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Klebsiella pneumoniae adapts itself to various
environments and is capable of causing a wild range
of infections. How K. pneumoniae switches its
physiological programs to ensure survival in a
specific niche i1s still a mystery. Recently, it has



become clear that small non-coding RNAs are crucial
regulators modulating diverse cellular processes to
enable prokaryotic cells to adjust physiological
fitness to environmental changes. RybB and MicA, two
of K. pneumoniae sRNAs, were strongly activated by
the overproduction of sigma E (M E). Deletion of %
E-encoding gene rpoE dramatically attenuated K.
pneumoniae virulence and abolished its tolerance to
diverse stressful conditions. Although F}ME is a
transcriptional activator, 45% of f#F E-dependent
genes were negatively regulated in K. pneumoniae.
Given RybB and MicA are RNA regulators repressing
gene expression at the post-transcriptional level ;
1t 1s possible that the negative regulation of genes
belonging to the ¥} E-regulon is mediated through the
action of %[ E-driven sRNAs. Upon pulse expression of
RybB, DNA microarray analysis revealed that mRNA
abundances for 31 genes were significantly decreased
with more than 4-fold changes as compared to that of
the vector control. The majority of these genes were
different from that targeted by E. coli RybB. Because
RybB behave like a global regulator but control a
distinct set of K. pneumoniae genes from that in E.
coli. To determine the regulatory mechanism by which
RybB modulates gene expression in K. pneumoniae, in
this one-year project, we generated rybB deletion
mutants by using the allelic exchange technique. This
mutant, named & rybB, significantly lost its
virulence to mice. When compared with its parental
strain and complement strain, bacterial tolerance to
a high salt condition in vitro was affected in 5
rybB. Among the 31 RybB targeting candidates, we
selected four genes, ompC, galU, hdeB, and KP1_ 0760,
to validate their interaction with RybB by using a
genetic approach. By comparison of GFP protein
expression by Western blotting with specific
antibodies in the presence and absence of arabinose
induction, we observed that the overproduction of
RybB resulted in 90% 60% 50% and 40% decrease in
GFP expression, respectively for gfp fusions of
KP1_0760, HdeB, GalU, and OmpC, at 8 hours post-
inoculation. How the RybB-mediated control of these



genes contributes to K. pneumoniae virulence and
physiology is worth of further studies to elucidate.
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Background and significance

Klebsiella pneumoniae is a Gram-negative enterobacterium ubiquitous in nature. As behaving like a
saprophyte resided in nasopharyngeal and intestinal mucosa of humans, K. pneumoniae frequently
involves in a wide range of clinical illnesses. Without immediate treatments, infections caused by this
bacterium have a significantly high rate of mortality (/). Not solely confined inside the human host, K.
pneumoniae has an immense capacity to adapt to various environments, including the surface water,
sewage, soil, the intestinal tract of other mammals (7), and even the interior of plants (2). How K.
pneumoniae responds to environmental changes and thus adapts itself to a specific niche becomes an
interesting question. Nevertheless, our knowledge about the regulatory mechanism by which this
bacterium switches among different physiological programs that ensure its survival upon various
conditions remains incompletely understood.

Until recently, global gene expression studies have mainly been focused on the transcriptional
regulation exerted by DNA-binding proteins. With the identification of more and more sRNAs in
bacteria, while functions of many of the RNA molecules are still not known, an increasing number of
studies demonstrate that the RNA regulators behave as key effectors of bacterial cellular processes.
Through rapid post-transcriptional adjustments, the regulatory sRNAs have advantages over protein
regulators to rapidly promote bacterial adaptation to ever-changing environments (3). Genes subject to
post-transcriptional control by sSRNAs are involved in numerous cellular processes, such as iron
homeostasis (4), outer membrane proteins (OMPs) biogenesis (5), sugar metabolism (6), quorum
sensing (7) and various stress responses (8). Considering the potential impact on coordinating
regulatory networks of stress adaptation and virulence gene expression, we pay particular attention on
these RNA molecules. A mutant which has in-frame deletion on the gene encoding the RNA chaperone
Hfq was therefore generated in K. pneumoniae to serve as a starting point for our study on small
regulatory RNAs. The deletion of A4fg significantly attenuated K. pneumoniae virulence in the KLA
model and drastically deregulated the expression of almost a fifth of K. pneumoniae genes, as evident by
microarray-based transcriptome analyses (9). As Hfq often acts in conjunction with sSRNAs, it is likely
that SRNAs play major roles in the control of numerous cellular processes in K. pneumoniae.

