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Thesis abstract

Klebsiella pneumoniae is an opportunistic Gram-negative pathogen that causes a

wide range of infections, including pneumonia, urinary tract, purulent infections,

primary liver abscess and septicemia. We have previously identified from K.

pneumoniae CG43, using in vivo expression technology (IVET), yjcC gene which was

shown to be inducible by paraquat and affect its virulence to mouse. Sequence

analysis of YjcC shows a signal peptide followed by 2 transmembrane domains and a

CSS motif at the N-terminal region, whereas the C-terminal contains a conserved

EAL domain of the PDE enzyme. For the first part of the thesis, we have

demonstrated that yjcC is induced expression by paraquat and H;Q,. The yjcC

deletion reduced the bacterial oxidative stress resistant activity, capsular

polysaccharide production, and virulence to mouse. In addition, the yjcC deletion

mutant exhibited increased production of reactive oxygen species, oxidative damage,

type 3 fimbriae MrkA pilin, and biofilm. The recombinant protein containing the

YjcC-EAL domain was demonstrated to exhibit phosphodiesterase (PDE) activity.

Moreover, transcriptome analysis via RNAseq of CG43S3[pRK415-yjcC] compared

to the CG43[pRK415] gene expression revealed 34 upregulated and 29 downregulated

genes, which include stress related genes. The results suggest that yjcC plays a

positive role in the anti-oxidative stress regulation in K. pneumoniae CG43S3
Vii



(Detailed description in Chapter 2).

In bacteria, the second messenger c-di-GMP is regulated by diguanylate cyclase
(DGC) enzymes and phosphodiesterases (PDEs) that catalyze synthesis and
hydrolysis of this molecule, respectively. Many recent reports show that the
c-di-GMP-mediated signal transduction system is a major regulator for many gene
expression and physiological response. In order to investigate if c-di-GMP level is
involved in the stress response regulation in_K. pneumoniae, the DGC expression
plasmid pRK415-ydeH was used to transform K. pneumoniae CG43S3 to elevate the
intracellular c-di-GMP level. Subsequently, transcriptome analysis via RNAseq was
employed and then gRT-PCR analysis used to confirm the affected genes. The results
showed that, in addition to the reported c-di-GMP upregulated genes mrkABCDF and
mrkHI, the heat shock response and other stress response genes including ibpA, clpB,
dnakK, grxA, and dinl are also increasingly expressed. Compared to CG43S3[pRK415],
CG43S3[pRK415-ydeH] had increased. the heat shock (50°C) resistant activity, but
had reduced the bacterial resistance to oxidative and acid stress by the increase of the
c-di-GMP levels. The results imply that bacteria could resist to the harsh environment
by modulating the intracellular c-di-GMP levels.

Analysis of the recently resolved genome sequence of K. pneumonia CG43

revealed 25 genes coding for GGDEF- or EAL-domain proteins that are responsible

Vil



for the intracellular c-di-GMP level modulation. To clarify how these gene expression

are regulated and what are their functional roles in the bacteria should help to

establish a c-di-GMP-dependent gene network. These data should also provide much

more insights of the c-di-GMP role in the stress response regulation. Besides, several

recent reports have demonstrated that c-di-GMP is able to bind STING protein, the

stimulator of interferon gene, thereby enhances the immune response. It is proposed to

be used as vaccine adjuvant because of the potent immune modulator property. In the

future, the issue of how to apply c-di-GMP: together with antibiotic treatment to

decrease bacterial infections deserves an in depth investigation.
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Chapter 1




1.1 Klebsiella pneumoniae

Klebsiella pneumoniae is a rod-shaped, non-motile, heavily-encapsulated

gram-negative bacterium belonging to the Enterobacteriaceae. As an opportunistic

human nosocomial pathogen, it is primarily attacks immunocompromised individuals.

Mostly community-acquired K pneumoniae infections cause pneumonia or urinary

tract infections [1]. Since 1980s, liver abscesses patients infected with K. pneumoniae

were start to be described in reports and case series in Taiwan [2,3].

1.1.1K. pneumoniae infections

K. pneumoniae has emerged- as the leading cause of pyogenic liver abscess in Asia,

with over 900 cases reported in Taiwan by 2004 [4]. Smaller series have been

reported from other countries in Asia, including the Peoples Republic of China, Korea,

Japan, Singapore, Hong Kong, Thailand and India [5]. Diabetes mellitus or impaired

glucose tolerance is significant comorbidity, present in 40-75 % of these cases. A

significant minority of patients (8-15%) had infection at other anatomical sites,

including brain abscess, endophthalmitis, pyogenic meningitis, empyema, septic

pulmonary emboli, osteomyelitis, septic arthritis, prostatic and psoas abscesses.

Mortality ranged from 4 to 11 %, which is notably lower than historical mortality

rates reported for pyogenic liver abscesses [6,7]. In 1999, K. pneumoniae was first

reported as a cause of community- acquired, mono-microbial pyogenic liver abscess



in North America [6,8]. In Europe, single cases have been reported from Spain,

Belgium, the Netherlands, Sweden, Italy and France [9-13]. One larger case series

from France published in 2011 detailed seven cases of invasive liver abscess from

hospital [14]. In addition, it was identified as the commonest cause (23/79 cases) of

pyogenic liver abscess at two New York City hospitals, between 1993 and 2003 [15].

Invasive isolates typically belong to capsular serotypes K1 and K2, both of which

express a distinct hypermucoviscous phenotype [16]. Heavy encapsulation confers the

bacteria resistance to phagocytosis and prevent from intracellular Killing. Two

plasmid-encoded virulence factors have been well characterized, rmpA, a regulator of

mucoid phenotype that upregulates the capsule synthesis, and the iron siderophore

aerobactin, which enables the bacterium to obtain iron. Other virulence factors

include the genes kfu, which codes for an iron uptake system, and allS, which is

associated with allantoin metabolism. All have been associated with severe pyogenic

infections [17,18].

In the hospital environment with the extensive use of antibiotics, multiple drug

resistance has been increasingly observed in K. pneumoniae, especially the

extended-spectrum B-lactamase (ESBL)-producing strains [19-21]. Carbapenems are

considered to be the preferred agents for the treatment of serious infections caused by

ESBL-producing K. pneumoniae because of their high stability against -lactamase
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hydrolysis and observed retained susceptibility of ESBL producers [22-24]. Nerveless,

it is rare occurrence for liver abscesses caused by ESBL- K pneumoniae have been

reported in Taiwan. Carbapenem-resistant K pneumoniae, such as strains producing

NDM-1, has been increasingly reported [25,26]. Antibiotics such as

ampicillin—sulbactam, a third-generation cephalosporin, aztreonam, and a quinolone

can be used t treat these hyper-resistance strains [27].

1.2 Klebsiella pneumoniae virulence factors

The virulence factors that allow K. pneumoniae to overcome innate host immunity

and to maintain infection in a mammalian host factors include capsule,

lipopolysaccharides, adhesins, iron acquisition systems, serum resistance factor, and

biofilm formation regulators [28,29]. CPS acts to protect the bacteria from

phagocytosis, from killing by polymorphonuclear granulocytes and from killing by

bactericidal serum factors [30-32]. Besides the physical hindrance to fimbrial binding,

the role of Klebsiella' CPS in mediating the bacterial resistance to antimicrobial

peptides has also been reported [33,34]. K. pneumoniae strains expressing K1 and K2

CPS are the most virulent to mice [35]. In addition to the 77 serotypes distinguished, a

new K serotype has been identified in 2008 [36]. Serotypes K1, K2, K4 and K5 are

highly virulent in experimental infection in mice and are often associated with severe

infections in humans and animals [37]. The K1 and K2 serotypes were also found to
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be the most prevalent capsular serotypes in liver abscess-causing K. pneumoniae. The

rmpA (regulator of the mucoid phenotype A) gene correlated with abscess formation

in patients with community-acquired K. pneumoniae bacteremia has been attributed to

be a risk factor for metastatic infection in patients with K. pneumoniae liver abscess

[38]. The rmpA together with rmpA2 gene both located on the large virulence plasmid

pLVPK are able to enhance the CPS biosynthesis thereby confer K. pneumoniae a

hypermucoviscosity phenotype [39].

Animal experiments _have been performed to assess the role of iron-acquisition

systems in K. pneumoniae pathogenicity [40,41]. Analysis of the genomic sequence of

K. pneumoniae NTUH-K2044 revealed 10 putative iron-acquisition systems, whereas

K. pneumoniae strain MGH78578 and CG43 possess only 6 and 8 of these systems,

respectively [42].

The LPS O-antigen and the lipid A are responsible for the resistance to serum

factors and the establishment of septic shock [43]. Antimicrobial peptides, such as

polymyxin B, are bactericidal agents that exert their effects by interacting with the

LPS of Gram-negative bacteria. Our previous studied have shown that regulation of

the gene expression for LPS modification determine the polymyxin B resistance

[44,45]. The adhesion factors, including the type 1 [46,47] and 3 fimbriae [48] play

crucial roles in adhesion to host cells, persistence in infection site, and biofilm
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formation.

1.2.1 K. pneumoniae type 1 fimbriae

Type 1 fimbriae are approximately 7 nm wide and 1-2 um long surface organelles

are found in many bacteria in the family Enterobacteriaceae [49,50]. Type 1 fimbriae

are encoded by fimAICDEFGH gene cluster coding for the fimbrial structure and

assembly. The fimbrial rod consists of the major subunits FimA and the minor

subunits Fiml, FimF, and FimG. The adhesive properties of type 1 fimbriae are

exerted by the FimH adhesin which locates at the tips of the fimbriae. FimC and

FimD are respectively chaperone and usher that are required for the fimbrial assembly.

[51,52]. Type 1 fimbriae, which are able to cause mannose-sensitive agglutination of

yeast cells or erythrocytes (mannose-sensitive haemagglutination, MSHA) from

guinea pig are regulated via phase- variation [47,51,53-57].

The fimK ‘gene, locating downstream to the fimH gene and unique to the K.

pneumoniae fim gene cluster, encodes an EAL domain protein [56]. We have recently

demonstrated that FimK may influence type 1 fimbriation by binding to fimS via the

N-terminal domain, and thereafter, the altered protein structure activates C-terminal

PDE activity to reduce the intracellular c-di-GMP level[58].

1.2.2 K. pneumoniae type 3 fimbriae

Type 3 fimbriae that are originally characterized in Klebsiella strains are 2-4 nm
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wide and 0.5-2 um long surface organelles. The fimbriae are able to agglutinate the

tannic acid-treated human erythrocytes which could not be competitively inhibited by

mannose and hence designated MR/K haemagglutination [59]. Besides playing an

important role in biofilm formation on biotic and abiotic surfaces, type 3 fimbriae are

able to attach the endothelial and bladder epithelial cell lines [60-65]. The fimbriae

are encoded by chromosomally- or plasmid-borne mrkABCDF [61,65,66]. MrkD is

the adhesin that mediates binding specificity and biofilm formation on extracellular

matrix-coated surfaces , which can bind to type IV and/or type V collagen [63].

1.3 Cyclic-di-GMP signaling system

In bacteria, there are having various ways to sense environmental signals and to

adapt their behavior and physiology-through different signaling transduction systems.

In bacteria, there are various ways to sense environmental signals and to adapt their

behavior and ‘physiology. through different signaling transduction systems. Cyclic

AMP (cAMP) is a global second messenger involved in bacterial transcription

regulation, while the signaling role of cyclic di-GMP (c-di-GMP) which was first

discovered in G. xylinus [67] as an allosteric activator of the cellulose synthesis has

not been recognized until recently. The second messenger c-di-GMP exclusively

found in bacteria is involved in many fundamental behaviors such as motility,

sessility and virulence. It also plays key roles in adhesion to surfaces, aggregation and
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biofilm formation, and developmental transitions [68,69] [70].

1.3.1 The GGDEF- and EAL-domain proteins

In general, GGDEF domains are approximately 170 amino acids long and

GG(D/E)EF motif is an integral part of the active site [71]. Stand-alone GGDEF

domains are usually not enzymatically active, but require activation through an

N-terminal signaling domain for activation. Besides the EAL motif, there are several

other highly conserved motifs involved in catalysis, substrate binding and divalent ion

coordination. Usually, EAL domains show significant enzymatic activity without

N-terminal allosteric activation. Both GGDEF and EAL domain containing proteins

can be enzymatically active [72-74]. Alternatively, only one domain possesses

enzymatic activity, while the enzymatically inactive domain serves a regulatory

function [75].

