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Abstract

Klebsiella pneumoniae, an opportunistic gram-negative bacterial
phathogen, is mostly encapsulated by a thick capsular polysaccharide
(CPS) which acting to protect the bacterium from phagocytosis and
prevent from damage by serum factors. Viaravitro phosphorylation
assay, we have previously demonstrated the protein-tyrosine kinase, Wzc,
was capable of phosphorylating the enzyme UDP-glucose dehydrogenase
(Ugd) to increase the enzymatic activity. The Ugd phosphorylation led to
increase of the synthesis of CPS. Nine of the 17 tyrosine residues on
KpUgd have been substituted individually with phenylalanine by
site-directed mutagenesis. Howevaryitro phosphorylation assay
revealed that none of the changes affected the Ugd phosphorylation. Here,
we generate specific mutation on the rest of the tyrosine residues on Ugd.
Interestingly, all of the mutant proteins, Y53F, Y71F, Y76F, Y85F, Y203F,
Y252F, Y302F, and Y380F, isolated frdicoli appeared to be
phosphorylated. This suggested tkptJgd carried an additional tyrosine
phosphorylation residue except the one reportegdogd-Y71 and
BsUgd-Y70. Nevertheless, the enzyme kinetics analysis revealed that
UgdY71F, UgdY85F, UgdY252F, and UgdY380F exhibit much lower
activity than wild type Ugd. Circular dichroism analysis of the mutant
Ugd indicated that the reduced activity was not due to structural alteration,
implying the change of Y85, Y252, or Y380 impaired the subjection to

phosphorylation leading to the decreased activity.
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Abbreviation

ATP adenosine triphosphate

BCIP 5- bromo-4-chloro-3-indolyl phosphate
bp base pair

CFU colony forming unit(s)

CIAP calf intestine alkaline phosphatase
CPS capsular polysaccharide

DNA deoxyribonucleic acid

DTT dithiothreitol

EDTA ethylenediamine-tetraacetic acid

EPS exopolysaccharide

IPTG isopropyl-1-thigg-D-galactopyranoside
kb kilobase(s)

kDa kiloDalton(s)

LB Luria-Bertani

uM micromolar

mM millimolar

NAD* nicotinamide adenine dinucleotide
NADH nicotinamide adenine dinucleotide (reduced form)
NBT nitro blue tetrazolium chloride

ORF open reading frame

PAGE polyacrylamide gel electrophoresis
PBS phosphate buffered saline

PCR polymerase chain reaction

PTK protein-tyrosine kinase
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PTP

PVDF

rpm

SDS

UDP
UDP-Glc
UDP-GIcUA
Ugd

protein-tyrosine phosphatase
polyvinylidene difluoride
revolutions per minute
sodium dodecyl sulfate
uridine 5'-diphosphate
UDP-glucose
UDP-glucuronic acid
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Introduction
Klebsiella pneumoniae

Klebsiella pneumoniae, a member of thEnterobacteriaceae family,

IS a non-motile, facultative anaerobic, and rod-shape bacterium. Their
environmental habitats are surface water, sewage, soil and on plants
(Brown and Seidler 1973; Seidler, Knitatlal., 1975).K. pneumoniae is
responsible for a variety of diseases in humans and animals (&rése
2006). Most notoriously, it is a prominent nosocomial pathogen (causing
community-acquired diseases including bacteremia, septicemia, urinary,
respiratory and blood infections) and the agent of specific human
infections including Friedla 'nder’s pneumonia, rhinoscleroma and the
emerging disease pyogenic liver abscess (PLA), occurring particularly in
iImmunocompromised patients (Podschun and Ullmann, 1998; Btisse
al., 2009). OtheK. pneumoniae infections that are severe but more rarely
reported include meningitis,.necrotizing fasciitis and prostatic abscess
(Lu etal., 2002; Kohleet al., 2007). Finally, granuloma inguinale
(donovanosis) (Richens, 1985) is caused by uncultivated bacteria, which
may belong td. pneumoniae (Grimont, 2005).

Factors that are implicated in the virulencé&opneumoniae strains
include the capsular serotype, lipopolysaccharide, iron-scavenging
systems, and fimbrial and non-fimbrial adhesins (Regak, 2001;

Chouet al., 2004; Maet al., 2005). MosKlebsiella strains are

encapsulated by a polysaccharidic capsule of considerable thickness
responsible for the glistening and mucoid colonies on agar plates. The
abundant polysaccharidic capsule protects against the bactericidal action
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of serum and impairs phagocytosis, and may be regarded as the most
important virulence determinant kf pneumoniae.

K. pneumoniae could be classified into 77 serological K antigen
types according to the diverse structure of the capsular polysaccharides
(Drskov and @rskov, 1984). The K1/K2 strains were found to be
especially pathogenic in causing PLA, a common intra-abdominal
infection with 10-30% high mortality rate worldwide (Fueical., 2002).
Other serotypes showed little or no effecPLA pathogenesis (Mizut
al., 1983). The highly virulent clinical isolates are often carry large
capsules as an important virulence factor to protect the bacteria from
opsonophagocytosis and prevent from complement-mediated killing

(Simoons-Smitt al., 1986).

Capsular polysaccharides anaps genes regulation

K. pneumoniae CG43,.showing a strang virulence to Balb/c mice
with 50% lethal dose of 10 CFU, is a highly encapsulated clinical isolate
of K2 serotype (Chang al., 1996). The structure of the K2 capsular
polysaccharides (CPS) has been determined as
[—)4-Glc-(1—3)-a-Glc-(1—4)-B-Man-(3—1)- a-GlcA)-(1—-],
(Wacharotayankust al., 1992), which is made from a similar
biosynthetic pathway to that &scherichia coli group 1 CPS (Whitfield
and Roberts, 1999). EK. cali, four groups of CPS biosynthesis pathways
could be identified. Group 1 and 4 CPS synthesis requires a Wzx/Wzy
dependent pathway: the repeat unit oligosaccharide is transferred to a
lipid carrier, undecaprenyl phosphate (und-P), forming und-PP-linked
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repeat units, which flips across the inner membrane in a process requiring
Wzx. The polymer is formed in Wzy-dependent polymerizgtasithe

growing chain is transferred to und-PP-linked unit. Then, polymer is
translocated by Wza, the outer membrane protein. The biosynthesis of
group 2 and 3 CPS is ATP-binding-cassette (ABC) transporter-dependent,
of which the diacylglycerophosphate-linked repeat unit is produced by
glycosyltransferase followed by the export of polymer across inner
membrane via ABC transporter (Whitfield, 2006).

The K2 cps (capsular_plysaccharide ygithesis) gene cluster ¢f.
pneumoniae Chedid has been determined, which contains 19 open
reading frames (ORFs) organized. into 3 transcriptional units (Arakwa
al., 1995). Among these genesrf3 to orf6, a highly conserved
gene-block, are counterparts Bf coli wzi-wza-wzb-wzc (Rahnet al.,
1999). Wzi is an outer membrane protein amzl mutant showed a
significant reduction in cell-bound CPS polymer with a corresponding
increase in cell-free material. This proposed that Wzi plays in the process
that links high-molecular-weight capsule to the cell surface (Alvetrez
al., 2000; Rahret al., 2003). Wza is a periplasmic protein involved in
forming a multimeric putative translocation channel. O, KpWzb,

Is a low molecular weight protein tyrosine phosphatase (PTPPsitc

KpWzc, a protein tyrosine kinase (PTK) that participated in high-level
polymerization of capsular polysaccharide. Enzymatic activities of the
two proteins, KpWzb and KpWzc, have already been demonstrated

(Prenetaet al., 2002).



