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Abstract

The enzymatic activity of bacterial UDP-glucose dehydrogenase (Ugd) has been
shown to be under regulation by a reversible phosphorylation on the tyrosine residues.
In Escherichia coli and Klebsiella pneumoniae CG43, the kinase Wzc is responsible
for Ugd phosphorylation thereby modulates the synthesis of the polysaccharidic
capsule. The phosphorylation of £. coli Ugd resulted in a significant increase of its
activity whereas the treatment of Ugd with calf intestinealkaline phosphatase reduced
its activity. However, the specifie tyrosine residue subjected to therphosphorylation
has not been identified. This study attempts to identify the critical tyrosine residues by
site-directed mutagenesis of nine of the seventeen tyrosine. residues contained in
KpUgd, that were selected on the basis'of their conserved nature and mass spectrum
analysis. These single Tyr-to-Phe mutations.of KpUgd were respectively at Tyr'®, Tyr
o Tyrlso, Tyrzm, Tyrzn, Tyr242, Tyr249, Tyr265, and Tyr335. The mutant proteins were
purified and their activities, either with or without™ incubation with KpWzc
(Arg™'-Lys"®) were determined. The activities of UgdY91F and UgdY210F were
higher than that of the wild-type Ugd. While UgdY10F, UgdY242F and UgdY249F
exhibited a lower activity than that of the wild-type Ugd. We also used western blot
hybridization to analyze if the mutations affected the tyrosine phosphorylation. The

results indicated that all the Ugd mutants as well as the wild-type protein were able to

il



be phosphorylated by the kinase KpWzc. Taken together, we have shown that the

residue Tyr'®, Tyr*™* and Tyr** were critical for the Ugd activity. In addition, the

242

replacement of Tyrlo, Tyr o Tyrlso, Tyrzm, Tyrm, Tyr 249

, Tyr 265

, Tyr 335

, and Tyr
with Phe did not abolish the phosphorylation of Ugd. Although the specific tyrosine
phosphorylation residue has not been identified, the enzymatic kinetic analysis of the

he residue Tyr'®, Tyr’* and
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Abbreviations

ATP
bp
CFU
CIAP
CPS
DNA
DTT
EDTA
EPS
h
IPTG
kb
kDa

UDP
UDP-Glc
UDP-GIcUA
Ugd

uM

adenosine triphosphate

base pairs

colony forming unit(s)

calf intestine alkaline phosphatase
capsular polysaccharide
deoxyribonucleic acid
dithiothreitol

ethylenediamine-tetraacetic acid

uridine 5'-diphosy
UDP-glucose
UDP-glucuronic acid

UDP-glucose dehydrogenase
micromolar
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Introduction

Klebsiella pneumoniae is a member of the Enterobacteriaceae family,

recognized over 100 years ago as a cause of community acquired pneumonia (Keynan

et al., 2007). Most Klebsiella strains are encapsulated by a polysaccharidic capsule of

considerable thickness responsible for the glistening and mucoid colonies on agar

plates. The highly virulent clifiical isolates are oftén carrying heavy capsules as an

important virulence: factor to protect the bacteria from phagocytosis and killing by

serum factors (Simoons-Smit et al., 1986). K. preumoniae could be classified into 77

serological 'K ‘antigen types according to the diverse structures of the capsular

polysaccharides. The emergence of virulent K. preumoniae, with predominant K1/K2

capsular serotypes has been observed over the last 20 years, caused a distinct clinical

syndrome eonsisting of. pyogenic liver abscesses; sometimes accompanied by

meningitis and abScesses.elsewhere (Keynan et al., 2007).

K. pneumoniae CG43, showing a strong virulence to Balb/c mice with 50%

lethal dose of 10 CFU, is a highly encapsulated clinical isolate of K2 serotype (Chang

et al., 1996). The structure of K. pneumoniae K2 capsular polysaccharides (CPS) has

been determined as —)4-Glc-(1—3)-0-Glc-(1—4)-B-Man-(3«1)-a-GlcA)-(1—]n

(Arakawa et al., 1991). The biosynthetic pathway of K. pneumoniae K2 capsular

polysaccharides (CPS) is similar to that of Escherichia coli group 1 CPS (Whitfield et



al., 1999). In E.coli, capsules are classified into four groups on the basis of genetic

and biochemical criteria. The biosynthesis and assembly mechanisms for groups 1 and

4 are closely related and follow Wzy-dependent processes (Whitfield, 2006).

Capsule assembly appears to involve a multiprotein complex spanning the

cell envelope. The complex facilitates spatial and temporal coupling of polymer

biosynthesis, export, and , tfanslocation. In the _Wzy-dependent mechanism,

undecaprenol-linked repeat units are used in a polymerization teaction that requires

Wzx and Wzy proteins. Newly synthesized lipid-linked repeat units are exported

across the inmer membrane in a process requiring’ Wzx. The growing glycan is

transferred from its lipid carrier to the newly exported lipid-linked repeat unit,

elongating the polymer in a *block*wise” manner by addition of new répeat units at

the reducing terminus. The polymerization reaction is. dependent on the Wzy protein.