GGDEF or EAL domain proteins often contain additional sensory and signal

transduction domains such as PAS, GAF, HAMP REC, and HTH domains [69,76,77].

It has been shown that oxygen, amino acids, electrons, and photons can modify the

activity of DGC or PDE proteins. For example, PAS is a conserved protein domain

involved in sensing oxygen, redox or light [78]; PleD is a GGDEF domain protein

that carries the REC domain that gets phosphorylated to activate the DGC activity for

c-di-GMP synthesis [79].



Many GGDEF domain proteins possess c-di-GMP diguanyl cyclase (DGC)

activity, while EAL or HD-GYP domain proteins exert c-di-GMP phosphodiesterase

(PDE) activity [72,80,81]. The concentration of c-di-GMP is modulated through the

action of DGC and PDE respectively to synthesize and hydrolysis of c-di-GMP

[82,83].

1.3.2 Regulatory mechanism of ¢-di-GMP

Through binding to diverse receptors or effectors, the c-di-GMP exerts a regulatory

activity. The small ‘effector’ called PilZ domain, transcription factor or riboswitch

[84-86]. The c-di-GMP-mediated regulation can occur at the level of transcription,

post-transcription or post-translation, such as in the allosteric effect on cellulose

synthesis or regulation of protein turnover [70]. In general, c-di-GMP s involved in

positive regulation of exopolysaccharide production, biosynthesis of adhesive

fimbriae and biofilm formation [58,82,87-93]. By contrast, motility is commonly

negatively regulated by c-di-GMP.. Various types of motility, including

flagella-mediated swimming and swarming, type IV pili-mediated twitching motility

are all affected by c-di-GMP [87,94]. In S. typhimurium, high levels of c-di-GMP

generated by overexpression of the DGC AdrA inhibited swarming and swimming

motility while reduction of c-di-GMP levels by overexpression of the PDE YhjH

stimulated motility [95-97]. The binding of c-di-GMP to the PilZ domain protein
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YcgR leads to a conformational change in the protein and consequently the c-di-GMP

loaded YcgR form a complex with FIiG and FliM to impair the flagella activity

[85,98,99].

1.3.3 Role of ¢c-di-GMP in virulence

C-di-GMP signaling is involved in. regulating virulence of many bacteria which

include E. coli, S. Typhimurium, Vibrio cholerae, Pseudomonas aeruginosa,

Bordetella pertussis, Xanthomonas. campestris, . Legionella pneumophila, Brucella

melitensis and Anaplasma phagocytophilum [75,93,98,100-105]. In V. cholera,

downregulation of c-di-GMP levels by the PDE VieA leads to activation of cholera

toxin [106]. P. aeruginosa c-di-GMP signaling is required for biofilm formation in

chronic infection and also the acute infection phenotype [90,107,108]. The plant

pathogen X. campestris pathovar campestris (Xcc) causes disease through a HD-GYP

domain protein expression to regulate the production of extracellular enzymes and

extracellular polysaccharide[109], and motility. In'S. typhimurium, the EAL-domain

like protein STM1344 causes resistance to oxidative stress, inhibits rapid macrophage

killing and is required for virulence in the typhoid fever mouse model. Intriguingly,

STM1344 has no PDE activity nor has bind activity to c-di-GMP, and hence the

involvement of c-di-GMP signalling in these phenotypes remains to be investigated

[110].
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1.3.4 Domain structure of GGDEF- and EAL-protein encoding genes in K.

pneumoniae CG43S3

GGDEF and EAL domain proteins are widespread in bacterial genomes. Very

often one bacterial genome contains more than one GGDEF and EAL domain protein.

The sequenced genome of S. typhimurium codes for 20 GGDEF/EAL domain proteins;

5 contain a GGDEF, 8 an EAL domain and 7 contain both. On the other hand, E. coli

K-12 has 12 GGDEF, 12 EAL and 7 GGDEF-EAL domain proteins [111]. A recent

study search for conserved GGDEF and EAL domains in three sequenced K.

pneumoniae genomes revealed multiple copies of GGDEF and EAL containing

proteins: 21 for K. pneumoniae Kp342, 18 for K. pneumoniae MGH 78578 and 17 for

K. pneumoniae NTUH-K2044 [112]. The K. pneumoniae CG43 genome sequence has

recently been resolved and the annotation results show 24 GGDEF- and EAL-domain

protein encoding genes. As shown in Fig. 1.1, 10 GGDEF-, 11 EAL- and 4

GGDEF-EAL-domain protein encoding genes are identified. The sensor domains

identified include MASE, CHASE, CACHE and CSS motif [113]. Genome-wide

approach to study these proteins might shed light on their functional roles in different

environmental settings.
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Fig. 1.1. Domain architecture of putative c-di-GMP signaling proteins encoded
by the K. pneumoniae CG43. The genome of K. pneumoniae CG43 encoding (A)

GGDEF, (B) EAL, and (C) GGDEF/EAL, the analysis of protein functional domain,
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as indicated, was performed using the Pfam database provided online

(http://www.sanger.ac.uk /Software/Pfam/). The identities of the proteins are also

shown in blue: four EAL domain proteins (YjcC, FimK and MrkJ) that have been

described in K. pneumoniae [58,91,114,115] and (chapter 2).

1.4 Oxidative stress

The most commonly discussed oxidants that cause damage to DNA, proteins,

and cell membranes and often results in cell death are the reactive oxygen species

(ROS) including superoxide anion (02 "), hydrogen peroxide (H,0;), and the hydroxyl

radical (HO), and the reactive nitrogen species (RNS), which include nitric oxide

(NO) and peroxynitrite (ONOO). During infection, pathogens have equipped to

protect themselves from the oxidative burst of phagocytic cells and the challenging

oxidative environments within cellular and extracellular compartments.

The oxygen species can be excluded from active sites by electron transfer to the

redox cofactors. Reactions of this type occur by the formation of reactive oxygen

species (ROS) and their subsequent inactivation of enzymes. Intracellular molecular

oxygen can adventitiously abstract electrons from the exposed redox moieties of

electron-transfer enzymes, thereby generating partially reduced oxygen species. A

mixture of O2 and H,0O, is formed, reflecting the fact that either one or two electrons

can be transferred in an oxidation event. Flavoenzymes, which is ubiquitous and
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abundant, in particular are responsible for all aerobic organisms to experience a

steady flux of endogenously generated oxidants [116]. The overall reaction rate is

proportional to collision frequency; thus, O2  and H,0O, fluxes depend directly upon

the ambient concentration of oxygen [117,118]. Several source of oxidative stress

have been identified that include (a) intracellular enzyme autooxidation. In

exponentially growing E.coli, both O,™and H,0; are generated by the auto-oxidation

of components of the respiratory chain [119]. (b) envirmental redox reactions, (c)

H,0, released by competing microbes, (d) phagosomal NADPH oxidase and (e) redox

cycling antibiotics , plants or microorganisms secrete redox-cycling antibiotics that

diffuse into the competing bacteria, chemically oxidize redox enzymes and transfer

the electrons to molecular oxygen [118].

1.4.1 Oxidative stress response in bacteria

The defense mechanisms, which play an important role in determining the

bacterial virulence, include sensing, avoiding, and removing the oxidants. In

Escherichia coli, superoxide is removed by SODs (SodA, SodB, SodC) [120],

generating hydrogen peroxide which is then removed by catalases (KatE, KatG) and

peroxidases (AhpC). The transcriptome analysis of Pseudomonas aeruginosa or

Staphylococcus aureus response to H,O, revealed many more genes including the
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virulence genes, the genes encoding products involved in DNA repair and anaerobic

metabolism were induced. Nevertheless, many of the genome-wide analysis revealed

the expression of more than 100 genes were induced in responding to either H,O, or

paraquat indicating the complexity of the antioxidant strategies [121-123].

Many of the defenses are controlled by regulators that respond to iron (e.g., Fur),

oxygen tension (e.g., FNR and ArcAB), superoxide (e.g., SoxRS), and hydrogen

peroxide (e.g., OXyR). In E. coli, OxyR is known to regulate more than nine genes

including katG (hydroperoxidase 1), ahpC ‘(alkylhydroperoxide reductase), gorA

(gluthione reductase), oxyS (regulatory RNA), and fur that are involved directly or

indirectly in the oxidative stress response. The antioxidant genes katE, katG, and

sodC have been reported to be components of RpoS regulon .While the expression of

superoxide dismutase SodA and SodB are respectively controlled by at least 3 global

regulators including SoxRS, ArcAB, and Fur [124].

RposS is a sigma factor which regulates expression of a variety of genes in both E.

coli and Salmonella spp. that allows the bacteria to adapt, resist, and survive under

stress condition. The deletion of rpoS in V. vulnificus was found to down-regulate the

expression of fur, indicating a cascade regulation between the two global regulators.

Fur, which is complexed with iron as an iron responsive regulator, binds to multiple

sites (a 19-bp Fur box) with differential affinities to repress the transcription of genes
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required for iron acquisition, acid and oxidative stress responses. However, Fur has

also been demonstrated to function as a transcriptional activator for several genes

including fur itself (Hp and Vv), and virulence associated genes [125-127].

In K. pneumoniae CG43, the 2CS response regulator encoding gene kvgA deletion

was found to reduce the expression of katG and sodC. KvgAS has also been shown to

be induced expression in upon treatment with 0.2 mM paraquat, which suggesting an

involvement of the 2CS in oxidative stress defense in the bacteria. Moreover, we have

reported in K. pneumoniae CG43 that rpoS deletion reduced the kvgAS expression

which also showing a cascade regulation on the expression of 2CS. This suggests

complex signaling networks with inter-connection regulatory circuits are required for

multiple stress signal integration [128].

1.5 Transcriptome analysis

Transcriptome analysis of gene expression can be profiled by high throughput

techniques including SAGE, serial analysis of gene expression [129], microarray

[130], and sequencing of clones from cDNA libraries [131]. Microarrays have been

the method of choice providing high throughput and affordable costs. However, the

microarray technology has limitations including insufficient sensitivity for

quantifying lower abundant transcripts, narrow dynamic range and non-specific

hybridizations.
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Sequencing-based methods such as SAGE rely upon cloning and sequencing cDNA

fragments. This approach allows quantification of mMRNA abundance by counting the

number of times cDNA fragments from a corresponding transcript are represented in a

given sample, assuming that cDNA fragments sequenced contain sufficient

information to identify a transcript. The currently used RNAseq is a SAGE-based

technology that allows for high-throughput analysis of transcriptomes. Its decrease in

the cost allows routinely used in research, increasing application and fast development.

In RNAseg method, complementary DNAs (cDNAS) generated from the mRNA of

interest are directly sequenced using next-generation sequencing (NGS) technologies.

The obtained reads can then be aligned to a reference genome for a whole-genome

transcriptome map.