Protein phosphorylation on tyrosine in bacteria

Protein phosphorylation is one of the most important
post-translational covalent modifications and has gained recognition as a
key device in the pleiotropic regulation of multiple cellular functions in
eukaryotic organisms (Hunter, 2000; Pawson and Scott, 2005). It is best
known that protein phosphorylation is a reversible enzyme-catalyzed
process which controlled by various kinases and phosphatases. The first
two protein-phosphorylating systems, “two-component systems (2CS)”
and “phosphotransferase system (PTS)” have been recognized as the
hallmark of bacterial signaling (Deutscher et al. 2006; Klumpp and
Krieglstein, 2002). The third. phospharylating system in bacteria closely
resembles the “classical” ATP/GTP-dependent system in eukaryotes
(Cozzone, 1998; Sl al., 1998). In this system, proteins are
phosphorylated on serine and/or threonine or tyrosine. Recently,
accumulating evidences suggest that Ser/Thr/Tyr phosphorylations also
contribute to the regulation of a diverse range of cellular responses and
physiological processes in prokaryotes (Cozzone, 2005). Modification at
serine/threonine is usually more frequent than modification at tyrosine
(3-15%), but both types of modification appear to coexist in nearly all
bacterial species (Swhal., 2010).

Tyrosine phosphorylation is a key device in numerous cellular
functions in eukaryotes, but in bacteria this protein modification was
largely ignored until mid-1990s (Grangeastsal., 2007). Recent data
have shown that a variety of cellular processes essential for bacterial
survival and virulence are regulated by the phosphorylation of certain
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endogenous proteins (Cozzone, 2009). This reaction is catalyzed by
autophosphorylating ATP-dependent protein-tyrosine kinases which use
homologues of Walker motifs of nucleotide-binding proteins for their
catalytic mechanism (Grangeassal., 2007). These kinases exhibit
similar but not identical structural and functional features with their
eukaryotic counterparts (Olivares-lllaetzal., 2008; Leest al., 2008).

For antibacterial therapy, this is important because it opens the way to
molecular characterization of specific ligands that would selectively
block the enzymatic activity of bacterial kinases (Cozzone, 2009). Based
on these features, most of them have been recently unified in a new
enzyme family called &cterial.tyosine kinase (BY-kinase), a typical
BY-kinase containing a catalytic domain, Walker A and B motifs, and
C-terminal tyrosine cluster. (Grangeassal., 2007).

Although BY-kinases from Gram-negative and Gram-positive
bacteria exhibit significant sequence similarity, they possess different
domain organizations. BY-kinases of Gram-negative bacteria are usually
large proteins (~80 kDa) composed of an N-terminal transmembrane
domain and a C-terminal cytosolic PTK domain containing the active site
Walker motifs A and B (Doubledt al., 1999, 2002). When expressed
separately, the soluble C-terminal domairfcofoli Wzc still exhibits
autophosphorylation activity (Grangeassal., 2002). By contrast, PTKs
of Gram-positive bacteria are naturally separated into two distinct
proteins,.e. a transmembrane protein with limited similarity to the
N-terminal domain and a soluble protein with significant similarity to the
C-terminal domain of PTKs from Gram-negative bacteria. The soluble
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protein containing the Walker motifs A and B also autophosphorylates at
atyrosine cluster located in its C terminus (Maeedl., 2003). The

different domain organization of PTKs between Gram-negative and
Gram-positive bacteria has suggested a different regulation of these
enzymes.

In terms of genomic organization, the genes encoding a
protein-tyrosine kinase and a protein-tyrosine phosphatase in bacteria are
most often located next to each other on the chromosome. In addition,
these genes are generally part of large operons that direct the coordinate
synthesis of proteins involved in the production or regulation of
exopolysaccharides and capsular polysaccharides. Recent data provide
evidence that there exists a direct relationship between the reversible
phosphorylation of proteins on tyrosine and the production of these
polysaccharidic polymers, which are involved in the early steps of the
infection process and are considered potent virulence factors (Catzone
al., 2004).

In the past, functional roles of the critical components involved in
protein phosphorylation used to be defined by biochemical and genetic
approaches (Cozzone, 2005). A salient gap exists between the growing
number of identified protein-tyrosine kinases/phosphatases and the
relative paucity of the protein substrates characterized to datet @lin
2009). Nevertheless, in the past few years, high-performance techniques
(based on gel-free peptide analysis and mass spectrometry) have been
developed in association with systematic determination of genomic
sequences for a fast identification of hundreds of phosphoproteins and
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corresponding phosphorylation sites. They have been applied so far to the
phosphoproteomes (i.the entire complement of phosphorylated proteins
expressed by a cell) & subtilis (Maceket al., 2007),E. coli (Maceket

al., 2008),Lactococcus lactis (Soufiet al., 2008),Pseudomonas sp.
(Ravichandrarmt al., 2009) andKlebsiella pneumoniae (Lin et al., 2009).

These endogenous protein substrates are present in a wide array of
metabolic and regulatory processes from genetic competence and gene
transcription to morphogenesis and stress. They also participate in cell
division and differentiation, motility, biofilm formation, sporulation,
central metabolism, protein biosynthesis and antibiotic resistance
(Cozzone, 2009). This discovery contributes to the emerging picture that
bacterial tyrosine phosphorylation, in addition to the classical
serine/threonine kinases, and the 2CS and PTS, is an important regulatory
arsenal of bacterial physiology beyond its sole implication in
pathogenesis.

The first known kinase substrates are the kinases themselves because
they are autophosphorylating enzymes. The later identified protein is
UDP-glucose dehydrogenases (Ugd) (Grangezsisse2003; Mijakovic
et al., 2003). Phosphorylation of the enzyme significantly increases the
dehydrogenase activity thereby stimulates formation of the precursors for
polysaccharide production, lipopolysaccharide modification for the
resistance to cationic peptides or polymyxin-type antibiotics or phosphate
metabolism irE.coli andB. subtilis (Breazealet al., 2002; Soldet al.,

1999).



UDP-glucose dehydrogenase (Ugd)

UDP-glucose dehydrogenase (Ugd) catalyzes a two-step
NAD*-dependent oxidation of UDP-glucose to produce UDP-glucuronic
acid (UDP-GIcUA). The mechanism of Ugd proceeds through an initial
oxidation of UDP-glucose with transfer of the G#6-R hydride (H in
Appendix 1) to thei face (B face) of NAD to form NADH and the
adehyde intermediate (Feingold and Franzen, 1981). Covalent catalysis
proceeds with nucleophilic attack of Cys 260 on the aldehyde to give a
thiohemiacetal that is oxidized to a thioester intermediate by transfer of
the remaining hydride (&Hn Appendix 1) to a second molecule of NAD
In the final step of the normal enzymatic reaction, the thioester
intermediate is irreversibly hydrolyzed to give UDP-GICUA. The
importance of UDP-GICUA is apparent considering the downstream
polymers that utilize this compound or its derivates, such as UDP-xylose,
UDP-arabinose, and UDP-galacturonic-acid in a variety of organisms
ranging from mammals to bacteria (Seifert, 2004).

In mammals, UDP-GIcUA is the substrate for UDP-glucuronosyl
transferases in the liver that catalyze the formation of glucuronide
conjugates with various substances such as bilirubin and thereby aid in
their excretion (Dutton, 1980). UDP-GIcUA is also essential for the
biosynthesis of hyaluronan and various glycosaminoglycans such as
chondroitin sulfate and heparan sulfate (Roden, 1980). Mutation of the
Ugd gene oDrosophilia melanogaster (designated sugarless) disrupts
biosynthesis of the heparan sulfate side chains on proteoglycan core
proteins and is identical in phenotype to the classical wingless mutation
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(Binariet al., 1997). In plants, Ugd may be an important regulatory
enzyme in the carbon flux toward cell wall and glycoprotein biosynthesis
due to feedback inhibition from UDP-xylose (Dalessandro and Northcote,
1977).