In group 1 capsule assembly, Wza is linked to the innet-membrane biosynthesis

process by Wzc. Wzc forms tetramers and undergoes transphosphorylation of several

C-terminal tyrosine residues. Phosphorylation of Wzc and its dephosphorylation by

the phosphatase Wzb is essential for group 1 and 4 capsule assembly, suggesting that

Wzc must cycle its phosphorylated state (Whitfield, 2006).

The cps (capsular polysaccharide synthesis) gene cluster that is responsible

for K2 CPS synthesis of K. pneumoniae Chedid has been identified, which contains a



total of 19 open reading frames (ORFs) organized into 3 transcriptional units

(Arakawa et al, 1995). Among these genes, orf3 to orf6, a highly conserved

four-gene-block, are counterparts of E. coli wzi-wza-wzb-wzc (Rahn et al., 1999). orf3

is homologous to the gene product required for surface expression of E. coli group 1

K antigen. Wzi, an orf3 encoding protein, is an outer membrane protein and wzi

mutant showed a significant reduction —in cell-bound CPS polymer with a

corresponding increase in eell-free material. This proposed that'Wzi plays a late role

in capsule assembly, perhaps in-the process that links high-molecular=weight capsule

to the cell surface (Alvarez et al., 2000; Rahn et al.,2003). orf4 is a Wza homolog,

which is a periplasmic protein involved in polysaccharide export. orf3, or KpWzb, is a

low moleeular weight protein tyrésiné phosphatase (PTP). orf6, or KpWzc, is a

protein tyrosine kinase (PTK):, Enzymatic activities of the two proteins, KpWzb and

KpWzc, which ate respectively Wzb and Wzc homolog; have been demonstrated

(Preneta et al., 2002).

Tyrosine phosphorylation is a key device in numerous cellular functions in

eukaryotes, but in bacteria this protein modification was largely ignored until

mid-1990s (Grangeasse et al., 2007). The first conclusive evidence of bacterial

tyrosine phosphorylation came only a decade ago. In E. coli, a PTK activity has been

reported (Manai et al., 1983). However, it was not known whether the source of



phosphotyrosine might be the nucleotidylation of proteins rather than phosphorylation.

The genetic and biochemical characterization of a tyrosine kinase in Acinetobacter

johnsonii in 1997 greatly advanced the understanding of tyrosine phosphorylation in

bacteria (Grangeasse et al., 2007). This covalent modification is catalyzed by

autophosphorylating ATP-dependent protein-tyrosine kinases that exhibit structural

and functional features similar, but not 'identical, to those of their eukaryotic

counterparts. Since'then, several tyrosine kinases exhibiting unexpected features have

been identifiéd in a.variety of bacteria. These enzymes use homologues of Walker

motifs of nucleotide-binding proteins! for their catalytic.mechanism, thus defining an

idiosyncratic type of bacterial tyrosine kinases (Cozzone et al.,.2004).

Recent data provide evidénce'that there exists a direct relatiofiship between

the reversible phosphorylation, of proteins en tyrosine and the production of these

polysaccharidic _polymers, which are known to be important’ virulence factors

(Cozzone et al., 2004). An increasing list of endogenous proteins have been found to

be the substrate of bacterial tyrosine kinases. The first known substrates of these

kinases are the kinases themselves because they are autophosphorylating enzymes.

The later identified proteins were UDP-sugar dehydrogenases (Grangeasse et al.,

2003; Mijakovic et al., 2003). Phosphorylation of the enzyme increases their activity

thereby stimulates formation of the precursors for polysaccharide production. UDP-



glucose dehydrogenases (Ugd) are also involved in other metabolic pathways,
including resistance to cationic peptides and polymyxin-type antibiotics or phosphate
metabolism in E. coli and B. subtilis, respectively (Breazeale et al., 2003; Soldo et al.,
1999). The E. coli Etk was recently found to have a key role in polymyxin resistance,
supposedly mediated by phosphorylation of Ugd (Lacour ef al., 2006).

Ugd catalyzes the, NAD'-dependent twao fold oxidation of UDP-glucose
(UDP-glc) to give. UDP-glucuronic acid (UDP-glcUA). A Sequestered aldehyde
intermediate dsiproduced in the first-oxidation step and a covalently bound thioester is
produced 'in the second oxidation step. UDP-glcUA'is-a common substrate for the
biosynthesis of exopolysaccharide (Ge et al.; 2004). In mammals, UDP-glcUA is used
in the biesynthesis of hyaluronan and-various glycosaminoglycans'such as heparin
sulfate and ‘chondroitin sulfate;, UDP-glcUA .also serves as a precursor to UDP-xylose
which provides.sa major- component of the cell wall polysaceharides in plants
(Dalessandro et al., 1977). In many strains of pathogenic bacteria, such as group A
streptoccoci and Streptococcus pneumoniae type 3, UDP-glcUA is used in the
construction of the antiphagocytic capsular polysaccharide (Dougherty et al., 1993;
Arrecubieta et al., 1994).

