ACN) (20%) and 

formic acid (FA) (0.1%) mixture in ddH2O was added on each fraction and mixed in 

ultrasonic bath (15 seconds) and vortexing (5 seconds) alternately for 3 times. The 

samples were centrifuged at 14,000 rpm for 10 minutes. Zip-tip column (C18) was 

conditioned by 10 μl of 100% ACN 5 times and 10 μl of 1% FA 5 times. Then the 

sample was zip-tipped for 10-15 cycles. The column was washed by 10 μl of 1% FA 5 

times. The collection of the peptides in column was performed by 50% ACN twice and 

then by 75% ACN for one time. The collected samples was mixed with 25 μl of 0.1% 

FA and transferred into the insert tube. It was centrifuged immediately for 5-10 seconds 

and placed in a vial prior to place in well of HPLC instrument (15 cm low-pH column). 

The phases of HPLC were: 0.1 % FA in ddH2O (phase A) and 0.1 % FA in ACN (phase 

B). Chromeleon programme was used for HPLC step and after the ion trap 

electrospraying of these samples by use of Helium gas, the peaks of the samples were 

collected by LTQ Tune programme. The collected raw data were transferred into MGF 

format by Proteome Discoverer programme and the data of the fractions were merged 

by Mass Matrix MS Data File Conversion programme. The reference protein database 

of P. aeruginosa was downloaded from UniProt and saved in MASCOT MS/MS ions 

programme. MASCOT search of merged data was performed within Uniprot P. 

aeruginosa database. Conditions in MASCOT search were: In fixed modifications, 

Carbamidomethyl (C); in variable modifications, Oxidation (M); Peptide tolerance, +1.2 
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Da; MS/MS tolerance, +0.6 Da; peptide charge +2 and +3; instrument, ESI-TRAP; 

decoy checked. Two biological repeats were analyzed and the data of two independent 

experiments were combined. All the obtained protein data were compared in Draw 

Venn Diagram programme (http://bioinformatics.psb.ugent.be/webtools/Venn/) to 

determine the mutual and different proteins between control and phenolic acid treated 

groups. The functions of the proteins that were undetected or newly detected in the 

presence of phenolic acids were investigated in UniProt database by using UniProt 

Retrieve/ID Mapping with protein IDs. As a final step, these proteins were grouped in 

their functions based on the information in UniProt and the interaction network of the 

proteins of the groups were determined by STRING software version 10.5 

(https://version-10-5.string-db.org/cgi/input.pl?sessionId =6mlAzREKIVnK&input 

_page_show_search=on). 

 

3.2.5. Validation of Protein Data  

 
 The Real Time-Quantitative PCR (RT-qPCR) was performed for the validation 

of the protein data on the transcription level. The total RNA isolation of the bacterial 

cultures, which were subjected to the same conditions of protein isolation protocol, was 

performed and the total RNA converted to cDNA for RT-qPCR. The primers specific to 

the housekeeping gene and gene of interest were designed by Primer BLAST software.  

 

3.2.5.1. Isolation of Total RNA and cDNA Preparation 

 
The isolation of the total RNA from control and 1.9 mg/ml 3-HPAA or 1.4 

mg/ml 4-HBA treated P. aeruginosa was carried out by GeneJET RNA purification kit 

(#K0732 Thermo Scientific) according to the manufacturer’s instructions with the 

modifications in the numbers of the washing steps (two times with buffer 1 and three 

times for buffer 2). The isolated total RNA concentrations, and the 260/280 - 260/230 

ratios of the samples were measured by nanodrop and they were kept at -80oC until 

cDNA preparation.  

The cDNA preparation was performed according to the manufacturer’s 

instructions of the kit (# K1622 Thermo RevertAid First Strand cDNA Synthesis Kit). 

The PCR was carried out in the following conditions: 5 minutes at 25oC; 60 minutes at 
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42oC and 5 minutes at 70oC. The produced cDNA samples were diluted for 8 times with 

nuclease free water immediately. They were aliquoted and kept at -20oC until usage.  

 

3.2.5.2. Real Time-Quantitative PCR (RT-qPCR) 

 
The primers which were used in RT-qPCR were designed for 30S ribosomal 

protein S15 and S12 encoded by rpsO and rpsL genes, respectively by using the 

Uniprot. Primer BLAST programme was used for designing the most suitable primers in 

Refseq database among Pseudomonadales with maximum target size of 200. 

The PCR mixture was prepared based on the recommended protocol of SYBR 

green kit (LightCycler 480 SYBR Green I Master Mix, Roche) with half of the 

recommended volume. SYBR green master mix (5 μl) was mixed with primers (0.5 μl 

for each F and R primers from 10x primer solution) and nuclease free water up to 7.5 μl 

total volume. The mixture was transferred into the 96-well plate and 2.5 μl of 

appropriate cDNA (about 250 ng for each sample) was added on each wells. The 96-

well plate of RT-qPCR was covered by sealing and centrifuged for 2 minutes at 1500 x 

g. RT-qPCR was performed in the Roche instrument based on the instructions in Roche 

catalog. The melting temperature was 50oC and the annealing cycles were 40 during the 

PCR process.  

 

3.3. Results and Discussion 

 
The bacteria require to adapt immediately to the environmental conditions for 

survival and regulate their cellular proteome under stress conditions (Langklotz et al., 

2012). The treatment of P. aeruginosa with each phenolic acid result in various changes 

in the protein profile of the bacteria, as expected. However, besides the changes which 

might be attributed to the regulation of proteome for adaptation, various changes in the 

protein profile of vital mechanisms were also detected after phenolic acid treatment. All 

of these changes were discussed based on the functions of the undetected or newly 

detected proteins to be able to enlighten the targets of the phenolic acids for 

antimicrobial effects as well as regulation under stress conditions. Since the phenolic 

acids showed high antimicrobial effects on P. aeruginosa, these results were consistent 

with our hypothesis that “if growth pattern of the bacteria changes in the presence of 
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phenolic acids, then; some changes in the proteome of the bacteria would be expected 

after the treatment with subinhibitory concentrations of them”. 

The grouping of protein profiles of P. aeruginosa in the presence of 3-HPAA, 4-

HBA or the untreated bacteria were presented in Figure 3.1 as a Venn diagram. There 

are 284 mutual proteins which remain the same in all groups (Figure 3.1, region VII). 

The names, protein IDs and gene names of these proteins could be found in Appendix 

D. Throughout the text, the proteins which were only detected in control group will be 

referred as “undetected proteins” whereas the proteins which were only detected in the 

phenolic acid treated groups as “newly detected proteins”. The 108 proteins were not 

detected mutually (Figure 3.1, region V) and 55 mutual proteins were newly detected in 

the protein profile of P. aeruginosa in the presence of the phenolic acids (Figure 3.1, 

region II). The regions of the Venn diagram for each phenolic acid treatment represents 

the protein profiles in the following: Proteins that were mutual in control and 3-HPAA 

treated groups (regions VI and VII); undetected proteins in the presence of 3-HPAA 

(regions IV and V); newly detected proteins in the presence of 3-HPAA (regions I and 

II); mutual in control and 4-HBA treated groups (regions IV and VII); undetected 

proteins in the presence of 4-HBA (regions V and VI); newly detected proteins in the 

presence of 4-HBA (regions II and III).  

 

 

 
 

Figure 3.1. The Venn diagram representation of protein profile of P. aeruginosa in the 

presence of 3-HPAA or 4-HBA. The referring of the romen numbers were 

presented in the text. 
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3.3.1. The Protein Profile in the Presence of 3-HPAA 

 
The results demonstrated that 312 proteins were mutual in control and 3-HPAA 

treated groups (Figure 3.1; regions VI and VII). On the other hand, 203 proteins were 

undetected (Figure 3.1; regions IV and V) and 95 proteins were newly detected (Figure 

3.1; regions I and II) when the bacteria were treated with 3-HPAA. The proteins which 

were undetected or newly detected were divided into eight main groups according to 

their functions in UniProt database and the percentages of these groups were calculated 

(Figure 3.2). According to their functions, the protein groups were related with DNA; 

RNA; ribosomes and protein; cell wall and membrane; metabolism; redox and cell 

homeostasis; virulence and uncharacterized functioned proteins. 

 

 

  

 

 

 

 

 

  

 

Figure 3.2. The percentages of proteins for each group of function in the presence of 3-

HPAA. a) Undetected proteins b) Newly detected proteins 

a 

b 
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The percentages demonstrated that undetected proteins displayed 3%, 6%, 11%, 

13%, 41%, 8%, 2% and 16% for DNA related, RNA related, ribosomes and protein 

related, cell wall and membrane related, metabolism related, redox and cell homeostasis 

related, virulence related and uncharacterized proteins, respectively (Figure 3.2 a). The 

newly detected proteins showed a similar percentage pattern for the groups of DNA 

related, RNA related, ribosomes and protein related, cell wall and membrane related, 

metabolism related, redox and cell homeostasis related, virulence related and 

uncharacterized proteins with 5%, 8%, 11%, 10%, 42%, 15%, 2% and 7%, respectively 

(Figure 3.2 b). These results indicated that metabolism related proteins comprised the 

highest percentages of protein profiles of 3-HPAA treatment. Since various proteins 

were in function in the general metabolism pathways, these highest percentages were 

expected. The lowest percentages were determined for the undetected and newly 

detected virulence-related proteins, which showed that 3-HPAA had a relatively small 

effect on virulence compared to the other groups of the functions. 

  

3.3.1.1. DNA-Related Proteins of 3-HPAA Treatment 
 

The interaction network of DNA related proteins were determined by STRING 

database via gene names for undetected proteins, newly detected proteins or both groups 

in Figures 3.3 a, 3.3 b and 3.3 c, respectively. The profile of DNA related proteins, 

which were undetected or newly detected, presented the changes in proteins functioned 

in DNA replication, recombination and DNA repair mechanisms (Tables 3.1 and 3.2). 

According to these results, undetected proteins were functioned in DNA 

replication (DNA topoisomerase 4 subunit B and Vitamin B12-dependent 

ribonucleotide reductase) and DNA repair (UvrABC system protein A and DNA 

mismatch repair protein) (Table 3.1). On the other hand, one of the newly detected 

proteins were functioned in DNA repair (Exodeoxyribonuclease III) which might show 

the bacteria attempt to repair their DNA by Exodeoxyribonuclease III protein in default 

of the undetected ones. 

When the STRING was applied to undetected and newly detected proteins 

together, it was demonstrated that the bacteria managed to survive by production of 

newly detected proteins which interact with undetected proteins, thus, maintaining the 

vital functions for DNA metabolism (Figure 3.3 c). The proper DNA replication and 
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repair mechanisms are required for cell survival. If some problems arise in these 

mechanisms, DNA recombination mechanisms are usually activated in bacteria for 

maintenance or DNA repair (Sidorenko et al., 2015). The treatment with 3-HPAA 

caused DNA replication and topological change related proteins as well as nucleotide 

excision repair and mismatch repair related proteins to be undetected. It might display 

that 3-HPAA result in DNA damage since these mechanisms had high importance for 

cell survival. 

Three main DNA repair mechanisms exist in organisms which are base excision 

repair (BER), nucleotide excision repair (NER) and mismatch repair (MMR) (Tark et 

al., 2008). It could be seen that, the treatment with 3-HPAA might result in the destroy 

two of these mechanisms; NER and MMR (Table 3.1).  

 

  

 
 

 

 

Figure 3.3. String representation of DNA-related proteins in the presence of 3-HPAA. a) 

Undetected proteins b) Newly detected proteins c) The both undetected and 

newly detected proteins. The proteins were indicated in arrows with 

different colors (Undetected proteins: red arrows and newly detected 

proteins: black arrows). 

a b 

c 
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The UvrABC system protein A, which takes role in the initial steps of NER, was 

undetected after 3-HPAA treatment. The recognition of damaged region of DNA by 

UvrABC DNA repair mechanism requires the complex of proteins coded by uvrA, uvrB 

and uvrC. This complex is called UvrABC exonuclease and the initial assembly of it 

takes place by the binding of UvrA to UvrB. This initial complex searches for the lesion 

throughout the DNA for finding the damaged region to start the repair with NER (Tark 

et al., 2008). Since the UvrA protein was not detected in the presence of 3-HPAA, it 

might be speculated that NER mechanism of P. aeruginosa was negatively affected. 

Since the damage in the NER could be resulted in the accumulation of the mutations, 3-

HPAA treatment might have caused the deterioration in the genome of P. aeruginosa, 

thus, inhibition of bacterial growth.  

 

 

Table 3.1. The undetected proteins related to DNA in the presence of 3-HPAA. 

 

Protein ID Protein Name Gene Name Function 

Q9HUJ8 
DNA topoisomerase 4 
subunit B 
 

parE PA4967 DNA topological change 

Q9HT76 
Vitamin B12-dependent 
ribonucleotide reductase 
 

nrdJa PA5497 DNA biosynthetic process, DNA 
replication 

Q9HWG0 UvrABC system protein A uvrA PA4234 Nucleotide excision repair, SOS 
response 

Q9HY08 
DNA mismatch repair 
protein MutS 
 

mutS PA3620 Mismatch repair 

Q9I4Y3 Uncharacterized protein PA0986 Transposase activity, transposition 
 

 

Table 3.2. The newly detected proteins related to DNA in the presence of 3-HPAA. 

 

Protein ID Protein Name Gene Name Function 

Q9I0T9 Exodeoxyribonuclease III xthA PA2545 Endonuclease activity, DNA repair 

Q9HXZ1 DNA polymerase III 
subunit alpha dnaE PA3640 DNA replication 

Q9HYX7 Recombination-associated 
protein RdgC rdgC PA3263 DNA recombination 

Q9I7C4 Beta sliding clamp dnaN PA0002 

DNA strand elongation involved in 
DNA replication, 3'-5' exonuclease 
activity, DNA-directed DNA 
polymerase activity 

P40947 Single-stranded DNA-
binding protein ssb PA4232 DNA recombination, DNA repair, 

DNA replication 
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Another important protein, MutS, which is a crucial protein functioned in the 

first steps of MMR mechanism (Monti et al., 2012) was also not detected after 3-HPAA 

treatment. MMR mechanism is one of the most important repair mechanism aids to 

maintain the genome integrity in DNA replication (Oliver et al., 2002). Initial 

recognition of the mismatch lesions in DNA is done by MutS protein after which the 

other components of the repair mechanism are recruited (Monti et al., 2012). The 

undetection of this protein in the presence of 3-HPAA might show that 3-HPAA 

damaged the mismatch repair mechanism of the bacteria. The incapacity of bacteria to 

repair mismatches may lead an increased mutation rate (Oliver et al., 2002) which might 

have been in the case of 3-HPAA treatment. 

The newly detected proteins in the presence of 3-HPAA were mostly about 

DNA replication with which these proteins the bacteria attend to continue the proper 

DNA replication. Exodeoxyribonuclease III, DNA polymerase III subunit alpha, Single-

stranded DNA-binding protein and Beta sliding clump not only function in replication, 

but also have DNA repairing properties. This might demonstrate that the DNA of P. 

aeruginosa was damaged with 3-HPAA application and the bacteria perform DNA 

repair as well as the replication. The replication machinery of bacteria requires DNA 

polymerase III holoenzyme for proper replication and proofreading. The holoenzyme 

has the catalytic DNA polymerase III (Pol III) alpha subunit in its structure and the 

binding of Pol III with beta sliding clump results in the process of proper replication 

(Rego et al., 2013). Since these proteins were newly detected, it could be speculated that 

the bacteria carried out the DNA replication simultaneously with the DNA repair after 

treated with 3-HPAA. 

 In addition, “Recombination-associated protein RdgC” was also newly detected. 

It might demonstrate that P. aeruginosa started to use recombination mechanism to 

protect its genome integrity. Additionally this might show that the bacteria managed to 

fix DNA damages since recombination also has role in DNA repair by working together 

with other repair systems (Sidorenko et al., 2014). Although the phenolic compounds 

are toxic to bacteria in a dose-dependent manner, some bacteria including Pseudomonas 

can consume them below the toxic concentrations (Ghaima et al., 2017). The bacteria 

may acquire the genes for the degradation of phenolic compounds by horizontal gene 

transfer via recombination (Tavita et al., 2012). Since the treatment of P. aeruginosa 

resulted in the new detection of “Recombination-associated protein RdgC”, it might 
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attempt to handle with the damages on its DNA arouse from toxicity of 3-HPAA by 

recombination. 

Therefore, the results indicated that the 3-HPAA treatment might lead serious 

damages in DNA replication and repair mechanisms which were managed to be fixed 

by new proteins of replication, repair and recombination mechanisms. 

 

3.3.1.2. RNA-Related Proteins of 3-HPAA Treatment 

 
 The application of 3-HPAA resulted in changes in protein profile of P. 

aeruginosa by detection (Figure 3.4. a) and newly detection (Figure 3.4. b) of some 

RNA-related proteins. The undetected RNA related proteins were generally about the 

regulation of transcription, RNA polymerase core enzyme binding and tRNA processing 

(Table 3.3). The newly detected proteins were also functioned in transcriptional 

regulation in addition to transcription initiation and RNA polymerase transcription 

activation (Table 3.4). In addition, the interaction network of both groups were 

demonstrated in Figure 3.4. c which showed that the undetected and newly detected 

proteins had interactions.  

The RNA polymerase sigma-54 factor (RpoN) was undetected while RNA 

polymerase sigma factor RpoD was newly detected. Although they are both important 

sigma factors functioned in the control of gene expression, their roles are different. The 

newly detection of RpoD (σ70) might show that the bacteria manage to increase the 

transcription since σ70 is the major sigma factor for controlling the expression of many 

housekeeping genes (Potvin et al., 2008).  

The RpoN (σ54) was shown to have vital roles in motility, nutrient transport, 

quorum sensing, virulence, production of pilus and flagellum, adhesion and nitrogen 

assimilation (Potvin et al., 2008). In addition, σ54-dependent promoters exist in P. 

aeruginosa (Buck et al., 2000) so that, the expression from these promoters cannot be 

made in the absence of σ54 (Potvin et al., 2008). Since σ54 was not detected when the 

bacteria was treated with 3-HPAA, the proteins which were expressed dependent to σ54 

might be not expressed. Surprisingly, the major regulators of the catabolic systems of 

Pseudomonads for phenolic compounds, DmpR and XylR, are highly homologous to 

σ54-dependent regulators with many similar structural and mechanistic properties, which 

activate the degradation of phenolic compounds (Sze et al., 2002). The undetection of 
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σ54 might lead to the elevated toxicity of 3-HPAA depending on the reduced function of 

phenolic catabolism pathways of P. aeruginosa. In addition, the reduction in nitrogen 

assimilation by undetection of σ54 as well as the undetection of DNA-binding 

transcriptional regulator NtrC functioned in nitrogen utilization (Table 3.3) also might 

cause nitrogen starvation and eventually bacterial growth inhibition. 

The phenolic compounds are known to be metal chelators (Singh and Kumar, 

2019; Andjelkovic et al., 2006). The treatment with 3-HPAA could result in the 

chelation of iron in the environment and the bacteria might be under stress because of 

iron starvation. Ferric uptake regulation protein (Fur) which was undetected in the 

presence of 3-HPAA (Table 3.3) was functioned in iron limitation and oxidative stress 

adaptations of bacteria (Pinochet-Barros and Helmann, 2018). The undetection of Fur 

protein indicated that 3-HPAA presented a change in iron homeostasis of P. aeruginosa 

accompanying with the oxidative stress.  Fur proteins are accepted as promising targets 

of antimicrobial action since they are not found in eukaryotic cells and mandatory for 

bacterial cell survival and host infection. In addition, the studies which investigated the 

inactivation of fur genes of pathogenic bacteria including P. aeruginosa, resulted in 

reduced virulence in animal infection models (Mathieu et al., 2016). Since 3-HPAA 

caused Fur proteins to be undetected, the antimicrobial effect of it might be due to 

failure of bacteria to adapt iron starvation and oxidative stress.  

The tRNA 2-selenouridine/geranyl-2-thiouridine synthase (SelU) which is the 

enzyme functioned in hydrophobic tRNA modification for geranylated tRNA formation 

(Wang et al., 2016), was undetected after 3-HPAA treatment. This hydrophobic 

modification of tRNA is a natural RNA modification and it was discovered in a few 

bacteria including P. aeruginosa (Wang et al., 2016). The geranylation occurs at the 

wobble position (U34) in the anticodon of lysine, glutamine and glutamic acid (Dumelin 

et al., 2012) and provides elevated codon recognition fidelity as well as reduced 

frameshift reading (Sierant et al., 2016). Furthermore, Ribonuclease T, which takes role 

in tRNA 3'-end processing, was also undetected. The processing of tRNA 3'-end is very 

important for tRNA biogenesis since it is used as editing and repairing of tRNAs 

(Rammelt and Rossmanith, 2016). These results indicated that 3-HPAA caused defects 

in tRNA biogenesis of the bacteria which might lead serious problems of RNA 

processes. The stringent starvation protein A, which is an important protein in stringent 

stress response, was undetected after 3-HPAA treatment. As a matter of fact, the 
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adaptation of bacteria to various conditions can be achieved by sigma factors since they 

are the key factors of RNA polymerase holoenzyme (Swiecilo and Zych-Wezyk., 2013). 

The stringent response proteins help functioning of the alternative sigma factors under 

stress conditions (Swiecilo and Zych-Wezyk., 2013). The undetection of stringent 

starvation protein A, might restrain the adaptation of bacteria to the environment 

containing 3-HPAA which aid the inhibition of bacterial growth. 

 

 

  

 
 

Figure 3.4. String representation of RNA-related proteins in the presence of 3-HPAA. a) 

Undetected proteins b) Newly detected proteins c) The both undetected and 

newly detected proteins. The proteins were indicated in arrows with 

different colors (Undetected proteins: red arrows and newly detected 

proteins: black arrows). 

a b 

c 
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Table 3.3. The undetected proteins related to RNA in the presence of 3-HPAA. 

 

Protein ID Protein Name Gene Name Function 

P49988 RNA polymerase sigma-54 
factor rpoN PA4462 Transcription initiation, sigma factor 

activity 

Q9HVY7 Stringent starvation protein 
A sspA PA4428 RNA-polymerase core enzyme binding 

Q9X6W6 Bifunctional protein PyrR pyrR PA0403 Nucleoside metabolic process, 
regulation of transcription 

Q9I0Q4 RNA chaperone ProQ PA2582 

RNA strand exchange activity, RNA 
strand annealing activity, 
posttranscriptional regulation of gene 
expression 

Q9I200 Probable transcriptional 
regulator PA2115 Transcription 

Q9HZ15 Probable transcriptional 
regulator PA3225 Transcription 

Q9I382 
tRNA 2-
selenouridine/geranyl-2-
thiouridine synthase 

selU PA1643 tRNA seleno modification 

Q9HY82 Ribonuclease T rnt PA3528 tRNA 3'-end processing 

Q9HU78 Histidine utilization 
repressor hutC PA5105 Negative regulation of transcription, 

histidine catabolic process 

Q9HU59 DNA-binding transcriptional 
regulator NtrC ntrC PA5125 Nitrogen fixation, regulation of nitrogen 

utilization, regulation of transcription 

Q9HWX1 Transcriptional repressor 
NrdR nrdR PA4057 Transcription, negative regulation of 

oxidoreductase activity, 

Q03456 Ferric uptake regulation 
protein fur PA4764 Negative regulation of transcription 

 

 

The major cold shock protein CspA was newly detected which functions in the 

cell survival of the bacteria in sudden decrease of temperature (Table 3.4). It stabilizes 

the secondary structures on mRNA occurred by cold temperatures to fix the RNA 

functionality (Bisht et al., 2014). This might demonstrate that 3-HPAA resulted in the 

stress conditions as in the cold shock. Therefore P. aeruginosa might have used this 

protein for regaining proper RNA function under stress conditions. The phosphate 

regulon transcriptional regulatory protein PhoB which was newly detected after 3-

HPAA treatment, which is a major protein functions in phosphate limitation of the 

bacteria (Faure et al., 2013). The regulation of virulence functions of P. aeruginosa is 

controlled by signal transduction pathway PUMA3 when inorganic phosphate limitation 

exist (Quesada et al., 2016). To be activated, PUMA3 requires not only the phosphate 

starvation but also PhoB transcription factor (Faure et al., 2013). Since PhoB is the only 

transcription factor that recognize the inorganic phosphate limitation and activate the 

other genes (VreA and VreR) of PUMA3 transduction pathway (Quesada et al., 2016), 
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the new detection of it might present that the bacteria experience the phosphate 

starvation in the presence of 3-HPAA. 

Another stress condition that P. aeruginosa experienced under 3-HPAA 

treatment was the oxidative stress due to newly detection of OxyR. This protein is one 

of the key transcriptional regulators of oxidative stress defense (Kim et al., 2019). In 

addition to the oxidative stress response genes (katA, katB, ahpB and ahpCF), the oxyR 

gene also regulates the genes function in iron homeostasis, quorum sensing, protein 

synthesis and oxidative phosphorylation in P. aeruginosa (Wei et al., 2012). This might 

indicate that the bacteria showed various changes in metabolism dependent on the 

response to the oxidative stress caused by 3-HPAA.  

 

 

Table 3.4. The newly detected proteins related to RNA in the presence of 3-HPAA. 

 
Protein ID Protein Name Gene Name Function 

P95459 Major cold shock protein CspA cspA PA3266 Regulation of transcription 

Q9I6T1 Probable transcriptional 
regulator PA0207 Transcription, DNA binding transcription 

factor activity 

P23620 
Phosphate regulon 
transcriptional regulatory 
protein PhoB 

phoB PA5360 

Flagellum-dependent swarming motility, 
phosphate ion transport positive regulation of 
cellular response to phosphate starvation, 
transcription 

Q9HTL0 DNA-binding protein HU-alpha hupA PA5348 Chromosome condensation, regulation of 
nucleic acid templated transcription 

Q9HTL4 OxyR oxyR PA5344 

RNA polymerase transcription activator, 
transcription regulatory region DNA binding 
source, negative regulation of secondary 
metabolite biosynthetic process, cell motility, 
lipid biosynthesis, response to reactive oxygen 
species 

Q9HYT6 RNA polymerase-associated 
protein RapA 

rapA hepA, 
PA3308 Transcription, Helicase activity 

G3XD14 RNA polymerase-binding 
transcription factor DksA dksA PA4723 

RNA polymerase binding, negative regulation 
of rRNA expression and positive regulation of 
several amino acid biosynthesis promoters 

P26480 RNA polymerase sigma factor 
RpoD 

rpoD rpoDA, 
PA0576 

DNA binding transcription factor activity, 
sigma factor activity, transcription initiation 

 

 

3.3.1.3. Ribosome and Protein-Related Proteins of 3-HPAA Treatment 
 

The results of STRING for undetected and newly detected ribosomes and protein 

metabolism-related proteins were presented in Figure 3.5 a and b, respectively. The 
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interactions of all the proteins of these groups were also shown in Figure 3.6. According 

to these, various changes in t-RNA ligase profile occured after 3-HPAA treatment. For 

instance, Glutamine-tRNA ligase and Cysteine-tRNA ligase (Table 3.5) were 

undetected while Methionine-tRNA ligase, Glutamate-tRNA ligase, Tyrosine-tRNA 

ligase 2, Isoleucine-tRNA ligase, Phenylalanine-tRNA ligase beta subunit and Probable 

ATP-binding component of ABC transporter (Valine-tRNA ligase activity) were newly 

detected (Table 3.6). These show that 3-HPAA showed effect on tRNA ligases, thereby 

on bacterial protein synthesis.  It is clear that tRNA ligases (Aminoacyl-tRNA 

synthetases; Source: https://www.uniprot.org/keywords/KW-0030) are crucial for 

protein translation in bacteria as they are crucial for translation of all organisms. They 

are the key components that carry aminoacids to the ribosomes to maintain the growth 

of peptide chain in translation (Ferro et al., 2018). Such that, the inhibition of processes 

of tRNA ligases is accepted as one of the important approaches for antimicrobial drug 

development recently (Ho et al., 2018; Lee et al., 2018). The mechanism of action of the 

topical antibiotic, which is in use, Mupirocin, depend on the inhibition of isoleucyl-

tRNA reversibly in Gram positive bacteria (Parenti et al., 1987). Similarly, the 

antibiotic purpuromycin which inhibit bacterial translation by making complexes with 

tRNAs, acts by inhibiting the aminoacylation of tRNAs (Kirillov et al., 1997).  Since 

the exposure of 3-HPAA caused some t-RNA ligases to be undetected, it might affect 

the growth of P. aeruginosa by affecting the tRNA ligase profile, thereby the bacterial 

protein synthesis.   

The 30S ribosomal protein S15 which is crucial for bacterial ribosome structure 

and translation, was undetected (Table 3.5). Another 30S ribosomal protein, S18 was 

newly detected (Table 3.6) and according to STRING results, these proteins strongly 

interact each other (genes: rpsO and rpsL) (Figure 3.6). The prokaryotic ribosomes, on 

which the proteins are synthesized, consist of 30S small subunit and 50S large subunit 

which are made up of ribosomal RNAs and proteins (Aseev and Boni, 2011). The small 

subunit of the prokaryotic ribosome includes one rRNA (16S rRNA), large subunit 

includes two rRNA (23S and 5S rRNA) subunits and dozens of various ribosomal 

proteins (Aseev and Boni, 2011). These two main subunits make a complex via 

intersubunit bridges (Liu and Fredrick, 2016). The protein S15 which directly binds to 

mRNA (Shajani et al., 2011) is located in Bridge B4 of these bridges, which is required 

for proper ribosome assembly and translation (Liu and Fredrick, 2016). The binding of 
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the proteins S6, S18, S11 and S21 is dependent to the protein S15 in vitro (Shajani et 

al., 2011). However, in an E. coli strain, the deletion of rpsO which encodes for S15, did 

not prevent the binding of these proteins in vivo (Bubunenko et al., 2006). Thus, it 

could be speculated that even though S15 is a key component for small subunit 

assembly in vitro, there might be some other ribosomal assembly pathways that bacteria 

could use in the absence of S15 in vivo (Shajani et al., 2011). Since S18 protein was 

newly detected, the alternative assembly of the ribosome might be due to S18 protein. 

Another alternative of cell survival might be the assembly with the usage of S8 protein 

(Appendix D) rather than S15. Since S8 protein is another primary protein that binds to 

16S rRNA in the same vicinity (Culver, 2003), bacteria might use this protein for proper 

ribosomal assembly in the absence of protein S15. Since Though Bubunenko et al. 

indicated that, the mutant bacteria had a diminished 70S ribosomal structure, it was 

compromised for growth and it had a cold-sensitive phenotype which shows that under 

non-optimal conditions S15 protein is vital for cell survival (Bubunenko et al., 2006). 

The undetection of protein S15 in the presence of 3-HPAA which caused an unideal 

condition might result in the detrimental effects on P. aeruginosa by damaging the 

ribosomal assembly. In addition, the cell survival of the bacteria might be due to the 

usage of subinhibitory concentrations of 3-HPAA for the protein isolation. It could be 

speculated that the bacteriocidal effect of higher concentration might be related to the 

bacteria not affording the proper ribosomal assembly in the absence of S15. 

The antimicrobial effect of many antibiotics are due to targeting the ribosomal 

subunits. One of the main targets of antibiotics (i.e., gentamicin, kanamycin) is small 

ribosomal subunit of the bacteria (Sutcliffe, 2005). The 3-HPAA could be accepted as a 

promising antimicrobial agent since it displayed a change in small ribosomal subunit of 

P. aeruginosa.In addition to the effects on the small subunit structure, 3-HPAA also 

displayed effects on the large subunit assembly and RNA structure by undetection of 

ATP-dependent RNA helicase DeaD and Ribosomal RNA large subunit 

methyltransferase J. The large subunit is mainly related to production of polypeptide in 

translation (Aseev and Boni, 2011). Thus, 3-HPAA affected the translation by 

undetection of these large subunit proteins as well as the undetection of proteins related 

to translational initiation (Translation initiation factor IF-1), translational fidelity 

(Glutamyl-tRNA(Gln) amidotransferase subunit C) and rRNA (guanine-N7)-

methylation (Ribosomal RNA small subunit methyltransferase G) (Table 3.5).  
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 Besides these, the effect of 3-HPAA on protein metabolism could be noticed by 

undetection of proteins about homopolymerization and tetramerization, Chromosome 

partitioning protein Spo0J and Protein-export protein SecB, respectively (Table 3.5). 

Undetection of aminopeptidases, Cytosol aminopeptidase and Aminopeptidase N also 

showed the effect of 3-HPAA on protein metabolism (Table 3.5) and the STRING 

results showed that the Aminopeptidase N (gene pepN) were related with protein SecB 

(gene secB) (Figure 3.6). In addition, D-ala-D-ala-carboxypeptidase functioned in 

carboxypeptidase activity (gene dacC) was newly detected (Table 3.6). This might 

present the changes in metabolism of bacteria since aminopeptidase activity was 

diminished and carboxypeptidase activity occurred in the presence of 3-HPAA. 

Aminopeptidases are the enzymes that function in the cleavage of N-terminal of the 

peptides or proteins (Nandan and Nampoothri, 2017) which determine the structure and 

function them. A precursor protein which has an amino terminal signal sequence is 

recognized by the molecular chaperone SecB and it was determined that the inactivation 

of SecB caused defects in translocation of some precursor proteins and in growth of E. 

coli (Driessen, 2001). The undetection of SecB and Aminopeptidase N might lead the 

defects in process and translocation of the proteins with N-terminal signal sequence 

which might result in serious consequences in P. aeruginosa metabolism after treatment 

with 3-HPAA. On the other hand, the new detected protein, D-ala-D-ala-

carboxypeptidase belongs to the carboxypeptidase enzymes. They are responsible for 

the removal of the terminal D-alanine from muramyl pentapeptide in the synthesis of 

peptidoglycan layer which is the protective component of bacterial cell wall (Ghosh et 

al., 2008; Meyer et al., 2018). An energy-saving property of the bacteria is the usage of 

the carboxypeptidases and endopeptidase together for recycling of the peptidoglycan 

subunits which were broken down or released in the media during the cell growth 

(Templin et al., 1999; Meyer et al., 2018). 

Although in the rich media the bacteria build the peptidoglycan layer again 

(Meyer et al., 2018), it was shown that the blocking of this recycling could result in the 

autolysis of E. coli (Templin et al., 1999). New detection of D-ala-D-ala-

carboxypeptidase might indicate that the bacteria manage to repair or reuse the 

peptidoglycan layer products which might be obtained from cell wall damage as well as 

the obligation of energy-saving in the media including 3-HPAA. All of these results 

demonstrated that the treatment of P. aeruginosa with 3-HPAA resulted in significant  



 

 

 
47 

 

   

 
 

Figure 3.5. String representation of ribosome and protein-related proteins in the 

presence of 3-HPAA. a) Undetected proteins b) Newly detected proteins 

 

a 
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Figure 3.6. String representation of ribosome and protein-related undetected and newly 

detected proteins in the presence of 3-HPAA. The proteins were indicated in 

arrows with different colors (Undetected proteins: red arrows and newly 

detected proteins black arrows). 
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changes in ribosome structure, translation and protein metabolism in addition to clues 

for membrane damage of the bacteria. The undetection of mentioned proteins could 

result in the inhibition of the bacterial growth. 

 

 

Table 3.5. The undetected proteins related to ribosome and protein in the presence of 3-

HPAA.  
 

Protein ID Protein Name Gene Name Function 

P65116 Translation initiation factor 
IF-1 infA PA2619 Ribosome binding, rRNA binding, translation 

initiation factor activity 

Q9HVT9 Glutamyl-tRNA(Gln) 
amidotransferase subunit C gatC PA4482 Regulation of translational fidelity, translation 

Q9HUM0 RNA-binding protein Hfq hfq PA4944 mRNA translational regulation 

Q9HUL3 Small ribosomal subunit 
biogenesis GTPase RsgA rsgA PA4952 Ribosome biogenesis 

Q9HV58 30S ribosomal protein S15 rpsO PA4741 ribosome constituent, translation 

Q9HT10 Ribosomal RNA small 
subunit methyltransferase G rsmG PA5564 rRNA (guanine-N7)-methylation 

Q9I003 ATP-dependent RNA 
helicase DeaD deaD PA2840 ribosomal large subunit assembly, RNA catabolic 

process, RNA secondary structure unwinding 

Q9HUF0 Ribosomal RNA large 
subunit methyltransferase J rlmJ PA5019 rRNA base methylation 

Q9I2U8 Glutamine--tRNA ligase glnS PA1794 Glutamine--tRNA ligase activity 

Q9I2U7 Cysteine--tRNA ligase cysS PA1795 Cysteine--tRNA ligase activity 

Q9I4R2 Uncharacterized protein PA1062 Protein acetylation 

Q9HVB7 Ribosomal-protein-alanine 
acetyltransferase rimI PA4678 N-terminal protein amino acid acetylation 

Q9I2T8 Peptidylprolyl isomerase ppiD PA1805 peptidyl-prolyl cis-trans isomerase activity 

Q9HT12 Chromosome partitioning 
protein Spo0J spoOJ PA5562 Identical protein binding, protein 

homopolymerization 

Q9HU56 Protein-export protein SecB secB PA5128 Protein tetramerization, protein transport 

O68822 Cytosol aminopeptidase pepA phpA, 
PA3831 

Release of an N-terminal amino acid, processing 
and regular turnover of intracellular proteins. 

Q9HU38 Uncharacterized protein PA5146 Regulation of protein targeting to membrane 

Q9HXZ0 Probable amino acid 
permease PA3641 Alanine:sodium symporter activity 

Q9HYR9 ATP-dependent Clp protease 
proteolytic subunit 2 clpP2 PA3326 Endopeptidase activity 

Q9HVT2 Alpha-2-macroglobulin 
homolog PA4489 Endopeptidase inhibitor activity 

Q9HUM2 Protein HflK hflK PA4942 Peptidase activity 

Q9HZC5 Aminopeptidase N pepN PA3083 Peptide catabolic process, proteolysis 
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Table 3.6. The newly detected proteins related to ribosome and protein in the presence 

of 3-HPAA. 