In many pathogenic bacteria, UDP-GICUA is a precursor and an
essential component for the biosynthesis of exo- polysaccharides (EPS)
and lipopolysaccharides (LPS). EPS or LPS is critical virulence factor
which enables the bacteria to evade attacks by host immune system, such
as phagocytosis (Cross, 1990; Moxon and Kroll, 1990; Watson and
Musher, 1990; Wesseés al., 1994). UDP-GIcUA also participates in the
production of UDP-4-amino-4-deoxy-Larabinose (L-Ara4N) which is a
crucial element in bacterial resistance to antibiotics such as polymyxin
and cationic peptides of the innate immune system (Breaaesle
2003).

Recent studies demonstrate that transcription dédheonella ugd
Is controlled by three regulatory systems that respond to different signals
(Mouslimet al., 2003). Ugd mutation in the pathogenic fungus
Cryptococcus neoformans alters the cell integrity and nucleotide sugar
pool. The cells also become temperature-sensitive and fail to grow in an
animal model (Griffithet al., 2004).Pseudomonas aeruginosa PAO1
encodes two Ugd?A2022 andPA3559. ThePA2022 mutant and
PA2022-PA3559 double mutant, but not tH@A3559 mutant, are more
susceptible to chloramphenicol, cefotaxime, and ampicillin. PARS59
mutant, however, shows a reduced resistance to polymyxin B compared
with wild type PAO1(Hungt al., 2007). InE.coali, phosphorylation of
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Ugd by Wzc plays a role in the regulation of the amount of the EPS
colanic acid, whereas Etk-mediated Ugd phosphorylation participates in
the resistance to the polymyxin (Lacatial., 2008).

Activity of other dehydrogenases, includiBgcillus subtilis Ugd
(Mijakovic et al., 2004) and the UDP acetyl-mannosamine
dehydrogenase CapO &hphylococcus aureus (Soulatet al., 2007),
have recently been shown to be regulated by tyrosine-phosphorylation. It
Is hence speculated that tyrosine phosphorylation of this class of enzymes

Is a common regulatory mechanism found in bacteria.

Identification of the phosphotyrosine residues

Although a lot of protein kinasesand phophatases 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. In previous work, we have
providedin vitro evidence that the ' Wzc #&f. pneumoniae CG43 KpWzc)
was able to phophorylate Ugd the phosphorylation appeared to enhance
the Ugd activity (Appendix 2, Zhi-Kai Li, 2006). To advance our
knowledge of the underlying mechanism in capsule formation for the
development of new therapeutic strategies, it is crucial to identify the
phosphorylation site on Ugd. The previously employed mass
spectrometry analysis (MALDI-TOF) failed to identify the Ugd
phosphorylated tyrosine probably because of the low occupancy of
bacterial phosphorylation sites (Macgtkal., 2006). Nevertheless, a most
recently study of th8acillus subtilis phosphoproteome indicated that
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Ugdwas phosphorylateieh vivo on tyrosine 70 (Mace# al., 2007).

Tyrosine 71, the counterpart residueeotlgd was later demonstrated as
the specific phosphorylation residue (Lacetal., 2008). As shown in

Fig. 1, multiple sequence alignment suggested the Tyrosine 71 (Tyr71) of
KpUgd sequence is the phosphorylation site.

The sequence alignments of Ugd fr&mpneumoniae, E. coli K-12,

S. pyogenes, B. subtilis, E. amylovora, andS. pneumoniae revealed nine
conserved tyrosine residues Tyr10, Tyr91,Tyr150, Tyr210, Tyr217,
Tyr242, Tyr249, Tyr265 and Tyr335. We have previously tried to generate
site-directed mutation, tyrosine changed to phenylalanine, on Ugd
targeting to the 9 residues (Mei-Ju Li, 2008). Howeveririvero
phosphorylation assays.indicated that all the mutated proteins were able
to be phosphorylated by the catalytic domain of Wzc, JMzalthough

some of the mutations ‘had slightly changed the Ugd activity,

Here, the rest of the eight tyrosine residue&pldgd (Tyr53, Tyr71,
Tyr76, Tyr85, Tyr203, Tyr252, Tyr302, and Tyr380) were subjected to
site-directed mutagenesis. Phosphorylation assay was then employed to
analyze the mutant proteins carrying with each of the alterations. In the
mean time, the enzymatic activity determined if Tyr71 is the only
phosphorylation site and if any of the tyrosine residues plays a role in

influencing the Ugd activity.
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Materials and methods

Bacterial Strains, Plasmids, and Growth Conditions

Genomic DNA prepared froik. pneumoniae CG43 was used as
template for PCR ampilification of tlugd gene. Bacterial strains and
plasmid used in this study are listed in Tabl&.Jpneumoniae CG43 is a
clinical isolates recovered from Chang Gung Memorial Hospital, Linkou.
All strains were routinely cultured at 37°C in Luria-Bertani (LB; 10 g/
tryptone, 5 g/l yeast extract, 10 g/l sodium chloride) broth or on LB agar.
The following antibiotic concentrations were used: Kanamycipd/il,
Ampicillin 200 pg/ml, Tetracycline 2Qug/ml and Streptomycin 5ag/ml.
The plasmid generated and primers used are listed in Table 2 and Table 3,

respectively.

Recombinant DNA manipulation

All recombinant DNAexperiments were carried out by standard
procedures as described (Sambretodd., 2001). Restriction
endonucleases and DNA modifying enzymes were purchased from MBI
Fermentas (Hanover, MD) or New England Biolab (Beverly, MA, USA),
and were used according to the recommendation by the suppliers.
Plasmids were purified by using the High-Speed Plasmid Mini kit
(Geneaid, Taiwan). PCR amplifications were performed with Tag DNA
polymerase (MDBIo, Inc, 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.
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Construction for the overproduction of Hiss-tagged Ugd and the
derived mutants

The Ugd mutants were generated using QuikChange site-directed
mutagenesis method (Stratagene). The procedure utilized the yT&A
vector with an insert aigd and two synthetic oligonucleotide primers
containing the desired mutation. The oligonucleotide primers, each
complementary to opposite strands of the vector, were extended during
temperature cycling by Finnzymes’ Phusion™ High-FiddllyA
polymerase. Incorporation of the oligonucleotide primers generated a
mutated plasmid containing staggered nicks. Following temperature
cycling, the product is treated wibpn 1. TheDpn | endonuclease (target
sequence: 5°-Gm6ATC-3") is specific for methylated and hemimethylated
DNA and is used to digest the parental DNA template and to select for
mutation-containing synthesized DNA. The nicked vector DNA
containing the desired mutations is then transformedgmtwi JM109
(Appendix 3).

The plasmid was then subcloned into the pET-30besgmn vector
atEcoR I /Sal 1 restriction sites to be in-frame with the liag at the N
terminus of the protein. The constructs were then introduced it
NovaBlue (DE3) by the heat shock method, and the transformants were
selected on LB agar containing g&%ml Kanamycin. The DNA was
sequenced to verify the correctness of the cloned gene and the reading
frame fusion with the Higtag. The resulting plasmids were named
pPET30UgdY53F, pET30UgdY71F, pET30UgdY76F, pET30UgdY85F,
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pET30UgdY203F, pET30UgdY252F, pET30UgdY302F,
PET30UgdY380F and the mutants Ugd proteins were expresg&ecbln
NovaBlue (DES3).

