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Abstract

This thesis consists of three chapters. Chapter 1 and chapter 2 describe the functional
studies of two bifunctional enzymes, PsIB and PA3346, in Pseudomonas aeruginosa PAO1.
Chapter 3 describes the results of transcriptome analysis of Klebsiella pneumoniae CG43S3
AgalU mutant under galactose stress.

Pseudomonas aeruginosa psIB gene encodes a bifunctional enzyme phosphomannose
isomerase/GDP-D-mannose pyrophosphorylase (PMI-GDP-man PPase). The enzyme
catalyzes the first and third steps in the GDP-D-mannase biosynthetic pathway, an important
precursor of many polysaccharides. So far, very little is known about PsIB. In Chapter 1, we
demonstrate that Pseudomonas aeruginosa psIB encodes a protein with GDP-man PPase/PMI
dual activities. The GDP-man PPase activity is Mg**-dependent, whereas the PMI activity is
Co?*-dependent and could be inhibited by GDP-mannose in a competitive manner.
Furthermore, the PMI activity could be inactivated by 2, 3-butanedione suggesting the
presence of a catalytic Arg residue. Site-specific mutations at R373, R472, R479, E410, H411,
N433 and E458 increase the Ky approximately 8- to 20-fold. The PMI activity of PsIB was
completely diminished with a R408K or R408A, reflecting the importance of this residue in

catalysis. The CD spectra of R408A, R408K and wild type PsIB are nearly identical,



indicating that there is nearly no alterations of their secondary structures. Overall, these

results provide a basis for understanding the catalytic mechanism of PMI.

In chapter 2, we focus on the other bifunctional enzyme PA3346. We have previously

observed that the HptB-mediated phosphorelay pathway plays an important role in swarming

phenotype and biofilm formation in P. aeruginosa PAO1. Upon activation by an

environmental stress, sensor kinase (PA1611, PA1976 and PA2824) autophosphorylates itself

and then transfers a phosphoryl group to HptB, which then relays the signal to response

regulator PA3346. The phosphorylation on'PA3346 N-terminal receiver domain results in an

increase in its Ser protein phosphatase activity leading to dephosphorylation of the putative

anti-sigma factor antagonist PA3347. While the target phosphorylation site on PA3347 has

been shown to be located at Ser-56, the correspending serine protein kinase and anti-sigma

factor remain elusive. Protein domain analysis revealed that the C-terminal region of PA3346

L408-A571
(PA3346 ) contains conserved domains similar to the Ser protein kinase/anti-sigma

factor SpollAB in Bacillus subtilis. Thus, we proposed that PA3346-PA3347 forms a

partner-switching regulatory module as observed for SpollE-SpollAB-SpollAA in B. subtilis.

L408-A571
This thesis has cloned and purified PA3346 and PA3347-GST for in vitro

phosphorylation and GST pull-down assays. The results clearly demonstrate that

L408-A571
PA3346 possesses a kinase activity toward PA3347 and the activity is divalent cation,



2+ 2+ 2+
especially Mg , Ca and Mn dependent. The PA3347-S56A mutant protein could not

L408-A571
serve as a substrate for the kinase. In the GST pull-down assay, PA3346 could be

co-eluted with PA3347-GST in the presence of ADP. As for the GFP fragment reassembly
assay, the bacterial cells harboring the plasmids of PA3346-*®*>L.CGFP and

PA3347-NGFP display the green fluorescence signals. These data indicate that PA3346

L408-A571
is a serine protein kinase/anti-sigma factor playing a key role in the partner-switching

regulatory module. In order to identify the specific sigma factor participated in this
partner-switching system, in vivo bimolecular (fluorescence complementation assay are
performed and the detailed molecular regulation-mechanism is under investigation.

Chapter 3 focuses on the response of K. pneumoniae CG43 AgalU mutant to the
galactose stress. K. pneumoniae AgalU mutant, which is defective in UDP-Glc PPase,
exhibited a growth-inhibition zone in the galactose disk diffusion assay. Galactose can
increase the mortality when the AgalU mutant was cultivated in M9 minimal medium with
2% glycerol as the sole carbon source. The toxic galatose metabolite affecting the gene
expression and causing the cell death remains unclear. Therefore, we investigate the gene
expression profiles of the K. pneumoniae AgalU mutant under the galactose stress by
RNA-seq. The results indicate that galETKM, galP, lacYZ and genes responsible for

biosynthesis of certain amino acids are upregulated in the presence of galactose. The gene

Vi



expressions of glycerol metabolism (pduCDE), iron-acquisition systems (sitABCD and
feoABC) and 12 regulatory factors (hns, csrA and 10 transcriptional regulators) are repressed.
Notably, H-NS and CsrA are global regulatory proteins controlling a variety of physiological
processes. Besides, E. coli csrA gene was shown to be essential for bacterial growth in both
LB and minimal medium. The toxic galactose metabolites might indirectly repress the gene
transcription of H-NS, CsrA and several other transcriptional regulators and lead to the

bacterial growth arrest and death.

Vil



Acknowledgement

Tés:l_f.T_?PFé& ’ %;{"J"J ;ﬁ:iﬁﬂ"—g\ s e eI P iffaﬁ‘l%‘f,}e v 4 ?5"1’3&’%\']‘3-3_%‘3# s _Q},a.
Bpt G 5 e A LA ol R HE R B 78 R0 X T

Fg“r"yEﬁuf;Jci;FF e E Kl o RA G B E T

;x
-y
>~
R
n__\‘\
e
o
%
b
VS
AN
BN

H

T E o BAPREFATR LY RN GEsY o R AgEY TR L o B

\

EhLir > ARz A0 NS LA FE A EFRAR P 5 A

FRFAREBF TR HNEEFOR M B I T EA R A E G

HAF MR R Y R iR L E A i L STl

ErEL B oo EEF PR R ﬁ“?“ﬁ%%%ﬂ;?ﬁ’*rﬁﬁﬁiﬂggg
oM LY B g A TR B A0S AR o PSR R 4 R Y B

PR AA X LITFR A P EE AT BE R E SRS R E AL G

o RPEA R iR v B RATOHIT o Rl R HA O R R AT AL §
FREA S P LR R G AL 2 1R PSSP AW RE
BT AR RRDOUERA -

BHFREAT 3R P A8 L e awnf Ehe s (WRA o g - A%

B —Axi A B B S A RBIEALER D 0B L Bl AP - ey 0

ck*

Bt PR kIR H AT o A P LIITR

P BW ST - £ e peT AL R

Vil



BULRTEE BRREE L PAR AR A F o LA S F EFrY SRAp B & 2 o
o R E AW R RRHDR G F A RRID] REY Y FFY - Poki
?é‘ﬁ+%~%ﬁ~%@\?f\rﬂ\z£~Wﬁ~iw~€@\$%\i£@~
a f s Hubert~ v ¢4 ~ [ 5kt ~Cain~ 4§ 3 32~ [ g ~ £ £~ FpF ] B~ &~ Maybe -
#grx ~ & 3~ Maysam ~ Minh ~ Daniel Liu 22 Manish » = 3 & F 5% % 2 & cn¥les ~ o
B R A ﬁ_-;—;f—«k N EFEIAREO-

EeE R MR N LR BRI D EACFELTIYR > Bt BEE
EPARE g 3 B B A et g s 5 % gk

B BANAEEGL RO L B AN R P R T g e



Abbreviations

AHL N-acylhomoserine lactones

ADP adenosine diphosphate

ATP adenosine triphosphate

ADP-Glc ADP-glucose

Ap ampicillin

C4-HSL N-butyryl-L-Homoserine lactone
CAS chrome azurol S

CD circular dichroism

DTT dithiothreitol

EDTA ethylenediaminetetraacetic acid
Fru-6-p fructose-6-phosphate

Gal galactose

Gal-1-p galactose-1-phosphate

GDP-Man GDP-mannose

GDP-Man PPase GDP-mannose pyrophosphorylase
Glc glucose

Glc-6-p glucose-6-phosphate

GFP green fluarescent protein

GST glutathione S-transferase

GTP guanosine triphosphate

HDTMA hexadecyltrimethylammonium bromide
HRP horseradish peroxidase

IPTG isopropyl thio-p-D-galactopyranoside
Km kanamycin

LB Luria-Bertani

Man-1-p mannose-1-phosphate

Man-6-p mannose-6-phosphate

NADH nicotinamide adenine dinucleotide
B-NADP nicotinamide adenine dinucleotide phosphate
NB nutrient broth

PBS phosphate buffered saline

PIPES piperazine-N,N’-bis(2-ethanesulfonic acid)
PMI phosphomannose isomerase



PVDF

SDS

Sm

TDP-glc

2CS

UDP-Gal
UDP-GIc
UDP-GIcN
UDP-GIc PPase

polyvinylidene fluoride

sodium dodecyl sulfate
streptomycin

TDP-glucose

two-component system
UDP-galactose

UDP-glucose

UDP-glucosamine

UDP-glucose pyrophosphorylase
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Chapter 1

Identification of amino acid residues important for the
phosphomannose isomerase activity of PsIB in Pseudomonas

aeruginosa PAO1



1.1 Abstract

Phosphomannose isomerase (PMI) plays a pivotal role in biosynthesis of GDP-mannose,
an important precursor of many polysaccharides. We demonstrate in this study that
Pseudomonas  aeruginosa  psIB  encodes a  protein  with  GDP-mannose
pyrophosphorylase/PMI dual activities. The GDP-man PPase activity is Mg®*-dependent,
whereas the PMI activity is Co?*-dependent and could be inhibited by GDP-mannose in a
competitive manner. Furthermore, the PMI activity could be inactivated by 2, 3-butanedione
suggesting the presence of a catalytic Arg residue. Site-specific mutations at R373, R472,
R479, E410, H411, N433 and E458 increase the Ky approximately 8- to 20-fold. The PMI
activity of PsIB was completely diminished with a R408K or R408A, reflecting the
importance of this residue in catalysis. The CD.spectra of R408A, R408K and wild type PsIB
are nearly identical, indicating that there is nearly no alterations of their secondary structures.

Overall, these results provide a basis for understanding the catalytic mechanism of PMI.

1.2 Introduction

Phosphomannose isomerase (PMI) catalyzes the reversible interconversion of
fructose-6-phosphate (Fru-6-p) and mannose-6-phosphate (Man-6-p) (1). This reaction links
Man-6-p into the mannose metabolism pathway resulting in the generation of GDP-mannose

(GDP-Man), an important precursor of many nucleotide sugars such as GDP-rhamnose and



GDP-fucose, and for mannosylation of various bacterial structural components such as

lipopolysaccharides and glycoproteins (2,3). PMI also plays an essential role in yeasts and

therefore can be regarded as an appropriate target to combat both bacterial and mycotic

infections (4).

PMI can be classified into three major types based on sequence similarity and domain

organization (5,6). Type | PMls are found in all eukaryotes including yeast Candida albicans,

and certain bacteria including Escherichia coli. Type Il PMIs are bifunctional enzymes

possessing GDP-mannose pyrophosphorylase (GDP-Man PPase)/PMI dual activities and are

primarily found in bacteria. Type IlII-PMIs, first identified in Rhizobium meliloti, are

evolutionally more distinct from the other two PMI types. The structural basis on how these

seemingly unrelated proteins can catalyze an-identical reaction is not clear.

Pseudomonas aeruginosa PAO1 contains three genes encoding a product homologous

with the Type Il PMI. These genes, designated algA, wbpW and psIB, are located individually

within three distinct polysaccharide biosynthesis gene clusters (3). AlgA and WbpW have

been shown to participate in the production of alginate and A-band lipopolysaccharide,

respectively (3,7). The gene psIB is located in a 15-gene psl operon required for

exopolysaccharide synthesis and biofilm formation (8,9). Whether PsIB is indeed a

bifunctional GDP-Man PPase/PMI has not been verified.



The major aim of this study is to address the structural-functional relationship of type II
PMIs that is been largely unexplored. We have cloned, overexpressed, and characterized the
PMI activity of PsIB. This was followed by site-directed mutagenesis of conserved amino

acid to identify important residues participating in the PMI activity.

1.3 Materials and Methods
1.3.1 Bacterial strains and growth conditions

E. coli XL-1 Blue was used for plasmid preparation and recombinant DNA manipulation.
E. coli Nova Blue was used for protein expression. All bacteria used in this study were grown
in Luria-Bertain medium containing ampicillin (100 pg/ml) or kanamycin (50 pg/ml), with
150 rpm shaking at 37°C. Bacteria strains and plasmids used in this study were listed in Table
15.1.
1.3.2 Expression and purification of PsIB

E. coli Nova Blue harboring the psIB overexpression plasmid was grown in 200 ml

Luria-Bertani broth supplemented with 50 upg/ml kanamycin and 100 uM isopropyl
thio-B-D-galactopyranoside (IPTG) at 30°C with vigorous shaking. After 10 h, cells were
collected by centrifugation at 3100 rpm for 15 min and washed with 20 mM Tris-HCI buffer
pH 7.5. The pellets were resuspended in 20 mM Tris-HCI buffer and the bacteria were

disrupted by sonication. Soluble proteins were separated from non-soluble proteins by



centrifugation at 14000 g for 20 min at 4°C. PsIB was purified by nickel-charged affinity
chromatography following the standard purification protocol (Novagen). The eluted protein
was dialyzed against 20 mM Tris-HCI buffer (pH 7.5) to remove imidazole and the protein
concentration was determined by the Bradford method with bovine serum albumin as a

standard.

1.3.3 Determination of the enzyme activity

The PMI activity was determined in a 1-ml reaction mixture containing 50 mM Tris-HCI
pH 7.0, 2 mM CoCl;, 1 mM Man-6-p,"1 mM B-NADP, 5 U phosphoglucose isomerase and 5
U Glc-6-p dehydrogenase. The reduction of B-NADP was measured at 340 nm at 25°C using
a spectrophotometer. The GDP-Man PPase activity ‘was assayed in a reaction mixture
containing GDP-Man, 5 mM sodium | pyrophosphate, 2 mM MgCl,, 2 mM
3-phosphoglycerate, 20 U glyceraldehyde-3-phosphate dehydrogenase and 10 U
phosphoglycerate kinase. The decrease in NADH absorption at 340 nm was monitored by a
spectrophotometer (10). Where indicated, 0.5 mM of Man-1-p, GDP-Man, GTP, UDP-Glc,
UDP-Gal, ADP-Glc, TDP-Glc, UDP-GIcN, or sodium pyrophosphate was included in the
PMI reaction to determine the inhibition activity of these compounds. For determination of
the effects of divalent cation, PsIB was dialyzed extensively in 20 mM Tris HCI pH 7.5, 140

mM NaCl and 1 mM EDTA. The enzyme activities were determined in the presence of 2 mM



chloride form divalent cation including CaCl,, MnCl,, MgCl,, CoCl,, NiCl, and ZnCl; (2,11).
1.3.4 Inactivation of PsIB by 2, 3-Butanedione

PsIB (3.2 mg/ml) was incubated with different concentrations of 2, 3-butanedione (150
mM borate buffer, pH 9.0) at 22°C in the dark for 0 to 60 min (12,13), then the excess
2,3-butanedione was removed by passing the reaction mixture through a Sephadex G-25

column (GE heahthcare). The PMI activity was measured as described above.

1.3.5 Amino acid sequence alignment and site-directed mutagenesis

The multiple sequences alignment of several type Il PMIs, including Xanthomonas
campestris XanB (14), Helicobacter pyroli HP0043 (2), Gluconacetobacter xylinus AceF
(15), and Vibrio vulnificus YJO16 VV0352, were conducted by using the Vector NTI
(Invitrogen) and the result is shown in Fig. 1.6.6. Site-specific mutations were performed
using the QuikChange site-directed mutagenesis kit purchased from Stratagene.

Oligonucleotide primer sequences are provided in Table 1.5.2.
1.3.6 Circular dichroism spectrum analysis

The CD spectra of wild type and mutant PsIB were recorded by using a CD
spectrophotometer (AVIV 62A PS) with 1-mm path length cell, 0.5 nm wavelength step, and

an averaging time of 3 x 10" s. The protein samples were adjusted to 5 uM before



measurement. The CD spectra signals were collected from 190 nm to 260 nm in 20 mM

Tris-HCI buffer at 25°C and averaged over three scans (16).

1.3.7 In vivo protein-protein interaction assay by GFP fragment reassembly

The vectors used in this study were provided by Dr. Lynne Regan of Yale University as a
gift (17). Gene algC was cloned into pMRBAD-link-CGPF. Three GMP-PMIs (algA, psiB
and wbpW) were cloned into pET11a-link-NGFP. The two plasmids were co-transformed into
E. coli BL21 (DE3) and cultured in LB medium containing 100 uM ampicillin and 35 uM
kanamycin at 37°C for 12 to 16 h. To perform the GFP reassembly, ten microliters of the
overnight cultures were applied to-the LB agar plates containing the same antibiotics, 100 uM
IPTG and 0.05% arabinose. Then,.the plates were statically incubated at 20°C for 2 to 3 days.
The bacteria cells grown on the plates were re-suspended with PBS buffer and examined by
fluorescence microscope. All images were captured with an upright microscope (BX-51;
Olympus) connected with a CCD camera. The data were analyzed by using the SPOT
Advanced Plus Imaging software (Sterling Heights, MI).

1.4 Result and Discussion

1.4.1 PsIB possesses PMI and GDP-Man PPase activity

Based on the domain analysis result of InterProScan, the N-terminal domain of AlgA,

PsIB and WbpW is GMP domain and the C-terminal domain of those enzymes is the PMI



domain. Among the three PMI-GMPs in P. aeruginosa PAOL, the GDP-Man PPase/PMI

activities of AlgA have been proved (7), whereas that of PsIB has not been reported before.

Therefore, we first examined whether PsIB is indeed a GDP-Man PPase/PMI bifunctional

enzyme. Recombinant PsIB was purified from E. coli by nickel affinity chromatography and

its purity was confirmed on a SDS-polyacrylamide gel (Fig. 1.6.1). Under the standard assay

conditions, both GDP-Man PPase and PMI activities could clearly be detected for PsIB. The

Kwm value of Man-6-p for the PMI activity was 1.18 mM, and the Ky of GDP-Man for

GDP-Man PPase was 0.11 mM, both values are in good agreement with that reported for

AlgA in P. aeruginosa 8822 (7). Bacteria-with a large genome commonly harbor duplicated

genes encoding functionally identical enzymes. For example, there are at least two UDP-Glc

dehydrogenases in P. aeruginosa PAOL.-The-enzyme Kinetic parameters and expression

profiles are somewhat different for these UDP-GIlc dehydrogenases that ensure the bacterium

can adapt to broader environments (18). A similar mode of regulation may also occur for PMI.