 

Protein ID Protein Name Gene Name Function 

Q9HYC7 Methionine--tRNA ligase metG PA3482 

Elongation of protein synthesis and 
initiation of all mRNA translation 
through initiator tRNA (fMet) 
aminoacylation. 

Q9XCL6 Glutamate--tRNA ligase gltX PA3134 Glutamate-tRNA ligase activity 
Q9I5Q3 Tyrosine--tRNA ligase 2 tyrS2 PA0668 Tyrosine-tRNA ligase activity 

Q9HVM4 Isoleucine--tRNA ligase ileS PA4560 Isoleucine--tRNA ligase activity 

Q9I0A4 Phenylalanine--tRNA ligase 
beta subunit pheT PA2739 Phenylalanine--tRNA ligase activity 

Q9HZI7 
Probable ATP-binding 
component of ABC 
transporter 

PA3019 Valine-tRNA ligase activity, ATPase 
activity 

Q9HUA3 Proline iminopeptidase PA5080 Aminopeptidase activity 

Q9HXJ8 GTPase Der der engA, 
PA3799 GTP binding, ribosome biogenesis 

Q9HUN0 30S ribosomal protein S18 rpsR PA4934 Structural constituent of ribosome, 
translation 

G3XD74 D-ala-D-ala-
carboxypeptidase dacC PA3999 Carboxypeptidase activity 

 

 

3.3.1.4. Cell Wall and Membrane-Related Proteins of 3-HPAA 

Treatment 

 
The application of 3-HPAA on P. aeruginosa resulted in the significant changes 

in the cell wall and membrane of the bacteria with the undetection (Figure 3.7 a) or 

newly detection (Figure 3.7 b) of important proteins interacted with each other (Figure 

3.8). The undetected proteins were functioned in membrane composition and structure, 

cell division, Type IV-pilus biogenesis, flagellum and chemotaxis, and phosphorelay 

transduction system (Table 3.7). On the other hand, the newly detected proteins were 

related to cell envelope organization, cell division, flagellum and chemotaxis (Table 

3.8). The cell envelope, which is characteristic to Gram negative bacteria, is the 

covering structure of bacterial cell that consists of two membranes with a thin 

peptidoglycan layer in between (Stinnett et al., 1973). It functions as the protective 

component (Meyer et al., 2018), basis for cell division, motility and signal transduction 

of bacterial cell. The detection of vital changes in the protein profile of this structure 

might indicate major changes in bacterial metabolism after 3-HPAA treatment. 



 

 

 
51 

The proteins about composition and structure of the membrane, Membrane 

protein insertase YidC, Signal recognition particle receptor FtsY, Rod shape-

determining protein MreB and many other integral components of the membrane were 

undetected. The protein YidC is functioned in the insertion and integration of the small 

membrane proteins into the membrane by co-working with Sec proteins (Dalbey et al., 

2011) as well as proteolytic degradation of membrane or cytoplasmic proteins (Kiefer 

and Kuhn, 2018). Another membrane related protein, FtsY, is one of the responsible 

proteins for the targeting of nascent polypeptide chains to the membrane which means it 

aids the transfer of the newly formed proteins to the cytoplasmic region of the 

membrane (Dalbey et al., 2011). Since these proteins were not detected after 3-HPAA 

exposure, the membrane protein targeting and insertion into the membrane in P. 

aeruginosa might be damaged because of 3-HPAA. The rod-shape of P. aeruginosa is 

regulated by MreB protein filaments which bind to the inner membrane and regulate the 

insertion of cell wall precursors (Shi et al., 2017). Surprisingly, the undetection of MreB 

was not resulted in the defect of rod shape of P. aeruginosa in SEM micrographs 

(Figure 2.3 c and d). Although MreB is accepted as an important component for rod 

shape of the bacteria, the bacteria might use an alternative way to overcome the 

undetection of MreB since the MreB function is adjustable and related mostly to its 

partner proteins, MreC, RodZ, FtsZ, RodA, PBPs, MurF, MraY, and MurG (Gurrola et 

al., 2017). Though, treatment of 3-HPAA forced P. aeruginosa to change the cell 

envelope structure for survival. 

Besides this, outer membrane protein assembly factor BamD and Probable 

carboxyl-terminal protease, which are related to the cell envelope organization, and Cell 

division coordinator CpoB, which is functioned in FtsZ dependent cytokinesis, were 

newly detected. The lipoprotein BamD is one of the essential components of Bam 

complex which is vital for outer membrane biogenesis (Mori et al., 2012). Cell division 

coordinator CpoB is an important protein that controls peptidoglycan synthesis and 

outer membrane construction which result in the maintenance of integrity of cell 

envelope (Gray et al., 2015). It might show that the cell wall especially outer membrane 

was highly defected and repair was carried out by carboxyl-terminal protease and 

BamD for maintenance of proper cell division. In addition, the proteins which take vital 

roles in cell cycle and division, Tol-Pal system protein TolQ and ATP-dependent zinc 

metalloprotease FtsH were undetected. The Tol-Pal system is an important system of 
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Gram negative bacteria for outer membrane integrity continuance (Dubuisson et al., 

2005). The Tol-Pal system, which is structurally conserved among Gram negative 

bacteria (Sturgis, 2001),  consists of seven genes in Pseudomonas, orf1, tolQ, tolR, 

tolA, tolB, oprL and orf2 (Llamas et al., 2003) and the damages occur in the outer 

membrane if the mutations are generated in the genes of Tol-Pal system proteins 

(Dubuisson et al., 2005). Among these proteins, TolQ is undetected after 3-HPAA 

exposure which resulted in the defect in Tol-Pal system of P. aeruginosa, thereby the 

cell envelope integrity.  

The undetection of another important protein, FtsH, might also result in the 

damage in the cell envelope structure and regulation of cell metabolism. FtsH is one of 

the proteases that control the regulation of the cell metabolism immediately in the 

presence of an environmental stress and it is universally conserved among prokaryotes 

(Langklotz et al., 2012). Although the proteases are found in cytoplasm, FtsH is the 

only one protease that is attached to the inner membrane (Narberhaus et al., 2009). It is 

responsible of quality control of the membrane proteins (Langklotz et al., 2012) and 

post-translation of transcription factors and enzymes (Narberhaus et al., 2009). As an 

example, the post translational regulation of RpoH (σ32) is mostly carried out with FtsH 

(Langklotz et al., 2012) as well as the regulation of RpoN (σ54) (Carmona and  de 

Lorenzo, 1999) in E. coli. The undetection of FtsH might result in the problems in the 

regulation of these transcription factors, thus, transcription of P. aeruginosa might be 

defected. Since it was shown that RpoN was also undetected after 3-HPAA treatment 

(Table 3.3), it could be speculated that 3-HPAA treatment generated serious changes in 

the regulation of transcription in addition to the defects in the cell envelope structure of 

P. aeruginosa. The FtsH was presented to degrade FtsZ, which is the main protein 

functioned in the initiation of the septum formation in bacterial cell division, in vitro 

(Srinivasan et al., 2008). However, as far as we know, the studies which show the 

reason or result of this process in vivo are not exist. Though, it could be speculated that 

the undetection of FtsH resulted in the cell division changes in P. aeruginosa besides its 

aforementioned effects. Briefly, the cell envelope is a natural protection barrier against 

many unfavorable environmental conditions such as presence of antimicrobial agents 

and the undetection of some of the crucial proteins of cell envelope demonstrated that 3-

HPAA affected the bacterial cell wall integrity and cell division as an antimicrobial 

agent. Relatedly, the invagination line in the surfaces of the bacteria in the presence of 
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3-HPAA, which were presented in SEM micrographs (Figure 2.3 c and d), might be due 

to the aforementioned undetected proteins.  

The type4 pili components were also undetected in the presence of 3-HPAA. 

The type4 pili (fimbriae) flexible filaments found in the poles of P. aeruginosa 

(Kazmierczak et al., 2006) and one of the main virulence factors which aids the 

initiation and maintenance of the infections (Huang et al., 2003) and biofilm formation 

(Jain et al., 2017). The main functions of T4 pili were presented as the attachment to 

various surfaces such as metals, glass, plastics and various host tissues (Giltner et al., 

2012) in a calcium dependent manner (Johnson et al., 2011) by twitching motility 

(Carter et al., 2017). Twitching motility, which is also crucial for biofilm formation, is a 

flagellum-independent type of motility and occurs by stretching and retractions of the 

pili (Huang et al., 2003; Carter et al., 2017). The T4 pili type that is found in P. 

aeruginosa is T4a pilus (T4aP) (Giltner et al., 2012). The protein PilY1, is a T4aP 

machinery protein (Carter et al., 2017) and is required for surface adherence and 

manipulation of the host (Giltner et al., 2012). PilQ, PilM (Carter et al., 2017; Jain et al., 

2017) and PilG (Darzins, 1993) are another proteins of T4aP machinery which are 

functioned as the structural components of the pili. The protein FimX is functioned for 

proper twitching motility and required for biogenesis and assembly of type IV pili 

(Huang et al., 2003; Jain et al., 2017). On the other hand, B-type flagellin which is a 

virulence factor functioned in flagellum-dependent motility and flagellum organization 

(Bakht azad et al., 2018) was newly detected. This might show that the bacteria shifted 

the motility type from pilus-dependent to flagellum-dependent. The bacteria uses the 

flagellum not only in virulence (Bakht azad et al., 2018), but also for the movement in 

chemotaxis (Chaban et al., 2015) through which it can recognize the environmental 

conditions and decide their direction. The bacteria uses phosphorylated CheY protein in 

rotation of the flagellum in both cases of escaping form an environment or going 

towards an attractant (Chaban et al., 2015). Therefore, new detection of flagellin B 

protein might indicate that the bacteria manage to travel away because of 3-HPAA. 

However, undetection of CheY protein could either show that the flagellum-dependent 

motility of the bacteria is damaged or it used an alternative way rather than CheY usage. 

Another newly detected protein, Protein PilJ which is functioned in chemotaxis, also 

presented that the bacteria manage to escape from the inconvenient conditions of the 

environment in the presence of 3-HPAA.  
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Figure 3.7. String representation of cell wall and membrane-related proteins in the 

presence of 3-HPAA. a) Undetected proteins b) Newly detected proteins 

a 
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Figure 3.8. String representation of cell wall and membrane-related undetected and 

newly detected proteins in the presence of 3-HPAA. The proteins were 

indicated in arrows with different colors (Undetected proteins: red arrows 

and newly detected proteins black arrows). 

 

 

In another point of view, it could be speculated that the disuse of Type 4 fimbrial 

motility (twitching) and usage of flagellar motility (planktonic, swimming) 

(Kazmierczak et al., 2015) under 3-HPAA applied conditions, might show the bacteria 

tried to produce flagella instead of the pili and planktonic motility is preferred as an 

adaptation process. In addition, since biofilm formation, which was related to higher 

virulence, was diminished by disuse of the pili, 3-HPAA might decrease the virulence 

of P. aeruginosa. Thus, the treatment of P. aeruginosa with 3-HPAA resulted in serious 

damages and changes in the cell wall and membrane structure and function which might 

lead the inhibition of bacterial growth. 
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Table 3.7. The undetected proteins in the presence of 3-HPAA functioned in cell wall 

and membrane. 

 
Protein ID Protein Name Gene Name Function 

Q9HT06 Membrane protein insertase 
YidC yidC PA5568 

Membrane insertase activity, insertion 
and/or proper folding and/or complex 
formation of integral membrane proteins 
into the membrane 

Q9I6C1 Signal recognition particle 
receptor FtsY ftsY PA0373 Cotranslational protein targeting to 

membrane 
Q9I157 PvdL pvdL PA2424 Pyoverdine biosynthetic process 

Q9HVM8 Type IV pilus biogenesis 
factor PilY1 pilY1 PA4554 Type IV-pilus dependent motility 

P34750 Fimbrial assembly protein 
PilQ pilQ PA5040 Type IV-pilus biogenesis 

G3XD28 Type 4 fimbrial biogenesis 
protein  PilM pilM PA5044 Type IV pilus biogenesis, cell cycle, 

P50598 Tol-Pal system protein TolQ tolQ PA0969 Cell cycle, cell division, bacteriocin 
transport 

Q9I0Y9 

Resistance-Nodulation-Cell 
Division (RND) multidrug 
efflux membrane fusion 
protein MexE 

mexE PA2493 Cell division, response to antibiotic 

Q9HV48 ATP-dependent zinc 
metalloprotease  FtsH ftsH PA4751 Cell division, response to antibiotic 

Q9HVU0 Rod shape-determining 
protein MreB mreB PA4481 Cell morphogenesis 

Q9HWC2 Uncharacterized protein PA4278 Peptidoglycan binding 

Q51455 Chemotaxis protein CheY cheY PA1456 
Flagellum dependent cell motility, 
chemotaxis, phosphorelay signal 
transduction system 

Q9I2U1 ATP-dependent Clp protease 
proteolytic subunit 1 clpP1 PA1801 

Flagellum dependent cell motility, 
single species biofilm formation, 
response to antibiotic 

Q9I3B3 Probable chemotaxis 
transducer PA1608 Chemotaxis 

G3XDA5 Anaerobically-induced outer 
membrane porin OprE oprE PA0291 Integral component of membrane 

Q9I5T4 
Probable binding protein 
component of ABC 
transporter 

PA0604 Membrane transport 

Q9I2X2 Uncharacterized protein PA1767 Transmembrane component 
Q9HUW8 Uncharacterized protein PA4842 Integral component of membrane 
Q9I3A7 Probable lipase PA1615 Integral component of membrane 
Q9HXI0 Uncharacterized protein PA3822 Integral component of membrane 
Q9I2V1 Uncharacterized protein PA1791 Integral component of membrane 

G3XD11 
PhoP/Q and low Mg2+ 
inducible outer membrane 
protein H1 

oprH PA1178 Integral component of membrane, cell 
outer membrane 

Q9HV88 
Heme/hemoglobin uptake 
outer membrane receptor 
PhuR 

phuR PA4710 Integral component of membrane, 
response to iron ion, heme transport 

P46384 Protein PilG pilG PA0408 
Phosphorelay signal transduction 
system, pilus biosynthesis and twitching 
motility 

Q9I045 Probable two-component 
response regulator PA2798 Phosphorelay transduction system 

Q9HX42 Lost Adherence Sensor, 
LadS ladS PA3974 Phosphorelay sensor kinase activity 

Q9HUK6 FimX fimX PA4959 Phosphorelay transduction system 
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Table 3.8. The newly detected proteins in the presence of 3-HPAA functioned in cell 

wall and membrane. 

 

Protein ID Protein Name Gene Name Function 

Q9HX24 Soluble lytic 
transglycosylase B sltB1 PA4001 Lytic transglycosylase activity 

Q9HUD4 Uncharacterized 
protein PA5037 Peptidoglycan binding 

Q9HVF6 Uncharacterized 
protein PA4635 Integral component of membrane 

P42257 Protein PilJ pilJ PA0411 Chemotaxis, transmembrane signaling receptor 
activity 

P72151 B-type flagellin fliC PA1092 Flagellum dependent cell motility, Flagellum 
organization 

Q9HU50 Probable carboxyl-
terminal protease PA5134 Cell envelope organization, cell wall biogenesis, 

pathogenesis, endopeptidase activity 

G3XDB2 Cell division 
coordinator CpoB cpoB PA0974 FtsZ-dependent cytokinesis 

Q9HZU7 Probable outer 
membrane protein PA2900 Integral component of membrane, cell outer 

membrane 

P33641 
Outer membrane 
protein assembly 
factor BamD 

bamD PA4545 Cell envelope organization, protein insertion into 
membrane 

 

 

3.3.1.5. Metabolism-Related Proteins of 3-HPAA Treatment 

 
The treatment with 3-HPAA resulted in various changes in the metabolism of P. 

aeruginosa at the proteomic level by which undetected or newly detected proteins 

(Figures 3.9, 3.10 and 3.11). Since the bacteria must adapt to the environment in the 

presence of non-optimal conditions such as the presence of a toxic substance (Langklotz 

et al., 2012), it could be speculated that the changes in the protein profile of the 

metabolic processes might aid the adaptation. Relatedly, the serious changes/adaptations 

in the particular metabolic systems of the bacteria after 3-HPAA exposure might give 

clues about the targets of its antimicrobial effect. 

According to results of this study, various undetected and newly detected 

proteins functioned in amino acid biosynthesis were found (Tables 3.9 and 3.10). For 
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example, the proteins related to biosyntheses of alanine, lysine, leucine, cysteine and 

aromatic amino acid as well as arginine catabolic process were undetected and lysine, 

alanine, histidine, glutamine, serine and glycine metabolism related proteins were newly 

detected which indicate the regulations in the amino acid metabolism. In addition, Porin 

D, functioned in amino acid transport, and Aminopeptidase P were another undetected 

proteins related to amino acid biosynthesis. Aminopeptidase P (PepP) is a member of 

aminopeptidases P (APPro) family and functions in the removal of N-terminal residue 

of the polypeptides a second residue of proline (Peng et al., 2017). Since it is highly 

conserved among Pseudomonads and played role in the virulence of the bacteria, it is 

accepted as a promising antimicrobial target (Peng et al., 2017). The undetection of this 

protein indicates that it might be one of the targets for antimicrobial effect of 3-HPAA. 

Gram negative bacteria possess a resistance mechanism in which they decrease 

membrane permeability for antibiotic by reducing the porins (Serra et al., 2019). The 

undetected porin, Porin D, was presented as a channel protein for uptake of β-lactam 

antibiotics (Khatua et al., 2014). Thus, it might be speculated that P. aeruginosa did 

intentionally not express the Porin D to protect itself from 3-HPAA such in a way of 

resistance against β-lactam antibiotics. On the other hand, this might also show that 

there is a problem with the transport systems and outer membrane protein profile.  

Nicotinate phosphoribosyltransferase 1, which is functioned in NAD 

biosynthesis, was not detected after 3-HPAA treatment, thus the NAD recycling of P. 

aeruginosa might be defected. Since NAD is the vital element of metabolic pathways of 

enzymes functioned in redox or non-redox processes, NAD depletion might cause a 

fatal result in the cell regardless of being prokaryotic or eukaryotic (Huang et al., 2009). 

The undetection of Nicotinate phosphoribosyltransferase 1 might indicate that the 

bacteria are under serious stress. Additionally, the problem in NAD biosynthesis might 

lead to serious damages in the energy metabolism of the bacteria. Howeveri the cell 

survival maintained in the presence of subinhibitory concentrations of 3-HPAA. 

Therefore,  it could be speculated that P. aeruginosa handled the undetection of NAD 1 

by using  alternative partners of this protein for biosynthesis of NAD (Okon et al., 

2017).  

The 3-HPAA treatment resulted in the undetection of the proteins functioned in 

pyocyanin and phenazine biosyntheses. Many members of the genus Pseudomonas 

secrete extracellular pigments (El-fouyl et al., 2015). The P. aeruginosa culture 
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demonstrates a distinct greenish-blue color which arouse from the mixture of blue color 

of the bacteria and yellow color of the media (Rada and Leto, 2013). The pigment called 

pyocyanin produced by P. aeruginosa is the reason for the blue color (Rada and Leto, 

2013). It synthesizes the pyocyanin pigment called phenazine, which is the water-

soluble extracellular pigment possessing a heterocyclic structure, is capable of produce 

reactive oxygen species and toxic to other microorganisms for microbial competition as 

well as to eukaryotes (Dietrich et al., 2006; El-fouyl et al., 2015, Rada and Leto, 2013) 

Relatedly, the new antimicrobial agents arouse from phenazine were presented (Borrero 

et al., 2014). In addition, phenazine was presented as one of the three main molecules in 

quorum sensing mechanism of P. aeruginosa which is the system of bacteria to 

communicate and behave in a synchronized way as well as increasing the virulence 

(Dietrich et al., 2006, Ugurlu et al., 2016). Thus, quorum sensing targeted antimicrobial 

agents are accepted as promising new strategies against pathogenicity (Lu et al., 2018, 

Ugurlu et al., 2016) and the agents that inhibit the production of phenazine gets 

attention in this manner.  

In our study, it was morphologically demonstrated that the greenish-blue color 

of the bacterial cultures disappeared when 3-HPAA was applied (Figure 2.2 a). At the 

proteomic level, this color decrease could be attributed to the undetection of the proteins 

which take role in phenazine production (5-methylphenazine-1-carboxylate 1-

monooxygenase, Phenazine biosynthesis protein PhzB1, Phenazine biosynthesis protein 

PhzE). Thereby, it is clear 3-HPAA reduces the virulence of P. aeruginosa by 

preventing the phenazine production which makes it a favorable antimicrobial agent 

candidate. 

The changes in the profile of lipid metabolism related proteins showed that the 

proteins functioned in fatty acid beta oxidation were undetected while lipid biosynthesis 

proteins as well as phosphate transport and phospholipase synthesis were newly 

detected. Thus, the treatment of P. aeruginosa with 3-HPAA resulted in elevated lipid 

biosynthesis and reduced fatty acid degradation which might indicate the effort of the 

bacteria to maintain the integrity of cell envelope in the presence of 3-HPAA.  

All these changes in the metabolism-related proteins indicate that the bacteria 

not only attempt to adapt to the environmental conditions by changing the metabolic 

pathway preferences to survive, but also they were seriously affected via damages in 

virulence factors and quorum sensing components.  
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Figure 3.9. String representation of metabolism-related undetected proteins in the 

presence of 3-HPAA.  
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Figure 3.10. String representation of metabolism-related newly detected proteins in the 

presence of 3-HPAA.  

 

 

Table 3.9. The undetected proteins in the presence of 3-HPAA functioned in 

metabolism. 

 

Protein ID Protein Name Gene Name Function 

Q9I700 Beta-alanine--pyruvate 
aminotransferase bauA PA0132 Beta-alanine biosynthetic process 

Q9I2S7 
Lysine-specific pyridoxal 5'-
phosphate-dependent 
carboxylase, LdcA 

ldcA PA1818 Amino acid metabolic process 

Q9HTW6 Aminopeptidase P pepP PA5224 Aminopeptidase activity 

Q9I4W3 
4-hydroxy-
tetrahydrodipicolinate 
synthase 

dapA PA1010 Diaminopimelate biosynthetic process, 
Lysine biosynthetic process 

P19572 Diaminopimelate 
decarboxylase lysA PA5277 Lysine biosynthetic process 

Q51375 3-isopropylmalate 
dehydrogenase leuB PA3118 Leucine biosynthetic process 

O86428 Branched-chain-amino-acid 
aminotransferase ilvE PA5013 

Leucine biosynthetic process, Isoleucine 
biosynthetic process, valine biosynthetic 
process 

Q9HXI8 Cysteine desulfurase IscS iscS PA3814 Cysteine desulfurase activity 

Q9I583 UPF0176 protein PA0858 PA0858 Cysteine persulfate intermediate 

(cont. on next page) 
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Table 3.9. (continued) 
 

Q9I6A1 Cystathionine beta-synthase PA0399 Cysteine biosynthetic process 

Q9HXE4 
NAD(P)H-dependent 
anabolic L-arginine 
dehydrogenase DauB 

dauB PA3862 Arginine catabolic process 

Q9HZ67 
Bifunctional chorismate 
mutase/prephenate 
dehydratase 

pheA PA3166 L-phenylalanine biosynthesis, Prephenate 
biosynthesis 

Q9HU83 Urocanate hydratase hutU PA5100 Histidine catabolic process 

Q9I2A2 Fumarylacetoacetase fahA PA2008 Aromatic amino acid family metabolic 
process 

P32722 Porin D oprD PA0958 Amino acid transport 

Q9HUP4 Nicotinate 
phosphoribosyltransferase 1 pncB1 PA4919 NAD biosynthetic process 

Q9HTK1 Probable chorismate 
pyruvate-lyase ubiC PA5357 Ubiquinone biosynthetic process 

Q9HTW9 Probable FAD-dependent 
monooxygenase PA5221 Ubiquinone biosynthetic process 

Q9I187 Probable dipeptidase PA2393 Biyoverdine biosynthetic process 

Q51507 Isochorismate pyruvate lyase pchB PA4230 Salicylate biosynthetic process 

Q9HWG9 
5-methylphenazine-1-
carboxylate 1-
monooxygenase 

phzS PA4217 Pyocyanine biosynthetic process 

Q9HU21 dTDP-4-dehydrorhamnose 
3,5-epimerase rmlC PA5164 

Lipopolysaccharide biosynthesis, 
extracellular polysaccharide biosynthesis, 
dTDP-L-rhamnose biosynthesis 

Q9I299 
Methylcrotonyl-CoA 
carboxylase, alpha-subunit 
(Biotin-containing) 

liuD PA2012 
isoprenoid catabolic process, leucine 
catabolic process, terpene catabolic 
process 

Q9I5T1 Ribulose-phosphate 3-
epimerase rpe PA0607 Carbohydrate metabolic process, pentose 

catabolic process 

Q9I406 Glutathione hydrolase 
proenzyme ggt PA1338 Glutathione catabolic process, glutathione 

biosynthetic process 

Q9HVL5 Octaprenyl-diphosphate 
synthase ispB PA4569 Isoprenoid biosynthetic process 

Q9I282 Uncharacterized protein PA2033 Iron assimilation 

G3XD20 Periplasmic serine 
endoprotease DegP-like mucD PA0766 Endopeptidase, signal transduction 

O69753 Phenazine biosynthesis 
protein PhzB1 phzB1 PA4211 Phenazine biosynthetic process 

Q9HWV5 Probable aldehyde 
dehydrogenase PA4073 Phenylacetaldehyde dehydrogenase 

activity 

Q04633 Adenine 
phosphoribosyltransferase apt PA1543 Adenine salvage, AMP salvage, purine 

ribonucleoside salvage 

Q51508 Salicylate biosynthesis 
isochorismate synthase pchA PA4231 pyochelin biosynthetic process, salicylic 

acid biosynthetic process 

Q9HWG3 Pyochelin biosynthesis 
protein PchD pchD PA4228 Catalytic activity 

Q9HUM3 Protein HflC hflC PA4941 Peptidase activity 

(cont. on next page) 
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Table 3.9. (continued) 
 

Q9HVI3 Uncharacterized protein PA4606 Cellular respose to nutrient levels, 
Starvation response 

Q9I6K7 Sulfate-binding protein sbp PA0283 Sulfate transmembrane transporter 
activity 

Q9I765 Oligopeptidase A prlC PA0067 Metal ion binding, signal peptide 
processing 

Q9HUG9 Bifunctional protein HldE hldE rfaE, 
PA4996 

ADP-L-glycero-beta-D-manno-heptose 
biosynthesis, Carbohydrate 
phosphorylation,  LPS core biosynthesis 

Q9HUA7 
Probable binding protein 
component of ABC 
transporter 

PA5076 Ionotropic glutamate receptor 

Q9HU18 C4-dicarboxylate-binding 
periplasmic protein DctP dctP PA5167 C-4 dicarboxylate transport, 

transmembrane transport 

Q9I3L9 Sulfate-binding protein of 
ABC transporter cysP PA1493 Sulfate transmembrane transporter 

activity 

Q9I1R3 
Probable binding protein 
component of ABC 
transporter 

PA2204 ionotropic glutamate receptor activity 

Q9I6L0 Sulfate/thiosulfate import 
ATP-binding protein CysA cysA PA0280 Sulfate transmembrane transporter 

activity 

Q9HX28 Uncharacterized protein PA3992 Metal ion binding 

Q9HVF9 Uncharacterized protein PA4632 Metallopeptidase activity 

Q9HZ48 
Probable binding protein 
component of ABC sugar 
transporter 

PA3190 Carbohydrate transport 

Q9HY13 Uncharacterized protein PA3613 Carbohydrate metabolic process 

Q9I427 Cytochrome bo(3) ubiquinol 
oxidase subunit 2 cyoA PA1317 ATP synthesis coupled electron transport, 

copper ion binding 

Q9HVZ0 Phosphoheptose isomerase gmhA PA4425 
Carbohydrate biosynthesis, 
Lipopolysaccharide core region 
biosynthesis 

Q9HU53 
2,3-bisphosphoglycerate-
independent 
phosphoglycerate mutase 

gpmI pgm, 
PA5131 Glycolysis 

Q9I3G1 Cytochrome c oxidase, cbb3-
type, CcoO subunit ccoO2 PA1556 Aerobic respiration, respiratory electron 

transport chain 

Q9I3D5 Succinate dehydrogenase 
flavoprotein subunit sdhA PA1583 Anaerobic respiration, Tricarboxylic acid 

cycle 

Q9HTQ4 Cytochrome c5 cycB PA5300 Electron transfer activity, heme binding, 
iron ion binding 

P00106 Cytochrome c4 cc4 PA5490 Electron transfer activity, heme binding, 
iron ion binding 

Q9HTD7 Aspartate ammonia-lyase aspA PA5429 Aspartate metabolic process, tricarboxylic 
acid cycle 

Q7DC81 Phenazine biosynthesis 
protein PhzE 

phzE1 phzE2, 
PA1903, 
PA4214 

Glutamine metabolic process, tryptophan 
biosynthetic process, phenazine 
biosynthetic process 

(cont. on next page) 
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Table 3.9. (continued) 
 

Q51342 Amidophosphoribosyltransfer
ase purF PA3108 

IMP biosynthetic process, Purine 
nucleobase biosynthetic process, 
Nucleoside metabolic process, Glutamine 
metabolic process, 

Q9HXQ3 Uncharacterized protein PA3741 acyl-CoA metabolic process, fatty acid 
metabolic process 

P42512 Fe(3+)-pyochelin receptor fptA PA4221 Iron transport, iron ion homeostasis, 
siderophore transport 

Q9I6B4 Thiazole synthase thiG PA0381 Transferase activity,  thiamine 
diphosphate biosynthesis 

Q9HVV3 Nucleotide-binding protein 
PA4465 PA4465 ATP binding, GTP binding 

Q51551 Dihydroorotase-like protein pyrC' pyrX, 
PA0401 

Purine nucleobase catabolic process, 
Pyrimidine nucleotide biosynthetic 
process 

Q59654 Orotidine 5'-phosphate 
decarboxylase pyrF PA2876 Pyrimidine biosynthetic process 

Q9HUV8 Phosphoribosylamine--
glycine ligase purD PA4855 Purine nucleobase biosynthetic process, 

IMP biosynthetic process 

Q9I671 Glutaryl-CoA dehydrogenase gcdH PA0447 Acyl-CoA dehydrogenase activity, flavin 
adenine dinucleotide binding 

Q9I1Z9 Putative hydro-lyase PA2116 PA2116 Lyase activity 

Q9HVB9 Carbonic anhydrase PA4676 Carbon utilization 

Q9I030 Probable glutathione S-
transferase PA2813 Transferase activity 

Q9I5Y8 Transketolase tktA PA0548 Transketolase activty 

Q9HZA8 Folylpolyglutamate 
synthetase folC PA3111 

Dihydrofolate synthase activity, 
tetrahydrofolylpolyglutamate synthase 
activity 

Q9HTD0 Probable biotin carboxylase 
subunit  of a transcarboxylase PA5436 Ligase activity 

Q9HT95 Acetyltransferase PA5475 PA5475 Transferase activity 

Q9HYR8 Probable non-ribosomal 
peptide synthetase PA3327 Biosynthetic process 

Q9HY07 Ferredoxin 1 fdxA PA3621 electron transfer activity, metal ion 
binding 

G3XCV2 Dihydroaeruginoic acid 
synthetase pchE PA4226 Metabolic process 

Q9I179 Probable non-ribosomal 
peptidesynthetase PA2402 Metabolic process 

Q9I3P2 Probable short-chain 
dehydrogenase PA1470 Dehydrogenase activity 

Q9HYR5 Probable short chain 
dehydrogenase PA3330 Dehydrogenase activity 

Q9HV16 Uncharacterized protein PA4792 Lipid metabolic process 

(cont. on next page) 
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Table 3.9. (continued) 
 

G3XD40 Probable acyl-CoA thiolase PA3925 Fatty acid beta oxidation 

Q9HYR2 3-oxoacyl-[acyl-carrier-
protein] synthase 3 fabH PA3333 Fatty acid biosynthesis 

P15713 Non-hemolytic phospholipase 
C plcN PA3319 

Lipid catabolic process, 
phosphatidylcholine phospholipase C 
activity 

O54439 Acyl carrier protein 1 acpP1 acpP, 
PA2966 Lipid A Biosynthetic process 

G3XCV6 
Conserved cytoplasmic 
membraneprotein, CmpX 
protein 

cmpX PA1775 Transmembrane transport 

 

 

 
 

Figure 3.11. String representation of metabolism-related undetected and newly detected 

proteins in the presence of 3-HPAA. The proteins were indicated in arrows 

with different colors (Undetected proteins: red arrows and newly detected 

proteins: black arrows). 
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Table 3.10. The newly detected proteins related to metabolism in the presence of 3-

HPAA.  

 

Protein ID Protein Name Gene Name Function 

Q9HX03 Ethanolamine ammonia-lyase large 
subunit eutB PA4024 Amino acid metabolic process 

G3XD76 2,3,4,5-tetrahydropyridine-2,6-
dicarboxylate N-succinyltransferase dapD PA3666 Lysine biosynthetic process 

Q59653 Aspartate carbamoyltransferase pyrB PA0402 Amino acid metabolic process 

P38103 4-hydroxy-tetrahydrodipicolinate 
reductase dapB PA4759 Lysine biosynthetic process 

Q9I235 Kynureninase kynU PA2080 Alanine biosynthetic process 

Q9HVW9 Histidinol dehydrogenase hisD PA4448 Histidine biosynthetic process 

Q9I2Z5 Probable amidotransferase PA1742 Glutamine metabolic process 

Q9HZ66 Phosphoserine aminotransferase serC PA3167 Serine biosynthetic process 

Q9HTE9 Serine hydroxymethyltransferase 1 glyA1 PA5415 Glycine biosynthetic process 

Q9I452 Probable 3-mercaptopyruvate 
sulfurtransferase sseA PA1292 Cysteine metabolic process 

Q9I352 Bacteriohemerythrin PA1673 Oxygen carrier activity 

Q9HTV9 Probable ATP-binding/permease 
fusion ABC transporter PA5231 ATPase activity 

Q9HXR4 Uncharacterized protein PA3728 ATPase activity 
Q9HVS5 

 
Probable binding protein component 
of ABC transporter PA4496 Transmembrane transport 

Q9I672 

 
Uncharacterized protein PA0446 Catalytic activity 

Q9HTZ7 

 
Phosphoenolpyruvate 
carboxykinase (ATP) pckA PA5192 Gluconeogenesis 

Q9I5Y1 Fructose-bisphosphate aldolase fba fda, PA0555 Glycolysis 

Q9I3G5 Cbb3-type cytochrome c oxidase 
subunit ccoP1 PA1552 Oxidative phosphorylation 

Q9I5E3 Citrate synthase prpC PA0795 Tricarboxylic acid cycle 

Q9I0J8 NADH-quinone oxidoreductase 
subunit E nuoE PA2640 Respiratory electron transport 

chain 

Q9I6H4 Uncharacterized protein PA0317 Respiratory electron transport 
chain, lactate oxidation 

Q9HVF1 Probable malate:quinone 
oxidoreductase 2 

mqo2 mqoB, 
PA4640 Tricarboxylic acid cycle 

Q9I139 L-serine dehydratase sdaA PA2443 Gluconeogenesis 

Q9HTJ5 Phosphate transport system 
permease protein PstA pstA PA5367 Phosphate ion transmembrane 

transport 

Q9HWA8 Phosphate transporter PA4292 Phosphate ion transmembrane 
transport 

P40695 Phospholipase C accessory protein 
PlcR plcR PA0843 Regulation of synthesis of 

phospholipase C (possible) 
Q9HW15 Probable short-chain dehydrogenase speA PA4389 Fatty acid elongation 

Q9HZP8 Enoyl-[acyl-carrier-protein] 
reductase [NADH] fabV PA2950 Fatty acid biosynthesis 

(cont. on next page) 
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Table 3.10. (continued) 
 

P37799 Biotin carboxyl carrier protein of 
acetyl-CoA carboxylase 

accB fabE, 
PA4847 Fatty acid biosynthesis 

G3XD52 Uncharacterized protein PA3302 Fatty acid synthase activity, Fatty 
acid biosynthesis 

Q9I2A8 Acetyl-CoA acetyltransferase atoB PA2001 Fatty acid beta oxidation 

Q9HX44 Probable acyl-CoA dehydrogenase PA3972 Flavin adenine dinucleotide 
binding 

Q9I558 Acetyl-coenzyme A synthetase 1 acsA1 PA0887 Acetyl-Co A Biosynthetic process 

Q9HYA2 Probable short-chain dehydrogenase PA3507 Nucleotide binding 

Q9HWX5 6,7-dimethyl-8-ribityllumazine 
synthase 

ribH ribE, 
PA4053 Riboflavin biosynthesis 

Q9HXM6 GMP synthase[glutamine-
hydrolyzing] guaA PA3769 GMP biosynthesis in purine 

metabolism 
Q9HUT1 Uncharacterized protein PA4882 Nitrate assimilation 

P43898 Oxygen-dependent 
coproporphyrinogen-III oxidase hemF PA0024 Protoporphyrin-IX biosynthesis 

Q51548 L-ornithine N(5)-monooxygenase pvdA pvd-1, 
PA2386 

Pyoverdin biosynthesis, 
siderophore biosynthesis 

Q9I0W4 Toluate 1,2-dioxygenase alpha 
subunit xylX PA2518 Dioxygenase activity 

 

 

3.3.1.6. Redox and Cell Homeostasis-Related Proteins of 3-HPAA 

Treatment 
 

Superoxide and hydrogen peroxide are the examples of reactive oxygen species 

(ROS) which are required to be removed to maintain the cell homeostasis and survival 

(Kamariah et al., 2015). The redox and cell homeostasis related protein profile of P. 

aeruginosa presented various changes (Figure 3.12 a and b) related to each other 

(Figure 3.12 c) which indicated that 3-HPAA presence in the environment resulted in 

serious stress response. For example, the Lon protease, alkyl hydroperoxide reductase 

subunit F, glutathione reductase and superoxide dismutase [Mn] were the proteins, 

which are responsible for stress response, were undetected after 3-HPAA treatment 

(Table 3.11). On the other hand, glutathione peroxidase, organic hydroperoxide 

resistance protein, peptide methionine sulfoxide reductase MsrA and probable major 

facilitator superfamily (MFS) transporter which functioned in oxidoreductase activity 

were newly detected. Thus, 3-HPAA application resulted in serious oxidative stress on 

P. aeruginosa. 

Lon protease is an intracellular protease that has roles in response to stress such 

as DNA damage, antibiotic resistance and virulence, swarming motility and biofilm 
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formation (Fernandez et al., 2016). In addition, the protein that regulate Lon protease, 

Hfq (Fernandez et al., 2016) (Table 3.5) was also undetected after 3-HPAA treatment. 

