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ABSTRACT

Previous EMSA (Electrophoretic mobility shift assay) study in Klebsiella

pneumoniae CG43 genome has shown a possibility of the presence of a regulatory

circuit in-between the homologous two components (2CS) KvhAS, KvgAS and

KvhR. In order to investigate further the regulatory interaction, a series of mutants

including kvhA kvgA™, kvhA kvhR, kvgA kvhR and kvhA kvgA kvhR™ derived from K.

pneumoniae LacZ16 were constfucted. Comparative analysis of the growth and

phenotype of the mutants allowed us to classify the mutants into two groups: the

Group I carrying either kvgA or kvhR mutation displayed a less mucoid and a faster

growth rate by comparing to the parental strain LacZ16. In a mouse peritonitis

model, the deletion of either kvgA.or kvAR resulted in an increase of LDsy. Group 11

includes kvhA™ and kvhA kvhR™ mutants, which exert a similar phenotype and growth

rate with that of the parental strain. Complementation of the kvih4 kvhR™ with a kvhA

containing plasmid converts the mutant into Group I. Only with both kviA4™ and

kvhR™ mutations, the bacteria revealed a decreasing activity of resistance to human

serum. The results suggested that a cross-talk is present in-between KvhA and KvhR.

Mutations of these genes affect both bacterial mucoidity and virulence at different

levels indicating that change of capsular polysaccharide (CPS) is most likely the

causing factor. We therefore attempt further to analyze promoters of the CPS



encoding genes in the mutants using LacZ as a reporter. The promoter activity of
either Py,s.2 or Pyy16.17 in Group I mutants appeared to be reduced, which suggests
that KvgA and KvhR are the regulators for cps gene expression. The decreasing
activity in kvhAR™ was found to be reversed in kvhiA kvhR', indicating a direct
interaction between KvhA and KvhR. In addition, we have shown that mutation of
the global stress regulator RpoS increased the promoter activity of AvhAS. The
putative regulatory region of kvihAS by RpoS was lecalized between -379 and -476
bp upstream of kviAS, 'which appeared to contain also the auto-regulating region of
KvhA. The promoter activity of kvhAS was found 'to increase by the addition of
MgSO,, suggesting an interaction with PhoPQ regulon. Moreover, changes of
resistance activity to antibiotics .were noted by overexpression of KvhA in the

bacterial, implying itsinvolvement in drug resistance.



INTRODUCTION

Klebsiella pneumoniae is a commonly reported nosocomial Gram-negative

bacteria. As an opportunistic pathogen, it often causes pneumonia, septicemia,

bacteremia, suppurative lesion, wound infection, burn infection, and urinary or

respiratory tract infections in chronic alcoholics or immunocompromised patients.

There are five major virulence, factors identifiéd to participate in K. prneumoniae

infections, which include capsular polysaccharide, lipopolysaccharide, adhesin,

iron-acquisition system, and serum resistance factors (Podschun and Ullmann, 1998).

Besides these virulence factors, very little 1s.known about other genes that may

participate in the pathogenesis of K. pneumoniae.

To persist in nature, bacteria must be able to compete and survive under various

growth conditions. To accomplish this task, they possess regulatory systems that

permit them to recognize and adapt to a changing environment. These adaptations are

brought about largely through changes in gene expression that are coordinated by

global regulatory networks. Pathogenic bacteria often use two-component systems

(2CSs) to control expression of the genes encoding bacterial toxins, adhesins, and

other virulence-associated molecules that promote their survival in the host (Locht,

1999). The 2CSs composed of a membrane-bound sensor protein and a cytoplasmic



response regulator are commonly used to regulate bacterial gene expression in

response to environmental changes. On stimulation by an extracellular signal, a

histidine kinase domain of the sensor protein is autophosphorylated and the signal

transduction occurs with transfer of the phosphoryl group from the phosphorylated

kinase to an aspartic acid residue in the receiver domain of the cognate response

regulator. Phosphorylation of the regulator protein, which is often a transcription

factor containing a C-terminal DNA-binding domain, increases its binding affinity to

target promoters and thereby influences the expression of the target genes (Foussard

et al.,2001; Chang et al., 1998; Mizuno, 1998) .

A novel two-component system kvgASXR (Klebsiella virulence gene) has been

isolated by PCR-supported genomic subtractive hybridization from a highly virulent

strain K. pneumoniae CG43- ( , ), which is not found in the

genome of K. pneumoniae strain MGH78578 (http://genome.wustl.edu/gsc/). A 2CS

exhibiting high sequence identity with that of the kvgAS was isolated later in our

laboratory also from K. pneumoniae CG43 and designated kvhAS (kvg homolog),

which is present in the genome of K. pneumoniae MGH78578 ( ,

). In contrast to kvgAS, which is present in approximately 15% of the

laboratory-collected clinical isolates (Lai et al., 2000), kvhAS prevails in almost all the

strains. As well as the KvgAS, KvhAS displayed a moderate similarity to BvgAS



(Bordetella virulence gene) of B. pertussis and EvgAS (Escherichia virulence gene),

the E. coli ortholog of BvgAS (Konig et al., 2002; Bock et al., 2001; Utsumi et al.,