Overproduction and purification of the Hiss-Ugd and the derived

mutants

The bacterial cells were incubated in 100 ml of LB medium
supplemented with Kanamycin at 37W@h shaking until Olgy reached
0.5~0.6. Isopropyl-1-thio{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-HCI, 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 13000
rpm for 20 min. Finally, the Histagged proteins were purified from the
supernatant via affinity chromatography using His-Bind resin (Novagen),
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 most of the
purified His-tagged Ugd were dialyzed against the buffer containing 50
mM Tris-HCI (pH7.5), 100 mM NaCl, 1 mM EDTA, and 10% (v/v)

glycerol.
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Overproduction and purification of Hisg tag fusionKpWzc
cytoplasmic domain

E.coli BL21-RIL cells were transformed with pET3@WzcE23
(Table 2), which expressing a mutat@oWWzc cytoplasmic domain,
Hiss-KpWzc (Arg™*-Lys’?). Overproduction for Hiskpwzc was carried
out with similar conditions for Ugd except IPTG was added to a final
concentration of 0.5mM. Subsequently, the cells were harvested by
centrifugation at 5000 rpm for 10 min, resuspended in binding buffer (50
mM sodium phosphate, 300 mM NaCl, 10 mM imidazole, 10% (v/v)
glycerol, pH 8.0), and the cells disrupted by sonication and then the cell
debris removed by centrifugation-at 13000 rpm for 20 min. Finally, the
Hiss-KpWzc were purified from the 'supernatant via affinity
chromatography using His-Bind resin (Novagen), and the elution was
carried out with elute buffer (50 mM sodium-phosphate, 300 mM NacCl,
100 mM imidazole, 10% glycerol, pH 8.0).-Aliquots of the collected
fractions were analyzed by SDS-PAGE and the fractions containing most
of the purified Hig-KpWzc were dialyzed against the buffer containing
50 mM sodium phosphate (pH 8.0), 150 mM NaCl, 5 mM Mg&mM
dithiothreitol and 10% (v/v) glycerol.

SDS-polyacrylamide gel electrophoresis

Protein preparation were treated for 10 min at 9%°l0ading buffer
(0.0626 M Tris-HCI buffer pH 6.8, 2% (v/v) SDS, 10% (v/v) glycerol,
0.01% (v/v)bromophenol blueand 100 mM dithiothreitol). Twenty
microliters of sample was applied to a 12.5% (B1)S polyacrylamide
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slab gel. Electrophoresis was carried out at room temperattiréhe
tracking dye ran off the bottom of the slab gel. The gel was stained for 5
min using solution containing 2.5% (v/v) Coomassie BI2&® 45%

(v/v) methanol, and 10% (v/v) acefacid, and destained in destain buffer

(40% (v/v) methanol and 10% (v/v) acetic acid) for 30 mins.

In vitro phosphorylation assay

Thephosphorylation assay was carried out essentially as described
(Appendix 4, Grangeassgkal., 2003). Briefly, the 2@l reaction
mixtures contains abouti®) of the purified wild-type Ugd or mutant
Ugd, 2ug kinase and 10M ATPR'in 25:mM Tris-HCI (pH 7.0), 1 mM
DTT, 5 mM MgCh, 1 mM EDTA was incubated at 37 °C for 1h. The
reaction was stopped by addition of the sample buffer and heated at 95°C
for 5 min. After electrophoresis (12.5% SDS-PAGE), the gel was
analyzed by western blotting.or stained-with Pfd-Qiamond
Phosphoprotein fluorescent dye (Invitrogen, catalog # P33300) for
detection of the phosphorylated proteins and the result visualized using

Amersham Typhoon™ 9200 Imager.

Western blot analysis of the phosphotyrosine proteins

The purified proteins were analyzed by SDS-PAGE and the resolved
proteins were transferred to a polyvinylidene difluoride (PVDF)
membrane electrophoretically in the transfer buffer containing 137 mM
NaCl, 2.7 mM KCI, 10 mM Na1PQ,, 2 mM KH,PO, and 20% methanol.
The membrane was detected by the anti-phosphotyrosine clone 4G10
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antibody (Upstate, catalog # 05-321) and the secondary antibody, an
anti-mouse IgG alkaline phosphatase conjugated antibody (Sigma), was
then applied and the bound complex was detected by using nitro blue
tetrazolium chloride (NBT)/5-bromo-4-chloro-3-indolyl phosphate (BCIP)

as the substrates.

Enzyme activity measurement and the kinetics characterization

UDP-glc dehydrogenase activity was determined by monitoring the
change in absorbance at 340 nm that accompanies the reduction 6f NAD
to NADH using a spectrophotometric assay as described (Eaain
1999). The enzyme assay was performed at room temperature in 100 mM
Tris-HCI (pH 9.0), 100 mM NaCl, 2 mM DTT, 2 mM NARand 5 mM
UDP-glc. TheK,, andVmay for UDP-glc and NAD were determined
independently using standard-assay conditions. Kinetic study for UDP-glc
as the substrate was performed with a fixed concentration of MA®
the concentration of UDP-glc varied in the range from 0.01 to 5 mM.
Similarly, NAD" kinetic measurement was made by holding UDP-glc
concentration and varying NAGrom 0.005 to 2 mMK,, andV,a were
calculated by fitting the data to the equati®=(Vmax [SI'/ ([S]" + Kn')),
whereh is the Hill coefficient, and assuming a single binding site each for

substrate and cofactor.

Circular dichroism spectrum analysis
The interaction of a chiral molecule with polarized light is very
specific and has proved to be an important method for characterizing both
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small molecule and macromolecular structures (Fasman, 1996).
Essentially, one type of measurements commonly made to determine the
effects of polarized light on asymmetric molecules is circular dichroism
(Hammes, 2005), which is defined as the difference in absorption of
left-hand and right-hand circularly polarized light with optically active
compounds.

Protein secondary structure can be determined by CD spectroscopy in
the ‘far-UV’ spectral region (190-250 nm). At these wavelengths, the
chromophore is the peptide bond, and the signal arises when it is located
in a regular, folded environment (Kelly and Price, 1997). As determined,
far-UV-CD of random coil is_pesitive at 212 nm-{#x *) and negative at
195 nm ¢ — «n*). Far-UV-CD ofB-sheet is negative at 218 nm-{C )
and positive at 196 nm @ @*). For a-helix, the exciton coupling of the
n — ©* transitions leads to positive (~ n*) perpendicular at 192 nm,
negative £ — =n*) parallel at 208 nm, and negative at 222 nm is red
shifted (n— =*), respectively (Manavala al., 1987; Kelly and Price,
1997). The approximate fraction of each secondary structure type that is
present in any protein can thus be determined by analysing its far-Uv CD
spectrum as a sum of fractional multiples of such reference spectra for
each structural type.

Secondary structures of wild-type and mutant Ugd were assessed by
CD spectroscopy on an Aviv 62A DS CD spectrophotometer with a 1-mm
path length cell, 0.5 nm wavelength step, and an averaging time of 3 x
10" s. The measurements were performed omBL®f protein in 10 mM
Tris-HCI (pH 7.4). The CD spectra signals were collected from 195 nm to
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260 nm at 25C and averaged over three scans (Coligan, 2003). The
results were expressed as molar ellipticity (flegree crhdmol™) which
was determined as][& (6x 1000)/(c), wherec is the protein
concentration in mmole/ml s the light path length in millimeters, aAd

Is the measured ellipticity in degrees at waveleigth

Software
Homology sequences were found from Protein database at NCBI

(http://www.ncbi.nIlm.nih.goy/and alignment were performed with

ClustalW?2 program (Thompsaal., 1994) in EMBL-EBI

(http://www.ebi.ac.uk/ The multiple alignments resulting from ClustalW

analysis was used as input for BOXSHADE program

(http://www.ch.embnet.org/software/ BOX form.hyrtd indicate residue

similarity. The SWISS-MODEL (http://swissmodel.expasy.prg/

comparative protein modeling server (Guex and Peitsch, 1997) was
employed to generate a 3D ‘model of KpJgd protein based on the

structural alignment of its sequence with the highest scoring template

structure, with Pymol_(http://www.pymol.olgds a molecular viewer.

Construction of the specificugd-deletion mutant

K. pneumoniae CG43 mutants disrupted specificallywgd genes
were constructed by the allelic exchange strategy. The primer sets used
for PCR amplification of the DNA fragments flanking sequence are
ugd001 and ugdMO04 (Table 3). The generated DNA fragments were

cloned into pKAS46, a suicide vector (a generous gift from Dr. Skorupski,
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University of New Hampshire), and the resulting plasmids, pHY034,
were then mobilized tK. pneumoniae CG43-S3 through conjugation

from E. coli S17-1A pir. The transconjugants were selected with
Ampicillin/Kanamycin on minimal medium (M9 minimal salts, Sigma).
Some of the Ampicillin/Kanamycin resistant transcgajots was picked

and then spread onto a LB plate supplemented with Streptomycin. When
the occurrence of a double cross-over, the streptomycin-resistant and
Ampicillin/Kanamycin-sensitive colonies were isolated, and the deletion

of ugd was verified by PCR.