The NGS technology enables massive parallel sequencing at a reasonable cost

[132,133]. Current NGS platforms include the Roche 454 Genome Sequencer,

[llumina's Genome Analyzer, and Applied Biosystems' SOLID. These platforms can

analyze tens to hundreds of millions of DNA fragments simultaneously, generate

giga-bases of sequence information from a single run, and have revolutionized SAGE

and cDNA sequencing technology [134].
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1.5.1 RPKM measure

Measures of RNA abundance are important for many areas of biology and often
obtained from RNAseq using Illumina sequence data. These measures need to be
normalized to remove technical biases in the sequencing approach, such as the length
of the RNA species and the sequencing depth of a sample. RPKM, which is the most
frequently used measure of RNAseq data, calculates the number of reads mapped to a
particular gene region (rg) and the feature length, flg [135]. The calculation is as
RPKMg = rg x 10%/flg x R, where R is the total number of reads from the sequencing

run of that sample.
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2.1. Abstract

This study shows that the expression of yjcC, an in vivo expression (IVE) gene,

and the stress response regulatory genes soxR, soxS, and rpoS are paraquat inducible

in Klebsiella pneumoniae CG43. The deletion of rpoS or soxRS decreased yjcC

expression, implying an RpoS- or SoxRS-dependent.control. After paraquat or H,O;

treatment, the deletion of yjcC reduced bacterial survival. These effects could be

complemented by introducing the AyjcC mutant with the YjcC-expression plasmid

pJR1. The recombinant protein containing only the YjcC-EAL domain. exhibited

phosphodiesterase (PDE) activity; overexpression of yjcC has lower levels of cyclic

di-GMP. The yjcC deletion mutant also exhibited increased reactive oxygen species

(ROS) formation, oxidation damage, and oxidative stress scavenging activity. In

addition, the yjcC deletion reduced capsular polysaccharide production in the bacteria,

but increased the LD50 in mice, biofilm formation, and type 3 fimbriae major pilin

MrkA production. Finally, a comparative transcriptome analysis showed 34

upregulated and 29 downregulated genes with the increased production of YjcC. The

activated gene products include glutaredoxin I, thioredoxin, heat shock proteins,

chaperone, and MrkHI, and proteins for energy metabolism (transporters, cell surface

structure, and transcriptional regulation). In conclusion, the results of this study

suggest that YjcC positively regulates the oxidative stress response and mouse
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virulence but negatively affects the biofilm formation and type 3 fimbriae expression

by altering the c-di-GMP levels after receiving oxidative stress signaling inputs.

2.2. Introduction

During infection, pathogens protect themselves from the oxidative burst of

phagocytic cells and the challenging oxidative environments within cellular and

extracellular compartments. Upon exposure to oxidative stress such as tellurite,

paraquat or hydrogen peroxide, E. coli exhibits an increase in the intracellular ROS

and the content of protein.carbonyl groups [136-138]. Reactive oxygen species (ROS),

including superoxide anion (O2"), hydrogen peroxide (H20,), and hydroxyl radicals

(HO), may damage DNA, proteins, and cell membranes and often lead to cell death

[117,118]. The bacterial defense mechanism includes sensing, avoiding, and

removing the ROS [123]. In general, SodA, SodB, and SodC remove superoxide,

whereas catalases (KatE and KatG) and peroxidases (AhpC and GST) remove

hydrogen peroxide [139,140]. These various stress defenses are controlled by

regulators that respond to superoxide and redox-cycling drugs (e.g., SoxRS),

hydrogen peroxide (e.g., OxyR), iron (e.g., Fur), or oxygen tension (e.g., FNR and

ArcAB) [140-143]. Diguanylate cyclases (DGCs) and phosphodiesterases (PDES)

regulate the levels of bacterial second messenger cyclic di-GMP (c-di-GMP) by
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catalyzing molecular synthesis and hydrolysis, respectively [71,81]. The regulatory

roles of c-di-GMP appear in numerous bacteria in various cellular functions, including

cell surface remodeling [144], cellulose synthesis [111], virulence [145], maotility

[107], and biofilm formation [146-148]. E. coli YfgF, which exhibits PDE activity,

regulates not only surface cell remodeling but also the oxidative stress response by

modulating c-di-GMP " levels [11]. The disruption of Salmonella enteric Var.

typhimurium cdgR, which encodes a PDE protein, also decreases bacterial resistance

to hydrogen peroxide and accelerates death by macrophages [149].

Klebsiella pneumoniae pyogenic liver abscess isolates often carry heavy capsular

polysaccharides (CPS) to avoid phagocytosis or death by serum factors [33,150]. This

thick and viscous structure also helps regulate the bacterial colonization and biofilm

formation_at the infection site [151]. Several regulators, such as RcsB, RmpA,

RmpA2, KvhR, KvgA, and KvhA, help control the CPS biosynthesis by regulating

the cps transcriptions ‘in K. pneumoniae [39,152]. An increase in CPS synthesis

protects K. pneumoniae from oxidative stress [32,153,154]. However, whether the

modulation of c-di-GMP affects CPS synthesis remains unclear.

The expression of yjcC, an IVE gene isolated from the liver abscess isolate K.

pneumoniae CG43, is inducible in the presence of 10 uM paraquat [115]. Sequence

analysis of YjcC shows a signal peptide followed by 2 transmembrane domains and a
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CSS motif at the N-terminal region, whereas the C-terminal contains a conserved
EAL domain of the PDE enzyme [155]. In addition, the encoding gene yjcC is
cluster-located with soxRS genes, suggesting that it plays a role in the oxidative stress
response. This study investigates whether YjcC plays a role in oxidative stress

defenses and if YjcC uses PDE activity to execute its regulation.

2.3. Results

2.3.1The YjcC expression is paraquat inducible, and SoxRS and RpoS dependent

To confirm the previously reported paraquat-induced expression phenotype [115],
the IVE DNA containing the 5’ non-coding region and part of the coding sequence of
yjcC was isolated from K. pneumoniae CG43S3 and cloned in front of the
promoterless lacZ gene of pLacZ15 [152]. The resulting plasmid was called pPycca.
The sequence analysis of Pyjcc1 shows a conserved Fnr box TGTGA-Ng-TCACA [156]
centered approximately 400-bp upstream of the yjcC start codon. This process also
generated recombinant plasmids pPyjcco and pPyjcco carrying truncated forms of Pyjec:.
These plasmids respectively removed the putative Fnr box and the small stem-loop
sequence of the 33-bp coding region shown in Fig.2.1 (A). As Fig. 2.1 (B) shows, the
bacteria containing pPyj.c1 exhibited the highest level of B-galactosidase activity,
whereas CG43S3[pPyjcc2] had the lowest activity. In addition, the activity of Pyjcc1, but
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not Pyjcco NOr Pyjcco, increased after adding 10 uM of paraquat to the culture medium.
This paraquat-induced characteristic also appeared when the concentration increased
to 30 uM, further enhancing the activity of Pyjcc1.

As Fig. 2.1 (C) shows, the addition 30 uM paraquat to the bacterial culture
significantly increased the yjcC mRNA level. Compared to the expression of the
well-characterized stress response regulators SoxS, SoxR, RpoS, and Fnr, the yjcC
gene expression was more responsive to paraquat than to hydrogen peroxide exposure.
This study also investigates whether yjcC is subjected to regulation by SoxRS or
RpoS. As Fig.2.1 (D) shows, the deletion of soxR, soxS, or rpoS reduces the yjcC

expression, implying that SOXRS and RpoS play a positive role in yjcC expression.

2.3.2 YjcC plays a positive role in the oxidative stress response

Paraquat is a superoxide anion generator. Thus, the paraquat-inducible expression
suggests that YjcC plays a role in the oxidative stress response. To investigate this
possibility, an yjcC deletion mutant was generated through an allelic exchange
strategy. As Fig. 2.2 (A) shows, the yjcC deletion mutant was more sensitive to
paraquat and hydrogen peroxide when compared to the wild type bacteria K.
pneumoniae CG43S3. The deletion effect could be complemented by transforming the

yjcC expression plasmid pJR1 into the mutant. However, introducing the mutant pJR2,
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which expresses the mutant form of YjcC with the conserved E residue of the EAL
domain replaced by A or pJR3 (which carries the coding region of the YjcC EAL
domain), had no complementation effect. Neither of the two EAL-domain protein
encoding plasmids pmrkJ and pfimK, which carry PDE activity, could complement the
yjcC deletion effect. These results suggest that the stress response is YjcC dependent
and both the N-terminal signaling receiving region and the EAL domain of YjcC are
required and specific for an oxidative stress response.

To determine if the YjcC-EAL domain exhibits PDE activity, the recombinant
expression plasmid containing the DNA coding for the EAL domain of YjcC or the
AAL coding region of pJR2 was constructed and overexpresed in E. coli, and the
recombinant proteins were purified. Figure 2.2 (B) shows that the purified EAL
domain protein exhibits PDE. activity towards pNpp. This activity is lower than the
level of the recombinant MrkJ [157], but considerably higher than the activity of the
recombinant protein AALyjcc. As Fig.2.2 (C) shows, the c-di-GMP level of
CG43S3AyjcC[pJR1] was significantly lower than those of CG43S3[pRKA415],
CG43S3AyjcC[pJR2], or CG43S3AyjcC[pJR3]. This suggests that YjcC in vivo
functions as a PDE enzyme capable of reducing the intracellular c-di-GMP levels. The
deletion of yjcC gene from CG43S3 increased the c-di-GMP amounts and the

difference between the levels was much more apparent after the bacteria exposure to
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30 uM paraquat Fig. 2.2(D). This also suggests that YjcC is able to degrade c-di-GMP

and the catalytic activity could be enhanced by oxidative stress.

2.3.3 Deletion of yjcC places bacteria in an oxidative stress state

As Figs. 2.3 (A) and (B) show, the deletion of yjcC after treatment of H,O, or

paraquat significantly raised the levels of the fluorescent probe H2DCFDA (used to

monitor the formation of ROS) and carbonyl proteins. The introduction of pJR1 into

CG43S3AyjcC mutant appeared to reduce the levels of ROS and the carbonyl proteins,

showing that YjcC is involved.-in the removal of ROS or damaged molecules. Thus,

this study also investigates the anti-oxidant activity of YjcC. As Fig. 3C shows, the

deletion of yjcC reduced the oxidant scavenging activity, as assessed by the

absorbance change at 517 nm for the decolorization degree of the purple color,

supporting the possibility that YjcC modulates anti-oxidant activity in a certain

manner. Numerous studies have shown that Fur and RpoS affect and regulate

numerous SODs and catalases [139,158-161]. Figure 2.3 (D) shows that zymogel

analysis and total activity measurement exhibit significant changes in the SOD or

catalase activity after the deletion of fur or rpoS. However, the deletion of yjcC has no

apparent influence on SOD or catalase activity, suggesting that the YjcC-dependent

anti-oxidant enzyme remains to be identified.

26



2.3.4 YjcC plays a regulatory role in the virulence, CPS production, biofilm

formation, and type 3 fimbriae expression

YjcC, previously identified as an IVE gene product, is likely involved in infection

[115]. To investigate whether YjcC is a virulence factor for the bacteria to establish

infection, a mouse peritonitis model was employed. As Table 1 shows, the LD50 to

Balb/c mice increased approximately 10-fold after yjcC deletion; introducing AyjcC

with pJR1, but not pJR2 or pJR3, could restore the LD50. This indicates that YjcC

expression at a certain stage is required for mouse infection. It is interesting to note

that the AyjcC colony is smaller and less mucoid, as determined by a string test [39],

than its parental strain on LB agar plate. Therefore, sedimentation analysis and

glucuronic acid content measurement are carried out to determine the CPS production.

As Fig. 2.4 (A) shows the deletion of yjcC reduces CPS production. The CPS

deficient phenotype can be fully complemented with the transformation of pJR1 into

the AyjcC mutant. However, transforming the mutant with pJR2 or pJR3 partially

restores glucuronic acid production.

The second messenger c-di-GMP plays an important role in bacterial biofilm

formation [14-16]. Figure 2.4 (B) shows that the biofilm formation activity of AyjcC

appears to increase compared to the parental strain, whereas that transformed with

pJR1 decreases biofilm formation. This can be attributed to the level changes of
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c-di-GMP (Fig. 2.2 C), which indicates that the YjcC expression of pJR1 significantly

reduces the c-di-GMP level, thus reducing biofilm forming activity. Moreover, type 3

fimbriae is a major determinant of biofilm formation in K. pneumoniae [64].

Therefore, this study also investigates the deletion effect on type 3 fimbriae

expression. As Fig. 2.4 (C) shows, the western blot hybridization with anti-MrkA

antibody shows that the yjcC deletion also increased the major pilin MrkA production

of type 3 fimbriae.

2.3.5 Effects of YjcC overexpression assessed using a transcriptome study

This study uses comparative transcriptome analysis between CG43S3[pRK415] and

CG43S3[pJR1] to gain further insights into how YjcC executes its regulation.

