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Role of the in vivo expression protein YjcC in the oxidative stress
responses in Klebsiella pneumoniae CG43
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I. Abstract
Ia. Abstract in Chinese
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I. Abstract
Ib. Abstract in English

Key words: Klebsiella pneumoniae CG43; IVE yjcC; functional EAL domain,
oxidative stress responses and virulence determination using mouse

peritonitis model.

During infection, defenses against oxidative stress play an important role in
determining the bacterial virulence. The expression of yjcC, previously identified by
in vivo expression technology (IVET) in Klebsiella pneumoniae CG43, was found to
be inducible by 10 M paraquat. Analysis of the gene organization revealed two
oxidative stress regulators SoxR and SoxS encoding genes were next to yjcC gene.
The deletion of yjcC was found to decrease the bacterial survival under the treatment
of paraquat further suggesting the involvement of YjcC in the oxidative stress defense.
We have carried out the studies in the past year to demonstrate that the expression of
yjcC is paraquat inducible assessed using a LacZ reporter system. The subsequent
real-time PCR analysis under the treatment with paraquat or H,O, revealed similar
expression patterns of yjcC with those of rpoS and fur gene. Transformation of the
yjcC deletion mutant with the plasmid pC2050 that carries yjcC encoding gene
restored the bacterial growth upon the treatment with 200 uM of paraquat or 10 mM
H,0,, further supporting a role of YjcC in the oxidative stress response. In addition,
the plasmid pC1250, carrying a truncated yjcC removed of EAL domain encoding
region, or pC2050A, carrying a site-directed-mutation yjcC gene coding for YjcCgoza,
has also been introduced into the mutant. Nevertheless, neither plasmid could
complement the yjcC deletion effect suggesting that the EAL domain is required for a
functional YjcC. Finally, the yjcC deletion mutant exerted a 10-fold decrease of LD50

in mouse peritonitis model further potentiates a role of YjcC in the bacterial infection.
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I1. Background and Significance
Klebsiella pneumoniae yjcC, an IVE (in vivo expression) gene

10 M paraquat

+

Fig. 1. Phenotypes of IVE clones on MacConkey-galactose agar containing 10 uM
paraquat (1). 1: lysA, 2: yfjB, 3: yjcC , 4 and 5:unknown function.

As shown in Fig. 1, the five paraquat-inducible ive genes include lysA, yfjB, yjcC,
and two unknown function sequences. LysA encodes the last enzyme in lysine
biosynthetic pathway which has been considered as potential targets for antibacterial
drugs and herbicides (2). Mycobacterium tuberculosis lysA deletion mutant has been
demonstrated to be attenuated and safe as vaccine candidate in mice (3).

YfjB is an NAD kinase which has been regarded as the key enzyme for the
regulation of the NADP level and NADP-dependent pathways in cells (4). While
analysis of the yet known function YjcC revealed similar gene organization and
significant sequence homology with that of the E. coli and S. typhimurium homologs.

Escherichia coli K12 @ @ » (> »

soxS soxR

NTOrs0as I AR e A s A >

sSOMS sOMR

Salmonella enterica @
serovar tvphimurium r - »

s50M5S soMR

1kb

Fig. 2. The yjcC containing gene clusters of E. coli K12, K. pneumoniae
NTUHK2044, and Salmonella enterica serovar Typhimurium. As shown in Fig. 2,
the global oxidative stress regulators SoxR and SoxS encoding genes are
upstream located suggesting a role of YjcC in the response to oxidative stress and
hence yjcC was chosen for further study.



As shown in Fig. 3(A), the comparative analysis of the N-terminal sequences
revealed 41% identity between Kp-YjcC and Ec-YjcC, and 50% identity between
Kp-YjcC and St-YjcC. The Blast search for the sensory domain at the N-terminus of

YjcC revealed no classified functional motif. However, a couple of conserved blocks
including aa 40~100 and 130~188 (Fig. 3A) could be identified. In contrast, the
C-terminal sequences containing EAL domain appeared to be highly conserved in
three bacteria (Fig. 3B).
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Fig. 3. Alignments of YjcC (A) N-terminal sequences and (B) EAL domain
containing sequences of E. coli K12, K. penumoniae NTUH-K2004 and S. Typhi.