Although a lot of protein kinases and phosphatases have been predicted and

identified in a variety of bacterial species, classical biochemical approaches have so



far revealed only a few substrate proteins and even fewer phosphorylation sites. Via in

vitro phosphorylation assay, we have previously demonstrated that the Wzc of E. coli

(EcWzc) and K. pneumoniae CG43 (KpWzc) was able to phosphorylate UDP-glucose

dehydrogenase (Ugd) which is required for the synthesis of sugar nucleotide precursor

(Zhi-Kai Li , 2006) and the phosphorylation appeared to enhance the Ugd activity.

reumoniae. We
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Materials and methods

Bacterial strains, plasmids, and growth conditions

The bacterial strains and plasmids used in this study are listed in Table 1. K.

pneumoniae CG43 is a clinical isolates recovered from Chang Gung Memorial

Hospital, Linkou. E. coli and K. pneumoniae CG43 were routinely cultured at 37°C in

Luria-Bertani (LB; 10 g/Ftryptone; 5 g/l yeast extract, 10,8/ sodium chloride) broth or

on LB agar. Whensindicated, the following antibiotic concentrations were used for

selection of E. coli: kanamycin 25 pg/ml, ampicillin 100 pg/ml and tetracycline 12.5

ng/ml. The concentration of streptomycin for  the selection,of | K. pneumoniae

CG43-S3 was 50 pug/ml.

DNA manipulation

Plasmids:" were purified by using the. High-Speed Plasmid Mini kit

(GeneMark, Taiwan). All ‘recombinant DNA| experiments were carried out by

standard procedures as described (Sambrook et al., 2001). Restriction endonucleases

and DNA modifying enzymes were purchased from either New England Biolab

(Beverly, MA) or MBI Fermentas (Hanover, MD), and were used according to the

recommendation of the suppliers. PCR amplifications were performed with Taq DNA

polymerase (Geneaid, Taiwan). PCR products and DNA fragments were purified



using the Gel/PCR DNA Fragments Extraction kit (Geneaid, Taiwan). The primers

used in this study were synthesized by MDBio, Inc, Taiwan.

Construction of Hisg tag kpwzc domain expression plasmids

The 774-bp kpwzc (nucleotides 1342-2115) gene fragment, with

appropriate restriction sites at bothyends,encoding the C-terminal domain of KpWzc

without the tyrosine. ¢ ; P nplification using genomic

DNA from K owzce cloning, the

sequencesfof

ATTGA

inus (the

Pstl site i ] { DNA fragment

synthesized was icted bytz.cl and Pstl and ligated i )E30 vector opened

with the same enzymes. pQE30-42KpWzc (Table

).

Site-directed mutagenesis
Ugd mutants were produced with the QuikChange site-directed

mutagenesis method (Stratagene) according to the manufacturer’s protocols. The



primers used are listed in Table II. The resulting plasmids were respectively termed

pETUgdY10F~Y335F (Table II) and the mutant Ugd proteins were expressed in E.

coli NovaBlue(DE3).

Overproduction and purification of Hisg tag fusion Ugd and the derived mutants

The bacterial cellsswete incubated in 100:ml of LB medium supplemented

with kanamycin and tetracycline at 37°C with shaking-until ODgoo reached 0.5-0.6.

Isopropyl-1-thio-B-D-galactopyranoside (IPTG) was then ‘added to a final

concentration of 1 mM and the growth was continued for 4 h at 37°C. Subsequently,

the cells_were harvested by centrifugation at' 5000 rpm for 10 min, resuspended in

binding buffer (20 mM Tris-HC1,,500 mM NaCl, 5 mM imidazole, pH 7.9), and the

cell suspension disrupted’ by. sonication and-then. the cell debris” removed by

centrifugation at# 14000 rpm for 20 min. Finally, the Hise-tagged proteins were

purified from the supernatant via affinity chromatography using His-Bind resin

(pharmacia), and the elution was carried out with elute buffer (20 mM Tris-HCI, 500

mM NaCl, 1 M imidazole, pH 7.9). Aliquots of the collected fractions were analyzed

by SDS-PAGE and the fractions containing Hiss-Ugd were dialyzed against the buffer

containing 50 mM Tris-HCI (pH7.5), 100 mM NaCl, 1 mM EDTA, and 10% glycerol.



Overproduction and purification of Hise tag fusion KpWzc cytoplasmic domain

E. coli M15 cells were transformed with pQE30 vector derivatives

451 722

expressing mutated KpWzc cytoplasmic domain, Hise—KpWzc (Arg™ -Lys'™) (see
Table II). The overproduction procedure was the same for Ugd but the overnight cell
culture supplemented with ampicillin and kanamycin. IPTG was then added at a final
concentration of 0.5 mM. Cells'were harvested by centrifugation at 5000 g for 10 min,
resuspended in 10"ml binding buffer (50 mM sodium ‘phosphate, pH 8.0, 300 mM
NaCl, 10 mM: imidazole, 10%glycerol, 10 mM B-mercaptoethanol), and the cell
suspension disrupted by sonication and then the cell debris removed by centrifugation
at 14,000._rpm for'20 min. The supernatant was-added to Ni *-NTA-agarose matrix
and was first washed with binding buffer, then protein elution was caftied out with
elute buffer (50 mM sodium phosphate;, pH-8.0, 300-mM NaCl, 100 mM imidazole,
10% glycerol, 10 mM' B-mercaptoethanol), and eluted fractions were analyzed by
SDS-PAGE. Fractions ¢ontaining purified Hisg-tagged “proteins were pooled and

dialyzed at 4°C against a large volume of dialysis buffer (50 mM sodium phosphate,