It has been demonstrated previously that a P. aeruginosa strain deficient in WbpW could not

produce normal amounts of A-band lipopolysaccharide despite the presence of functional

algA and psIB (3), suggesting that WbpW has distinct expression profiles or kinetic

parameters from PsIB and AlgA.

1.4.2 Divalent cation requirement for PsIB



We measured the PMI and GDP-Man PPase activities of PsIB at a fixed concentration (2
mM) of different divalent ions to evaluate cation dependence of the protein. The GDP-Man
PPase of PsIB could utilize different divalent metal ion with the highest activity in the
presence of Mg?*, followed by Co®*, then Mn?* (Table 1.5.3). The PMI activity of PsIB
showed high specificity to Co*, yielding about 3-fold higher activity than that observed with
Mn®* (Table 1.5.3). Other divalent cations, including Mg, Zn**, Ca?*, and Ni*, could not
serve effectively as a cofactor for the PMI activity of PsIB, consistent with several previous
reports (2,7,19). The optimal Co*" concentration for the PMI was 0.2 mM, which yielded an
activity approximately 1.5 fold higher than that of 2.0 mM (Fig. 1.6.2). Mg*" at 2.0 mM
showed little interference on the PMI activity in the presence of either 0.2 mM or 2.0 mM
Co?* (Fig. 1.6.3), indicating that Co** is capable-of functioning as a cofactor for the PMI in
bacterial cells which commonly contain millimolar Mg®* (20). Interestingly, both PMI and
GDP-Man PPase activities in PsIB could not be activated in ZnCl, despite the fact that the

403XH4O5

protein contains a zinc-binding sequence Q (X represents any amino acid), a feature

that is also present in type | PMIs (6).

1.4.3 The PMI activity of PsIB is inhibited by GDP-Man

Several molecules participating in GDP-Man biosynthesis and six nucleotide sugars

commonly found in bacteria were tested for their effects on the PMI activity of PsIB. At 0.5



mM, only GDP-Man significantly inhibited the PMI activity, which decreased to

approximately 47% than that observed for the control (Table 1.5.4). Further investigation on

the GDP-Man inhibition type demonstrated a competitive inhibition (Fig. 1.6.4) indicating

that the GDP-Man biosynthesis pathway is well controlled by the end product, GDP-Man, as

also is found for Helicobacter pylori PMI (2). A slight deviation of the 250 uM GDP-Man

lines from the other three lower concentration lines was observed suggesting that the

inhibition is attenuated in higher concentrations of the inhibitor (GDP-man). The results

suggest that the mannose group in GDP-Man competes with Man-6-p at the PMI active site

to regulate the mannose utilization'in P. aeruginosa PAOL.

1.4.4 An Arg residue participates in the P. aeruginosa PMI activity

To identify if PsIB is a useful target to combat P. aeruginosa infections, it is essential to

locate the active site participating in the PMI catalytic activity. It has been shown previously

that R304 is an active site residue in a type | PMI of C. albicans (21). Although type | and

type Il PMI share low amino acid sequence homology, their catalytic mechanisms may be

similar. To determine whether an Arg is involved in the PMI activity of PsIB, this study

utilized 2, 3-butanedione to modify Arg in the protein and the PMI activity was determined

(22). Figure 1.6.5 shows that the PMI activity decreased with increasing 2, 3-butanedione

concentrations and the modification time, revealing that at least one Arg residue in PsIB is

10



involved in PMI catalysis.

1.4.5 Arg408 substitutions abolished the PMI activity of PsIB

Based on sequence alignment with other type Il PMI, R373, R408, R472 and R479 were

chosen and changed to Ala by site-directed mutagenesis. In addition, this study adopted the

molecular structure information of Pyrobaculum aerophilum bifunctional enzyme

phosphoglucose/phosphomannose isomerase (PaPGI/PMI) (23), and selected E410, H411,

N433 and E458 for site-directed mutagenesis. The kinetic constants of the wild type and

mutant PsIB are shown in Table 1.5.5: Substitution of Arg at position 408 to either a Lys or

an Ala abolished nearly all of the PMI activity.-Other mutant proteins still retained PMI

activities and the Ky values were 8- to 20- fold larger compared to those values observed for

wild type. The CD spectra (Fig. 1.6.7) of R408A, R408K and wild type PsIB are nearly

identical, all showing a minimum point at 208 nm and 222 nm, a typical spectrum of high

a-helix content protein. The data indicate that there is no major alteration of the secondary

structures of the mutant proteins.

Overall, the results indicate that R408, which lies within the well-conserved motif

shared by most, if not all, type 11 PMI is an important residue for PMI catalysis. The residue

is likely to participate in the interconversion of sugar moieties by providing the binding of the

sugar phosphate group or forming the hydrogen bond of sugar hydroxyl group, stabilizing the

11



binding between substrates and enzymes.

1.4.6 The R408 mutations did not affect GDP-Man PPase activity of PsIB

The fusion of the GDP-Man PPase and PMI domains in the type Il PMI implies these two
activities may interact with each other. The GDP-Man PPase activity of the PsIB deficient in
PMI activity was determined and no difference was observed. The Ky values of wild type,
R408A and R408K were 0.068 mM, 0.072 mM and 0.078 mM, respectively. The similar Ky,
values of wild type and mutant PsIB provide strong evidence that PMI and GDP-Man PPase

are actually two independent domains.
1.4.7 The GMP domain and the PMI domain influence the activities of each other

Based on the domain analysis result-of InterProScan, the N-terminal domain (9-297 a.a.)
of PsIB is GMP domain and the C-terminal domain (325-475 a.a.) of PsIB is the PMI domain.
Although previous literatures also reported that Type Il PMIs own two independent domains
(2,6,14,24,25), no article has reported if the PMI and GDP-Man PPase activities would be
influenced when Type Il PMIs lacked the PMI domain or the GMP domain. To further
understand if the separate domains influence the activities of each other, the GMP domain
and the PMI domain were cloned into the protein expression vector individually. According
to the amino acid sequence alignment result reported by Dr. Leitao J. H. and colleagues (25),

the psIB DNA fragment of 1-951 (PsIB*>'") and 1-1086 (PsIB'*%%) were cloned into pET30a

12


http://tw.dictionary.yahoo.com/dictionary?p=colleagues

to constructed a C-terminal His tag fusion protein. To increase the protein solubility, the psiB
DNA fragment of 930-1464 (PsIB*'%*%) was cloned into pGEX-5X-1 to constructed an
N-terminal GST tag fusion protein. As shown in Fig. 1.6.8, PsIB and PsIB*** display the
GDP-man PPase activities, but PsIB®’ donot. The Ky values (GDP-man) of PsIB and
PsIB%?2 were 0.089 mM and 0.078 mM, respectively. The similar Ky values of PsIB and
PsIB'*%? indicated that the GDP-man PPase activity would not be influenced when lacking
the C-terminal domain from 363-488. Interestingly, GDP-man PPase activity was lost when
lacking the fragment residues from 317-362 predicted to be belonged to the PMI domain (25).
Taking those results together, the complete GDP-man PPase activity still required the
existence of partial PMI domain. ‘In the case of PMI domain, the time dependent profile (Fig.
1.6.9) displayed that the PMI activity of PsIB3%% were relatively poor than that of PsIB.
The Ky (Man-6-p) values of PsIB and PsIB3'%*% were 0.92 mM and 2.89 mM, respectively.
The Ky value of PsIB*9% decreased 3 folds, indicating that the N-terminal domain is also
important for the complete PMI activity. PsIB**®? had no PMI activity, revealing that the
C-terminal domain was important for PMI activity. May T. B et al. made the similar
conclusion using chymotrypsin digestion to produce a 1-kDa C-terminal deletion of AlgA.
The chymotrypsin digestion of AlgA retained 81% GMP activity but lost 92% PMI activity

(24). In summary, PsIB was indeed divided into two independent domains, but they influence

13



the activities of each other. This result may explain why the two domains fused together.

1.4.8 PsIB cannot form protein complex with AlgC

Many of the bifunctional enzymes have been discovered that they catalyze the
continuous reactions in the biosynthesis pathway. For example, tryptophan synthase which is
commonly found in bacteria, fungi and plants is a bifunctional enzyme that catalyzes the final
two steps in the biosynthesis of tryptophan (26). Some bifunctional enzyme, such as

PMI-GMPs, catalyzes the noncontinuous reactions. PMI-GMPs participates the first and third

steps of the GDP-mannose biosynthesis pathway: (Eru-6-p <[psiB (PMI)~> Man-6-p <|AlgC|

(PMM)=> Man-1-p + GTP <]sIB(GMP)=> GDP-man + ppi). It is reasonable to speculate that

PMI-GMPs are associated with PMM (AlgC) by protein-protein interaction to form the
channeling of Fru-6-p to GDM-man (7,27). If PMI-GMP from a protein complex with PMM,
it could increase the reaction efficiency by avoiding the loss of any reaction intermediates. In
order to clarify this speculation, three PMI-GMPs (algA, psIB and wbpW) and algC in P.
aeruginosa PAO1 were cloned into pET1la-link-NGFP and pMRBAD-link-CGFP
respectively for performing the GFP fragment reassembly assay. The bacteria cells harboring
the two plasmids were examined by a fluorescence microscope. Only the bacteria harboring
pET11la-Z-NGFP and pMRBAD-Z-CGPF displayed the green fluorescence emission (28).

None of the bacterial cells containing the PMI-GMP and PMM plasmid pairs emitted
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fluorescence signals. Our result does not prove if the PMI-GMPs form protein complex with

PMM or not.
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1.5 Tables

Table 1.5.1 Bacterial strains and plasmids used in this study

Strains or Plasmids Descriptions Refs. or source

Strains

E. coli
BL21 (DE3) F~ompT hsdSg(rg", mg") gal dcm (DE3) Invitrogen
Nova Blue endA1 hsdR17(rkz, Mk12") SUPE44 thi-1 recAl gyrA96 reldl lac F’[proA*B*lacl®ZAM15::Tn10] (Tet®) Novagen
XL-1 Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F” proAB lacl® ZAMI15 Tn10 (Tet")] Stratagene

Plasmids
pET28a Km', His tag protein expression vector Novagen
pET30a Km', His tag protein expression vector Novagen
pGEX-5X-1 Ap', GST tag protein expression vector GE Healthcare
pPET11a-Z-NGFP Ap', plasmid vector that expresses a fusion-of an antiparallel leucine zipper peptide to NGFP (29)
pET11la-link-NGFP Ap', plasmid vector designed for fusion of a target protein to the N-terminal fragment of GFP (1-157) (29)
PMRBAD-link-CGFP  Km', plasmid vector designed for fusion of a target protein to the.C-terminal fragment of GFP (158-238) (29)
pMRBAD-Z-CGFP Km', plasmid vector that expresses a fusion of an‘antiparallel leucine zipper peptide to CGFP (29)
pETPsIB Km', a fragment containing entire psIB (PA2232) coding region cloned into pET30a (Ndel&EcoRlI) this study
pHL17 Km', psIB with the mutation E410A cloned into pET30a this study
pHL18 Km', psIB with the mutation E411A cloned into pET30a this study
pHL19 Km', psIB with the mutation E433A cloned into pET30a this study
pHL20 Km', psIB with the mutation E458A cloned into pET30a this study
pHL25 Km', psIB with the mutation E373A cloned into pET30a this study
pHL26 Km', psIB with the mutation E472A cloned into pET30a this study
pHL27 Km', psIB with the mutation E479A cloned into pET30a this study
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pHL30
pHL31
pHL24
pHL29
pHL75
pHL76
pHL77
pHL78
pHL79
pHL80
pHL81
pHL87
pHL88
pHL89
pHL90
pHL91
pHL92
pHL93
pHL94

Km', psIB with the mutation E408A cloned into pET30a

Km', psIB with the mutation E408K cloned into pET30a

Km', a fragment containing entire psIB (PA2232) coding region cloned into pET30a (Ndel&Hindl11)
Km', a fragment containing residues 280-488 of PsIB coding region cloned into pET30a

Km', a fragment containing residues 1-362 of PsIB coding region cloned into pET30a

Km', a fragment containing residues 1-317 of PsIB coding region cloned into pET30a

Km', a fragment containing residues 310-488 of PsIB coding region cloned into pET30a

Km', a fragment containing residues 1-362 of PsIB coding region cloned into pET28a

Km', a fragment containing residues 1-317 of PsIB coding region cloned into pET28a

Km', a fragment containing residues 310-488 of PsIB-coding region.cloned into pET28a

Ap', a fragment containing residues 310-488 of PsIB-coding region cloned into pGEX-5X-1

Km', a fragment containing entire algA (PA3551) coding region cloned into pET30a

Km', a fragment containing entire whpW (PA5452) coding region cloned-into pET30a

Km', a fragment containing entire algC (PA5322) coding region cloned-into pET30a

Ap', a fragment containing entire algC (PA5322) coding region cloned into pGEX-5X-1

Km', a fragment containing entire algC (PA5322) coding-region cloned into pMRBAD-link-CGFP
Ap', a fragment containing entire algA (PA3551) coding region cloned into pET11a-link-NGPF
Ap', a fragment containing entire psIB (PA2232) coding region cloned into pET11a-link-NGPF
Ap', a fragment containing entire wbpW (PA5452) coding region cloned into pET11a-link-NGPF

this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
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Table 1.5.2 Primers used in this study

Primer name

Primer sequence (5'=>3")

Descriptions

Or488-F1
Or488-R1
R373A-F2
R373A-R2
R408AF1
R408AR1
R408KF1
R408KR1
IsoE410A-F1
IsoE410A-R1
IsoH411A-F1
IsoH411A-R1
IsoN433A-F1
IsoN433A-R1
ISOE458A-F1
IsoE458A-R1
R472A-F1
R472A-R1
R479A-F1
R479A-R1
PMI-f3
GMP-F

CATATGAACGCCGTCGCCCCGCTG
AAGCTTGGCTTTCTTCTCGTCGCTGG
CACCGCACGGTCAGCGCGCCCTGG
CCAGGGCGCGCTGACCGTGCGGTG
TGCACCACCATGCCAGCGAGCACTGGAT
ATCCAGTGCTCGCTGGCATGGTGGTGCA
ATGCACCACCATAAGAGCGAGCACTGGAT
ATCCAGTGCTCGCTCTTATGGTGGTGCAT
CATCGCAGCGCGCACTGGATCGTGGTC
GACCACGATCCAGTGCGCGCTGEGATG
CATCGCAGCGAGGCCTGGATCGTGGTC
GACCACGATCCAGGCCTCGCTGCGATG
CTCCTCAACACCGCGGAATCCACCTTCATCC
GGATGAAGGTGGATTCCGCGGTGTTGAGGAG
GGTGATGATCGCGGTACAGAGCGGCGAG
CTCGCCGCTCTGTACCGCGATCATCACC
GGACGACATCGTCGCGTTCAACGACATC
GATGTCGTTGAACGCGACGATGTCGTCC
CGACATCTACGGTGCCGCCCCCGCCAGC
GCTGGCGGGGGCGGCACCGTAGATGTCG
CATATGAGCGACATCGGCTCCTGGCA
TTACATATGAACGCCGTCGCCCCGCTG

18

clone psIB into pET30a

clone psIB and PsIB?**# into pET30a

psIB- pET30a-R373A mutant
psIB- pET30a-R373A mutant
psIB- pET30a-R408A mutant
psIB- pET30a-R408A mutant
psIB- pET30a-R408K mutant
psIB- pET30a-R408K mutant
psIB- pET30a-E410A mutant
psIB- pET30a-E410A mutant
psIB- pET30a-H411A mutant
psIB- pET30a-H411A mutant
psIB- pET30a-N433A mutant
psIB- pET30a-N433A mutant
psIB- pET30a-E458A mutant
psIB- pET30a-E458A mutant
psIB- pET30a-R472A mutant
psIB- pET30a-R472A mutant
psIB- pET30a-R479A mutant
psIB- pET30a-R479A mutant
clone PsIB?%% into pET30a

clone PsIB*3'" and PsIB*%? into pET vector



GMP317NR
GMP317CR
GMP362NR
GMP362CR
PMI-F
PMI-NR
PMI-CR
PMI GST F
3551 F
3551 R
5452 F
5452 R
PMM-F
pMM-R
pMMgst-F
AN-F
AN-R

BN-F

BN-R
WN-F
WN-R
MC-F
MC-R

ATTCTCGAGTCACGAATCGATGTAGCAGTTGC
AATCTCGAGCGAATCGATGTAGCAGTTGCTG
AATCTCGAGTCAGTGGCCGCGACGCTTG
AATCTCGAGGTGGCCGCGACGCTTGAG
ATTCATATGGTCAGCAACTGCTACATCGATTCG
AATGCGGCCGCTCAGGCTTTCTTCTCGTC
AATGCGGCCGCGGCTTTCTTCTCGTC
GCGGATCCACGTCAGCAACTGCTACATCG
GCCATATGATCCCAGTAATCCTTTC
AATCTCGAGGCGGCTGCCGGCGACC
AATCATATGCTGATTCCCGTGGTG
AATGCGGCCGCGACCACCCTGCCGTACTG
AACATATGAGCACTGCAAAAGCACCGACG
AAGCGGCCGCGAAGGGCACGGGCAGCGAGG
AAGGATCCCCATGAGCACTGCAAAAGCACCGACG
AACTCGAGCATGATCCCAGTAATCCTTTC
ATGGATCCTCAGCGGCTGCCGGC
GCATGAACGCCGTCGCCC
ATGGATCCTCAGGCTTTCTTCTCGTC
GCATGCTGATTCCCGTGGTGCT
ATGGATCCTCAGACCACCCTGCC
AATCATGACTATGAGCACTGCAAAAGCACCG
ACGTCCCGAAGGGCACGGGCAG

clone PsIB**" into pET-28a

clone PsIB**" into pET-30a

clone PsIB*** into pET-28a

clone PsIB**? into pET-30a

clone PsIB*%*% into pET vector and pGEX-5X-1
clone PsIB¥%“% into pET-28a

clone PsIB*%“% into pET-30a

clone PsIB*%*% into pGEX-5X-1
clone algA into pET30a

clone algA into pET30a

clone wbpW into pET30a

clone wbpW into pET30a

clone algC into pET30a and pGEX-5X-1
clone algC into pET30a

clone algC into pGEX-5X-1

clone algA into pET11a-link-NGFP
clone algA into pET11a-link-NGFP
clone psiIB into pET11a-link-NGFP
clone psiIB into pET11a-link-NGFP
clone wbpW into pET11a-link-NGFP
clone wbpW into pET11a-link-NGFP
clone algC into pMRBAD-link-CGFP
clone algC into pMRBAD-link-CGFP
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Table 1.5.3 Divalent cation effects on PsIB

Relative activity (%)°

Divalent cation

PMI GDP-Man PPase
Control® 9.4+3.6 ND¢
MgCl, 10.1+£0.3 100
CaCl, 6.1+2.7 38.8+0.1
MnCl, 31.7+1.8 38.6+2.0
CoCl, 100 86.5+1.3
NiCl, 55+0.6 9.9+0.2
ZnCl, 26104 4.7+0.2

Control reaction was assayed without adding any divalent cation.