On the other hand, as it has been shown in E. coli that Hfq activities impact the regulation of both
the stationary-phase sigma factor S (¢°) and 6" (10), a significant overlap between Hfg-regulon and
o -regulon in K. pneumoniae was revealed in our previous study (9). Overall, 13.6% (121/891) of
Hfg-dependent genes belong to the c"-regulon. Of particular interest in the findings is the knock-in of
c" significantly enhances the expression of eight sSRNAs in K. pneumoniae. Among the 8 small RNAs,
Sr0018, which is a homologue of E. coli RybB was up-regulated 306-fold by the overproduction of c*.
Although c" is a transcriptional activator, 45% (149/333) of c"-dependent genes were negatively
regulated in K. pneumoniae. Given RybB is a RNA regulator repressing gene expression at the
post-transcriptional level; it is possible that the negative regulation of genes belonging to the c"-regulon
in K. pneumoniae is mediated through the action of the c"-driven sSRNAs. Previous studies of RybB in E.
coli and Salmonella indicated that this SRNA repressed the synthesis of major OMPs by binding in the



5’-mRNA region (/1-13). More than 20 non-OMP mRNAs were also found to be targeted by E. coli
RybB (/4). These findings suggest that RybB behaves like a global repressor in the post-transcriptional
control of E. coli gene expression. To determine the regulatory impact of RybB on modulating K.
pneumoniae gene expression, we performed a genome-wide transcriptome analysis to identify the
potential mRINAs that were repressed by RybB. Upon a 10-min pulse-expression of RybB from the
arabinose-inducible plasmids, K. pneumoniae genes with changes in mRNA abundance were identified
by DNA microarray. By the transient expression of RybB, a total of 31 genes showed > 4-fold decrease
in transcripts levels. The candidate genes identified in K. pneumoniae, except for ompC, were different
from the set of E. coli targets for RybB (/4). K. pneumoniae RybB has many candidate targets showing no
envelope-associated functions, suggesting that the this SRINA act as a global regulator in K. pneumoniae,

but control a distinct set of genes from that in E. coli or Salmonella.

Specific aims

Our goal is to determine the function of RybB in modulating K. pneumoniae gene expression
and how RybB coordinate regulatory networks of stress adaptation and virulence gene expression
by linking the c* circuit to other signaling pathways. The specific aims of the first year are listed as

follows.

1.1 To generate the deletion mutant of rybB.

1.2 To characterize phenotypes of the 7ybB deletion mutants and examine their virulence in

the KLLA mouse model.

1.3 To validate the interaction between RybB with their mRNA targets in K. pneumoniae.

Results and Discussion

Generation of the rybB deletion mutant and knock-in strain. The K. pneumoniae rybB gene is located
counterclockwise in the y5fK-KP1_1841 intergenic region as previously described in E. coli and S.
Typhimurium. To get insights into how RybB contribute to the virulence potential of K. pneumoniae,
the gene-specific deletion mutant of 7ybB was generated by an allelic-exchange technique (75). Briefly,
the DNA fragments that flank the regions of »ybB were PCR amplified and cloned into pKAS46. The
resulting constructs carried on pKAS46 was mobilized into K. pneumoniae through conjugation from E.
coli S17-1pir. One of the kanamycin-resistant transconjugant of K. pneumoniae was picked and the
overnight culture of this clone was spread on LB-streptomycin agar. After the occurrence of
homologous recombination, the streptomycin-resistant but kanamycin-sensitive colonies were selected.
The deletion of rybB was verified by PCR analysis. The entire region of 7ybB (93 bp) was synthesized
and cloned into pPBAD202 (Invitrogen). The resulting plasmid was named pYC458. By the induction of
0.2% of arabinose, overexpression of RybB was detected in the pYC458 knock-in strains.

Deletion of rybB attenuated K. pneumoniae virulence. To examine whether RybB is involved in
regulating K. pneumoniae virulence, groups of 8-wk old BALB/c male mice were intraperitoneally
injected with 10* CFU of the rybB deletion mutant, named ArybB, or its parental strain, CG43S. The



survival of infected mice was monitored daily
for two weeks. As shown in Figure 1, 90% of
the CG43S-infected mice died at day 5
post-injection, whereas only one of the
ArybB-infected mice succumbed to the
infection. This result suggested an
involvement of RybB in a systemic K.

pneumoniae infection.