H 7.4, 150 mM NaCl, 10% glycerol, 5 mM MgCl,, 5 mM dithiothreitol).
p gly

SDS-polyacrylamide gel electrophoresis

Protein preparations were treated for 5 min at 95°C in loading buffer

10



(0.0626 M Tris-HCI buffer pH 6.8, 2% SDS, 10% glycerol, 0.01% bromophenol blue,
and 100 mM dithiothreitol). Twenty microliters of sample was applied in a 12.5%
SDS polyacrylamide slab gel. Electrophoresis was carried out at room temperature
until the tracking dye ran off the bottom of the slab gel. The gel was stained for 5 min
using solution containing 2.5% Coomassie Blue R250, 45% methanol, and 10% acetic

acid, and destained briefly inboiling water.

Western blot analysis of the phosphotyrosine proteins

The whole cell protein lysate was analyzed by SDS-PAGE. The resolved
proteins were transferred onto a polyvinylidene difluoride (PVDF) membrane. The
transfer buffer was 25 mM Tris, 192 mM glycine, 0.37% SDS, and 20:% methanol.
The membrane was detected by anti-phesphetyresineselone 4G10 antibody (Upstate,

catalog number05-321) and HRP conjugated secondary antibody.

In vitro phosphorylation assay:

The phosphorylation reaction was carried out as described (Grangeasse et
al., 2003) by incubating the mixture (20 pl) containing about 2 ug of the purified
kinase and/or Ugd with 10 uM ATP in 25 mM Tris-HCI (pH 7.0), 1 mM DTT, 5 mM
MgCl,, 1 mM EDTA at 37°Cfor 1 h. The reaction was stopped by addition of the
sample buffer and heating at 95°C for 5 min. After electrophoresis (12.5%

11



SDS-PAGE), the gel was stained with Coomassie Blue and the result visualized by

Western Blot with 4G 10 anti-phosphotyrosine antibody (Upstate).

Phosphatase activity assay

Alkaline phosphatase activity was monitored at 37°C by using a continuous
detection method based on the detection of p-nitrophenol formed from p-nitrophenyl
phosphate (pNPP). Rates of dephospherylation were determined at 405 nm and pNPP

at a concentration 0.1 mM (Cirri ef al., 1993).

Enzymatic activity measurement and kinetic characterizations

Enzymatic activities of the Ugd were determined by monitoring the change
in absorbance at 340 nm that accompanies the reduction of "NAD" to !NADH. The
enzyme assay was performed at room.temperature in 100 mM Tris-HCI (pH 9.0), 100
mM NaCl, 2.mM DTT, 2.mM NAD" and .5 mM.UDP-glucose (Pagni ez al., 1999).
The Km and Vmax for UDP-glc and NAD" were determined:independently using
standard assay conditions. [Constants for UDP-glc as substrate were measured by
holding NAD" constant and varying UDP-glc from 0.01 to 5 mM. Similarly, NAD"
kinetic measurements were made by holding UDP-glc constant and varying NAD"
from 0.005 to 2 mM. Data were plotted with GraphPad Prism 4 software. Km and
Vmax were calculated by fitting the data to the Michaelis-Menten equation and

assuming a single binding site each for substrate and cofactor.

12



Software

Structural prediction were performed at Swiss-Model

(http://swissmodel.expasy.org//SWISS-MODEL.html), using Swiss-PdbViewer

3.7 and RasMol version 2.6 respectively. Multiple alignments were performed by

Vector NTI 6.0.

tants were in

extracted with 5 mic : fored at -20°C until

analysis by mass spectro

13



Results
Localization and predicted structure of point mutations in KpUgd.

As shown in Fig. 1, 17 tyrosine residues could be identified in KpUgd. The
nine tyrosine residues including Tyr'®, Tyr *', Tyr"°, Tyr*'", Tyr217, Tyr242, Tyr249,
Tyr*®, and Tyr’>, which are likely important in the enzyme function, have been
selected mainly on the consensus property. In comparing with the crystal structure of

Streptococcus pyogenes Ugd (Fig. 2A) (Campbell et al.; 2000), similar structure was

predicted by.the Swiss-Model (hitp://swissmodel.expasy.org//SWISSEMODEL.html)

for KpUgd with 55% sequence identity (Fig. 2B). By superimposing the context of
the Ugd crystal structure of S. pyogenes, Cys 253 in KpUgd was found at the position
equivalent:fo catalytic nucleophile:Cys:260 in S. pyogenes Ugd. The Tyt' was found
to be strictly conserved among, UDP-sugar dehydrogenases, accessible to solvent, and
situated very closé to the interface of NAD" and UDP-glc_bound fo the active site of

the enzyme. The tyrosine residues Tyr"*vand Tyr "

in"this region were probably
important in substrate and cofactor binding (Fig. 2C).