"The relative activity was compared to the optimal activity of the divalent cation set as
100% for Co*", in case of PMI and Mg**, in case of GDP-Man PPase.

°ND, Not determined.
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Table 1.5.4 Effects of potential inhibitors on the PMI activity

Potential inhibitor® Relative activity (%)b

Control 100+ 2.2
GTP 106.4+ 2.4
PPi 120.2 £ 3.5
Man-1-P 77.8+25
GDP-Man 46.9+ 3.9
UDP-GIcN 93.3+3.38
UDP-Gal 105.8 £ 6.9
UDP-Glc 87.4+14
ADP-Glc 819+ 36
TDP-Glc 788+ 1.2

*The PMI activity was analyzed in the presence or absence of 0.5 mM potential
inhibitors.

"The relative activity was calculated by comparing with control, whose activity was
set as 100%
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Table 1.5.5 PMI kinetic parameters of the wild type or mutant PsIB

Ku (Man-6-p, mM) Keat (57)° KeaKn (MM™s™)

WT 1.18 1.38 1.17
R373A 15.9 0.75 0.05
R408A ND" ND ND
R408K ND ND ND
E410A 9.04 2.63 0.29
H411A 16.26 4.41 0.27
N433A 12.92 35 0.27
E458A 12.36 3.25 0.26
R4AT2A 23.12 0.25 0.01
R479A 12.28 0.54 0.04

K cat Was calculated from the equation Viax=Kcat X [Eo], Where E, is the molar
concentration of PsIB. The results are the average of three independent experiments.
°ND, not detected.
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1.6 Figures

M 1 2 3 4 6 6 7 8 9 10
116.0 -

66.2 «.

45.0 -—----—-’.--—

35.0 =

18.4 .
Fig. 1.6.1 Protein purity of wild type and mutant PsIB
The samples were resolved on a 0:5% sodium-dodecyl sulfate-12.5% polyacrylamide

gel. Lanes 1, wild type: 2, R373A; 3, R408A; 4, R408K; 5, E410A; 6, H411A; 7,

N433A; 8, E4A58A; 9, R472A;-10, R479A:.

23



30
25 -
TE 20 -
E
=
215
=
Q
o
o 10 -
>
5 ]
0 . : : .
0 1 2 3 4
[CoCl,] mM

Fig. 1.6.2 Effects of various concentrations:of-cobalt ion on the PMI activity
The concentrations used in this study-were:.0-mM, 0.002 mM, 0.01 mM, 0.05 mM,

0.1 mM, 0.2 mM, 0.5 mM, 1 mM, 2 mM and 4 mM (the X axis). The Y axis is the

formation velocity (uM min™) of B-NADPH representing the PMI activity.
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Fig. 1.6.3 Effects of Mg®* on the PMI activity of PsIB

The assay was performed in the absence (e),-and presence of 0.2 mM (o) or 2.0 mM

(v) Co*.
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Fig. 1.6.4 Double reciprocal plot at various GDP-Man concentrations

The GDP-Man concentrations-shown are o, 0 uM ;' 0,625 uM ; v, 125uM ; a,

250 uM. The four lines intersect.in the vertical axis representing that they have the
same Vmax. The slopes (slope = Ky '/ Vmax) of the lines increase in the present of
higher concentration of GDP-Man, indicating that their Ky, values increase. Overall,
this plot shows a competitive inhibition of GDP-Man for PMI activity. The inset

illustrates the reciprocal slopes from Fig. 1.6.4 versus GDP-Man concentrations.
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Fig. 1.6.5 Inactivation of PsIB by 2, 3-butanedione
Relative activity (%) was calculated against the activity without 2, 3-butanedione. The
final concentration of 2, 3-butanedione were @, 0 mM; o, 20 mM; V¥, 40 mM; \/, 80

mM.
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Fig. 1.6.6 Amino acid sequence alignment of GDP-Man PPase /PMls
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Only the C-terminal PMI comprising regions of the proteins are shown. The GenBank

accession numbers for these proteins-are: P. aeruginosa PAO1 PsIB, NP_250922; X.

campestris XanB, YP_933589; Helicobacter pylori 26695 HP0043, NP_206844;

Gluconacetobacter xylinus AceF, CAA72316; Vibrio vulnificus YJ016 VV0352,

NP_933145.
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Fig. 1.6.7 Circular dichroism spectra of wild type and mutant PsIB

e, wild type; o, R408A; ¥, R408K.
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Fig. 1.6.8 Time dependent profiles of the GDP-man PPase activity assay

The profiles exhibited the GDP-Man PPase activity of (A) full length of PsIB (B) the
N-terminal GMP region including partial of Man-6-p isomerase domain (C) the
N-terminal GMP region of PsIB. The Y axis is the absorption values of B-NADH

representing the GDP-man PPase activity.
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Fig. 1.6.9 Time dependent profile of PMI activity assay

This profile showed the PMI activity of full length PsIB was better than that of the
PMI domain only. The Y axis is the absorption values of B-NADPH representing the

PMI activity.
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Chapter2

Characterization of PA3346, a response regulator with dual
Ser protein phosphatase and kinase activities in P.

aeruginosa.PAO1
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2.1 Abstract

Our laboratory has previously observed that the HptB-mediated phosphorelay
pathway plays an important role in swarming phenotype and biofilm formation in P.
aeruginosa PAOL. Upon activation by an environmental stress, sensor kinase
(PA1611, PA1976 and PAZ2824) autophosphorylates itself and then transfers a
phosphoryl group to HptB, which then relays the signal to response regulator PA3346.
The phosphorylation on PA3346 N-terminal receiver domain results in an increase in
its Ser protein phosphatase activity leading to dephosphorylation of the putative
anti-sigma factor antagonist PA3347. While the target phosphorylation site on
PA3347 has been shown to be located at Ser-56, the corresponding Ser protein kinase

and anti-sigma factor remain elusive. Protein domain analysis revealed that the

L408-A571
C-terminal region of PA3346 (PA3346 ) contains conserved domains similar to

the serine protein kinase/anti-sigma factor SpollAB in Bacillus subtilis. Thus, we
proposed that PA3346-PA3347 forms a partner-switching regulatory module as
observed for SpollE-SpollAB-SpollAA in B. subtilis. Using standard recombinant

DNA techniques and protein purification procedures, we have cloned and purified

08-A57

L4 1
PA3346 and PA3347-GST for in vitro phosphorylation and GST pull-down

assays. The results of in vitro phosphorylation assay clearly demonstrated that

L408-A571
PA3346 possesses a kinase activity toward PA3347 and the activity is divalent

2+ 2+ 2+
cation, especially Mg , Ca and Mn , dependent. The PA3347-S56A mutant protein

could not serve as a substrate for the kinase. In the GST pull-down assay,

L408-A571
PA3346 could be co-eluted with PA3347-GST in the presence of ADP. As for

the GFP fragment reassembly assay, the bacterial cells harboring the plasmids of

PA3346-4%%A"L.CGFP and PA3347-NGFP display the green fluorescence signals.
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L408-A571
These data indicate that PA3346 IS a serine protein kinase/anti-sigma factor

playing a key role in the partner-switching regulatory module. In order to identify the
specific sigma factor participated in this partner-switching system, in vivo bimolecular
fluorescence complementation assays were performed and the detail molecular

regulation mechanism was reported in this study.

2.2 Introduction

Bacteria mainly use two-component systems (2CS) to regulate gene expressions
for rapid adaptation to different environmental challenges (30). A 2CS is usually
composed of two modules, a sensor kinase and a response regulator. The sensor
kinase can autophosphorylate itself when environmental cue stimulates, and the signal
is transmitted through a simple —His=>Asp pathway or a more complicated
His>Asp>His>Asp pathway to activate the cognate response regulator, which
mostly functions as a transcription regulator- (31). For example, response regulator
BvgA in Bordetella bronchiseptica is activated by sensor kinase BvgS. Then, the
C-terminal DNA-binding domain of BvgA-P binds to frl promoter and represses the
gene expressions required for flagella biosynthesis, causing a defect in motility (32).
Oppositely, MrpAB in Myxococcus xanthus positively regulates its own promoter and
the expression of mrpC (33).

The response regulator PA3346 in the HptB mediated signal transduction
pathway in P. aeruginosa PAOL is totally different from transcriptional regulators.
The phosphorylation on PA3346 N-terminal receiver domain results in an increase in
its Ser protein phosphatase activity and leads to dephosphorylation at Ser-56 of the
putative anti-sigma factor antagonist PA3347 (34). More interestingly, the gene
organization of PA3346-(unknown Ser protein kinase/anti-sigma factor)-PA3347 is
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similar to SpollE-SpollAB-SpollAA and RsbU-RsbW-RsbV in B. subtilis which are
so-called partner switcher system (35). In partner switcher regulatory system, Ser
protein kinase /phosphatase modulate the activities of anti-sigma factor antagonist by
state  conversion  between phosphorylated or dephosphorylated  form.
SpollE-SpollAB-SpollAA regulates the sporulation-related gene expression by
phosphorylation or dephosphorylation at Ser-58 of the anti-sigma factor antagonist
SpollAA (36). The phosphorylated state SpollAA was an inactive form and the

F

anti-sigma factor SpollAB was released to form a SpollAB « ¢~ complex for

repressing gene transcriptions. In a Bordetella spesies, BtrU-BtrW-BtrV is also a
partner switcher system and is required for the production of type Il secretion system
through the regulation of stress response 6 (37). However, in the HptB-PA3346-

PA3347 system, the Ser protein kinase, anti-sigma factor and specific sigma factor
remain unknown. Therefore,.the major goal of this study is to search for the Ser
protein Kkinase, which regulates the activity of anti-c antagonist (36). We recently

noted that, by using the InterProScan analysis (http://www.ebi.ac.uk/Tools/pfa/iprscan/), the

C-terminal region of PA3346 possesses a putative HATPase domain. Hence, our first
aim is to determine biochemically whether PA3346 is indeed a Ser protein kinase. It is
somewhat unusual if the hypothesis turns out positive, because the Ser protein kinase
and phosphatase of partner switcher systems are in two separate protein identities in B.
subtilis and Bordetella species. How the two opposite enzyme activities are regulated
in a single protein molecule would be an interesting question to address. Although the
enzyme functions of two Ser/Thr protein kinases PpkA and Stkl in P. aeruginosa
PAO1 have been proved (38-40), the biochemical and biophysical properties
concerning prokaryotic Ser protein kinases are still rarely defined. Therefore, this
thesis investigates kinase activity and characterizes the metal ion dependence of the
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enyzme by in vitro phosphorylation assay. The result of this enzymatic study will help

us to understand the regulation mechanism of this system further.
2.3 Materials and Methods

2.3.1 Bacterial strains and growth conditions

E. coli XL-1 Blue was used for plasmid preparation and recombinant DNA
manipulation. E. coli BL21 (DE3) was used for protein expression. All bacteria used
in this study were grown in Luria-Bertain (LB) medium containing ampicillin (100
ug/ml) or kanamycin (25 pg/ml), with 150 rpm shaking at 37°C. Nutrient broth (NB)
contains nutrient broth powder (Difco™) and 0.5% glucose (41). M8 minimal (M8)

medium contains 64 g/L Na,HPO, - 7:H20; 15 g/L KH,PQOy4, 2.5 g/L NaCl, 2 mM

MgSQ,, 0.1 mM CaCl,, 0.5% Casamino acid, 0.4% glucose and 10 mM L-glutamate

(42,43). Bacteria strains and plasmids used in this study were listed in Table 2.5.1.

2.3.2 Amino acid sequence alignments

The HATPase region of PA3346, ranging from amino acid position 408 to 571,
was used for searching the homologous protein by protein BLAST in the NCBI
database, and four proteins predicted as a Ser protein kinase in Rhodopseudomonas
palustris BisA53 (YP_780133), Algoriphagus sp. PR1 (ZP_01718475) Ser-protein
kinase RsbW, Bacillus selenitireducens MLS10 (ZP_02169479) and Chloroflexus
aggregans DSM 9485 (YP_002463389) were found. To analyze the conserved region
in these Ser protein kinases, four additional proteins, Geobacillus stearothermophilus
SpollAB (AAB81193) (44), B. subtilis SpollAB (NP_390227) (45) B. subtilis Rsbw
(NP_388353) (46), Bordetella bronchiseptica BtrwW (NP_888190) (47), were also used
in the sequence alignment. The amino acid sequences were analyzed by VectorNTI

and the result was shown in Figure 2.6.1.
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2.3.3 Cloning, expression and purification of His-tag and GST-tag fusion protein

DNA regions encoding PA3347 and the C-terminal region of PA3346
(1222-1713) were amplified by polymerase chain reaction and cloned into
PGEX-5X-1 and pET30a, respectively. Primers used in this study are listed in Table
2.5.2. E. coli BL21 (DE3) containing the genes of interest were refreshed in LB
medium supplemented with kanamycin or ampicillin with shaking at 37°C until
optical density (ODsgs) reached 0.4 to 0.6. Protein expression was induced by adding
isopropyl-1-thio-f-D-galactopyranoside (IPTG) to a final concentration of 100 uM,
and then the bacteria were propagated at 20°C with 150 rpm shaking for 20 h. The
bacterial cells were collected by centrifugation at 5000 rpm for 10 min at 4°C. Cell
pellets were washed and resuspended in.cold suspension buffer (20 mM Tris-HCI, 140
mM NaCl pH 8.0). The cells were broken by sonication and the cell pellets were

removed by centrifugation at 14000 rpm for 20 min at 4°C. His-tagged fusion proteins

were purified by Nickel-charged. resin (Ni sepharoseTM High Performance, GE
Healthcare). The unbinding proteins were washed by wash buffer (20 mM imidazole,
20 mM Tris-HCI, 140 mM NaCl pH 8.0) and the His-tag fusion proteins were eluted
by 300 mM imidazole, 20 mM Tris-HCI, and 140 mM NacCl, pH 8.0. The method of
induction, protein expression and collection of E. coli BL21 (DE3) containing

PA3347-GST-tagged fusion plasmid was the same as His-tagged fusion protein

™
described above. The GST-tagged protein were purified via glutathione sepharose 4

fast flow resin (GE Healthcare), washed by PBS buffer and eluted by 50 mM
Tris-HCI buffer containing 10 mM reduced form glutathione pH 8.0 (48). Finally,
those purified proteins were dialyzed against the dialysis buffer (50 mM Tris-HClI,

200 mM KCI, 10 mM MgCIz, 1 mM EDTA, 1 mM DTT and 50% glycerol) and

stored at -20°C for long-term preservation.
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2.3.4 In vitro phosphorylation assay

L408-A571
To detect the Ser protein kinase activity, PA3346 and PA3347 were

incubated in buffer containing 100 mM Tris-HCI pH 7.5, 50 mM KCI, 1.5 mM MgCIZ,

-32 ) ] L408-A571
1 uCi[y P]ATPor2mM ATP at 37°C for 1 h. The protein ratio of PA3346

and PA3347 was 1:1; as for in vitro phosphorylation assay of another putative
anti-sigma antagonist protein PA2797, GST and GST-PA3347 proteins were used as
negative control and positive control, respectively. GST-PA2797 (2 ng) was
incubated with PA3346-*"°"1 (1 1ig) and 1 mM ATP at 37°C for 10, 30 and 60 min.
The reactions were quenched by adding the same volume of SDS-PAGE loading
buffer (50 mM Tris-HCI pH 6.8, 100 mM DTT, 2% sodium dodecyl sulfate, 0.1%

bromophenol blue, 10% glycerol,‘and 10% B-mercaptoethanol) and heated at 95°C for
10 min. The phosphorylation- pattern was detected by autoradiography or Pro-Q®

Diamond phosphoprotein gel  stain (Molecular Probes, USA). Pro-Q® Diamond
phosphoprotein gel stain is an in-gel detection method of protein phosphorylation.
This fluorencence dye could detecte the phosphate group attached on Ser, Thr or Tyr
residues (49,50) and the signals could be visualized by using a Typhoon 9200 Imager

(GE Healthcare) or a UV Box.

2.3.5 Protein pull-down assays

Glutathione agarose beads were suspended with the equal volume of PBS buffer

L408-A571
(pH 7.4). Equal quantity of PA3347-GST (27.4 ng) and PA3346 -His6 were

incubated with 500 pul of 50% slurry of glutathione agarose beads and 2 mM MgCl; in
the presence or absence of 2 mM ADP. After end-over-end mixing at 4°C for 2 h, the

protein complexes were washed by 1 ml PBS buffer, eluted with 20 mM glutathione
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(50 mM Tris-HCI buffer, pH 8.0) and analyzed on a 15% SDS- polyacrylamide gel.
As for the protein-protein interaction assay of PA3346-GST and RpoN-Hiss, the

experimental procedures were the same as described above.

2.3.6 Western blotting analysis

L408-A571

The PA3347-GST and PA3346 -His6 proteins on the 15% SDS-

polyacrylamide gel were transferred onto a polyvinylidene fluoride (PVDF)
membrane (GE Healthcare) at 100 V for 1 h. The blot was blocked in PBS buffer (137
mM NacCl, 2.7 mM KCI, 10 mM Na;HPO,4, 2 mM KH,PO,, pH 7.4) containing 5%
skim milk at room temperature for 1 h. Then, the blot was incubated with a
monoclonal anti-GST antibody (6G9B9, Novus Biologicals, USA) or a monoclonal
anti-His antibody (ab18184, Abcam, UK).at 4°C overnight. After 10-min washes with
PBS buffer for three times, a horseradish peroxidase (HRP)-conjugated secondary
antibody (Jackson ImmunoResearch, West Grove, PA) was applied to the blot and the

incubation was done at room temperature for4 h. Finally, the signals of the target

™
proteins were revealed by HRP colorimetric assay (Vector® NovaRED  Substrate

kit, Vector Laboratory, USA).

2.3.7 In vivo protein-protein interaction assay by GFP fragment reassembly

The vectors used in this study were provided as a gift by Professor Lynne Regan
of Yale University (29). Gene PA3347 used as the bait and PA3346 (1222-1713) used
as the prey were cloned into pET1la-link-NGFP and pMRBAD-Ilink-CGPF,
respectively. The two plasmids were co-transformed into E. coli BL21 (DE3) and
cultured in LB medium containing 100 uM ampicillin and 35 uM kanamycin at 37°C
for 12 to 16 h. To perform the GFP fragment reassembly, ten microliters of the

overnight cultures were applied to the LB agar containing the same antibiotics, 100
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uM IPTG and 0.05% arabinose. Then, the plates were statically incubated at 20°C for
2 to 3 days. The bacteria cells grown on the plates were re-suspended with PBS buffer
and examined under an upright fluorescence microscope (BX-51; Olympus)
connected with a CCD camera. The data were analyzed by using the SPOT Advanced
Plus Imaging software (Sterling Heights, MI). In the case of searching the putative
factors interacting with PA3346'®>™ all possible genes were cloned into
pET1la-link-NGFP and pMRBAD-link-CGPF, respectively. The experimental
procedures were the same as described above and the detail information about the

possible genes was listed in Table 2.6.3.

