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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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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 (3), was found to be

inducible by 10 pM paraquat. Analysis of the gene organization revealed two oxidative

stress regulators SoxR and SoxS encoding genes located next to yjcC gene. Deletion of

yjcC was found to decrease the bacterial survival under paraquat treatment which

supporting the involvement of YjcC in the oxidative stress defense. For further

investigation of the biological role of yjcC, the accomplished works in the past year are

following:

1.

Using real-time PCR analysis of the K. pneumoniae CG43 under the treatment of
500 uM paraquat or 10 mM H202, we have found an increased expression of yjcC
as well as the regulator genes including SOXRS, oxyR, RpoS, fur, and fnr for the
resistance to oxidative stress. In addition, the induced expression level of yjcC
appeared to be higher than that of rpoS. This supports the previous speculation that
YjcC plays a role in anti-oxidative stress response.

We have also used trans-complementation assay to demonstrate that YjcC carries a
phosphodiesterase activity. Site-directed muatgenesis employed to substitute the
active residue of the C terminal EAL domain revealed that the YjcC-AAL mutant
only showed a slightly decrease of phosphodiesterase activity. This implied that the
EAL motif may not be the major active sites for the enzymatic activity. Nevertheless,
this does not preclude that the two transmembrane domains at the N-terminal region
of YjcC may also play a role in activating the enzyme activity leading to the control
of the second messenger cyclic di-GMP level which in turn to regulate the
anti-oxidative stress response.

Bacteria in general produce antioxidant enzymes such as superoxide dismutase
(SOD) and catalase to prevent from the damages of superoxide or other free radicals.
The analysis including native gel detection and enzyme measurements to assess the
yjcC deletion effect revealed that both Mn-SOD and Fe-SOD were
induced-expressed in the yjcC deletion mutant. On the other hand, activity of the

catalase HPII-1 was decreased.



1. Background and Significance

In Escherichia coli and Salmonella, there are many global regulators involved in
oxidative stress, such as SoxRS, OxyR, RpoS, Fur and Fnr (8, 9, 11, 12). E. coli, widely
used as a model organism for the study of oxidative stress response, possess two primary
cellular responses respectively controlled by OxyR and SoxRS (Pomposiello and
Demple, 2002). The OxyR activates gene whose products protect cells against peroxide
radicals, whereas SoxRS system activates set of genes in response to superoxide radicals.
Hydrogen peroxide at high concentration could trigger the SoxRS system (Manchado et
al., 2000). At stationary phase, RpoS activates the expression of katE to prevent from
the oxidative stress. Evidences have shown that Fur (8), which is a ferric uptake
regulator, also regulates the expression of the key enzymes in the defense against
oxygen toxicity manganese and iron superoxide dismutase (MnSOD and FeSOD). In E.
coli, Fur is also under regulated by soxRS and OxyR FNR which is an O, sensor is a
major regulator involved in the physiological switch between aerobic and anaerobic
growth conditions. FNR is also involved in the oxidative stress response since SOUA

(Mn-SOD) expression in anaerobic condition is controlled by FNR (15).

The defense mechanisms, which play an important role in determining the bacterial
virulence, include sensing, avoiding, and removing the oxidants (10, 13, 14). As shown
in Fig. 1, superoxide is removed by SODs (SodA, SodB and SodC) (6), while the
generating hydrogen peroxide removed by catalases (KatE, KatG) and peroxidases
(AhpC) in E.coli. The transcriptome analysis of Pseudomonas aeruginosa (1) or
Staphylococcus aureus (2) response to H,O, revealed many more induced expression
genes which include virulence genes, the genes encoding products involved in DNA
repair and anaerobic metabolism,the induced-expression of more than 100 genes in

responding to either H,O, or paraquat suggests a complexity of the antioxidant strategies

(16).
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Fig. 1. Bacterial cell responses to different oxidative stresses. External reactive
oxygen species enter the periplasm and then can either be inactivated or enter
the cell. In the cell, they again can either be inactivated or result in a cell
response. Some of the ROS entering the cell or generated in the cell may leave
the cell.

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 could be identified. The C-terminal sequences containing EAL domain
appeared to be highly conserved in three bacteria. Multiple sequence alignment using

Clastal W has classified YjcC as an active EAL domain containing protein.