Construction of the Ugd and the UgdY 71F-complemented strains
To obtain the complement a§d; full lengthugd including their
promoter region was amplified frokar pneumoniae CG43-S3 with the
primer pairs ugdNTUpo3 and ugdR (Table 3) and the DNA fragment was

ligated into yT&A vector to generate yT&Adgd. The yT&A-pugdY71F
was then constructed using QuikChange site-directed mutagenesis
method (Stratagene). DNA fragmenotmntaining full lengthugd with
their promoter region were excised frgim&A-p ugd and
yT&A-pugdY71F, respectively, witlidindlll and Xbal. The DNA
fragments werégated respectively, into ldindlll/ Xbal -digested
plasmid pRK415, a broad host range plasmid (katah, 1998), to
generate thagd complementation plasmids, pRK41&gd and
PRK415-pugdY71F.
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Results

K. pneumoniae Ugd (KpUgd)

As shown in Fig. 1, alignment of the Ugd sequende. gheumoniae
CG43 (Dr. S.-F Tsai, unpublished results)coli K-12 (NCBI accession
No. NP_416532)P. aeruginosa PAO1 PA2022 (NCBI accession No.
NP_250712) and PA3559 (NCBI accession No. NP_252249B.and
subtilis 168 (NCBI accession No. CAB15640) revealed Kjatgd and
EcUgd, sharing 82% identity and 93% positives, are most closely related.
The alignment also shows thKipUgd contains a NAD
dinucleotide-binding domain, GXGXXG “fingerprintf the Rossmann
fold (Rossmann, 1981), at the'N-terminal region and a nucleotide
sugar-binding domain at the C-terminal part. In addition to the conserved
signature of nucleotide sugar dehydrogenkpélgd also contains
flanking sequenc&GXCXXXD known to participate in catalysis. Finally,
like the other UgdKpUgd contains an Arg at the position corresponding
to Arg244 onSpUgd, which is one of the determinants of the substrate
specificity of nucleotide sugar dehydrogenase (Campball, 2000).

Selection for the phosphotyrosine residues adpugd

Recently, &. subtilis phosphoproteome study reported tBsiigd
was phosphorylateiah vivo on a specific tyrosine residue Tyr70 (Macek
et al., 2007). The counterpart residue Tyr 7Eolgd was subsequently
demonstrated to be the phosphorylation site by both tyrosine kinase
EcWzc andEcEtk. The phosphorylation dcUgd-Tyr71 appeared to be
essential for the Ugd activity as assessed using biological activity
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complementation analysis (Lacaatral., 2008). Therefore, we assumed

that the residue Tyr71 ¢fpUgd is also subject to phosphorylation.

Construction, expression and purification of theKpUgd mutants

In addition to Tyr71, 7 tyrosine residueskggugd (Y53, Y76, Y85,
Y203, Y252, Y302, and Y380), which were not studied previously were
selected for phenylalanine substitution (Fig. 1). After the site-specific
substitution was confirmed by nucleotide sequencing, the mutant Ugd
were cloned in pET-30b and expresse#.inoli NovaBlue (DE3), and
the proteins purified through NiNTA-agarose matrix. As shown in Fig.
2A, all the recombinant proteins could-be overexpressédaali
NovaBlue (DE3). Most of the recombinant proteins appeared to be
soluble and could be obtained in the supernatant fraction (Fig. 2B). In
general, about 3.6 mg ‘of Ugd and the derived mutant proteins of high
purity (> 95%) could be obtained from a 100 ml culture (Fig. 2C).
Interestingly, the IPTG-induced total protein lysates of pET-UgdY71F
was less soluble compared to the others. Thus, about 500 ml cultured

cells is needed to produce 2 mg of UgdY71F.

In vivo phosphorylation of the mutants with a substitution at a
tyrosine residue

To avoid the use of radioactive isotope for the detection of the
phosphorylation reaction, we used anti-phosphotyrosine monoclonal
antibody 4G10 (Fig. 3A) or Pro<Q Diamond Phosphoprotein
fluorescent dye (Fig. 3B) instead. It has been showrEthVakzc is able to
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phosphorylate Ugd (Grangeassal., 2003). We have also shown that
EcWzc could phosphorylat&pUgd (Appendix 4), and the recombinant
Ugd purified fromE. coli has been phosphorylated (Zhi-Kai Li, 2006). As
shown in Fig. 3A or 3B, botKpWzc andKpUgd exhibited
phosphorylation signals indicating phophatase has to be applied to
remove the endogenous phosphorylatiofety/zc prior to the
phosphorylation reaction.

In case that the phosphatase application may interfere the following
phosphorylation, am vivo phosphorylation without addingpWzc was
carried out to assess the tyrosine residue mutation effect &ipltigel
phosphorylation. As shown in Fig. 4, either the UgdWT or the derived
site-specific mutants exhibited a phosphaosignal of 46 kDa indicating none
of the tyrosine mutation impaired the phosphorylatiokigd by
EcWzc.

Determination of kinetic parameters of the UgdWT and the derived
mutants

The initial velocity of the reaction by measuring the NADH
absorbance at 340 nm was determined. As shown in Fig. 5, most of the
mutant proteins (UgdY53F, UgdY71F, UgdY76F, UgdY203F, and
UgdY302F) except Y85F, Y252F and Y380F mutants, when subjected to
an enzyme specific activity measurement, performed just like the wild
type. The specific activity of UgdY85F decreased to 0.49-fold,
UgdY380F to 0.66-fold and UgdY252F to 0.15-fold of that of the
UgdWT (Fig. 5).
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Typical Lineweaver-Burk plots were obtained when 1/[v] was plotted
against 1/[S]. Kinetic parametets,, and V., Were estimated by linear
regression from Lineweaver-Burk plots. TWg,«values were converted
to k.aby assuming that the molar mass was 49416.38 g'nidie
kinetic constants of Higtagged wild-type and mutant forms of Ugd for
NAD™ were calculated by fixing the concentration of UDP-glc with
various concentrations of NA§Fig. 6). On the other hand, varying the
concentration of UDP-glc with a constant concentration of NABs
also used to measure the activity (Fig. 7).

As summarized in Table 4, the Ugd mutants (Y71F, Y252F and
Y380F) could not efficiently utilize UDP-Glc and NARs demonstrated
by theK,, and k., values..Interestingly, the specific activity obtained for
UgdY71F was similar to that of wild-type. Moreover, the Y71F mutation
had moderate effects an the kinetics of catalysis (15.4- and 10.3-fold
aboveK,, values using UDP-glc and NARS substrates). The Y252F
Ugd mutant exhibited undetectalg values to UDP-glc and NAD
while Y380F showed undetectalig values to UDP-glc but 3.5-fold
increase oK, values to NAD. Thek.;value of UgdY85F, Y252F
orY380F for UDP-glc was much lower than that of the wild type Ugd.
For NAD', thek.; value of UgdY85F was slightly decreased (0.69-fold
of wild type) while undetectable in Y262F.

Secondary structure analyses of Ugd and the derivedutants
according to the circular dichroism spectrum.
After a modification (chemically/ genetically) on specific protein,
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CD can be a good technique to compare between native and modified
forms (Tafreshet al., 2007; Hadizade#t al., 2007). The CD spectra
were therefore used as a measure of the relative quantities of changes
made in the derived mutants by site-directed mutagenesis.