2.3.8 Chrome azurol S (CAS) plate assay

The CAS agar plates were prepared on the basis of method described by Schwyn
and Neilands (51). Because the preparation for the plates is difficult, we also refer to
the step-by-step protocol published by Louden ‘and- Lynee (52). The CAS plate

contains 0.1 mM CAS, 0.2 mMHDTMA, 10 uM. FeCl; - 6H,0, 100 mM PIPES, M9

minimal salt (Sigma—AIdrich®), 0.1 mM CacCl,, 2 mM MgCl;, 0.3% Casamino acid,

0.2% glucose and 1.5% agar. The pH was adjusted to 5.6 with NaOH. P. aeruginosa
PAO1 wild type and mutant strains were grown overnight in LB medium at 37°C, and
then 3 ul of the culture was inoculated onto the CAS agar plate. After 24 h incubation
at 37°C, the siderophore production of each bacterial strain was compared according

to the orange halo around the colonies.

2.3.9 N-Acyl homoserine lactones (AHL) reporter plate bioassays
The overnight LB culture of C. violaceum CV026 was added into the semi-solid
LB agar (0.3%, w/v) in the volume ratio of 1:100, mixed well and then poured

immediately on the surface of NB, LB or M8 agar plate (1.5%, w/v). After the upper
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layer agar solidified, the 200 ul pipette tips put inversely on the 1.5% agar plate were
removed to form wells on the overlaid agar. Each of the wells was filled with 10 pl
overnight LB cultures of P. aeruginosa PAO1 wild type or mutant strains, respectively.
Then, the plates were kept in the upright position and incubated at 30°C for 24 h. C.
violaceum CV026 is a mini-Tn5 transposon insertion mutant of C. violaceum ATCC
31532, causing a violacein-negative strain (53,54). This purple pigment (violacein)
production can be restored by providing the exogenous AHLs. Therefore, the AHLs
produced by P. aeruginosa strains could be measured qualitatively by examining the

purple pigment formed around the wells.

2.3.10 Congo red plate assay

Plates contain Tryptone (10 g/L), Congo red (40 mg/L) and 1% Bacto agar
(55,56). Bacteria were inoculated on the surface of the plate by using a sterile
toothpick. After 2 days of incubation at 30°C, the colony morphology of each strain
was recorded with a Canon camera (PowerShot G10). The assays were performed

independently at least three times.

2.4 Result and Discussion

L408-A571
2.4.1 PA3346 contains the conserved N, G1 and G2 boxes

The protein structure of B. stearothermophilus SpollAB, a Ser protein kinase and
an anti-sigma factor, has been solved. It is revealed that SpollAB is structurally
distinct to the Hank’s type Ser protein kinases (57) while exhibiting high similarities
to bacterial two-component histidine kinases and ATPases of the GHKL superfamily
(58). SpollAB contains three of the four conserved regions in GHKL superfamily,

motif I, Il and 11 which corresponded to the N, G1 and G2 boxes in histidine kinase
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(58). The C-terminal region of PA3346 contains a histidine-like or Hsp90-like ATPase

domain, which belongs to the GHKL superfamily. Sequence alignment performed by

L408-A571
VetcorNTI shows that PA3346 also has N (ExsNXx3H, x reveals any amino

acid), G1 (DXGXG) and G2 (XGXGX;) boxes responsible for sigma/anti-sigma factor

2+
antagonist binding, Mg binding and ADP/ATP binding, respectively (Fig. 2.6.1)

L408-A571

(36,37). The result implies that PA3346 is the Ser protein kinase/anti-sigma
factor which we are searching for.

L408-A571 o o
2.4.2 PA3346 possesses a Ser protein kinase activity toward PA3347

According to the preliminary amino acid sequence analysis, it is possible that

L408-A571
PA3346 can phosphorylate PA3347. Therefore, the C-terminal region of

2+
PA3346 was cloned and then- purified using Ni -charged affinity chromatography.

L408-A571
The purified PA3346 protein was incubated with an equal amount of PA3347

-32
and 1 uCi [y P] ATP at 37°C. Fig. 2.6.2 clearly demonstrates that the intensities of

L408-A571
PA3347 phosphorylation signals increase over time, indicating that PA3346

possesses a protein kinase activity. Besides, the phosphorylation site on PA3347

indeed locates at Ser-56 because a PA3347 variant with a S56A mutation could not

L408-A571
be phosphorylated (Fig. 2.6.3) (34). More interestingly, PA3346 is divalent

cation dependence (Fig. 2.6.4). It can utilize at least three kinds of ions and the

2+ 2+ 2+
enzyme activities were in the order of Mg >>Ca > Mn . The finding is different

+

2
from that of PpkA (PAO0074), a Ser/Thr protein kinase, which shows Mn

dependence (38).

2.4.3 PA2797 is not the substrate of PA3346-4%#°"
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Except PA3347, the hypothetical protein PA2797 is predicted as an anti-sigma
factor antagonist based on the result of InterProScan. For further investigation, we also
analyzed the amino acid sequence identities and similarities of PA2797 (NP_251487)
with PA3347 (NP_252037), B. subtilis SpollAA (NP_390228) and B. subtilis RsbV/
(NP_388352). Although PA2797 shared only about 10% sequence identity with
PA3347, SpollAA and RshV, a conserved LXgDSX,LG motif (Fig. 2.6.6), where X is
any amino acid and S is the target phosphorylation site of Ser protein kinase, was
found. Furthermore, PA2797 and PA2798 are the homologs of B. subtilis SpollAA
and SpollE. PA2797-PA2798 may form another partner switching system in P.
aeruginosa PAOL1 but lack a specific Ser protein kinase and cognate sigma factor. A
recent study also revealed that P. aeruginesa PA2797 and PA2798 mutants exhibited
an enhanced susceptibility to aminoglycosides (59)."Whether PA2797 regulates a yet
to be identified sigma factor: which confers the bacterial resistance against

685" remains to be clarified.

aminoglycoside through phosphorylation by PA334
Therefore, we have cloned and purified - PA2797 and included the protein in an in vitro
phosphorylation assay. As shown in Fig. 2.6.7, both ovablumin and PA3347 incubated
with PA3346*%>™ and ATP displayed strong fluorescence signals, whereas GST as a
negative control did not. GST-PA2797 yielded weak fluorescence signal in the assay,
although the signal intensities of GST-PA2797, GST-PA2797 incubated with
PA3346°%>" in the absence or presence of ATP showed no obvious difference. The
result indicates that PA2797 might not be phosphorylated by PA3346*®>™ Thus,

PA3347 is the only substrate of PA3346°°"! found. The orphan anti-sigma factor

antagonist PA4452 (NP_253142) was not further investigated in this study.

L408-A571
2.4.4 PA3346 interacts with PA3347 in the presence of ADP in vitro

Previous literatures have reported that ADP-containing SpollAB and SpollAA
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L408-A571
formed a stable protein complex (36,60). PA3346 and PA3347 may behave

like an anti-sigma factor and an anti-sigma factor antagonist, respectively. Whether

the two proteins can interact with each other was investigated using the GST-pull

L408-A571
down assay. The purified PA3347-GST and PA3346 -His6 were tested for their

binding in the assay and the effect of ADP in protein-protein interaction was also

L408-A571
determined. Our finding indicates that in the presence of ADP, PA3346 could

be co-eluted with of PA3347 (Fig. 2.6.8). Comparison of the phophorylation levels of
the freshly purified, calf intestine alkaline phosphatase (CIP) treated, and the fully
phosphorylated form of PA3347, it could be concluded that about 10% of the purified
PA3347 proteins produced in the heterologous host E. coli BL21 (DE3) were

phosphorylated, indicating that most of PA3347 proteins are unphosphorylated (Fig.

L408-A571
2.6.5). These results reveal that-PA3346 can bind to the unphosphorylated

form of PA3347 in the presence of ADP.

L408-A571
2.4.5 PA3346 interacts with PA3347 in vivo

L408-A571
To further verify whether PA3346 interacts with PA3347 in vivo, a GFP

fragment reassembly assay was performed. The DNA fragment containing the coding
region of PA3346-*%*" was cloned into pMRBAD-link-CGFP to produce a
recombinant protein fused to C-terminal fragment of GFP as the prey. The entire
coding region of PA3347 was cloned into pET11a-link-NGFP to produce an NGFP-
PA3347 fusion protein as the bait. The protein-protein interaction of the bait and prey
can lead to the GFP fragment reassembly (17,29). E. coli BL21 (DE3) cells harboring
PMRBAD-Z-CGFP and pET11a-Z-NGFP were used as a positive control. As shown

in Fig. 2.6.9, the bacterial cells of the positive control and PA3346°%®>"".CGFP and
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NGFP-PA3347 pair displayed green fluorescence signals under the fluorescence
microscope at an excitation wavelength of 488 nm, whereas no fluorescence emission

408-571
6

was detected in negative control cells. The result indicates that PA334 interacts

with PA3347 in vivo.

2.4.6 PA3346-*%*°" cannot interact with RpoN in the presence of ATP in vitro
Our data indicated that PA3346-4%*°"t nossessed a Ser protein kinase activity

and interacted with the anti-sigma factor antagonist PA3347 in vitro and in vivo,

L408-A571
suggesting that PA3346 may behave as not only a Ser protein kinase, but also

an anti-sigma factor (36,45,47). Like SpollE-SpollAB-SpollAA-c™ in B. subtilis,

PA3346-PA3347-unknown sigma factor in P. aeruginosa PAO1 might form a partner

L408-A571
switcher regulatory system. To clarify if PA3346 is an anti-sigma factor, it is

important to find the unknown sigma factor. In a previous study, it has been proved
that the HptB-PA3346-PA3347 cascade regulated the- bacterial motility and biofilm
formation (34,35,56). In addition,”RpoN (c>*)-has been reported to be required for the
flagella biogenesis and bacterial motility in P. aeruginosa (61), Xanthomonas
campestris (62), Vibrio fischeri (63) and E. coli MG1655 (64). The rpoN mutant of P.
fluorescens CHAO displayed reduced swimming and swarming motilities (65). Based

on these studies and the results of our phenotype assays, we proposed that RpoN is the

] . . . . L408-A571
possible sigma factor interacting with PA3346 . Whether RpoN and

L408-A571
PA3346 interact with each other is investigated by using a GST-pull down

assay. The purified RpoN-Hisg and GST-PA3346 were tested for their binding in the

presence of 1 mM ATP (66). Fig. 2.6.10A shows that RpoN-Hisg and a small amount

L408-A571
of GST-PA3346 were eluted with PBS buffer. When washed by 20 mM
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L408-A571

glutathione buffer, only GST-PA3346 proteins were eluted (Fig. 2.6.10B). The

L408-A571
result indicates that RpoN-Hisg could not be co-eluted with GST-PA3346 in

the presence of ATP. Therefore, RpoN might not be the sigma factor we are searching
for.
2.4.7 AhptB mutant strain displays a higher production level of
exopolysaccharides

In our previous study, analysis of PA3346 and PA3347 gene knock-out mutants
revealed that HptB-mediated signaling pathway is associated with biofilm formation
(34). Recently, some studies demonstrated that polysaccharides contribute to biofilm
formation in nonmucoid strains (67,68). Therefore, we conducted the Congo red plate
assay to determine whether the biofilm formation is linked to the production of
exopolysaccharides. Congo-red dye has- been shown to bind extracellular matrix
components, especially the exopolysaccharides. When grown on the Congo red plate,
the AhptB mutant (MPAA45) colony. was completely dark pink, indicating more
polysaccharide production. In contrast, PAOL1, MJL46 and MJL47 displayed the
similar colony morphology. The periphery of PAO1, MJL46 and MJL47 colonies was
dark pink and the central was pale white, revealing less polysaccharide production
(Fig. 2.6.11). The data is consistent with that of P. aeruginosa PAK strain studied by a
research group in CNRS, France (56). Thus, based on the result of Congo red plate
assay, the biofilm formation regulated by HptB-mediated pathway is in relation to the

exopolysaccharide production.

2.4.8 No significant phenotype differences are found in CAS plate assay and AHL

reporter assay

There are 24 sigma factors found in P. aeruginosa PAO1 (69). In order to know
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in advance which sigma factors might participate in the HptB-mediated partner
switching regulatory module, we performed the AHL reporter assay and CAS plate
assay first. RhIR/RhII quorum sensing system can regulate the bacterial swarming
motility by activating the gene transcription of rhIAB and rhIC when the concentration
of C4-HSL reaches a threshold (70,71). Moreover, stationary-phase o factor RpoS
negatively regulates the transcription of rhll whose gene product is responsible for the
synthesis of C4,-HSL (72). It is interesting to clarify if RpoS regulates the swarming
motility through the C,-HSL-mediated pathway (42,73,74). Using the AHL reporter
assay to determine whether P. aeruginosa PAO1l wild type and mutant strains
produced different amounts of C4-HSL, we found that regardless the culture medium,
(NB, LB or M8 agar) , the level of purple pigment produced by the reporter strain C.
violaceum CV026 shows no significant difference (Fig. 2.6.13). The result indicates
that P. aeruginosa PAO1l and mutant strains produced comparable amounts of
C4-HSL. This study also interested in PvdS, a.cECF factor controlling the
transcription of pyoverdine biosynthesis-genes (75,76). If PvdS participates in the
partner switching regulatory system, the Fe** chelating abilities would be different
between P. aeruginosa PAO1 wild type, MPA45, MJL46 and MJL47 strains. However,
the result of CAS plate assay reveals that the diameters of orange halos around the
bacterial colonies are similar (Fig. 2.6.12), indicating that the iron chelating ability of
the strains tested has no difference. In summary, RpoS and PvdS may not participate

in this HptB-mediated partner switching regulatory system.

2.4.9 1s PA3346-%5" an anti-sigma factor?
To further investigating the factors interacting with PA3346, a GFP fragment
reassembly assay was performed. The genes encoding the sigma factors including

RpoH, RpoD, RpoS, RpoN, Fiul, AlgU, SigX, Fpvl, PvdS, the uncharacterized c ECF
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factors PA1351, PA2896, PA3285, the putative >*-dependent transcriptional
regulators FleQ, PA1663, PA2359 (69), putative 6>* modulation protein PA4463 and a
regulatory protein RsmA (77) are cloned into pMRBAD-link-CGFP or
pET1la-link-NGFP, respectively. The plasmids used in this assay are co-transformed
into E. coli BL21 (DE3) with the PA3346-link-NGFP or PA3346-link-CGFP. The
bacterial cells containing the bait and prey vectors are cultured on LB agar plates with
appropriate antibiotics and inducers for 3 days at 20°C and then examined under a
fluorescence microscope. Although we have tested about 73 combinations of the bait
and prey plasmids, the bacterial cells display no fluorescence signal other than the
positive control. This result may be due to the conformational incompatibility
between the bait and prey GFP fusions or no protein-protein interaction between these
factors and PA3346.

Our preliminary result indicates that PA3347 and PA3346-®*>"! form a stable
protein complex in the presence of ADP. Besides, the phosphorylation of PA3347 by
PA3346 leads to the release of PA3347~P-from the protein complex (78), agreeing
with the mechanism of partner-switching regulatory module that the phosphorylation
state of the anti-c antagonist is an inactive form (47,66,79). The findings reveal that
PA3346 might be a SpollAB-like anti-sigma factor antagonized with a sigma factor.
However, we failed to find the corresponding sigma factor in the GFP fragment
reassembly assay. It is possible that PA3346 may function in a manner different from
the traditional partner switching system described for B. subtilis and other
Gram-positive bacteria. For instance, it is reported that the partner switching cascade
BtrU-BtrV-BtrW regulates the type 111 secretion (TTS) in Bordetella bronchiseptica, a
Gram-negative bacterium causing infectious bronchitis. The authors of this study
found that the btr partner switching module does not influence the transcription of the
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TTS genes but is essential for the regulation of TTS (37). Thus, they proposed that the
switching proteins associated with free BtrW (predicted as an anti-c factor) could be a
part of the TTS machinery or another regulatory molecules, but not a sigma factor
(47). Furthermore, a similar partner switching system was found in a Gram-negative
pathogen Chlamydia trachomatis (RsbU-RsbV1-RsbV2-RsbW). No successful
experiment results support that C. trachomatis RsbW could bind with 6%, 6> or its
most likely target *®. Therefore, the authors consider that the target of C. trahomatis
switching protein is not a sigma factor but instead is another protein which controls
the response functions post-translationally (80). These studies suggest that the
switching proteins associated with SpollAB-like protein are different from the partner
switching system in B. subtilis. PA3346 may be associated with a transcriptional
factor or a regulatory factor- which-could be a part of flagella machinery or
exopolysaccharide export system. Hence, HptB-PA3346-PA3347 regulatory cascade
could regulate the swarming motility and biofilm formation either transcriptionally or
post-translationally. There are 5571 open-reading frames (ORFs) and at least 550
transcriptional regulators identified in P. aeruginosa PAO1 genome (69,81). For the
high-throughput screening of the corresponding factors participated in the partner
switching regulatory module, it is required to construct a P. aeruginosa genome
fragment library by using the yeast two-hybrid system (82), bacterial two-hybrid
system (83,84) or the bimolecular fluorescence complementation (BiFC) method (29).