Analysis of the genome annotation of liver abscess isolate K. pneumoniae

NTHU-K2044 [112] shows that the increased expression of yjcC significantly

enhances the expression of 34 genes. As Table 2.2 shows, the YjcC-activated genes

can be categorized into 12 functional groups. These include the oxidative stress

response genes grxA, ybbN, dinl, priB, and stpA, which are involved in anti-oxidation

[162,163] or DNA repair [163], the heat shock chaperone protein encoding genes

ibpB, ibpA, htpG, and dnaK, which are generally induced in stress conditions [164],

and the genes coding for chaperone ClpB and PspB to protect protein from
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aggregation and help maintain proton motive force (PMF) to counteract stress

conditions [165,166]. Increasing the expression of yjcC also enhanced the expression

of PilZ domain protein MrkH and the LuxR-type transcription factor Mrkl.

Conversely, 29 genes whose expressions were significantly repressed by the increase

of YjcC expression include fumB, which.is regulated by fnr under limited oxygen and

anaerobic conditions [124]. Other YjcC negatively affected genes are metabolite

transporter genes and genes coding for permease and energy metabolism involved in

the synthesis of amino acids (Table 2.3).

As assessed by gRT-PCR analysis, Fig. 2.5 shows that the mRNA level of mrkH

and mrkl, respectively increased 2.87- and 3.24-fold in CG43S3[pJR1] compared to

that of CG43S3[pRK415]. In contrast, the mrkA transcript levels dropped to

approximately 1/3 of that of CG43S3[pRK415].

2.4. Discussion

In E. coli, all the described genes inducible by paraquat are a part of the SOoxRS

regulon [167-169]. The expression of yjcC is RpoS-dependent in E. coli [170].

Consistent with this finding, the yjcC expression in K. pneumoniae is affected by

RpoS and by SoxRS at the transcriptional level. No SoxRS or RpoS binding box

appears within the putative promoter sequence, suggesting the possibility of an

indirect control. In E. coli, the FNR regulator controls the transition between aerobic
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and anaerobic growth at the transcriptional level [171]. The conserved fnr binding box

present in the upstream non-coding region of yjcC implies an FNR dependent control

of YjcC expression. Thus, the yjcC regulation by FNR likely occurs in poorly

oxygenated environments.

The K. pneumoniae NTUH K2044 genome contains 27 genes encoding

GGDEF-, EAL-, and GGDEF-EAL-domain proteins of potential DGC and PDE

enzyme activity [172]. The yjcC encoding gene. is also identified as member of the

protein family. The family regulation specificity is determined by the sensory domain

of the DGC or PDE proteins. Figure 2.2 (A) shows that the PDE expression plasmids

pfimKand pmrkJ, which contain the respective coding region with putative promoter,

failed to complement yjeC deletion.-This may be due to fimK and mrkJ genes are not

induced in comparison to yjcC in the presence of paraquat. There is also the

possibility that the N-terminal peptide of approximately 300 aa of YjcC plays a role in

the oxidative stress response besides signal sensing. Various sensory domains can

bind to small molecular signals, and through this connection, modulate the levels of

c-di-GMP [173,174]. Although the signal for the CSS-motif remains unknown, we

speculate that YjcC-mediated signaling sensing may occur in the periplasmic space

because of the signal peptide and the transmembrane domain at the N-terminal region.

The purified recombinant EAL domain of YjcC exhibits PDE activity. However, the
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amount of c-di-GMP in CG43S3AyjcC[pJR3] is approximately the same as that in

CG43S3AyjcC[pRK415] and CG43S3AyjcC[pJR2], suggesting that the EAL domain

has extremely low levels of PDE activity. The N terminal region of YjcC likely

requires receiving some signal from outside, and the interaction of the sensory domain

with signaling molecules activates the PDE activity. This is supported by Fig. 2.2 (D)

showing that the deletion of yjcC gene from CG43S3 raised the c-di-GMP levels and

the influence. was much more apparent after the bacteria exposure to 30 pM of

paraquat.

The deletion of yjcC decreases the CPS production and the virulence attenuation,

indicating that YjcC is required to avoid the damage of oxidative stress. In bacteria,

superoxide dismutase and catalase are common antioxidant enzymes that scavenge

ROS from oxidative stress. The redox proteins (including GrxA and YbbN) required

for maintaining redox status in bacteria are also protect bacteria from oxidative stress

[175,176]. The deletion of yjcC has no apparent effect on the SOD and catalase

activity, but appears to increase the transcription of grxA and ybbN. This suggests that

YjcC is involved in regulating the redox levels in bacteria after oxidative stress. The

chaperone protein ClpB stabilizes protein and suppresses the protein aggregation

induced by heat or other stresses [165,177]. The phage shock proteins, PspB and PspC,

act as positive regulators to transduce stress signal(s) to PspA through protein—protein
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interaction, maintaining the proton-motive force under extracytoplasmic stress
conditions [166]. Transcriptome analysis shows that an increase in YjcC induces the
expression of several heat shock proteins and chaperones, suggesting that YjcC is
involved in regulating anti-stress responses. The fumarase gene fumB, which is
expressed under anaerobic cell growth conditions, is regulated by Fnr and ArcA
[178,179]. The result of yjcC expression reduced the fumB transcripts implies that
YjcC is a component of the Fnr and ArcA regulatory pathway.

In K. pneumoniae, the second messenger c-di-GMP activates type 3 fimbriae
expression through MrkHI activation [146]. However, the increased synthesis of
mrkH and mrkl transcripts by the overexpression of yjcC remains unclear. We have
found that mrkHI expression is barely detected under LB culture (unpublished
observation). Under oxidative stress pressure, the N-terminal region of YjcC may turn
on the expression of MrkHI. Thus, the N-terminal region likely plays a determinant
role in YjcC-dependent regulation. E. coli YdeH has c-di-GMP cyclase activity [180].
The transcriptome analysis as shown in Table S3 revealed that the transcript levels of
mrkA, mrkH, and mrkl in CG43[pRK415-ydeH], with c-di-GMP level of 23.1 fmole/
mg™ (data not shown), significantly increased compared to those of CG43S3[pJR1].
This also indicates that mrkHI expression is c-di-GMP level-dependent and the

N-terminal part of YjcC plays a positive regulatory role in the expression of mrkHI.
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Overall, these results indicate that the YjcC-mediated regulatory system is

considerably more complex than expected. During infection, the transition from

aerobic to microaerobic conditions or the transition from a microaerobic to oxidative

stress environment, YjcC may be activated through sensory regulatory systems on the

N-terminal region. Thereafter, YjcC modulates the levels of c-di-GMP to affect the

expression of the downstream regulatory pathways. In conclusion, YjcC regulates the

oxidative stress response, mouse virulence, CPS synthesis, biofilm formation, and

type 3 fimbriae expression. This most likely occurs through the adjustment of

c-di-GMP levels after receiving outside signals.
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Table 2.1. YjcC effect on the mouse virulence.

Strain LD50
CG43S3 1x10*
CG43S3AyjcC 7.8 x10°
CG43S3AyjcC [pIR1] 3.3 x10*
CG43S3AyjcC [pJR2] 1.1 x10°

The tested bacterial strains - CG43S3, CG43S3AyjcC,CG43S3AyjcC[pJR1] and
CG43S3AyjcC[pJR2] were cultured in LB medium at 37°C for overnight.

Five mice of a group were injected intraperitoneally with bacteria resuspended in 0.2
ml of saline in 10-fold steps graded doses. The LDsy, based on the number of
survivors after one week, were calculated by the method of Reed and Muench

[215]and expressed as CFU.
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Table 2.2 Significantly upregulated genes by yjcC

overexp ression

Proposed function Gene name Fold® expression ORF® ID
Oxidative response
[repair/sos responsive
Glutaredoxin | grxA 2.6 KP1 1843
Thioredoxin ybbN 24 KP1 1349
DNA damage inducible protein | dinl 2.1 KP1 2061
Heat shock response/chaperones/protein
modification
Heat shock protein ibpB 5.9 KP1_ 5467
Heat shock protein ibpA 5.6 KP1 2622
Heat shock protein 90 htpG 29 KP1_1331
Heat shock protein 70 dnaK 3.5 KP1_0835
Protein disaggregation chaperon clpB 3.2 KP1_4170
Phage shock protein B pspB 2.1 KP1_2344
Ci-di GMP metabolite
EAL containing protein yjeC 6.3 KP1_0324
PilZ domain protein mrkH 3.2 KP1_4551
Energy/intermediary metabolism
Carbamoyl phosphate synthase carA 3.2 KP1_0853
Ascorbate specific PTS family enzyme 3.1 KP1_2793
D-arabinitol dehydrogenase 2.9 KP1_3760
Allulose-6-phosphate 3-epimerase 2.3 KP1_2791
Xylulokinase 2 KP1_3759
Transporter
ABC transporter ATP-binding protein 25 KP1_5267
Putative transport protein/kinase ydjN KP1_2272
Amino acid biosynthesis
Sulfate adenylate transferase subunit 2 cysD 2.4 KP1_4384
Nucleotide biosynthesis and metabolism
Methionine sulfoxide reductase A msrA 25 KP1_0489
DNA replication/recombination/repair
Primosomal replication protein N priB 2.1 KP1_0469
DNA binding protein, nucleoid associated StpA 2.6 KP1_4260
Cell surface structures
Prepillin peptidase dependent protein 2.6 KP1 0311
Two component system connector ycgZ 2.6 KP1_1728
Pullulanase-specific type Il secretion system outer pspD 2.3 KP1_0998
membrane lipoprotein
Regulators
LysR family transcriptional regulator 2.8 KP1_4352
Transcriptional activator nhaR 2.1 KP1_0838
LuxR family regulatory protein mrkl 2.6 KP1_4552
Hemolysin modulating protein hha 2.6 KP1 1317
Transcriptional antiterminator of glycerol 2.1 KP1 1112
uptake operon
DNA binding transcriptional activator pspC 2.1 KP1 2344
Hypothetical proteins
ParB family protein HP 3.3 KP1_2152
formylglycine generating sulfatase 2.6 KP1 3378
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Table 2.3. Significantly downregulated genes by yjcC
overexpression

T T Y S =T T
P Fold® ORF" ID

roposed function Gene name

exeression

Anaerobic response protein

Anaerobic class | fumarate hydratase fumB -5.7 KP1_ 2562
Transporter
Alanine/serine/glycine transport protein -6.8 KP1_2505
ABC transport system ATP binding protein -4.5 KP1_3173
PTS transporter subunits I'ABC -5.0 KP1_3804
Methylgalactoside transporter inner membrane component mglIC -4.8 KP1_0277
Methylgalactoside transporter system mgIB -4.2 KP1_3815
Substrate-binding component
Putative ABC transport system component -4.6 KP1_3175
Molybdate ABC transporter system -4.4 KP1_3995
Maltose/maltodextrin transporter ATP binding protein malK -4.2 KP1_0276
Sugar ABC transport system permease component -4.1 KP1_1424
Putative ABC transporter mocB -3.7 KP1_1423
Putative rhizopine uptake ABC transporter proY -3.7 KP1_1422
Permease
Putative PTS permease -6.5 KP1 0760
Putative amino acid permease -4.3 KP1_1204
Amino acid biosynthesis
Arginine succinyltransferase -4.5 KP1_2499
Acetylornithine transaminase -5.0 KP1_2498
Putative glutamine synthetase -3.3 KP1 2006
Energy/intermediary metabolism
Succinate antiporter -6.4 KP1_ 2563
Succinylarginine dihydrolase -5.3 KP1 2502
Glucosamine-fructose-6-phosphate -6.0 KP1 0764
aminotransferase
NADH: flavin oxidoreductase -5.8 KP1 2565
Phospho-beta glucosidase -5.2 KP1_3803
Acety-CoA synthetase asc -4.3 KP1_0342
Succinylglutamate desuccinylase astE -4.0 KP1_2256
Phosphomannosemutase manB -34 KP1_3702
Putative monooxygenase subunit -3.1 KP1 1996
Putative acid phosphotase -3.1 KP1 3725
Regulators
DNA binding transcriptional repressor IldR -4.5 KP1_5297
Cell surface structures
Maltoporin lamB -4.8 KP1_0277

Table2 and 3. Significantly upregulated and downregulated genes by YjcC
overexpression. The selected genes show more than 2 log, fold change (in absolute

value) in the abundance of transcript between K. pneumoniae CG43S3[pRK415] and
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CG43S3[pJR1]. # Log, fold change represents the log, ratio of mRNA transcript
levels of CG43S3[pJR1] to CG43S3[pRK415]. * Open reading frame (ORF) ID is as

annotated from K. pneumoniae NTUH K2044.