1992). These sensors are classified as unorthodox type sensor, each of which is

composed of an N-terminal periplasmic region and a C-terminal cytoplasmic region

containing four functional domains of a linker, transmitter, receiver and an output, the

Hpt module. A multistep phosphorelay occurs among the alternating histidine and

aspartate residues (His-Asp-His-ASp) before the résponse regulator is activated (Stock,

2000). Although EvgAS is highly homologous to BvgAS, domain swapping of the

liberated signaling modules had shown that the C-terminal Hpt domain of the sensor

protein endows a specificity for the corresponding regulator, and the receiver domain

of the response regulator determines -the specific interaction (Perraud et al., 1998,

2000).

Lipopolysaccharide (LPS) and'capsular polysaccharide (CPS) are two of the

virulence factors of K. pneumoniae. The production of a hydrophilic CPS (K antigen)

is characteristic of the genus Klebsiella, and is involved mainly in the resistance, by

acting as a physical barrier, to phagocytosis by polymorphonuclear cells (Kabha et al.,

1995 ; Held et al., 2000). Klebsiella K2 CPS biosynthetic pathway is similar to that of

the group I CPS in E. coli, and the regulatory strategy of colanic acid biosynthesis

employed by E. coli may therefore serve as a model (Whitfield et al., 1999, 2003).
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Colanic acid is produced by enzymes encoded by the cps genes, which are regulated

by resC/yojN/resB and also by lon protease for degradation of RcsA. ResC is a sensor

protein, RcsB is its cognate response regulator, and YojN is a histidine-containing

phosphotransfer protein that transfers the phosphoryl group from RcsC to ResB. The

activated RcsB together with the co-activator RcsA subsequently coordinate the

activation of the cps operon transcription (Chen et al., 2001). In addition to Rcs

system, the rmpA2 gene wasgiSolated from a 200-kb virulence plasmid of K.

pneumoniae CG43 als6 encodes an activator for CPS synthesis. Deletion of rmpA2

was shown to reduce the mucoidy and virulence of the bacteria (Lai ez al., 2003).

In bacteria, #poS gene encodes the-alternative sigma factor 6%1(RpoS) subunit of

RNA polymerase to control the expression of genes involved ' cell survival during

the cessation of growth (stationary phase) and provide cross-protection to various

stresses (Hengge-Aronis, 2002). Expression of 6™ increases dramatically at the onset

of stationary phase, which is regulated at the transcriptional, post-transcriptional and

post-translational levels (Loewen et al., 1998). A most complex regulatory system is

also essential for Salmonella virulence in mice, which includes the GacA/GacS two

component system and quorum sensing control to affect »poS expression (Ibanez-Ruiz

et al., 2000). The recent study of DNA microarray analysis suggested that rpoS

expression is affected by multiple two-component systems (Venturi, 2003; Sugiura et



al., 2003). In E. coli, CpxR-P in conjunction with RpoS activates expression of the

cpxRA two-component system, suggesting an involvement of the Cpx system in

stationary-phase survival (De Wulf, 1999).

While the physically linked sequences of kviAS compared with that of the evgAS,

several homologous genes were identified ( , ). The putative

acid-resistance genes yfdXL which show a high homology with the evgAS-regulated

yfdX were identified downstream and upstream of kvhAS respectively. The emrKY and

vhiUV which are located nearby the EvgAS genes were also identified, however,

elsewhere in K.! pneumoniae MGH78578 genome. Overexpréssion of the evgAd

response regulator up-regulates the drug transporter genes emrKY -and yhiUV in E.coli,

which led to resistance, to a wide range of toxic compounds, such as erythromycin,

doxorubicin, novobiocin,.crystal violet, rhodamine 6G; TPP; benzalkonium, SDS, and

deoxycholate (Nishino et al., 2001, 2002; Eguchi et al., 2003). The 2CS BvgAS

positively controlled transcription of several virulence genes, which include the genes

for toxins and adhesins, in B. pertussis and B. bronchiseptica. On the other hand, the

BvgAS system negatively controlled the expression of a set of genes, the majority of

these genes encode putative metabolic functions involved in redox reactions and

amino acid transport (Schneider et al., 2002). It has also been demonstrated that the

expression of hvgAS genes is regulated by the addition of MgSQs, nicotinic acid or



elevated growth temperatures (Scarlato ef al., 1991). As an ortholog of EvgAS and

BvgAS, KvhAS is likely playing a similar function.

The emergence and spread of multiple antibiotic-resistant K. pneumoniae,

especially the extended-spectrum B-lactamase-producing strains, urge a need for new

antibiotics with an innovative mode of action (Gupta et al., 2003). It has been proven

that two-component systems play an important role in sensing cell disruption by drugs

and thereby activating exptession of some resistance factors (Ohki et al., 2003).