Information regarding the effect of specific mutations on enzyme function
is limited mainly to those affecting the active site. Nevertheless, Fig. 2C also revealed

that central a-helix (o 9) serving as the core of the dimer interface could be important.

There are a total of 24 hydrogen bonds to stabilize the dimer interface, though none of

14



the amino acids involved are strictly conserved. The aromatic residues including
Phe'”, Tyr™®, Tyr*°, Tyr*"", and Tyr*® were found to be located within the dimer
interface. Among them, Tyr*'” is noteworthy as it exhibits strong conservation of
aromatic or hydrophobic character in all bacteria, though higher order species have a
serine at this position (Campbell ef al., 2000). Beside, the Tyr*'’ and Tyr*'"” residing in

242

o 9 and the Tyr** and Tyr** residues that forms thegbinding pocket of Ugd could also

be important in detérmining the enzymatic activity.

Mass spectrographic analysis of the phospherylation state of Ugd.

We have also carried out a MALDI-TOF MS analysis of the resulting
peptides from the trypsin-digested Ugd and phosphorylated-Ugd. The peptides
containing 14 of the 17 tyrosine residues in-Ugd could be identified. "/Among them,
two peptides with the molecular mass of the phosphorylated form were noted. One
was TNYFNTSTVEAVIR (residues 89-102 of Ugd) “with the molecular mass
corresponding to that of a phosphor-tyrosine containing peptide. The second peptide
has the mass of the phosphorylated peptide ALYDNLHPSR (residues 148—157). The
deduced analysis indicated that the phosphorylation sites were probably at Tyr’' and

Tyr'™°, which have been selected for site-directed mutagenesis.

15



Construction, expression and purification of the KpUgd mutants.

To identify the tyrosine residues subjected to phosphorylation in KpUgd,
we constructed nine single tyrosine to phenylalanine mutants. The wild-type and
mutant Ugd cloned in pET30b were expressed in E. coli NovaBlue (DE3) and the
proteins purified through Ni“2-NTA-agarose matrix (Fig.3). In general, about 3.8 mg
of Ugd and the derived mutant proteins of high purity (> 95%) could be obtained from
a 100 ml culture. The purified recombinant Ugd mutant proteins were then subjected
to SDS-PAGE and stained with-Coomassie Blue, or western blot hybridization probed
with an anti-His Tag mouse monoclonal antibody (Novegen catalog 70796-4). These
enzymes appeared to be stable in the buffer containing S0 mM.Tris-HCI (pH 7.5), 100

mM NaCly 1 mM EDTA, and 10%;glyceérol.

The cytoplasmic,PTK domain of KpWzc could catalyze Tyrosine phosphorylation of
Ugd.

It has been shown that the protein-tyrosine kinase Wzc of E. coli is able to
phosphorylate Ugd (Grangeasse et al., 2003). Sequence analysis revealed that the
KpUgd and KpWzc respectively exhibit 83% sequence identity with that of the E. coli
enzymes. It is hence expected that KpUgd could also be phosphorylated by KpWzc,

the counterpart of E.coli protein PTK Wzc.

16



To verify this hypothesis, phosphorylation experiments were carried out
with KpUgd and Hiss—KpWzc (Arg*'-Lys’?), the catalytic PTK domain of KpWzc
with the C-terminal tyrosine cluster. When the two purified proteins were incubated
together with 10 uM ATP, phosphorylation of Ugd was indeed detected using

western blotting analysis (Fig. 4). The labeled band with an apparent molecular mass

451 722
)

of 31 kDa corresponded to the phosphorylated Hisg=KpWzc (Arg™ -Lys'), whereas
the labeled-band . with. higher molecular weight (44- kDa) was the phosphorylated
Hise-Ugd. This indicated that the phosphorylation of Ugd was dependent on the
KpWzc. All the Ugd mutants were phospherylated by - KpWzc as'shown in Fig. 4,

indicating that none of the mutated tyrosine résidues impaired the phosphorylation.

Phosphorylation enhances the, Ugd activity.

As shown in' Fig. 5, the enzymatic activity analysis indicated that none of
the mutations dramatically affected the Ugd activity. To test whether the
phosphorylation of Ugd affects its catalytic activity, the Hise-Ugd mutants purified
from E. coli were first treated with CIAP and then re-purified by Ni"*-NTA-agarose
matrix. The efficiency of the removal of CIAP was tested with p-nitrophenyl
phosphate (pNPP) as shown in Fig. 6. Finally, the dephosphorylated-Ugd was

incubated with KpWzc for 1 h and the activity of the phosphorylated Ugd measured.