Thus, 3-HPAA result in not only damage of Lon protease mediated processes but also 

the regulation of Lon protease itself. 

Alkyl hydroperoxide reductase is an enzyme functioned in reduction of 

peroxides (Kamariah et al., 2015) as well as superoxide dismutase [Mn] in superoxides 

(Iiyama et al., 2007). The superoxide and hydrogen peroxide are the toxic substances 

for the cell via damaging the DNA and membranes (Hassett et al., 1996). These proteins 

were undetected in the presence of 3-HPAA. In addition, Fur protein, which is related to 

proper superoxide dismutase activity (Hassett et al., 1996) and iron homeostasis, was 

also undetected (Table 3.3, Section 3.3.1.2). Thus, the redox and iron homeostasis might 

be damaged with 3-HPAA application. 

Glutathione reductase was undetected while glutathione peroxidase was newly 

detected. Since both are functioned in oxidative stress response, it could be speculated 

that P. aeruginosa manage to respond the oxidative stress caused by 3-HPAA. Since the 

glutathione is a major response to oxidative stress and adaptation, the changes in the 

glutathione metabolism related proteins demonstrates that the bacteria regulated the 

adaptation for oxidative stress caused by 3-HPAA. Glutathione reductase is an 

evolutionary conserved protein and highly homologous in both prokaryotes and 

eukaryotes (Smirnova and Oktyabrsky, 2005) which functions in the reduction of highly 

toxic glutathione disulfide to glutathione by using NADPH to protect the cell from 

oxidative stress during the cell survival (Smirnova and Oktyabrsky, 2005). Thus, the 

undetection of this protein might affect the redox homeostasis regulation and led the 

new detection of Glutathione peroxidase which is another protein that takes role in 

reduction in hydroperoxides from glutathione (Atichartpongkul et al., 2016).  

Peptide methionine sulfoxide reductase MsrA is one of the main enzymes which 

is induced in the stress caused by chemicals such as phenolic compounds (Tamburro et 

al., 2001). Under the oxidative stress conditions the reactive oxygen species cause 

oxidation of the methionine residues leading the reduction of the protein function. MsrA 

protein found in various tissues and organisms can repair these proteins by reducing the 

oxidized methionine back to methionine, thereby the function of these proteins are 

regained (Mintz et al., 2002, John et al., 2001). In addition, Spermidine/putrescine 

import ATP-binding protein PotA, biosynthetic arginine decarboxylase and polyamine 
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aminopropyltransferase 1 functioned in spermidine/putrescine metabolism were also 

newly detected after 3-HPAA treatment (Table 3.12). Spermidine and putrescine are 

main polyamines in bacteria which are functioned in cell viability, pathogenesis, 

antibiotic resistance and protecting the DNA from oxidative damage (Johnson et al., 

2011). They also play roles in signaling and regulation against stress conditions caused 

by reactive oxygen species (ROS), heat, UV, acid and osmotic pressure as well as in 

production and function of porins in outer membrane (Bandounas et al., 2011). 

Therefore, the new detection of transport and biosynthesis proteins related to putrescine 

and spermidine might show that the bacteria give responses to stress conditions caused 

by 3-HPAA treatment in a similar way of oxidative stress.  

 

 

Table 3.11. The undetected proteins in the presence of 3-HPAA functioned in redox and 

cell homeostasis. 

 
Protein ID Protein Name Gene Name Function 

Q9I5F9 Lon protease lon PA0779 Response to antibiotic, response to stress, nitric 
oxide metabolic process, peptidase activity 

Q9I2T9 Lon protease lon PA1803 

Response to antibiotics, response to drug,  
response to stress, pathogenesis, protein quality 
control for misfolded or incompletely 
synthesized proteins, single species biofilm 
formation, type IV pilus dependent motility, 
flagellum dependent swarming motility 

Q9HZI9 Universal stress protein PA3017 Response to stress 

Q9I2V3 Uncharacterized protein PA1789 Response to stress 

Q9HW73 Uncharacterized protein PA4328 Response to stress 

Q9HUK9 Thiosulfate 
sulfurtransferase rhdA PA4956 

Response to toxic substance (Contributes to P. 
aeruginosa survival under cyanogenic 
conditions) 

Q9I6Z2 Alkyl hydroperoxide 
reductase subunit F ahpF PA0140 Response to reactive oxygen species 

P23189 Glutathione reductase gor PA2025 Cell redox homeostasis, response to oxygen 
radical 

P0C2B2 Thiol:disulfide 
interchange protein  DsbA dsbA PA5489 Cell redox homeostasis 

Q9HYY4 Probable oxidoreductase PA3256 Oxidoreductase activity 

P53652 Superoxide dismutase 
[Mn] sodA PA4468 Removal of superoxide radicals 

Q9I1F8 Probable oxidoreductase PA2317 Oxidoreductase activity 

(cont. on next page) 
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Table 3.11. (continued) 
 

Q9I067 Uncharacterized protein PA2776 Oxidoreductase activity 

Q9HVG5 Glycerate dehydrogenase hprA PA4626 Oxidoreductase activity 

Q9I0T4 Probable acyl-CoA 
dehydrogenase PA2550 Oxidoreductase activity 

Q9I5R7 S-adenosylmethionine 
decarboxylase proenzyme speD PA0654 S-adenosylmethioninamine biosynthetic process, 

spermidine biosynthetic process 

 

 

 

Table 3.12. The newly detected proteins in the presence of 3-HPAA functioned in redox 

and cell homeostasis. 

 
Protein ID Protein Name Gene Name Function 

Q9I578 Probable oxidoreductase PA0863 Oxidoreductase activity 

Q9I0T0 Probable short-chain dehydrogenase PA2554 Oxidoreductase activity 

Q9HV44 Chaperone protein DnaJ dnaJ PA4760 Response to hyperosmotic and heat shock 

Q9I2C4 NAD+ dependent aldehyde 
dehydrogenase ExaC exaC PA1984 Oxidoreductase activity 

Q9I5A2 Glutathione peroxidase PA0838 Response to oxidative stress 

Q9HZZ3 Organic hydroperoxide resistance 
protein ohr PA2850 Response to oxidative stress 

Q9I2R2 Probable oxidoreductase PA1833 Oxidoreductase activity 

Q9HUF1 Peptide methionine sulfoxide 
reductase MsrA msrA PA5018 Response to oxidative stress, response to 

hypochlorite 

Q9HUQ6 Probable short-chain dehydrogenase PA4907 Oxidoreductase activity 

Q9I0Z1 Probable oxidoreductase PA2491 
Oxidoreductase activity, Negative 
regulation of secondary metabolite 
biosynthetic process 

Q9HWP5 Probable major facilitator 
superfamily (MFS) transporter PA4136 Drug transmembrane transporter activity 

Q9I6I9 Spermidine/putrescine import ATP-
binding protein PotA 

spuF potA, 
PA0302 Spermidine transport, putrescine transport 

Q9HUX1 Biosynthetic arginine decarboxylase speA PA4839 
Arginine catabolic process, putrescine 
biosynthetic process, spermidine 
biosynthetic process 

Q9X6R0 Polyamine aminopropyltransferase 1 speE1 speE, 
PA1687 Spermidine biosynthetic process 
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 Figure 3.12. String representation of redox and cell homeostasis-related proteins in the 

presence of 3-HPAA. a) Undetected proteins b) Newly detected proteins 

c) The both undetected and newly detected proteins. The proteins were 

indicated in arrows with different colors (Undetected proteins: red arrows 

and newly detected proteins: black arrows). 
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3.3.1.7. Virulence-Related Proteins of 3-HPAA Treatment 
 

The undetected proteins in the presence of 3-HPAA which were related to 

virulence were presented in Figure 3.13 a, while newly detected ones were in 3.13 b. 

They had no interactions as it could be seen in Figure 3.13 c. 

Phosphomannomutase/phosphoglucomutase protein (Protein ID: P26276; Gene 

name: algC PA5322) was multi-functional with its roles in alginic acid biosynthetic 

process, GDP-alpha-D-mannose biosynthetic process, lipopolysaccharide core region 

biosynthetic process, O antigen biosynthetic process and pathogenicity. One of the 

results which is significant was undetection of this protein as it is functioned in alginate 

production in P. aeruginosa which is a exopolysaccharide layer aids the mucoid 

morphology by production of alginate layer (Darzins et al., 1985).  

This layer acts as a protection for bacteria against host immune defenses and 

antibiotics as well as functioning in the attachment of the bacteria to the host cells 

(Glonti et al., 2010). Disappearance of these proteins after 3-HPAA application might 

cause a decrease in pathogenicity of P. aeruginosa by resulting a phenotype vulnerable 

to host immune system cells and antibiotics. On the other hand, the uncharacterized 

protein PA1579 (Protein ID: Q9I3D8; Gene name: PA1579) which might have a role in 

interaction of the bacterium with animal cells was newly detected as well as other 

uncharacterized protein (Protein ID: Q9HVG7; Gene name: PA4624) which functioned 

in single-species biofilm formation. These results might indicate that the bacteria 

manage to maintain the virulence properties in the absence of the undetected 

phosphomannomutase/phosphoglucomutase protein. 

The other undetected proteins, cyclic AMP receptor-like protein (Protein ID: 

P55222; gene name: vfr PA0652) and uncharacterized PhzA/B-like protein PA3332 

(Protein ID: Q9HYR3; Gene name: PA3332) were functioned in pathogenesis and 

antibiotic biosynthesis, respectively. The undetection of these proteins suggest that the 

virulence of P. aeruginosa could be decreased with 3-HPAA treatment. 

 

3.3.1.8. Uncharacterized Proteins of 3-HPAA Treatment 
 

Various uncharacterized proteins were presented in Figure 3.14 a and b. The 

most significant profile change for these proteins were the undetection of PA0083, 
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PA0084 and PA0086 which were strongly interacted each other (Figure 3.14 c). 

According to the protein BLAST results, these proteins might be Type VI secretion 

system contractile sheath small subunit, Type VI secretion system contractile sheath 

large subunit and tetratricopeptide repeat protein for PA0083, PA0084 and PA0086, 

respectively (Table 3.13). The bacteria possess various mechanisms to interact each 

other in their niche in a contact-dependent manner to communicate or compete (Basler 

et al., 2013). Type VI secretion system (T6SS) is one of the widely presented 

mechanism for the competition of the Gram negative bacteria by secretion of the 

proteins in adjacent cell.  
 

 

 
 

 

 
 

 

Figure 3.13. String representation of virulence-related proteins in the presence of 3-

HPAA. a) Undetected proteins b) Newly detected proteins c) The both 

undetected and newly detected proteins. The proteins were indicated in 

arrows with different colors (Undetected proteins: red arrows and newly 

detected proteins: black arrows). 

a b 
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A contractile sheath similar to T4 phage, but in an inverted structure, is used by 

the bacteria (Russel et al., 2012; Salih et al., 2018). This system is not only used for 

dispelling the bacteria in vicinity but also used for secretion of toxic effector proteins 

into eukaryotic cells. Thus, it is has a virulence 
related property for Gram negative pathogenic bacteria including P. aeruginosa and 

may be a promising target for new antimicrobial agents (Salomon and Orth, 2015; Salih 

et al., 2018). The most striking function of this system was presented as its role in 

horizontal gene transfer. This system secretes nucleases, pore-forming toxins and 

hydrolyses to the target bacterial cell and after the death of this cell, the genes of the 

dead bacteria are taken by the bacteria which secreted the T6SS effector proteins in the 

first place (Salomon and Orth, 2015). The bacteria which possess T6SS target, lyse and 

kill the other bacteria possessing T6SS regardless of their species to gain new genes 

from those (Ringel et al., 2017). However, P. aeruginosa do not kill the bacteria which 

do not contain T6SS. This might indicate that P. aeruginosa compete with the ones 

which could be dangerous to them. In addition, since these bacteria are strong enough to 

survive in the environment with their “useful” genes than the bacteria without T6SS, 

they prefer to gain new genes from T6SS positive bacteria (Ringel et al., 2017). The 

apparatus of T6SS consists of three parts: the membrane complex, the baseplate, and the 

sheath-tube complex (Ringel et al., 2017). Since the activity of T6SS mostly depends 

upon the assembly and contraction of sheath part (Salih et al., 2018), the undetection of 

large and small subunit proteins of contractile sheath might result in the defect of T6SS. 

Other undetected protein, tetratricopeptide repeat protein, was important for the stability 

of exporting process of secretions from cell membrane (Whitney and Howell, 2013; 

Mejias et al., 2019). Thus, the bacterial virulence, competing property and horizontal 

gene transfer properties of P. aeruginosa were diminished by 3-HPAA treatment. 

RidA family protein PA5303 was undetected while RidA family protein PA5339 

was newly detected which have interaction to each other. RidA, which was named as 

YjgF previously, is an important protein for metabolite damage repair and presented as 

an imine diaminase that protect certain enzymes from damage such as repairing 

specifically inactivation of pyridoxal 5’ phosphate dependent enzymes (Hogde-Hanson 

and Downs, 2017;  de Crecy-Lagard et al., 2018). The changes in the members of this 

family demonstrated that P. aeruginosa manage to fix the enzyme damages caused by 

3-HPAA. 
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Figure 3.14. String representation of uncharacterized proteins in the presence of 3-

HPAA. a) Undetected proteins b) Newly detected proteins c) The both 

undetected and newly detected proteins. The proteins were indicated in 

arrows with different colors (Undetected proteins: red arrows and newly 

detected proteins: black arrows). 
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Table 3.13. The undetected proteins in the presence of 3-HPAA which are 

uncharacterized. 
 

Protein ID Protein Name Gene 
Name Function Protein Blast Results 

Q9HW11 UPF0234 protein 
PA4395 PA4395 Uncharacterized YajQ family cyclic di-GMP-binding 

protein 

Q9HTF0 Uncharacterized protein PA5414 Uncharacterized Hypothetical protein 

Q9HZC7 Uncharacterized protein PA3081 Uncharacterized DUF1329 domain-containing protein 

Q9I748 Uncharacterized protein PA0084 Uncharacterized Type VI secretion system contractile 
sheath large subunit 

Q9HTQ1 Uncharacterized protein PA5303 Uncharacterized RidA Family protein 

Q9I5H1 Uncharacterized protein PA0758 Uncharacterized HDOD domain-containing protein 

Q9I456 Probable outer 
membrane protein PA1288 Uncharacterized Hypothetical protein, Long-chain fatty 

acid transport protein 

Q9HXI3 Uncharacterized protein PA3819 Uncharacterized Glycine zipper 2TM domain-
containing protein 

Q9I079 Uncharacterized protein PA2764 Uncharacterized Alpha/beta hydrolase 

Q9I746 Uncharacterized protein PA0086 Uncharacterized Tetratricopeptide repeat protein 

Q9I2X1 Uncharacterized protein PA1768 Uncharacterized ATP-dependent zinc protease 

Q9I6H6 Uncharacterized protein PA0315 Uncharacterized DUF4399 domain-containing protein 

Q9HVH9 Uncharacterized protein PA4611 Uncharacterized DUF465 domain-containing protein 

Q9HW30 Uncharacterized protein PA4372 Uncharacterized Imelysin 

Q9HVS6 Uncharacterized protein PA4495 Uncharacterized DUF541 domain-containing protein 

Q9I5Z9 Uncharacterized protein PA0537 Uncharacterized LemA family protein 

Q9HXJ6 Uncharacterized protein PA3801 Uncharacterized Tetratricopeptide repeat protein 

Q9HYI6 UPF0162 protein 
PA3419 PA3419 Uncharacterized Transglut_core2 superfamily 

hypothetical protein 

Q9HU46 Uncharacterized protein PA5138 Uncharacterized ABC transporter substrate-binding 
protein 

Q9HYJ2 Uncharacterized protein PA3413 Uncharacterized YebG superfamily hypothetical 
protein 

Q9HXR1 Uncharacterized protein PA3731 Uncharacterized PspA/IM30 family protein 

Q9HU31 

Amino acid 
(Lysine/arginine/ornithi
ne/histidine/octopine) 
ABC transporter 
periplasmic binding 
protein 

PA5153 Uncharacterized Amino acid ABC transporter 
substrate-binding protein 

G3XD27 Uncharacterized protein PA5055 Uncharacterized DUF971 domain-containing protein 

Q9HV96 Uncharacterized protein PA4701 Uncharacterized COG2187 and AA_33 superfamilies 
hypothetical protein 

Q9HTR9 Uncharacterized protein PA5285 Uncharacterized Hypothetical protein 

Q9I020 Uncharacterized protein PA2823 Uncharacterized ATP-binding protein 

(cont. on next page) 
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Table 3.13. (continued) 
 

Q9HTY0 Probable secretion 
pathway ATPase PA5210 Uncharacterized Type II/IV secretion system protein 

Q9I585 Uncharacterized protein PA0856 Uncharacterized DUF2059 domain-containing protein 

Q9I749 Uncharacterized protein PA0083 Uncharacterized Type VI secretion system contractile 
sheath small subunit 

Q9HZ94 Uncharacterized protein PA3130 Uncharacterized Acyl-CoA thioesterase 

Q9I2R6 Uncharacterized protein PA1829 Uncharacterized Phosphotransferase family protein 

Q9HXF7 Nucleoid-associated 
protein PA3849 PA3849 Uncharacterized Nucleoid-associated protein YejK 

Q9HZ96 Probable short-chain 
dehydrogenase PA3128 Uncharacterized SDR family oxidoreductase 

 

 

Table 3.14. The newly detected proteins in the presence of 3-HPAA which are 

uncharacterized. 

 

Protein ID Protein Name Gene Name Function Protein Blast Results 

Q9HTL9 Uncharacterized 
protein PA5339 Uncharacterized RidA Family protein 

Q9I622 Uncharacterized 
protein PA0496 Uncharacterized Biotin-dependent carboxyltransferase 

family protein 

Q9HXG8 Uncharacterized 
protein PA3836 Uncharacterized ABC transporter substrate binding protein 

Q9HTQ5 Uncharacterized 
protein PA5299 Uncharacterized Acetyl-CoA hydrolase, putative 

Q9I3B5 Uncharacterized 
protein PA1606 Uncharacterized DUF3859 Domain containing protein, 

protein of unknown function 

Q9HTC5 Uncharacterized 
protein PA5441 Uncharacterized Hypothetical protein, Outer membrane 

assembly lipoprotein YfiO 

Q9I2Z1 Uncharacterized 
protein PA1746 Uncharacterized Hypothetical protein, Appr-1-p processing 

protein 

 

 

3.3.2. The Protein Profile in the Presence of 4-HBA 

 
The results showed that 379 proteins were mutual in control and 4-HBA treated 

groups (Figure 3.1; regions IV and VII). Number of undetected proteins were 136 

(Figure 3.1; regions V and VI) and number of newly detected proteins were 280 (Figure 

3.1; regions II and III) after the treatment with 4-HBA.  
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Figure 3.15. The percentages of proteins for each group of function in the presence of 4-

HBA. a) Undetected proteins b) Newly detected proteins 

 

 

The undetected and newly detected proteins were separated according to their 

functions in UniProt database into eight main groups and their percentages were 

calculated (Figure 3.20). The protein groups were related with DNA; RNA; ribosomes 

and protein; cell wall and membrane; metabolism; redox and cell homeostasis; virulence 

and uncharacterized functioned proteins based on their functions. The undetected 

proteins in groups of DNA, RNA, ribosomes and protein, cell wall and membrane, 

metabolism, redox and cell homeostasis, virulence related and uncharacterized proteins 

showed 2%, 7%, 13%, 13%, 40%, 8%, 1% and 16%, respectively (Figure 3.15 a). The 

same order of groups, DNA, RNA, ribosomes and protein, cell wall and membrane, 

a 
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metabolism, redox and cell homeostasis, virulence related and uncharacterized proteins,  

displayed 2%, 8%, 10%, 10%, 50%, 7%, 2% and 11% for newly detected proteins 

(Figure 3.15 b). According to these, the metabolism related proteins showed the highest 

percentages in both undetected and newly detected protein groups. The percentage of 

newly detected metabolism related proteins percentage was 50% while the undetected 

proteins’ was 40% which showed that 4-HBA treatment result in the production of new 

proteins more than undetection. 

Though, metabolism related proteins show the highest percentage since the 

general metabolism pathways include various proteins. The virulence related proteins 

displayed the lowest percentages for both undetected and newly detected proteins. Thus, 

it could be speculated that the virulence of the bacteria was seldomly affected by 4-

HBA treatment. 

 

3.3.2.1. DNA-Related Proteins of 4-HBA Treatment 

 
The STRING database was used to visualize the interaction network of DNA 

related proteins via gene names. The network of undetected proteins were presented in 

Figure 3.16 a and of newly detected proteins were in Figure 3.16 b. The complete 

interaction network of these proteins were demonstrated in Figure 3.16 c in means of 

undetection and newly detection. In addition, the functions of the undetected proteins 

and newly detected proteins were shown in Tables 3.15 and 3.16, respectively. 

The results demonstrated that the only two proteins related to DNA were 

undetected after 4-HBA treatment. The most significant result was the undetection of 

DNA polymerase I which is a key component in DNA replication and repair (Table 

3.15). This enzyme is one of the vital enzymes for DNA replication. Since the bacteria 

survived, the undetection of it might be due to the limitation of LC-ESI-MS/MS method 

which might detect the proteins up to a level based on ESI conditions. Still, the 

undetection of this enzyme might demonstrate a significant decrease of it and might 

show serious defect in DNA replication and repair of the bacteria. DNA polymerase I 

protein was found in interaction with the proteins related to DNA replication, repair and 

recombination which were among the newly detected ones (Figure 3.16 and Table 

3.16). This might show that the bacteria manage to maintain the DNA replication and 

repair with these proteins in the absence of DNA polymerase I enzyme. The replication 
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and repair mechanisms are vital for cell survival, it could be discussed that 4-HBA 

resulted in important changes in processes related to DNA metabolism. Recombination 

related proteins, recombination-associated protein RdgC, integration host factor subunit 

alpha, integration host factor subunit beta and single-stranded DNA-binding protein 

were newly detected (Figure 3.16 and Table 3.16). Since the bacteria start to activate the 

DNA recombination mechanisms when replication and repair mechanisms had 

problems (Sidorenko et al., 2015), P. aeruginosa could newly produce these proteins to 

start recombination for proper replication and repair of DNA. Additionally, bacteria can 

use recombination for horizontal gene transfer to deal with the toxicity of phenolic 

compounds (Tavita et al., 2012). The newly detected recombination associated proteins 

might demonstrate that the bacteria attempt to protect the DNA from damage caused by 

4-HBA by recombination. Therefore, the results indicated that the 4-HBA application 

might lead the changes in DNA replication and cause problems in DNA metabolism of 

P. aeruginosa.  The problems arose from undetected proteins might be  overcame with 

the newly detected proteins function in replication, repair and recombination 

mechanisms. 

 

 

Table 3.15. The undetected proteins in the presence of 4-HBA related to DNA. 

 

Protein ID Protein Name Gene Name Function 

Q9HT80 DNA polymerase I polA PA5493 DNA-dependent DNA replication, DNA 
repair 

Q9I4Y3 Uncharacterized protein PA0986 Transposase activity, transposition 

 

 

Table 3.16. The newly detected proteins in the presence of 4-HBA related to DNA. 

 

Protein ID Protein Name Gene Name Function 

Q9HYX7 Recombination-associated 
protein RdgC rdgC PA3263 DNA recombination 

Q9I7C5 Chromosomal replication 
initiator protein DnaA dnaA PA0001 DNA replication initiation, Regulation of 

DNA replication 

(cont. on next page) 
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Table 3.16. (continued) 
 

Q9I7C4 Beta sliding clamp dnaN PA0002 
DNA strand elongation involved in DNA 
replication, 3'-5' exonuclease activity, 
DNA-directed DNA polymerase activity 

Q9HZK3 Transcription-repair-coupling 
factor mfd PA3002 Transcription-coupled nucleotide-excision 

repair, DNA damage recognition 

Q51473 Integration host factor 
subunit beta 

ihfB himD, 
PA3161 

DNA recombination, regulation 
transcription, regulation of translation 

P40947 Single-stranded DNA-
binding protein ssb PA4232 DNA recombination, DNA repair, DNA 

replication 

Q51472 Integration host factor 
subunit alpha 

ihfA himA, 
PA2738 

DNA recombination, positive regulation 
of transcription, regulation of translation 

 

 

 

 

 
 

 
 

 
 

Figure 3.16. String representation of DNA-related proteins in the presence of 4-HBA. a) 

Undetected proteins b) Newly detected proteins c) The both undetected 

and newly detected proteins. The proteins were indicated in arrows with 

different colors (Undetected proteins: red arrows and newly detected 

proteins: black arrows). 

a b 
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3.3.2.2. RNA-Related Proteins of 4-HBA Treatment 

 
 The interaction network of undetected proteins (Figure 3.17 a), newly 

detected proteins (Figure 3.17 b) and the interaction of those to each other (Figure 3. 18) 

were determined by STRING. These results showed that, tRNA-specific 2-thiouridylase 

MnmA protein was undetected while Poly(A) polymerase I and tRNA(Ile)-lysidine 

synthase were newly detected which have strong interactions. The tRNA-specific 2-

thiouridylase MnmA protein is functioned in tRNA wobble position uridine thiolation 

and tRNA binding. This protein is a thiouridylase for uridine modification in bacteria 

which senses sulfur atom and combine with it in vivo for the modification of tRNAs 

(Shigi, 2018). It is conserved in evolutionary process and functions specifically on 

lysine, glutamic acid and glycine tRNAs (Armengod et al., 2014). Since this protein is 

vital for the thiouridine modification in bacteria (Black and Santos, 2015) and the 

posttranslational modifications of tRNAs are crucial for the precise translation, the 

undetection of MnmA protein might result in defects in translation. Hence, the 

thiouridylation of tRNAs were diminished in the absence of MnmA leading the 

unrecognition of proper codon by tRNA. The newly detected proteins related to tRNA 

processing might be used for the maintenance of the translation by carrying out the 

tRNA modification processes. For example, the protein tRNA(Ile)-lysidine synthase has 

strong interactions with MnmA protein and it functioned in the modification of tRNA 

(Ile) by ligating lysedine nucleoside to the cytidine at the wobble position (Numata, 

2015) for the production of isoleucine specific tRNA (Nakanishi et al., 2009). The 

bacteria might manage to continue the translation by fixing the problems that arouse 

during the tRNA processing by newly detected proteins for compensating the 

conformation of the subsequent protein. The Poly(A) polymerase I which was also 

newly detected, is functioned in mRNA polyadenylation as well as rRNA and tRNA 

processing. Although the Poly(A) polymerase I was partially purified and characterized 

in 1962, the polyadenylation of RNA in prokaryotes was underestimated. Nowadays, 

the importance of polyadenylation in prokaryotes are presented in RNA turnover 

(recycling of RNA) since the polyadenylated mRNAs are protected from exonucleotic 

degradation. Additionally, it is speculated that the Poly(A) polymerase I has a role in 

quality-control of target defective tRNAs to exonuclease processes (Hajnsdorf and 
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Kaberdin, 2018). Thus, new detection of Poly(A) polymerase I might be due to quality 

control of tRNAs to determine the defective ones caused by 4-HBA exposure. 

In addition, stringent starvation protein A was undetected and ribosome-binding 

ATPase YchF, which has intearction with this protein, was newly detected. Stringent 

stress response is functioned in the usage of alternative sigma factors in RNA 

polymerase holoenzyme for the adaptation to stress conditions (Swiecilo and Zych-

Wezyk., 2013). Thus, the adaptation control of the bacteria in stress conditions might be 

diminished in the presence of 4-HBA since stringent starvation protein A was not 

detected. The newly detected ribosome-binding ATPase YchF is functioned in 

virulence, various cellular processes and stress responses including DNA repair and 

oxidative stress response (Hannemann et al., 2016). It could be speculated that the 

bacteria experienced a significant stress in the presence of 4-HBA. They manage to 

fight against DNA damage and especially the oxidative stress. 

The new detection of the phosphate regulon transcriptional regulatory protein 

PhoB might show that 4-HBA application might result in the phosphate starvation in P. 

aeruginosa. This protein has a vital role in phosphate limitation responses of the 

bacteria (Faure et al., 2013). The genes of signal transduction pathway PUMA3 (VreA 

and VreR ) which is used in limited phosphate conditions, is activated by PhoB 

(Quesada et al., 2016; Faure et al., 2013). In addition to phosphate starvation, the 

bacteria might also have nitrogen starvation, since the DNA-binding transcriptional 

regulator NtrC functioned in nitrogen utilization was undetected (Table 3.17). 

OxyR, which is one of the main transcriptional regulators of oxidative stress 

response (Kim et al., 2019), was newly detected after 4-HBA treatment. Thus, it could 

be speculated that 4-HBA activated the oxidative stress response of P. aeruginosa. 

Since OxyR has roles in iron homeostasis, quorum sensing, protein synthesis and 

oxidative phosphorylation (Wei et al., 2012), the new detection of OxyR showed that 

various changes occurred in P. aeruginosa metabolism with 4-HBA application. To 

handle these nutrient limiting and stress conditions, the bacteria might manage to 

maintain the transcription by newly detection of RpoD (σ70) as well as many other 

proteins (Table 3.18). Since RpoD is the main sigma factor controlling various 

housekeeping genes (Potvin et al., 2008) bacteria might try to adapt and survive to the 

stress conditions arouse by 4-HBA application by increasing the transcription of these 

housekeeping genes. 
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Figure 3.17. String representation of RNA-related proteins in the presence of 4-HBA.  

a) Undetected proteins b) Newly detected proteins 
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Figure 3.18. String representation of RNA-related undetected and newly detected 

proteins in the presence of 4-HBA. The significant proteins were 

indicated in arrows with different colors (Undetected proteins: red arrows 

and newly detected proteins: black arrows). 
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Table 3.17. The undetected proteins in the presence of 4-HBA related to RNA. 

 

Protein ID Protein Name Gene Name Function 

Q9I0L2 tRNA-specific 2-
thiouridylase MnmA 

mnmA trmU, 
PA2626 

tRNA wobble position uridine thiolation, tRNA 
binding 

Q9HU78 Histidine utilization 
repressor hutC PA5105 Negative regulation of transcription, histidine 

catabolic process 

Q9HVY7 Stringent starvation 
protein A sspA PA4428 RNA polymerase core enzyme binding 

Q9X6W6 Bifunctional protein PyrR pyrR PA0403 Nucleoside metabolic process, regulation of 
transcription 

Q9I0Q4 RNA chaperone ProQ PA2582 Posttranscriptional regulation of gene expression 

Q9I200 Probable transcriptional 
regulator PA2115 Transcription factor activity, transcription 

Q9HU59 
DNA-binding 
transcriptional regulator 
NtrC 

ntrC PA5125 Nitrogen fixation, regulation of nitrogen 
utilization, regulation of transcription 

Q9I5H0 tRNA-modifying protein 
YgfZ PA0759 tRNA processing 

Q9I382 
tRNA 2-
selenouridine/geranyl-2-
thiouridine synthase 

selU PA1643 tRNA-seleno modification 

Q9HZ15 Probable transcriptional 
regulator PA3225 Transcription factor activity, transcription 

 

 

Table 3.18. The newly detected proteins in the presence of 4-HBA related to RNA. 

 

Protein ID Protein Name Gene Name Function 

Q9HTY9 AmgR amgR PA5200 Transcription, Transcription regulation, Phosphorelay 
signal transduction system, proteolysis, transport 

Q9HTL4 OxyR oxyR PA5344 

RNA polymerase transcription activator, transcription 
regulatory region DNA binding source, negative 
regulation of secondary metabolite biosynthetic 
process, cell motility, lipid biosynthesis, response to 
reactive oxygen species 

P23620 

Phosphate regulon 
transcriptional 
regulatory protein 
PhoB 

phoB PA5360 
Flagellum-dependent swarming motility, phosphate ion 
transport positive regulation of cellular response to 
phosphate starvation, transcription 

Q9HV72 Poly(A) 
polymerase I pcnB PA4727 mRNA polyadenylation, transcription 

P50597 Ribonuclease PH rph PA5334 rRNA catabolic process, rRNA processing, tRNA 
processing 

P95459 Major cold shock 
protein CspA cspA PA3266 Regulation of transcription 

(cont. on next page) 
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Table 3.18. (continued) 
 

G3XD14 

RNA polymerase-
binding 
transcription factor 
DksA 

dksA PA4723 

Negative regulation of proteolysis, negative regulation 
of lipid biosynthetic process, negative regulation of 
transcription, Positive regulation of cellular respiration, 
positive regulation of transcription regulatory region 
DNA binding 

Q9HXI5 

tRNA 
(cytidine/uridine-
2'-O-)-
methyltransferase 
TrmJ 

trmJ PA3817 tRNA processing, RNA methyltransferase activity 

P26480 RNA polymerase 
sigma factor RpoD 

rpoD rpoDA, 
PA0576 

DNA binding transcription factor activity, sigma factor 
activity, transcription initiation 

Q9I295 Regulator of liu 
genes liuR PA2016 Regulation of transcription, isoprenoid catabolic 

process 

Q9I446 Uncharacterized 
protein PA1298 Regulation of transcription, DNA binding, metal ion 

binding 

Q9HXE5 ATP-dependent 
RNA helicase RhlB 

rhlB rhl, 
PA3861 Helicase activity, RNA secondary structure unwinding 

Q9HWX2 
Riboflavin 
biosynthesis 
protein RibD 

ribD PA4056 Riboflavin biosynthetic process, RNA modification 

Q9HVC2 Ribosome-binding 
ATPase YchF ychF PA4673 ATPase activity, ATP binding, ribosomal large subunit 

binding, ribosome binding 

Q9I4H8 Probable cold-
shock protein PA1159 Regulation of transcription 

Q9I689 ATP-dependent 
RNA helicase RhlE rhlE PA0428 

Bacterial-type flagellum-dependent swarming motility, 
ribosome assembly, RNA secondary structure 
unwinding, single-species biofilm formation 

P29248 RNA polymerase 
sigma factor FliA 

fliA rpoF, 
PA1455 

Transcription initiation, positive regulation of cell 
motility 

Q9HXZ3 tRNA(Ile)-lysidine 
synthase tilS PA3638 Ligase activity, tRNA processing 

G3XCU6 Transcriptional 
regulator CysB cysB PA1754 

RNA polymerase transcriptional activator activity, 
positive regulation of transcription, cysteine 
biosynthetic process 

Q9HWX6 
Transcription 
antitermination 
protein NusB 

nusB PA4052 Transcription, transcription antitermination 

Q9HTC8 
Probable 
transcriptional 
regulator 

PA5438 Glucose 6-phosphate metabolic process, regulation of 
transcription 

 

 

3.3.2.3. Ribosome and Protein-Related Proteins of 4-HBA Treatment 

 
The 4-HBA treatment showed undetection (Figure 3.19 a) and newly detection 

protein profiles (Table 3.19 b) whose interactions were demonstrated in Figure 3.20. 

The undetection or new detection of t-RNA ligases were presented after 4-HBA 

treatment: Phenylalanine-tRNA ligase alpha subunit and glycine-tRNA ligase alpha 

subunit were undetected (Table 3.19) while methionine-tRNA ligase, valine-tRNA 

ligase, histidine-tRNA ligase, glutamate-tRNA ligase, tyrosine-tRNA ligase 2, 
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threonine-tRNA ligase, phenylalanine-tRNA ligase beta subunit and isoleucine-tRNA 

ligase were newly detected (Table 3.20). The changes of tRNA ligases after 4-HBA 

exposure indicated the bacteria make modifications in their protein translation since the 

transport of amino acids to the ribosomes are carried out mainly by tRNA ligases (Ferro 

et al., 2018). In addition, the approach of targeting tRNA ligases is a compelling 

concept in the antimicrobial agent development (Ho et al., 2018; Lee et al., 2018). Thus, 

the undetection of some tRNA ligases might show that one of the targets of 4-HBA for 

antimicrobial effect, might be tRNA ligases. 

Another important point was the undetection of many small or large subunit 

components of ribosome after 4-HBA exposure (Table 3.19 and 3.20). Since in 3-

HPAA treatment only led the undetection of one small subunit (S15) (Table 3.5) and 

new detection of one small subunit (S18) (Table 3.6), it might be speculated that 4-HBA 

resulted in more detrimental defects on ribosome structure and assembly than 3-HPAA 

did. The undetected ribosome-related proteins were; 30S ribosomal proteins S15, S11, 

S2,  small ribosomal subunit biogenesis GTPase RsgA, ribosomal RNA small subunit 

methyltransferase G, ribosomal RNA large subunit methyltransferase J and ATP-

dependent RNA helicase DeaD (has functions in ribosomal large subunit assembly).  