As shown in Fig. 8, the far UV CD spectra of Y71F5¥3Y252F,
Y380F and wild-type Ugd in Tris-HCI (pH 7.4) appeared to be identical
and all showing a ‘w’-shaped spectra with minimum point at 208 nm and
222 nm indicated the presence of highelix. This revealed that there is

no major alteration of the secondary structures of the mutant proteins.

Structure modeling of KpUgd

The Sreptococcus pyogenes Ugd (Spugd) molecular structure has
been solved and reported previously (Campdiell., 2000). On the basis
of homology (54.2% identity), comparative structural modeling was used
to predict three-dimensional.structure kgUgd using the structure of
SUgd (PDB ID: 1DLIA) (Fig. 9A) ‘as a template. By superimposing the
context of the Ugd crystal structure®fpyogenes, Cys253 inKpUgd

was found at the position equivalent to catalytic nucleophile Cys260 in

SoUgd (Fig. 9B).

Characterization of KpUgd deletion mutant

Theugd gene-specific deletion strain was constructed using the
allelic exchange strategy to determine the functional roles of Ugd in
pneumoniae physiology. As shown in Fig. 10A, the specific deletion was
confirmed by PCR analysis. The Ugd deletion confelkrgagheumoniae
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CG43 a change of morphotype from mucoid, fatty and shiny appearance
to small and dull colonies (Fig. 10B). As assessed by the sedimentation
assay shown in Fig. 10C, thgd mutant appeared to be more readily
precipitated via centrifugation in comparing with the wild type CG43-S3
suggesting the deletion ofd reduced the synthesis of CPS.

However, introducing the complementation plasmid&4$E-Ugd
or pET30b-Ugd (Fig. 11) into thagd deletion mutant failed to restore the
phenotype. The possibility that an impaired Ugd expression iagthe

mutant could be verified using pQE30 expression vector in the future.
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Discussion

KpUgd has more than one tyrosine-phosporylation residue

Capsular polysaccharide biosynthesis is controlled by
phosphorylation at two levels: the assembly and export of the CPS (Wzc
phosphorylation) and the synthesis of the CPS repeat unit (Ugd
phosphorylation). We have previously established that Wzc-mediated
phosphorylation of Ugd df. pneumoniae CG43 influences the
production of UDP sugar, the precursor for blaeterial CPS production.
We have also shown that the phosphorylation of Ugd resulted
significant increase of its dehydrogenase activity and the
dephosphorylation by CIAP reduced its enzyme activity.

In order to identify the specific phosphotyrosine residue, nine of the
17 tyrosine residues have been chosen for site-directed mutagenesis study
previously (Mei-Ju Li, 2008). However, all the Ugd site-directed mutants
as well as the wild-type protein were phosphorylatedjy/zc,
indicating the specific phosphoylation tyrosine residu&pdgd has not
yet identified. Here, aim vivo system to explore the
tyrosine-phosphorylated residue of UgdBEnyVzc was used to avoid the
interference of the CIAP treatment. Again, we found that all the mutants
could be phosphorylated suggestiqgJgd has more than one tyrosine
phosporylation site. The result is in agreement with the previous study
showing that Ugd has multiple tyrosine phosphorylation sites detected by
iIsotope autoradiography (Appendix 5).

The subject comes to identification of the second or third tyrosine
residue. As shown in Appendix 5, the fragmea&TKpUgd2 (His68 to
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Alal67) and GST-Kpgd3 (Glul68 to Gly300) showed intensive signals.
Since Tyr71 is contained in GST-Kgd2 (His68 to Alal67), we reason
that the additional phosphotyrosine residue could be in K®Jgd3.
Lacour and his co-workers have excluded the tyrosines Tyr10, Tyr150,
Tyr249, Tyr335 and Tyr380 dicUgd as phosphorylation site (Lacaatir
al., 2008). Thus, the Tyr252 &jpUgd of which the Phe replacement has
caused changes of the kinetic properties was selected as the second
phosphorylated site. The Ugd mutant with double site mutation (Tyr71
and Tyr252) will be generated to validate the hypothesis.

The Tyr residues participate in theKpUgd activity.
As reported by Mei-JuLi (Mei-Ju Li, 2008), 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. In the study, three mutants with tyrosine
to phenylalanine substitutions at positions 85, 252, and 380 had much
lower activity than wild type. In addition, the,/K,, value of UgdY71F,
UgdY252F, and UgdY380F appeared much smaller than that of wild type.
The single substitutions do not affect protein folding and have equivalent
conformations as demonstrated via circular dichroism spectrum analysis.
Tyr71 has been demonstrated as the phosphorylation sielgd and
Tyr70 forBsUgd. In analogy, we expected the purified UgdY71F would
lose the phosphorlation signal and hence the enzyme activity. However,
the tyrosine replacement only reduced slightlykh&,, value.

We speculate that the phosphorylation on Ugd adds a phospha}e (PO
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molecule to a hydroxyl group of tyrosine residue that can turn a
hydrophobic portion of a protein into a polar and extremely hydrophilic
portion of molecule. In this way it introduces a conformational change via
interaction with other hydrophobic and hydrophilic residues in the protein.
Consequently, the entrance of catalytic pocket may be slightly moved to
let the substrates contact the catalytic pocket more easily. The lower
affinity to the substrates detected for UgdY71F may be due to the change
of the phosphorylation state. This further supports the results of Appendix
2 that the phosphorylation of the Tyr71KgUgd plays a regulatory role

for the enzymatic activity, which is different from the essential role of
tyrosine phosphorylation décUgd.

The UDP-glc binding pocket 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 bonds, two side chain hydrogen bonds, aedige
stacking interaction of Tyr242 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) betweehanda8 of the N-terminal
domain that forms three main hydrogen bonds to the glucose 1-phosphate
moiety (Campbelét al., 2000). Nevertheless, Fig. 1 also revealed that
centrala-helix (010) 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 the amino acids involved are strictly conserved.
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The aromatic residues including Phe199, Tyr203, Tyr210, Tyr217, and
Tyr265 were found to be located within the dimer interface.

On the basis of the structure modelindkpfJgd, Tyr85 is located
beside the dimer interface and also close to the catalytic pocket.
According to the enzymatic analysis, Y85F had effect on the specific
activity, but not the kinetic properties. This suggested that Y85F may
destroy the hydrogen bonds that stabilize the dimer interface without
influencing the affinity between Ugd and substrates. The possibility could
be verified using gel filtration chromatography to study whether a size
difference is present between the preparation of Ugd and UgdY85F.
Tyr252 is situated beside the catalytic site, Cys253, and very close to the
interface of NAD and UDP-glc which bound to the structurally pivotal
active site of the enzyme. The activity abolished by substitution of
Tyr252 to Phe may be’attributed to the deletion of the phenolic hydroxyl
group leading to impair the proton conductance pathway which in turn
prevent from the oxidation of UDP-glc. Since Tyr380 was found to be
strictly conserved among Ugds, if the alteration affects Ugd activity via
influencing the binding to substrate or cofactor is unknown.

Overall, whether the altered enzymatic or kinetic effect is due to
missing of the tyrosine phosphorylation or the change from tyrosine to

phenylalaninger se remains to be investigated.

Bacterial tyrosine phosphorylation: novel targets for antibacterial
therapy
The results provide a basis for understanding the regulatory
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mechanism for biosynthesis of the CPS, a vital determinant for the initial
stages of infection. Ugd has been considered as a crucial drug target for
its critical role in EPS synthesis (Campletlél., 2000). The kinetics

study revealed some of the tyrosine residues are important for Ugd
activity. Moreover, the presence of multiple tyrosine phosphorylation
sites orKpUgd makes Ugd as a drug target more attractive. Further
investigation on how Ugd affects drug susceptibility in bacteria may

reveal new implications for future drug development.