17



As shown in Fig. 7, the results showed that the Ugd activity that has been subjected to
phosphorylation by Kp-Wzc was enhanced about 6- fold higher than the untreated
Ugd (Fig. 7). By contrast, the incubation of Hiss-Ugd with CIAP led to a drastic loss
of its activity. This indicated that the phosphorylated Ugd has higher level of enzyme
activity and the purified Hise-Ugd from E. coli probably contained a small fraction of

phosphorylated forms which were responsible for the observed weak Ugd activity.

Phosphorylation of the single-site-mutants.

To compare the phosphorylation activity between the wild-type Ugd and
the mutant Ugd, a continuous spectrophotometric assay was. used. KpUgd with or
without KpWzc was incubated with AATP and then Ugd activity measured. The
phosphorylation ractivation measured | in -the--Y91 and Y210F mutants were
respectively 2.23;mM/min and 1.71 mM/min, in comparing with 0.05 mM/min for the
wild-type Ugd. The Ugd activity of phosphorylated-Y91F or phosphorylated-Y210F
was significant higher than that of wild-type Ugd, suggesting that the hydrogen bond
to stabilize the dimer interface by Tyr*'* could be broken thus affecting the enzyme

activity of KpUgd.

Determination of kinetic parameters of Ugd and the derived mutants.

To obtain kinetic constants for wild-type and mutant forms of Ugd, the

18



initial velocity of the reaction by measuring the unique NADH absorbance at 340 nm
was determined. The kinetic constants of Hise-tagged wild-type and mutant forms of
Ugd for UDP-glc were calculated by fixing the concentration of NAD" with various

concentrations of UDP-glc (Fig. 8). On the other hand, varying the concentration of

NAD" with a constant concentration of UDP-glc was also used to measure the activity

19



Discussion

The majority of PTK are encoded by genes located in operons for the

biosynthesis of polysaccharides. Tyrosine autophosphorylation of PTK has been

reported to control exopolysaccharide production both in Firmicutes and

Proteobacteria. The findings that the Ugd of the model organisms for Gram-positive

and Gram-negative bacteria, B: subtilis and E. coli, were phosphorylated by PTK,

suggests that Ugd is.a general substrate for PTK in bacteria. The'orthologous Ugd and

PTK could béfound in many other bacteria including Sa/monella typhimurium (Ugd

and Wzc), Staphylococeus aureus (CapL and CapB), and Vibrio" vulnificus (genes

wl0781 and vwi0774). However, Ugd is believed not the only substrate for bacterial

PTK. Forexample, RpoH was reported to be phosphorylated at amino“acid position

260 in E.Feoli,» which. is located in the- conserved region 4.2, ‘and that this

phosphorylation s@vent" attenuates RpoH activity as a sigma factor. Additionally,

another antisigma factor'RseA was shown to be phosphorylated at the N-terminally

located Tyr-38 (Klein et al., 2003). In Streptomyces griseus, SSBs was identified as a

novel target of the bacterial tyrosine kinase (Mijakovic et al., 2006).

Herein, we have demonstrated that the protein-tyrosine kinase Wzc of K.

pneumoniae was able to phosphorylate Ugd, and the phosphorylation of Ugd resulted

in a significant increase of its dehydrogenase activity. The dephosphorylation by calf

20



intestine alkaline phosphatase reduced its enzyme activity. The activation of Ugd

activity leads to synthesis of a large amount of UDP sugar, the precursor for the

bacterial polysaccharide production. It is hence a role directly linked to virulence has

be suggested.

The use of mass spectrometry in protein phosphorylation site determination

has increased significantly, in 'the past fewyears. Recently, the in-depth

phosphorylation site-tesolved dataset from B. subtilis and E. coli have been presented.

A recently déveloped proteomicsapproach based on phosphopeptide enrichment and

high accuracy of mass spectrometric analysis was used. There are 81 phosphorylation

sites on_7/9 E. coli proteins, with 68/23/9% distribution on the Ser/Thr/Tyr

phosphonylation sites. In B. subtilis, 103 unique phosphopeptides fromy78 proteins

and 78 phoesphorylation; sitesincluding 54-on- serine, 16 on threonine, and 8 on

tyrosine, were determined (Macek et al., 2007). No phosphorylation sites on Ugd was

reported in the studies; although the in vitro analysis“has demonstrated a quite

efficient phosphorylation on E. coli Ugd (Grangeasse et al., 2003). It is likely that the

peptides containing phosphor-tyrosine residues were too hydrophobic to be eluted

from the gel under the conditions employed, and different strategy has to be used to

recover the tyrosine-phosphorylated peptides.