Based on the previous work and this study, we suggest that the bacterial
swarming motility and biofilm formation are under the regulation of HptB-mediated
signaling pathway. The output responses might be controlled through the
protein-protein interaction of PA3346-"%*"1 \ith either PA3347 or an unknown
regulatory factor. Our hypothetical model (Fig. 2.6.14) shows that PA3347, an
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anti-sigma factor antagonist, is inactivated by phosphorylation on Ser-56 through the

action of Ser protein kinase (PA3346-%%4°"

). This would lead to the disassociation of
PA3346-1%%2" from PA3347~P and allow it to bind to the corresponding regulatory
factor; When the receiver domain of response regulator PA3346 is phosphorylated, the
Ser protein phosphatase activities are increased and result in the dephosphorylation on
PA3347 Ser-56. PA3347 is active and could bind to PA3346-"%®"°" to release the
corresponding regulatory factor. Studies are underway to investigate which protein
factors participate in this regulatory system. If the model comes out to be true, it

might be a novel combination system of two-component system and partner switching

regulatory module in Gram-negative bacteria.
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2.5 Tables

Table 2.5.1 Bacterial strains and plasmids used in this study

Strains or Plasmids

Descriptions

Refs. or source

Strains

E. coli
BL21 (DE3) F ompT hsdSg(rg", mg") gal decm (DE3) Invitrogen
XL-1 Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F” proAB lacl®ZAM15 Tn10 (Tet")]. Stratagene

P. aeruginosa
PAO1 Nonmucoid wild type strain Laboratory stock
MPA45 PAOI1 AhptB Laboratory stock
MJL46 PAOI1 APA3346 Laboratory stock
MJL47 PAOI1 APA3347 Laboratory stock

C. violaceum CV026 a mini-Tn5 transposon insertion mutant-of C. violaceum ATCC 31532, violacein-negative strain Laboratory stock

Plasmids
pET30a Km', His tag protein expression vector Novagen
pGEX-5X-1 Ap', GST tag protein expression vector GE Healthcare
pET1la-Z-NGFP Ap', plasmid vector that expresses a fusion of an antiparallel leucine zipper peptide to NGFP (29)
pET1la-link-NGFP Ap', plasmid vector designed for fusion of a target protein to the N-terminal fragment of GFP (1-157) (29)
pMRBAD-link-CGFP Km', plasmid vector designed for fusion of a target protein to the C-terminal fragment of GFP (158-238) (29)
PMRBAD-Z-CGFP Km', plasmid vector that expresses a fusion of an antiparallel leucine zipper peptide to CGFP (29)
pMMBG66EH Apr; broad-host-range expression vector Laboratory stock
pHL34 Km', a fragment containing residues 408-571 of PA3346 coding region cloned into pET30a This study
pHL38 Km', a fragment containing residues 408-571 of PA3346-E46A coding region cloned into pET30a This study
pHL39 Km', a fragment containing residues 408-571 of PA3346-H54A coding region cloned into pET30a This study
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pHL41
pHL98
pE4462
pHL36
pE3347-S56A
pHL95
pHL96
pHL97
pHL99
pHL104
pHL105
pHL42
pHL43
pHL44
pHL50
pHL55
pHL67
pHLG69
pHL83
pHL45
pHL54
pHL59
pHL60
pHL61
pHL62

Km', a fragment containing entire PA1097 (fleQ) coding region cloned into pET30a

Km', a fragment containing entire PA1663 coding region cloned into pET30a

Km', a fragment containing entire PA4462 (rpoN) coding region cloned into pET30a

Ap', a fragment containing entire PA3347 coding region cloned into pGEX-5X-1

Ap', a fragment containing entire PA3347-S56A coding region cloned into pGEX-5X-1

Ap', a fragment containing residues 168-571 of PA3346 coding region cloned into pGEX-5X-1

Ap', a fragment containing residues 315-571 of PA3346 coding region cloned into pGEX-5X-1

Ap', a fragment containing residues 408-571 of PA3346 coding region cloned into pGEX-5X-1

Ap', a fragment containing entire PA2797 coding region cloned into pGEX-5X-1

Ap', a fragment containing residues 408-571 of PA3346-E46A coding region cloned into pGEX-5X-1
Ap', a fragment containing residues 408-571 of PA3346-H54A coding region cloned into pGEX-5X-1
Km', a fragment containing residues 168-571 of PA3346-coding region cloned into pMRBAD-link-CGFP
Km', a fragment containing residues 315-571 of PA3346 coding region cloned into pMRBAD-link-CGFP
Km', a fragment containing residues 408-571 of PA3346 coding region cloned into pMRBAD-link-CGFP
Km', a fragment containing entire PA4462 (rpoN) coding region cloned into pMRBAD-link-CGFP

Km', a fragment containing entire PA3622 (rpoS):coding-region cloned into pMRBAD-link-CGFP

Km', a fragment containing entire PA0576 (rpoD) coding region cloned into pMRBAD-link-CGFP

Km', a fragment containing entire PA0376 (rpoH) coding region cloned into pMRBAD-link-CGFP

Km', a fragment containing entire PA1097 coding region cloned into pMRBAD-link-CGFP

Ap', a fragment containing entire PA4462 (rpoN) coding region cloned into pET11a-link-NGFP

Ap', a fragment containing entire PA3622 (rpoS) coding region cloned into pET11a-link-NGFP

Ap', a fragment containing entire PA0472 coding region cloned into pET11a-link-NGFP

Ap', a fragment containing entire PA0762 coding region cloned into pET11a-link-NGFP

Ap', a fragment containing entire PA1776 coding region cloned into pET11a-link-NGFP

Ap', a fragment containing entire PA2387 coding region cloned into pET11a-link-NGFP
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pHL63 Ap', a fragment containing entire PA2426 coding region cloned into pET11a-link-NGFP This study

pHL64 Ap', a fragment containing entire PA1351 coding region cloned into pET11a-link-NGFP This study
pHL65 Ap', a fragment containing entire PA2896 coding region cloned into pET11a-link-NGFP This study
pHL66 Ap', a fragment containing entire PA3285 coding region cloned into pET11a-link-NGFP This study
pHL68 Ap', a fragment containing entire PA0376 (rpoH) coding region cloned into pET11a-link-NGFP This study
pHL71 Ap', a fragment containing residues 29-571 of PA3346 coding region cloned into pET11a-link-NGFP This study
pHL72 Ap', a fragment containing residues 168-571 of PA3346 coding region cloned into pET11a-link-NGFP This study
pHL73 Ap', a fragment containing residues 315-571 of PA3346 coding region cloned into pET11a-link-NGFP This study
pHL74 Ap', a fragment containing residues 408-571 of PA3346 coding region cloned into pET11a-link-NGFP This study
pHL82 Ap', a fragment containing entire PA0905 coding region cloned into pET11a-link-NGFP This study
pHL84 Ap', a fragment containing entire PA1663 coding-region cloned into pET11a-link-NGFP This study
pHL85 Ap', a fragment containing entire PA2359 coding region-cloned into pET11a-link-NGFP This study
pHL86 Ap', a fragment containing entire PA4463 coding region cloned into pET11a-link-NGFP This study
pHL101 Ap', a fragment containing residues 168-571 of PA3346 coding region cloned into pMMB66EH This study
pHL102 Ap', a fragment containing residues 315-571.0f PA3346 coding.region cloned into pMMB66EH This study
pHL103 Ap', a fragment containing residues 408-571/0f PA3346-coding region cloned into pMMB66EH This study
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Table 2.5.2 Primers used in this study

Primer name Primer sequence (5'2>3’) Descriptions

His46CF CATATGCTGGACTGGTCGGTAAGCTTCG clone PA3346*®*™ into pET30a
NOTI46CR GCGGCCGCTGCCTGAGGCGAC clone PA3346*®5™ into pET30a
C46-E46AF ACGGTACTCGCCGCACTCTATTCGAAC PA3346%*™". pET30a E46A mutant
C46-E46AR GTTCGAATAGAGTGCGGCGAGTACCGT PA3346%*™". pET30a E46A mutant
C46-H54AF AACGCCCTGGAAGCTGGCGTCATCG PA3346*%°"". pET30a H54A mutant
C46-H54AR CGATGACGCCAGCTTCCAGGGCGTT PA3346*%°"". pET30a H54A mutant
46-168-GST CGGGATCCATTCCGGCTGCCTGAACG clone PA3346'%°"" into pGEX-5X-1
46-315-GST CGGGATCCAAACCTATCCGCTGGATATCG clone PA3346%55™ into pGEX-5X-1
GST46CF GGGATCCCGCTGGACTGGTCGGTAAG clone PA3346*®5™ into pGEX-5X-1
GSTCR2 GCGGCCGCTTATGCCTGAGGCGAC clone PA3346 into pGEX-5X-1
3347GSTR1 GGTCCTCGAGTCAGCTGATCTTGAAC clone PA3347 into pGEX-5X-1
3347GSTF2 CTTCGAATTCATGGCCATCACTG clone PA3347 into pGEX-5X-1
97GSTF AAGGATCCCCATGAGTACCGGTAAAATCCA clone PA2797 into pGEX-5X-1
97GSTR TTGTCGACTTAATGGCGCTCCAGGG clone PA2797 into pGEX-5X-1
rpoNF CACCCATATGAAACCATCGCTAGTCC clone rpoN (PA4462) into pET30a
rpoNR CACCCTCGAGCACCAGTCGCTT clone rpoN (PA4462) into pET30a
fleQF CACCCATATGTGGCGCGAAACC clone fleQ (PA1097) into pET30a
fleQR CACCAAGCTTATCATCCGACAGGTCGT clone fleQ (PA1097) into pET30a

aF ATCATATGTTCAGCCGCGTACCGCAAC clone PA1663 into pET30a

aR ATCTCGAGTCAGGTCCGGGGATCG clone PA1663 into pET30a
46C168-F CCATGGCTTCCGGCTGCCTGAACGCCA clone PA3346™%°™ into pMRBAD-link-CGFP
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46C315-F
46C408-F
46CGFP-R
rpoNpBADF
rpoNpBADR
SpBAD-F
SpBAD-R
rpoD-F
rpoD-R
rpoHBADF
rpoHBADR
1097-F
1097-R
46pET29F
46pET168F
46pET315F
46pET408F
46pET11aR
11a-rpoNF
11a-rpoNR
slla-F
slla-R

CCATGGCTACCTATCCGCTGGATATCGAAG
CCATGGCTCTGGACTGGTCGGTAAGCTTC
GACGTCCCTCCACCTGCCTGAGGCGACCA
CCATCCATGGCTAAACCATCGCTAGTCCTC
ACGTCCCTGAACCTCCCACCAGTCGCTTGC
AATCCATGGCTATGGCACTCAAAAAAGAAG
ACGTCCCCTGGAACAGCGCGTCAC
AATTCATGACTATGTCCGGAAAAGCGCAAC
ACGTCCCCTCGTCGAGGAAGGAGCG

AATCCATGGCTATGACCACTTCTTTIGCAACCTGTAC

AATGACGTCCCGGCGAGAATCCGCCCTTTCAG
AATCCATGGCTATGTGGCGCGAAACCAAAC
AAT GACGTCCCTCCACCATCATCCGACAGGTC
AATGTCGACCATCGTCAGCCGCCAG
AATGTCGACCTCCGGCTGCCTGAAC
AATGTCGACCACCTATCCGCTGGATATCG
AATGTCGACCCTGGACTGGTCGGTAAGC
AATGGATCCTTATGCCTGAGGCGACCAG
ATCTCGAGCGGTGGCTCTAAACCATCGCTAGTC
ATGGATCCTCACACCAGTCGCTTGCGCT
AATCTCGAGCATGGCACTCAAAAAAGAAG
AATAGATCTTCACTGGAACAGCGCGTC
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clone PA3346%>°™ into pMRBAD-link-CGFP
clone PA3346*®%*™ into pMRBAD-link-CGFP
clone PA3346 into pMRBAD-link-CGFP

clone rpoN (PA4462) into pMRBAD-link-CGFP
clone rpoN (PA4462) into pMRBAD-link-CGFP
clone rpoS (PA3622) into pMRBAD-link-CGFP
clone rpoS (PA3622) into pMRBAD-link-CGFP
clone rpoD (PA0576) into pMRBAD-link-CGFP
clone rpoD (PA0576) into pMRBAD-link-CGFP
clone rpoH (PA0376) into pMRBAD-link-CGFP
clone rpoH (PA0376) into pMRBAD-link-CGFP
clone fleQ (PA1097) into pMRBAD-link-CGFP
clone fleQ (PA1097) into pMRBAD-link-CGFP
clone PA3346%°™ into pET11a-link-NGFP
clone PA3346'%*" into pET11a-link-NGFP
clone PA3346%>* into pET11a-link-NGFP
clone PA3346*®* into pET11a-link-NGFP
clone PA3346 into pET11a-link-NGFP

clone rpoN (PA4462) into pET11a-link-NGFP
clone rpoN (PA4462) into pET11a-link-NGFP
clone rpoS (PA3622) into pET11a-link-NGFP
clone rpoS (PA3622) into pET11a-link-NGFP



rpoH1laF
rpoH11aR
0472-F
0472-R
0762-F
0762-R
1776-F
1776-R
2387-F
2387-R
2426-F
2426-R
1351-F
1351-R
2896-F
2896-R
3285-F
3285-R
0905-F
0905-R
1663-F
1663-R

AATCTCGAGCATGACCACTTCTTTGCAACCTG
AATGGATCCTCAGGCGAGAATCCGCCCTT
AATGTCGACCGTGTCAGCGGGTGACGT
AATGGATCCTCACCGGGGCTCTCCG
AATCTCGAGCATGCTAACCCAGGAACAG
AATGGATCCTCAGGCTTCTCGCAACAAAGG
AATCTCGAGCGTGACGCGCGCCTATG
AATGGATCCCTATGTTTCGGTCGCATCTG
AATCTCGAGCTTGGAAAACCATTATCGGG
AATGGATCCTCAGTCGGCTTCCCATICG
AATCTCGAGCATGTCGGAACAACTGTCTACCC
AATGGATCCTCAGCGGCGGGCGCTG
AATCTCGAGCTTGCGCAGCCGCATCGAG
AATGGATCCTCAATCGAGTTCGCGCAGGC
AATCTCGAGCATGCATGCCTCCACCAGC
AATGGATCCTCATACCGCCACCTCCTCG
AATCTCGAGCGTGGCGGCGCCTACCGA
AATGGATCCTCAGCATTGGCCGGTCTCCTC
AATCTCGAGCGGTGGCTCTATGCTGATTCTGACT
CGGGATCCTTAATGGTTTGGCTCTTGATC
AATCTCGAGCGGTGGCTCTATGTTCAGCCGCGTAC
AATGGATCCTCAGGTCCGGGGATCGCC

56

clone rpoH (PA0376) into pET11a-link-NGFP
clone rpoH (PA0376) into pET11a-link-NGFP

clone PA0472 into pET11a-link-NGFP
clone PA0472 into pET11a-link-NGFP
clone PA0762 into pET11a-link-NGFP
clone PA0762 into pET11a-link-NGFP
clone PA1776 into pET11a-link-NGFP
clone PA1776 into pET11a-link-NGFP
clone PA2387 into pET11a-link-NGFP
clone PA2387 into pET11a-link-NGFP
clone PA2426 into pET11a-link-NGFP
clone PA2426 into pET11a-link-NGFP
clone PA1351 into pET11a-link-NGFP
clone PA1351 into pET11a-link-NGFP
clone PA2896 into pET11a-link-NGFP
clone PA2896 into pET11a-link-NGFP
clone PA3285 into pET11a-link-NGFP
clone PA3285 into pET11a-link-NGFP
clone PA0905 into pET11a-link-NGFP
clone PAQ905 into pET11a-link-NGFP
clone PA1663 into pET11a-link-NGFP
clone PA1663 into pET11a-link-NGFP



2359-F
2359-R
4463-F
4463-R
46MF2
46MR
pBAD-F
pBAD-R

AATCTCGAGCGGTGGCTCTATGTCCGTCATCACC
AATGGATCCTCACTTGCCCACCAGCGAGAC
AATCTCGAGCGGTGGCTCTATGCAAGTCAACATC
AATGGATCCTCAGCGGGCGCCTACGCC

CG AGATCTATGTCCCCTATACTAGGTTATTG
ATGTCGACTTATGCCTGAGGCGA
TAGCGGATCCTACCTGACGC
TTCGGGCTTTGTTAGCAGCC

clone PA2359 into pET11a-link-NGFP

clone PA2359 into pET11a-link-NGFP

clone PA4463 into pET11a-link-NGFP

clone PA4463 into pET11a-link-NGFP

clone GST-PA3346 into pMMB66EH

clone GST-PA3346 into pMMB66EH

for DNA sequencing (p(MRBAD-link-CGFP)
for DNA sequencing (p(MRBAD-link-CGFP)
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Table 2.5.3 Genes used in the GFP assembly assay

gene index gene name  description
PA0376 rpoH RNA polymerase factor sigma-32
PA0472 fiul RNA polymerase sigma factor
PAQ0576 rpoD RNA polymerase sigma factor RpoD
PA0762 algu RNA polymerase sigma factor AlgU
PA0905 rsmA carbon storage regulator
PA1776 sigX RNA polymerase sigma factor SigX
PA2387 fpvl RNA polymerase sigma factor
PA2426 pvdsS extracytoplasmic-function sigma-70 factor
PA3622 rpoS RNA polymerase sigma factor-RpoS
PA4462 rpoN RNA polymerase factor.sigma-54
PA1351 sigma-70 factor, ECF subfamily
PA2896 sigma-70 factor, ECF subfamily
PA3285 sigma-70 factor, ECF subfamily
PA1097 fleQ sigma-54 specific transcriptional regulator; flagellar regulatory protein A
PA1663 sigma-54 dependent transcriptional regulator
PA1945* sigma-54 specific transcriptional regulator
PA2005* transcriptional regulator
PA2359 sigma-54 specific transcriptional regulator
PA4463 putative sigma-54 modulation protein

Plasmids containing genes cloned into pET11a-link-NGFP were co-transformed with pHL42 (PA3346"°**"*-CGFP), pHL43 (PA3346>°*"*-CGFP) and pHL43
(PA3346*®5"".CGFP) respectively; plasmids containing genes cloned into pMRBAD-link-CGFP were co-transformed with pHL71 (NGFP-PA3346%°™), pHL72
(NGFP-PA3346'%%°™) pHL73 (NGFP-PA3346°°°™) and pHL74 (NGFP-PA3346*%°™) respectivly. (* Not used in this study)
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2.6 Figures
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Fig. 2.6.1 Multiple sequence alignment of PA334 with other Ser protein kinases.

As the sequence alignment shows, PA3346-4084>71

contains conserved N, G1 and G2 boxes. The consensus amino acid residues found in N, G1
and G2 boxes are indicated by star symbol. The bacteria strains and protein accession numbers were as follow: G. stearothermophilus SpollAB,
AAB81193; B. subtilis SpollAB NP_390227.1; R. palustris BisA53, YP_780133; P. aeruginosa PAO1 PA3346, NP_252036; Algoriphagus sp.
PR1 RsbW, ZP_01718475 ; B. selenitireducens MLS10, ZP_02169479; B. subtilis RsbW, NP_388353.1; Bd. bronchiseptica BtrW NP_888190;

C. aggregans DSM 9485, YP_002463389.
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Fig. 2.6.2 Time course analysis of PA3347 in vitro phosphorylation.