Conclusion

To validate ifKpUgd has.more than one tyrosine-phosporylation
residue, double-site mutations (Tyr71 and Tyr85, Tyr252, or Tyr380) or
triple mutation will be generated. Phosphorylation assay and enzymatic
measurement will then-be performed to confirm the phosphorylation role

of the tyrosine residues.
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Table | Bacterial strains used and constructed in this study

Strain Genotype or relevant characteristic Source or reference
E.coli:
JM109 RecAl supE44 endAl hsdR17 gyrA96 rolAl thi A(lac-proAB) Laboratory stock

NovaBlue (DE3) endA1 hsdR17(rk12mk12") supE44 thi-1 recAl gyrA96 relAl lac[F pro ~ Novagen

AB lac’ZaM15:: Tn10](DE3); Tef
BL21-RIL F ompT hsdSy(rs'me’)gal decm(DES) Laboratory stock
S17-1Apir RecA thi pro hsdRM* [RP4-2-Tc::Mu:Kn¥Tn7] (pir) De Lorenzcet al., 1994
K.pneumoniae:
CG43 Clinical isolate of K2 serotype Laboratory stock
CG43-S3 rspL mutant, Sl Laboratory stock
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Table Il Plasmids used and constructed in this study

Plasmid Description Source or reference
yT&A PCR cloning vector, Ap Y eastern Biotech Co.
pKAS46 Suicide vectoryspL, ApT, KmR Skorupski and Taylor, 1996
pHY034 A 1685-bp fragment containing the flanking sequenagdfcloned Laboratory stock

into pKAS46
pRK415 Broad-host-range IncP plasmid,Tc Keenet al., 1998
pRK415-pUgd KpUgd coding sequence with promoter region.cloned irdHirXbal This study

sites, Knff
pRK415-pUgdY71F pRK415-Ugd with single residue change of Ugd Y71F This study
pET-30b Overexpression of His6 fusion proteins, Km Novagen
pET-KpWzcE23 His—KpWzc(Arg™*-Lys'? cloned inEcoRI/Sall sites, Knff Zhi-Kai Li, 2005
pET-Ugd Hiss—KpUgd (Met to Asp™®) cloned inEcoRI/Sall sites, Knf Ping-Hui Bai, 2004
pPET-UgdY53F pPET-Ugd with single residue change of Ugd Y53F This study

pPET-UgdY71F pET-Ugd with single residue change of Ugd Y71F This study
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pET-UgdY76F
pET-UgdY85F
PET-UgdY203F
pET-UgdY252F
PET-UgdY302F
pET-UgdY380F

pPET-Ugd with single residue change of Ugd Y76F
pPET-Ugd with single residue change of Ugd Y85F
pET-Ugd with single residue change of Ugd Y203F
pET-Ugd with single residue change of Ugd Y252F
pET-Ugd with single residue change of Ugd Y302F
pET-Ugd with single residue change of Ugd Y380F

This study
This study
This study
This study
This study
This study
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Table Il Oligonucleotides used in this study

Primer Sequence (5'to 3)

ugd001 GGCAAGAGCTCACCAGTGG

ugdMo04 CATTACTTCCGCGACTTCG

ugdNTUpo3 GCAGGATCCATAATGGAAC

ugdR TTAATCGTTACCAAACAGATCGCGGG
Y53FF GATTCAGGAATTTCTGGCAGAAAAACC
Y53FR GGTTTTTCTGCCAGAAATTCCTGAATC
Y71FF GCACGACGCATTCCGTAATGCCGACTAC
Y71FR GTAGTCGGCATTACGGAATGCGTCGTGC
Y76FF CGTAATG CCGACTTCGT GATTATTGCC
Y76FR GGCAATAATCACGAAGTCGGCATTACG
Y85FF GCCGACCGACTTCGATCCCAAAACCAAC
Y85FR GTTGGTTTTGGGATCGAAGTCGGTCGGC
Y203FF GCT AACACCTTTC TGGCGCTGCG CGTTG
Y203FR CAACGCGCAGCGCCAGAAAGGTGTTAGC
Y252FF CCTT.TGGCTATGGC GGCTTCTGCC TGC
Y252FR GCAGGCAGAAGCCGCCATAGCCAAAGG
Y302FF GGTGGGTGTATTTCGCCTGATCATGAAG
Y302FR CTTCATGATCAGGCGAAATACACCCACC
Y380FF GATAAGGTCTTCACCCGCGATCTGTTTG

Y380FR CAAACAGATCGCGGGTGAAGACCTTATC
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Table 1V Kinetic parameters of UgdWT and the derived mutants

Km Vmax k(:a1 kC&W/Km
(mM) (mMMmin™) (min™) (min*mM™)
Ugd WT UDP-glc 0.44+0.06 0.06x0.003 639.73+£33.8 1472+254.66
NAD" 0.08+0.005 0.04+0.002 395.99+25.71 4961.82+653.82
Y53F UDP-glc 1+0.09 0.12+0.005 1146.39+48.35 1148.2458.19
NAD" 0.07£0.001 0.08x0.007 779.3£72.59 10170.05x974.8
Y71F UDP-glc 6.76x0.57 0.24+0.03 2393.13+316.89 354.82+42.24
NAD" 0.82+0.09 0.06x0.02 589.14+183.81 705.61+145.89
Y76F UDP-glc 0.34+0.06 0.07+0.01 705.5+107.57 2091.41+67.53
NAD" 0.07x0.006 0.07£0.008 667.22+79.51 10071.59+7/62.38
Y85F UDP-glc 0.13+0.01 0.02+0.003 242.23+£31.5 1918.35+106.85
NAD" 0.04+0.005 0.027+0.004 269.27+40.46 6089.23+721.3
Y203F UDP-glc 0.64+0.09 0.08+0.015 759.23+143.29 1173.43+49.03
NAD" 0.1+0.013 0.04+0.002 380.96+17.52 3860.5+632.99
Y252F UDP-glc ND ND ND ND
NAD" ND ND ND ND
Y302F UDP-glc 0.47+0.07 0.08+0.012 747.69+121.09 1593.93+121.19
NAD" 0.07£0.005 0.007+0.008 662.67+£83.35 9891.45+1201.14
Y380F UDP-glc ND ND ND ND
NAD" 0.28%0.09 0.05%0.007 447.67+73.26 1719.21+710.3

®keatWas calculated from the equation.y= k.t - [E0], where Eo is the molar concentration of Ugd. The results are the average of three

independent experiments.
PND indicates ot detected.
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Strictly conserved residues
Hi ghly conserved residues
E Resi dues that are not identical

Fig. 1. Sequence comparison of Ugd from different bacteria. Multiple sequence
alignment of Ugd from K. pneumoniae, E. coli K-12, P. aeruginosa PA2022,

P. aeruginosa PA 3559, and B. subtilis 168 is shown. The thin arrows point to the position
of the mutated tyrosine residues. Among them, the eight tyrosine residues (Y53F, Y 71F,
Y 76F, Y 85F, Y 203F, Y 252F, Y 302F and Y 380F) were mutated in this study. The
asterisks indicate the position of the Rossmann fold, which contains a consensus
sequence GXGXXG (Rossmann, 1981). The arrowhead-indicates the catal ytic Cys253,
with aflanking sequence of GGXCXXXD and the rhombus points to aresidue that
determines the substrate specificity of the enzymes (Campbell et al., 2000). Residues
identical in at least three of the comparison sequences are highlighted. Secondary
structural elements are shown schematically with cylinders representing a-helices and thick

arrows representing p-strands.
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Fig.2. Expression and purification of the recombinant Ugd proteins.

Total proteins isolated from the recombing&ntoli carrying each of the
recombinant clones of pET-30b-Ugd or pET-30b-Wzc were subjected to
SDS-PAGE and visualized by staining with Coomassie Brilliant Blue.