On the other hand, 30S ribosomal protein S18, ribosomal RNA small subunit 

methyltransferase H, 50S ribosomal protein L23, ribRibosomal RNA large subunit 

methyltransferase K/L and ribosomal large subunit pseudouridine synthase D were 

newly detected.  

According to these results, it is clear that 4-HBA mostly targeted the small 

subunit components and the bacteria began to produce different small and large subunit 

components to compensate the defects in the ribosome structure and assembly to 

maintain proper translation. Thus, 4-HBA affected the protein translation via damaging 

the ribosome not only by changing the small and large subunit components but also by 

changing the proteins related to translational initiation such as the undetection of 

translation initiation factor IF-1 and methyltransferases. 

Since the aminopeptidases determine the structure and function of the proteins 

by cleaving the N-terminal (Nandan and Nampoothri, 2017), the changes in these 

proteins might indicate the significant changes in the protein structure and function, 

thereby the whole metabolism. SecB which was undetected while SecA was newly 

detected after 4-HBA treatment.  
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Figure 3.19. String representation of ribosomes and protein-related proteins in the 

presence of 4-HBA. a) Undetected proteins b) Newly detected proteins 

a 

b 
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Figure 3.20. String representation of ribosomes and protein-related undetected and 

newly detected proteins in the presence of 4-HBA. The proteins were 

indicated in arrows with different colors (Undetected proteins: red arrows 

and newly detected proteins: black arrows). 

 

  

The translocation of preproteins with N-terminal signal across the cell 

membrane is performed by Sec complex (Krishnan et al., 2009). SecA is the ATPase 

unit of the translocation complex while SecB is the soluble cytosolic protein which 

recognizes the N-terminal signal of preproteins to direct them to SecA (Driessen et al., 

2001). The undetection of SecB indicated a serious damage on the Sec complex which 

might lead detrimental defects in bacterial protein metabolism. 

Various endopeptidases and carboxypeptidases were newly detected while 

endopeptidase inhibitor Alpha-2-macroglobulin homolog was undetected after 4-HBA 

treatment similarly to the results of 3-HPAA treatment. The bacteria uses 
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carboxypeptidases and endopeptidase together for peptidoglycan units recycling as 

energy-saving rather than producing them from the scratch (Templin et al., 1999; Meyer 

et al., 2018). The recycling is crucial for the cell viability, such that, inhibition of this 

process results in autolysis of E. coli (Templin et al., 1999). The undetection of 

endopeptidase inhibitor and new detection of various endopeptidases were noticed in 

the presence of 4-HBA. In addition, the D-ala-D-ala-carboxypeptidase that cleaves the 

terminal D-alanine from muramyl pentapeptide was also newly detected which 

functions in the production of peptidoglycan layer of the bacteria (Ghosh et al., 2008; 

Meyer et al., 2018). These results might indicate a serious damage in the cell envelope 

and the bacteria increased the recycling process to repair the peptidoglycan layer by 

reusing the peptidoglycan units came from membrane damage. This stress might result 

in the reduction of the bacterial growth in the case of 4-HBA exposure. 

 

3.3.2.4. Cell Wall and Membrane-Related Proteins of 4-HBA 

Treatment 

 
The undetected proteins in the presence of 4-HBA were demonstrated in Figure 

3.21 a and newly detected ones were in 3.21 b. According to interaction network of 

these proteins (Figure 3.22), the undetected protein CheY which is functioned in 

flagellum-dependent cell motility, chemotaxis and positive regulation of single-species 

biofilm formation was undetected (Table 3.21) while B-type flagellin (FliC) functioned 

in flagellum-dependent cell motility, bacterial-type flagellum organization was newly 

detected (Table 3.22). 

Since both interacted proteins had roles in flagellum-dependent motility, the 

undetection of CheY might demonstrate a defect in this system. This protein is used for 

flagellum rotations in motility for the escape from the undesirable environmental 

conditions (Chaban et al., 2015). The newly detected protein B-type flagellin is also 

functioned in flagellum-dependent motility and flagellum organization (Bakht azad et 

al., 2018). Hence, the bacteria managed to escape the toxic conditions caused by 4-HBA 

by continuing the flagellum-dependent motility. Although the protein Type IV pilus 

biogenesis factor PilY1 was undetected, other proteins related to pilus formation, PilV 

and PilF, which were functioned in pilus assembly, were newly detected. This might 
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show that 4-HBA resulted in the damage in pilus formation and the bacteria maintained 

this process by other related proteins.  

 

  

Table 3.19. The undetected proteins in the presence of 4-HBA related to ribosome and 

protein.  

 

Protein ID Protein Name Gene Name Function 

P65116 Translation initiation factor IF-1 infA PA2619 Ribosome binding, rRNA binding, 
translation initiation factor activity 

Q9HVT2 Alpha-2-macroglobulin homolog PA4489 Endopeptidase inhibitor activity 

Q9HYR9 ATP-dependent Clp protease 
proteolytic subunit 2 clpP2 PA3326 Endopeptidase activity 

Q9HXZ0 Probable amino acid permease PA3641 Alanine:sodium symporter activity 

Q9HU56 Protein-export protein SecB secB PA5128 Protein tetramerization, protein 
transport 

Q9HUL3 Small ribosomal subunit 
biogenesis GTPase RsgA rsgA PA4952 Ribosome biogenesis 

Q9HV58 30S ribosomal protein S15 rpsO PA4741 ribosome constituent, translation 

Q9HWF8 30S ribosomal protein S11 rpsK PA4240 
Maturation of SSU-rRNA from 
tricistronic rRNA transcript, ribosomal 
small subunit assembly, translation 

Q9I003 ATP-dependent RNA helicase 
DeaD deaD PA2840 

ribosomal large subunit assembly, 
RNA catabolic process, RNA 
secondary structure unwinding 

Q9I0A3 Phenylalanine--tRNA ligase alpha 
subunit pheS PA2740 Phenylalanine--tRNA ligase activity 

Q9HVB7 Ribosomal-protein-alanine 
acetyltransferase rimI PA4678 N-terminal protein amino acid 

acetylation 

Q9I7A8 Peptide deformylase def PA0019 

Co-translational protein modification, 
N-terminal protein amino acid 
modification, peptidyl-methionine 
modification, translation 

Q9I4R2 Uncharacterized protein PA1062 Protein acetylation 

Q9HT10 Ribosomal RNA small subunit 
methyltransferase G rsmG PA5564 rRNA (guanine-N7)-methylation 

Q9I7B7 Glycine--tRNA ligase alpha 
subunit glyQ PA0009 Glycine--tRNA ligase activity 

Q9HUF0 Ribosomal RNA large subunit 
methyltransferase J rlmJ PA5019 rRNA base methylation 

O82850 30S ribosomal protein S2 rpsB PA3656 Structural constituent of ribosome, 
translation 
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Table 3.20. The newly formed proteins in the presence of 4-HBA related to ribosome 

and protein.  

 

Protein ID Protein Name Gene Name Function 

Q9HYC7 Methionine--tRNA ligase metG PA3482 Methionine--tRNA ligase activity 

Q9HXH0 Valine--tRNA ligase valS PA3834 Valine--tRNA ligase activity 

Q9HXJ5 Histidine--tRNA ligase hisS PA3802 Histidine--tRNA ligase activity 

Q9HUA3 Proline iminopeptidase PA5080 Aminopeptidase activity 

G3XD74 D-ala-D-ala-
carboxypeptidase dacC PA3999 Endopeptidase activity, D-ala-D-ala-

carboxypeptidase activity 

Q9HWD7 50S ribosomal protein 
L23 rplW PA4261 Ribosomal large subunit assembly, 

translation 

Q9HZG0 
RibRibosomal RNA large 
subunit methyltransferase 
K/L 

rlmL PA3048 

23S rRNA (guanine(2445)-N(2))-
methyltransferase activity, rRNA 
(guanine-N2-)-methyltransferase 
activity, RNA binding, 

Q9XCL6 Glutamate--tRNA ligase gltX PA3134 Glutamate--tRNA ligase activity 

Q9HV56 Ribosome-binding factor 
A rbfA PA4743 Ribosome biosynthesis 

Q9I742 Protein ClpV1 clpV1 PA0090 Protein metabolic process, ATP binding 

Q9I0L8 ATP-binding protease 
component ClpA clpA PA2620 Protein unfolding, peptidase activity 

Q9HVL2 Peptidyl-prolyl cis-trans 
isomerase fklB PA4572 Peptidyl-prolyl cis-trans isomerase 

activity, protein folding 

Q9HUC6 ATP-dependent protease 
subunit HslV hslV PA5053 Endopeptidase activity, protein catabolic 

process 

Q9I5Q3 Tyrosine--tRNA ligase 2 tyrS2 PA0668 Tyrosine--tRNA ligase activity 

Q9I099 Threonine--tRNA ligase thrS PA2744 Threonine--tRNA ligase activity 

Q9I0A4 Phenylalanine--tRNA 
ligase beta subunit pheT PA2739 Phenylalanine--tRNA ligase activity 

Q9HUN0 30S ribosomal protein 
S18 rpsR PA4934 rRNA binding, structural constituent of 

ribosome, translation 

E1JGJ8 Peptide chain release 
factor 2 prfB PA3701 Translation release factor activity, codon 

specific 

Q9HVZ5 
Ribosomal RNA small 
subunit methyltransferase 
H 

rsmH mraW, 
PA4420 rRNA base methylation 

(cont. on next page) 
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Table 3.20. (continued) 
 

Q9I244 Elongation factor G 2 fusB fusA2, 
PA2071 

GTP binding, translation elongation 
factor activity 

P33640 Ribosomal large subunit 
pseudouridine synthase D rluD PA4544 Enzyme-directed rRNA pseudouridine 

synthesis 

Q9HVM4 Isoleucine--tRNA ligase ileS PA4560 Isoleucine--tRNA ligase activity 

Q9HVK8 Endopeptidase La PA4576 Endopeptidase activity, protein catabolic 
process 

Q9HTC6 Probable peptidase PA5440 Peptidase activity 

Q9HZF4 Uncharacterized protein PA3054 Metallocarboxypeptidase activity, zinc 
ion binding 

Q9LCT3 Protein translocase 
subunit SecA secA PA4403 

Protein import, Protein targeting, protein 
transport by Sec complex, Part of the Sec 
protein translocase complex. 

Q9I541 
Ribosomal protein S12 
methylthiotransferase 
RimO 

rimO PA0916 
Peptidyl-L-beta-methylthioaspartic acid 
biosynthetic process from peptidyl-
aspartic acid, tRNA modification 

 

 
The profile of main proteins for cell division, Fts proteins, was changed in the 

presence of 4-HBA. The proteins FtsH and FtsY were undetected while FtsZ was newly 

detected.  

The FtsZ protein is the main protein in the cell division process of the bacteria 

since it is functioned in the initiation of the septum (Srinivasan et al., 2008). The new 

detection of it might be due to the bacteria intent to maintain the cell division in the 

undetection of FtsH and FtsY. Among these proteins, FtsH is functioned in the 

regulation of the cell metabolism after an environmental stress, quality control of the 

membrane proteins (Langklotz et al., 2012) as well as posttranslation of various 

transcription factors and enzymes (Narberhaus et al., 2009). 

 Another crucial process, targeting the nascent polypeptide chains to the 

membrane for transferring the new proteins across the membrane is achieved by FtsY 

(Dalbey et al., 2011) which was also undetected as well as YidC protein which takes 

roles in the small protein insertion into the membrane in coordination with Sec proteins 

(Dalbey et al., 2011) and proteolytic cleavage of the membrane or cytoplasmic proteins 

(Kiefer and Kuhn, 2018). The undetection of these proteins might show that 4-HBA 

application resulted in serious defects in the bacterial cell membrane structure and 

integrity which would lead to bacterial death, eventually. 
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Figure 3.21. String representation of cell wall and membrane-related proteins in the 

presence of 4-HBA. a) Undetected proteins b) Newly detected proteins 

 

a 
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Figure 3.22. String representation of cell wall and membrane-related undetected and 

newly detected proteins in the presence of 4-HBA. The proteins were 

indicated in arrows with different colors (Undetected proteins: red arrows 

and newly detected proteins: black arrows). 
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 Table 3.21. The undetected proteins in the presence of 4-HBA functioned in cell wall 

and membrane. 

 

Protein ID Protein Name Gene Name Function 

Q9HT06 Membrane protein insertase YidC yidC PA5568 Membrane insertase activity 

Q9I5T4 Probable binding protein 
component of ABC transporter PA0604 Membrane transport 

Q51455 Chemotaxis protein CheY cheY PA1456 

Flagellum-dependent cell motility, 
chemotaxis, phosphorelay signal 
transduction system, positive 
regulation of single-species biofilm 
formation 

Q9I2U1 ATP-dependent Clp protease 
proteolytic subunit 1 clpP1 PA1801 

Flagellum dependent cell motility, 
single species biofilm formation, 
response to antibiotic 

Q9HVM8 Type IV pilus biogenesis factor 
PilY1 pilY1 PA4554 Type IV pilus-dependent motility 

Q9HUW8 Uncharacterized protein PA4842 Transmembrane protein 
Q9I3A7 Probable lipase PA1615 Integral component of membrane 

Q9HV88 Heme/hemoglobin uptake outer 
membrane receptor PhuR phuR PA4710 Response to iron ion, heme transport 

Q9HXI0 Uncharacterized protein PA3822 Integral component of membrane 

Q9HV48 ATP-dependent zinc 
metalloprotease FtsH ftsH PA4751 

Cell division, cellular response to 
antibiotic, protein catabolic process, 
proteolysis 

Q9HWC2 Uncharacterized protein PA4278 Peptidoglycan binding 

Q9I6C1 Signal recognition particle 
receptor FtsY ftsY PA0373 SRP-dependent cotranslational protein 

targeting to membrane 
Q9I2V1 Uncharacterized protein PA1791 Transmembrane protein 

G3XD11 PhoP/Q and low Mg2+ inducible 
outer membrane protein H1 oprH PA1178 Integral component of membrane 

Q9I3B3 Probable chemotaxis transducer PA1608 Transmembrane signaling receptor 
activity, chemotaxis 

Q9HWW1 Outer membrane protein OprG oprG PA4067 Transmembrane transport 
Q9HX42 Lost Adherence Sensor, LadS ladS PA3974 Phosphorelay sensor kinase activity 
Q9I2X2 Uncharacterized protein PA1767 Transmembrane protein 

 

 

On the other hand, SecD, SecF, BamA, BamD TolA and TolB, which had 

interactions with YidC were newly detected. Sec complex is functioned in the transfer 

of preproteins possessing N-terminal signal through the membrane (Krishnan et al., 

2009). SecDFyajC complex is one of the complexes that is involved in the Sec complex 

and is required for the proper insertion of new proteins into the membrane (Dalbey et 

al., 2011) and Tol-Pal complex, which includes TolA and TolB, is required for outer 

membrane integrity of Gram negative bacteria (Dubuisson et al., 2005). Similarly, 

BamA and BamD proteins had roles in cell envelope organization and cell assembly. 

Thus, new detection of these proteins might be due to continue the cell wall integrity 
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and structure caused by 4-HBA. Thus, protein targetting, membrane insertion, cell 

division and membrane integrity of P. aeruginosa were seriously affected by 4-HBA 

exposure. In addition, these damaged were determined in SEM images of the bacteria as 

a collapse line on the bacteria surfaces after 4-HBA treatment (Figure 2.3 e and f) which 

visually demonstrated the serious damage of 4-HBA on cell envelope. 

 

 

Table 3.22. The newly detected proteins in the presence of 4-HBA functioned in cell 

wall and membrane. 

 

Protein ID Protein Name Gene Name Function 

Q9HUA5 Glucans biosynthesis 
protein G opgG PA5078 

Beta-Glucan biosynthetic process, 
osmoregulated periplasmic glucan (OPG) 
biosynthesis (Glycan metabolism) 

Q9I0M4 Outer-membrane 
lipoprotein carrier protein lolA PA2614 

Lipoprotein transporter activity, Lipoprotein 
localization to outer membrane, chaperone-
mediated protein transport across periplasmic 
space 

Q9I5A7 Uncharacterized protein PA0833 Cell outer membrane, integral component of 
membrane 

Q9HYZ5 Cell division topological 
specificity factor minE PA3245 Cell cycle, cell division, regulation of division 

septum assembly 

Q9HVM2 Probable lipid II flippase 
MurJ murJ PA4562 

Peptidoglycan biosynthetic process, cell wall 
organization,  lipid translocation, regulation of 
cell shape 

Q9HXJ2 Type 4 fimbrial biogenesis 
protein PilF pilF PA3805 

TPR domain binding, pilus assembly, type IV 
pilus biogenesis type IV pilus-dependent 
motility 

Q9HXI2 Protein translocase subunit 
SecF secF PA3820 Intracellular protein transport 

Q9HXP8 Signal recognition particle 
protein ffh PA3746 

SRP-dependent cotranslational protein 
targeting to membrane, 7S RNA binding, 
GTPase activity 

Q9I574 
Membrane-bound lysozyme 
inhibitor of C-type 
lysozyme 

mliC PA0867 Cell outer membrane 

G3XD84 Type 4 fimbrial biogenesis 
protein PilV pilV PA4551 Pilus assembly, type IV pilus biogenesis, type 

IV pilus-dependent motility 

Q9I1N4 PslE pslE PA2235 Extracellular polysaccharide biosynthetic 
process, single-species biofilm formation 

G3XD89 Putative copper transport 
outer membrane porin OprC oprC PA3790 Receptor, cell outer membrane component 

Q9I202 Pyroglutatmate porin OpdO opdO PA2113 Integral component of membrane 

(cont. on next page) 
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Table 3.22. (continued) 
 

Q9HYT1 Uncharacterized protein PA3313 Transporter activity, transmembrane transport 

Q9HU54 Uncharacterized protein PA5130 Integral component of membrane 

Q9I4S1 Uncharacterized protein PA1053 Outer membrane component 

Q9HVF6 Uncharacterized protein PA4635 Integral component of membrane 

Q9HVW7 UDP-N-acetylglucosamine 
1-carboxyvinyltransferase murA PA4450 

Peptidoglycan biosynthetic process, cell cycle, 
cell division, cell wall organization regulation 
of cell shape, UDP-N-acetylgalactosamine 
biosynthetic process 

P50601 Tol-Pal system protein 
TolB tolB PA0972 Cell cycle, cell division, protein import 

Q9HVX4 Uncharacterized protein PA4441 Integral component of membrane 

P72151 B-type flagellin fliC PA1092 Flagellum-dependent cell motility, bacterial-
type flagellum organization 

Q9HXI1 Protein translocase subunit 
SecD secD PA3821 Protein transport, intracellular protein transport 

Q9HU50 Probable carboxyl-terminal 
protease PA5134 Cell envelope organization, cell wall 

biogenesis, pathogenesis, signal transduction 

P33641 Outer membrane protein 
assembly factor BamD bamD PA4545 Cell envelope organization, protein insertion 

into membrane 

Q9HZA6 Motility protein FimV fimV PA3115 Peptidoglycan binding 

Q9I3I5 Cell division protein ZipA zipA PA1528 Cell septum assembly 

Q9HXY4 Outer membrane protein 
assembly factor BamA 

opr86 bamA, 
PA3648 

Gram-negative-bacterium-type cell outer 
membrane assembly, protein insertion into 
membrane 

P47204 Cell division protein FtsZ ftsZ PA4407 Cell cycle, cell division 

Q9HVZ7 
UDP-N-acetylmuramoyl-
tripeptide--D-alanyl-D-
alanine ligase 

murF PA4416 

Peptidoglycan biosynthetic process, Cell cycle, 
cell division, cell wall organization, 
peptidoglycan biosynthetic process, regulation 
of cell shape 

 

 

3.3.2.5. Metabolism-Related Proteins of 4-HBA Treatment 
 

The 4-HBA exposure resulted in various metabolic changes. Since the bacteria 

are in the adaptation period to environmental conditions, the undetection of proteins 

(Figure 3.23) and newly detected ones (Figure 3.24) with various interactions (Figure 

3.25) were expected. In addition, these changes might indicate the potential targets of 4-

HBA for the antimicrobial effect. For instance, the proteins functioned in lipid 
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metabolism as fatty acid metabolic process and lipid catabolic processes were presented 

as undetected (Table 3.23) while fatty acid biosynthetic process proteins were newly 

detected (Table 3.24). This might be due to the usage of fatty acids in the repair process 

of defects of the cell membrane resulted by 4-HBA as well as cell wall maintenance. 

The changes in energy metabolisms were presented such as undetection of quinolinate 

synthase A functioned in NAD biosynthetic process and newly detection of NH(3)-

dependent NAD(+) synthetase which is vital for the survival.  Besides these, the 

proteins of phenazine biosynthesis process, Phenazine biosynthesis protein PhzB1 and 

5-methylphenazine-1-carboxylate 1-monooxygenase were undetected. Since phenazine 

is the soluble blue pigment with virulence properties (Dietrich et al., 2006, Ugurlu et al., 

2016), 4-HBA treatment might led to reduced virulence. The color differences in the 

bacterial cultures which were 4-HBA treated or untreated (Figure 2.2. b) might be 

explained by the undetection of these proteins.Another important result was the 

undetection of proteins related to iron transport, iron assimilation and sulfate 

homeostasis, FptA PA4221, PA2033 and CysP PA1493, CysA PA0280, Sbp PA0283, 

respectively. The new detection of sulfite reductase (CysI PA1838) functioned in 

response to sulfate starvation and new detection of probable metal-transporting P-type 

ATPase might also show the sulfate and iron starvation.  

 

 

 
Figure 3.23. String representation of metabolism-related undetected proteins in the 

presence of 4-HBA. 
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Figure 3.24. String representation of metabolism-related newly detected proteins in the 

presence of 4-HBA. 

 

 

The pyoverdine proteins (Pvd) were demonstrated to have important roles in iron 

uptake (Drehe et al., 2018) and showed a changing profile in the presence of 4-HBA 

which might be due to iron limitations.  Since iron and sulfate are crucial for cell 

survival, it might be speculated that 4-HBA exposure resulted in iron and sulfate 

starvation which might be lethal for bacteria in higher degrees. In addition, the p-

hydroxybenzoate hydroxylase which is functioned in benzoate catabolic process and 

protocatechuate 3,4-dioxygenase alpha subunit and protocatechuate 3,4-dioxygenase 

beta subunit which are functioned in 3,4-dihydroxybenzoate catabolic process were 

newly detected. Since these proteins are used in the degradation of benzoate, it might be 

speculated that the bacteria started to consume 4-HBA up to a point to be able to handle 

the toxic effects. It might be speculated that, the bacteria could not be able to consume 

all 4-HBA since phenolic acids have a dose-dependent antimicrobial property. Thus, 4-

HBA resulted in serious stress conditions which led to activate this mechanism for 

survival. The flagellum-dependent motility proteins exopolyphosphatase, esterase EstA 
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and protein phosphatase CheZ exist among the new detected proteins. Flagellum is 

required for both virulence (Bakht azad et al., 2018) and bacterial movement in 

chemotaxis (Chaban et al., 2015) which aid bacteria to decide the movement according 

to environmental conditions. These proteins suggested that P. aeruginosa increases the 

motility and/or virulence under inconvenient environmental conditions of 4-HBA.  

 

 

 
 

Figure 3.25. String representation of metabolism-related undetected and newly detected 

proteins in the presence of 4-HBA. The proteins were indicated in arrows 

with different colors (Undetected proteins: red arrows and newly detected 

proteins: black arrows). 
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Table 3.23. The undetected proteins related to metabolism in the presence of 4-HBA. 

 

Protein ID Protein Name Gene Name Function 

Q9HX28 Uncharacterized protein PA3992 Metal ion binding 

Q9HYR5 Probable short chain 
dehydrogenase PA3330 Dehydrogenase activity 

Q9I3P2 Probable short-chain 
dehydrogenase PA1470 Dehydrogenase activity 

O69753 Phenazine biosynthesis protein 
PhzB1 

phzB1 PA421
1 Phenazine biosynthetic process 

Q9HWG9 5-methylphenazine-1-
carboxylate 1-monooxygenase phzS PA4217 Pyocyanine biosynthetic process 

Q9HTW9 Probable FAD-dependent 
monooxygenase PA5221 Oxidoreductase activity, ubiquinone 

biosynthetic process 

P42512 Fe(3+)-pyochelin receptor fptA PA4221 Ion transport, iron ion homeostasis, 
siderophore transport 

Q9I3L9 Sulfate-binding protein of ABC 
transporter cysP PA1493 Sulfate transmembrane transporter activity 

P00106 Cytochrome c4 cc4 PA5490 Electron transfer activity, iron ion binding 

Q9HZ48 
Probable binding protein 
component of ABC sugar 
transporter 

PA3190 Carbohydrate transport 

P32722 Porin D oprD PA0958 Porin activity, peptidase activity, basic 
amino acid transport 

Q9I4W9 Quinolinate synthase A nadA PA1004 NAD biosynthetic process from aspartate 

Q9HVZ0 Phosphoheptose isomerase gmhA PA442
5 

D-glycero-D-manno-heptose 7-phosphate 
biosynthetic process, LPS core biosynthetic 
process 

Q9HVB9 Carbonic anhydrase PA4676 Carbon utilization 

Q9I583 UPF0176 protein PA0858 PA0858 Cysteine persulfide intermediate active site 

G3XD40 Probable acyl-CoA thiolase PA3925 Fatty acid beta oxidation 

Q9HTK1 Probable chorismate pyruvate-
lyase ubiC PA5357 Ubiquinone biosynthetic process 

P34002 3-dehydroquinate synthase aroB PA5038 Chorismate biosynthetic process, aromatic 
amino acid family biosynthetic process 

Q9I030 Probable glutathione S-
transferase PA2813 Transferase activity 

Q9HZA4 3-isopropylmalate dehydratase 
small subunit leuD PA3120 Leucine biosynthetic process 

Q9I187 Probable dipeptidase PA2393 Dipeptidase activity, pyoverdine biosynthetic 
process 

Q9HZA8 Folylpolyglutamate synthetase folC PA3111 
Dihydrofolate synthase activity, 
tetrahydrofolylpolyglutamate synthase 
activity 

Q9HYR2 3-oxoacyl-[acyl-carrier-protein] 
synthase 3 fabH PA3333 Fatty acid biosynthetic process, fatty acid 

metabolic process 

(cont. on next page) 
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Table 3.23. (continued) 
 

Q9HWF9 Bacterioferritin bfr bfrA, 
PA4235 

Intracellular sequestering of iron ion, iron 
ion transport 

P15713 Non-hemolytic phospholipase C plcN PA3319 Lipid catabolic process, protein secretion, 
protein transport 

Q9I3G1 Cyt Cytochrome c oxidase, 
cbb3-type, CcoO subunit 

ccoO2 PA155
6 

Aerobic respiration, respiratory electron 
transport chain 

Q9I5F6 Bifunctional protein PutA putA PA0782 Proline catabolic process to glutamate, 
proline biosynthetic process 

Q9HV51 Triosephosphate isomerase tpiA PA4748 Gluconeogenesis, Glycolysis, Glycerol 
catabolic process 

Q9HTN4 Coenzyme A biosynthesis 
bifunctional protein CoaBC coaC PA5320 Coenzyme A biosynthetic process, 

pantothenate catabolic process 

Q9HTD7 Aspartate ammonia-lyase aspA PA5429 Aspartate metabolic process, tricarboxylic 
acid cycle 

Q9HVY6 Probable cytochrome c1 PA4429 ATP synthesis coupled electron transport 

Q9I297 Methylcrotonyl-CoA 
carboxylase, beta-subunit liuB PA2014 Isoprenoid catabolic process 

Q9HWG3 Pyochelin biosynthesis protein 
PchD pchD PA4228 Catalytic activity, metabolic process 

Q9HUP4 Nicotinate 
phosphoribosyltransferase 

pncB1 PA491
9 

NAD biosynthetic process, nicotinate 
nucleotide biosynthetic process 

Q9I184 Pyoverdine synthetase F pvdF PA2396 Pyoverdine biosynthetic process 

Q9I2S7 
Lysine-specific pyridoxal 5'-
phosphate-dependent 
carboxylase, LdcA 

ldcA PA1818 Amino acid metabolic process 

Q9HV69 Pantothenate synthetase panC PA4730 Pantothenate biosynthetic process 

Q9HU83 Urocanate hydratase hutU PA5100 Histidine catabolic process to glutamate 

Q9HYY3 Periplasmic tail-specific 
protease prc PA3257 Endopeptidase activity, signal transduction 

Q9HVF9 Uncharacterized protein PA4632 Metallopeptidase activity 

Q9HXE4 
NAD(P)H-dependent anabolic 
L-arginine dehydrogenase 
DauB 

dauB PA3862 Arginine catabolic process, arginine 
metabolic process 

Q9I5T1 Ribulose-phosphate 3-
epimerase rpe PA0607 

Cellular carbohydrate metabolic process, 
pentose catabolic process, pentose-phosphate 
shunt 

Q9I282 Uncharacterized protein PA2033 Iron assimilation 

Q04633 Adenine 
phosphoribosyltransferase apt PA1543 Adenine salvage, AMP salvage, purine 

ribonucleoside salvage 

Q51508 Salicylate biosynthesis 
isochorismate synthase pchA PA4231 Pyochelin biosynthetic process, salicylic acid 

biosynthetic process 

Q9I6A1 Cystathionine beta-synthase PA0399 Cysteine biosynthetic process from serine 

(cont. on next page) 
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Table 3.23. (continued) 
 
Q9HVI3 Uncharacterized protein PA4606 Response to nutrient levels, response to 

starvation 

Q9I6L0 Sulfate/thiosulfate import ATP-
binding protein CysA cysA PA0280 Sulfate transmembrane transporter activity 

Q9I6K7 Sulfate-binding protein sbp PA0283 Sulfate transmembrane transporter activity, 
sulfur compound binding 

Q9HXQ3 Uncharacterized protein PA3741 Acyl-CoA metabolic process, fatty acid 
metabolic process 

Q9HYZ3 Probable M18 family 
aminopeptidase 2 apeB PA3247 Peptide metabolic process 

P43336 Aromatic-amino-acid 
aminotransferase phhC PA0870 Phenylalanine biosynthetic process, tyrosine 

catabolic process 

Q9HVV3 Nucleotide-binding protein 
PA4465 PA4465 ATPase activity, GTPase activity 

Q9I015 Probable aminotransferase PA2828 Biosynthetic process 

Q9I2A2 Fumarylacetoacetase fahA PA2008 Aromatic amino acid family metabolic 
process 

 

 

Table 3.24. The newly detected proteins related to metabolism in the presence of 4-

HBA.  

 

Protein ID Protein Name Gene Name Function 

Q9HYU8 Probable HIT family protein PA3295 Catalytic activity 

Q9I0J8 NADH-quinone oxidoreductase 
subunit E nuoE PA2640 Respiratory electron transport chain 

Q9I6H4 Uncharacterized protein PA0317 Lactate oxidation, respiratory electron 
transport chain 

Q9HTJ5 Phosphate transport system 
permease protein PstA pstA PA5367 Phosphate ion transmembrane 

transport 

Q9HTV9 Probable ATP-binding/permease 
fusion ABC transporter PA5231 Transmembrane transport 

Q9I611 Probable acyl-CoA dehydrogenase PA0507 Flavin adenine dinucleotide binding, 
oxidoreductase activity 

Q9HXI4 Inositol-1-monophosphatase suhB PA3818 Inositol metabolic process 
Q9HW16 Uncharacterized protein PA4388 Cofactor binding 

Q9I6X9 Protocatechuate 3,4-dioxygenase, 
beta subunit pcaH PA0153 3,4-dihydroxybenzoate catabolic 

process 

Q9I370 Probable glutathione S-transferase PA1655 Transferase activity 

Q9HYR4 Cytochrome P450 PA3331 Iron binding, Monooxygenase activity, 
Oxidoreductase activity 

Q9I168 
L-2,4-diaminobutyrate:2-
ketoglutarate 4-aminotransferase, 
PvdH 

pvdH PA2413 Pyoverdine biosynthetic process, 
transaminase activity 

Q9I348 Uncharacterized protein PA1677 Catalytic activity, metabolic process 

Q9I5I2 Probable aldehyde dehydrogenase PA0747 Methylmalonate-semialdehyde 
dehydrogenase (acylating) activity 

Q9I136 Glycine cleavage system H 
protein 1 gcvH1 PA2446 Glycine decarboxylation 

(cont. on next page) 
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Table 3.24. (continued) 
 
Q9HXR4 Uncharacterized protein PA3728 ATPase activity, ATP binding 

Q9HWX7 Thiamine-monophosphate kinase thiL PA4051 Thiamine diphosphate biosynthetic 
process 

Q9HU43 

1-(5-phosphoribosyl)-5-[(5-
phosphoribosylamino)methylidene
amino] imidazole-4-carboxamide 
isomerase 

hisA PA5141 Histidine biosynthetic process, 
tryptophan biosynthetic process 

Q9HUU1 Oxaloacetate decarboxylase PA4872 Oxaloacetate decarboxylase activity, 
metal ion binding 

Q9I672 Uncharacterized protein PA0446 Catalytic activity 

Q9HVV9 3-deoxy-D-manno-octulosonate 8-
phosphate phosphatase KdsC PA4458 Lipopolysaccharide biosynthetic 

process 

Q9HXS4 Peptidyl-prolyl cis-trans isomerase PA3717 Peptidyl-prolyl cis-trans isomerase 
activity 

Q14T74 
Putative NAD(P) 
transhydrogenase, subunit alpha 
part 1 

pntAA PA0195 NADPH regeneration 

Q9HZA3 3-isopropylmalate dehydratase 
large subunit leuC PA3121 Leucine biosynthetic process 

Q9I2Q7 Sulfite reductase cysI PA1838 Response to sulfate starvation, sulfate 
reduction 

P00099 Cytochrome c-551 nirM PA0518 Electron transfer activity, iron ion 
binding, 

Q9HT35 GTP cyclohydrolase FolE2 folE2 PA5539 
7,8-dihydroneopterin triphosphate 
biosynthetic process, GTP 
cyclohydrolase I activity 

Q9I6Q7 Beta-ketoadipate enol-lactone 
hydrolase pcaD PA0231 Beta-ketoadipate pathway, 3-

oxoadipate enol-lactonase activity 

Q9I472 Cob(I)yrinic acid a,c-diamide 
adenosyltransferase cobO PA1272 

Adenosylcobalamin biosynthesis, 
cobalamin biosynthetic process, 
porphyrin-containing compound 
biosynthetic process 

G3XD76 

2,3,4,5-tetrahydropyridine-2,6-
dicarboxylate N-
succinyltransferase 

 

dapD PA3666 
Diaminopimelate biosynthetic process, 
Lysine biosynthetic process via 
diaminopimelate 

Q59653 Aspartate carbamoyltransferase pyrB PA0402 
UMP biosynthetic process, Amino 
acid metabolic process, pyrimidine 
ribonucleotide biosynthetic process 

P38103 4-hydroxy-tetrahydrodipicolinate 
reductase dapB PA4759 

Diaminopimelate biosynthetic process, 
Lysine biosynthetic process via 
diaminopimelate 

Q9HVP8 Dephospho-CoA kinase coaE PA4529 Coenzyme A biosynthetic process 
G3XD64 Site-determining protein fleN PA1454 ATP binding 

Q9I5I3 Probable acyl-CoA dehydrogenase PA0746 Acyl-CoA Dehydrogenase activity, 
lipid metabolic process 

Q9HUG0 Probable carbamoyl transferase PA5005 Transferase activity, biosynthetic 
process 

Q9HVE6 Uracil phosphoribosyltransferase upp PA4646 UMP biosynthetic process, pyrimidine 
nucleoside salvage, UMP salvage 

Q9HW15 Probable short-chain 
dehydrogenase speA PA4389 Dehydrogenase activity 

Q9HTX6 Glycine cleavage system H 
protein 2 gcvH2 PA5214 Glycine decarboxylation 

Q9I0V2 Probable aminotransferase PA2531 Transaminase activity, biosynthetic 
process 

Q9HTZ7 Phosphoenolpyruvate 
carboxykinase (ATP) pckA PA5192 Gluconeogenesis 

Q9I2K7 Probable glutathione S-transferase PA1890 Transferase activity 

(cont. on next page) 
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Table 3.24. (continued) 
 

Q9HW87 Formyltetrahydrofolate 
deformylase 

purU1 purU, 
PA4314 

IMP biosynthetic process, purine 
metabolism, one carbon metabolic 
process 

Q9I522 Lipopolysaccharide biosynthetic 
protein LpxO2 lpxO2 PA0936 Peptidyl-aspartic acid hydroxylation 

Q9HV67 Glucose-6-phosphate isomerase pgi PA4732 Glycolysis 
Q9I6C3 Uncharacterized protein PA0371 Catalytic activity, metal ion binding 

Q9HWG4 Pyochelin synthetase pchF PA4225 Hydrolase activity acting on ester 
bonds, biosynthetic process 

Q9HUP3 NH(3)-dependent NAD(+) 
synthetase nadE PA4920 NAD(+) biosynthetic process 

Q9HYV7 Beta-ketodecanoyl-[acyl-carrier-
protein] synthase PA3286 Fatty acid biosynthesis 

Q9HXV8 Uncharacterized protein PA3682 Catalytic activity 

G3XCZ6 Malonyl CoA-acyl carrier protein 
transacylase fabD PA2968 Fatty acid biosynthetic process 

P43898 Oxygen-dependent 
coproporphyrinogen-III oxidase hemF PA0024 Protoporphyrin-IX biosynthetic 

process 

P50587 Orotate phosphoribosyltransferase pyrE PA5331 UMP biosynthetic process, pyrimidine 
nucleotide biosynthetic process, 