(A) [y**P] ATP autoradiogram. (B) SDS-PAGE Coomassie Blue staining. PA3347 (15

; ; L408-A571 32
uM) incubated with PA3346-"°"""* (15 uM) and 1 pCi [y P] ATP at 37°C for
different time intervals as follow: 0, 0.5, 1, 5, 15 and 60 min. The result clearly

demonstrated that PA3346-*%**"% nossesses a protéin kinase activity toward PA3347.
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Fig. 2.6.3 In vitro phosphorylation assay of purified PA3347 and PA3347S56A

mutant protein

(A) [y**P] ATP autoradiogram. (B) SDS-PAGE Coomassie Blue staining. PA3347 (15

; ; L408-A571 32
uM) incubated with PA3346-""°/>% (15 uM).and 1 uCi [y P] ATP at 37°C for 10
min. The result indicated that the target phosphorylation site on PA3347 is located at

Ser 56.
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Fig. 2.6.4 Divalent cation dependence on phosphorylation reaction.
(A) [y*P] ATP autoradiogram. (B) SDS-PAGE Coomassie Blue staining. The
proteins were reacted with [y*P] ATP and the reaction mixture was resolved on a

SDS-polacrylamide gel. PA3347 (15 pM) incubated with PA3346-4%%*°" (15 M)

-32
and 1 pCi [y P] ATP in the presence of 5mM divalent cation at 37°C for 10 min. The
result indicated that the kinase activity is divalent cation, especially Mg?*, Ca®*" and

Mn**, dependent.
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Fig. 2.6.5 Phosphorylation level of PA3347 analysis by Pro-Q Diamond staining

(A) SDS-PAGE Coomassie Blue staining. (B) Pro-Q Diamond staining. M, un-stained
protein ladders (Fermentas, USA); 1, PA3347; 2, PA3347 treated with CIP; 3-8,
PA3347 incubated with PA3346-'%*°"! and 2 mM ATP for different time intervals as
follow: 0O, 5, 10, 20, 40 and 80-min. The signals were revealed by a Typhoon 9200
Imager (GE Healthcare). (Ovablumin is marked by empty arrowheads; calf intestine

alkaline phosphatase is marked by filled arrowheads:)
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Fig. 2.6.6 Multiple sequence alignment of PA2797 with other anti-sigma factor antagonist.
The bacteria strains and protein accession numbers were as follow: P. aeruginosa PAO1 PA2797, NP_251487; P. aeruginosa PAO1 PA3347
NP_252037; B. subtilis RsbV, NP_388352; B. subtilis SpollAA,-NP_390228. The consensus amino acid residues found in PA2797, PA3347,

RsbV and SpollA are indicated by star symbol.
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Fig. 2.6.7 In vitro phosphorylation of purified GST, GST-PA2797 and GST-PA3347 proteins
(A) Pro-Q Diamond staining. (B) SDS-PAGE Coomassie Blue staining.GST-PA2797 (2 pg) was incubated with PA3346-*%*>" (1 1g) and 1

mM ATP for different time intervals as follow: 10, 30 and 60 min. The signals were revealed by a UV box. Ovablumin is marked by a white

arrowhead. M, unstained protein ladders (Fermentas, USA)
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Fig. 2.6.8 Analysis of PA3346-*%4"5"1 and PA3347 protein-protein interaction by using

GST pull down assay.

PA3346-%*™ could be co-eluted with PA3347-GST and PA3347-S56A-GST in the
presence of 2 mM ADP. Blot was incubated with-monaoclonal anti-His antibody (A), and with
monoclonal anti-GST antibody (B). Lanes 1, 3, 5-and 7: washed with PBS; 2, 4, 6 and 8:

eluted with 20 mM glutathione (50 mM Tris-HCI buffer, pH 8.0).
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Fig. 2.6.9 Protein interaction of PA3347-and-PA3346-*®*°"* examined using the GFP

fragment reassembly assay

E. coli BL21 (DE3) harboring the plasmids indicated at the right side of the graph was grown

on LB agar plate containing 100 uM IPTG and 0.05% arabinose at 20°C for 3 days. The

bacterial cells were taken at 200X magnification using an upright fluorescence microscope

(BX-51; Olympus). Both the positive control and PA3347/ PA3346*%"™ nairs displayed

green fluorescence indicating that PA3347 can interact with PA3346-4084571,
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Fig. 2.6.10 Analysis of PA3346 and RpoN protein-protein interaction using GST pull

down assay.
(A) Samples washed with PBS. (B) Sampl ed with 20 mM glutathione/50 mM Tris
buffer. M, unstained protein ladders.(Fermentas 1, GST-PA3346°>°"": 2. RpoN-Hise;

W1-W4, sample fractions; E1-EZ
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PAOL1 MPA45 MIL46 MIL47

Fig. 2.6.11 Colony morphology of P. aeruginosa PAO1 and mutants on Congo red plate
After 2 days of incubation at 30°C, the colony morphology of each of the strains was
recorded by a Canon camera (PowerShot G10).The name of the strains was indicated under

the photos.
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Fig. 2.6.12 The CAS plate assay

The siderophore, a strong iron chelator removes ferrlc,lron from the CAS/HDTMA complex

and resulted in the color changes \'blue to orange he orange halos around the colonies
revealed that all strains produced a sim a:f-z'ar;jqunt‘“ of siderophore. The CAS plate assays

were performed independently at least three times.1, PAOL 2, MPA45; 3, MJL46; 4, MJLA47.
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Fig. 2.6.13 The N-Acyl homoserine lactones (AHL) reporter plate bioassays
C. violaceum CV026 was used as a reporter strain to detect the AHL molecules produced by P.
aeruginosa PAOL1 and the mutant strains. By comparing the purple color appeared around the

wells, the AHL productions of the strains tested have no significant difference regardless

medium used in this assay. The AHL were performed independently at least

three times. 1, PAO1; 2, MPAA45;
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Fig. 2.6.14 A hypothetical model of the combination of the HptB-mediated phosphorelay

and partner switching regulatory system.
PA3346C is the C-terminal L408-A571 HATP-Ser protein kinase domain of PA3346.
(A) No environmental stimulus

(D PA3346C phosphorylates the putative anti-sigma factor antagonist PA3347 on Ser56.

PA3347~P is inactive and could not bind PA3346C.

(@ PA3346C binds a regulatory factor, preventing the occurrence of the downstream

response.
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Upon an environmental stimulus

PA1611
PA1976
PA2824

PA3345 HBtB

of

P

PA33406 REC !!!E

PA3347 )

(B) Upon an environmental stimulus

Regul 1t01 v F actor ?

biofilm formation
swarming motility

(® A sensor kinase (PA1611, PA1976 or PA2824) autophosphorylates itself and transfers the

phosphoryl group to HptB, which then relays the signal to response regulator PA3346
(D61 or D68?).

(® The phosphorylation on PA3346 N-terminal receiver domain results in an increase in its

Ser protein phosphatase activity leading to dephosphorylation of the putative anti-sigma
factor antagonist PA3347.

(® The unphosphorylated form of PA3347 binds PA3346C.
(® The regulatory factor is released from PA3346C then affects biofilm formation and

swarming motility.
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Chapter 3

Transcriptome analysis of galactose stress in the K. pneumoniae

CG43S3 AgalU mutant
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3.1 Abstract

K. pneumoniae AgalU mutant, which is defective in UDP-Glc PPase, was observed to
have a clear growth-inhibition zone on galactose disk diffusion assay. When bacteria were
cultivated in M9 minimal medium where 2% glycerol is the sole carbon source, galactose can
inhibit the bacterial growth and increase mortality. It is known that the galactose toxicity on
AgalU mutant was due to the disorder of galactose metabolism and accumulations of toxic
galactose metabolites. However, how the toxic intermediates affect the gene expression and
cause the cell death remains unclear. Therefore, we study the gene expression profiles of K.
pneumoniae CG43S3 AgalU under the galactose stress by RNA-seq. After analyzing
RNA-seq data, we found galETKM, galP, lacYZ and genes responsible for amino acid
biosynthesis are upregulated in the presence of galactose. The gene expressions of glycerol
metabolism (pduCDE), iron-acquisition-systems (sitABCD and feoABC) and 12 regulatory
factors (hns, csrA and 10 transcriptional regulators) are repressed. Notably, H-NS and CsrA
are global regulatory proteins controlling a large variety of physiological processes such as
carbon metabolism, virulence, bacterial motility and stress response systems. Besides, E. coli
csrA gene was shown to be essential for growth in LB medium and minimal medium. Based
on our RNA-seq data and literature review, we speculate that the gene expressions of carbon
metabolism and iron-acquisition systems were induced or repressed because of the growth
condition. The toxic galactose metabolites might indirectly repress the gene transcriptions of
H-NS, CsrA and transcriptional regulators, causing problems on gene transcriptions and

translations. Finally, the cell death occurs because of the disorder in bacterial physiology.

3.2 Introduction
D-galactose is a monosaccharide which is transported into cells through a specific

transporter (85-87). To enter the glycolytic and the glycans biosynthesis pathway, galactose
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needs to be activated and catalyzed by the Leloir pathway enzymes, GalETK (88,89).
Galactose is first phosphorylated by galactokinase (GalK) to form Gal-1-P. By the catalysis of
Gal-1-P uridyltransferase GalT, Gal-1-P and UDP-glc are converted into UDP-gal and
Glc-1-P. UDP-gal can enter the glycan biosynthesis pathwas as a galactosyl donor, or be
converted into UDP-glc by UDP-gal epimerase (GalE) (89). In humans, an inherited
deficiency in any of the three enzymes leads to the galactose metabolic disorder called
galactosemia (90). Galactose intake by galactosemia patients can result in general organ
damage. Researchers speculate that the toxic effects might come from the abnormal
accumulations of galactose metabolic intermediates, especially Gal-1-P (90-93). Up to the
present time, the in vivo target(s) for Gal-1-P toxicity remains unclear.

In prokaryotes, galactose is also toxic to the galETK deficient strain. Streptococcus
mutans AgalK (94), Bacillus subtilis -AgalE (95); Salmonella choleraesuis AgalE (96),
Salmonella enterica serovar Typhimurium AgalE (97), E. coli AgalT (98) are all sensitive to
galactose and cannot grow in medium. supplemented with galactose. Cell lysis occurred in
AgalE mutant strains of B. subtilis and S. enterica when the medium were added exogenous
galactose (95,97). As for AgalT mutant of Saccharomyces cerevisiae, the growth of this
GalT-deficient yeast strain stopped 4 h after the addition of 0.2% galactose into YEPgly
medium (99). Similar to the case in humans, the toxic effects come from the abnormal
accumulations of Gal-1-P or UDP-gal (92,95). In our previous study, we found that galactose
is also toxic to K. pneumoniae CG43S3 AgalU mutant, which is defective in UDP-Glc PPase.
The GalU-deficient strain was observed to have a clear growth-inhibition zone on galactose
disk diffusion assay. In addition, the colony color of K. pneumoniae AgalU mutant on
MacConkey-0.4% galactose agar displayed pale pink, indicating that the GalU-deficient

strain is incapble of fermenting galactose (100,101). The gene galU encodes the enzyme
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UDP-GIc PPase, which synthesizes UDP-Glc from Glc-1-P and UTP. Though not belonging
to the components of the Leloir pathway, GalU plays a role in synthesizing and providing
UDP-glc for the enzymatic reaction catalyzed by GalT. Therefore, it is interesting to know
why galactose is toxic to bacterial cells with a defective galU gene.

In this study, we clarify if the cell death occurs on AgalU mutant strain in the presence
of galactose by performing the Live/Dead fluorescence stain. To further understand the
molecular mechanism of the galactose toxicity, we compared the gene transcriptions of K.
pneumoniae CG43 AgalU mutant in the M9gly medium with or without 0.5% galactose by
RNA-seq and revealed the significant differences in gene expression profiles. We hope that
the study of galactose effects on K. pneumoniae AgalU mutant model will help us to

understand the pathogenic mechanism of the galactese toxicity at the molecular level.

3.3 Materials and methods
3.3.1 Bacteria strains and growth medium

K. pneumoniae CG43 wild type and AgalU-mutant strains used in this study are grown
in Luria-Bertain medium or M9 medium. M9 minimal (M9) medium contains M9 minimal
salt (Sigma-Aldrich®), 0.1 mM CaCl,, 2 mM MgSO,. The carbon sources used in this study
were 2% glycerol, 0.5% glucose or 0.5% galactose. All chemicals were purchased from

Sigma-Aldrich®.

3.3.2 Bacterial growth curve

K. pneumoniae CG43 wild type and AgalU mutant strain were grown in LB medium or
M9-glycerol medium at 37°C overnight. The overnight bacterial cultures were transferred
into LB medium or M9-glycerol medium in the presence or absence of 0.5% galactose for

propagation. The optical density of each bacterial culture was measured every hour at the
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wavelength of 595 nm by a spectrophotometer (Jasco V-530). The results are the average of

three independent experiments.

3.3.3 Disk diffusion assay

Overnight bacterial cultures were spread onto LB agar plates (1.5%, w/v) using cotton
swabs. Paper disks impregnated with 3 ul of 50% galactose were placed on top of the
bacterial lawn and the dishes were incubated at 37°C overnight and the diameter of inhibition

zone was scored.

3.3.4 LIVE/DEAD® BacLight™ Bacterial Viability assay

K. pneumoniae CG43 AgalU mutant strain were grown in M9 medium containing 2%
glycerol as carbon source at 37°C overnight. Two milliliters of overnight bacterial culture
were transferred into 100 ml fresh- M9-glycerol (M9gly) medium for propagation. When the
ODsgs reached to 0.1 to 0.2, galactose was added at the final concentration of 0.5%. After 3 h,
the bacteria cells are mixed with the fluorescence dyes (LIVE/DEAD® BacLight™ Bacterial
Viability Kits, Molecular Probes) at a volume ratio of 1:1 and incubated at room temperature
for 15 min in dark. Three microliters of the bacterial culture-fluorescence dye mixture were
applied on slide and examined under a fluorescence microscope. All images were captured
with an upright microscope (BX-51; Olympus) connected with a CCD camera. The data were

analyzed using the SPOT Advanced Plus Imaging software (Sterling Heights, MI).

3.3.5 RNA purification
The growth condition is the same as described in LIVE/DEAD® BacLight™ Bacterial
Viability assay. Fifty mililiters of bacterial culture were transferred to a centrifugal tube and

centrifuged at 6000 g for 5 min at 4°C. The supernatant was discarded and the bacterial cells
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were re-suspended by adding 5 ml TRIzol® reagent (Invitrogen, USA). Then, the bacterial
lysate with TRIzol® reagent was incubated at room temperature for 5 min to allow complete
dissociation of nucleoprotein complexes. One milliliter of chloroform was added into the
lysate-TRIzol® reagent mixture with vigorously vortex for 15 s. After incubated at room
temperature for 3 min, the sample was centrifuged at 12,000 g for 15 min to separate the
aqueous phase and organic phase. The aqueous phase (upper layer) was transferred to a fresh
RNase-free tube and an equal volume of 70% ethanol was added in the aqueous phase to
obtain a final ethanol concentration of 35%. The sample was transferred to a spin cartridge
and the RNA was purified by following the strandard protocol of PureLink™ Micor-to-Midi
Total RNA Purification Kit (Invitrogen, USA). Finally, total RNA was eluted by 70 ul of
RNase-free water (Qiagen).

The next step is to remove the DNA contamination by performing the DNase | digestion.
The reaction mixture contains the total RNA, 4.5 mM MgClI,/DEPC, 10 U DNase | (Promega)
and 20 mM Tris-HCI/DEPC pH8.0. After the DNase | digestion mixture was incubated at
30°C for 30 min, an equal volume of phenol/chloroform/isoamylalcohol (25:24:1) was added
into it. The mixture was mixed by vigorously vortex for 20 s and centrifuged at the maximal
speed for 1 min. After the upper aqueous phase was transferred into a new tube, one tenth
volume of 3 M NaCl and 2 volumes of ethanol were added.Then, the sample was stored at
-20°C overnight. The next day, the sample was centrifuged at maximal speed for 10 min at
4°C. The supernatant was discared and the RNA pellet was washed with 500 pl of 70%
ethanol at least for 2 times. The sample was centrifuged at 12000 g for 1 min and then the
supernatant was carefully discarded. After the RNA pellet was air-dried, forty microliters of
RNase-free water were added to dissolve the RNA. The quality and quantity of RNA were

examined by NanoDrop Spectrophotometer.
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3.3.6 RNA sequencing

KPI and KPII represent the RNA smaple of K. pneumoniae CG43 AgalU and K.
pneumoniae CG43 AgalU challenged with 0.5% of galactose, respectively. The RNA
concentrations (OD2g0/OD2gp) of KPI and KPII were 1541 ng/ul (2.01) and 1028.7 ng/ul
(1.95). The cDNA library construction and raw data analysis were done by Tri-I Biotech, Inc.

(Taipei, Taiwan).

3.4 Result and Discussion
3.4.1 A growth-inhibition zone is observed in K. pneumoniae AgalU mutant strain in
galactose disk diffusion assay

In our previous study, K. pneumoniae 'CG43-17, a Tn5-transposon insertion mutant
which is defective in UDP-Glc PPase, showed a clear growth-inhibition zone on galactose
disk diffusion assay (100). To further understand if K. pneumoniae CG43 galU null mutant is
also sensitive to galactose, the disk. diffusion assay was. performed. The bacterial cultures
were applied onto LB agar and the paper: disks impregnated with galactose or glucose are
placed on the top of the bacterial lawn. As shown in Fig. 3.6.1, after an overnight incubation
at 37°C, it is found that both K. pneumoniae CG43 wild type and AgalU mutant were not
sensitive to glucose. However, K. pneumoniae CG43 AgalU mutant but not the wild type
strain showed a clear inhibition zone around the galactose paper disk. The diameter of the
inhibition zone is approximately 2.69 + 0.07 cm. It is known that galU encodes the enzyme
UDP-Glc PPase, which synthesizes UDP-Glc from Glc-1-P and UTP. Although GalU is not a
component of the Leloir pathway (GalETK), the null mutation of galU makes the bacteria
unable to produce UDP-GIc normally that leads to defective galactose metabolism. Finally,

the accumulation of toxic intermediates, such as Gal-1-P or UDP-Gal, causes the inhibition of
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bacterial growth (95,102,103).

3.4.2 Galactose inhibits growth of K. pneumoniae AgalU mutant

K. pneumoniae CG43 wild type and AgalU mutant strain were grown in LB medium at
37°C overnight. The next day, the bacterial cultures were sub-cultured in fresh LB medium
containing various concentrations of galactose. As shown in Fig. 3.6.2, K. pneumoniae CG43
wild type strain grew slightly better in the medium containing 0.5% to 5% of galactose,
whereas 10% of galactose made the cells grow slower during the log phase. The bacterial
growth became normal prior to entering the stationary phase. In addition, the growths of the
AgalU mutant strain were impaired in the medium containing 2.5%, 5% and 10% of
galactose during the log phase, but all of them grew well after 12 h of propagation. Although
the AgalU strain was sensitive to galactose in disk diffusion assay, the toxicity of galactose to
the AgalU mutant strain was not obvious in LB broth culture. It might be due to the abundant
carbon source in LB medium that the K. pneumoniae AgalU mutant could bypass galactose
metabolism.