Fig. 2.1. The yjcC is paraquat inducible, and SoxRS and RpoS dependent.
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(A) The putative promoters-respectively containing 525 bp (Pyjcc1), 385 bp (Pyjcc2) and

415 bp (Pyjcco) of yjcC were isolated and cloned into the LacZ reporter plasmid

placZ15.
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(B) The recombinant plasmids placz15, pPyjcci, PPyjccz and pPyjeco were then
transformed to K. pneumoniae CG43Z01 and the B-galactosidase activities of the
transformants grown to log-phase in LB broth were determined. The results are shown

as an average of triplicate samples. Error bars indicate standard deviations.
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(C) Total RNA of K. pneumoniae CG43S3 was isolated after the bacteria were grown
in 2 mM H0; or 30 uM of paraquat. Specific primer pairs used to detect the
expression of soxR, soxS, rpoS, and yjcC are listed in Table 5.2. Relative fold

expression was compared with the non-induced condition and determined by the

-AACt

2 method [207]. Error bars indicate standard deviation of the mean. Data are

representative of three independent experiments.
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(D) The expression of yjcC was determined in ASOXRS and ArpoS mutant by qRT-PCR.

Data are representative of three independent experiments, *, P< 0.001.
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Fig. 2.2. Analysis of the deletion effects of yjcC upon exposure to oxidative stress.
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(A) Diagrammatic depiction of the YjcC complementation plasmids is shown in the
upper panel. The plasmid pJR2 is identical to pJR1 except that the E residue was
replaced with A by site directed mutagenesis. The plasmid pJR3 carries only the
EAL domain region of YjcC. Overnight cultures were collected and. refreshed
grown in LB until OD600 reached 0.6-0.7.-500 uM ‘paraquat or 10 mM H,0O,was
then added and the cultures continued for 35 min and finally the cultures plated

onto LB plates for colony formation.



(B)

1.0

0.8 -

0.6 —

0OD405

0.4

0.2

0.0 A==

BSA  MrkJ  EAL,: AAL ¢

(B) The phesphodiesterase activity of purify recombinant MrkJ protein, YjcC-EAL
domain and YjcC-AAL domain proteins. BSA was used as a negative control. The

activity is demonstrated using bis (pNpp) as substrate by the release of p-nitrophenol.
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(C), (D) Quantification of the c-di-GMP levels in K. pneumoniae CG43S3 using the
ELISA kit according to the manual (Wuhan ElAab Science Co., Ltd). Three
independent experiments were performed for the measurement Error bars shown are
standard deviations, and asterisks indicate the differences with a statistical

significance, P< 0.001.
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Fig. 2.3. Deletion of yjcC places bacteria in an oxidative stress state.
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(A) Cytoplasmic ROS content determination. (B) The oxidation determination of the
cytoplasmic proteins and membrane lipids. The log-phased bacteria K. pneumoniae
CG43S3[pRK415], AyjcC[pRK415] and AyjcC[pJR1] were exposed to 500 uM
paraquat or 10 mM H,O, for 40 min and the intracellular peroxide levels and the

carbonyl groups were determined. Bars represent standard deviations (n= 4).
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(D) SOD and (E) catalase activity determination as described in Materials and
Methods. Left panels, in gel staining for the activity of Mn-SOD and Fe-SOD (D) and
catalase HPI and HPIlls (E); Lanes 1, 2: CG43S3; 3, 4. AyjcC; 5, 6:
AyjcC[pRK415-pJR1]; 7, 8: AsoxRS; 9, 10: Afur; 11, 12: ArpoS. Lanes 1, 3,5, 7, 9,
and 11 are protein extracts of the bacteria with no stress treatment; 2, 4, 6, 8, and 10
are protein extracts of the bacteria with paraquat. Right panels, quantitative

measurement of the total SOD (D) and catalase activity (E).
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Fig. 2.4. YjcC affects the CPS biosynthesis, biofilm formation and MrkA

production.
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(A) Sedimentation analysis (upper panel) and glucuronic acid content measurement
(lower panel). Bacteria were grown overnight-in LB broth at 37°C and subjected to
centrifugation at 4000 rpm for 5 min. The glucuronic acid contents are expressed as
the average of the triplicate samples. Error bars indicate standard deviations. *, P<
0.001 compared to the parental strain CG43S3 (n = 3).Biofilm formation as

assessed using crystal violet staining (upper panel) and spectrometry (lower panel).
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(B) Bacteria were grown at 37°C in polystyrene plates for 24 h, the sessile bacteria
stained with crystal violet, and then the stained cells eluted with 95% ethanol. *, p<
0.001. Data are representative of three independent experiments (triplicate in each

experiment).
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(B) Western blotting analysis for the expression of MrkA. Bacteria were grown
overnight at 37°C with agitation in LB broth, and then total proteins extracted for

western blot analysis. GAPDH was probed as a protein loading control.
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Fig. 2.5. gRT-PCR analysis of the expression of mrkA, mrkH, and mrkl. Total
RNA of K. pneumoniae CG43S3[pRK415] and CG43S3[pJR1] were isolated after the
bacteria were grown overnight in LB supplemented with 12.5ug/ml tetracycline.
Specific primer pairs used to detect the expression of mrkA, mrkH, and mrkJ are listed
in Table S2. Relative fold expression was compared with the non-induced condition
and determined by the 24" method. Error bars indicate standard deviation of the

mean. Data are representative of three independent experiments.
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Chapter 3

Transcriptome ang yclic di-GMP effect

on the stre ‘pneumoniae
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3.1 Abstract

A comparative transcriptome analysis via RNA sequencing is employed to

determine if the second messenger cyclic di-GMP plays a role in the pathogenesis of

Klebsiella pneumoniae-associated liver abscess. The analysis reveals 94 upregulated

(>1.5-fold change) and 154 downregulated genes (< 2-fold change) with the increased

production of diguanylate cyclase YdeH in K. pneumoniae CG43S3, a liver abscess

isolate. The significantly activated genes included KP_0384 (perA), KP1 0385 (perC),

ibpA, ibpB for heat shock response, pspB and pspD for phage shock response, and

mrkABCDF and mrkHIJ respectively for type 3 fimbriae expression and the fimbrial

regulation. Quantitative PCR analysis has been performed to validate the up-regulated

genes which include ibpA, clpB, dnaK, grxA, dinl, mrkA, mrkH and mrkl. Compared

to CG43S3[pRK415], the bacteria CG43S3[pRK415-ydeH] had increased the

c-di-GMP levels and also the heat shock stress response, while decreased the acid

stress and oxidative stress survivals.

3.2 Introduction

During the last decade, K. pneumoniae causing community-acquired primary

pyogenic liver abscess (PLA) has become an emerging disease which receiving

increasing attention. Many studies on the PLA pathogenesis have been reported

[181-185], however, no conclusive points could be presented. The bacterial second
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messenger c-di-GMP is a global signaling molecule that has been shown to influence

a lot of physiological activity [186-188]. In recent year, its regulation on the stress

response has been reported such as E.coli K12 YfgF, S. Typhimurium STM1344 in

oxidative stress response[110,144], anti-toxin mqsA resistance of E. coli in acid

stress[189], and V. cholera HapR in_the stress response regulation [190]. However,

c-di GMP regulation on the heat shock stress response has not been reported yet.

In the liver abscess isolate K. pneumoniae CG43, c-di-GMP has been shown as

an effector for the expression of the PilZ domain protein MrkH and also the type 3

fimbriae expression [191]. Here we examine the effect of increasing c-di-GMP levels

by transforming into K. pneumoniae CG43 with E. coli ydeH, which encodes a

GGDEF domain protein and has been shown a high DGC activity [180,192]. A

comparative transcriptome analysis of CG43S3[pRK415] and CG43S3[pRK415-ydeH]

using RNA-seq approach is then carried out in order to identify the genes responding

to c-di- GMP regulation.

3.3 Results

3.3.1 The ydeH expression increased the c-di-GMP levels and biofilm formation

As shown in Fig.3.1A, the intracellular c-di-GMP content is increased 2.4-fold

by the introducing the ydeH expression plasmid pRK415-ydeH into CG43S3. The

biofilm forming activity analysis also supports the c-di-GMP mediated effect which is

50



to increase the biofilm formation activity (Fig. 3.1B). The results confirmed that the

GGDEF domain protein YdeH carries a c-di-GMP DGC activity.

3.3.2 Up-regulated genes and down-regulated genes by the increase of c-di-GMP

levels

The comparative transcriptome analysis, on the basis of the genome annotation of

K. pneumoniae NTHU-K2044 which is also a liver abscess isolate [112] revealed 19

genes significantly upregulated (> 2.3 fold expression) and 31 genes downregulated

(< 4 fold expression). As shown in Table 3.1, the transcript levels of KP1 0384,

KP1 0385, heat shock protein encoding genes ibpA, 1bpB, clpB and psp as well as

mrkH and mrkABCDF are increased. By contrast, the downregulated genes include

many metabolite transporters and permease (Table 3.2).

3.3.3 gRT-PCR analysis validates the c-di-GMP dependent expression manner

In order to confirm the RNAseq data, we have selected 8 genes including mrkA,

mrkH, mrkl, grxA, ibpA, ibpB, clpB, and dnaK for gRT-PCR analysis. Fig.3.2 shows

mrkA and dnaK transcript levels are respectively increased 3.0 and 3.5 fold by the

increasing levels of c-di-GMP, other transcripts are increased at least 1 fold compared

to wild type.

3.3.4 Increased c-di-GMP level upregulates the heat shock stress response but

downregulated the response to acid stress or oxidative stress
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The transcriptome analysis implies a c-d-GMP dependent regulation of the stress
response. The survival analysis against the stresses including heat (50°C), acid (pH 3),
and oxidants (H,O;) revealed the increased c-di GMP level increased the heat shock
survival rates but reduced the survival rates after bacteria exposure to 10 mM H,O; or
acid (Fig.3.3).

3.4 Discussion

In addition to mrkABCDF, mrkHI, and the stress response genes, the up-regulated
genes also include KP1_0384 (perA) and KP1 0385 (perC) both coding for
transcription factors. For enteropathogenic E coli, perA gene is a transcriptional
activator carried by the virulence related perABC operon [193-196].

Gene annotation analysis of the  CG43 genome reveled only perA and perC,
implying per operon may play different role in regulation of the virulence in K.
pneumoniae. The dnaK transcript which is significantly increased by the increase of
c-di-GMP level encodes a molecular.chaperone important for protein protection
against stress [197,198]. The protein quality maintenance is essential for bacteria
under exposure to stresses and therefore DnaK is extremely important for bacterial
survival in harsh environment such as the infection site in the host body. Interestingly,
phage shock related genes are also induced expression by c-di-GMP induced (Table

3.1). This implies the c-di-GMP level changes may be related to the bacterial resistance
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to phage infection or to maintain the lysogenic state [199-201].