Q9I2A8 Acetyl-CoA acetyltransferase atoB PA2001 
(R)-mevalonate biosynthetic process, 
Acetyl-CoA C-acetyltransferase 
activity, Fatty acid beta oxidation 

Q9I2U6 Bifunctional protein FolD folD PA1796 

Tetrahydrofolate interconversion, one 
carbon metaboolism, hisitidine 
biosynthetic process, methionine 
biosynthetic process 

P72170 Dihydroorotase pyrC PA3527 UMP biosynthetic process, pyrimidine 
nucleotide biosynthetic process 

Q9I4D6 Probable hydrolase PA1202 Hydrolase activity, metabolic process, 

P14532 Cytochrome c551 peroxidase ccpA PA4587 
Cytochrome-c peroxidase activity, 
electron transfer activity, metal ion 
binding 

G3XD72 Probable purine-binding 
chemotaxis protein PA1464 Chemotaxis, signal transduction 

Q9HTF1 Low specificity L-threonine 
aldolase ltaE PA5413 Threonine aldolase activity 

Q9HVU7 Uncharacterized protein PA4474 Metallopeptidase activity 

Q9I6X8 Protocatechuate 3,4-dioxygenase, 
alpha subunit pcaG PA0154 

Aromatic compound catabolic process, 
protocatechuate 3,4-dioxygenase 
activity 

Q9HU73 Fructose-1,6-bisphosphatase class 
1 fbp PA5110 Gluconeogenesis 

Q51548 L-ornithine N(5)-monooxygenase pvdA pvd-1, 
PA2386 

Pyoverdin biosynthesis, siderophore 
biosynthesis 

Q51390 Glycerol kinase 2 glpK2 glpK, 
glpK1, PA3582 

Glycerol catabolic process, glycerol 
metabolic process, 

P30819 

Nicotinate-nucleotide 
pyrophosphorylase 
[carboxylating] 

 

nadC PA4524 NAD(+) biosynthetic process 

Q9I6R0 Beta-ketoadipyl-CoA thiolase pcaF PA0228 
3,4-dihydroxybenzoate catabolic 
process,  
beta-ketoadipate pathway 

Q9HUN6 UPF0313 protein PA4928 PA4928 Catalytic activity, metal ion binding 

Q9HY01 S-(hydroxymethyl)glutathione 
dehydrogenase adhC PA3629 Ethanol oxidation, formaldehyde 

catabolic process 

(cont. on next page) 
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Table 3.24. (continued) 
 

Q9HYG7 D-erythro-7,8-dihydroneopterin 
triphosphate epimerase folX PA3439 

Folic acid-containing compound 
metabolic process,  tetrahydrobiopterin 
biosynthetic process 

Q9I2A9 DhcB, dehydrocarnitine CoA 
transferase, subunit B dhcB PA2000 Carnitine catabolic process,  CoA 

transferase activity 

P20586 p-hydroxybenzoate hydroxylase pobA PA0247 Benzoate catabolic process, FAD 
binding 

Q51547 
Phosphate-specific transport 
system accessory protein PhoU 
homolog 

phoU PA5365 

Cell chemotaxis, cellular phosphate 
ion homeostasis, negative regulation 
of phosphate metabolic process, 
negative regulation of phosphate 
transmembrane transport, phosphate 
ion transport 

Q9HXC7 Protein tyrosine phosphatase 
TpbA tpbA PA3885 Protein tyrosine phosphatase  activity 

Q9HVA1 Acetolactate synthase isozyme III 
small subunit ilvH PA4695 

Acetolactate synthase activity, 
isoleucine biosynthetic process, valine 
biosynthetic process 

Q9HZ66 Phosphoserine aminotransferase serC PA3167 
Serine biosynthetic process, 
pyridoxine 5'-phosphate biosynthetic 
activity 

Q9I513 Phosphoribosylformylglycinamidi
ne cyclo-ligase purM PA0945 IMP biosynthetic process 

Q9I5Y1 Fructose-bisphosphate aldolase fba fda, PA0555 Glycolysis 

Q9I1F5 Probable glyceraldehyde-3-
phosphate dehydrogenase PA2323 

Gamma-aminobutyric acid catabolic 
process, glutamate decarboxylation to 
succinate 

Q9HX46 AMP nucleosidase amn PA3970 AMP salvage, nucleoside metabolic 
process 

Q9I0J9 NADH-quinone oxidoreductase 
subunit C/D 

nuoC nuoCD, 
nuoD, PA2639 

NAD binding, NADH dehydrogenase 
(ubiquinone) activity, quinone binding 

Q9I3A8 Glycerol-3-phosphate 
dehydrogenase [NAD(P)+] gpsA PA1614 

Glycerophospholipid metabolic 
process, glycerol-3-phosphate 
catabolic process, carbohydrate 
metabolic process, phospholipid 
biosynthetic process 

Q9I381 Uncharacterized protein PA1644 FMN binding 

Q9I203 5-oxoprolinase subunit A 2 pxpA2 PA2112 Carbohydrate metabolic process 

G3XD12 Hydrogen cyanide synthase 
subunit HcnC hcnC PA2195 

Glycine dehydrogenase (cyanide-
forming) activity, oxidoreductase 
activity 

P29365 Homoserine dehydrogenase hom PA3736 
Methionine biosynthetic process, 
threonine biosynthetic process, 
isoleucine biosynthesis process 

Q9HVM7 4-hydroxy-3-methylbut-2-enyl 
diphosphate reductase 

spH lytB, 
PA4557 

Dimethylallyl diphosphate 
biosynthetic process,  isopentenyl 
diphosphate biosynthetic process 

Q9HV70 3-methyl-2-oxobutanoate 
hydroxymethyltransferase 2 panB2 PA4729 Pantothenate biosynthetic process 

P07345 Tryptophan synthase beta chain trpB PA0036 Tryptophan biosynthetic process 

Q9I6R2 Probable CoA transferase, subunit 
A PA0226 CoA transferase activity, metabolic 

process 

Q9I6D1 Phosphopantetheine 
adenylyltransferase coaD PA0363 Coenzyme A biosynthetic process 

Q9HX40 Thiamine-phosphate synthase thiE PA3976 Thiamine diphosphate biosynthetic 
process,  thiamine biosynthetic process 

(cont. on next page) 
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Table 3.24. (continued) 
 

Q9HUE4 Homocysteine synthase metY PA5025 Methionine biosynthetic process 

Q9I526 Cysteine synthase B cysM PA0932 Cysteine biosynthetic process 

Q9I0J7 NADH-quinone oxidoreductase 
subunit F nuoF PA2641 

FMN binding, NAD binding, quinone 
binding, NADH dehydrogenase 
(ubiquinone) activity 

Q9I5E3 Citrate synthase prpC PA0795 Tricarboxylic acid cycle, Citrate 
synthase activity 

Q9I6R1 Probable CoA transferase, subunit 
B PA0227 CoA-transferase activity, metabolic 

process 

Q9I1C6 Probable glycerophosphoryl 
diester phosphodiesterase PA2352 Lipid metabolic process 

Q9HU23 dTDP-4-dehydrorhamnose 
reductase rmlD PA5162 

dTDP-L-rhamnose biosynthetic 
process, lipopolysaccharide core 
region biosynthetic process 

Q9I6Q8 3-carboxy-cis,cis-muconate 
cycloisomerase pcaB PA0230 

Beta-ketoadipate pathway,   
3,4-dihydroxybenzoate catabolic 
process 

Q9HWX5 6,7-dimethyl-8-ribityllumazine 
synthase 

ribH ribE, 
PA4053 Riboflavin biosynthetic process 

Q9HVW8 ATP phosphoribosyltransferase hisG PA4449 Histidine biosynthetic process 

Q9HYH1 Uncharacterized protein PA3435 PA3435 FMN binding, oxidation-reduction 
process 

Q9HYC9 dCTP deaminase dcd PA3480 dUMP biosynthetic process, dUTP 
biosynthetic process 

Q51484 Uncharacterized protein PA0525 PA0525 Denitrification process 

Q9I2Y1 Para-aminobenzoate synthase 
component I pabB PA1758 Tetrahydrofolate biosynthetic process 

Q9HZ70 Cytidylate kinase cmk PA3163 
Nucleotide phosphorylation, 
pantothenate biosynthetic process 
from valine 

Q9HVA0 Acetolactate synthase ilvI PA4696 Isoleucine biosynthetic process, valine 
biosynthetic process 

Q9HUV9 Bifunctional purine biosynthesis 
protein PurH purH PA4854 IMP biosynthetic process 

Q9HXP3 
Formate-dependent 
phosphoribosylglycinamide 
formyltransferase 

purT PA3751 IMP biosynthetic process 

Q9HUB6 Phosphoribosyl-ATP 
pyrophosphatase hisE PA5067 Histidine biosynthetic process 

Q9HU13 Uncharacterized protein PA5176 Hydrolase activity 

Q9I6Y9 Nonspecific ribonucleoside 
hydrolase nuh PA0143 Purine nucleotide metabolic process, 

purine nucleoside catabolic process 

P20574 Anthranilate 
phosphoribosyltransferase trpD PA0650 Tryptophan biosynthetic process 

P55218 O-succinylhomoserine 
sulfhydrylase metZ PA3107 Methionine biosynthetic process 

Q9I6J9 Agmatine deiminase aguA PA0292 Putrescine biosynthetic pathway 

Q9HU15 Beta-ketoacyl-[acyl-carrier-
protein] synthase FabY fabY PA5174 Fatty acid biosynthetic process 

Q9I3W8 Isocitrate dehydrogenase 
kinase/phosphatase aceK PA1376 

Glucose metabolic process, glyoxylate 
cycle, peptidyl-serine phosphorylation, 
regulation of catalytic activity, 
tricarboxylic acid cycle 

Q9HXM6 GMP synthase [glutamine-
hydrolyzing] guaA PA3769 Glutamine metabolic process, GMP 

biosynthetic process 

(cont. on next page) 
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Table 3.24. (continued) 
 

Q9HU22 Glucose-1-phosphate 
thymidylyltransferase rmlA PA5163 

dTDP-rhamnose biosynthetic process, 
extracellular polysaccharide 
biosynthetic process, 
lipopolysaccharide core region 
biosynthetic process 

Q9HUJ2 Phosphomethylpyrimidine 
synthase thiC PA4973 Thiamine diphosphate biosynthetic 

process, thiamine biosynthetic process 

Q9I0W4 Toluate 1,2-dioxygenase alpha 
subunit xylX PA2518 Cellular metabolic process 

Q9HVL9 Glutamate 5-kinase proB PA4565 Proline biosynthetic process 

Q9I028 Probable acyl-CoA dehydrogenase PA2815 
Acyl-CoA dehydrogenase activity, 
fatty acid beta-oxidation using acyl-
CoA dehydrogenase 

Q9ZN70 Exopolyphosphatase ppx PA5241 

Flagellum-dependent swimming 
motility, flagellum-dependent 
swarming motility,  response to 
nitrogen starvation, response to 
phosphate starvation, glycolipid 
biosynthetic process, pathogenesis, 
polyphosphate catabolic process, 
quorum sensing, single-species biofilm 
formation 

Q9I558 Acetyl-coenzyme A synthetase 1 acsA1 PA0887 Acetyl-CoA biosynthetic process from 
acetate 

P72158 N5-carboxyaminoimidazole 
ribonucleotide synthase purK PA5425 IMP biosynthetic process 

O33407 Esterase EstA estA papA, 
PA5112 

Flagellum-dependent cell motility, 
flagellum-dependent swarming 
motility, cell motility, glycolipid 
biosynthetic process, lipid biosynthetic 
process, single-species biofilm 
formation 

Q9HTV3 3-octaprenyl-4-hydroxybenzoate 
carboxy-lyase ubiD PA5237 Ubiquinone biosynthetic process 

Q9I352 Bacteriohemerythrin PA1673 Oxygen carrier activity 

Q9HUD5 Glutamate synthase large chain gltB PA5036 Ammonia assimilation cycle, 
glutamate biosynthetic process 

Q9HV32 PmrA: two-component regulator 
system response regulator PmrA pmrA PA4776 Phosphorelay signal transduction 

system, regulation of transcription 

Q9I0I6 Methyl-accepting chemotaxis 
protein PA2652 PA2652 

Chemotaxis, response to organic 
substances,integral component of 
membrane 

Q9HTU2 Probable ATP-binding component 
of ABC transporter PA5252 ATPase activity, ATP binding 

Q9HW93 Methyl-accepting chemotaxis 
protein PctC pctC PA4307 Chemotaxis, response to amino acid 

Q9I031 Probable ATP-binding component 
of ABC transporter PA2812 ATPase activity, ATP binding 

Q9HXV0 Probable metal-transporting P-
type ATPase PA3690 Metal ion transport 

Q9I3N3 Cytochrome c-type biogenesis 
protein CcmE 

ccmE cycJ, 
PA1479 

Cytochrome complex assembly, 
protein-heme linkage 

P52477 Multidrug resistance protein 
MexA mexA PA0425 

Drug transmembrane transporter 
activity, response to antibiotic, protein 
homooligomerization 

Q51434 Protein phosphatase CheZ cheZ PA1457 
Flagellum-dependent swarming 
motility, chemotaxis, regulation of 
chemotaxis 
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3.3.2.6. Redox and Cell Homeostasis-Related Proteins of 4-HBA 

Treatment 

 
The undetected (Figure 3.26 a) and newly detected proteins (Figure 3.26 b) were 

determined with their interaction network (Figure 3.27) related to redox and cell 

homeostasis in the presence of 4-HBA. According to results, various proteins 

functioned in oxidative stress response such as quinone oxidoreductase, superoxide 

dismutase [Mn] and thiol:disulfide interchange protein DsbA were undetected. On the 

other hand, iron-sulfur cluster assembly scaffold protein IscU functioned in iron-ion 

homeostasis, peptide methionine sulfoxide reductase MsrA functioned in oxidative 

stress response, polyamine aminopropyltransferase 1 and spermidine/putrescine import 

ATP-binding protein PotA functioned in spermidine biosynthesis were newly detected. 

In the presence of superoxide and hydrogen peroxide the DNA and membranes of the 

cell are seriously damaged (Hassett et al., 1996) and the bacteria require the ROS to be 

reduced for survival. The changes in the proteins related to response to these toxic 

substances demonstrated that the 4-HBA treatment resulted in the oxidative stress in P. 

aeruginosa. Relatedly, 4-HBA presented changes in the spermidine metabolism. The 

detection of changes in proteins of spermidine and putrescine biosynthesis, might show 

that the bacteria manage to handle the toxic effects of 4-HBA by these polyamines. 

Since they are the main polyamines in bacteria for cell viability, pathogenesis, antibiotic 

resistance and protecting the DNA from oxidative damage (Johnson et al., 2011) and 

have functions in signaling and regulation against stress conditions caused by ROS, 

heat, UV, acid and osmotic pressure (Bandounas et al., 2011), it could be speculated 

that 4-HBA showed significant stress conditions in the environment in which P. 

aeruginosa survived.  

The new detection of iron-sulfur cluster assembly scaffold protein IscU which 

has roles in iron-ion homeostasis might demonstrate that 4-HBA caused defects in iron 

metabolism. Iron is the essential nutrient for cell survival regardless of being prokaryote 

or eukaryote (Drehe et al., 2018). It is accepted that the phenolic compounds have iron 

chelation properties (Singh and Kumar, 2019; Andjelkovic et al., 2006). Thus, it could 

be speculated that 4-HBA might chelate the iron ion in the environment which led to 

iron starvation of P. aeruginosa. Additionally, pyoverdine proteins (Pvd), which have 

vital roles in iron uptake (Drehe et al., 2018), were also demonstrated with a changed 
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protein profile in metabolism section (Table 3.23 and 3.24). Therefore, 4-HBA might 

show its damaging effects not only by oxidative stress but also by iron limitation for the 

bacteria. 

 

 

 

 

 

 
 

Figure 3.26. String representation of redox and cell homeostasis-related proteins in the 

presence of 4-HBA. a) Undetected proteins b) Newly detected proteins 

 

 

 

Table 3.25. The undetected proteins in the presence of 4-HBA functioned in redox and 

cell homeostasis. 

 

Protein ID Protein Name Gene Name Function 

Q9HW73 Uncharacterized protein PA4328 Response to stress 

Q9HZI9 Universal stress protein PA3017 Response to stress 

Q9I0T4 Probable acyl-CoA 
dehydrogenase PA2550 FAD binding, oxidoreductase activity 

Q9HUK9 Thiosulfate 
sulfurtransferase rhdA PA4956 Thiosulfate sulfurtransferase activity, 

Response to toxic substance 

P43903 Quinone oxidoreductase qor PA0023 Response to oxidative stress 

(cont. on next page) 

a b 
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Table 3.25. (continued) 
 

P0C2B2 Thiol:disulfide 
interchange protein DsbA dsbA PA5489 Cell redox homeostasis 

Q9HYY4 Probable oxidoreductase PA3256 Oxidoreductase activity 

Q9HVG5 Glycerate dehydrogenase hprA PA4626 Oxidoreductase activity 

P53652 Superoxide dismutase 
[Mn] sodA PA4468 Removal of superoxide radicals 

Q9I1F8 Probable oxidoreductase PA2317 Oxidoreductase activity 

Q9I5R7 S-adenosylmethionine 
decarboxylase proenzyme speD PA0654 Adenosylmethioninamine biosynthetic 

process, spermidine biosynthetic process 

 

 

 

 
 

Figure 3.27. String representation of redox and cell homeostasis-related undetected and 

newly detected proteins in the presence of 4-HBA. The significant proteins 

were indicated in arrows with different colors (Undetected proteins: red 

arrows and newly detected proteins: black arrows). 
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Table 3.26. The newly detected proteins in the presence of 4-HBA functioned in redox 

and cell homeostasis. 

 

Protein ID Protein Name Gene Name Function 

Q9I0T0 Probable short-chain 
dehydrogenase PA2554 Oxidoreductase activity 

Q9I0Z1 Probable oxidoreductase PA2491 

Negative regulation of protein secretion, 
negative regulation of secondary metabolite 
biosynthetic process, negative regulation of 
transmembrane transport 

Q9HV44 Chaperone protein DnaJ dnaJ PA4760 Response to hyperosmotic and heat shock 

Q9HZ61 Probable short-chain 
dehydrogenase PA3173 Oxidoreductase activity, organic substance 

catabolic process 

Q9HY50 Zinc-type alcohol 
dehydrogenase-like protein PA3567 Oxidoreductase activity, zinc ion binding 

Q9I2R7 Probable short-chain 
dehydrogenase PA1828 Oxidoreductase activity 

Q9HUR4 Probable aldehyde 
dehydrogenase PA4899 Oxidoreductase activity 

Q9HUT3 Probable bacterioferritin PA4880 Cellular iron ion homeostasis, iron ion 
transport, ferric ion binding 

Q9I1R8 Probable dehydrogenase PA2199 NAD binding, NADP binding,oxidoreductase 
activity 

Q9I610 Probable acyl-CoA 
dehydrogenase PA0508 Oxidoreductase activity 

Q9I4W5 Bacterioferritin comigratory 
protein bcp PA1008 Antioxidant activity, oxidoreductase activity, 

cell redox homeostasis 

Q9I2R2 Probable oxidoreductase PA1833 Oxidoreductase activity 

Q9HUF1 Peptide methionine sulfoxide 
reductase MsrA msrA PA5018 Cellular response to oxidative stres, 

pathogenesis, response to hypochlorite 

Q9HUQ6 Probable short-chain 
dehydrogenase PA4907 Oxidoreductase activity 

Q9I0M2 Thioredoxin reductase trxB1 PA2616 Thioredoxin-disulfide reductase activity, 
removal of superoxide radicals 

Q9I5A2 Glutathione peroxidase PA0838 Response to oxidative stress 

Q9HYH8 Probable short-chain 
dehydrogenase PA3427 Oxidoreductase activty 

Q9X6R0 Polyamine 
aminopropyltransferase 1 

speE1 speE, 
PA1687 Spermidine biosynthetic process 

Q9I6I9 
Spermidine/putrescine 
import ATP-binding protein 
PotA 

spuF potA, 
PA0302 Spermidine transport, putrescine transport 

Q9HXI9 Iron-sulfur cluster assembly 
scaffold protein IscU iscU PA3813 Cellular iron ion homeostasis, iron ion 

homeostasis, iron-sulfur cluster assembly 
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3.3.2.7. Virulence-Related Proteins of 4-HBA Treatment 

 
The protein 2-heptyl-4(1H)-quinolone synthase subunit PqsC (Protein ID: Q9I4X1; 

Gene name: pqsC PA0998) was undetected after 4-HBA treatment. This protein is a 

soluble signal which functioned in quorum sensing of P. aeruginosa leading the 

elevated virulence (Dulcey et al., 2013). The undetection of this protein demonstrated 

that 4-HBA exposure resulted in the decrease in the virulence of P. aeruginosa by 

diminishing the quorum sensing. 

However, the bacteria maintained their virulence by newly detected proteins 

such as exoenzyme T and response regulator GacA (Table 3.27). In addition, they 

manage to handle the toxic effects of 4-HBA by aminoglycoside 3'-phosphotransferase 

type Iıb and regulatory protein TypA. Since these proteins have roles in the cellular 

response to antibiotics, it might be speculated that 4-HBA led the bacteria to protect 

themselves as they were exposed to antibiotics. 

 

 

Table 3.27. The newly detected proteins in the presence of 4-HBA functioned in 

virulence. 

 

Protein ID Protein Name Gene Name Function 

Q9I788 Exoenzyme T exoT PA0044 Pathogenesis 

Q9I3D8 Uncharacterized protein 
PA1579 PA1579 Lipid binding 

Q9HWR2 Aminoglycoside 3'-
phosphotransferase type Iıb aph PA4119 Response to antibiotic 

G3XDB0 Catabolite repression 
control protein crc PA5332 

Base-excision repair, pathogenesis, 
quorum sensing,  regulation of carbon 
utilization, regulation of single-species 
biofilm formation 

Q51373 Response regulator GacA gacA PA2586 

Pathogenesis, phosphorelay signal 
transduction system, positive 
regulation of single-species biofilm 
formation on inanimate substrate, 
regulation of transcription, 

Q9HU67 Regulatory protein TypA typA PA5117 

Cellular response to antibiotic, 
Flagellum-dependent swarming 
motility, cell adhesion involved in 
single-species biofilm formation, , 
positive regulation of protein secretion 
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Figure 3.28. String representation of virulence-related proteins in the presence of 4-

HBA. a) Newly detected proteins b) The both undetected and newly 

detected proteins. The proteins were indicated in arrows with different 

colors (Undetected proteins: red arrows and newly detected proteins: 

black arrows). 
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3.3.2.8. Uncharacterized Proteins of 4-HBA Treatment 

 
 Various undetected (Figure 3.29 a) and newly detected (Figure 3.29 b) proteins 

were shown which were uncharacterized in Uniprot. The STRING results demonstrated 

the interaction network of these undetected and newly detected proteins (Figure 3.30).

  

 

 
 
Figure 3.29. String representation of uncharacterized proteins in the presence of 4-HBA. 

a) Undetected proteins b) Newly detected proteins 

a 

b 
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Figure 3.30. String representation of uncharacterized undetected and newly detected 

proteins in the presence of 4-HBA. The significant proteins were 

indicated in arrows with different colors (Undetected proteins: red arrows 

and newly detected proteins: black arrows). 

  

 

The protein BLAST results showed that the uncharacterized proteins were 

mostly hypothetical proteins and the proteins belonging to transport systems, virulence 

and oxidative stress response proteins as well as structural components of various 

proteins (Table 3.28 and 3.29). The strongly interacted PA0086 and PA0083 were 

undetected after 4-HBA exposure which were functioned as tetratricopeptide repeat 

protein and Type VI secretion system contractile sheath small subunit, respectively 

(table 3.28). Type VI secretion system has a role in the competition of Gram negative 

bacteria with which toxic effector proteins are released into adjacent prokaryotic cell or 
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into eukaryotic cells by using a contractile sheath (Russel et al., 2012; Salih et al., 

2018). Being virulence related, the proteins of this mechanism may be good targets of 

new antimicrobial agents (Salomon and Orth, 2015; Salih et al., 2018). In addition, 

Type VI secretion system also functions in horizontal gene transfer from lysed cells 

which were killed by Type VI secretion system possessing bacteria (Salomon and Orth, 

2015) to obtain new genes from killed bacteria in the vicinity (Ringel et al., 2017). The 

undetection of these proteins might show that the treatment with 4-HBA demonstrated 

reduced virulence and competition properties of P. aeruginosa. 

 Another point was undetection of PA5335 which might be YicC family protein 

according to protein BLAST. Since it was presented as related to the DNA damage 

associated protein, YicC protein might be functioned in repair mechanisms. The 

undetection of YicC might show the DNA damage arouse from 4-HBA treatment. 

 

 

Table 3.28. The undetected proteins in the presence of 4-HBA which are 

uncharacterized. 

 

Protein ID Protein Name Gene Name Function Protein Blast Results 

Q9HTF0 Uncharacterized protein PA5414 Uncharacterized Hypothetical protein 

Q9HXI3 Uncharacterized protein PA3819 Uncharacterized Glycine zipper 2TM domain-
containing protein 

Q9HXF7 Nucleoid-associated 
protein PA3849 PA3849 Uncharacterized Nucleoid-associated protein 

YejK 

Q9HZC7 Uncharacterized protein PA3081 Uncharacterized DUF1329 domain-containing 
protein 

Q9I456 Probable outer membrane 
protein PA1288 Uncharacterized Long-chain fatty acid transport 

protein 

Q9I746 Uncharacterized protein PA0086 Uncharacterized tetratricopeptide repeat protein 

Q9I2X1 Uncharacterized protein PA1768 Uncharacterized ATP-dependent zinc protease 

Q9I6H6 Uncharacterized protein PA0315 Uncharacterized DUF4399 domain-containing 
protein 

Q9HTM3 Uncharacterized protein PA5335 Uncharacterized YicC family protein 

Q9HXK2 Probable oxidoreductase PA3795 Uncharacterized Aldo/keto reductase 

Q9HW30 Uncharacterized protein PA4372 Uncharacterized Imelysin 

Q9I5Z9 Uncharacterized protein PA0537 Uncharacterized LemA family protein 

(cont. on next page) 
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Table 3.28. (continued) 
 

Q9HYI6 UPF0162 protein PA3419 PA3419 Uncharacterized Transglut_core2 superfamily 
hypothetical protein 

Q9HU46 Uncharacterized protein PA5138 Uncharacterized ABC transporter substrate-
binding protein 

Q9HYJ2 Uncharacterized protein PA3413 Uncharacterized YebG superfamily hypothetical 
protein 

Q9HX91 Uncharacterized protein 
PA3922 PA3922 Uncharacterized DUF1329 domain-containing 

protein 

Q9HZ96 Probable short-chain 
dehydrogenase PA3128 Uncharacterized SDR family oxidoreductase 

Q9HU31 

Amino acid 
(Lysine/arginine/ornithine
/histidine/octopine) ABC 
transporter periplasmic 
binding protein 

PA5153 Uncharacterized Amino acid ABC transporter 
substrate-binding protein 

G3XD27 Uncharacterized protein PA5055 Uncharacterized DUF971 domain-containing 
protein 

Q9HTY0 Probable secretion 
pathway ATPase PA5210 Uncharacterized Type II/IV secretion system 

protein 

Q9I749 Uncharacterized protein PA0083 Uncharacterized Type VI secretion system 
contractile sheath small subunit 

Q9HZ94 Uncharacterized protein PA3130 Uncharacterized Acyl-CoA thioesterase 

 

 
Table 3.29. The newly detected proteins in the presence of 4-HBA which are 

uncharacterized. 

 

Protein ID Protein Name Gene Name Function Protein Blast Results 

Q9HUY6 Uncharacterized protein PA4824 Uncharacterized Hypothetical protein 

Q9I777 Uncharacterized protein PA0055 Uncharacterized DUF1993 family protein 

Q9HZN3 Uncharacterized protein PA2971 Uncharacterized DUF177 domain-containing 
protein 

Q9HY12 Uncharacterized protein PA3614 Uncharacterized MBL fold metallo-hydrolase 

Q9HTT1 Uncharacterized protein PA5269 Uncharacterized Hypothetical protein 

Q9I4Q3 Uncharacterized protein PA1076 Uncharacterized DUF5064 family protein 

Q9I3Q7 Uncharacterized protein PA1440 Uncharacterized YecA family protein 

Q9I6G2 UPF0339 protein PA0329 PA0329 Uncharacterized DUF1508 domain-containing 
protein 

(cont. on next page) 
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Table 3.29. (continued) 
 

Q9HU69 Uncharacterized protein PA5115 Uncharacterized Class I SAM-dependent 
methyltransferase 

Q9HV60 Uncharacterized protein PA4739 Uncharacterized BON domain-containing 
protein 

Q9HZ38 Uncharacterized protein PA3202 Uncharacterized YciI family protein 

Q9HX10 Uncharacterized protein PA4017 Uncharacterized Oxidoreductase 

Q9I5Z4 Uncharacterized protein PA0542 Uncharacterized DUF1090 domain-containing 
protein 

Q9HU51 Uncharacterized protein PA5133 Uncharacterized Peptidase M23 

Q9HXG8 Uncharacterized protein PA3836 Uncharacterized ABC transporter substrate-
binding protein 

Q9I4Y8 Uncharacterized protein PA0981 Uncharacterized Hypothetical protein 

Q9HWT8 Uncharacterized protein PA4090 Uncharacterized DUF2218 domain-containing 
protein 

Q9I4D5 Uncharacterized protein PA1203 Uncharacterized OsmC family peroxiredoxin 

Q9HTP9 Uncharacterized protein PA5305 Uncharacterized DUF1318 domain-containing 
protein 

Q9HVZ2 Uncharacterized protein PA4423 Uncharacterized Penicillin-binding protein 
activator 

Q9HZM4 UPF0434 protein PA2980 PA2980 Uncharacterized Trm112 family protein 

Q9I118 Uncharacterized protein PA2464 Uncharacterized Hypothetical protein 

Q9HYY5 Uncharacterized protein PA3255 Uncharacterized HAD-IB family hydrolase 

Q9HTC5 Uncharacterized protein PA5441 Uncharacterized Outer membrane assembly 
lipoprotein YfiO 

Q9HVF0 Uncharacterized protein PA4642 Uncharacterized Hypothetical protein 

Q9I783 Uncharacterized protein 
PA0049 PA0049 Uncharacterized Hypothetical protein 

Q9I3B5 Uncharacterized protein PA1606 Uncharacterized DUF3859 domain-containing 
protein 

Q9I704 Uncharacterized protein PA0128 Uncharacterized Alkylphosphonate utilization 
protein 

Q9HZK2 Uncharacterized protein PA3003 Uncharacterized CsiV superfamily hypothetical 
protein 

Q9HT71 Uncharacterized protein PA5502 Uncharacterized Hypothetical protein 

 

 

3.3.3. Comparison of Mutual Protein Profiles of 3-HPAA and 4-HBA 

 
 Although the water soluble phenolic acids 3-HPAA and 4-HBA are included in 

two different groups of the phenolic acids (Andjelkovic et al., 2006), the treatment of P. 

aeruginosa with each of them was resulted in various mutual proteins. This might 

present that the antimicrobial effects of phenolic acids are due to targetting similar 

biochemical pathways of P. aeruginosa.   According to Venn diagram results which 
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were constructed by protein IDs of the proteins, 55 mutual proteins were newly detected 

for 3-HPAA and 4-HBA treatments (Figure 3.1, region II), while 108 mutual proteins 

were undetected (Figure 3.1, region V). Besides, 284 mutual proteins were found as 

mutual for control, 3-HPAA and 4-HBA treated groups (Figure 3.1, region VII). These 

mutual protein of phenolic acid treated groups contain proteins which were separated 

into groups related to their functions as DNA, RNA, ribosomes and protein, cell wall 

and membrane, metabolism, redox and cell homeostasis, virulence and uncharacterized. 

The percentages of these groups were presented in Figure 3.31 a and b for the 

undetected and newly detected proteins, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.31. The percentages of mutual proteins for each group of function in the 

presence of 3-HPAA and 4-HBA. a) Undetected proteins b) Newly 

detected proteins  

a 

b 
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. According to the results, there were no mutual virulence related proteins for each 

phenolic acid group which were undetected and only 2% of the newly detected mutual 

proteins were related to virulence. It might be speculated that the common antimicrobial 

effect of phenolic acids did not occur based on changes in the virulence. The changes in 

metabolism presented the highest percentages for both undetected and newly detected 

mutual proteins which indicates that the treatment with phenolic acids resulted in 

various metabolic changes depending on the adaptation to new environmental 

conditions. The most significant results were high percentage (16%) of the undetection 

of cell wall and membrane related mutual proteins. This might indicate that the phenolic 

acids mostly target cell wall and membrane proteins which led the defects in cell 

envelope structure and integrity. Additionally, ribosome and protein related mutual 

proteins showed a high undetection rate with 11% which might indicate that the other 

targets of the phenolic acids for antimicrobial effect are ribosome integrity and protein 

metabolism. On the other hand, the presence of the phenolic acids resulted in new 

detection of the proteins related to redox and cell homeostasis in high percentage (16%) 

demonstrating the high oxidative stress response of the bacteria against phenolic acid 

treatment. 

 

3.3.3.1. DNA-Related Mutual Proteins of 3-HPAA and 4-HBA  

 
 The treatment of P. aeruginosa with 3-HPAA or 4-HBA resulted in the 

undetection of the uncharacterized protein PA0986 which has transposase activity 

(Figure 3.32; Table 3.1 and 3.15). On the other hand, the recombination-associated 

protein RdgC, single-stranded DNA-binding protein (Ssb) and beta sliding clamp 

(DnaN) were newly detected, mutually (Figure 3.32). The proteins RdgC was 

functioned in DNA recombination as well as protein Ssb functioned in DNA 

recombination and repair (Table 3.2 and 3.16). 

Additionally, the DnaN protein has role in DNA replication and 3'-5' 

exonuclease activity (Table 3.2 and 3.16). These results could be concluded as the 

phenolic acid treatment resulted in the damage of the bacterial genome and P. 

aeruginosa activated the DNA repair and recombination mechanisms. It is known that 

some bacteria including Pseudomonas could degrade phenolic compounds up to a point 

in subinhibitory concentrations (Ghaima et al., 2017). The recombination in bacteria 
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allow to obtain the genes with horizontal gene transfer for degradation of phenolic 

compounds (Tavita et al., 2012) and it aids the DNA repair systems to fix the DNA 

(Sidorenko et al., 2014). Therefore, P. aeruginosa might attempt not only to repair the 

defects in its genome but also attempt to protect itself by gaining new genes to adapt the 

new environment involving phenolic acid toxicity. Thus, one of the antimicrobial action 

mechanisms of phenolic acids might be due to the DNA damage of P. aeruginosa. 

 

 

 
 
Figure 3.32. String representation of DNA-related undetected and newly detected 

mutual proteins in the presence of phenolic acids. The significant 

proteins were indicated in arrows with different colors (Undetected 

proteins: red arrows and newly detected proteins: black arrows). 

 

 

3.3.3.2. RNA-Related Mutual Proteins of 3-HPAA and 4-HBA 

 
 The undetected and newly detected proteins functioned in transcriptional 

regulation of various metabolisms and RNA structure were mutual for 3-HPAA and 4-

HBA displaying interactions (Figure 3.33). Bifunctional protein PyrR, DNA-binding 

transcriptional regulator NtrC, tRNA 2-selenouridine/geranyl-2-thiouridine synthase 

SelU and stringent starvation protein A (SspA) were undetected. Major cold shock 
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protein CspA, RNA polymerase sigma factor RpoD, phosphate regulon transcriptional 

regulatory protein PhoB and oxyR were newly detected after phenolic acid treatment.  

 Bifunctional protein PyrR is functioned in nucleoside metabolic process (Table 

3.3 and 3.17) and the undetection of it might demonstrate the defects in the synthesis of 

nucleosides which are the subunits of nucleic acids. Thus, phenolic acids might show 

their effects by targetting the nucleic acid production process. DNA-binding 

transcriptional regulator NtrC takes role in the transcriptional regulation of nitrogen 

utilization (Table 3.3 and 3.17). The undetection of this protein demonstrated that the 

bacteria might undergo nitrogen starvation by phenolic acid treatment which led to the 

bacterial growth inhibition. The enzyme tRNA 2-selenouridine/geranyl-2-thiouridine 

synthase (protein SelU) carries out the tRNA seleno-modification (Table 3.3 and 3.17). 

It shows function in the formation of geranylation, a natural hydrophobic modification 

of tRNA, which is found in a few bacterial species involving P. aeruginosa (Wang et 

al., 2016). This  modification which enhances the codon recognition fidelity and 

decreases the frameshift reading (Sierant et al., 2016), takes place at the wobble position 

of anticodons of  lysine, glutamine and glutamic acid (Dumelin et al., 2012). Since the 

modification of tRNAs is a crucial step in tRNA biogenesis, the undetection of this 

protein might result in the defects in tRNA metabolism and eventually in the proper 

translation of proteins possessing the lysine, glutamine and glutamic acid. The sigma 

factors, which are important components of RNA polymerase holoenzyme, lead the 

adaptation and the proteins of stringent response aid the alternative sigma factors to 

function under stress conditions (Swiecilo and Zych-Wezyk., 2013). Therefore, the 

undetection of the stringent starvation protein A (SspA) might reduce the adaptation of 

the bacteria which might led the conclusion that the phenolic acids resulted in the 

defects in the stress response control of P. aeruginosa in their antimicrobial effect 

processes. 