In this study, an in vitro system to explore the phosphorylation-induced
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activation of the activity of Ugd was used. On the basis of the structure modeling of

KpUgd, the relative position on the space and the UDP-glc binding pocket could help

to explain the critical site for the Ugd activity. The UDP-glc binding pocket which

can be divided into two regions: the UMP binding pocket composed solely of the

residues from the C-terminal domain, and the glucose 1-phosphate binding pocket

consisting primarily the residues from the N-terminal domain. The UMP binding

pocket was lined with.a stretch of coil (Tyr 242~Gly 250) that makes three main chain

hydrogen bodds, two side chain-hydrogen bonds, and a z-edge stacking interaction of

Tyr 242 with the UMP moiety. The glucose 1-phosphate binding pocket was found at

the dimer interface, limited to a small region (Phe 142-Glu 145) between p 7 and o 7

of the N=términal domain that fofms three main hydrogen bonds t6 the glucose

1-phosphate- moiety (Campbell ‘et al., 2000).-Two- of the selected nine tyrosine

residues, Y242Fand Y249F, are responsible for UDP-gleibinding. If the hydroxyl

group of the tyrosine residue was retained, KpWzc may" introduce a fixed negative

charge through phosphorylation to stabilize the Ugd. The formation of a salt bridge

between the negative charged-residue 249 and a nearby positively charged residue.

Rotation of the loop could allow the side chain of residue 249 to reach the surface

where a salt bridge might form with the several positively charged residues located in

this surface vicinity. More detailed studies of Kp-UgdY242F or Y249F might be of
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some interests as a model for structural changes occurring upon phosphorylation.
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Table 1 Bacterial strains used and constructed in this study

Strain Genotype or relevant characteristic Reference
or source

E. coli:
NovaBlue(DE3) endAl hsdR1 7(rk12'mk12+) supE44 thi-1 recAl gyrA96 Novagen
relA1 lac[F pro AB lac?Z/\M15:: Tn10](DE3);Tet"

IM109 RecAl supE44 endAl hsdR17 gyrA96 rolAl thi /\ Laboratory
(lac-proAB) stock

BL21-RIL F ompT hsdSp(rg mp )gal dem(DE3) Laboratory
stock

M15(pREP4) al”, Mtl, F, RecA", Qiagen

K. pneumoniag

CG43 Laboratory

stock
Laboratory
stock
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Table 2 Plasmids used and constructed in this study

Plasmids Description Reference or source
pET-30a-c Overexpression of Hisg fusiondproteins, Km" Novagen
pQE30-32 Overexpression of Hiss fusion proteins, Amp" Qiagen
pET-KpWzcE23 Encoding KpWzc from Arg45 "o Lys'*, Hise—KpWzc(Arg*'-Lys™), eloned in EcoRI/Sall sites, Z FFE, 2005

Kmr
pET-Ugd Encoding KpUgd from Met" to Asp>*", Hise~KpUgd, cloned in EcoR1/Sall sites, Km' v L%k 2004
pET-UgdY 10F Same as pET-Ugd, but mutated on Y 10F This study
pET-UgdY91F Same as pET-Ugd, but mutated on Y91F This study
pET-UgdY 150F Same as pET-Ugd, but mutated on Y 150F This study
pET-UgdY210F Same as pET-Ugd, but mutated on Y210F This study
pET-UgdY217F Same as pET-Ugdy but mutated on Y217F This study
pET-UgdY242F Same as pET-Ugdypbut mutated on Y242F This study
pET-UgdY249F Same as pET-Ugd, but:mutated on Y249F This study
pET-UgdY265F Same as pET-Ugd, but mutated on, Y265E This study
pET-UgdY335F Same as pET-Ugd, but mutated on Y335E This study
pQE30-42KpWzc  Overexpression of His6—Kszc(Ser448-A1a705), Amp* This study
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Table 3 Primers used in this study

Primer Sequence (5’ to 3°)
KpWzcE2 CGTAAAGGAATTGAAACTCCAGA
KpWzcE3 AAGGGGATTCTTCGTCCCCT
KpWzc-2 GCCGAGCTCATTCTATTACGTAAAGGAATTGAAACTC
KpWzc-4 AAAAACTGCAGATTAGTTGCTTTTTTTACCACACC
UGDEI1 CGAATGAAAATTACTATTTCCGG
UGDE2 CCAGTGTCAGACAGGCAGAA
Y10FF CTATTTCCGGCACAGGTTTTGTTGGTTTATCGAACGG
Y10FR CCGTTCGATAAACCAACAAAACCTGTGCCGGAAATAG
YOIFF CGATCCCAAAACTAACTTCTTCAACACCTCTACGG
Y91FR CCGTAGAGGTGTTGAAGAAGTTAGTTTTGGGATCG
Y150FF GGACGTGCGCTGTITCGACAACCTGCACC
Y150FR GGTGCAGGTTGTCGAACAGCGCACGTCC
Y210FF GGCGCTGCGCGTTGCCTICTTCAACGAGCT
Y210FR AGCTCGTTGAAGAAGGCAACGCGCAGCGCC
Y217FF TTCAACGAGCTAGACAGCTTTGCTGAAAGCCAG
Y217FR CTGGCTTTCAGCAAAGCTGTCTAGCTCGTTGAA
Y242FEF GTATCGGCAACCACTTCAACAACCCGTCCTTITG
Y242FR CAAAGGACGGGTTGTIGAAGTGGTTGCCGATAC
Y249FEF CCGTFEECTFTTGGCTTTGGCGGCTACTGC
Y249FR GCAGTAGCCGCCAAAGCCAAAGGACGG
Y265FE GCTGCTGGCGAACTTTGAATCGGTCCCG
Y265FR CGGGACCGATTCAAAGTTCGCCAGCAGC
Y335FF GGTATTCCGGTTATTATCTTTGAACCGGTGATGCAGG
Y335FR CCTGCATCACCGGTTCAAAGATAATAACCGGAATACC
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Table 4 Kinetic properties of Ugd and mutants