Table 3.1 and 3.2 Up-regulated genes and down-regulated genes from the

comparison of CG43S3[pRK415-ydeH] and CG43S3[pRK415]

Proposed function Gene name Fold® expression
heat shock chaperone IbpB IbpB 6.17
PerC transcription regulator , Transcriptional
activator of eae A/bfpA expression in 6.12
enteropathogenic E.coli KP1 0385
mrkH, pilZ domain KP1 4551 (mrkH) 5.84
heat shock chaperone IbpA ibpA 4.81
mrkB mrkB 4.79
multiple drug resistance protein MarC KP1 2622 4.61
mrkA mrkA 4.48
mrkl KP1_4552(mrkl) 4.17
mrkJ, EAL domain protein KP1_4554 (mrkJ) 4.03
mrkC mrkC 4.02
mrkF mrkF 3.98
transcriptional antiterminator of glycerol uptake 3.92
operon KP1 1112 :
putative phospho-2-dehydro-3-deoxyheptonate 338
aldolase KP1 1114 i
sulfate/thiosulfate transporter subunit CysA 3.32
putative L-xylulose kinase lyx 3.25
putative oxidoreductase protein KP1 1109 3.20
molecular chaperone DnaK dnaK 3.14
mrkD mrkD 3.13

fabG (NC_012731

3-ketoacyl-ACP reductase 1083687..1084494) 3.08
putative lactose/cellobiose-specific PTS family 3.07
enzyme |IB component KP1 5424 :
ABC transporter ATP-binding protein KP1 5267 3.05
protein disaggregation chaperone clpB 3.02
recombination and repair protein recN 2.98
DNA-damage-inducible protein | dinl 2.97
LuxR transcription factor KP1_0384 2.94
putative acyltransferase KP1 5452 2.80
putative enzyme KP1 3482 2.74
sulfate adenylyltransferase subunit 2 cysD 2.69
thiosulfate transporter subunit cysP 2.62
putative methyltransferase KP1_1106 2.60

. cysG (NC_012731
siroheme synthase 4204327..4205743) 2.59
bifunctional putative transport protein/putative

. . 2.50
kinase ydjN
phage shock protein B pspB 2.49
putative thioredoxin protein ybbN 247
Glutaredoxin | grxA 2.45
DNA binding protein, nucleoid associated htpG 243
carbamoy! phosphate synthase small subunit carA 241
PTS system, galactitol-specific 11C component KP1_1108 2.39
peripheral inner membrane phage-shock protein pspD 2.36

53




Table 3.2 downregulated

Proposed function Gene name Fold? expression
putative glyoxalase/bleomycin resistance 548
protein/dioxygenas KP1_ 2502 )
L-lactate dehydrogenase -5.47

IldD

putative PTS permease KP1_0762 -5.34
putative Glucosamine-fructose-6-phosphate 517
aminotransferase KP1_0765 '
putative ABC transport system inner 508
membrane permease KP1_3174 '
putative PTS permease KP1 0761 -5.04
putative NADH:flavin oxidoreductase KP1_2565 -4.96
succinylglutamate desuccinylase KP1 2504 -4.95
putative tartrate:succinate antiporter KP1 2563 -4.92
succinylglutamic semialdehyde 488
dehydrogenase astD '
putative cytoplasmic protein yiiL -4.81
putative PTS permease KP1_0763 -4.77
D-alanine/D-serine/glycine transport-protein KP1_2505 -4,71
putative glucosamine-fructose-6-phosphate 467
aminotransferase KP1_ 0764 ;
HP KP1 0341 -4.62
putative PTS permease KP1_0760 -4.62
putative ABC transporter KP1 1423 -4.61
putative rhizopine uptake ABC transport
system periplasmic solute-binding protein mocB (NC_012731 -4.51
precursor 1369144..1370062)
beta-methylgalactoside transporter inner 446
membrane component mgIC ‘
putative phospho-beta-glucosidase KP1 3803 -4.45
putative ABC transport system periplasmic -4.39
binding component KP1:3175 :
oxidoreductase KP1 1248 -4.32
sugar ABC transport system permease 497
component KP1_1424 i
lysine/cadaverine antiporter cadB -4.27
anaerobic class | fumarate hydratase/fumarase -4.95
B fumB '
putative myo-inositol catabolism protein iolB -4.23
maltoporin lamB -4.19
arginine succinyltransferase KP1_2499 -4.14
methyl-galactoside transport system 413
substrate-binding component mgIB '
citrate/acetate antiporter CcitW -4.12
putative ABC transport system ATP-binding 410
component KP1_3173 '
bifunctional succinylornithine -4.06
transaminase/acetylornithine transaminase KP1 2498 '
acetolactate synthase iolD -3.91
galactose-proton symport of transport system KP1_ 2730 -3.76
acetate permease actP -3.74
putative aldehyde dehydrogenase KP1_0552 -3.70
putative POT family di-/tripeptide transport

. . -3.66
protein yjdL
putative aldehyde dehydrogenase KP1_1995 -3.66
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putative acetyltransferase
HP

histidine ammonia-lyase
putative amino acid permease

glutamate/aspartate transport system permease

putative inner membrane protein

HP

glutamate/aspartate transport system
ATP-binding component

HP

putative cytoplasmic protein

Predicted sugar epimerase

putative epimerase/isomerase

putative di(mono)oxygenase alpha subunit
type VI secretion system OmpA/MotB family
protein

maltose ABC transporter periplasmic protein
glutamate and aspartate transporter-subunit
HP

phosphomannomutase

pullulanase-specific type Il secretion system
component J

HP

aldehyde dehyrogenase

putative glutamine synthetase
putative PTS system transport protein
PTS system beta-glucoside-specific
transporter subunits IIABC

KP1_5342
KP1_3995

hutH

proY (NC_012731
1688850..1690233)
gltd (NC_012731
1578169..1578910)
KP1 1483

KP1 2985

gltL (NC_012731
1576770..1577496)
KP1 1396
KP1_0509
KP1_0551
KP1_0562
KP1_1996

KP1 3385
malE

gltl

KP1 2314
manB

puld

KP1_ 0047

astD (NC 012731
2168051..2169530)
KP1_2006

KP1_ 1484

KP1 3804
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Fig.3.1. Cyclic di-GMP._content. (A) C-di-GMP levels were determined using the
ELISA kit (Wuhan ElAab-Science Co., Ltd). Three independent experiments were
performed and error bars shown. (B) Biofilm formation. 20 pl of overnight bacteria
were grown in LB at 37°C for 24 h. Biofilm development was observed visually as a
function of pellicle formation and photographed. Data are representative of three

independent experiments.
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Relative fold expression

ibpA cIpB dnaK grxA dinl mrkA mrkH mrkl
Fig. 3.2 qRT-PCR analysis-of the selected up-regulated genes. Total RNA were
isolated from the overnight culture of CG43S3[pRK415] and CG43S3[pRK415-ydeH].
Specific primer pairs selected for the up-regulated genes with over 3-fold increase of
expression. Relative fold expression was determined by the 2-**<' method. Data are

representative of three independent experiments.
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Fig. 3. 3 Heat shock stress survival analysis. - The heat shock stress response was
measured by colony formation (A) and survival rate (B). Overnight cultures of
CG43S3[pRK415] and CG43S3[pRK415-ydeh] were collected and refreshed grown
in LB until OD600 reach 0.6~0.7. Aliquots of bacteria were then heated to 50 °C for
20, 40, and 60 min individually. Finally, the cultures were plated onto LB plates by
10-fold dilution for colony formation and the survival rate calculated. Error bars
indicate standard deviation of the mean. Data are representative of three independent

experiments.
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Fig. 3.4. Responses to acid stress (A) and oxidative stress (B). (A) Log-phased
bacteria were grown in pH 4.4 LB 1 h for acid adaptation and then the cultures
transferred to M9 (pH 3) for 20, 40, and 60 min. (B) Aliquots of log-phased bacteria
(OD600 reaches 0.6~0.7) were treated with 10 mM H,0O; and the cultures continued at
37°C for 20, 40, and 60 min. Finally, the cultures were plated onto LB plates by

10-fold dilution for colony formation and the survival rate calculated.

59



Chapter 4

""b"

\ 1896




The c-di-GMP regulating network is complex and many unknown mechanisms

remain to be explored, despite of the recent abundant information to characterize the

function. We know only fragments of the c-di- GMP signaling networks, such as

enzymes or receptors. However, the molecular regulation, signals reception and

transduction, c-di-GMP-dependent circuits, or even targets of c-di-GMP action are

often missing. Therefore, there is still a lot to be discovered in c-di-GMP signaling

network.

In this thesis, we have demonstrated that YjcC exerts PDE activity, affects the

virulence and resist oxidative stress in K. pneumoniae CG43S3. However, the

upstream regulation of yjcC and how YjcC relay the c-di-GMP dependent resistance

oxidative stress remains unclear. Moreover, if the CSS motif at the N-terminal region

of YjcC plays a signal sensing role is also an interesting issue to be answered. We

have also demonstrated that the increase of c-di-GMP levels by overexpression of the

DGC encoding gene ydeH in the cells affects the stress responses to heat shock,

oxidative stress and acid stress. As shown in Fig 3.3 and 3.4, increased ydeH

expression enhanced the heat shock survivals but reduced the viability facing the

stresses of oxidation and acidity. By contrast, increasing yjcC expression increased the

survival rate after oxidative stress (Fig 2.2) indicating that different levels of

c-di-GMP may modulate the stress responses differently.
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The c¢-di-GMP molecule has been shown to act on the transcriptional,

posttranscriptional, and posttranslational levels for its regulation. In spite of numerous

reports, the c-di-GMP targets and the c-di-GMP-mediated regulation mechanism

remain a lot to be explored. In this thesis, we provide information to help elucidate the

c-di-GMP mediated stress response in K. pneumoniae and toward understand how the

c-di-GMP regulation functions to counter the stress condition.

In the genome of K. pneumoniae CG43S3, there are overall 25 genes encoding

the proteins, including GGDEF-, 11 EAL- and 4 GGDEF-EAL- domain proteins, to

regulate the c-di-GMP levels. Four of the proteins including FimK, MrkJ, MrkH, and

YjcC have been characterized and all are found to be involved in regulating the

expression of type 3 fimbriae and biofilm formation at certain levels in the bacteria.

However, the others remain uncharacterized. If they also play a role in affecting the

expression of type 3 fimbriae, type 1 fimbriae, CPS biosynthesis, biofilm and

virulence in K. pneumoniae is worth to further studying.

The transcriptome study via RNA sequencing is currently an intensively used

approach for a genome-wide regulatory network. It is believed that a detailed analysis

of the data from CG43[pRK415], CG43[pRK415-ydeH], and CG43[pRK415-yjcC]

would provide much more information to help get insights of the c-di-GMP dependent

regulatory mechanism in K. pneumoniae. The transcriptome data in Table 2.2 and
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Table 3.1 revealed that the level change of c-di-GMP in K. pneumoniae CG43S3

induced expression of many heat shock chaperon gene suggesting that change of

c-di-GMP level triggers the heat shock chaperon expression.

The cyclic dinucleotides such as c-di-GMP and c-di-AMP have recently been

discussed as immune enhances to stimulate the host immune responses [202]. The

stimulators of IFN genes, STING protein, which acts as an adaptor for cytosolic

detectors of RNA and DNA, can bind directly to c-di-GMP to enhance the interferon

expression [203-205]. Because of the potent immune modulator property, it is

proposed to be used as vaccine adjuvant. How to apply c-di-GMP together with

antibiotic treatment to decrease bacterial infections deserves an in depth investigation.
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5.1.1 Plasmids, bacterial strains, primers and growth conditions

Bacterial strains and plasmids used in this study are listed in Table 5.1 and Table

5.2, and the primers used are listed in Table 6.3. K. pneumoniae CG43, a clinical

isolate of serotype K2, is high virulent to mice. E. coli and K. pneumoniae strains

were generally propagated at 37°C in Luria-Bertani (LB) broth. M9 minimal medium

and tryptic soy broth (TSB) were also used. Bacterial growth was assessed by

measuring the absorbance of optical density at 600 nm (OD600). Otherwise indicated,

the antibiotics used include ampicillin (100 pg/mL), chloramphenicol (35 pg/mL),

kanamycin (25 pg/mL), tetracycline (12.5 pg/mL) and streptomycin (500 ug/mL).

5.2 General Experimental Procedures

5.2.1 Construction of specific gene-deletion mutants and complementation

plasmids

Specific gene deletion was introduced into K. pneumoniae CG43 using an

allelic-exchange strategy as previously described [152]. Two DNA fragments of

approximately 1000-bp flanking both sides of the deleted region were cloned into

pKAS46 [39]. The plasmid pKAS46 is a suicide vector containing rpsL, which allows

positive selection with streptomycin for vector loss. The resulting plasmids were

mobilized from E.coli S17-1A pir to K. pneumoniae CG43S3 or CG43S3AlacZ, by

conjugation, respectively. The transconjugants, with the plasmid integrated into the
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chromosome through homologous recombination, were selected with ampicillin and

kanamycin on M9 agar plates. Several of the colonies were grown overnight in LB

broth at 37°C and then spread onto an LB agar plate containing 500 pg of

streptomycin/mL. Streptomycin-resistant and kanamycin-sensitive colonies were

selected, and the deletion was verified by PCR. Table 5.1 presents the resulting

mutant strains. To obtain the complementation plasmids, DNA fragments containing

the yjcC, and soxRS loci were PCR amplified using the primer pairs pjrl-F/pjrl-R,

pjr2-F/pjr2-R, and pjr3-F/pjr3-R (Table 5.2). The PCR products were cloned in

pRK415 [206] to generate pJR1(pRK415-yjcC), pJR2(pRK415-yjcC-AAL),

pJR3(pRK415-EAL domain only of yjcC), pmrkJ, and pfimK respectively (Table S1).