Pilot study To investigate if YjcC plays a role in oxidative stress response, the
yjcC deletion mutant was obtained by allelic exchange method and the susceptibility

to paraquat was determined.
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Fig. 4. Paraquat sensitivity assay. The overnight cultures were refreshed grown in
LB until OD600 of 0.6~0.7. Aliquots of 50, 200,500 uM of paraquat were then added
and the incubation continued for 35 min at 37°C. Finally, the cultures were plated onto
LB plates for colony formation and the relative survival was determined as ratio of the

viable count to the colony number of untreated-inoculum.

As shown in Fig. 4, Under the treatment of 50 uM paraquat, a dramatic decrease of
the bacterial resistance to paraquat was observed and the introduction of the
yjcC-expression plasmid enhanced the bacterial resistance to higher level of paraquat
(200 and 500 uM), supporting a role of YjcC in the bacterial resistance to oxidative
stress. Specific aims of the proposed studies as shown in Fig. 5 are (1) To investigate
the functional role of YjcC in the oxidative stress defense; (2) To identify the
regulatory system(s) for optimal expression of yjcC; (3) To show how and why YjcC

is expressed In Vivo to encounter the oxidative stress.
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Fig. 5. A proposed study for the functional role of YjcC in K. pneumoniae CG43.

I11. Materials and methods

Paraquat and H20: survival assessment One-hundredth overninght grown bacteria
were inoculated to LB and incubated at 37°Cto OD600 of 0.6~0.7. Aliquot of the
bacteria were then collected by centrifugation and resuspended in 200 uM of Paraquat
and 10 mM H202 respectively, then subjected to 37°C incubation for 35 min. CFU of
the bacteria after the stress treatment were counted, and the survival rate was
determined by the ratio of the CFU. The representative data at least three independent
experiments were presented. Every sample was assayed in triplicate, and the average

activity and standard deviation were presented.

Construction of YjcCgsosa expression plasmid by site-directed mutagenesis
Site-directed mutagenesis was carried out essentially as described by QuikChange
Site-Directed Mutagenesis Kit (Stratagene, USA). Glu303 in the EAL domain of YjcC
is responsible for phosphodiestrase enzyme activity, which was changed in to alanine
in pC2050, and the resulting plasmids was named pC2050A (YjcCE3p3a).

Promoter activity assessment [-galactosidase activity was determined essentially as
described by Miller. The data presented were derived from a single experiment which
was representative of at least three independent experiments. Every sample was

assayed in triplicate, and the average activity and standard deviation were presented.



Mouse lethality assay Female BALB/c mice with an average weight of 25 g will be
obtained. The tested bacteria suspended in 10-fold steps graded dose in 0.2 ml saline
will be injected intraperitoneally. The LD50 will be determined by the method of
Reed and Muench (5) and expressed as CFU.

Real-Time PCR analysis Three micrograms of the DNase I-treated total RNA
extracted from K. pneumoniae CG43 or the derived strains treated with or without
paraquat was reverse transcribed to generate cDNA using AMV Reverse
Transcriptase and random primer pDN(6) according to the manufacturer's instructions
(Roche). Real-time PCR (RT-PCR) analyzing the transcription of rpoS, oxyR, fur,
yjcC, soxR, soxS and 23S rRNA using each cDNA as a template was performed using
SYBR Green PCR Master Mix and SDS 2.1 software on a PRISM 7000 HT platform
(Applied Biosystems). Relative quantification of rpoS, oxyR, fur, yjcC, soxR and SoxS
transcription in various conditions and various strains was analyzed by the
comparative Ct (threshold cycle) method. The internal control used here was 23S
rRNA.



IV. Progress Report and Discussion

Promoter activity analysis using LacZ as a reporter indicated Pycc iS a
paraguat-inducible promoter
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Fig. 6. Measurement of the yjcC promoter activity. The putative promoters which
respectively contain 415 bp and 525 bp of the non-coding region upstream of yjcC
were isolated and cloned into the promoterless lacZ reporter plasmid placZ15. The
recombinant plasmids were then transformed to K. pneumoniae CG43Z01 and the

-galactosidase activity of the transformants measured.