Ugd

Y10F

YOIF

Y150F

Y210F

Y217F

Y242F

UDP-glc
NAD"
UDP-glc
NAD"
UDP-glc
NAD"
UDP-glc
NAD"
UDP-glc
NAD"
UDP-glc
NAD"
UDP-glc
NAD"

Km KearKm h
mM min"'mM™
1389.08+7.54  1.29+0.15
3057.20+£1125  0.73+0.13
D ND
D ND
0861.11+34.44 1.39+0.06
.228229.5+13.43 1.1040.25
86.62+21.43  1.39+0.04
13897.89+23.54 2.30+0.11
38313.09+£23.53 1.32+0.06
0.09+0:004 9453.22+43.55 1.30+0.06
0.45+0.07 814.68+ 15.58  0.68+0.13
0.06+0.006 424.06+ 17.82 7243.92+42.32 1.53+0.039
ND ND ND ND ND
0.22+0.02 0.03+0.001 261.01+12.34 420.98+1.45 1.08+0.052
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Y249F

Y265F

Y335F

UDP-glc
NAD"
UDP-glc
NAD"
UDP-glc
NAD"

ND ND
0.12+0.002 0.02+0.001
0.46+0.03

0.1440.01

The values of wild-type Ugd and mutant
AIS]"  +Km") as described under “Mat
ND: Not detectable under standard rea

for 200 s.

33

174.00+11.45
609.034+2.45

ND ND
1450.07+12.34  1.4+0.10
1323.97+45.88  1.29+0.03
3728.7+64.67  1.40+0.26
7975.39+£36.78  1.19+0.05
13471.63+46.54 2.20+0.14

gression analysis of from V =V, [ST"

d-type enzyme after measuring activity
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Fig.1. Sequence comp.arislon of Ugds.

Sequence alignment of Ugd from K. pneumoniae, E. coli K-12, S. pyogenes, B.

subtilis, E. amyl

ovora, and S. pneumoniae is shown. The star signs indicate the

position of the nine tyrosine residues mutated in this study. The conserved residues are

highlighted. Secondary structural elements are shown schematically with cylinders

representing o-he

lices and arrows representing -strands.
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Fig.2. Ribbon diagram of the Ugd structure.

(A) Structure of S. pyogenes Ugd. (B)The predicted structure for K

. pneumoniae Ugd. (C)The nine tyrosine residues (Y10, Y91, Y150, Y210,
Y217, Y242, Y249, Y265 and Y335) are shown in stick format. The Ugd
catalytic site residues are shown in magenta and displayed in ball-and-stick
format. N means the N terminus and C means the C terminus. The NAD"

binding site is colored yellow, and UDP-glc-binding site is colored red.
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Fig.3. Purification:and western blot analysis of the recombinant Ugd proteins.

The purified recombinant Ugd mutant proteins were subjected to SDS-PAGE and
stained with Coomassie blue (A), and Western blotting probed with anti-(His)s
antibodies (B). Lane M: protein markers with molecular weights as indicated. Lanes 1,
Ugd; 2, Y10F; 3, YI1F; 4, Y150F; 5, Y210F; 6, Y217F; 7, Y242F; 8, Y249F; 9,
Y265F; 10, Y335F Ugd mutant proteins. The His-tagged Ugd proteins are indicated

by an arrow.
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SDS-PAGE Western Blot

M Upl YIOF Y91V Y150F Y2100 YZ17F Y2427 ‘Y2498 Y2650 Y3350 Ugl YIOF YDIF YISOF Y2I0F Y217F Y242F Y249F Y265F Yi35H
KDa il =
66.2| «-
45 e — . S
35 | ..

M TUgl YIOF YSIF Y150F YZ10F Y2175 Y2428 Y245F Y2658 Y3359 R 01r TENYINF Y2178 YMIF TR Y2ESR TIMSH

KDa WT wT
66.2 | == ‘

45 o o, —— e s i e Py Ogh— - pw S ! . -
B | == athnteaiededade - ==

Fig. 4. All the Ugd mutants could be phosphorylated by Kszc(Arg451-Lys722).
In vitro phosphorylation was performed in the absence (upper) and presence (lower panel) of exogenously added KpWzc. The molecular weight

markers are indicated on left. The gels were stained with Commassie Blue (left panel) and analyzed by Western blot with 4G10 antibody.
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Fig. 9. Kinetics studies of the wild type Ugd and the derived mutants
Kinetics of Ugd using variable amounts of NAD" with 5 mM of UDP-glc. Five
micrograms of the purified Ugd were used for each determination. (A) Ugd WT, (B)

Y91F, (C) Y150F (D) Y210F (E) Y217F (F) Y242F (G) Y249F (H) Y265F (I) Y335F.
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