5.2.2 Site-directed mutagenesis

Site-directed mutagenesis was performed. on the plasmid pJR1 to substitute the

critical residue E with- A in the EAL domain of YjeC using a QuickChange

site-directed mutagenesis Kit and following the manufacturer protocols (Stratagene).

The resulting PCR product contained one point mutation, corresponding to the

E303-t0-A303 change in the active EAL site. The resulting PCR product was digested

with BamHI and Hindlll and ligated into BamHI/Hindlll-digested plasmid

PRK415-pJR2.

5.2.3 Paraquat and H:0: survival assessment
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One hundred microliter of bacteria grown overnight were inoculated in LB and
incubated at 37 °C to OD600 of 0.6-0.7. An aliquot of the bacteria was collected by
centrifugation and then resuspended in 500 uM of paraquat and 10 mM H,0,
respectively, and then subjected to 37 °C incubation for 35 min. The colony-forming
unit (CFU) of the bacteria was counted after the stress treatment, and the survival rate
was determined by the CFU ratio. This study presents the representative data of at
least 3 independent experiments. Every sample was assayed in triplicate, and this
study presents the average activity and standard deviation.

5.2.4 Measurement of promoter activity

The promoter reporter plasmids were individually mobilized from E.coli S17-1X pir
to K. pneumoniae strains by conjugation. The B-galactosidase activity was measured
as described previously [152]. The bacteria were grown to the log phase in the LB
medium (OD600 of 0.6 = 0.7) and 100 pL of the culture was mixed with 900 uL of Z
buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCI, 1 mM MgSO4, and 50
mM B-mercaptoethanol), 17 pL of 0.1% sodium dodecyl sulfate (SDS), and 35 pL of
chloroform, followed by vigorous shaking. After incubation at 30 °C for 10 min, 200
uL of a 4-mg/mL concentration of o-nitrophenyl-3-D galactopyranoside (ONPG;
Sigma-Aldrich, Milwaukee, WI) was added to the mixture to initiate the reaction.

When yellow coloration appeared, the reaction was stopped by adding 500 puL of 1 M
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Na,CO3 to the mixture. The absorbance at OD420 was recorded, and the activity was
expressed as Miller units. Each sample was assayed in triplicate, and at least 3
independent experiments were conducted. The data shown were calculated from one
representative experiment, and are presented as the means and standard deviations
from triplicate samples.
5.2.5 Real-time PCR analysis

Total RNA was isolated from bacteria using High Pure RNA isolation Kit (Roche,
Germany), and the residual DNA was eliminated with RNase-free DNase | (Roche,
Germany). The cDNAs used for PCR were synthesized from 1.5 ug RNA using
random hexamer primer from RevertAid"™ H Minus First strand cDNA synthesis Kit
(Fermentas, Canada). An ABI Prism-7000 Detection system was used to perform PCR
following the manufacturer instructions, and the products were detected using SYBR
Green RCR Master Mix (Roche, Germany). The RNA samples were normalized to the
level of 23S rRNA. PCR analysis was performed in triplicate in a reaction volume of
25 pL containing 12.5 pL of SYBR Green PCR Master Mix, 300 nM of primer pairs,
9.5 uL of distilled H,O, and 1 uL of cDNA. Samples were heated for 10 min at 95 °C
and amplified for 40 cycles for 15 s at 95 °C and 60 s at 60 °C. Quantification was
performed using the 222" method [207].

5.2.6 Cloning, expression, and purification of the recombinant proteins
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The coding regions of the EAL or AAL domains of yjcC were PCR amplified with
the primer sets yEAL-F/YEAL-R and yAAL-F/yAAL-R (Table S2) and cloned in the
Ndel/Xhol site in pET30b (Novagen, Madison, WI). This process generated
pET30b-EAL or pET30b-AAL with a carboxyl-terminus His tag (RcsB-His6). The
resulting plasmids pEAL (pET30b-EAL of yjcC) and pAAL (pET30b-AAL of yjcC)
were individually transformed into E. coli BL21(DE3)/pLysS (Invitrogen), and the
overproduction of the recombinant protein was induced by adding 0.5 mM IPTG for 4
h at 37 °C. The recombinant proteins were then purified from the soluble fraction of
the total cell lysate by affinity chromatography using His-Bind resin (Novagen). The
purified proteins were then dialyzed against 1 TBS (Tris-buffered saline; pH 7.4)
containing 10% glycerol at 4 °C overnight, followed by condensation with PEG
20000. The purity was determined by SDS-PAGE.

5.2.7 Phosphodiesterase activity assay

The recombinant plasmids pET30b-EALyjcc, PET300-AALcc, and pET30b-mrkJ
were transformed into E. coli BL21(DE3), and the protein induced expression using
0.5 mM IPTG at 22 °C for 12 h. The PDE activity was determined using the synthetic
chromogenic substrate bis(p-nitrophenyl) phosphate (bis-pNPP) (Sigma-Aldrich) as
previously described [90,208]. The specific PDE activity was determined using

purified proteins and by measuring the release of p-nitrophenol (pNP) at 405 nm. The
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calculations in this study use an extinction coefficient of 1.78*104/M*cm for

p-nitrophenol. Control BSA without extracts was included to account for any

non-enzymatic bis-pNPP hydrolysis and MrkJ, which carries PDE activity as a

positive control [157].

5.2.8 In vivo ci-di GMP content

To measure the ¢-di-GMP contents, cellular extracts were prepared as described

[209]. The cultured bacteria were collected and. treated with formaldehyde (0.19%

final concentration) and then pelleted by centrifugation. The pellet was suspended in

water and heated to 95 °C for 10 min before the nucleotides were extracted by 65%

ethanol. The lyophilized samples were then resuspended in water and this suspension

was used for ¢c-di-GMP detection with a cyclic diguanylate ELISA kit (Wuhan ElAab

Science co., Ltd). The ci-di GMP activity of crude extracts (1 mg of total protein/mL)

containing WT-pRK415 vector only, pJR1, and pJR2 in AyjeC was also assayed as

described above.

5.2.9 Determination of intracellular ROS concentration

Bacterial cultures were grown exponentially (OD600 = 0.6 - 0.7) and exposed to 10

mM of hydrogen peroxide or 500 uM of paraquat for 40 min. Cells were centrifuged at

13000 g, washed with 10 mM potassium phosphate (pH 7.0) buffer (Buffer A), and

suspended in 500 pL of the same buffer, which contained 10 pM
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2’,7’-dihydrodichlorofluorescein diacetate (H2DCFDA). After shaking for defined

periods in darkness at room temperature, cells were centrifuged as mentioned and

washed twice with 500 puL of Buffer A. Cells were suspended in 500 pL of Buffer A

and disrupted by sonication. After centrifugation at 13000 g, aliquots of 100 pL

supernatants were used to determine. fluorescence intensity (excitation 490 nm and

emission 519 nm) as described [136,137].

5.2.10 Oxidation of cytoplasmic proteins

Bacteria was grown to an OD600 0.6 - 0.7 .in the presence of 10 mM hydrogen

peroxide. After incubating for 30 min at 37 °C, crude extracts were prepared and

suspended in 500 plL of Buffer A and then disrupted by sonication. After

centrifugation at 13000 g, 4 aliquots-of 10 mM dinitrophenylhydrazine (DNPH) were

added to the supernatant and the mixture was incubated at room temperature for 1 h

with occasional stirring. Proteins were precipitated by adding one volume of 20%

trichloroacetic acid (TCA) and centrifuged at 13000 g for 5 min. The precipitate was

washed 3 times with a mixture of ethanol: ethyl acetate (1:1). Finally, the sediment

was dissolved in 450 uL of 6M guanidine hydrochloride/dithiothreitol and carbonyl

concentration was determined spectrophotometrically at 370 nm (e = 22000 M-1

cm-1).
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5.2.11 Evaluation of antioxidant activity with DPPH assay

DPPH radical scavenging activity was estimated using the method of

Liyana-Pathirana and Adedapo [210,211]. When DPPH accepts an electron donated

by an antioxidant compound, the free radical is decolorized from a stable purple color

to yellow which can be quantitatively measured from the changes in absorbance. A

solution of 0.135 mM DPPH in methanol was prepared, and 1.0 mL of this solution

was mixed with 1.0 mL of extract in methanol containing 0.02-0.1 mg of the extract.

The reaction mixture was thoroughly vortexed and left in the dark at room

temperature for 30 min. The absorbance of the mixture was measured with a

spectrophotometer at 517 nm, with ascorbic acid and BHT as references. The

scavenge ability to remove DPPH radicals was calculated using the following

equation: DPPH radical scavenging activity (%) = [(Abs control — Abs sample)]/(Abs

control)] x 100, where Abs control is the absorbance of DPPH radical + methanol,

and Abs sample is the absorbance of DPPH radical + sample extract/standard.

5.2.12 Determination of SOD and catalase enzyme activity

Cell-free extracts were harvested (15000 rpm, 4 °C, 20 min) from the exponential

phased bacteria (ODgyo = 0.7 - 0.8) and suspended in ice-cold potassium phosphate

buffer (50 mM, pH 7). After cells were disrupted by ultra-sonication, cell debris was

removed by 12000 rpm centrifugation for 10 min at 4 °C, and the supernatant was
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collected. The extraction of total proteins was conducted on ice and the concentrations

were estimated using the Bradford method [212]. Aliquots of the extracted proteins

were individually loaded onto 10% native polyacrylamide gels and the proteins were

separated at a constant voltage of 150 V for 2 h. The gels were then removed and

stained for SOD and CAT activity using the methods of Beauchamp and Fridovich

[213] and Woodbury et al. [214], respectively. The SODs were localized by soaking

gels in 2.45 mM nitro blue tetrazolium for 20 min, followed by immersion in a

solution of 50 mM phaosphate buffer (pH 7.0), 0.028 mM riboflavin, and 0.028 M

TEMED (N,N,N_,N_-tetramethylethylenediamine). The gels were then removed from

the solution and exposed to light for approximately 20 min. The SOD activity

produced achromatic zones in the purple gel. The expression of CAT activity was

identified by soaking gels in 10 mM hydrogen peroxide for 30 min_with gentle

shaking and then transferring the gels to a solution of 1% ferric chloride and 1%

potassium ferricyanide for 10 min. The localized-CAT produced colorless bands on a

dark green background.