Higher eukaryotes includingimammals often use a distinct signal transduction system

that incorporates . serine, threonine, and tyrosine phosphorylation. As for the

selectivity of antimicrobial agents, histidine kinases appear tolbe potent targets

(Matsushita et al.,-2002). Previous studies have:shown the possibility of the presence

of a regulatory circuit connected by kvhAS, kvgAS and kvhR, a response regulator

located at the downstream of kvgAS. In this' study, we attempt to elucidate the

relationship between these 2CS paralogs (Fig. 1). A series of mutant strains including

kvhA, kvgA, kvhR were constructed in order to assign functional role of the 2CSs in

the bacteria. The environmental signal(s) sensed by KvhS and the target genes under

control by kvhAS were also investigated.
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MATERIALS AND METHODS

Plasmids, bacterial strains, and growth conditions. The bacterial strains and

plasmids used in this study are listed in Table 1 and 2. Tryptone, yeast extract, and

agar were purchased from Difco Laboratories (Detroit, Mich). E. coli, K. pneumoniae

CG43 and its derivatives were propagated at 37°C in Luria-Bertani (LB) broth

supplemented with the appropriate antibiotics unless otherwise indicated. The density

of the bacterial culture was determined by measuring the absorbance at 600 nm

(OD600).

Recombinant DNA technique. The recombinant DNA experiment was carried out by

standard procedures as described (Joseph ef al., 2001). Plasmid DNA was prepared

using VIOGENE Miniprep kit. Restriction endonucleases :and DNA modifying

enzymes were purchased from New England Biolab (Beverly, MA), MBI (Hanover,

MD), or Roche Molecular Biochemicals (Mannheim, Germany), and were used

according to the recommendation of the suppliers.

Construction of the gene-deletion mutants. K. pneumoniae CG43LacZ16 derived

mutants with deletion specific at either of kvhAd, kvgA, and kvhR genes were

constructed by allelic exchange strategy (Skorupski et al, 1996). The pKAS46

derivative containing a deletion in kvgA4 constructed previously was delivered from E.
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coli S17-1 A-pir into kvhA™ and kvhR respectively by conjugation. The
transconjugants were selected by plating with a 10°-fold dilution of the culture on a
minimal medium containing 25 pug/ml kanamycin and 100 pg/ml ampicillin for the
integration of the plasmid. Subsequently, the resulting strains were cultured without
selection to late logarithmic phase followed by selection on the plates containing 500
ug/ml streptomycin for loss of the vector sequence. In addition, a plasmid containing
a deletion in kvhR was transferred'from E. coli S17-1 A-pir into kvhA™ and kvhA kvgA
respectively. The plasmid containing a tetracycline gene" insertion in rpos was
transferred also from E. coli S17-1A-pir into kvhA". The transconjugants were selected
on appropriate medium and the mutations were all confirmed by PCR and Southern

analysis.

Expression and purification of the histidine-tagged KvhA. The recombinant
His¢-tagged response regulator, Hisg-KvhA, was constructed (pHP4005) and the
plasmid was transformed into E. coli BL21-RIL (DE3). The transformants carrying
pHP4005 were cultured in LB broth to log phase, and expression of the His¢-KvhA
recombinant protein was induced with 0.5 mM IPTG for 4 h. The IPTG
(isopropyl-p-D-thiogalactopyranoside)-induced bacterial cells were harvested by
centrifugation at 4°C, 6000 rpm for 15 min, resuspended in 1 X binding bufter (5 mM

imidazole, 0.5 M NaCl and 20 mM Tris-HCI pH 7.9), and then disrupted by
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sonication. To purify Hisc-KvhA, the cell lysate was centrifuged at 13,500 rpm for 20
min at 4°C, and the supernatant was then applied to a column containing His-Bind
Resin (Novagen, Madison, WI). The column was washed with 1 X binding buffer, and
then washed with 1 X wash buffer (60 mM imidazole, 0.5 M NaCl, and 20 mM
Tris-HCI pH7.9). Finally, the Hiss-KvhA protein was eluted with 1 X elution buffer (1
M imidazole, 0.5 M NaCl, and 20 mM Tris-HCl pH 7.9), dialyzed with
electrophoretic mobility shift assay buffer (20 mM Tris-HCI pH 8.0, 4 mM MgCl,, 50
mM KCI, 1 mM CaCl,, 1 mM dithiothreitol), and then conceéntrated by PEG-20,000 at

4°C.