To avoid the interference from other carbon sources, the AgalU mutant strain was
cultured in M9 minimal medium where 2% glycerol was the sole carbon source (104). The
AgalU mutant strain grew quite slowly in M9gly medium. After about 20 h of propagation,
the bacterial cells were sub-cultured into fresh M9gly medium. When the optical density at
595 nm reached to 0.1 to 0.2 AU, the bacterial culture was divided into two equal halves.
Galactose was added into one half at the final concentration of 0.5% (w/v). Interestingly,
galactose did not immediately affect the growth of the AgalU mutant (Fig. 3.6.3A). The
phenomenon is similar to the growth response of Saccharomyces cerevisiae AgalT mutant
and B. subtilis AgalE mutant to galactose. After the addition of galactose for 2 to 4 h, these

mutant strains displayed severe growth retardation (95,104). The result may be due to the
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accumulation of toxic galactose metabolites after a few hours of propagation to a level
sufficient to inhibit cell growth. As shown in Fig. 3.6.3A, 1.5 h after the addition of galactose,
it is found that the optical density (ODsgs) of the AgalU mutant strain in the M9gly medium
supplemented with galactose was approximately half of that without galactose. This result
revealed that low concentration of galactose could inhibit the growth of K. pneumoniae

AgalU mutant cultivated in minimal medium where glycerol is the sole carbon source.

3.4.3 Galactose induces death of K. pneumoniae AgalU mutant

In B. subtilis NCIB3610, the galE null mutant was sensitive to exogenous galactose.
After cultivated in LB medium supplemented with galactose for a few hours, the optical
density (ODggo) of B. subtilis galE mutant strain was abruptly decreased because high
abundance of cell lysis occurred (95). To test whether the cell death of K. pneumoniae AgalU
mutant strain also occurred in the presence of galactose, the bacterial cells treated with
galactose for 3 h were collected and subjected to live/dead staining. Fluorescence microscopy
imaging showed that all of the cells.were alive after 1 h of propagation in M9gly medium
(Fig. 3.6.3B, green fluorescence). However, after the addition of galactose for 3 h, increasing
numbers of dead bacterial cells (red fluorescence) were observed, suggesting that galactose
also induced the cell death of K. pneumoniae AgalU mutant. Probably because GalU does not
play a crucial role in the accumulation of toxic galactose metabolites, the cell death of K.
pneumoniae AgalU mutant was not as dramatic as B. subtilis galE mutant. Although the cell
death rate of K. pneumoniae AgalU mutant is not higher than 50%, our result is in agreement
with previous literatures reporting that galactose is toxic to the bacterial strains deficient in

the enzymes of the Leloir pathway (94,95,97,102-104).

3.4.4 Transcriptome analysis of K. pneumoniae AgalU gene expression profiles under

galactose stress
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Many literatures have reported that galactose metabolites, especially Gal-1-P, are toxic
to bacterial strains deficient in the enzymes of the Leloir pathway (GalETK). Until now, how
the toxic intermediates cause the cell death and what the targets of those toxic intermediates
are remain elusive (93,104). Therefore, we attempted to find the targets of toxic galactose
metabolites and understrand the molecular mechanism of the galactose toxicity by
performing RNA sequencing. Approximately 10.41 and 10.54 million 150-bp pair end reads
from K. pneumoniae AgalU and K. pneumoniae AgalU (+Gal), respectively, were generated
using Illumina HiSeq 2000 Sequencing System and analyzed by CLC-Genomics Workbench.
The transcriptomic data revealed that 44 and 144 genes were up- and down-regulated,
respectively more than 2 folds in the K. pneumoniae AgalU mutant in the presence of
galactose. These genes accounted for-about 3.84% of the total genes in K. pneumoniae. It has
been known that adding galactose-into growth medium could induce the transcriptions of gal
regulon (galETK) and galactose permease (galP) in Saccharomyces cerevisiae galE and galT
mutant strains (104,105). When focus. on the upregulated genes of K. pneumoniae AgalU
mutant listed in Table 3.5.1, the expression of the gal regulon (galETKM) and galactose
permease (galP) was increased in the presence of galactose consistent with the previous
literature. In addition, the lacYZ and genes responsible for amino acid biosynthesis were also
induced in the K. pneumoniae GalU-deficient strain upon galactose stress.

Among the downregulated genes, pduCDE, D364 17595, and D364 17590 which are
responsible for glycerol metabolism (106) and some sugar transporter genes are repressed.
Unexpectedly, two iron-acquisition systems, sitABCD and feoABC, were also repressed in the
presence of galactose (Table 3.5.2). These two gene clusters are regulated by ferric uptake
regulator (Fur) and their putative Fur binding boxes were listed in Table 3.5.5 (107). Under

iron-replete conditions, dimeric Fur in complex with ferrous ion (Fe**) binds to the Fur box,
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19 bp consensus DNA sequence (GATAAT-GATAAT-CATTATC), preventing sitABCD and
feoABC from transcription (108-111). However, M9gly medium used in this study is deficient
in ferrous ion (Fe®"), the repressed transcription of sitABCD and feoABC under iron-limited
condition implied that other regulatory factors might participate. One of the possible
regulatory factors is RyhB, a 91 nucleotide non-coding RNA which was induced by iron
starvation (112). In E. coli, a microarray-based analysis revealed that overproduction of RyhB
indirectly repressed the expression of fhuF, feoA and feoB (113). Besides, RyhB was found to
repress the expression of sitA in K. pneumoniae presumably by direct base pairing with sitA
mRNA (114). To sum up, the transcriptional repressions of sitABCD, feoABC and genes
encoding iron-utilizing proteins might be due to the expression of RyhB in M9gly medium
(0.5% galactose).

Interestingly, the genes subjected to-galactose-mediated activation and suppression in
the K. pneumoniae AgalU mutantiis clustered, suggesting that some transcriptional regulators
participate in controlling the gene expression. Therefore, three hundred base pair upstream
regions of these gene clusters were analyzed and the putative regulator binding sites were

predicted using the bacterial regulon analyzer Virtual Footprint (http://www.prodoric.de/vfp/)

(115). Most of the promoter regions, including Pgaie, Pgaip, Ppduc, Ppsss 17615, Psita @and Preoa
were predicted to have a CRP binding box (Table 3.5.3). CRP is a global transcriptional
regulator and requires the binding of cyclic AMP (cCAMP) for complete activity (116). Up to
now, a total of 346 promoters in E. coli K12 genome have been proposed to be under the
control of cAMP-CRP (117). The cAMP-CRP complex binds to specific sites upstream of
promoters, causing transcriptional activation or repression (118). The production of CAMP is
reduced in the presence of glucose. When bacteria are grown in glyceol minimal medium or

medium supplemented with less-preferred carbon sources, bacteria produce higher levels of
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CAMP leading to the formation of cAMP-CRP complex (119-121). Our bacterial culture
condition favors more cCAMP-CRP complex formation and therefore leads to galETKM, galP,
and pduCDE transcription.

In addition to genes involved in carbon metabolism and iron-acquisition, 12 regulatory
genes are downregulated in the K. pneumoniae AgalU mutant under galactose stress. Notably,
two global regulators, H-NS and CsrA, were repressed in the presence of galactose. H-NS is
homologous to eukaryotic histones and has been extensively studied in E. coli and
Salmonella typhimurium (122,123). H-NS plays important roles in bacterial DNA packaging
and silencing genes involved in metabolism, flagellum synthesis, virulence and adaptation to
environmental challenges (123-126). However, genes known to be repressed by H-NS were
not significantly upregulated in our transcriptome data (124). We also analyzed the upstream
promoter regions of Pjacz, Ppasa 17615, Ppduc, Psita, @nd Preoa. Although extremely conserved
H-NS nucleating high-affinity sites were found (Table 3.5.4) (127), no literature has ever
reported that these genes are under regulation of H-NS. CsrA, a post-transcriptional regulator,
controls a large variety of physiological processes such as central carbon metabolism,
virulence, pathogenesis, c-di-GMP synthesis, biofilm formation, quorum sensing as well as
bacterial motility and stress response (128-134). CsrA is an RNA-binding protein. The
protein binds to a region typically nearby or overlapping with Shine-Dalgarno sequence to
block the ribosome bindng, resulting in inhibition of translation initiation and rapid mRNA
degradation (135-137). In some cases, CsrA served as a positive regulator through binding to
the 5’ untranslated region to stabilize the mRNA, leading to the enhancement of translation
efficiency (138). E. coli csrA gene was shown to be essential for growth in LB medium and
minimal medium supplemented with glycolytic carbon sources (139), revealing the important

role of CsrA in bacterial viability. Therefore, based on the RNA-seq results, we proposed that

85



when K. pneumoniae AgalU mutant was cultivated in minimal medium supplemented with
galactose, the accumulation of toxic galactose metabolites might indirectly target to H-NS,
CsrA and several other transcriptional regulators, causing problems on transcription and
translation. Eventually, the bacterial growth becomes slow and cell death increases (Fig.
3.6.3B) because of disruption of normal bacterial physiology.

In summary, our transcriptomic results indicate that expression of carbon metabolism
and iron-acquisition systems was affected in our culture medium providing galactose stresses.
Based on promoter prediction results and literature review, we hypothesized that the
transcription of these genes might be under the regulation of cAMP-CRP complex. In
addition, K. pneumoniae AgalU mutant increased the expression of galETKM in
nutrient-deficient growth condition. However, because GalU deficiency in K. pneumoniae
interrupts normal galactose metabolism,-the higher amounts of GalP and GalETKM in cells
may accelerate accumulations of toxic galactose metabolites, which in turn indirectly repress
the expression of hns and csrA whose functions are important in DNA packaging and
bacterial viability. Previously, Slepak and colleagues found that ribosomal protein (RP) genes
and genes involved in RNA metabolism were repressed in S. cerevisiae galT mutant
challenged with galactose (104). This phenomenon was due to the accumulation of Gal-1-P,
the toxic galactose metabolite, in galT deficient strain. It was known that these two groups of
genes were repressed via signal transduction pathways when S. cerevisiae is subjected to
external stress stimulus such as hydrogen peroxide, DTT or heat shock. Thus, the authors
proposed that “Gal-1-P stress” repressed the transcriptions of RP and RNA metabolism genes
through signal transduction pathways responsible for responding to environmental stimulus
(104,140). Similarly, the toxic galactose metabolites accumulated in K. pneumoniae AgalU

mutant can be seen as a stress signal and might influence the gene expression via a “known”
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signal transduction pathway or regulatory factor. Therefore, understanding which signal
transduction pathway or regulatory factor participated in repressing the transcriptions of hns,
csrA and transcriptional regulator genes will bring us to find the in vivo target(s) of toxic
galactose metabolites. Finally, we hope that the transcriptome study of galactose effects on K.
pneumoniae AgalU mutant helps us to understand how the toxic galactose metabolites cause

cell death.
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3.5 Tables

Table 3.5.1 Upregulated genes in CG43S3 AgalU (+Gal) comparing with CG43S3 AgalU

Feature ID Gene Name Fold Change Proposed Function
D364 03825 galE 81.26 UDP-glucose 4 -epimerase
D364 03820 galT 54.15 galactose-1-phosphate uridylyltransferase
D364 03815 galK 49.74 galactokinase
galM(D364_03810) galM 29.80 galactose-1-epimerase
D364 17020 galP 15.74 D-galactose transporter
D364 07970 lacY 23.91 galactoside permease
D364 _07975 lacz 22.76 f-D-galactosidase
D364 20570 dgoR 11.91 galactonate operon transcriptional repressor
D364 20560 dgoA 6.82 2-dehydro-3-deoxy-6-phosphogalactonate aldolase
D364 20555 dgoD 13.22 galactonate dehydratase
D364 20550 5.64 galactonate transporter
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(Continued)

Feature ID Gene Name Fold Change Proposed Function

D364 07650 19.87 di- and tricarboxylate transporters, L-tartrate/succinate antiporte

D364 21575 metE 9.73 5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase
glyA(D364_14465) glyA 7.64 Ser hydroxymethyltransferase
ginA(D364_20910) glnA 7.44 glutamine synthetase

D364 17015 metK 7.25 S-adenosylmethionine synthetase
ginH(D364_04210) glnH 6.02 glutamine ABC transporter periplasmic protein

D364 03465 gltl 5.70 glutamate and aspartate transporter subunit

D364_08005 5.33 5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase
metQ(D364_01015) metQ 4.95 DL -methionine transporter substrate-binding subunit

D364 13485 argT 4.85 lysine=, arginine-,-ornithine-binding periplasmic protein

D364_13470 hisM 4.76 histidine/lysine/arginine/ornithine ABC transporter permease HisM

D364_03460 gltJ 4.60 glutamate/aspartate ABC transporter permease GltJ
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Table 3.5.2 Downregulated genes in CG43S3 AgalU (+Gal) comparing with CG43S3 AgalU

Feature ID Gene Name fold change Proposed Function

D364 17620 dhaT -38.34 1,3-propanediol oxidoreductase (alcohol dehydrogenase)

D364_17615 -12.23 hypothetical protein
pduC(D364_17610) pduC -11.26 propanediol dehydratase large subunit
pduD(D364_17605) pduD -16.59 propanediol dehydratase medium subunit
pduE(D364_17600) pdukE -14.89 propanediol dehydratase small subunit

D364 17595 -14.12 glycerol dehydratase

D364 _17590 -12.61 glycerol uptake facilitator GlpF

D364 17580 -7.60 acid-resistance membrane protein
hdeB(D364_16510) hdeB -4.96 acid-resistance protein
hdeB(D364_17585) hdeB -4.25 acid-resistance protein

D364 23340 -7.02 sn-glycerol-3-phosphate transport system permease
glpA(D364_13220) glpA -5.96 sn-glycerol-3-phosphate dehydrogenase subunit A
glpT(D364_13215) glpT -4.94 sn-glycerol-3-phosphate transporter
malE(D364_22000) malE -8.11 maltose ABC transporter periplasmic protein

D364 22015 malM -5.86 maltose regulon periplasmic protein

D364 22005 -6.75 ABC-type sugar transport systems, ATPase components

D364 15140 -8.51 PTS system glucitol/sorbitol-specific transporter subunit 1A
srlA(D364_15130) srlA -4.08 glucitol/sorbitol-specific PTS family enzyme 11C component
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(Continued)

Feature 1D Gene Name fold change Proposed Function
D364 15335 SitA -40.33 iron ABC transporter substrate-binding protein
D364 15340 sitB -23.93 manganese/iron transport system ATP-binding protein
D364_15345 sitC -23.24 iron transport system inner membrane permease component
D364_15350 sitD -12.23 manganese ABC transporter, inner membrane permease protein SitD
feoA(D364_18960) feoA -9.36 ferrous iron transport protein A
feoB(D364_18965) feoB -7.14 ferrous iron transport protein B
D364 18970 feoC -10.99 ferrous iron transport protein FeoC
D364 18675 bfd -30.03 bacterioferritin-associated ferredoxin
D364_05240 -19.35 hypothetical protein;iron permease
D364 05245 -18.90 hypothetical protein; iron uptake system component EfeO
D364 24070 fhuF -13.22 ferric iron reductase involved in ferric hydroximate transport
D364 10960 tonB -12.62 transport protein TonB
D364 13700 mntH -7.93 manganese transport protein MntH
D364 11490 -5.78 ferrichrome-iron receptor
D364 _00795 -4.25 iron-hydroxamate transporter substrate-binding subunit
D364_00785 -4.10 ferrichrome outer membrane transporter
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(Continued)

Feature 1D Gene Name fold change Proposed Function
D364 10085 -8.51 LysR family transcriptional regulator
D364 12135 -7.44 LysR family transcriptional regulator
D364 17675 -6.38 PadR family transcriptional regulator
D364 06175 -5.32 DNA-binding transcriptional activator OsmE
D364 13730 yfeR -5.05 LysR family transcriptional regulator
D364 01955 bolA -5.00 transcriptional regulator BolA
D364 11035 hns -4.78 global DNA-binding transcriptional dual regulator H-NS
D364 04125 ybiH -4.73 DNA-binding transcriptional regulator
D364 07595 -4.41 DNA-binding transcriptional regulator
D364 18425 envR -4.08 DNA-binding transcriptional regulator EnvR
D364 23815 CStA -6.25 carbon starvation-protein CstA
D364 15080 csrA -4.06 carbon storage regulator
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Table 3.5.3 Predicted CRP binding site in the upstream region of galactose
regulated genes

CRP binding site

Gene 5. TG(T/C)GA:Ng: TC(A/G)CA-3’
Pgalc 75 CTTGT.GCTATG:TCACA -60
Pgarp 81 CGTGATTATAG:TCACG -66
Posea1eis 209 TGTGATCGCCC:GCAAT  -194
Poduc 223 ATTGC:GGGCGA:TCACA  -202
Ppduc 127  ATTITATTTTTT.TCACC  -106
Paita 68 CTIGT:GCTATA:TAACA -53
Preon 156 CCTGC:AGCGCA:TCATA -141

Numbers are relative to the position of the translational start codon (Details are found
in Appendix I1). Nucleobase identical to the consensus CRP binding sequences are
underlined.
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Table 3.5.4 Predicted H-NS binding site in the upstream region of the galactose
regulated genes

H-NS binding site

Gene 5 -TCGATAAATT-3'

Placz -105 TCTGTITAATT -96
Pp3sa_17615 -283 TCGTTTCAAT -274
Pbses 17615 -185 TCAATTAATA -176
Poduc 10  CCGATGAACA -1
Psita -79 TTTATAAATA -70
Psita -44 GCTATAAACG -35
Pteoa -189 TCAATAAAAA -180
Pteoa -20 GCGATAGACA -11

Numbers are relative to the position of the translational start codon (Details are found
in Appendix Il). Nucleobase identical to the consensus H-NS binding sequences are
underlined.
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Table 3.5.5 Predicted Fur binding site in the upstream region of the galactose
regulated genes

Fur binding box

Gene 5 GATAAT:GATAAT:CATTATC-3'
Psita .99 GCAAAT:AAGAAT:TATTTTC 81
Preon 1134 GATGAT:AAAAAC:CATTCTC -116

Numbers are relative to the position of the translational start codon (Details are found
in Appendix Il). Nucleobase identical to the consensus Fur binding sequences are
underlined.
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3.6 Figures

glucose galactose

K. pneumoniae

K. pneumoniae
Agalu

Fig. 3.6.1 Effects of glucose or galactose on K. pneumoniae CG43 S3 and AgalU
mutant using the disk diffusion assay

The bacterial cultures were applied onto LB agar plates and the paper disks
impregnated with 3 pl of 50% galactose or glucose were placed on the top of the
bacterial lawn. After an overnight incubation at 37°C, the plates were examined and

the pictures were taken by a Canon camera (PowerShot G10).
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Fig. 3.6.2 Growth curve of K. pneumoniae CG43 S3 and the AgalU mutant