Increasing evidences have shown that cyclic diguanylate (c-di-GMP), a bacterial
second messenger, acts to modulate the expression of virulence genes for the infection of
bacterial pathogen during the transition from environmental reservoirs to the human host
(4, 5). The genome-wide transcriptional profile of E. coli in response to high level of
c-di-GMP showed an important number of genes encoding cell surface and
membrane-bound proteins are altered in their transcription activity. The genes encoding
several transcription regulators such as Fur, SoxS, and RcsA were up-regulated implying
a repression of iron uptake system, increase expression of oxidative stress response and
synthesis of CPS under high level of c-di-GMP.

Bacterial genome sequencing revealed a surprising abundance of GGDEF and EAL

domains, indicating that c-di-GMP-dependent regulation is more widespread than was



first expected (17). The level of c-di-GMP has been demonstrated to be controlled
inversely by GGDEF- and EAL-domain containing proteins, which respectively function
as diguanylate cycalse (DGC) and phosphodiesterase (PDE). Many of the sensory
proteins contain N-terminal cytoplasmic sensor domains that affect the enzymatic
activities of the downstream domains. However, the ligands of most sensory domains

remain obscure.

I11. Materials and methods

Real-Time PCR analysis Total RNA was isolated from fresh bacterial cultures (ODgoo=
0.6~0.7). Three micrograms of the DNase I-treated total RNA extracted from K.
pneumoniae CG43 or the derived strains treated with 500 uM paraquat and 10 mM H,0,
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) analysis of the transcription of rpoS, oxyR, fur, yjcC, soxR, soxS and
23S rRNA with each of the 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 is 23S rRNA.

Trans-complementation for the assessment of phosphodiesterase activity

(a) Swimming activity assay
Swimming motility was tested in the LB medium solidified with 0.3% Bacto Agar,
0.5% NaCl, and 1% tryptone. Five microliters of the bacterial suspension was spot on
the plate and then incubated for 16 h at 30°C.

(b) Site-directed mutagenesis
Site directed mutagenesis was performed on the plasmids pJR1 according to the
QuickChange site-directed mutagenesis kit following the manufacturer's protocol
(Stratagene). to substitute critical residue in the EAL domain of YjcC . The generated
PCR product contained one point mutation corresponding to E303A to
A303A change in the active EAL site. The resulting PCR product was digested with
BamHI and HindIII and ligated into BamHI/HindIII-digested plasmid pRK415-pJR2.

Determination of SOD and catalase enzyme activity
(a) Preparation of cell-free extracts. To measure specific activities of SOD and
catalase, cell-free extracts were harvested (15000 rpm, 4°C, 20 min) in ODggo= 0.7~0.8



exponential phase of growth and suspended in ice-cold 50 mM potassium phosphate
buffer, pH 7. Cells were disrupted by ultra-sonication, Cell debris was removed by
centrifugation for 10 min at 12000 rpm and 4°C, and collected the supernatant on ice.
The extraction of total proteins was made at 4 “C. Protein concentrations were estimated
according to Bradford (1976) Bradford’s method using bovine serum albumin as
standard.
(b) Native-PAGE and gel staining for enzymatic activity
Cell lysates, each with the same quantity of protein, were loaded onto 10% native
polyacrylamide gels and the proteins separated at a constant voltage of 150 V for 2 h.
Subsequently, the gels were removed and stained for either SOD or CAT activity
according to the methods of Beauchamp and Fridovich (1971) and Woodbury et al.
(1971), respectively. SOD was localized by soaking gels in 2.45 mM nitroblue
tetrazolium for 20 min, followed by immersion in a saluting of 50 mM phosphate
buffer, pH 7.0, 0.028 mM riboflavin and 0.028 M TEMED. The gels were then
removed from the solution and exposed to light for about 20 min. SOD activity
results in achromatic zones in the otherwise purple gel. An attempt was also made to
identify the expression of CAT activity soaking gels in 10 mM hydrogen peroxide for
30 min with gentle shaking to localize CAT. The gels were transferred to a solution
of 1% ferric chloride and 1% potassium ferricyanide for 10 min the localized-CAT
activity gave rise to colorless bands on a dark green background.
(c) SOD specific activity determination
SOD activity was determined spectrophotometrically at 25°C by the xanthine
oxidase—cytochrome C method (7). The 0.7 ml assay mixture contained: S0mM
potassium phosphate, pH 7.8; 0.ImM EDTA; 50 mM
xanthine; 1.7 mU xanthine oxidase ; 10 mM cytochrome C. The reduction of
cytochrome C was followed by measuring 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%.
(d) Catalase specific activity determination.
Catalase activity was determined spectrophotometrically at 25°C (1 cm cuvette,
JascoV-550 spectrophotometer) by monitoring the decrease in A240 of 10mM H,0;
in 50mM Tris/HCI buffer, pH 8.0 (Beers & Sizer, 1952; Nelson & Kiesow, 1972).
One unit (U) of activity was defined as the amount of enzyme that catalyses the
oxidation of 1mmol H,O, min! under the assay conditions. Protein concentrations
were determined by the method of Bradford (1976) using standard reagents
(Bio-Rad) and bovine serum albumin as standard.