Electrophoretic . mobility shift assays. The probes used in ‘the electrophoretic
mobility shift assay were the restriction fragments of the upstréam region of kvAR.
The restricted fragments were separated on a 0.8% agarose gel and recovered, and 5’
end-labelled with [y->’P]-ATP (25" uCi/ml) using T4 polynucleotide kinase. The
reaction mixture was incubated for 60 min at 37°C. The Hise-KvhA was incubated in
1 X gel shift binding buffer (20 mM Tris-HCI, pH 8.0, 0.4 mM MgCl,, 50 mM KCI, 1
mM CaCl,, 1 mM DTT, and 10% glycerol) for 30 min at 25°C (Karimova et al. 1996).
Bovine serum albumin (1 pg) and the radioactively-labelled DNA fragments were
then added and incubated at 37°C for 20 min. The samples were applied to 5%

non-denaturing polyacrylamide (acrylamide: bis-acrylamide, 19: 1) gels that were
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pre-electrophoresed at a constant voltage of 100 V for 1 h at 4°C. Electrophoresis was
performed at 100 V for 6 h at 4°C and the gels were read by InstantImager ™

(Packard Instrument Company).

Mouse lethality assay. Female BALB/c mice with an average age of four weeks were
acclimatized in an animal house for 7 days. The tested bacterial strains were cultured
in LB medium at 37°C overnight. Four mice of a group were injected
intraperitoneally with bactéria resuspended in 0.2 ml of saline in 10-fold graded doses.
The LDsj, based oh the number of survivors after 10 days; was calculated and

expressed as CFU (colony forming units) as described (Reed. e al;71938).

Resistance to serum Kkilling. Fresh -blood collected from healthy volunteers was
centrifuged to obtain nonimmuné human sera (NHS). NHS was incubated at 56°C for
30 min to obtain heat-inactivated human sera (HI-NHS). The serum-resistant activity
of bacteria was determined essentially as described (Lai et al., 2003).One hundred
microliters of overnight grown bacteria re-suspended in saline was mixed with 100 pl
of NHS or HI-NHS, and the mixture was incubated at 37°C for 30 min. The number

of viable bacteria in the mixture was then determined by plating onto LB agar.

Extraction and quantification of CPS. CPS was extracted by the method as

described previously (Domenico et al., 1989).Five hundred microliters of bacteria
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cultured in LB broth overnight were mixed with 100 pl of 1% Zwittergent 3-14
detergent in 100 mM citric acid (pH 2.0), and then the mixture was incubated at 50°C
for 20 min. After centrifugation 13,500 rpm for 10 min, 250 pl of the supernatant was
transferred to a new tube, and CPS was precipitated with 1 ml of absolute ethanol at
4°C for 20 min and then centrifugated 13,500 rpm for 25 min. The pellet was dried at
37°C and dissolved in 200 ul of distilled water, and a 1,200-ul volume of 12.5 mM
borax in H,SO4 was added. The. mixture was vigoreusly vortexed, boiled for 5 min,
and cooled, and then 20 pl of 0.15% 3-hydroxydiphenol was added and the
absorbance at 520.nm was measured. The uronic acid content was determined from a
standard curve of glucuronic acid and expressed as micrograms per 10° CFU

(Blumenkrantz et al., 1973).

Capsular polysaccharides purification. 1.5 ml bacteria cultured in LB broth
overnight at 37°C were harvested by centrifugation at 13,200 rpm for 10 min. The
pellet was resuspended with 500 pl phosphate-buffered saline (PBS) and mixed with
500 pl phenol, subsequently extracted at 65°C for 5 min then put on ice for 5 min and
repeated for three times. The sample was centrifuged at 10,000 g for 5 min and
transferred aqueous phase to dialyze against water overnight. Subsequently, the
sample was treated with DNase and RNase at 37°C for 2 h and proteinase K at 50°C

overnight then dialyzed against water overnight again as described (Kalka-Moll et al.,
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2001).

Capsular polysaccharides pattern analysis by Alcian Blue-silver stain. CPS was
resolved on 10% (w/v) acrylamide gel and immediately immersed in alcian blue
solution (0.005% alcian blue, 40% ethanol, and 5% acidic acid in dH,O) for 30 min,
then changed to fresh solution overnight. The gel was rinsed in dH,O for 5 min and
oxidized in 0.7% (w/v) sodium metaperiodate for 10 min, then washed five times with
dH,O for 5 min. The gel. was stained by 10% silver, solution (Bio-Rad silver
concentrate) for 10fmin, and thenywashed with dH,O for 5*min. The color was
developed with 1:5% (w/v) developer (Bio-Rad) and agitated until dark precipitation
formed, then stopped with 5% acetic acid for 10 min and rinsed in dH,O (Karlyshev

and Wren, 2001).