Lane M: molecular weights standards. The molecular mass labeled in kDa
is shown on the left. Lanes 1; Ugd WT;.2 to 9 are Ugd mutant proteins,
Y53F, Y71F, Y76F, Y85F; Y203F, Y252F, Y302F, and Y380F respectively;
Lane 10, Wzc. (A) total-protein lysate; (B) supernatant, and (C) purified
Ugd.
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Fig.3. In vitro phosphorylation of Ugd. In vitro phosphorylation was
performed in the presence of exogenously adgilzc. The molecular
weight markers are indicated on left. The gels were stained with
Commassie Blue (left panel) and analyzed by (A) Western blot with
4G10 antibody: lanel HiKpWzc; 2,Ugd WT; 3, HisKpWzc and Ugd
WT; and (B) Pro-@ Diamond Phosphoprotein fluorescent dye : lanel
Ugd WT; 2, Hig-KpWzc; 3, His-KpWzc and Ugd WT.
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Fig. 4. In vivo phosphorylation of Ugd and the deried mutants. In

vivo phosphorylation was performed in the presence of endogenously
E.coli Wzc. (A) SDS-PAGE stained with Coomassie blue (B) Western
Blot with anti-phosphotyrosine (clone 4G10) antibody. Lanes 1 Ugd WT;
2 to 9 are Ugd mutant proteins, Y53F, Y71F, Y76F, Y85F, Y203F,
Y252F, Y302F, and Y380F, respectively; 10, bovine serum albumin
(BSA), phosphorylated protein, as positive control of staining. The

molecular weight markers are indicated on left.
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Fig. 6. Lineweaver—Burk plot of the wild type Ugd and its derivatives
at five different concentration of NAD". The double reciprocal plot of
the wild type Ugd and the derived mutants at five NADncentrations
are shown. The intercept on the ordinate is equalMgl/and the
intercept on the abscissa is equal t&;1/The data represent the

mean x SD of triplicate difference experiment. (A) Ugd WT, (B) Y53F,
(C) Y71F, (D) Y76F, (E) Y85F, (F) Y203F, (G) Y302F, (H) Y380F
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Fig. 7. Lineweaver—Burk plot of the wild type Ugd aul its derivatives
at five different concentration.of UDP-glc.The double reciprocal plot
of the wild type Ugd and-the derived mutants at five UDP-glc
concentrations are shown. The intercept on the ordinate is equdl,tQ 1/
and the intercept on the abscissa is equal :IThe data represent the
mean x SD of triplicate difference experiment. (A) Ugd WT, (B) Y53F,
(C) Y71F, (D) Y76F, (E) Y85F, (F)-Y203F, (G) Y302F
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Fig. 8. Circular dichroism spectra;of. the wild-type and mutant Ugd.
The CD spectra signals were collected from 195 ng6tnm in 10 mM

Tris—HCI at 25 °C and averaged over three scans.
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Fig. 9. Three-dimensional structure of the Ugd protei. (A) Structure

of S pyogenes Ugd. (B)The predicted structure fiir pneumoniae Ugd.

Eight tyrosine residues (including Y53, Y71, Y76, Y8203, Y252,

Y302 and Y380) are shown in red. The Ugd catalytic site residue, Cys253,
Is shown in magenta. N means the N terminus and C means the C
terminus of the polypeptide. UDP-glc binding site is colored yellow and
NAD" binding site is colored green (Campbell, 2000).
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Fig. 10. Construction of theugd-deletion mutant (A) and phenotype
analysis of the mutant (B and C)(A) Identification ofugd-deletion
mutant by PCR. Lanes: K, pneumoniae CG43-S3; lane 2: pHY034;
lane 3 K. pneumoniae CG43-S3Augd (B) Colony morphology of wild
type strain CG43-S3 and CG43/48d. Photographs were taken after
wild type strain CG43-S3 and CG43-/8R8)d grown on LB agar plate for
16 h at 37°C. (C) Overnight culture of wild type strain CG43-S3 (right)
and CG43-S8ugd (left) were subjected to sedimentation rate test with

4000 rpm (1,500 g) centrifugation for 3 min.
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Fig. 11. Expression of pET-30b-Ugd irk. coli and K. pneumoniae,

Total proteins isolated from the coli NovaBlue (DE3) and.

pneumoniae CG43 carrying each of the recombinant clones of
pPET-30b-Ugd were subjected to, SDS-PAGE and visualized by staining
with Coomassie Brilliant Blue. Lane M: molecular weights standards.
The molecular mass labeled in kDa is shown on the left. Lanes 1
pET-30b-Ugd irE. coli NovaBlue (DE3); 2, pET-30b iK. pneumoniae
CG43; and 3, pET-30b-Ugd K. pneumoniae CG43.
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Appendix 1. Schematic diagram presentation of the Ugd catalytic
reaction. (Campbeliet al., 2000)
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Appendix 2. Activation of the UDP-glucose dehydrogese activity of
Ugd by phosphorylation.(A) Hiss-KpUgd (49), Hiss-KpUgd previously
phosphorylated by HisYco6(Arg"*-Lys’*) (m), Hiss-KpUgd previously
phosphorylated by HisWzc(Set*-Ala’ (o), Hiss-KpUgd previously
treated with calf intestine alkaline phosphatase (ClAfP)4hi-Kai Li,
2005). (B)E. coli Ugd (o), Ugd previously phosphorylated by Wgg(m),
UgdY71F ©) and UgdY71F previously incubated with Wzg(e). As a
control, a reaction mixture without Ugd was used (*) (Laabai.,
2008).
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in nicked circular strands
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Appendix 3. Overview of the QuikChange site-directedhutagenesis

method assay(QuikChang® site-directed mutagenesis instruction

manual, Stratagene).
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Appendix 4.1n vitro phosphorylation. Autoradiography oin vitro
phosphorylation and dephosphorylatoin-assays separated on SDS-PAGE.
The lanes contained reaction mixtures andip] ATP with the following
proteins:(A) His-KpUgd (lane 1), HisGnd (lane 2), HisManC (lane 3),
His;-ManB (lane 4), HisYco6(Arg™'-Lys’*?) (lane 5),
Hiss-Yco6(Arg™'-Lys’*?) and His-KpUgd (lane 6),
Hiss-Yco6(Arg™'-Lys’*?), His;-KpUgd and HisYor5 (lane 7),
Hiss-Yco6(Arg™'- Lys®®) and His-Gnd (lane 8), HisYco6(Arg™'-

Lys®?), His;-Gnd and HigYor5 (lane 9), HisYco6(Arg®'-Lys’*?) and
Hiss-ManC (lane 10), HisYco6(Arg™'- Lys*?), His,-ManC and

Hiss-Yor5 (lane 11), HisYco6(Arg®'- Lys’®®) and Hig-ManB (lane 12),
Hise-Yco6(Arg®'-Lys’?), His;-ManB and His Yor5 (lane 13)(B)
His-Wzc(Set”-Ala’™) (lane 1), HisWzc(Set’-Ala’) and His-KpUgd
(lane 2), HigWzc(Set”-Ala’®) and His-Gnd (lane 3), HisWzc
(Sef*-Ala’) and Hig-ManC (lane 4), HisWzc(Set*"Ala’) and
His,-ManB (lane 5), HisWzc (Set”-Ala’™) and His-Yor5 (lane 6)
(Zhi-Kai Li, 2005).

70



— Hiss-KpUgd

e . Hiss-KpWzcE23

Hise-KpUgd
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Appendix 5.1n vitro phosphorylation of Hiss-KpUgd and GSTKpUgd
fragments. Autoradiography oin vitro phosphorylation assays separated
on SDS-PAGE. The lanes contained reaction mixturesyatif@] ATP

with the following proteins: lanel, GST and Hi§pWzcE23; 2,
Hiss-KpUgd and HigKpWzcE23; 3, GSTKpUgdl (Met to Lys”) and
Hiss-KpWzcE23; 4, GST-Kpgd2 (Hi® to Ala*®’) and Hig-KpWzcE23;

5, GSTKpUgd3 (GIu®®to GIy** and Hig-KpWzcE23; 6, GSTKpUgd4
(Val*®*to Asp®® and Hig-KpWzcE23 (Han-Sheng Chien, 2008).
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