 On the other hand, the newly detected major cold shock protein CspA is 

functioned in the repair of mRNA by stabilizing the secondary structures caused by cold 

stress (Bisht et al., 2014). Thus, phenolic acid treatment resulted in serious stress similar 

to the stress after sudden decrease of temperature and the bacteria attempt to fix the 

RNA function for survival by CspA protein. In addition, P. aeruginosa might encounter 

the phosphate starvation since the newly detected protein PhoB is the transcription 

regulator functioned in the stress response regulation under phosphate limitation (Faure 
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et al., 2013; Quesada et al., 2016). In the presence of phenolic acids, another vital stress 

response protein, OxyR was also newly detected. In addition to being one of the main 

transcriptional regulator of oxidative stress response (Kim et al., 2019), OxyR has also 

roles in iron homeostasis, quorum sensing, protein synthesis and oxidative 

phosphorylation (Wei et al., 2012). Therefore, when treated with phenolic acids, P. 

aeruginosa undergo serious metabolic changes to overcome the damaging effects of 

these stress conditions. The new detection of RpoD (σ70) which is the main sigma factor 

regulating various housekeeping genes (Potvin et al., 2008) also demonstrate the effort 

of the bacteria during these changes for cell survival and adaptation.   

 

 

 
 

Figure 3.33. String representation of RNA-related undetected and newly detected 

mutual proteins in the presence of phenolic acids. The significant 

proteins were indicated in arrows with different colors (Undetected 

proteins: red arrows and newly detected proteins: black arrows). 
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3.3.3.3. Ribosome and Protein- Related Mutual Proteins of 3-HPAA 

and 4-HBA 
 

 The treatment with phenolic acids resulted in the problems in ribosome structure 

and assembly. For instance, small ribosomal subunit biogenesis GTPase RsgA and 30S 

ribosomal protein S15 rpsO were undetected. The protein S15 is one of the main 

ribosomal proteins functioned in the assembly of the ribosomal small subunit (Shajani 

et al., 2011; Liu and Fredrick, 2016) and RsgA is an important enzyme functioned in the 

small subunit assembly. In addition, ATP-dependent RNA helicase DeaD and ribosomal 

RNA large subunit methyltransferase J (rimJ) which are functioned in ribosomal large 

subunit assembly were also undetected. These might indicate that phenolic acids block 

the proper ribosomal structure and assembly process. Since the large subunit is the 

major part of the ribosome for the polypeptide translation (Aseev and Boni, 2011), 

undetection of these proteins eventually affected the protein translation by damaging the 

ribosome structure and assembly. Since 30S ribosomal protein S18 (rpsR) was newly 

detected, it might show that the bacteria managed to continue the maintained ribosomal 

small subunit assembly. Translational initiation was also damaged by phenolic acids 

since Translation initiation factor IF-1(infA) functioned in ribosome binding, rRNA 

binding and translation initiation was undetected. Besides the effects on ribosome and 

translation, protein metabolism was defected by undetection of Protein-export protein 

SecB. This protein is a molecular chaperone which recognizes the N-terminal signal 

sequence of some precursor proteins and and functions in the translocation of them for 

proper protein production. Since SecB was undetected, it might be concluded that 

serious changes occured in the protein metabolism including the defects in the process 

of the proteins with N-terminal signal sequences (Driessen, 2001).  

D-ala-D-ala-carboxypeptidase (DacC) was newly detected which is functioned 

in the synthesis of peptidoglycan layer, the main component of the bacterial cell wall 

wall (Ghosh et al., 2008; Meyer et al., 2018). The bacteria use this enzyme in the 

recycling of the peptidoglycan layer subunits which were released into media (Templin 

et al., 1999; Meyer et al., 2018). This could demonstrate that the bacterial cell wall was 

damaged and P. aeruginosa attempted to fix it by using carboxypeptidase. The t-RNA 

ligases such as IleS, TyrS2, GltX and MetG were newly detected after phenolic acid 

exposure which presented that the phenolic acids resulted in an increase for some 
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tRNAs for the metabolism changes for adaptation. Since t-RNAs are the main 

components for aminoacids transfer to the ribosomes to maintain the growth of peptide 

chain in translation (Ferro et al., 2018), it could be concluded that the phenolic acids 

affected the protein synthesis profile of P. aeruginosa.  

 

 

 
 
Figure 3.34. String representation of ribosome and protein-related undetected and newly 

detected mutual proteins in the presence of phenolic acids. The significant 

proteins were indicated in arrows with different colors (Undetected 

proteins: red arrows and newly detected proteins: black arrows). 

 

 

3.3.3.4. Cell Wall and Membrane- Related Mutual Proteins of 3-HPAA 

and 4-HBA 

 
The undetected proteins share many mutual proteins in the treatments with 3-

HPAA and 4-HBA (Table 3.7 and 3.21). Therefore, the effect of 4-HBA and 3-HPAA 
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might be carried out by damaging similar cell wall structures. YidC is one of the 

important proteins for the insertion and integration of small membrane proteins into the 

membrane (Dalbey et al., 2011; Kiefer and Kuhn, 2018). The protein FtsY has a role in 

the targetting of nascent polypeptide chains to the membrane for the transfer of them to 

the cytoplasmic region of the membrane (Dalbey et al., 2011). Hence, the undetection of 

YidC and FtsY demonstrated the phenolic acids blocked the targetting and insertion of 

new proteins into the membrane which might lead the antimicrobial effect due to 

defects in the cell wall structure. Additionally, another vital protein for cell wall 

integrity and cell metabolism, FtsH, was undetected. This protein is conserved among 

prokaryotes and functioned in the regulation control of the cell metabolism in the case 

of an environmental stress (Langklotz et al., 2012). It is a protease attached to the inner 

membrane (Narberhaus et al., 2009) and has roles in quality control of the membrane 

proteins (Langklotz et al., 2012) as well as posttranslational modifications of 

transcription factors and enzymes (Narberhaus et al., 2009). The undetection of this 

protein might point out another target for the phenolic acids for their antimicrobial 

effects 

Another meaningful result of the antimicrobial effects of phenolic acids might be 

presented with the undetection of the proteins related to flagellum and type IV pili. The 

bacteria can sense the environmental changes and use chemotaxis for either going 

towards desirable or escape from the undesirable environments. Since the motility for 

chemotaxis might be carried out by flagellum, the changes in their proteins might be 

considered as a bacterial attempt to adapt the new conditions. For instance, B-type 

flagellin (FliC) which has a role in the flagellum organization and motility (Bakht azad 

et al., 2018) was newly detected while CheY protein functioned in rotation of the 

flagellum (Chaban et al., 2015) was undetected. These situations might show both the 

adaptation and the damage in the chemotaxis process. The flagellum has important roles 

in the virulence and the movement for chemotaxis (Bakht azad et al., 2018; Chaban et 

al., 2015). Therefore it could be speculated that the B-type flagellin (FliC) was 

produced for the flagellum synthesis for increased motility or virulence due to phenolic 

acids. However, since the CheY protein was undetected, the movement with flagellum 

was defected. This might present that phenolic acids resulted in the damage in the 

chemotaxis and diminished the swimming motility with the flagellum which could 

cause the antimicrobial effect. The proteins related to another mechanism, the type4 pili, 
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was also undetected. The type4 pili are the filaments found in the poles of P. aeruginosa 

which are flexible (Kazmierczak et al., 2006). These structures are serious virulence 

factors that aid the initiation of the infections (Huang et al., 2003) as well as the biofilm 

formation (Jain et al., 2017). The type4 pili is functioned in the twitching motility which 

is a flagellum-independent motility of the bacteria (Huang et al., 2003; Carter et al., 

2017). The protein PilY1 is one of the proteins of type4a pilus (Carter et al., 2017) 

which is the type4 pili found in P. aeruginosa (Giltner et al., 2012). The undetection of 

PilY1 protein may suggest that the phenolic acids caused defects in the twitching 

motility and biofilm formation of P. aeruginosa. Thus, the motility of the bacteria was 

seriously affected by the phenolic acid treatments. 

 

 

 
Figure 3.35. String representation of cell wall and membrane-related undetected and 

newly detected mutual proteins in the presence of phenolic acids. The 

significant proteins were indicated in arrows with different colors 

(Undetected proteins: red arrows and newly detected proteins: black 

arrows). 
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The outer membrane protein assembly factor BamD and probable carboxyl-

terminal protease PA5134 which have roles in the cell envelope biogenesis (Mori et al., 

2012) were newly detected after phenolic acid treatments. It demonstrated that the 

phenolic acids might damage the cell envelope, especially the outer membrane of P. 

aeruginosa which was attempted to be fixed by BamD and carboxyl-terminal protease 

for maintained cell wall integrity.  

 

3.3.3.5. Metabolism- Related Mutual Proteins of 3-HPAA and 4-HBA 

 
 Many mutual proteins related to various metabolic processes were 

presented after phenolic acid exposures. The changes in the protein profiles of the 

bacteria related to energy metabolism (i.e. undetection of Rpe functioned in 

carbohydrate metabolic process), amino acid metabolism (i.e. undetection of Apt 

functioned in purine ribonucleoside salvage and new detection of GuaA functioned in 

GMP biosynthesis in purine metabolism) and lipid metabolism (i.e. new detection of 

AtoB functioned in fatty acid beta oxidation) (Table 3.23 and 3.24) showed that the 

bacteria undergo many metabolic changes to adapt the environment containing phenolic 

acids for a maintained metabolism.  Besides these expected changes originated from the 

adaptation processes, some changes were also demonstrated which might aid the 

antimicrobial effect of the phenolic acids. The sulfate transport of P. aeruginosa was 

diminished since sulfate/thiosulfate import ATP-binding protein CysA, sulfate-binding 

protein of ABC transporter (CysP) and sulfate-binding protein (Sbp) were undetected. 

Therefore phenolic acids resulted in the sulfate limitation which might led the growth 

inhibition of the bacteria. The iron starvation might be another result of the presence of 

phenolic acids since the protein Fe(3+)-pyochelin receptor (FptA) was mutual in the 

undetected proteins related to iron homeostasis.  Since the phenolic compounds are 

metal chelators (Singh and Kumar, 2019; Andjelkovic et al., 2006), the environment 

containing phenolic acids might result in the non-utilizable iron which caused the 

inhibition of the bacterial growth under iron limitation stress. Besides these, the 

phenolic acids showed reduced virulence with the undetection of proteins related to 

phenazine production of P. aeruginosa. Since phenazine biosynthesis protein PhzB1 

and 5-methylphenazine-1-carboxylate 1-monooxygenase proteins were undetected, 

phenolic acids damaged the in phenazine biosynthetic process, reducing the virulance.   
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Thus, it could be concluded that the phenolic acids essentially showed their 

negative effects on bacterial metabolism by limiting the basic nutrients which lead the 

starvation and growth inhibition of the bacteria.  

 

 

 

 

Figure 3.36. String representation of metabolism-related undetected and newly detected 

mutual proteins in the presence of phenolic acids. The significant proteins 

were indicated in arrows with different colors (Undetected proteins: red 

arrows and newly detected proteins: black arrows). 
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3.3.3.6. Redox and Cell Homeostasis- Related Mutual Proteins of 3-

HPAA and 4-HBA 

 
 The phenolic acid treatment resulted in the mutual changes in the protein profile 

related to redox and cell homeostasis which indicates that both phenolic acids caused 

oxidative stress on P. aeruginosa. Additionally, the undetection of the proteins 

functioned in oxidative stress response might show that the phenolic acids led the 

reducing of the redox homeostasis for the antimicrobial effect. For instance, Superoxide 

dismutase [Mn] (SodA) and thiol:disulfide interchange protein DsbA were undetected. 

Superoxide dismutase [Mn] is functioned in removal of superoxide radicals (Table 3.11 

and 3.25) (Iiyama et al., 2007) while DsbA in cell redox homeostasis. The protein 

thiosulfate sulfurtransferase (RhdA) which takes role in response to toxic substance and 

aids to survival of P. aeruginosa under stress conditions was also undetected. Since the 

redox homeostasis and removal of superoxides are required to protect the DNA from the 

damage in the DNA and membranes (Hassett et al., 1996), the undetection of these 

proteins showed the enhanced oxidative stress due to diminished oxidative stress 

response. On the other hand, S-adenosylmethionine decarboxylase proenzyme speD was 

undetected whereas SpeE1 and SpuF were newly detected. These proteins are 

functioned in the spermidine biosynthesis and transport processes. Spermidine is a 

polyamine which functions in the cell viability, pathogenesis, antibiotic resistance and 

signaling and regulation against stress conditions caused by reactive oxygen species 

(ROS), heat, UV, acid and osmotic pressure (Johnson et al., 2011; Bandounas et al., 

2011). The undetection of SpeD might be compensated by the new detection of 

SpeE1and SpuF to continue the spermidine biosynthesis. Other newly detected proteins,  

Chaperone protein DnaJ and Glutathione peroxidase PA0838 are functioned in the 

response to hyperosmotic and heat shock and Response to oxidative stress, respectively. 

One of the main enzymes which takes role in the stress caused by chemicals such as 

phenolic compounds (Tamburro et al., 2001), Peptide methionine sulfoxide reductase 

MsrA was also newly detected. This protein is vital for the repairing the proteins which 

become unfunctional by oxidative stress damage (Mintz et al., 2002, John et al., 2001). 

Thus, it is clear that phenolic acids degrade the cell homeostasis of P. aeruginosa by 

causing serious oxidative stress. 
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Figure 3.37. String representation of redox and cell homeostasis-related undetected and 

newly detected mutual proteins in the presence of phenolic acids. The 

significant proteins were indicated in arrows with different colors 

(Undetected proteins: red arrows and newly detected proteins: black 

arrows). 

 

 

3.3.3.7. Virulence- Related Mutual Proteins of 3-HPAA and 4-HBA 

 
 The Uncharacterized protein PA1579 (Protein ID: Q9I3D8; Gene Name: 

PA1579) functioned in lipid binding (Table 3.27) was the only mutual newly detected 

protein for 3-HPAA and 4-HBA and no undetected proteins exist related to virulence. It 

might be concluded that, although the phenolic acids resulted in the changes in the 

virulence of P. aeruginosa individually, their effects related to virulence was not via the 

same protein profile.  
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3.3.3.8. Uncharacterized Mutual Proteins of 3-HPAA and 4-HBA  

 
The most notable change in the uncharacterized protein profile were the 

undetection of PA0086 and PA0083 which showed strong interactions. These proteins 

were suggested as Tetratricopeptide repeat protein (PA0086) and Type VI secretion 

system contractile sheath small subunit (PA0083) in the protein BLAST.  

 

 

 

 
 

Figure 3.38. String representation of uncharacterized, undetected and newly detected 

mutual proteins in the presence of phenolic acids. The significant 

proteins were indicated in arrows with different colors (Undetected 

proteins: red arrows and newly detected proteins: black arrows). 

 

 

Type VI secretion system (T6SS) is an important mechanism of Gram negative 

bacteria to compete to each other and functions to secrete effector proteins in adjacent 

bacteria by its contractile sheath part (Russel et al., 2012; Salih et al., 2018). The most 

notable function of this system is its role in horizontal gene transfer. The bacteria use 

this mechanism to lyse the other bacteria in the vicinity with T6SS system to gain the 

new genes (Salomon and Orth, 2015).  It is also a virulence factor and it is accepted as a 

good target for new antimicrobials (Salomon and Orth, 2015; Salih et al., 2018). The 
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undetection of small subunit of contractile sheath resulted in the defect of this system of 

P. aeruginosa. Relatedly, tetratricopeptide repeat protein which is functioned in the 

exporting the secretions from cell membrane (Whitney and Howell, 2013; Mejias et al., 

2019) was also undetected. Therefore, the phenolic acids might target T6SS mechanism 

of P. aeruginosa for their antimicrobial effects which led the decreasing in virulence, 

competing property and horizontal gene transfer. 

To conclude; tested water soluble, simple phenolic acids, 3-HPAA and 4-HBA 

could be presented as “multi-target antimicrobial agents” since they resulted in the 

changes in various metabolic processes of P. aeruginosa, such as DNA, RNA, 

ribosomes, proteins and cell envelope as well as cell homeostasis and virulence at the 

proteomic level. The most notable targets for tested phenolic acids could be presented 

as their effects on the cell wall and membrane integrity as well as their damages from 

serious oxidative stress. Other vital systems, ribosome structure, assembly and protein 

metabolism were also highly affected in the presence of phenolic acids. It is known that 

many antibiotics show their antimicrobial effects on one system of the bacteria which 

might lead to the immediate drug resistance development of bacteria. Thus, phenolic 

acids could be more useful antimicrobial agents since they have more than one targets 

in bacterial metabolism and there are any known resistance mechanism of the bacteria 

against them. They showed not only the bacteriocidal effects on P. aeruginosa but also 

diminished probability of resistance by targetting many metabolic pathways. Thus, the 

phenolic acids could be considered as promising antimicrobial agents against serious 

pathogenic bacteria. 

 

3.3.4. Validation of Protein Data by RT-qPCR 
 

The protein data was validated at the transcription level by real time quantitative 

polymerase chain reaction (RT-qPCR). Since protein data was obtained from the 18 

hours cultures which was the very beginning of the stationary phase, total RNA samples 

were isolated from the 18 hour cultures of P. aeruginosa. Since the ribosomal rpsL 

gene, which encodes the S12 protein of 16S rRNA, was shown in the mutual proteins 

for control, 3-HPAA or 4-HBA treated bacteria and it was presented as the 

housekeeping (reference) gene for P. aeruginosa in RT-qPCR in the literature (Dumas 

et al., 2006; Llanes et al., 2004), it was chosen as reference gene in RT-qPCR. In the 
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protein data, S15 protein of 16S rRNA was undetected in the presence of each phenolic 

acid. S15 protein is one of the important constituents of small subunit of prokaryotic 

ribosome (Aseev and Boni, 2011). It was demonstrated that it is required for ribosome 

assembly and it provides an important bridge between small and large subunits in vitro 

(Serganov et al., 2003; Geissmann et al., 2009) and it was required for the proper 

ribosome assembly in the stress conditions in vivo (Bubunenko et al., 2006). Hence, the 

rpsO gene which encodes the S15 ribosomal protein, was determined to be validated by 

RT-qPCR to show the decreased expression of it.  The primers specific to these genes 

were designed for these genes by Primer BLAST database were shown in Table 3.30. 

 

 

Table 3.30. The primers used in RT-qPCR. 

 
Genes F Primer R Primer 

rpsL CGTACATCGGTGGTGAAGGT CGACCCTGCTTACGGTCTTT 

rpsO TACAAGCAAGCTGAAGGCGA CCATACGGATCAGACCACGG 

 

 

 
 

Figure 3.39. Relative fold change in the expression of rpsO gene. Average fold change 

of control group is 1.0. Normalization was performed based on rpsL gene 

expression and untreated group.  
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According to the calculations based on delta Ct method, the results of three 

biological samples and three technical repeats were found. The average fold change in 

Ct values of mRNA expression of rpsO gene was 0.8 (±0.04) for 3-HPAA treated cells 

while it was 0.6 (±0.2) for 4-HBA treated cells. The normalization was performed for 

the mRNA expression of housekeeping gene and untreated group (as 1.0 in fold 

change). These results showed that 3-HPAA treatment resulted in a 1.3 fold decrease 

and 4-HBA treatment resulted in a 1.7 fold decrease in the expression of rpsO gene 

which is consistent with the protein data (Figure 3.39). 
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CHAPTER 4 

 

THE ANTIMICROBIAL EFFECTS OF PHENOLIC ACID 

LOADED ALGINATE-CHITOSAN NANOPARTICLES ON 

PATHOGENIC BACTERIA 

 
4.1. Introduction 

 
 Pathogenic bacteria are serious treats for human health since they result in 

serious infections in humans, worldwide. Nosocomial pathogens (i.e. Pseudomonas 

aeruginosa, Staphylococcus epidermidis, methicillin resistant Staphylococcus aureus, 

methicillin susceptible Staphylococcus aureus, Acinetobacter haemolyticus) and food-

borne pathogens (i.e. Escherichia coli O157H:7, Salmonella Enteritidis and Listeria 

monocytogenes) are well-known pathogenic bacteria which cause high morbidity and 

mortality. The treatments of the infections caused by these bacteria are carried out by 

antibiotics in use. However, these bacteria have resistance against many of the 

antibiotics as well as they can develop resistance during the treatment. Thus, it is a 

challenge to combat these bacteria. Therefore, bioactive compounds are in search as 

new antimicrobial agents all over the world. 

The phenolic acids, which are synthesized as secondary metabolites by almost 

all plants (Hurtado-Fernandez et al., 2010), are accepted as promising candidates of new 

antimcirobial agents. Their stuructures consist of the benzene ring with one or more 

hydroxyl groups and sometimes additional radical groups (Hurtado-Fernandez et al., 

2010). The phenolic acids and the plant extracts that contain phenolic compounds were 

shown in many studies for their antimicrobial properties (Karaosmanoglu et al., 2010; 

Gutiérrez-Larraínzar et al., 2012; Díaz-Gómez et al., 2013; Cueva et al.,2010; Albanoa 

et al., 2019). However, they are sensitive to environmental conditions which may result 

in decreasing or fluctuating antimicrobial effects. Encapsulation of bioactive 

compounds, which catches attention in the studies of biomedical field, may facilitate the 

long term stability and preserved therapeutic effects (Krausz et al, 2015). Structural 

durability of phenolic acids by encapsulation are achieved by decreasing the oxidation 
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and/or degradation of them (Li et al., 2015). Nowadays, there are many studies which 

show the antimicrobial effects of encapsulated antimicrobial agents in an increasing 

manner (Khan et al.,2019; MubarakAli et al., 2018; Liu et al., 2018; Wu et al., 2018; 

Ananda et al., 2019; Wintachai et al., 2019). The results of these studies indicate 

efficient results to combat pathogenic bacteria with encapsulated agents. 

The phenolic acids used in this study, 3-hydroxyphenylacetic acid (3-HPAA) 

and 4-hydroxybenzoic acid, are water-soluble, simple phenolic acids with dose-

dependent antimicrobial activities which were determined in our previous studies 

(chapter 2). In the current study, it was aimed to show the antimicrobial effects of 

encapsulated 3-HPAA and 4-HBA in the solution form on nosocomial and food-borne 

pathogens. 

The encapsulation of bioactive compounds could be achieved by using polymers 

such as chitosan and alginate. Since these materials are both biocompatible and 

biodegradible with easy-to-use natures, they are frequently used for this purpose  

(Paques et al., 2014). Cationic polymer, chitosan, is obtained from chitin and it has 

antimicrobial properties (Jayakumar et al., 2010). It can be used to make effective 

substances by combining with vitamins, minerals, oils, proteins and biologically active 

natural compounds (Tang et al., 2013; Azevedo et al., 2014; Budnyak et al., 2016; Deka 

et al., 2016; Wu et al., 2018; Moschona and Liakopoulou-Kyriakides, 2018). Alginate, 

which is also a polymer, is obtained from algea. It is water soluble and has anionic 

nature (Paques et al., 2014). Since it can be used to synthesize hydrogels in the presence 

of divalent cations, it is an important encapsulation material (Yang et al., 2011). 

In our study, encapsulations of 3-HPAA and 4-HBA into alginate- chitosan 

nanoparticles were achieved via ion gelation technique. In the first step, the complexes 

of alginate with 3-HPAA or 4-HBA were produced by calcium chloride (CaCl2) which 

was used as a cross-linker. Then these pre-gels were covered with chitosan as the 

outermost layer of the nanoparticles. Coating of the anionic polymer, alginate, with a 

cationic polmer, chitosan, produces the alginate-chitosan nanoparticles by electrostatic 

interactions (Liu et al., 2018) with enduring coat and high structural stability (Paques et 

al., 2014). 

Herein we report the synthesis, physco-chemical characterization and in vitro 

antimicrobial effects of alginate-chitosan nanoparticles on various pathogenic bacteria. 

The alginate chitosan nanoparticles loaded with 3-HPAA (3-HPAA-Alg-Chi) or 4-HBA 
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(4-HBA-Alg-Chi) were investigated in comparison to their unloaded alginate-chitosan 

nanoparticles (null nanoparticles).  

  

4.2. Materials and Methods 
 

All of the materials; low molecular weight chitosan, low viscosity alginic acid 

sodium salt, calcium chloride dihydrate, sodium hydroxide, hydrochloric acid, acetic 

acid, 3-hydroxyphenylacetic acid, 4-hydroxybenzoic acid, ethanol, agar were purchased 

from Sigma-Aldrich while tryptic soy broth was purchased from Merck. Ion gelation 

technique was used in the production of nanoparticles. Null nanoparticles (without any 

antimicrobial agents) and phenolic acid loaded nanoparticles (3-HPAA-Alg-Chi and 4-

HBA-Alg-Chi) were produced under aseptic conditions with sterile equipments and 

solutions.  

 

4.2.1. Preparation of Alginate-Chitosan Nanoparticles 
 

Alginate-Chitosan nanoparticles were prepared based on the protocol of 

Azevedo et al. with the modification of increasing in the concentration of CaCl2 

(Azevedo et al., 2014). 

The alginate solution was prepared by dissolving sodium alginate (0.63 mg/ml) 

in double distilled water (ddH2O). The pH of the alginate solution was adjusted to pH 

4.9 by 1 M hydrochloric acid (HCl). This solution was used in null nanoparticle 

production. Besides that, in phenolic acid loaded nanoparticle productions, the alginate 

solutions with additions of 3-HPAA (3mg/ml or 25 mg/ml) or 4-HBA (2.8 mg/ml) were 

used. Chitosan solution was prepared by dissolving the chitosan (low molecular weight) 

(0.4 mg/ml) in sterile 1% acetic acid (in ddH2O, v/v). The pH of chitosan solution was 

adjusted to pH 4.6 by 1 M sodium hydroxide (NaOH).  

The stock solution of calcium chloride (CaCl2) in 25 mM was prepared by 

dissolving calcium chloride dihydrate in ddH2O and autoclaving before usage. This 

solution was used as cross-linker by addition in 7.5 ml into alginate solution on ice with 

0.125 ml/min flow rate for each type of nanoparticle. During this step, Ultra-Turrax was 

used to have continuous 20.000 rpm stirring for homogenization. Prepared chitosan 

solution was added onto alginate-CaCl2 pre-gel (for null nanoparticles) and onto 
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alginate-phenolic acid-CaCl2 pre-gel (for phenolic acid loaded nanoparticles) with 0.278 

ml/min flow rate for each with 600 rpm continuous stirring. Alginate and chitosan were 

used in the 5:1 volume ratio (alginate:chitosan) for each nanoparticle solution. Prepared 

nanoparticle solutions were allowed to stir 20 more minutes and they were kept at 4oC 

until usage.  

In each study, required volumes of the nanoparticle solutions were vortexed for 

30 seconds and sonicated for 30 minutes at 4oC before usage. Sonication bath was kept 

cold by using ice cubes during sonication. 

 

4.2.2. Characterization of Nanoparticles 

 
The prepared nanoparticles were investigated via Dynamic Light Scattering 

(DLS), Fouirer Transfrom Infrared Spectrometry (FT-IR) and Scanning Electron 

Microscopy (SEM).  

 

4.2.2.1. Dynamic Light Scattering (DLS)  

  
The determination of size distributions (by number distribution) and 

polydispersity indexes (PDI) of nanoparticles were performed by dynamic light 

scattering (DLS) by Zetasizer (Nanoplus 3 Zeta/nano particle analyzer, Micromeritics) 

with Nanoplus version 5.22/3 software. Analyses were performed at a scattering angle 

of 165o, refractive index of 1.3, repetition of 2 and temperature of 25oC.  

Each sample in 3 ml volume was investigated in disposable DLS cuvettes 

immediately after sonication. Average and standart deviation calculations were done by 

Microsoft Excel software. 

 

4.2.2.2. Fouirer Transform Infrared Spectrometry (FT-IR)  

 
The infrared spectra measurements were performed by FT-IR spectrometer 

(PerkinElmer Spectrum 2) equipped with a deuterated tri-glycine sulphate (DTGS) 

detector and a horizontal attenuated total reflectance (HATR) sampling accessory (ZnSe 

crystal). The spectra were recorded in the mid-infrared (4000-650 cm-1 wavenumber) 
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range by transmittance (T%) values at room temperature with the number of scans of 20 

and resolution of 4 cm-1. Each nanoparticle solution was liyophilized for 24 hours 

(Labconco-Freezone) before FT-IR measurements. After collecting the background 

spectra prior to measurements, the nanoparticles (null, 3-HPAA-Alg-Chi and 4-HBA- 

Al-Chi), chitosan, alginate, 3-HPAA and 4-HBA were placed on the crystal region of 

the instrument individually and compressed by metal arm until a stable force gauge 

value was achieved. The data were collected by Spectrum software (Version 10.4.3). In 

between each measurement ZnSe crystal was cleaned by isopropyl alcohol. 

 

4.2.2.3. Scanning Electron Microscopy (SEM)  

 
Sonicated samples were centrifuged at 18,000 x g at 4oC for 30 minutes. They 

were diluted by dissolving the pellet in ddH2O with 2-fold of the original solution 

volume. Diluted nanoparticle solutions were vortexed and sonicated for 5 minutes. 

Then, 10 l of the samples were placed on aluminum foil and allowed to dry at 37oC for 

30 minutes. These samples were placed on double-sided carbon bands on metal grids. 

They were covered by gold for 2 minutes and investigated under SEM (Philips XL 30). 

Micrographs of the nanoparticles were taken with different magnifications. 

 
4.2.3. Encapsulation Percentages of Phenolic Acids 

 
The encapsulation percentages of phenolic acids into Alg-Chi nanoparticles were 

determined by UV-visible spectrophotometer (Thermo Multiscan) measurements.  

 

4.2.3.1. UV-Visible Peaks of Phenolic Acids 

 
Stock solutions of 3-HPAA and 4-HBA were dissolved in ddH2O (1 mg/ml) 

individually. To see the peak of the solution clearly, the dilutions of 10-fold, 50-fold, 

100-fold and 500-fold of each stock solution were prepared in ddH2O and were 

subjected to UV-Spectrum scanning. The measurements were performed in the range of 

200-400 nm wavelenght by using quartz cuvettes in 1ml volume. The wavelenghts that 

show significant peaks were chosen for each phenolic acids for further studies.   
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4.2.3.2. Standard Graphs of Phenolic Acids 

 
The stock solutions of 3-HPAA and 4-HBA were prepared (1mg/ml) in ddH2O. 

The dilutions in 0.001 mg/ml, 0.002 mg/ml, 0.005 mg/ml, 0.01 mg/ml and 0.02 mg/ml 

concentrations were prepared and measured spectrophotometrically in UV-Vis spectrum 

by using quartz cuvettes (1 ml). The wavelengths which were pre-determined in UV-

Spectrum scanning analyses were used for each phenolic acid. The standart curves were 

plotted by absorbance values (nm) of each dilution versus concentration (mg/ml) of the 

dilutions (Microsoft Excel). Slope equations and R2 values were indicated to use in 

calculations in further steps.  

 

4.2.3.3. Calculation of Encapsulation Percentages 
  

The encapsulation percentages of phenolic acids into Alg-Chi nanoparticles were 

calculated by using the concentrations of the phenolic acids in the supernatant of 

nanoparticles. For this purpose, phenolic acid loaded nanoparticle solutions were 

vortexed for 30 seconds and sonicated for 30 minutes. The solutions were centrifuged at 

18000 x g for 30 minutes. The supernatants were measured spectrophotometrically by 

using quartz cuvettes in 1 ml volume at pre-determined wavelengths. According to 

equations of the standard curves of each phenolic acid, the concentrations of phenolic 

acids were calculated in mg/ml by using the absorbance values. These concentration 

values were called “supernatant phenolic acid concentration” in the calculation of 

percentages (equation 4.1). The encapsulation percentage for each phenolic acid was 

calculated according to the equation 4.1 below. In the equation, “total phenolic acid 

concentration” indicates the total phenolic acid amount that was used in nanoparticle 

preparation. The measurements and the calculations were performed in duplicates. 

 

 

(Encapsulation %) = 100- ((Supernatant phenolic acid conc. / Total phenolic acid conc.)  

      x 100)                (4.1) 
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4.2.4. Antimicrobial Effects of Nanoparticles 

  
During all antimicrobial experiments; bacteria were maintained on tyrptic soy 

agar (TSA) plates by inoculation of a single colony on fresh agar plate every week. The 

bacteria were grown overnight at 37oC. The bacteria were maintained in TSB containing 

20% glycerol and kept at -80oC for long term storage. 

 

4.2.4.1. Agar Diffusion Method 

 
The bacteria which were used in agar diffusion studies were Pseudomonas 

aeruginosa, Acinetobacter haemolyticus, Escherichia coli O157:H7, Salmonella 

Enteritidis, Staphylococcus epidermidis, Methicillin Resistant Staphylococcus aureus 

(MRSA), Methicillin Susceptible Staphylococcus aureus (MSSA), and Listeria 

monocytogenes. In all agar diffusion experiments, the bacterial lawn was prepared 

according to the protocol below: 

A single colony of the bacteria was inoculated into 4 ml of TSB media and 

incubated at 37oC for 18 hours to obtain overnight cultures. A 100 l of the overnight 

culture was spreaded onto TSA media and allowed to dry for 1 hour at room 

temperature for agar diffusion tests.  

To determine the antimicrobial effects, 15 l of each solution (3 mg/ml-3-

HPAA-Alg-Chi or 2.8 mg/ml-4-HBA-Alg-Chi and the respective phenolic acids 

solutions (in ddH2O) in the same concentrations) were tested by direct application on 

the agar plate. Nanoparticles and phenolic acid solutions were tested after treating with 

1% (v/v) acetic acid in ddH2O for 24 hours at +4oC before application or without acetic 

acid treatment.  

In addition, the higher concentrations of 3-HPAA were tested to determine the 

most effective concentration on bacteria by agar diffusion. According to these results, 

25 mg/ml 3-HPAA loaded nanoparticles were produced with the aforementioned 

nanoparticle production protocol, and were tested on bacteria in 15 l volume on agar 

directly. The nanoparticles were treated with 1% acetic acid in ddH2O, incubated for 24 

hours and 72 hours at +4oC before application (for 25 mg/ml 3-HPAA-Alg-Chi 

solution). 
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4.2.4.2. The Effect of the Nanoparticles on Bacterial Growth 
 

The bacteria which were used in these studies were Pseudomonas aeruginosa, 

Staphylococcus epidermidis, Methicillin Resistant Staphylococcus aureus (MRSA), and 

Methicillin Susceptible Staphylococcus aureus (MSSA). A single colony of the bacteria 

was inoculated into 4 ml of TSB and incubated at 37oC for 18 hours. The tubes 

containing 4 ml of total volume of the mixture of TSB, Alg-Chi nanoparticle solutions 

(null or 3-HPAA-Alg-Chi) with 10% or 20% (v/v) final concentrations and 1% (v/v) 

acetic acid (final concentration) were inoculated with 106 cfu/ml final bacterial load. 

The effect of 1% (v/v) acetic acid (final concentration) was simultaneously tested with 

the same concentrations with addition of ddH2O instead of nanoparticle solution. The 

optical density (O.D.) of the cultures were measured spectrophotometrically at 600 nm 

at the time of inoculation (hour 0) and at the end of the incubation period (hour 24). The 

cell viabilities of these cultures were also determined by enumeration studies. 

 

4.3. Results and Discussion 
 

To investigate the possible application route of encapsulated phenolic acid 

solutions in the microbiological point of view, the alginate-chitosan nanoparticles (null 

or phenolic acid loaded) were produced, characterized and antimicrobially tested on 

various pathogenic bacteria in vitro. 

 

4.3.1. Investigation of Properties of Nanoparticles 

 
The polydispersity indexes (PDI), average diameters and distributions of number 

of all Alg-Chi nanoparticles were investigated by dynamic light scattering (DLS). The 

infrared spectra of the compounds were determined by Fouirer Transform Infrared 

Spectroscopy (FT-IR) for comparison of physco-chemical properties of alginate, 

chitosan, 3-HPAA, 4-HBA, null Alg-Chi, 3-HPAA-Alg-Chi (3 mg/ml or 25 mg/ml 3-

HPAA loaded) and 4-HBA-Alg-Chi (2.8 mg/ml 4-HBA loaded). To visualize the 

morphologies of null Alg-Chi, 3-HPAA-Alg-Chi (3 mg/ml or 25 mg/ml 3-HPAA 

loaded) and 4-HBA-Alg-Chi (2.8 mg/ml 4-HBA loaded), scanning electron microscopy 

(SEM) was used. 
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4.3.1.1. Dynamic Light Scattering of Alg-Chi Nanoparticles 
 

The results of DLS indicated the increase in the average size of Alg-Chi 

nanoparticles which indicates the successful encapsulation of 3-HPAA and 4-HBA. The 

size distributions of 3 mg/ml or 25 mg/ml 3-HPAA-Alg-Chi indicated the shift of the 

peaks of 3-HPAA-Alg-Chi were further to the right than null nanoparticles (Figures 4.1 

a and b) while a minor shift of the peak was determined for 4-HBA-Alg-Chi compared 

to null nanoparticles (Figure 4.1 c). This might contributed to different physco-chemical 

properties of 3-HPAA and 4-HBA. Consequently, phenolic acid loaded nanoparticles 

have bigger average sizes than those of null ones. Since a single peak occurred for each 

solution, particle sizes had a high uniformity (Mohammadi et al., 2016). 