Anti-phagocytosis assay. THP-1 (ATCC TIB202), originally isolated from a child
with acute leukemia, are mature cells in the monocyte/macrophage lineage with a
normal diploid karyotype. These nonadherent cells were maintained in continuous
culture in RPMI 1640 cell culture media (GIBCO/BRL, Grand Island, N.Y.)
supplemented with 10% fetal bovine serum (GIBCO/BRL) in an atmosphere of 5%
CO, at 37°C. THP-1 cells were centrifuged at 1000 rpm for 5 min and resuspended

with fresh medium, then 0.5 ml of cells (10%ml) were plated onto per well of 24-well
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tissue culture plates and treated with phorbol 12-myristate 13-acetate (PMA)
(Calbiochem Co., La Jolla, Calif.) for 48 h to induce maturation of the monocytes and
became macrophage-like; differentiated macrophages were identified by
morphological features and their ability to adhere to plastic. Before experimentation,
THP-1 cells were washed twice with PBS to remove nonadherent cells and
resuspended in 0.5 ml RPMI without fetal bovine serum, then incubated with 50 pl of
overnight cultured bacteria previously washed ong time and diluted in PBS (6x10°*/ml)
for 2 h. Subsequently, wells were washed twice with PBS and incubated for 2 h with
fresh RPMI medium containing gentamycin (100 pg/ml) to kill extracellular bacteria.
Then wells were washed three times with: PBS and phagocytosed bacteria were
quantified by plating them on LB.agar plates after THP-1 lyses with 500 pl of 0.1%

Triton X-100 as described (Perez=Perez ef al., 1995; Cortes et al., 2002).

B-galactosidase activity assay. p-galactosidase was assayed according to the method
of Miller (Miller. 1972). Fresh M9 medium was inoculated with one-tenth volumes of
the overnight M9 cultured bacteria. Samples of bacteria were taken 100 pl in the early
or late logarithmic growth phase (optical density at 600 nm 0.4 or 0.7), and mixed
with 900 ul Z buffer (60 mM Na,HPO4, 40 mM NaH,PO,, 10 mM KCI, 1 mM
MgSO4, 50 mM B-mercaptoethanol), 17 pl of 0.1% SDS and 35 pl chloroform for 10

min at 30°C. Subsequently, 200 ul of 4 mg/ml o-nitrophenyl-g-D-galactopyranoside

17



(ONPG) was added and vortexed for 10 s, then incubated at 30°C until yellow color

was apparent. Finally, reaction was stopped by adding 500 ul of stop solution (1M

Na,COs) and the OD4y of supernatant was measured. One unit of B-galactosidase is

defined as the hydrolysis of Inmol ONPG per min per mg protein. Signals were added

in the early logarithmic growth phase, and after incubated 1 h, B-galactosidase activity

was tested as described above.

Drug susceptibility assay. Antibiotic susceptibility testing was performed by disk

diffusion method. An overnight culture of bacteria was spread onto LB agar, then

disks were placed onto the plates and zones of inhibition were measured after 16 h of

incubation at 37°C. Standard antibiotic disks were obtained from Difco (Detroit,

Mich), Becton Dickinson (Sparks, Md) and Oxo1d Ltd (Basingstoke, Hampshire), and

the following disc concentrations were used: erythromycin; 15 pg; novobiocin 5 pg;

ceftazidime 30 pg; cefamandole” 30 pg; cefotaxime 30 pg; cephalothin 30 pg;

fosfomycin 50 pg; nalidixic acid 30 pug; methicillin 5 pg; penicillin 10 pg; piperacillin

100 pg; ticarcillin 75 pg; carbenicillin 100 pg; sulfamethoxazole 23.75 pg +

trimethoprim 1.25 pg; polymyxin B 300 IU.
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RESULTS

Characterization of the mutants derived from LacZ16. Previous EMSA study has

shown that KvgA bound to either the promoter of kvhA or kvhR, suggesting

presence of a regulatory circuit among kvhAS, kvgAS and kvhR ( ,

). The gene organizations are shown in Fig. 1. In order to investigate further the

interaction, a series of mutants were constructed on K. pneumoniae LacZ16 deriving

kvhAkvgA™, kvhA kvhR', kvgAkvhR", and kvhA kvgA'kvhR.. Comparative analysis of

the growth and sedimentation rates of the mutants allowed the classification of these

mutants into two groups: the Group I carrying either kvg4 or kvhR mutation that

displayed a less mucoid phenotype and a faster growth rate than that of the parental

strain LacZ16. Group I includes kvhA™ and.-kvhA kvhR mutants, which exert similar

growth rate and phenotype with that of the parental strain LacZ16 (Fig. 2A and 2B).

The reduction of mucoidy in strains of Group I was also evident as determined by

the inability of the colony to form a string using a toothpick. The amount of CPS

produced in these mutants were further quantified by measuring the glucuronic acid

contents. As shown in Table 4, Group I strains synthesized much less K2 CPS than the

parental LacZ16 strain. A slight reduction of CPS and colony mucoidy also appeared

in kvhAkvhR', which belongs to Group II. Complementation of the kvhA kvhR™ with
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pA415, a DNA fragment corresponding to the entire kvhA locus with its putative
promoter amplified by A201/AS02 primer set and cloned into pRK415, converted
both phenotype and growth of the mutant from Group II into Group I (Fig. 3A and

3B).