Growth capacity affected in K. pneumoniae
lacking rybB. To determine whether RybB
was required for K. pneumoniae to cope with
stresses that it may encounter inside the host,
the growth of ArybB was characterized in
regular cultivation and in various stressful
conditions. As shown in Figure 2A, while
ArybB (solid triangles) grew normally in LB
medium (up left panel), the growth of K.

pneumoniae was enhanced by
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Figure 1. Loss of rybB attenuated K. pneumoniae virulence. Bacterial
suspension containing 10* cfu of K. pneumoniae CG43S (solid line, n=10) or
ArybB (slash line, n=6) was intraperitoneally injected into 8-wk old BALB/c
male mice, Survival of the infected mice was monitored daily for two weeks.
Kaplan-Meier analysis was used. P value of <0.05 indicates statistically
significant.
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of the rybB-complemeting plasmid
(pYC458; empty triangles) when (8)
compared with the vector control
(pBAD; empty squares). This result
suggested that RybB may have a
role in control of genes related to K.
pneumoniae tolerance to a high salt

ArybB-pYCAS8

condition. Although the production Figure 2. Effects of rybB deletion on phenotypic characteristics of K.
pneumoniae. (A) Growth rate and capacity of K. pneumoniae CG438S (solid

of Capsular polysaccharides was not squares),ArybB (solid triangles), ArybB-pYC458 (empty triangles), and ArybB-pBAD
vector (empty squares) under regular LB cultivation and stressful conditions,

affected, the hypermucoviscosity including 8% of sucrose, 2% of mannitol, 0.7 M NaCl, and pH4.5. (B)

Hypermucoviscosity phenotype determined on blood agar.

phenotype was enhanced by the
loss of rybB (Figure 2B).



Regulatory impact of RybB on the post-transcriptional control of K. pneumoniae gene

expression. To determine the regulatory Table 1. RybB-targeted K. preumoniae genes
impact of RybB on modulating K. Category Gene/locus Description e gty e
pneumoniae gene expression, we performed Aversge STD
a genome'Wide transcriptome analySiS to Translation plA 50S ribosomal prote.i.nl.l -5.6 04
rpsT 308 ribosomal protein S20 4.5 03
identify the potential mRNAs that were rpml 505 ribosamal protein L35 42 01
M 308 ribosomal protein $13 50 02
repressed by RybB. Upon a 10-min psQ 308 ribosomal protein 17 50 03
) plD 508 ribosomal protein .23 4.8 02
pulse-expression of RybB from the psJ 30S ribosomal protein S10 43 02
. . . . 1pmG 508 ribosomal protein L33 54 04
arabinose-inducible plasmid pYC458, K. sf elongation factor Ts 45 03
. : . infA anslation initiation factor IF-1 58 02
pneumoniae genes with changes in mRNA . e m—— e
nvelope- puls pullulanase-speﬂﬁrbtype III secretion system outer 45 0.3
. o g associated membrane lipoprotein - h
abundance were identified by DNA i 0760 e s LS
microarray. As shown in Table 1, by the KP1_0761 putative PTS permease el 44
KP1_0762 putative PTS permease -27.6 81
transient expression of RybB, a total of 31 KP1_0763 putative PTS permease 212 38
. KP1_0764 putative g[ucosa{ni.n&ﬁuctuse—b—phosphate 16.1 44
genes showed > 4-fold decrease in B s A (Frasc
KP1 0765 putative glucosamme-frufctose-ﬁ-phosphate 10,0 12
. . aminotransterase
transcripts levels. The candidate genes p— oo Sembrane pocin prote © o
identified in K. pneumoniae, except for ompC, M | puatveghycosluandferase 45 01
Metabolism eutD  cobalamin adenosyltransferase in ethanolamine uvtlizaton -9.6 38
were different from the set Of E COIi targets eutP putative regulator of ethanclamine utilization 5.8 04
eutQ putative ethanolamine utilization protein 9.0 3.1
for RybB (14). K. pneumoniae RybB has subB inositol monophosphatase 49 06
i . falu UTP--glucose-1-phosphate uridylyltransferase subunit 45 03
many candidate targets showing no Gall
glf UDP-galactopyranose mutase 4.5 0.4
envelope-associated functions, suggesting Other  hdeB acid-resistance protein 50 05
. KP1_1106 hypothetical protein 4.8 0.3
that RybB acts as a global regulator in K. KP1_1566 hypothetical protein 44 03
. ) KP1_1624 hypothetical protein 4.4 03
pneumoniae, but controls unique sets of KP1_2202 e 51 06
KP1_3089 hypothetical protein -5.1 0.5