IV. Progress Report and Discussion
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Fig. 2. The yjcC expression is inducible by hydrogen peroxide and paraquat. Q-PCR
was employed for the measurement of the inducing effect of 10 mM hydrogen
peroxide or 500 uM praquat on the expression of oxidative stress genes in
Klebsiella pneumoniae.
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Fig. 3. YjcC contains an enzymatically active EAL domain. (A) Pfam analysis of
YjcC (http://pfam.sanger.ac.uk/) (B) Sequence alignment of the C-terminus of YjcC

with the EAL proteins grouped into active phosphodiesterase activity base on the
EAL signature.
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Fig. 4. YjcC carries a c-di-GMP phosphodiesterase activity. (A) The yjcC expression
plasmid pJR1 and the derived single residue (E to A) mutant pJR2. (B) Swimming
activity analysis for the assessment of the phoshodiesterase activity. The bacteria
respectively carry pYhjH (encoding an active phosphodiesetrase), pRK415 (a broad host
range vector), pJR1 (yjcC-pRK415), and pJR2 (yjcC mutant-pRK415) were spot onto
the swimming plate, incubated for 16 h at 30°C, and the photo taken.
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(B)
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Fig. 5. (A) Schematic representation of the antioxidant enzymes to protect from
oxidative stress. (B), (C) Effects of 500 uM paraquat(+) and non treatment(-)
on SOD and catalase activities on 10% and 8% native gel. Strains 1, 2: WT; 3,
4: AyjcC; 5, 6:AyjcC /pRK415-pJR1; 7, 8: AsoxRS ; 9, 10: Afur and 11, 12:
ArpoS. HPII-1: catalase E (KatE); HPII-2: rpoS-dependent hydroperoxidase
(KatF); HPI: catalase G (KatG).
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Fig. 6. SOD (A) and catalase (B) activities in K. pneumoniae CG43. The enzyme
activities were determined in K. pneumoniae WT, AyjcC, AyjcC/pRK415-pJR1, A
SOXRS, A fur and A rpoS cells grown in the presence of 500 uM paraqquat.



Oxidative stress

* * Received by the N-terminal
| signal reception domain of YjcC

Activated the PDE activity
— conferred by the C-terminal EAL

Cytoplasm
Cyclic-di-GMP level £

Modulating the SOD and
catalase activity

Fig. 7. The proposed model for functional role of YjcC.

Periplasm

Resist to oxidative
stress

V. Discussion

Several of the oxidative stress responsive genes including SOXR, soxS, RpoS, fur and
OxyR, as well as yjcC appeared to be inducible by H,O, or paraquat using real-time PCR
analysis. Sequence analysis showed that YjcC has C-terminal EAL domain and two
transmembrane domains at N-terminal part. The in-trans complementation using
swimming activity analysis suggested YjcC is a c-di-GMP phoshodiesterase. Specific
residue substitution of the EAL motif resulted in a slightly decreased of the swimming
activity. This implied that the EAL motif may not be the major active sites for the
enzymatic activity. Nevertheless, this does not preclude that the two transmembrane
domains at the N terminal region of YjcC may also play a role in activating the enzyme
activity. If yjcC received the signal by its transmembrane domain from N-terminal and
activate PDE activity to modulate cyclic di-GMP to resist oxidative stress remains to be
determined.In addition, the analysis including native gel detection and enzymatic
measurements to assess the yjcC deletion effect revealed that both Mn-SOD and
Fe-SOD were induced expressed in the yjcC deletion mutant. On the other hand, the
yjcC deletion decreased the catalase HPII-1 activity. How YjcC exerts its regulation to
affect expression of the SOD or KatE will be investigated.
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