The Hisec-KvhA binds specifically to kvhR promoter. The response regulator KvhA,
like many other response regulators of the two-component system, possesses a
helix-turn-helix motif at the C-terminus. In order to' demonstrate its interaction with
kvhR promoter, pHP4005 which;is pET30C containing the entire kvh4d was
transformed into’E. coli BL21-RIL (DE3), and:the IPTG-induced Hiss-KvhA was
purified by affinity chromatography (Fig. 4). Binding capability of the Hiss-KvhA to
kvhR promoter wasassessed by electrophoretic-mobility shift assay. As presented in
Fig. 5, specific DNA-binding activity of the Hiss-KvhA was demonstrated. The
mobility of Hise-KvhA appeared to be retarded ‘with the addition of 32p_labelled Proir.
The DNA binding appeared to be specific because the shifted band disappeared in the
presence of an excess amount of unlabelled Py,z, but not in the presence of pUC19

DNA.

The CPS and LPS patterns of the mutants. The CPS and LPS patterns of each

mutants were analyzed by electrophoresis on 10% (w/v) polyacrylamide with a
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without SDS supplement and 15% (w/v) SDS-PAGE respectively. The resolved LPS

was visualized by silver staining, and the CPS was visualized by staining with Alcian

Blue followed by silver staining. We have found that K. pneumoniae CPS was barely

detectable without the use of Alcian Blue. The CPS pattern of kvhA™ appeared to be

the same as that of wild type, however, kvh4 kvhR™ showed less high molecular weight

CPS, which migrated as a broad smear at the top of the gel (Fig. 6). When the

kvhA'kvhR™ mutant was complemented with a kvkhd carrying plasmid, an obvious

increase of the low molecular weight CPS components was_noted. In addition, the

Group I mutants included kvgd’, kvhR', kvhA kveA ; kvgd kvhR and kvhA kvgA kvhR

showed more high molecular weight CPS comparing with that of the parental strain

LacZ16 (Fig. 6).” As shownyin 'Fig. 7, LPS was clearly visible in all the mutants,

showing the characteristic O-antigen banding pattern.

Anti-phagocytosis activity of the mutants. To investigate the mutation effect on the

bacterial susceptibility to macrophage, the cell line THP-1 was used. After 2 h

incubation with each of the mutant bacteria, the THP-1 cells were washed and the

ingested bacteria were quantified by plating onto LB plates. As shown in Fig. 8, the

Group I mutants kvgAd', kvhR, kvhAkvgA', kvgA'kvhR  and kvhA kvgA kvhR

significantly lost their resistant activity to phagocytosis, whereas, the kvh4™ and

kvhA kvhR™ possessed a higher anti-phagocytosis activity. Complement of the mutant
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kvhAkvhR™ with a kvhA carrying plasmid appeared to reduce its anti-phagocytosis

activity.

Effects of kvhA, kvgA and kvhR mutation on the bacterial virulence. In a mouse

peritonitis model, the virulence of the mutants were compared. As shown in Table 5,

deletion of kvgA or kvhR resulted in an increase of the LDso. The kvhA mutation,

however, had no apparent effects. In the complement-mediated killing test, only

kvhA'kvhR™  appeared to" 'show a decreasing resistance to human serum.

Complementation of the mutant with pA415, the kvhA carrying plasmid, slightly

restored the resistance., While in the heat inactivated human sera, the sensitivity to

complement-mediated killing was also reduced.

Effects of kvhA, kvgA and kvhR on CG43 cps gene expression. In £. coli K-12, the

amount of colanic acid produced has. been teported to be correlated with the

transcriptional level of cps genes (Arakawa et al., 1995). We reasoned that the

production of CPS affected by kvhA, kvgA and kvhR might also be resulted from

differential cps genes expression in K. pneumoniae CG43, which carries a K2

capsular type. Thus, five lacZ reporter fusion constructs, porflZ15 and porf2Z15,

which comprise 800 bp and 440 bp non-translated region upstream of cps gene orf1-2

(Poyfi1-2::lacZ) respectively, porf3Z15 and porf4Z15, which carry 950 bp and 500 bp
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non-translated region upstream of the cps operon orf3-15 (P,3.15::lacZ) respectively,

and porfl62Z15 (Pof16.17::lacZ), which contains the putative promoter of cps gene

orfl6 and orfl7 were generated (Fig. 9). The lacZ fusion plasmids were then

transformed respectively into K. pneumoniae LacZ16 derived mutants. As shown in

Fig. 10, the B-galactosidase activities of porflZ15 (A), porf2Z15 (B), porf3Z15 (C),

porf4Z15 (D) and porf162Z15 (E) were measured. The promoter activities of either

Poyf1-2 or Pyisg7 in Group I mutants appeared to-be reduced, and the decreasing

activity in kvhR™ was found to be reversed in kvhiA kvhR. However, no change of the

promoter activity of P,,3.;5 in any of the mutants was noted.