(A)K. pneumoniae CG43 S3 (B)K. pneumoniae CG43 AgalU mutant. The overnight
bacterial cultures were sub-cultured in fresh LB medium containing various
concentrations of galactose. The optical density of each bacterial culture was
measured every hour at the wavelength of 595 nm by a spectrophotometer (Jasco
V-530).
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Fig. 3.6.3 The growth curve and Live/Dead cell staining of the K. pneumoniae
CG43 AgalU mutant

(A) Growth curve of K. pneumoniae CG43 S3 AgalU mutant in M9gly medium
containing 0.5% galactose. The green solid arrow indicates the time point at which the
galactose is added into bacterial cultures. The numbers represent the time point at
which the bacterial cells are collected for Live/Dead cell staining. (B)When the ODsgs
reached to 0.1 - 0.2 AU, galactose was added into the bacterial cultures at the final
concentration of 0.5% (w/v). After being treated with galactose for 3 h, the bacterial
cells were mixed with the fluorescence dye for 15 min in dark and examined under a

fluorescence microscope with a 100x objective lens.
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Appendix |

Table 1 Upregulated genes in CG43S3 AgalU (+Gal) comparing with CG43S3 AgalU [Fold Change > 4]

Feature 1D Gene Name Fold Change Proposed Function
D364 00295 111.59 hypothetical protein
D364_03825 galE 81.26 UDP-glucose 4 -epimerase
D364 03820 galT 54.15 galactose-1-phosphate uridylyltransferase
D364 03815 galK 49.74 galactokinase
galM galM 29.80 aldose 1-epimerase
D364_07970 lacY 23.91 galactoside permease
D364_07975 lacZ 22.76 B=D-galactosidase
D364 07650 19.87 Di- and tricarboxylate transporters, L-tartrate/succinate antiporte
D364 02045 16.63 Nitrogen regulatory protein PlI
D364 17020 galP 15.74 D-galactose transporter
D364 20555 dgoD 13.22 galactonate dehydratase
D364 20570 dgoR 11.91 galactonate operon transcriptional repressor
D364 21575 metE 9.73 5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase
D364 12000 ftnA 8.61 ferritin
D364 12155 7.76 LysR family transcriptional regulator
glyA glyA 7.64 Ser hydroxymethyltransferase
D364 01895 7.52 hypothetical protein
glnA glnA 7.44 glutamine synthetase
D364 17015 metK 7.25 S-adenosylmethionine synthetase
D364 20110 sbp 7.22 sulfate transporter subunit
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D364_20560
D364_13460
ginH
D364_03465
D364_05135
D364_06380
D364_14150
D364_20550
D364 _24090
D364_08005
D364_05975
D364_00155
metQ
COpA
D364_13485
D364_13470
D364 04425
D364 _08215
D364_02050
D364_03460
D364 23750
tpiA
D364_06475
D364 20490

dgoA

ginH
gltl

btuR

holD

metQ
COpA
argT
hisM

amtB
gltd

tpiA
yciW
yidF

6.82
6.58
6.02
5.70
5.64
5.64
5.64
5.64
5.64
5.33
5.33
5.17
4.95
4.92
4.85
4.76
4.70
4.70
4.66
4.60
4.23
4.23
4.18
4.08

2-dehydro-3-deoxy-6-phosphogalactonate aldolase
N-acetyltransferase GCN5

glutamine ABC transporter periplasmic protein
glutamate and aspartate transporter subunit
hypothetical protein

cob(lyrinic acid a,c-diamide adenosyltransferase
hypothetical protein

galactonate transporter

DNA polymerase Il subunit psi
5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase
hypothetical protein

hypothetical protein

DL-methionine transporter substrate-binding subunit
copper.exporting ATPase

lysine-, arginine-, ornithine-binding periplasmic protein
histidine/lysine/arginine/ornithine ABC transporter permease HisM
hypothetical protein

prolyl endopeptidase

ammonium transporter

glutamate/aspartate ABC transporter permease GltJ
hypothetical protein

triosephosphate isomerase

putative oxidoreductase

putative regulator
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Table 2 Downregulated genes in CG43S3 AgalU (+Gal) comparing with CG43S3 AgalU [Fold Change <4]

Feature 1D Gene Name fold change Proposed Function
D364_24080 -187.80 hypothetical protein
D364_10845 -116.33 hypothetical protein
D364 17280 -43.60 biopolymer transport protein ExbD
D364 15335 -40.33 iron ABC transporter substrate-binding protein
D364 17620 dhaT -38.34 1,3-propanediol oxidoreductase
D364 _03070 ychP -32.96 invasin-like protein
D364 18675 bfd -30.03 bacterioferritin-associated ferredoxin
D364 14985 nrdH -27.65 glutaredoxin-like protein
D364 _15340 sitB -23.93 manganese/iron transport system ATP-binding protein
D364 18375 -23.48 TMAO/DMSO reductase
D364 15345 sitC -23.24 iron transport system inner membrane permease component
D364 05240 -19.35 hypothetical protein; iron permease
D364 05245 -18.90 hypothetical protein; iron uptake system component EfeO
D364 17290 exbB -16.70 biopolymer transport protein ExbB
pduD pduD -16.59 propanediol dehydratase medium subunit
pdukE pdukE -14.89 propanediol dehydratase small subunit
D364 02470 -14.38 hypothetical protein
D364 17595 dhaF -14.12 glycerol dehydratase
D364 07940 -13.82 membrane protein
D364 17285 -13.47 biopolymer transport protein ExbD
D364 24070 fhuF -13.22 ferric iron reductase involved in ferric hydroximate transport
D364_07760 -12.76 hypothetical protein
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D364 10960
D364 17590
D364 17615
D364 15350
D364 04235
lamB
D364 22585
pduC
D364 18970
D364 22165
D364 05250
D364 11245
feoA
minE
D364 02520
D364 10085
D364 15140
glpE
malE
D364 15355
D364 13700
D364 10810
D364 17580
D364 10350
D364 10400

tonB
glpF

sitD
lamB

pduC
yhgG

feoA
minE

glpE
malE

mntH

ccmH

-12.62
-12.61
-12.23
-12.23
-11.86
-11.83
-11.70
-11.26
-10.99
-10.63
-10.41
-9.57
-9.36
-8.51
-8.51
-8.51
-8.51
-8.51
-8.11
-8.03
-7.93
-7.69
-7.60
-7.44
-7.44

transport protein TonB

glycerol uptake facilitator protein

conserved hypothetical protein

manganese ABC transporter, inner membrane permease protein SitD
hypothetical protein

maltoporin

hypothetical protein

propanediol dehydratase large subunit

ferrous iron transport protein FeoC

metal-dependent hydrolases of the beta-lactamase superfamily 11l
hypothetical protein

hypothetical protein

ferrous iron transport protein A

cell division topological specificity factor MinE

putative oxidoreductase

LysR-family transcriptional regulator

PTS system glucitol/sorbitol-specific transporter subunit 1A
thiosulfate sulfurtransferase

maltose ABC transporter periplasmic protein

hypothetical protein

manganese transport protein MntH

hypothetical protein

acid-resistance membrane protein

hypothetical protein

cytochrome c-type biogenesis protein CcmH
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D364 12135
feoB
D364 23380
D364 23340
D364_05785
D364_16355
folA
D364 22005
D364 17575
D364 17675
D364 07570
D364 14980
D364 17170
D364 23815
D364 03065
D364 22140
glpA
D364 22015
D364 11490
D364 21865
D364 09555
D364_07755
D364 20650
D364 03900
D364_06565

feoB

folA

CStA
fes

glpA
malM

aceA
yncE
ydgD

-7.44
-7.14
-7.14
-7.02
-6.91
-6.91
-6.91
-6.75
-6.73
-6.38
-6.38
-6.38
-6.38
-6.25
-6.13
-6.03
-5.96
-5.86
-5.78
-5.77
-5.73
-5.58
-5.47
-5.32
-5.32

LysR family transcriptional regulator
ferrous iron transport protein B
hypothetical protein

putative SN-glycerol-3-phosphate transport system permease

hypothetical protein
P pilus assembly protein, pilin FimA
dihydrofolate reductase

ABC-type sugar transport systems, ATPase components

hypothetical protein

PadR family transcriptional regulator
DNA-invertase hin

hypothetical protein

putative fimbrial-like protein

carbon starvation-protein CstA
enterobactin/ferric enterobactin esterase
prepilin-peptidase dependent protein C
sn-glycerol-3-phosphate dehydrogenase subunit A
maltose regulon periplasmic protein
ferrichrome-iron receptor

isocitrate lyase

putative receptor

protease ydgD

hypothetical protein

hypothetical protein

peripheral inner membrane phage-shock protein
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D364 07495
D364 19150
D364 03870
D364 06175
D364 07060
D364 08000
D364 08070
D364 10345
D364 16155
D364 23515
D364 14200
D364 20010
D364 23840
mobA
D364 13730
D364 04175
D364 01955
hdeB
glpT
D364 07480
D364 13625
mscL
D364 11025
D364 03615
D364 16285

marC

hpal
mobA
yfeR
ybiL
bolA
hdeB

glpT

yfdC
mscL
adhE

-5.32
-5.32
-5.32
-5.32
-5.32
-5.32
-5.32
-5.32
-5.32
-5.32
-5.14
-5.10
-5.10
-5.10
-5.05
-5.04
-5.00
-4.96
-4.94
-4.89
-4.87
-4.87
-4.87
-4.86
-4.79

hypothetical protein

prevent host death protein, Phd antitoxin
hypothetical protein

DNA-binding transcriptional activator OsmE
hypothetical protein

rhodanese-related sulfurtransferase

multiple drug resistance protein MarC

acetoin reductase

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein
2,4-dihydroxyhept-2-ene-1,7-dioic acid aldolase
molybdopterin-guanine dinucleotide biosynthesis protein MobA
LysR family transcriptional regulator
hypothetical protein (DnaK suppressor protein)
transcriptional regulator BolA

acid-resistance protein

sn-glycerol-3-phosphate transporter
hypothetical protein

formate/nitrite family of transporters
large-conductance mechanosensitive channel
bifunctional acetaldehyde-CoA/alcohol dehydrogenase
hypothetical protein

fimbrial-like protein
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D364_18400
D364 11335
D364_16635
D364_22400
D364_11035
D364 04125
pdxA
D364_15075
D364_08630
D364_10105
D364_16440
D364_07555
D364_16930
D364_20825
D364_17630
D364_07595
D364 22925
D364 21215
D364_00795
D364_06030
D364_06915
D364_07385
D364_08095
D364_10025
D364_13235

hns
ybiH
pdxA

yfaU

-4.79
-4.79
-4.79
-4.79
-4.78
-4.73
-4.68
-4.62
-4.61
-4.61
-4.61
-4.54
-4.52
-4.48
-4.47
-4.41
-4.38
-4.35
-4.25
-4.25
-4.25
-4.25
-4.25
-4.25
-4.25

hypothetical protein

type VI secretion system protein ImpK

putative transposase-like protein

hypothetical protein

global DNA-binding transcriptional dual regulator H-NS
DNA-binding transcriptional regulator
4-hydroxyThr-4-phosphate dehydrogenase
hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

putative short-chain dehydrogenase/reductase SDR
D-ribose transporter subunit RbsB

hypothetical protein

DNA-binding transcriptional regulator
adenosine-3'(2"),5'-bisphosphate nucleotidase
zinc/cadmium-binding protein

iron-hydroxamate transporter substrate-binding subunit
hypothetical protein

hypothetical protein

phage replication protein O

dihydrodipicolinate synthase

hypothetical protein
2-keto-3-deoxy-L-rhamnonate aldolase
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recX
zraP
D364 04170
D364 07170
D364 08355
D364 10140
D364 14240
D364 17825
D364 20635
D364 22575
D364 23410
hdeB
entF
D364 07870
D364 00785
D364 18425
srlA
D364 02705
D364 15080
D364 08100
D364 20205
narl

recX
zraP

hdeB
entF

envk

srlA

CSrA

nudF
narl

-4.25
-4.25
-4.25
-4.25
-4.25
-4.25
-4.25
-4.25
-4.25
-4.25
-4.25
-4.25
-4.23
-4.12
-4.10
-4.08
-4.08
-4.08
-4.06
-4.04
-4.04
-4.04

recombination regulator RecX
zinc resistance-associated protein
hypothetical protein
hypothetical protein
hypothetical protein

glyoxalase family protein
hypothetical protein

inner membrane protein YqjF
hypothetical protein
hypothetical protein
hypothetical protein
acid-resistance protein
enterobactin synthase subunit F
hypothetical protein

ferrichrome outer membrane transporter
DNA-binding transcriptional regulator EnvR
glucitol/sorbitol-specific PTS family enzyme 11C component

putative periplasmic protein
carbon storage regulator

alcohol dehydrogenase
ADP-ribose pyrophosphatase
nitrate reductase 1 gamma subunit
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Appendix 11

P alE
TGCGGAAGATGCCCCGGACTGTATTACCCATCGCCTGGCGTTCGTTCCCAGTGGAGACGE
TTACACTTATCAGCTCGGCCCCGTGGCCTGACGCCCCCTGTCGGGGATCGAAAGATCCCT
GGTATTTTTCAGAAAAATAGCGCCAAAATAATATAATGACATGTTTTTAAAGAAAAATAT
CRP binding box
ATTCAATGATATCATTTCGCCCTTGAGTGTAAACGATTCCACTAACTIGT|GCTATGTCACA|
CTTTTCACTTCTTTGATATGCTATCTTCCTCACAAACGATAAGCCGAATGGAGCGAATC
IATGIAAAGTTCTGGTTACAGGTGGTAGCGGTTACATTGGAAGTCATACCTGCGTTCAACTG

P alP
CGCGCGGCCGCCACAAAATGAAAGCGATTACATAGTAAAGACTGTCACCTTCTGCCCAAA
GACGCTATCTCCTGTACCCATTTTTCACAATGTTACATATTGTTTCGGTCAACTCTGATT
ACCGTTTTTCAAAATGTCGTCTATCCTTGTTTATATTGCTGATTTAAAAAGCATTTAATG
CRP binding box

AATTACGTTTCTTTACCTTTGTGGAAACGATTACACAGCICGTGATTTATAGTCACGTTTTT
TTACCGACGAGTGTCCTACCCTAACCATCGACAGAATCAATAACTCAACTGGAGGGCGTT
IATGICCTGACAACAAAAAACAAGGGCGTTCGAACAAGACTATGACGTTCTTCGTCTGTTTC

I:)IacZ
CGGGCTGACACCACCTCAGGACGGTTCAGCACCCGGGAGACCGTCTGCTGGGACACGCCCC
GCGGCGCGGGCGACATCCTCCAGGGTTGCGGTACGACGCGGCATCTTTTCTCCTCAGTAA
TAACAATGTCGTGCGCTAACATTTTATGTTTAACGCGCGACAAAAAACAGCGCTTCGTCC
H-NS
CCGCTTTCGTGATCGICTGTTAATTTCGATTCCCCCGAGATTGCTGGACAAAACAAATTA
CCCGATAACGTTAATCATCCTGTTTAGCGAACGACAATTTCTGACTTACCGGGGTTTAAT
CAAATTAGCGATACCGGCCGCAGCCACACTCCTGACTTTCACGCCGTCCTCGCCCGT

P duC
CEGCCATGATTTAGTCAATAGGGTTAAAATAG CGACGGCAAAGCGTAATTAAGGGCGTTT
CRP binding box
TTTATTAATTGATTTATATCATIGCGGGCGATCACATTTTTTATTTTTGCCGGCGGAGTA
AAGTTTCATAGTGAAACTGTCGGTAGATTTCGTGTGCCAAATTGAAACGAAATTAAATTT]
CRP binding box
@TTTTTT ACTGGCTCATTTAAAGTTCCGCTATTGCCGGTAATGGCCGGGCGGCAA
H-NS
CGACGCTGGCCCGGCGTATTCGCTACCGTCTGCGGATTTCACCTTTTGAGCCGATGAACA
ATGAAAAGATCAAAACGATTTGCAGTACTGGCCCAGCGCCCCGTCAATCAGGACGGGCTG

Pb3s4 17615
H-NS

AAAAAATAAATTTAATTICGTTTCAATTTGGCACACGAAATCTACCGACAGTTTCACTAT

CRP binding box H-NS
GAAACTTTACTCCGCCGGCAAAAATAAAAAATGTGATCGCCCIGCAATIGATATAAATCAAT
TAATAAAAAACGCCCTTAATTACGCTTTGCCGTCGCTATTTTAACCCTATTGACTAAATC
ATGGCGGGCGACAAAATAACGCTGACAAAAATAAAGCAAGCCAACCGAATGGTAATAGT
TTTTTACTATCGCCCCCTACTGACTATTCGCGCCAGCGTTATCCTGGTGCGGGAGAGAATG
AACAAGAGCCAACAAGTTCAGACAATCACCCTGGCCGCCGCCCAGAAAATGGCGGC
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I::'sitA
TGCTGGATAACTGTATTCAGCGTATTCGCAGCCTGATTGACGACCGGCCAACCTTCACCG
CCGAGGGCCGCTCGCTGGCTGGCCGCCTGATCCCGCGCCAGTCGGTCGCCGATATCTCTT
GATCTTCGCCCGGTTGGCGCCGGGCCAGACTTACCTCCCCTTTTCGCGCTTTCGTTTCCC

Fur binding box H-SN
GGCTCATTATTACCCACGCATGCAAATAAGAATTATTTTCATTTATAAATAGICTTIGT|GCT
CRP binding box H-SN

ATATAACATAGCAATGGCTATAAACGCTGGGAAATTAACCACACCATTGCGAGGGATCCT
ATGICTACACCTGACATCGCTGAAATCATTGCTGCTGGCCAGCGCGCTGGCTCTGCTGGCC

I:)feoA
GGCAGCGAAATTAATATTTTCATTTCGTTAACTTCAGAAACCTTAATTAAACATTAGATC
H-NS
GCCGAAATAATATTTCGCGCATTTTTGATTACAGGCTGACTTTGCGGCATATCAATAAAAA
CRP binding box Fur binding box
TICTCATTATCATCGATTACAGAACGTTTTTTTCTTTTTTCGTTGGCTACGGTCCCCGGC
H-NS
GCAACTGCCTCCAGGCGTCCGGAAAATTCTTCTTCGGTTAGCGATAGACAAGTAGGCCCT
CAATTCACACCTGATAGTGCGTGGAAAATTACCGGTTTTTCTCGCGATATTAGCCCA

Sequence analysis of Pgaie, Pgaip, Placz, Ppducs Psita @and Preoa

The sequences containing the putative promoters are shown. The predicted CRP, Fur
and H-NS binding sites are indicated by gray shading and nucleobase identical to the
consensus sequences are underlined.The translation start codon (ATG) is indicated in

bold face and font border.
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