The SOD activity was determined using a spectrophotometer at 25 °C using the

xanthine oxidase—-cytochrome C method [213]. The assay mixture in 0.7 mL

contained 50 mM potassium phosphate (pH 7.8), 0.1 mM EDTA, 50 mM xanthine,

1.7 mU xanthine oxidase, and 10 mM cytochrome C. The reduction of cytochrome C

73



was measured at A550. One unit (U) of SOD activity was defined as the amount of
enzyme required to inhibit the reduction rate of cytochrome C by 50%. Catalase
activity was also determined spectrophotometrically at 25 °C by monitoring the
decrease in A240 in 50 mM Tris/HCI buffer (pH 8.0) [136]. One unit (U) of activity
was defined as the amount of enzyme that catalyses the oxidation of 1 mmol H,0,
min™ under assay conditions.
5.2.13 Mouse lethality assay

The bacterial virulence in mice was determined as described [39]. Female BALB/c
mice (aged 4 to 5 wk) were obtained from the National Laboratory Animal Center and
acclimatized in an animal house for 7 d. The tested bacterial strains were cultured
overnight in LB medium at 37 -°C. Four mice in each group were injected
intraperitoneally with 0.2 mL of bacterial suspension in saline in 10-fold graded doses.
The LD50 values were calculated using the Reed and Muench method [215] based on
the number of survivors after 14 day.
5.2.14 Extraction and quantification of capsular polysaccharides

The bacterial CPS was extracted using the method described [39,216]. A 500 pL
sample of overnight-grown bacteria was mixed with 100 uL of 1% Zwittergent 3-14
(Sigma-Aldrich, Milwaukee, WI) in 100 mM citric acid (pH 2.0) and then incubated

at 50 °C for 20 min. After centrifugation, a 250 pL sample of the supernatant was
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transferred to a new tube, and the CPS was precipitated with 1 mL of absolute ethanol.
The pellet was dried and dissolved in 200 uL of distilled water, and 1200 puL of 12.5
mM borax in H2SO4 was then added. The mixture was vigorously mixed, boiled for 5
min, and cooled before adding 20 uL of 0.15% 3-hydroxydiphenol (Sigma-Aldrich,
Milwaukee, WI). The absorbance at 520 nm was measured, and the uronic acid
content was determined from a standard curve of glucuronic acid and expressed as
micrograms per 108 or 10° CFU.
5.2.15 Biofilm formation assay

The ability of bacteria to form biofilm was analyzed as described, with a minor
modification. Bacteria were diluted 1/100 in LB broth supplemented with the
appropriate antibiotics, and this dilution was inoculated into each well of a 96-well
micro titre dish (Orange Scientific) and statically incubated at 37 °C for 48 h.
Planktonic cells were removed, and the wells were washed once with distilled water
to remove unattached cells. Crystal violet (0:1% wi/v; Sigma) was used to stain the
attached cells for 30 min. Unattached dye was rinsed by washing 3 times with
distilled water, and the stained biomass was solubilized in 1% (w/v) SDS. The
absorbance was determined at 595 nm, and relative bacterial biofilm-forming

activities were observed.
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5.2.16 Western blot analysis

K. pneumoniae CG43S3 and its derived mutants were grown in LB broth with

agitation at 37 °C. The bacterial total protein, approximately 5 pg per lane, was then

subjected to western blot analysis using MrkA antiserum. Aliquots of total cellular

lysates were resolved by SDS-PAGE, and the proteins were electrophoretically

transferred onto a polyvinylidene difluoride (P\VDF) membrane (Millipore, Billerica,

MA, USA). After incubation with 5% skim milk at room temperature for 1 h, the

membrane was washed 3 times with 41X PBS. The membrane was subsequently

incubated with diluted anti-GAPDH (GeneTex Inc.) and anti-MrkA serum at room

temperature for 1 h. After 3 washes with 1X PBS, a 5000-fold diluted alkaline

phosphatase-conjugated anti-rabbit immunoglobulin G was added and incubated for 1

h. The blot was washed again and the bound antibodies were detected using the

chromogenic reagents BCIP (5-bromo-4-chloro-3-indolyl phosphate) and NBT (Nitro

blue tetrazolium).

5.2.17 Transcriptome analysis

Total RNA from CG43S3[pRK415] and CG43S3[pJR1] were isolated using Trizol

reagent (Invitrogen), subsequently purified using RNeasy MinElute Cleanup Kit

(Qiagen), and eluted in RNase-free water. The RNA samples were sequenced on

Illumina’s sequencing instrument. In the data analysis pipeline, we used the
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FASTX-Toolkit to remove or trim deep sequencing reads containing low quality bases
or adaptor sequences. To estimate expression levels of genes, all the remaining reads
were mapped to the Klebsiella pneumoniae NTUH-K2044 genome using TopHat and
determined using Cufflinks package. The genes were identified as significantly
transcript abundance changed in CG43S3[pRK415] as compared to that in
CG43S3[pJR1] if the log, fold change was greater than 2 (up and down). Finally,
functional annotation tools, such as. DAVID, can be used to illustrate the biological
regulation role from Gene Ontology or KEGG pathway database.
5.1.18 Acid tolerance response

Bacterial resistance to acid challenge was determined essentially as previously
described (94). To investigate the effect of pre-adaptation in different growth
conditions, the parental strain CG43S3[pRK415] and CG43S3[pRK415-ydeH] was
grown separately in LB and M9 medium, and the log-phased cultures were further
divided into two groups. One group (approximately 1 x 10° CFU/mL) was first
centrifuged and resuspended in LB or M9 medium (pH 4.5) for a 30 min adaption
period before the acid challenge, while the other group (approximately 2 x 108
CFU/mL) was directly acid challenged by re-suspending bacterial cultures in M9
medium (pH 3.0). Upon acid challenge, 100 pL of each culture was immediately

removed for serial tenfold dilution in PBS, and 100 pL of each culture to the 10
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dilution was plated onto LB agar plates at what was considered to be the initial time

point (t0). The bacterial survival was expressed as the CFU of each strain after acid

challenge divided by the CFU of each strain at t0. Then the bacterial cultures were

subjected to pre-adaptation at pH 4.5, acid challenged, and the survival rates at 20, 40

and 60 min were determined as described above. Three independent assays were

performed, and data shown were the average and standard deviation of samples from

one of the trials.

5.1.19 Heat shock stress response

One hundred microliter of bacteria grown overnight were inoculated in LB and

incubated at 37 °C to OD600 of 0.6-0.7. An aliquot of the bacteria were collected

before and after 20, 30, and 40 min-of 50 “Cheat exposure. The colony-forming unit

(CFU) of the bacteria was counted after the stress treatment, and the survival rate was

determined by the CFU ratio. This study presents the representative data of at least 3

independent experiments. Every sample was assayed in triplicate, and this study

presents the average activity and standard deviation.

5.2.20 Statistical methods

The results of the survival rate, CPS amounts, biofilm-forming activity, enzyme

activity assay and [-galactosidase activity assays were derived from a single

experiment that was representative at least of three independent experiments. Each
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sample was assayed in triplicate and the data were presented as the mean + standard

deviation (SD). Differences between groups were evaluated by a two-tailed Student’s

t-test. P-values less than 0.01 were considered statistically significant difference.




Table 5.1 Strains and plasmids used in this study

Strains or plasmids

Descriptions

Reference or

source
K. pneumoniae
CG43S3 CG43 sm' Laboratory stock
AyjcC CG43S3  AyjcC This study
ASOXRS CG43S3  AsoxRS This study
ArpoS CG43S3  ArpoS This study
AlacZ CG43S3  Alacz Laboratory stock
AlacZ soxRS CG43S3  AlacZ AsoxRS This study
AlacZ rpoS CG43S3  AlacZ ArpoS This study
E. coli
JM109 F’ (traD36, proAB™ lacl’, (lacZ)M15) endA1 recAl Laboratory
hsdR17(r,’, m*) mcrA supE44 ~ gyrA96 relAl stock
(lacproAB)thi-1
BL21 (DE3) F ompT hsdSg[rgmg]gal dem trxB15::kan (DE3) Novagen
S17-1 A pir hsdR recA pro RP4-2 (Tc::Mu; Km::Tn7) (Apir)
Plasmids
YT&A Ap', TA cloning vector Yeastern
PKAS46 Ap" Km', positive selection suicide vector, rpsL
pyjcC 2.1-kb fragment containing a 1300-bp deletion in  This study
yjcC locus cloned into pKAS46
psOxXRS 2 kb fragment containing a 700-bp deletion in soxRS  This study
locus cloned into pKAS46
pRK415 Tc', shuttle vector, mob™ Laboratory
stock
pJR1 Tc', full length yjcC with putative promoter cloned This study
into pRK415
pJR2 Tc" ,~ 2 kb fragment encoding YjcC with the domain  This study
of EALg3psacloned into pRK415
pJR3 Tc', 813-bp fragment of EAL domain only of yjcC  This study
cloned into pRK415
pfimK Tc", 1242-bp fragment of fimK cloned into pRK415 Laboratory
stock
pmrkJ Tc", 714-bp fragment of mrkJ cloned into pRK415 Laboratory
stock
pydeH Tc" , 894-bp fragment of ydeH, from E.coli Laboratory
W3110,cloned into pRK415 stock
pET30b Km', protein expression vector Novagen
pEAL 813-bp fragment encoding EAL coding region of This study
yjcC cloned from CG43S3 into pET30b
pAAL 813-bp fragment encoding EAL 334 coding region of  This study
yjcC cloned from CG43S3 into pET30b
placz15 Cm', promoter selection vector, lacZ* Laboratory
stock
pyjcCO Cm', 415-bp fragment of the upstream region of yjcC ~ This study
PyjcC1 Cm', 525-bp fragment of the upstream region of yjcC  This study
PyjcC2 Cm', 385-bp fragment of the upstream region of yjcC ~ This study
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Table 5.2 Oligonucleotide primers used in this study

Function

Primer name

Sequence (5°—3’)

Gene deletions
yjcC

SOXRS

Recombinant constructs
yEAL

yAAL

yjcC-A(Xbal)F
yjcC-A(BamHI)R
yjcC-B(BamHI)F
yjcC-B(EcoRI)R
SOoXRS-A(Xbal)F
SoXRS-A(BamHI)R

SoxRS-B(BamHI)F
SoXRS-B(EcoRI)R

EAL(EcORI)F
EAL(HindlII)R
EAL(EcORI)F
EAL(HindII)R

Complementation constructs

pJR1
pJR2

pJR3

site-directed
mutagenesis

Promoter constructs
PyjcCO
PyjcCl

PyicCZ

Quantitative RT-PCR
23S

SoxR
SOXS
rpoS
yjeC
mrkA
mrkH

mrkl

pjrl(BamHI)F
pjrl(EcoRIR
pjr2(BamHI)F
pjr2(EcoRIR
pjr3(BamHI)F
pjr3(EcoRIR

yjcC-ala F
yjcC-alaR

415p(BamHI)-F
415p(Bglll)-R
525p(BamHI)-F
525p(Bglll)-R
385p(BamH]I)-F
385p(Bglll)-R

ATMOUTMOTMOTOTOTIOTOT

TATCTAGA GGCTGCAGAAAACGAAAAAGC

TAGGATCC ACCATTTCCGTTTTTTGC
AT GGATCC CTCTACAAGCGCGGCGTAC
AT GAATTC CTCGCCTGCAGACAAAAC

AT TCTAGAATACCTTTTTTAATCAGAATG
AT GGATTC CGCCATCAGATCTCCGCGTG
AT GGATTC GAAGACGAGTGATAAAAC

AT GAATTC CGCTAACAATTTTTAGTGAG

TA GAATCC ATGCTGCAGCGGGCTCTG
TAAAGCTT TCACTCCCGCGCCGGCAT
TA GAATCC ATGCTGCAGCGGGCTCTG
TAAAGCTT TCACTCCCGCGCCGGCAT

AAGGATTCTAACCTATCCTCAAAGAAAGTCG
AAGAATTCTCAGATCTCCGCGTGAC
AAGGATTCTAACCTATCCTCAAAGAAAGTCG
AAGAATTCTCAGATCTCCGCGTGAC
AAGGATTCCGCCGACAGTATC
AAGAATTCTCAGATCTCCGCGTGAC

CCGCTGCGTTGGGGCGGCAGCGCTGCTG
CAGCAGCGCTGCCGCCCCAACGCAGCGG

AAGGATTGTGGACGACCTGGCGCGACTG
ATAGATCTTTACGCTTACATCCATGCGA
AAGGATTGTGGACGACCTGGCGCGACTG
AGATCTGTCTTAGCGCCTTATGCG
GGATCCTGTGGATATTGGTGAGC
AGATCTGTCTTAGCGCCTTATGCG

AGCGACTAAGCGTACACGGTGG
GATGTTTCAGTTCCCCCGGTTC
AATCACCCCGCATCAAAATGCTG
CAGCGGGATGCCAATACGTTG
AGCGGATGTTCCGTACCGTGATG
AGAAGGTTTGCTGCGAGACGTAGC
AGACGCGGAATTTGATGAGAACG
AGCTGAGTGGCGTCAAGTACGC
ATGGGTGACAGTGCGCCGCATAAG
TCGGCTTTAGCCCGCAGCT
TAACGGCCAGGGCAGCATG
AGCCAGCAGGTTACCGCCGG
ACCCAACTGACGCGCGTGG
GCGACGCTGCACTACCTGCA
TCTATCGTCCAGCGCGCCA
TGGATGCGGTGGCTATGAACC
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