Real-time PCR analysis under the treatment with paraquat (PQ) or H>,O»
revealed similar expression patterns of yjcC with those of rpoS and fur gene
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Fig. 7. Real -Time PCR analysis. The overnight cultures were collected, refreshed
grown in LB until OD600 of 0.6~0.7 and incubated with 10, 30, or 50 uM PQ or
without PQ for 35 min. The target genes for RT-PCR analysis included rposS, fur,
yjcC, oxyR, soxS and soxR. 100% expression is defined as the expression of wild-type
strain

Construction of the recombinant plasmids for the complementation analysis

The recombinant plasmids are pC2050, the plasmid carries a yjcC encoding
gene; pCl1250, the plasmid carries a truncated yjcC removal of the EAL domain

coding region; pC2050A, carries a site-directed-mutation YjcC coding for YjcCgzo3a.
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The vyjcC deletion increased the bacterial susceptibility to paraquat and H»O»,

and the complementation analysis indicated a functional role of the EAL domain
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Fig. 8. Paraquat and H,O; sensitivity assay. The overnight cultures were collected,
refreshed in LB, and the cultures continued until OD600 of 0.6~0.7 Subsequently,
aliquots of 200 uM of paraquat (A and C) or 10 mM H,O, (B and D)were
respectively added and the cultures continued for 45 min at 37°C. Finally, the cultures

were plated onto LB plates for colony formation.
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Mouse lethality assay revealed a virulence role of YjcC

Strain LD 50 (CFU)
CGA4353 1X 104

AyjcC 1X10°
C2050 2.74 x 106

Table 1. Mouse lethality assay . The tested bacterial strains were

cultured in LB medium at 37°C overnight. Four mice of a group were injected
intraperitoneally with bacteria suspended in 0.2 ml of PBS in 10-fold-graded doses.
The LD50, based on the number of survivors after one week, was calculated by the
method of Reed and Muench and expressed as CFU.

V. Discussion

Sequence analysis of the putative promoter of yjcC revealed no conserved RpoS-
or Fur-binding elements. However, the promoter activity measurement and the
real-time PCR analysis suggested that YjcC is a component of the RpoS or Fur
regulon. If yjcC is under the control of RpoS or Fur is currently under investigation.
The yjcC deletion mutant revealed an increased susceptibility to paraquat and
hydrogen peroxide, and the deficiency could be complemented by transferring into the
mutant with a YjcC-expression plasmid. This indicated an involvement of YjcC in the
anti-oxidative stress response. The paraquat resistance activity was not able to be
restored while in trans supplying the mutant with pC1250 or pC2050A implying the
EAL domain plays a role in the oxidative stress response. Moreover, the deletion of
yjcC resulted in an increase of LD50 suggesting a role of YjcC in regulation of the
bacterial virulence. To demonstrate that yjcC plays a role in anti-phagocytosis during
the infection, CG43-derived wza-yjcC double mutant has been generated.

12



VI. Literature Cited

1. Lai YC, Peng HL, Chang HY. 2001. Identification of genes induced in vivo during
Klebsiella pneimoniae CG43 infection. Infect Immun 69:7140-5.

2. Li X, Ricke SC. 2003. Characterization of an Escherichia coli lysA insertion
targeted mutant using phenotype assays. Bioresource Technology 89:249-253.

3. Sambandamurthy VK, Derrick SC, Jalapathy KV, Chen B, 2005. Long-term
protection against tuberculosis following vaccination with a severely attenuated
double lysine and panthothenate auxotroph of Mycobacterium tuberculosis. Infect
Immun 73:1196-1203.

4, Kawai S, Mori S, Mukai T, Hashimoto W, Murata K. 2001. Molecular
characterization of Escherichia coli NAD kinase. Eur J Biochem 268:4359-65.

5. Reed LJ, Muench H. 1938. A simple method of estimating fifty percent endpoints.
Am. J. Hyg. 27:493-497.

13