genes from that in E. coli or Salmonella. To

formally consider a regulated mRNA as a direct

& . .
(A 2 sRNA target, we have to obtain evidence of
— Y~ * post-transcriptional regulation for a specific
SRNA-mRNA base-pairing. Therefore, a genetic
Co-transform into Pur-
coli -~ [ . .
Lo m approach using the target-GFP translational
{pinn ]
— ‘ ; fusion (16) was used to validate the interaction
Detection of P fusion protelns between RybB and its potential target mRNAs in
in the presence or absence of arabinose ) ) )
- K. pneumoniae (Table 1). As shown in Figure 34,
Noarabinase 0.29% of arabinose the 5’-end UTR region of ompC, galU, hdeB, and
% - 5 o KP1_0760 was respectively cloned as a
ross _ lllrpn-n
[@@ ‘ gl translational fusion to gfp in pXG10 (a gift from Dr.
. [or}
(o ‘%&w g | Jorg Vogel; Univ. Wurzburg, German). Each of the
gt GEp GFp, GFP NS () Cagi—1
[ B P . .
gfp translational fusions were separately
[ i e cotransformed with pYC458 (BAD-RybB) into E.
® Green fluorescent colonies which can be iminishment of green fluorescence whicl .
- g " coli TOP10 cells. The effect of RybB on a
Figure 3. Validation of RybB : target mRNAs interaction by two plasmid target-gfp fUSIOn was determlned by Comparlson
system with target-GFP translational fusion. (A) Putative 5'-end UTR of . . .
RybB target genes is cloned as a translational fusion to gfp on a low-copy Of GFP proteln expresslon by Western blOttll’lg
plasmid (pXG10). This construct is cotransformed with pYC458 into E. coli
TOP10. (B) By comparison of GFP expression with Western blot analysis in the with Specific antibodies in the presence and

absence and presence of arabinose, the effect of RybB on its target mRNAs is
determined.



absence of arabinose induction (Figure 3B). In 2,

. A
4, 6, and 8 hours after recovery in LB @ pBAD-RybB (pYC458)

LB LB-0.2% arabinose

supplemented with 0.2% of arabinose, the level of

2h _4h _6h 8h 2h d4h 6h 8h

GFP protein translated from 5’-end UTR of OmpC::GFP

KP1_0760 was significantly reduced when GaIU::GFPI------ - o |
compared with that obtained from bacterial HdeB,:GFplmL'
cultures in the absence of arabinose (Figure 4A 0750::GFPM —— ]
and 4B). We observed that the overproduction of

RybB resulted in 60%, 50%, and 40% decrease in (6) :;,

GFP expression, respectively for gfp fusions of
HdeB, GalU, and OmpC, at 8 hours
post-inoculation (Figure 4B). Together with the

Fold of RybB repression

transcriptome result, our finding suggested that K.

pneumoniae RybB negatively regulated the

2h 4h 6h 8h Zh 4h 6h 8h 2Zh 4h 6h 8h 2h 4h 6h 8h

expression Of OmpC' hdeB’ galU’ and KP1—0760' by 0760:GFP hdeB:GFP ompC:GFP galU:GFP
. . . . )

blOCklng the rlbosome blndlng at 5 -end UTR and Figure 4. Arabinose-induced RybB inhibit the expression of OmpC:GFP,
. . . . GalU:GFP, HdeB:GFP, and 0760:GFP translation fusions. Bacterial lysates

also lncreased RNA lnStablhty- By Comparlng the were obtained from cultures recovered in the absence or the presence of
. . . 0.29 of arabinose in 2, 4, 6, and 8 hours. Thirty micrograms of total proteins

hSt Of Rbe targets mn E. COll, eXCEpt OmpC, hdeB, were subjected to Western blotting analyses with anti-GFP antibodies. A

) . representative result from three times of independent experiments is

gaIU, and KP 1_0 760 were K. pneumomae—speCIflc. shown in (A). Band intensity for the expression level of GFP was determined

by Densitometry calculation. Fold of RybB repression was determined by

How the Rbe_mediated control of these genes intensity comparison between LB and LB-0.2% of arabinose in the same

time point. Data shown in (B) are means + SEM.

contributes to K. pneumoniae virulence and

physiology is worth of further studies to elucidate.
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RybB, one of the sigma E-dependent sRNAs, plays important roles in regulation of

2 BER s
-

fe tE) ()4

/4

7
-~

K. pneumoniae physiology and virulence. Loss of rybB significantly attenuated K.
pneumoniae virulence in murine models. The in vitro growth of K. pneumoniae was
enhanced by over-expression of rybB. Among the RybB-regulated target genes, we
validated the interaction between RybB and galU, KP1 0760, and hdeB by using the
GFP-based two-plasmid system. Inaddition toaffect the RNA stability of its target
genes, RybB negatively regulated the translation of these genes through blocking
the ribosome binding manner. Taken together, this study demonstrated that RybB
was a virulence gene and the RybB regulon of K. pneumoniae was different from that
of E. coli. The results provide us insights into how an opportunistic pathogen
as K. pneumoniae adapts itself to the host milieu by rapidly fine-tuning
virulence-associated genes by small RNA molecules. In the near future, some of
K. pneumoniae-specific regulators of the RybB circuit may serve as an ideal

chemical scaffold for discovery of novel antimicrobial drugs.