Effects of the rpoS and kvhA mutations-on the promoter activity of kvhAS. To

investigate the regulatory roles of RpoS and: KvhA on AkvhAS expression, three

putative promoters of kvhAS, pAl5, which contains:467 bp non-translated region

upstream of kvhAS, pF15, which contains 379 bp upstream of kviAS, and pE15, which

comprises 180 bp non-translated region upstream of kviAS, were cloned into placZ15

using lacZ as a reporter (Fig. 11). The lacZ fusion plasmids were then respectively

transformed into K. pneumoniae LacZ16 and its derived mutants kvhA4', rpoS’, and

rpoSkvhA™. As shown in Fig. 12, the promoter activity of pA15 increased about 2-fold

in rpoS . However, the pE15 and pF15 promoter activities remained to be similar in

any of these strains. The results suggested that the putative regulatory region of kviAS
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by RpoS is located -379 to -476 bp upstream of kvhAS, which contains also the

auto-regulating region of KvhA.

Identification of the signaling molecules for kvhAS expression. The
B-galactosidase activity of pAl5 in wild-type LacZ16 grown in M9 was measured by
supplying the culture with either of 25 mM MgSO,, 50 mM MgSQO,, 10 mM nacin, 2
mM EDTA, 0.2 mM 2,2-dipyridyl, 0.2 mM paraquat or 0.4 mM paraquat for 1 h at
37°C. As shown in Fig. 13;'the promoter activity of kvhaA4S was found to increase by
the addition of MgSO4. However, the rest of the reagents showed no apparent effects

on kvhAS expression.

Effect of the phOP mutation "on' the promoter activity of KVhAS. PhoPQ is a
two-component system - that ‘governs virulence, mediates the adaptation to
Mg "-limiting environments, and regulates-numerous cellular activities in several
gram-negative species (Groisman, 2001). To investigate the relationship between
kvhAS and phoPQ, pAlS, pE15 and pF15 were respectively transformed into K.
pneumoniae LacZ16 and its derived mutant phoP". As shown in Fig. 14, the promoter
activities of pA15 and pE15 decreased in phoP", however, the pF15 promoter activity
in phoP” remained the same as that in wild type. The results suggested that the

putative regulatory element on kviAS by an unknown activator is located -379 bp to
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-476 bp and -1 bp to -180 bp upstream of kvhAS. Most likely, some unknown

repressor binding region is within -180 bp to -379 bp upstream of kvhAS. These

regulatory factors are likely under-controlled by PhoP or even cross-talking to each

other.

Effect of KvhA overexpression on bacterial resistance activity to antibiotics. In

order to investigate the effect of KvhA overexpression on the bacterial drug resistance,

pHAm-c, a DNA fragment carrying the entire kvhA4 locus cloned into pETm-c, and

pHANm-c, a DNA fragment;corresponding to the kviA4 locus without helix-turn-helix

(HTH) DNA-binding motif, which was amplified by ASO7/HAO1 primer set and

cloned into pETm-c, were constructed.” The plasmids pETm-c, pHAm-c and

pHANm-c were then transformed into K. .pneumoniae CG4383 respectively. The

strains were exposed to various antimicrobial agents+in a.disk diffusion assay. The

data were summarized in Table 6, and the photographs were shown in Fig. 15.

Overexpression of KvhA conferred the bacteria resist more to several antibiotics

including cephalothin, piperacillin, ticarcillin, and carbenicillin of B -Lactam group.

However, the bacteria with an ovexpression of KvhA appeared to be more susceptible

to fosfomycin and sulfonamides (trimethoprim + sulfamethoxazole), which are

inhibitors of cell wall synthesis and metabolism respectively. While removing the

HTH domain from KvhA, the overexpression effects on the bacterial resistance
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activity to antibiotic were abolished.

26



DISCUSSION

Cross-talk among the 2CSs that a sensor transfers a phosphate group to a

‘non-cognate’ response regulator within a genome has recently been noted

(Verhamme et al. 2002). We have previously isolated novel 2CSs kvhiAS, kvgAS and

kvhR tfrom K. pneumoniae CG43. The deduced amino acid sequence of kvhA shares

58.5 % and 57.0 % similarity with that of kvg4 and kvAR respectively, suggesting they

are paralogous response "regulators. Previous EMSA study has also shown a

possibility of the presence of a negulatory circuit:in-betweén these homologous

two-components.'We further demonstrate the relationship of these 2CS paralogs and

also the functional role of KvhA in this study.

On the basis of the comparative analysis of the mutant phenotypes, the deletion

of either kvgAd or kvhR reduced the bacteria CPS production which leads to the

phenotypes of less mucoid and a faster growth rate. We have also shown that both

KvgA and KvhR are likely involved in regulating not only the amount but also the

form of CPS. Although kvhA deletion showed no apparent effect on the production of

CPS, the mutation however, rendered a null effect of the AvAR mutation. We believe

that KvhA interacts with KvhR in some way to suppress the activity of KvhR.