Related to that, the average sizes of null nanoparticles were shown to be smaller 

than these of phenolic acid loaded nanoparticles (Table 4.1). For instance, 25 mg/ml 3-

HPAA-Alg-Chi were determined as 278.8 ± 12.4 nm and 361.0 ± 69.8 nm for null and 

3-HPAA-Alg-Chi, respectively (Table 4.1). Additionally, 3 mg/ml 3-HPAA-Alg-Chi 

had 291.1±0.5 nm and 4-HBA-Alg-Chi had 316.0 ±3.8 nm while null nanoparticles had 

255.8 ±2.3 nm average diameters (Table 4.1).  According to these results, the loading of 

3-HPAA or 4-HBA into nanoparticles considered as successful. The loading the lower 

concentrations of phenolic acids resulted in the narrowest size distribution: the standart 

deviation was ±0.5 for 3 mg/ml 3-HPAA while it was ±69.8 when 25 mg/ml 3-HPAA 

was loaded (Table 4.1). 

In addition, the distribution of size of null nanoparticles and phenolic acid 

nanoparticles were narrow (Table 4.1). Null nanoparticles had smaller diameters than 25 

mg/ml 3-HPAA-Alg-Chi with narrower size distribution: ±12.4 standart deviation for 

null and ±69.8 for 25 mg/ml 3-HPAA-Alg-Chi (Table 4.1). It might be speculated that 

the protocol of nanoparticle production supported the homogeneous particles. However, 

loading with phenolic acids caused the homogeneity of the particles to decrease slightly 

depending on the concentration of loading compound used. 

Additionally, it could be recognized that the average diameters of the 

nanoparticles were determnined higher than 100 nm in DLS. Since the hydrodynamic 

diameters of the particles are measured in DLS technique (Krausz et al., 2015) and these 

values are the distribution in sizes, these higher diameters were expected.  To be able to 
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determine exact diameters, the measurement of the diameters of particles in scanning 

electron microscopy could be examined. 

 

 

Table 4.1. Comparison of average diameters (nm) and PDI values of null and phenolic 

acid loaded Alg-Chi nanoparticles via DLS. 

 
Sample Name PDI Average Diameter (nm) 

Null Nanoparticles 0.25 255.8 ±2.3 

3-HPAA-Alg-Chi (3mg/ml) 0.27 291.1±0.5 

Null Nanoparticles 0.22 278.8±12.4 

3-HPAA-Alg-Chi (25 mg/ml) 0.23 361.0±69.8 

Null Nanoparticles 0.25 255.8 ±2.3 

4-HBA-Alg-Chi (2.8 mg/ml) 0.29 316.0 ±3.8 

 

 

The polydispersity index (PDI) is another important parameter of size 

distribution. A decreased PDI value indicates an increase in the particle size 

homogeneity. Small PDI values (PDI <1) shows narrow size distributions (Liu et al., 

2018; Qi et al., 2004).  

In addition, PDI values must be below 0.7 for a nanoparticle sample to be 

suitable for DLS analysis (Dynamic Light Scattering Common Terms Defined, Malvern 

Instruments Manual; www. malvern.com). Since the PDI values of nanoparticles were 

about 0.2 for each nanoparticle solution (Table 4.1), all nanoparticle solutions were 

suitable for DLS analysis and it could be accepted that nanoparticle solutions were 

homogenous with similar homogeneity patterns. 

 

4.3.1.2. SEM Images of Alg-Chi Nanoparticles 
 

According to the scanning electron micrographs, the produced null nanoparticles 

(Figure 4.2) were spherical. Also the same spherical structures were observed in the 

nanoparticles which were loaded with 3 mg/ml, 25 mg/ml 3-HPAA and 2.8 mg/ml 4-

HBA (Figures 4.5, 4.6 and 4.7, respectively). The agglutinations of nanoparticles in the 

figures were expected based on the natural properties of chitosan based particles to 

produce agglomerates (Jamil et al., 2016 (b)). 
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Figure 4.1. Normalized number distribution graphs of null and phenolic acid loaded 

Alg-Chi. a) 3 mg/ml 3-HPAA-Alg-Chi (Black peak: Null nanoparticles, 

Blue peak: 3-HPAA-Alg-Chi); b) 25 mg/ml 3-HPAA-Alg-Chi (Black 

peak: 3-HPAA-Alg-Chi, Blue peak: Null Nanoparticles); c) 4-HBA-Alg-

Chi (Black peak: 4-HBA-Alg-Chi, Blue peak: Null Nanoparticles) 

 

 

c 

b 

a 
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The chitosan nanoparticles are inclined to agglomerate depending on the 

domination of van der Walls attractive forces over repulsive forces (Jamil et al., 2016 

(b)). According to the SEM images, the nanoparticles display homogenous sizes. In 

addition, the measurements of the diameters that were carried out at the time of SEM 

analyses via SEM instrument presented that the particles have diameters in a range of 

25-40 nm for null, 3 mg/ml 3-HPAA-Alg-Chi and 2.8 mg/ml 4-HBA-Alg-Chi while 40-

70 nm for 25 mg/ml 3-HPAA-Alg-Chi. Our results were consistent with the results of 

Azevedo et al. of which the production protocol of nanoparticles was used, since they 

also presented that the shapes of the nanoparticles they produced were spherical 

(Azevedo et al., 2014). However, the nanoparticles they produced were not 

homogeneous in sizes under TEM analysis. Since the particles of ours seem to display 

more homogeneous sizes under SEM, it could be speculated that the usage of increased 

molarity of CaCl2 in the production process might result in the production of more 

homogeneous nanoparticles. 

 

4.3.1.3. FTIR Analysis of Alg-Chi Nanoparticles 
 

The FT-IR results were shown in the Figures 4.8 and 4.9 for 25mg/ml- or 3 

mg/ml-3-HPAA-Alg-Chi and 4-HBA-Alg-Chi, respectively. When the spectra were 

investigated, the differences in the wavelengths of the peaks could be recognized for 

each loaded naoparticle type in comparison to null nanoparticles, chitosan, alginate and 

phenolic acid spectra. The differences in  wavenumbers of peaks occured especially in 

the region below 1500 cm-1 which is the fingerprint region of FT-IR spectrum (Hynes et 

al., 2005). 

These differences show that the compounds tested have different structures 

because of the new bond formations in the null or phenolic acid loaded nanoparticles 

productions. In addition, the spectra of 3-HPAA-Alg-Chi were the same regardless of 

the loaded concentrations of 3-HPAA and their spectra differ from that of 4-HBA-Alg-

Chi. Since each compound had a unique FT-IR spectra, successful productions of 

nanoparticles as well as successful loading of phenolic acids into nanoparticles were 

achieved. The discussions about the structural changes were performed by comparing 

the peak wavelenghts of the aforementioned samples obtained from Spectrum 

programme to the similar studies in the literature. 
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Figure 4.2. Morphologies of null Alg-Chi. a,b) The null nanoparticles which were 

produced in the study of 3 mg/ml 3-HPAA-Alg-Chi or 2.8 mg/ml 4-HBA-

Alg-Chi; c, d) The null nanoparticles which were produced in the study of 

25 mg/ml 3-HPAA-Alg-Chi at 150,000 x magnification. The diameters of 

the particles were determined at the time of SEM analysis. 

 
 
 

  
 

Figure 4.3. Morphologies of 3 mg/ml-3-HPAA-Alg-Chi (a) and the diameters of the 

particles (b) at 150,000 x magnification. The diameters were determined at 

the time of SEM analysis. 
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Figure 4.4. Morphologies of 25 mg/ml-3-HPAA-Alg-Chi (a and c) and the diameters of 

the particles (b and d) at 100,000 x magnification. The diameters were 

determined at the time of SEM analysis. 

 

 
 
 

  
 
Figure 4.5. Morphologies of 2.8 mg/ml 4-HBA-Alg-Chi (a) and the diameters of the 

particles (b) at 200,000 x magnification. The diameters were determined at 

the time of SEM analysis. 
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The peaks of loaded nanoparticles at 3196 cm-1 (Figure 4.6. a), 3241 cm-1 

(Figure 4.6. b),  and 3376 cm-1  (Figure 4.6. c),  and null nanoparticles at 3264 cm-1  

(Figure 4.6. a and b),  and 3265 cm-1  (Figure 4.6. c), nanoparticles contain hydroxyl 

groups. These were caused from oxial O-H and N-H stretching of Chi at 3288 cm-1 

(Figure 4.6. a and b) and 3289 cm-1 (Figure 4.6. c) and O-H stretching of Alg at 3240 

cm-1 (Figure 4.6. a and b) and 3241 cm-1 (Figure 4.6. c) (Wu et al., 2018).  

Additionally, the peak of null nanoparticles at 3264 cm-1 (Figure 4.6. a and b) 

shifted to lower wavenumbers in 3-HPAA-Alg-Chi: 3196 cm-1 for 3 mg/ml 3-HPAA-

Alg-Chi, 3241cm-1 for 25 mg/ml 3-HPAA-Alg-Chi (Figure 4.6). Differently from 3-

HPAA, in 4-HBA-Alg-Chi the wavenumber of null nanoparticles at 3265 cm-1 was 

shifted to higher wavenumber 3376 cm-1 because of different physco-chemical 

properties of these nanoparticles (Figure 4.7). These shifts in wavenumbers of peaks 

presented the successful loading of phenolic acids into alginate-chitosan nanoparticles 

(Wu et al., 2018). Another indicator of loading of 3-HPAA could be accepted as the 

disappearence of CH stretching of 3-HPAA compound at 2965 cm-1 (Barrera-Necha et 

al., 2018) in 3-HPAA-Alg-Chi (Figure 4.6). 

In Figure 4.6, the shifting of the peaks at 1558 cm-1 in null nanoparticles could 

be seen towards the higher wavenumbers, 1696 cm-1 and 1698 cm-1 for 3 mg- and 25 

mg/ml-3-HPAA-Alg-Chi, respectively. Similarly, in the 4-HBA-Alg-Chi spectra 

(Figure 4.7), the same peak at 1558 cm-1 in null nanoparticles was shifted to 1673 cm-1. 

This was arised from electrostatic interactions which occur between the amine group of 

chitosan at 1648 cm-1 and carboxylate group of alginate at 1597 cm-1 (Figures 4.8 and 

4.9) (Wu et al., 2018). 

According to Wu et al., the peak at 1404 cm-1 in null alginate-chitosan 

nanoparticles was caused from the symmetric stretching in carboxylic acid groups of 

alginate and chitosan (Wu et al.,2018). In our study, this peak was seen at 1407 cm-1 in 

null nanoparticles (Figures 4.8 and 4.9) and its shift was obtained towards 1386 cm-1 

(Figure 4.6 a) 1385 cm-1 (Figure 4.6 b) and 1412 cm-1 (Figure 4.7) in 3 mg/ml-3-HPAA-

Alg-Chi, 25 mg/ml-3-HPAA-Alg-Chi and 4-HBA-Alg-Chi. This shifting showed the 

loading of 3-HPAA or 4-HBA into the alginate-chitosan nanoparticles since they differ 

from null nanoparticles. Depending on the stretching vibrations of C-O-C of the 

polysaccharide structure, the peaks were obtained at 1027 cm-1 and 1026 cm-1 for 

chitosan and alginate, respectively (Liu et al., 2018). 
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Figure 4.6. Comparison of the FT-IR spectra of the compounds in mid-IR region for 3 

mg/ml (a) and 25 mg/ml (b) 3-HPAA-Alg-Chi. Different colors were used 

for the spectrum of each compound: 3-Hydroxyphenylacetic Acid (3-

HPAA) (pink); Chitosan (yellow); Alginate (purple); Null Nanoparticles 

(grey) and 3-HPAA-Alg-Chi (orange) 

a 

b 
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Figure 4.7. Comparison of the FT-IR spectra of the compounds in mid-IR region for 4-

HBA-Alg-Chi. Different colors were used for the spectrum of each 

compound: 4-Hydroxybenzoic Acid (4-HBA) (grey); Chitosan (pink); 

Alginate (green); Null Nanoparticles (yellow) and 4-HBA -Alg-Chi (purple) 

 

 

The peak which was related to C-O-C stretching was observed at 1022 cm-1 in 

null nanoparticles and it was obtained at higher wavenumbers in phenolic acid loaded 

nanoparticles: 1030 cm-1, 1029 cm-1 and 1101 cm-1 for 3 mg/ml-3-HPAA-Alg-Chi, 25 

mg/ml-3-HPAA-Alg-Chi and 4-HBA-Alg-Chi, respectively (Figures 4.8 a, b and 4.9). 

This might show the bondings and chemical structure of each nanoparticle differentiated 

from each other and from alginate and chitosan. 

Additionally, the peak at 1154 cm-1 in 3-HPAA and at 1168 in 4-HBA 

corresponds to the asymmetric stretching of C-O-C bridge (Mladenovska et al., 2007). 

Since these peaks exist and slightly shifted to 1155 cm-1 in 3 mg/ml 3-HPAA-Alg-Chi, 

to 1156 cm-1 in 25 mg/ml 3-HPAA-Alg-Chi and to 1169 cm-1 in 4-HBA-Alg-Chi, 

phenolic acid loading was successfully obtained (Figures 4.8 and 4.9).  

Likewise, the peaks at 881 cm-1 in 3-HPAA and at 853 cm-1 in 4-HBA, which 

might demonstrate the aromatic ring (Barrera-Necha et al., 2018), were shifted to 
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slightly higher wavenumbers. These peaks were seen at 882 cm-1 and 883 cm-1 for 3 

mg/ml 3-HPAA-Alg-Chi and 25 mg/ml 3-HPAA-Alg-Chi (Figures 4.8 a and b) and 854 

cm-1 for 4-HBA-Alg-Chi (Figure 4.7).  

All in all, the comparison of the FT-IR spectra of null nanoparticles, phenolic 

acid loaded nanoparticles, phenolic acids, chitosan and alginate, indicated the successful 

production of null and phenolic acid loaded nanoparticles which show unique physco-

chemical properties. 

 

4.4. Determination of Encapsulation Percentages  
 

After the specific wavelengths and standart graphs of phenolic acids were 

determined spectrophotometrically, the standart graphs were plotted and used in the 

encapsulation percentage calculations. 

 

4.4.1. Determination of UV-Visible Peaks of Phenolic Acids 
 

The wavelengths of the phenolic acids were determined based on the UV-

Spectrum scanning of the diluted samples of phenolic acids. The spectrums of the 

phenolic acids were achieved in the range of 200-400 nm wavelengths in 

spectrophotometer.  

The UV-Vis wavelength was demonstrated with 10-fold diluted 1 mg/ml stock 

solution of 3-HPAA (Figure 4.8 a). Since this phenolic acid had a significant peak at 

270 nm, the wavelength for studies which were carried out with 3-HPAA was 

determined as 270 nm.  

In the case of 4-HBA, the UV-Vis wavelength was demonstrated with 100-fold 

diluted 4-HBA stock solution (1 mg/ml) as demonstrated in Figure 4.8 b. The specific 

peak of this phenolic acid was observed at 250 nm. Thus, 250 nm was chosen as the 

wavelength for the studies of 4-HBA. 

 

4.4.2. The Standart Graphs of Phenolic Acids 
  

In the Figure.4.11 a and b, the standard curves of 3-HPAA and 4-HBA were 

shown, respectively. The graph of 3-HPAA has a R2 value of 0.9962 while that of 4-
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HBA was 1 (Figure 4.9 a and b).The equations of these graphs, Equation 4.2 for 3-

HPAA and Equation 4.3 for 4-HBA, were used for encapsulation percentage 

calculations of the phenolic acids. 

 The y value in these equations was the average absorbance value of supernatant 

while the x value show the concentration of phenolic acid in the supernatant at specific 

wavelength of each phenolic acid (Figure 4.9 a and b). The equations of the standart 

graphs were found as below: 

 

 

y = 10.665x-0.005 (4.2) 

 

 

y = 87.098x-0.0057 (4.3) 

 

 

4.4.3. Determination of Encapsulation Percentages  

 
The encapsulation percentages of 3-HPAA-Alg-Chi or 4-HBA-Alg-Chi were 

calculated based on the equations of standart graphs of the phenolic acids. 

 Centrifugation was performed prior to measurements to harvest the 

nanoparticles and to get rid of the impurities. Thus, the supernatant has the amount of 

phenolic acid that could not been encapsulated into nanoparticles.Table 4.2 

demonstrates the average encapsulation percentages of 3-HPAA and 4-HBA into 

nanoparticles. As it is seen in Table 4.2, 3-HPAA or 4-HBA were loaded into 

nanoparticles with more than 99% encapsulation. Therefore, it was decided to test the 

nanoparticles in solution forms in the antimicrobial studies. The cross-linker, CaCl2, is 

one of the important parameters for the loading percentage, size and homogeneity of 

nanoparticles. The usage of higher concentrations of CaCl2 in the nanoparticle 

production process results in the increased encapsulation percentage as well as the 

decreased average sizes and PDI values (Wu et al., 2018). Wu et al. demonstrated that 

higher encapsulation percentage, lower average size and PDI were obtained in the usage 

of 5 mM CaCl2 when compared to those of 1 mM and 3 mM CaCl2 usage in 

encapsulation of lysozyme into alginate-chitosan nanoparticles.  



 

 

 
158 

  
 

Figure 4.8.  Graph of UV-spectrum scanning of phenolic acids. a) 3-HPAA (10-fold 

diluted from 1mg/ml stock solution in ddH2O) b) 4-HBA (100-fold diluted 

from 1mg/ml stock solution in ddH2O) (y axis: Absorbance, x axis: 

Wavelength). 

 

 

  
 

Figure 4.9. Standard graphs of phenolic acids. a) 3-HPAA b) 4-HBA 

 

 
Table 4.2. The average encapsulation percentages of phenolic acids. 

 
 

Sample 

 

Concentration of Phenolic 

Acid in Supernatant (mg/ml) 

 
Encapsulation 

Percentage (%) 

3-HPAA-Alg-Chi (3 mg/ml) 0.23±0.002 99.6±0.31 

 3-HPAA-Alg-Chi (25 mg/ml) 0.28±0.017 99.9±0.04 

4-HBA-Alg-Chi (2.8 mg/ml) 0.27±0.005 99.5±0.39 

 

a b 

250 nm 

270 nm 

a b 
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It was suggested that the increased concentration of CaCl2 leads the increased 

cross-linking properties which result in fine pores and compact gelation of the polymers 

(Wu et al., 2018). In our study, the concentration of CaCl2 was 25 mM. Thus, it could 

be concluded that, the obtained small and homogeneous alginate-chitosan nanoparticles 

with very high encapsulation percentages might be due to the usage of CaCl2 in high 

concentration. 

In the study of Madureira et al., phenolic acids (rosmarinic acid, protocatechuic 

acid or 2,5-dihydroxybenzoic acid) were encapsulated into chitosan nanoparticles with 

both high and low molecular weight chitosan (Madureira et al.,2015). Their results of 

low molecular weight chitosan are comparable to ours. They presented that the 

encapsulation percentages were in between 60-90% whereas it was found to be 99% in 

our study for each type of nanopaticles (Table 4.2). The usage of alginate for entrapping 

phenolic acids before covering with chitosan might enhance the encapsulation 

percentage in our study. In addition the cross-linker type (CaCl2 in our study and 

tripolyphosphate in theirs) might cause the change in entrapment conditions. In addition 

to that, the simpler structure and different physico-chemical properties of 3-HPAA than 

those of rosmarinic acid, protocatechuic acid or 2,5-dihydroxybenzoic acid could cause 

higher encapsulation percentages in our study.  

 

4.4.4. Antimicrobial Tests of Nanoparticle Solutions 
 

The antimicrobial tests of nanoparticle solutions loaded with 3 mg/ml 3-HPAA 

or 2.8 mg/ml 4-HBA were performed with the comparison of free phenolic acid 

solutions in ddH2O with the same phenolic acid concentrations by agar diffusion 

(Figure 4.10 and 4.13). All solutions that contain acetic acid were applied after 24 hours 

of treatment with 1% acetic acid. These concentrations of phenolic acids were 

determined according to the antimicrobial studies of phenolic acids on P. aeruginosa 

which were performed previously (Appendix E).  

The phenolic acid solutions without acetic acid treatment displayed no inhibition 

zones for tested Gram negative bacteria (Figure 4.10 a, c, e, g, regions III and V). When 

1% acetic acid treated 4-HBA solution was tested, small and turbid inhibition zones for 

P. aeruginosa, E.coli O157:H7 and S. Enteritids (Figure 4.10 a, e, g, region VI) and 

clear inhibition zone for A. haemolyticus (Figure 4.10 c, region VI) were observed. The 
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similar small and turbid inhibiton zones were detected for 1% acetic acid treated 4-HBA 

loaded nanoparticle solution for the same aforementioned bacteria (Figure 4.10 b, f, h, 

region X) and a similar clear inhibition zone was observed for A. haemolyticus (Figure 

4.10 d, region X). Therefore, 4-HBA loaded nanoparticles showed very slight effect on 

Gram negative bacteria except A. haemolyticus. Both 1% acetic acid and 1% acetic acid 

treated 4-HBA solutions (both free and nanoparticle) showed similar inhibition zones 

for this bacterium. The antimicrobial effect on A. haemolyticus might be due to the 

synergistic effect of acetic acid and tested solutions. 

The 3-HPAA solution treated with 1% acetic acid did not produce any zones on 

Gram negative bacteria except A. haemolyticus (Figure 4.10 a, c, e, g, region IV). When 

the inhibition zones were compared in A. haemolyticus 1% acetic acid treated 3-HPAA-

Alg-Chi solution (Figure 4.10 d, region IX) displayed bigger inhibition zones than that 

of 1% acetic acid treated 3-HPAA solution. However, the zones for phenolic acid 

loaded nanoparticle solutions as well as null nanoparticle solution were bigger and more 

clear (Figure 4.10 d, region VIII, IX, X). Thus, it might be concluded that nanoparticle 

solutions with 1% acetic acid treatment showed higher antimicrobial effect on A. 

haemolyticus. However, 3-HPAA-Alg-Chi solution treated with 1% acetic acid results 

in production of inhibition zones for other tested Gram negative bacteria. A better effect 

of this nanoparticle solution was detected for S. Enteritidis when compared to free 3-

HPAA solution with 1% acetic acid (Figure 4.10 g, region IV and h, region IX). It could 

be concluded that, 3-HPAA-Alg-Chi solution treated with 1% acetic acid demonstrated 

slight antimicrobial effect on P. aeruginosa and E. coli O157:H7 while it showed higher 

antimicrobial effect on A. haemolyticus and S. Enteritidis. These results suggest that: 

The antimicrobial effect is depending on the type of the phenolic acid tested. The cell 

wall properties of the bacteria doesn’t play any role in the antimicrobial effect of tested 

phenolic acids. 

When the antimicrobial effects of all tested solutions were considered for Gram 

positive bacteria, it was clear that none of these solutions were effective on them. The 

application of the phenolic acids treated or untreated with 1% acetic acid and the 

nanoparticle solutions treated with 1% acetic acid result in no inhibition zones for S. 

epidermidis, MRSA, MSSA and L. monocytogenes as well as 1% acetic acid (Figure 

4.11). Briefly, 3 mg/ml-3-HPAA-Alg-Chi and 4-HBA-Alg-Chi were slightly effective 

on some of the tested Gram negative bacteria while they have no inhibition effect on the 
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tested Gram positive bacteria. Treatment with 1% acetic acid increases the antimicrobial 

activity of the nanoparticle solutions depending on the pH change in Gram negative 

bacteria.  

In addition, inside the inhibition zone of 70% ethanol, a ring-like growth of 

Staphylococci was observed. A further study was performed to test the effects of higher 

concentrations of ethanol on Staphylococci to determine the most effective ethanol 

concentration on these bacteria (Appendix F). 

 The increase in phenolic acid concentration could be useful for producing 

nanoparticle solutions with higher antimicrobial effects. Therefore, it was decided to use 

higher concentrations of phenolic acids in the production of loaded alginate chitosan 

nanoparticles. However, since the higher concentrations of 4-HBA was not dissolved 

properly in water, only 3-HPAA could be used in higher concentrations. The 

concentration of 3-HPAA which could produce inhibition zones on bacterial lawn was 

determined by agar diffusion experiment of 3-HPAA solutions (in ddH2O). The 

concentrations of 5, 10, 15, 20, 25 mg/ml of 3-HPAA were tested on each bacteria. 

Among Gram negative bacteria, the highest antimicrobial effect of 3-HPAA 

concentration range was observed for A. haemolyticus. The ihibition zones were clear 

for 20 and 25 mg/ml 3-HPAA while they were small and turbid for 10 and 15 mg/ml 

(Figure 4.12 b1 and b2, regions III, IV, V, VI). In the cases of P. aeruginosa and S. 

Enteritidis, 20 mg/ml 3-HPAA result in turbid zones and 25 mg/ml showed clear 

inhibition zones (Figure 4.12 a1, a2, d1, d2, regions V and VI). E. coli O157:H7 

demonstrated turbid zones only with 25 mg/ml 3-HPAA (Figure 4.12 c1, c2, region VI). 

Thus, 25 mg/ml was the common concentration of 3-HPAA which show high 

antimicrobial effect among tested Gram negative bacteria. Among tested concentrations 

of 3-HPAA, only 25 mg/ml showed slight antimicrobial effect on S. epidermidis and L. 

monocytogenes (Figure 4.13 a1, a2, d1, d2, region VI). MRSA and MSSA could not be 

inhibited with any of the tested concentrations of 3-HPAA. As expected, phenolic acids 

demonstrated strain-specific and dose-dependent nature of antimicrobial effect in this 

study. Since the most effective concentration was determined as 25 mg/ml for most of 

the tested bacteria, it was chosen as the concentration of 3-HPAA for nanoparticle 

production. 

The antimicrobial effects of 25 mg/ml-3-HPAA-Alg-Chi solution were 

demonstrated as well as null nanoparticle solution on Gram negative and Gram positive 
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bacteria in Figures 4.14 and 4.15, respectively. The effect of 1% acetic acid was also 

investigated because of its usage for dissolution of nanoparticles. The 1% acetic acid 

solution and null nanoparticle solutions with or without acetic acid tretament did not 

result in any inhibition zones for each bacterium (Figure 4.14 and 4.17, regions II, III, 

IV). However,  both 1% acetic acid treated and untreated 25 mg/ml-3-HPAA-Alg-Chi 

solutions presented clear inhibition zones for the bacteria except MRSA and MSSA 

(Figures 4.16 and 4.17, regions V and VI). Smaller, clear inhibition zones of MRSA and 

MSSA were detected only in 1% acetic acid treated 25 mg/ml-3-HPAA-Alg-Chi 

solution applied regions (Figure 4.15 c, d, e, f, region VI). 

According to these results, it could be concluded that the obtained antimicrobial 

effect might be due to the 3-HPAA existence in the nanoparticle solution, not to the 

alginate-chitosan or acetic acid. This emphasized antimicrobial effect of 3-HPAA-Alg-

Chi could be related to the interactions of 3-HPAA with alginate and chitosan. In 

addition, in P. aeruginosa, E. coli O157:H7, S. Enteritidis and S. epidermidis, bigger 

and clearer inhibition zones were detected for 1% acetic acid treated 3-HPAA-Alg-Chi 

than those of untreated one. Since acetic acid provide the required pH change for 

dissolution of nanoparticles, higher antimicrobial effect of the solution was an expected 

consequence. 

The observation of the inhibition zones only for 1% acetic acid treated 3-HPAA-Alg-

Chi in both MRSA and MSSA indicates the enhancement of the antimicrobial effect of 

3-HPAA via encapsulation. Previously, it was determined that 25 mg/ml 3-HPAA was 

not effective on MRSA and MSSA (Figure 4.13 b1, b2, c1, c2, region VI). However 

after encapsulation and 1% acetic acid treatment, the inhibition zones were detected for 

MRSA and MSSA (Figure 4.15, c, d, e, f, region VI) which demonstrate the elevated 

antimicrobial effect of bioactive compounds after encapsulation. Consistent with our 

results, in the two studies of Jamil et al. in 2016, and the study of Liu et al in 2018, the 

increase of antimicrobial effect by encapsulation was clearly shown (Jamil et al., 2016 

(a); Jamil et al., 2016 (b), Liu et al., 2018). The kefzole loaded chitosan nanoparticles 

showed larger inhibition zones for Klebsiella pneumoniae and Pseudomonas aeruginosa 

with the increasing concentrations of drugs in nanoparticles while no inhibition zones 

were detected in the application of the antibiotics alone (Jamil et al., 2016 (a)). Jamil et 

al. also examined the increased antimicrobial effect of chitosan nanoparticles loaded 

with cardamom essential oil on growth of MRSA and E. coli (Jamil et al., 2016 (b)). 
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Although the bacterial growth inhibition was not observed in the presence of 

cardamom essential oil, the application of cardamom essential oil loaded chitosan 

nanoparticles result in the complete inhibition of growth of both MRSA and E. coli.  

Likewise, Liu et al. demonstrated a three-fold increase in the antimicrobial effect 

of the alginate-chitosan nanoparticles loaded with ε-polylysine than that of free ε-

polylysine on E. coli, B. subtilis, S. aureus and M. luteus (Liu et al., 2018). Our study 

was also showed the enhancement of the antimicrobial effects of bioactive compounds 

after encapsulation. In the study of Liu et al. in which the antimicrobial effects of null 

alginate-chitosan nanoparticles and ε-polylysine loaded alginate-chitosan nanoparticles 

were tested on E. coli, B. subtilis, S. aureus and M. luteus (Liu et al., 2018). They 

indicated that in the application of ε-polylysine loaded alginate-chitosan nanoparticles, 

significant inhibition zones were observed while in unloaded alginate-chitosan 

nanoparticle application no inhibition zones were observed similar to our results. 

Another important point was the maintained antimicrobial effect of 3-HPAA-

Alg-Chi after 24 hours or 72 hours of 1% acetic acid treatment. When the inhibiton 

zones were compared for 24 hours and 72 hours of treatment with 1% acetic acid, a 

similar pattern was determined for each tested bacterium. Thus, it was concluded that 

the antimicrobial effect of 3-HPAA-Alg-Chi could be obtained after 24 hours of 1% 

acetic acid treatment. In addition, its antimicrobial properties were carried on even after 

72 hours subsequent to treatment with 1% acetic acid (Figures 4.16 a,c,e,f and 4.17 b, d, 

f, g, region VI).  

The growths of tested bacteria in the presence of nanoparticle solutions treated 

with 1% acetic acid were demonstrated in Figure 4.16. All tested solutions with the 10% 

(v/v) applications, inhibited the P. aeruginosa growth (Figure 4.16 a) with higher than 

95% inhibitions (Table 4.3). However, the cell viability studies presented that the only 

solution which showed bacteriocidal effect (no survivors) on P. aeruginosa among the 

solutions tested in 10% (v/v) application was 3-HPAA-Alg-Chi (Table 4.3). In the case 

of S. epidermidis, the inhibition was observed only with the presence of 3-HPAA-Alg-

Chi solution with 10% (v/v) concentration (Figure 4.16 b) as well as being bacteriocidal 

(Table 4.3). On the other hand, the application of 10% (v/v) concentration of 3-HPAA-

Alg-Chi showed the highest antimicrobial effect among all the tested solutions with 

higher than 93% growth inhibition in MRSA and MSSA. These results were 

demonstrated in Table 4.3.  
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Figure 4.10. The effects of phenolic acid solutions (a, c, e, g) and phenolic acid loaded 

nanoparticle solutions (b, d, f, h) on Gram negative bacteria. P. seruginosa 

(a, b); A. haemolyticus (c, d); E. coli O157H:7 (e,f); S. Enteritidis (g, h). 

Each solution was indicated in a roman number as folllowing: 70% 

Ethanol (I); 1% Acetic acid (II); 3-HPAA in ddH2O (3mg/ml) (III); 3-

HPAA in 1% acetic acid (3mg/ml) (IV); 4-HBA in ddH2O (2.8 mg/ml) 

(V); 4-HBA in 1% acetic acid (2.8 mg/ml) (VI); ddH2O (VII); Null 

nanoparticle solution (VIII); 3 mg/ml 3-HPAA-Alg-Chi solution (IX); 2.8 

mg/ml 4-HBA-Alg-Chi solution (X). 
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Figure 4.11. The effects of phenolic acid solutions (a, c, e, g) and phenolic acid loaded 

nanoparticle solutions (b, d, f, h) on Gram positive bacteria. S. epidermidis 

(a, b); MRSA (c, d); MSSA (e,f); L. monocytogenes (g, h). Each solution 

was indicated in a roman number as folllowing: 70% Ethanol (I); 1% 

Acetic acid (II); 3-HPAA in ddH2O (3mg/ml) (III); 3-HPAA in 1% acetic 

acid (3mg/ml) (IV); 4-HBA in ddH2O (2.8 mg/ml) (V); 4-HBA in 1% 

acetic acid (2.8 mg/ml) (VI); ddH2O (VII); Null nanoparticle solution 

(VIII); 3 mg/ml 3-HPAA-Alg-Chi solution (IX); 2.8 mg/ml 4-HBA-Alg-

Chi solution (X). 
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Figure 4.12. The effects of 3-HPAA solutions in a concentration range of 5-25 mg/ml 

(in ddH2O) on Gram negative bacteria. Each bacteria was presented as 2 

sets: P. seruginosa (a1, a2); A. haemolyticus (b1, b2); E. coli O157H:7 (c1, 

c2); S. Enteritidis (d1, d2). Each solution was indicated in a roman number 

as folllowing: 70% Ethanol (I); 5 mg/ml 3-HPAA (II); 10 mg/ml 3-HPAA 

(III); 15 mg/ml 3-HPAA (3mg/ml) (IV); 20 mg/ml 3-HPAA (V); 25 mg/ml 

3-HPAA (VI). 
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Figure 4.13. The effects of 3-HPAA solutions in a concentration range of 5-25 mg/ml 

(in ddH2O) on Gram positive bacteria. Each bacteria was presented as 2 

sets: S. epidermidis (a1, a2); MRSA (b1, b2); MSSA O157H:7 (c1, c2); L. 

monocytogenes (d1, d2). Each solution was indicated in a roman number 

as folllowing: 70% Ethanol (I); 5 mg/ml 3-HPAA (II); 10 mg/ml 3-HPAA 

(III); 15 mg/ml 3-HPAA (3mg/ml) (IV); 20 mg/ml 3-HPAA (V); 25 mg/ml 

3-HPAA (VI). 
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Although 10% (v/v) concentration application caused only bacteriostatic effect 

(Figure 4.16 c, d),  the 20% application displayed bacteriocidal effect on MRSA and 

MSSA (Figure 4.16 e, f). Although the result of 1% acetic acid application with 20% 

(v/v) final concentration showed significant antimicrobial effects different than that in 

our agar diffusion studies, it demonstrated the importance of the bacterial load on which 

the application done and the dose- dependent nature of antimicrobial agents. In the 

study of Jamil et al., it was also found that the antimicrobial effects of kefzole loaded 

chitosan nanoparticles presented different antimicrobial effects in agar diffusion and 

broth assays (Jamil et al., 2016 (a)). Similar to our results of acetic acid application, the 

lowest tested concentration in the agar diffusion tests, displayed much higher 

antimicrobial activity in the broth assays (Jamil et al., 2016 (a)).  

All of these results indicated the antimicrobial effect of 3-HPAA was enhanced 

after encapsulation into alginate chitosan nanoparticles. In addition, 3-HPAA-Alg-Chi 

showed its antimicrobial effect on different bacteria with different levels: For the 

bacteriocidal effect on P. aeruginosa and S. epidermidis 10% (v/v) concentration was 

sufficient while 20% (v/v) concentration was required for MRSA and MSSA (Table 

4.3). Consistent with our results, Madureira et al. demonstrated the growth inhibitions 

of various bacteria were changed between 60-90% in the presence of chitosan 

encapsulated rosmarinic acid (RA), protocatechuic acid (PA) and the 2,5-

dihydroxybenzoic acid (DHBA) (Madureira et al., 2015).  

These might display the strain-specific and dose-dependent properties of 

nanoparticles loaded with phenolic compounds in the case of their antimicrobial effects. 

The synergistic effect of 3-HPAA, alginate-chitosan and acetic acid might contribute 

the bacteriocidal effect of 3-HPAA-Alg-Chi solution. In addition, it showed 

bacteriostatic effect on the pathogenic bacteria with different concentrations regardless 

of their Gram properties. These results lead the conclusion that 3-HPAA-Alg-Chi 

solution might be studied in more detail as a promising natimicrobial agent for future 

usage. 

 

4.5. Overall Conclusions and Future Aspects 

 
 This study presented that the water soluble phenolic acids 3-HPAA and 4-HBA 

showed high antimicrobial effects on P. aeruginosa, which is a serious pathogen.  
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Figure 4.14. The effect of 25 mg/ml 3-HPAA loaded nanoparticles with or without 

acetic acid treatment for 24 (a, c, e, g) or 72 hours (b, d, f, h) on Gram 

negative bacteria. P. seruginosa (a, b); A. haemolyticus (c, d); E. coli 

O157H:7 (e, f); S. Enteritidis (g, h). Each solution was indicated in a 

roman number as folllowing: 80% Ethanol (I); 1% Acetic acid (II); Null 

nanoparticle solution (III); Null nanoparticle solution in acetic acid (IV); 

3-HPAA-Alg-Chi solution (V); 3-HPAA-Alg-Chi solution in acetic acid 

(VI).   

a 

g 

d c 

e 

h 

b 

f 

I 

I 

I I 

I I 

I 

I II II 

II 

II II 

II II 

II 

III 

III III 

III 

III 

III III 

III 

IV 

IV IV 

IV 

IV 

IV IV 

IV 

V V 

V 

V V 

V V 

V 

VI VI 

VI VI 

VI VI 

VI VI 



 

 

 
170 

St
ap

hy
lo

co
cc

us
 e

pi
de

rm
id

is
 

 

M
et

hi
ci

lli
n 

R
es

is
ta

nt
 

St
ap

hy
lo

co
cc

us
 a

ur
eu

s 

 

M
et

hi
ci

lli
n 

Su
sc

ep
tib

le
 

St
ap

hy
lo

co
cc

us
 a

ur
eu

s 

 

Li
ste

ria
 m

on
oc

yt
og

en
es

 

 

 
Figure 4.15. The effect of 25 mg/ml 3-HPAA loaded nanoparticles with or without 

acetic acid treatment for 24 (a, c, e, g) or 72 hours (b, d, f, h) on Gram 

positive bacteria. S. epidermidis (a, b); MRSA (c, d); MSSA (e, f); L. 

monocytogenes (g, h). Each solution was indicated in a roman number as 

folllowing: 80% Ethanol (I); 1% Acetic acid (II); Null nanoparticle 

solution (III); Null nanoparticle solution in acetic acid (IV); 3-HPAA-

Alg-Chi solution (V); 3-HPAA-Alg-Chi solution in acetic acid (VI).   
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Figure 4.16. The antimicrobial effects of the nanoparticles and 1% acetic acid with 10% 

final concentration (a, b, c, d) and 20% final concentration (e,f) on 

bacterial growth of P. aeruginosa (a), S. epidermidis (b), MRSA (c, e) and 

MSSA (d, f). In each graph, the colors of lines correspond to the bacterial 

growth in the presence of the following: Null nanoparticles (blue); 3-

HPAA-Alg-Chi (red); 1% acetic acid (green) and control bacteria (purple). 
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Table 4.3. Percent inhibitions and cfu/ml values of bacteria in the presence of 

nanoparticles in 10% or 20% volume application. 

 

  
Solutions Percent Inhibition (%) Cell viability (cfu/ml) 

10
%

 (v
/v

) A
PP

L
IC

A
T

IO
N

 

P.
 a

er
ug

in
os

a 

Null nanoparticles 95 TMTC* 

3-HPAA loaded nanoparticles 97 No survivors 

Acetic acid (1%) 98 TMTC 

S.
 e

pi
de

rm
id

is 

Null nanoparticles 69 TMTC 

3-HPAA loaded nanoparticles 97 No survivors 

Acetic acid (1%) 82 TMTC 

M
R

SA
 

Null nanoparticles 72 TMTC 

3-HPAA loaded nanoparticles 96 TMTC 

Acetic acid (1%) 85 TMTC 

M
SS

A
 

Null nanoparticles 55 TMTC 

3-HPAA loaded nanoparticles 94 TMTC 

Acetic acid (1%) 73 TMTC 

20
%

 (v
/v

) A
PP

L
IC

A
T

IO
N

 

M
R

SA
 

Null nanoparticles 96 TMTC 

3-HPAA loaded nanoparticles 96 No survivors 

Acetic acid (1%) 98 TMTC 

M
SS

A
 

Null nanoparticles 95 TMTC 

3-HPAA loaded nanoparticles 94 No survivors 

Acetic acid (1%) 96 TMTC 

*TMTC: Too many to count 
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The free forms of the phenolics showed bacteriostatic and bacteriocidal effects 

in a dose-dependent manner. In addition, the treatment of P. aeruginosa with the 

subinhibitory concentrations of each phenolic resulted in morphological changes in 

bacteria. The distinct greenish-blue color of P. aeruginosa culture was disappeared 

which could be recognized by naked eye and invaginations were formed on the surface 

of the bacterial cells which were determined in the SEM images. The bacteria which 

were grown in the presence of phenolic acids were elucidated at the proteomic level to 

determine the molecular reasons of the antimicrobial effects of the phenolics, including 

the reasons of the mentioned morphological changes. It was presented that the proteins 

functioned in the biosynthesis of phenazine pigment which gives the blue color of P. 

aeruginosa were not detected after phenolic acids exposure. Since this pigment is also 

an important virulence factor, it could be pointed out that not only the color but also the 

virulence of P. aeruginosa were reduced with phenolic acids. Besides that, the 

proteomic data revealed various changes in metabolic pathways which were mostly due 

to the adaptation process of the bacteria to the phenolic acid-containing environment. 

However, some notable changes in the protein profile of the bacteria could give clues 

about the affected processes of the bacteria after phenolic exposure. The proteomic 

study showed the changes in the bacterial cell membrane proteins which could be the 

reasons of invaginations of bacterial surfaces seen in SEM images. For instance, the 

various changes in the carboxypeptidases and endopeptidases as well as lipid 

metabolism related proteins might demonstrate that the bacteria managed to fix the 

defects in their membranes. Another important point was the changes in the RNA 

metabolism which includes the changes in tRNA biosynthesis related proteins and 

structural ribosomal RNA proteins. These might show that phenolic acids might result 

in the problems of biosyntheses and structures of tRNAs, rRNAs and ribosomes, 

thereby the protein translation. The undetection of iron homeostasis related proteins 

such as Fe(3+)-pyochelin receptor and the newly detection of phosphate starvation 

response protein PhoB might point out that the bacteria suffered from the nutrient 

starvation (iron and phosphate, respectively) which might lead to the inhibition of 

bacterial growth. The phenolic acids also seemed to result in serious oxidative stress 

with newly detection of various redox homeostasis related proteins including OxyR. 

Besides, it was demonstrated that the phenolic acid exposure caused changes in the 

DNA replication and repair mechanisms. Although each phenolic acid resulted in the 
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changes in DNA replication and repair mechanisms, especially 3-HPAA resulted in the 

undetection of proteins functioned in NER and MMR which might lead to the serious 

DNA damage. The bacteria might manage to carry out horizontal gene transfer via 

recombination for survival since recombination related proteins were newly detected. 

All of these results were speculated as the phenolic acids may show their antimicrobial 

effects by causing defects in more than one bacterial processes which makes them 

multi-target antimicrobial agents. 

 The phenolic acids also demonstrated the antimicrobial effects after 

encapsulation into alginate-chitosan nanoparticles on various pathogens. The usage of 

high molarity of cross-linker CaCl2 in nanoparticle production, resulted in the 

homogeneous nanoparticles with high encapsulation percentages. The phenolic acid 

loaded nanoparticles showed a dose- and strain-dependent bacteriostatic and/or 

bacteriocidal effects and the acetic acid treatment of the nanoparticle solutions 24 hours 

before their application aid their antimicrobial effect. The antimicrobial effects of the 

nanoparticle solutions continued as the same even after 72 hours of acetic acid 

treatment. Thus, they were presented as the effective antimicrobial solutions against 

nosocomial or food-borne pathogenic bacteria. 

 Although all the results of this study pointed out the important consequences of 

the phenolic acid applications, various related studies can be performed as the next 

steps. Undoubtfully the most important step would be the cytotoxicity studies for both 

free and nanoparticle forms of the phenolic acids. The two important concepts in 

antimicrobial agent development are the high antimicrobial effect on the pathogens as 

well as the low damage to eukaryotic cells. Hence, the cytotoxicity test such as MTT 

may be performed to determine the nontoxic concentrations of the phenolic acids and 

phenolic acid loaded nanoparticle solutions in vitro as well as the animal 

experimentation to determine their effects in vivo. Since our study presented the high 

antimicrobial effects of the phenolic acids with dose-dependency, the upcoming studies 

showing the useful doses without a toxic effect in vitro and in vivo would be highly 

supportive for phenolic acids/nanoparticles to be presented as promising antimicrobial 

agents. Besides that, additional studies can be performed to optimize the treatment time 

and concentration of acetic acid before the nanoparticle application as well as testing 

their effects more than after 72 hours. The shelf-life of the nanoparticles can be 

performed by periodically repeating the characterization and antimicrobial studies. 
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 The proteomic study indicated various proteins functioned in the important 

metabolic pathways. However, these results can be supported via with other -omics 

studies. Especially the transcriptomic studies such as next generation sequencing may 

aid proteomics studies in the enlightening the mode of action of antimicrobial agents. 

The transcript profile of the same bacteria grown under the same conditions can be 

useful to determine the overlapped genes as targets of the antimicrobial agents. 

Additionally, the specific mutant strains of the targetted genes can be generated and 

tested under phenolic acid stresses to determine the exact function of these genes for 

enlightening the action mechanism of the tested compound. Although the usage of 

overlapped genes in –omics studies will give more precise results, the proteomics or 

transcriptomics results can also be used indivudually with the validation of gene 

expression changes with RT-qPCR. Since the phenolic acid loaded nanoparticles 

resulted in the notable antimicrobial effects, the similar mode of action studies including 

proteomic, transcriptomics and testing mutant strains can also be performed to 

investigate the action mechanism of nanoparticles. The phenolic acids and naoparticles 

loaded with phenolic acids were shown to display a strain-dependent antimicrobial 

effect in our study. Hence, these agents can be tested on other bacteria at the proteomic 

and transcriptomic level to be able to compare and point out the strain-dependent nature 

of these agents. 

 Our study can be accepted as the first step in the enlightening of phenolic acids 

action mechanism as well as their usage either in free or nanoparticle forms. To the best 

of our knowledge, the studies of the antimicrobial effects of phenolic acids at the 

molecular level is very limited. Hence, our results can be elucidated as the starting 

points of further studies for investigating the phenolic acids as new antimicrobial 

agents.        
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APPENDIX A 

 

THE GROWTH CURVE OF P. aeruginosa 
  

The growth curve of P. aeruginosa was plotted as optical density versus time by 

measurement of optical density (O.D.) of bacteria spectrophotometrically at 600 nm. 

The intervals of measurement points were 3 hours during 24 hours of growth in MHB at 

37oC. In addition, for viable cell count, colony forming unit per mililiters (cfu/ml) were 

calculated by counting the colonies on agar plates which were inoculated by spread 

plating at least 3 hours of intervals for 24 hours. According to results of 

spectrophotometric measurements the bacteria displayed the growth curve which fit the 

general curve of bacterial growth with specific exponential and stationary phases. 

Figure A.1 demonstrates that the exponential phase of P. aeruginosa starts at about 18th 

hour of growth.P. aeruginosa culture starts to have a blue color and the cells start to 

make clumps by sticking to each other in test tubes from the 15th hour of growth. 

During the experiments, these clumps were achieved to be destroyed via vortex. 

However, at the 24th of its growth, the clumps were more adherent and difficult to be 

destroyed. These cell clumps might cause the O.D. of the P. aeruginosa at 24th hour of 

growth seemed a little more than that of 18th hour in the graph. 

 

 

 
 

Figure A.1. The growth curve of P. aeruginosa. 
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APPENDIX B 

 

THE ANTIMICOBIAL EFFECTS OF A NARROW RANGE 

OF CONCENTRATIONS 
 

The antimicrobial effects of 3-HPAA and 4-HBA were tested on P. aeruginosa 

in a narrow range of concentrations. These additional experiments were performed by 

the same technique used in Chapter 2 with a different brand of media. In the main 

antimicrobial and protein experiments in Chapter 2 and 3, Mueller Hinton Media with 

Fluka Brand were used. Since Fluka MHB media was consumed in all previous 

experiments, the same media with Sigma brand was thought to be proper (Sigma-

Aldrich was incorporated Fluka brand). Surprisingly, different MIC and MBC values 

were obtained than these values of previous experiments when the different brand 

media were used.  

In the experiments which were carried out with with Fluka brand MHB, 1.9 

mg/ml 3-HPAA showed 58% inhibition on P. aeruginosa (Table 2.1.) was chosen for 

using in shot-gun proteomics as a subinhibitory concentration. When the experiments 

were performed with Sigma brand MHB, the percent inhibition of 1.9 mg/ml 3-HPAA 

was found as 25%. Although it is still a subinhibitory concentration, the percent 

inhibition was found as decreased about half of the previous experiments. The MIC was 

determined as 2.1 mg/ml and 2.3 mg/ml for 3-HPAA in the experiments carried out 

with Fluka and Sigma, respectively.  

In the case of 4-HBA, 1.5 mg/ml had 39% inhibition and 1.7 mg/ml had 71% 

inhibition in the previous experiments (Table 2.1.). Thus, 1.6 mg/ml was used for shot-

gun proteomics experiments since it would show a percent inhibition between 39-71%. 

In addition, MIC was found as 1.9 mg/ml (Table 2.1.). However in the experiments 

performed by Sigma brand MHB, 1.6 mg/ml showed a 12% inhibition and the MIC was 

found as 2.0 mg/ml. 

Therefore; it could be concluded that the bacteria might behave differently 

against different brands of broth media. The brand of the media should be considered as 

an important parameter for obtaining consistent results and brand of media with the 

same brand should be used during the experiments.  
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Table B.1. Inhibition of percentages of 3-HPAA and cfu/ml of P. aeruginosa of narrow 

range concentrations.   

 

 3-HPAA 4-HBA 

Phenolic acid 
Concentrations 

(mg/ml) 

Percent 
Inhibition 

Cell Survival Percentage of 
Inhibition 

Cell Survival 

1.5 -1 ND* 4 ND 

1.6 2 ND 12 4x108 cfu/ml 

1.7 3 ND 40 ND 

1.8 21 ND 46 ND 

1.9 25 5x 108 cfu/ml 55 ND 

2.0 42 ND 98 TMTC 

2.1 51 ND 98 TMTC 

2.2 65 ND 99 TMTC 

2.3 98 TMTC** 99 TMTC 

2.4 98 TMTC 98 TMTC 

2.5 98 TMTC 98 5x102 cfu/ml 

2.6 98 TMTC 98 1x101 cfu/ml 

2.7 98 TMTC 98 No survivors 

2.8 98 No survivors 98 No survivors 

2.9 98 No survivors 99 No survivors 

3.0 98 No survivors 98 No survivors 

*ND: Not determined.  

**TMTC: Too many to count 

 

 

 

 

 

 

 

 

 

 



 

 

 
202 

 

 

 
 

 

 

 
 

Figure B.1. The antimicrobial effect of phenolic acids in a narrow range of 

concentrations on P. aeruginosa grown with Sigma MHB media. a) 3-

HPAA b) 4-HBA  

 

a 
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APPENDIX C 

 

BOVINE SERUM ALBUMIN STANDART CURVE 
 

 Since the proteins were dissolved in resuspension buffer for the LC-ESI-MS/MS 

studies, , Bovine serum albumin (BSA) was also dissolved in resuspension buffer 50-

250 μg/ml concentrations. The absorbance values of BSA solutions were measured at 

595 nm. 

 

 

 
 

Figure C.1. The standart curve of bovine serum albumin. 
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APPENDIX D 

 

MUTUAL PROTEINS  

 
The mutual proteins which did not change either in control group or phenolic 

acid treated groups were shown in Table D.1. 

 

 
Table D.1. Mutual proteins that did not change in P. aeruginosa protein profile. 

 

ID Protein Name Gene Name 

P48372 DNA gyrase subunit A gyrA PA3168 

P28811 3-hydroxyisobutyrate dehydrogenase mmsB PA3569 

O52760 DNA-directed RNA polymerase subunit alpha rpoA PA4238 

Q9HUC3 Polyhydroxyalkanoate synthesis protein PhaF phaF PA5060 
P13982 Carbamate kinase arcC PA5173 
Q9HVC5 Ribose-phosphate pyrophosphokinase prs PA4670 

Q9HZP5 Electron transfer flavoprotein-ubiquinone oxidoreductase PA2953 

Q59637 Pyruvate dehydrogenase E1 component aceE aceA, PA5015 

Q9I2W7 Putative 4-hydroxy-4-methyl-2-oxoglutarate aldolase PA1772 

Q9HY22 Response regulator ErdR erdR PA3604 

Q9HTD1 Probable transcarboxylase subunit PA5435 

Q9HW32 Insulin-cleaving metalloproteinase outer membrane protein icmP PA4370 

Q9I576 4-hydroxyphenylpyruvate dioxygenase hpd PA0865 
Q9HYX8 Peptidyl-prolyl cis-trans isomerase PA3262 

Q9HZH7 Molybdenum cofactor biosynthesis protein B moaB2 PA3029 

Q9I659 Probable ClpA/B protease ATP bindin... PA0459 
Q9I5E2 2-methylisocitrate lyase prpB PA0796 
Q9HYZ6 Site-determining protein minD PA3244 
P50987 Argininosuccinate lyase argH PA5263 

Q9I0A0 Translation initiation factor IF-3 infC PA2743 

Q9I2V5 Aconitate hydratase B acnB PA1787 
O50175 N-succinylarginine dihydrolase astB aruB, PA0899 

P72173 Aspartate aminotransferase aspC PA3139 

(cont. on next page) 
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Table D.1. (continued) 
 

Q9HXN2 Phosphoribosylformylglycinamidine synthase purL PA3763 

Q9I1M0 

Lipoamide acyltransferase component of branched-chain 
alpha-keto acid dehydrogenase complex bkdB PA2249 

Q9I0K4 Isocitrate lyase PA2634 

Q9I6M4 5-aminovalerate aminotransferase DavT davT PA0266 

P47205 UDP-3-O-acyl-N-acetylglucosamine deacetylase lpxC envA, PA4406 

Q9HTM1 DNA-directed RNA polymerase subunit omega rpoZ PA5337 

Q9I6J1 Putrescine-binding periplasmic protein SpuD spuD PA0300 
Q9HZJ5 DNA topoisomerase 1 topA PA3011 

Q9I3D3 2-oxoglutarate dehydrogenase (E1 subunit) sucA PA1585 

Q9HX05 Probable aldehyde dehydrogenase PA4022 

Q59636 Nucleoside diphosphate kinase ndk PA3807 

Q9I4X2 2-heptyl-4(1H)-quinolone synthase subunit PqsB pqsB PA0997 

Q9I747 Protein hcp1 hcp1 PA0085 
Q9HTR6 Nitrogen regulatory protein P-II 2 glnK PA5288 
Q9I5Y4 Phosphoglycerate kinase pgk PA0552 
Q9I636 Malate synthase G glcB PA0482 

Q9HW68 Fumarate hydratase class I PA4333 

Q9HZK4 Glyceraldehyde-3-phosphate dehydrogenase PA3001 
P13794 Outer membrane porin F oprF PA1777 
Q9I6Z3 Alkyl hydroperoxide reductase subunit C ahpC PA0139 
Q51404 Fumarate hydratase class II 2 fumC2 PA4470 

Q9HVA8 Ferric iron-binding periplasmic protein HitA hitA PA4687 

Q9HVN5 Chaperone protein ClpB clpB PA4542 
Q9HUY5 Mg(2+) transport ATPase, P-type 2 mgtA PA4825 
Q9I047 Transaldolase tal PA2796 

Q9I2W9 Phosphoenolpyruvate synthase ppsA PA1770 

Q9HTP2 Probable aldehyde dehydrogenase PA5312 

Q9HVT7 

Aspartyl/glutamyl-tRNA(Asn/Gln) amidotransferase subunit 
B gatB PA4484 

Q9I344 Chorismate synthase aroC PA1681 

Q9HXJ4 

4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase 
(flavodoxin) ispG PA3803 

Q9HW04 Arginine biosynthesis bifunctional protein ArgJ argJ PA4402 

P57112 Soluble pyridine nucleotide transhydrogenase sthA sth, PA2991 

Q9HV55 Translation initiation factor IF-2 infB PA4744 

Q9I4W0 

Phosphoribosylaminoimidazole-succinocarboxamide 
synthase purC PA1013 

(cont. on next page) 
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Table D.1. (continued) 
 

Q9I5I4 Probable enoyl-CoA hydratase/isomerase PA0745 
Q9HZ98 Heat-shock protein IbpA ibpA PA3126 
Q9HT17 ATP synthase subunit delta atpH PA5557 
Q9I5Z0 S-adenosylmethionine synthase metK PA0546 
Q9HZE0 NAD-specific glutamate dehydrogenase gdhB PA3068 
Q9I5E4 Probable aconitate hydratase PA0794 

P08308 Ornithine carbamoyltransferase, catabolic arcB PA5172 

Q9HWD2 Elongation factor G 1 fusA fusA1, PA4266 
Q9HUD3 Malic enzyme PA5046 
Q9HT21 ATP synthase epsilon chain atpC PA5553 

Q9HZP7 Electron transfer flavoprotein subunit alpha etfA PA2951 

Q9HZJ2 Fatty acid oxidation complex subunit alpha fadB PA3014 

Q9I4I2 Ribonucleoside-diphosphate reductase subunit beta nrdB PA1155 

P05384 DNA-binding protein HU-beta hupB PA1804 
Q9HV43 Chaperone protein DnaK dnaK PA4761 

Q9HZF5 Probable hydrolytic enzyme PA3053 

Q9I3D2 

Dihydrolipoyllysine-residue succinyltransferase component 
of 2-oxoglutarate dehydrogenase complex sucB PA1586 

P53641 Superoxide dismutase [Fe] sodB PA4366 

Q9HWW7 Probable thioredoxin PA4061 
Q9HT16 ATP synthase subunit b atpF PA5558 

Q9I2U0 ATP-dependent Clp protease ATP-binding subunit ClpX clpX PA1802 

Q9I4Z4 Peptidoglycan-associated lipoprotein pal oprL, PA0973 

Q51344 Aspartate-semialdehyde dehydrogenase asd PA3117 

P57668 Thiol peroxidase tpx PA2532 

Q59638 

Dihydrolipoyllysine-residue acetyltransferase component of 
pyruvate dehydrogenase complex aceF aceB, PA5016 

Q9HX76 Probable DNA binding protein PA3940 
Q9HV54 Transcription termination/antitermination protein NusA nusA PA4745 

Q9HXV4 Adenylate kinase adk PA3686 

Q9HW45 Xenobiotic reductase xenB PA4356 
Q9I0J6 NADH-quinone oxidoreductase subunit G nuoG PA2642 

Q9X2T1 Thioredoxin trxA trx, PA5240 

O30508 

Succinylornithine transaminase/acetylornithine 
aminotransferase 

aruC argD, astC, 
PA0895 

P28810 Methylmalonate-semialdehyde dehydrogenase [acylating] mmsA PA3570 

Q9HU24 dTDP-glucose 4,6-dehydratase rmlB PA5161 

(cont. on next page) 
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Table D.1. (continued) 
 

P52002 Multidrug resistance protein MexB mexB PA0426 

Q9I6H5 D-3-phosphoglycerate dehydrogenase serA PA0316 

Q9HVY4 Ubiquinol-cytochrome c reductase iron-sulfur subunit PA4431 

Q9HTD9 Alcohol dehydrogenase adhA PA5427 

Q9I4I1 Ribonucleoside-diphosphate reductase nrdA PA1156 
Q9HV46 Transcription elongation factor GreA greA PA4755 
Q9HUC5 ATP-dependent protease ATPase subunit HslU hslU PA5054 
Q9HVD1 Lipid A deacylase PagL pagL PA4661 
P37798 Biotin carboxylase accC fabG, PA4848 
P20580 Anthranilate synthase component 1 trpE PA0609 
P43335 Pterin-4-alpha-carbinolamine dehydratase phhB PA0871 

Q9I3B2 Beta-ketoacyl-ACP synthase I fabB PA1609 
Q9I3G2 Cbb3-type cytochrome c oxidase subunit ccoP2 PA1555 
Q9I5U3 Chaperone SurA surA PA0594 
Q9I2Y7 Phospho-2-dehydro-3-deoxyheptonate aldolase PA1750 
O69077 Aspartokinase lysC PA0904 
Q9HW86 Transcriptional regulator MvaT, P16 subunit mvaT PA4315 

P30718 60 kDa chaperonin groL groEL, mopA, 
PA4385 

Q9HX01 Probable acetyltransferase PA4026 
P08280 Protein RecA recA PA3617 
Q9I0T1 Probable acyl-CoA thiolase PA2553 
P43501 Protein PilH pilH PA0409 

Q9I3D4 Succinate dehydrogenase (B subunit) sdhB PA1584 

Q9I407 Glutaminase-asparaginase ansB PA1337 
P00282 Azurin azu PA4922 
P13981 Arginine deiminase arcA PA5171 
Q9I3F5 Aconitate hydratase A acnA PA1562 

Q9I6M5 Glutarate-semialdehyde dehydrogenase davD PA0265 

O82852 Uridylate kinase pyrH PA3654 

Q9HVA2 Ketol-acid reductoisomerase (NADP(+)) ilvC PA4694 

P15276 Transcriptional regulatory protein AlgP algP algR3, PA5253 

Q9I1L9 Dihydrolipoyl dehydrogenase lpdV PA2250 

Q9I137 Glycine dehydrogenase (decarboxylating) 1 gcvP1 PA2445 

Q9I6G0 L-threonine dehydratase ilvA1 ilvA, PA0331 

Q9HVT8 Glutamyl-tRNA(Gln) amidotransferase subunit A gatA PA4483 

Q9I140 Glycine cleavage system protein T2 gcvT2 PA2442 
(cont. on next page) 
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Table D.1. (continued) 
 

P30720 10 kDa chaperonin groS groES, mopB, 
PA4386 

Q9I0D3 Cysteine synthase cysK PA2709 
P38100 Carbamoyl-phosphate synthase large chain carB PA4756 
Q9I2U2 Trigger factor tig PA1800 
Q9HXZ5 Enolase eno PA3635 
Q9I7C2 DNA gyrase subunit B gyrB PA0004 

Q51561 DNA-directed RNA polymerase subunit beta rpoB PA4270 

Q9HY77 Glutaredoxin PA3533 
Q9HWC9 DNA-directed RNA polymerase subunit beta' rpoC PA4269 

Q9I5Q9 N-acetyl-gamma-glutamyl-phosphate reductase argC PA0662 

Q9HZJ3 3-ketoacyl-CoA thiolase fadA PA3013 
Q9HT20 ATP synthase subunit beta atpD PA5554 

Q9I3C5 Chaperone protein HtpG htpG PA1596 

P14165 Citrate synthase gltA PA1580 
Q9HTU9 Glyoxalase PA5245 
P77915 Oxygen-independent coproporphyrinogen III oxidase hemN PA1546 
Q9HV59 Polyribonucleotide nucleotidyltransferase pnp PA4740 

P11221 Major outer membrane lipoprotein oprI PA2853 

Q9I083 Probable outer membrane protein PA2760 

Q9HYL8 Binding protein component of ABC phosphonate transporter PA3383 

Q9HU65 Glutamine synthetase glnA PA5119 

Q9I690 UPF0312 protein PA0423 PA0423 
Q9I687 Methylenetetrahydrofolate reductase metF PA0430 

P09591 Elongation factor Tu tufA PA4265 
tufB PA4277 

Q9I296 Putative isovaleryl-CoA dehydrogenase liuA PA2015 
Q9HX20 Gamma-glutamyl phosphate reductase proA PA4007 
Q9I0K9 Adenylosuccinate lyase purB PA2629 
Q9I138 Serine hydroxymethyltransferase 2 glyA2 PA2444 
P72157 N5-carboxyaminoimidazole ribonucleotide mutase purE PA5426 
Q9I402 Probable binding protein component of ABC transporter PA1342 
Q9HTV1 Transcription termination factor Rho rho PA5239 
Q59643 Delta-aminolevulinic acid dehydratase hemB PA5243 
Q9HXZ4 CTP synthase pyrG PA3637 

Q9HWX4 3,4-dihydroxy-2-butanone 4-phosphate synthase ribB PA4054 

Q9HZZ2 Elongation factor P efp PA2851 

G3XD47 Arginine/ornithine binding protein AotJ aotJ PA0888 

Q9HZM8 Ribonuclease E rne PA2976 
(cont. on next page) 
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Table D.1. (continued) 
 

O82853 Ribosome-recycling factor frr PA3653 
O52762 Catalase katA PA4236 
Q9HV42 Protein GrpE grpE PA4762 

P21175 

Leucine-, isoleucine-, valine-, threonine-, and alanine-binding 
protein braC PA1074 

Q9I2U9 Peptidyl-prolyl cis-trans isomerase ppiB PA1793 

Q9HXM5 Inosine-5'-monophosphate dehydrogenase guaB PA3770 

Q9HT25 

Glutamine--fructose-6-phosphate aminotransferase 
[isomerizing] glmS PA5549 

Q9I1N7 PslB pslB PA2232 

Q9HVJ1 Probable ATP-binding component of ABC transporter PA4595 

Q9I0L5 Isocitrate dehydrogenase [NADP] icd PA2623 
Q9HY81 Probable peroxidase PA3529 
Q9HVI7 Serine hydroxymethyltransferase 3 glyA2 PA4602 
P0DP44 Polyphosphate kinase ppk PA5242 

O87125 

Protein-glutamate methylesterase/protein-glutamine 
glutaminase 1 cheB1 PA1459 

Q9I3D1 Dihydrolipoyl dehydrogenase lpdG PA1587 
Q9HY84 Argininosuccinate synthase argG PA3525 
Q9I0L4 Isocitrate dehydrogenase idh PA2624 
Q9HV50 Phosphoglucosamine mutase glmM PA4749 

O82851 Elongation factor Ts tsf PA3655 

Q9HVQ3 Ornithine decarboxylase speC PA4519 

Q9HWC4 Transcription termination/antitermination protein NusG nusG PA4275 

Q9I5G8 Elongation factor 4 lepA le, PA0767 

Q9HXJ9 Probable aminotransferase PA3798 

Q9I685 Adenosylhomocysteinase ahcY sahH, PA0432 

O54438 3-oxoacyl-[acyl-carrier-protein] reductase FabG fabG PA2967 
Q9I6J2 Putrescine--pyruvate aminotransferase spuC PA0299 

Q9I6E0 Dihydroxy-acid dehydratase ilvD PA0353 

P38098 Carbamoyl-phosphate synthase small chain carA PA4758 

P24559 Twitching mobility protein pilT PA0395 
Q9HW72 Pyruvate kinase pykA PA4329 
Q9I0Y8 Efflux pump membrane transporter mexF PA2494 
Q9I185 PvdO pvdO PA2395 

P26275 Positive alginate biosynthesis regulatory protein algR PA5261 

Q9HT18 ATP synthase subunit alpha atpA PA5556 
Q9HVS8 RoxR roxR PA4493 

Q9HUM6 Adenylosuccinate synthetase purA PA4938 

(cont. on next page) 



 

 

 
210 

Table D.1. (continued) 
 

Q9I4Z7 Probable dna-binding stress protein PA0962 
Q9I662 Probable cold-shock protein PA0456 
Q9HYK7 Ferredoxin--NADP+ reductase fpr PA3397 
P20577 Indole-3-glycerol phosphate synthase trpC PA0651 
G3XDA8 Phosphate-binding protein PstS pstS PA5369 

Q9HXZ2 

Acetyl-coenzyme A carboxylase carboxyl transferase subunit 
alpha accA PA3639 

Q9HTQ0 D-amino acid dehydrogenase 1 dadA1 dadA, 
PA5304 

Q9HZP6 Electron transfer flavoprotein subunit beta etfB PA2952 
Q9HWC6 50S ribosomal protein L1 rplA PA4273 

Q9HWD8 50S ribosomal protein L2 rplB PA4260 

Q9HWD5 50S ribosomal protein L3 rplC PA4263 
Q9HWD6 50S ribosomal protein L4 rplD PA4262 

Q9HWE7 50S ribosomal protein L5 rplE PA4251 

Q9HWF0 50S ribosomal protein L6 rplF PA4248 
Q9HWC8 50S ribosomal protein L7/L12 rplL PA4271 

Q9HUN2 50S ribosomal protein L9 rplI PA4932 

Q9HWC7 50S ribosomal protein L10 rplJ PA4272 

Q9HWC5 50S ribosomal protein L11 rplK PA4274 
Q9HVY2 50S ribosomal protein L13 rplM PA4433 
Q9HWF4 50S ribosomal protein L15 rplO PA4244 

Q9HWE2 50S ribosomal protein L16 rplP PA4256 

O52761 50S ribosomal protein L17 rplQ PA4237 
Q9HWF1 50S ribosomal protein L18 rplR PA4247 

Q9HXQ2 50S ribosomal protein L19 rplS PA3742 

Q9I0A2 50S ribosomal protein L20 rplT PA2741 

Q9HVL6 50S ribosomal protein L21 rplU PA4568 

Q9HWE6 50S ribosomal protein L24 rplX PA4252 

Q9HVC4 50S ribosomal protein L25 rplY ctc, PA4671 

Q9HTN8 50S ribosomal protein L28 rpmB PA5316 

Q9HWE3 50S ribosomal protein L29 rpmC PA4255 

Q9HWF3 50S ribosomal protein L30 rpmD PA4245 

Q9HZN4 50S ribosomal protein L32 rpmF PA2970 

Q9HZ71 30S ribosomal protein S1 rpsA PA3162 

Q9HWE1 30S ribosomal protein S3 rpsC PA4257 

O52759 30S ribosomal protein S4 rpsD PA4239 

Q9HWF2 30S ribosomal protein S5 rpsE PA4246 

(cont. on next page) 
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Table D.1. (continued) 
 

Q9HUM9 30S ribosomal protein S6 rpsF PA4935 

Q9HWD1 30S ribosomal protein S7 rpsG PA4267 

Q9HWE9 30S ribosomal protein S8 rpsH PA4249 

Q9HVY3 30S ribosomal protein S9 rpsI PA4432 
Q9HWD4 30S ribosomal protein S10 rpsJ PA4264 

Q9HWD0 30S ribosomal protein S12 rpsL PA4268 
Q9HWF7 30S ribosomal protein S13 rpsM PA4241 

Q9HWE8 30S ribosomal protein S14 rpsN PA4250 

Q9HXP9 30S ribosomal protein S16 rpsP PA3745 

Q9HWE4 30S ribosomal protein S17 rpsQ PA4254 

Q9HWD9 30S ribosomal protein S19 rpsS PA4259 

Q9I5V8 30S ribosomal protein S21 rpsU PA0579 
Q9HXU0 Lysine--tRNA ligase lysS PA3700 
Q9I0M6 Serine--tRNA ligase serS PA2612 
Q51422 Aspartate--tRNA(Asp/Asn) ligase aspS PA0963 
Q9HX33 Leucine--tRNA ligase leuS PA3987 
Q9HUC8 Arginine--tRNA ligase argS PA5051 
Q9HVX6 Tryptophan--tRNA ligase trpS PA4439 
Q9I502 Proline--tRNA ligase proS PA0956 
Q9I7B8 Glycine--tRNA ligase beta subunit glyS PA0008 
Q9I553 Alanine--tRNA ligase alaS PA0903 
Q51567 Succinate--CoA ligase [ADP-forming] subunit alpha sucD PA1589 
Q9HYU4 Long-chain-fatty-acid--CoA ligase fadD1 PA3299 

P53593 Succinate--CoA ligase [ADP-forming] subunit beta sucC PA1588 

Q9I171 Uncharacterized protein PA2410 

Q9I500 Uncharacterized protein PA0959 

Q9I2R5 Uncharacterized protein PA1830 

Q9I0R1 Uncharacterized protein PA2575 

Q9HXL0 Uncharacterized protein PA3785 

Q9HYZ0 Uncharacterized protein PA3250 

Q9I5U9 Uncharacterized protein PA0588 

Q9I338 Uncharacterized protein PA1689 

Q9HU11 Uncharacterized protein PA5178 

Q9I0D5 Uncharacterized protein PA2707 

Q9I078 Uncharacterized protein PA2765 

Q51384 Uncharacterized protein PA3808 PA3808 

Q9HVW4 Uncharacterized protein PA4453 

(cont. on next page) 
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Table D.1. (continued) 
 
Q9HW49 Uncharacterized protein PA4352 
Q9HVV5 Uncharacterized protein PA4463 
Q9HYT5 Uncharacterized protein PA3309 
Q9I1F7 Uncharacterized protein PA2318 
Q9I658 Uncharacterized protein PA0460 
Q9HX12 Uncharacterized protein PA4015 
Q9HYG6 Uncharacterized protein PA3440 
Q9I0H1 Uncharacterized protein PA2667 
Q9HVF2 Uncharacterized protein PA4639 
Q9I4W2 Uncharacterized protein PA1011 
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APPENDIX E 

 

THE ANTIMICROBIAL EFFECTS OF THE 

CONCENTRATIONS OF PHENOLIC ACIDS USED IN 

NANOPARTICLE PRODUCTION 
 

The concentrations of phenolic acids which were used in nanoparticle 

production demonstrated bacteriocidal effect on P. aeruginosa (Figure E.1; Table E.1) 

 

 

 
 

Figure E.1. The antimicrobial effect of concentrations which were used in nanoparticle 

production on P. aeruginosa. a) 3-HPAA b) 4-HBA 

 

 

 

Table E.1. The effect of the phenolic acid concentrations used in nanoparticle 

production in terms of percent inhibition and cell survival. 

 
Phenolic Acid 

Concentration 

Percentage of 

Inhibition 

Cell Survival 

3-HPAA (3.0 mg/ml) 96 No survivors 

4-HBA (2.8 mg/ml) 98 No survivors 

 

a b 
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APPENDIX F 

 

THE EFFECT OF ETHANOL  

CONCENTRATIONS ON Staphylococci 
 

Since 70% ethanol did not present inhibition zones for S. epidermidis, MRSA 

and MSSA in agar diffusion studies with nanoparticle solutions, the concentration range 

of ethanol was tested on Staphylococci and compared with inhibition of household 

bleach (Figure F.1.-a,b,c). 

 

 

 
 

Figure F.1.  The effect of ethanol on Staphylococci. Different sets (Set 1: left; Set 2: 

right) of the same bacteria; a) MRSA b) MSSA c) S. epidermidis d) The 

template which shows the regions of the solutions on agar plates  
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The solutions in agar plates has an exception in the template: The locations of 

25% and 50% bleach are vice versa in MRSA Set 2 plate (Figure F.1.-d) 

 The results demonstrated that 70% ethanol caused a new growth on its own 

inhibition zone for each tested bacteria. The zone was full covered with bacteria in the 

cases of MRSA and MSSA while a ring-like growth pattern was determined for S. 

epidermidis on the inhibition zone of 70% ethanol. The concentrations of 80% and 85% 

showed clear inhibition zones similar to 25% household bleach had displayed for each 

tested bacterium. Therefore, it could be suggested that using ethanol in 80-85% rather 

than 70% would be much effective on pathogenic Staphylococci which are accepted as 

one of the main agents of many nosocomial infections. 
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