The hydrophilic CPS (K antigen) is involved mainly in resistance to
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phagocytosis by polymorphonuclear cells by acting as a physical barrier (Alberti et al.,

1996; Alvarez et al., 2000). The assay of anti-phagocytosis activity and virulence

determination in a mouse peritonitis model, deletion of either kvgA4 or kvAR resulted in

an increase of LDsg. The results indicated that kvgA4 and kvihR may be involved partly

in the bacterial pathogenicity. LPS consists of lipid A, core, and O-polysaccharide

antigen that are essential for the microorganism to resist complement-mediated killing

(Cortes et al., 2002). Only with,both kvh4 and kvhR.mutations revealed a decrease of

resistant activity to human serum. Although the mutants’ display LPS core and

O-antigen, kvhA kyhR seems to product. less. or poor O-antigen so that susceptible to

human serum.

To investigate:further the kvgA", kvhR™ mutation effect on the cps gene expression,

the Group I mutants kvgAd; kvhR', kvhAkvgA , kvgAkvhR and kvhA kvgA kvhR

appeared to reduce the expression of cps gene orfl-2 and orfl6-17. The putative

regulatory region of orfI-2 in Group I mutants is located between -1 to -400 bp

upstream of orfI-2, and the putative regulatory region of orf16-17 by Group I mutants

is located between -1 to -450 bp upstream of orf16-17. The decreasing cps gene

expression in kviAR was found to be reversed in kvhAkvhR . Analysis of the ORF

showed that orfI is a homolog of S. typhimurium LT2 galF and E. coli galU. While

orf16 and orf17 correspond respectively to the manC and manB genes, which encode
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mannose-1-phosphate guanylyltransferase (GDP-mannose pyrophosphorylase) and

phosphomannomutase respectively. Both enzymes have been reported to be involved

in the biosynthesis of mannose (Arakawa et al., 1995). KvgA and KvhR may hence

play a role as regulators for mannose synthesis. Notably, the cps expression regulated

by many factors, such as RcsC, YojN, RcsB, RcsA and RmpA2 has been

demonstrated (Lai ef al., 2003). We believe that KvgA and KvhR may very likely

interact with either Rcs system or RmpAZ2.

The mutation ‘of the global stress regulator RpoS appéared to enhance the

promoter activity. of kvidsS, suggesting a negative regulation. Although a predicted

RpoS binding site is present about -270 bp’ upstream of kviAS, the RpoS regulatory

region determined-in Fig. 11 is located between=-379 and -476 bp upstream of kvhAS,

which will be further investigated in vitro by EMSA. The expression of kvhAS

appeared to be positively auto-regulated by KvhA, which was shown to share a

common regulatory region with RpoS. Previous study has shown that kvg4S was

positively regulated by RpoS. It is hence expressions of kvhAS and kvgAS are working

likely differentially to adapt a diverse environment.

Whole-genome transcriptional profiles of E. coli had shown that evgAd is

down-regulated by paraquat (Pomposiello et al., 2001). Previous data obtained in our
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laboratory had also shown that addition of paraquat or 2°, 2’ dipyridyl to K.
pneumoniae cells activates the expression of kvgAS (Lai et al., 2003). However, these
reagents conferred no apparent effects on kviAS expression. The expression of kvhAS
was found in this study to increase by addition of MgSQ,. In contrast, phoPQ was
activated at low Mg®" concentration. In E. coli, a novel interaction was demonstrated
between the EvgAS and PhoPQ systems (Eguchi, 2004). The genome-wide analyses
suggested the presence of a signaling network connecting the Rcs system with the
PhoPQ system for a" coordinate regulating of _the extracellular polysaccharide
synthesis in response to the external concentration of divalent cations (Hagiwara,
2003). We therefore proposed that the expression of kvhAS was_affected by PhoP

indirectly through an interaction ‘with some unknown factors.

Overexpression of KvhA- conferred the bacteria a significant resistance to
B-lactams, indicating that the response regulator-mediated drug resistance is of great
potential as the major determinant for the bacterial drug resistance. In E. coli,
overexpression of 2CSs BaeR, EvgA, RcsB and DcuR have been shown to confer a
high-level p-lactam resistance (Hirakawa, 2003). The cps genes were induced by a
subset of p-lactams but not by agents inhibiting proteins synthesis or DNA replication,
indicating that cps expression is specific and not due to stresses accompanying cell

death or by a general inhibition of peptidoglycan synthesis (Sailer ef al., 2003). Thus,
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the presence of a signaling network built by KvhAS, PhoPQ and Rcs systems is likely
responsible to regulate the cell surface structures, by modifying lipopolysaccharide
(LPS) and/ or capsular polysaccharide (CPS), in response to the external states.
Finally, study on searching for the target genes regulated by KvhAS using cDNA

subtraction method is currently underway.

In conclusion, as shown in Fig. 16, we propose a regulatory circuit that RpoS
activates the expression of kvgAS but represses that of kvhAS. Both kvhAS and kvhR
are under-controlled by kvg4S and there may be a cross-talk between each other to
regulate CPS synthesis and LPS modification. However, the pathway is yet to be
identified. In addition, AvhAS senses-a high-level concentration of Mg”™ and in

response to affect the drug susceptibility.
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