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The aspartate transcarbamoylase (ATCase) was purified from Burkholderia
cepacia 25416. In the course of purification, three different ATCase activities appeared
namely dodecameric 550 kDa holoenzyme, and two trimeric ATCases of 140 kDa
(consists of 47 kDa PyrB subunits) and 120 kDa (consists of 40 kDa PyrB subunits) each.
The 120 kDa PyrB polypeptide arose by specific cleavage of the PyrB polypeptide
between Ser74 and Val75 creating an active polypeptide short by 74 amino acids. Both
the 40 and 47 kDa polypeptides produced active trimers. To compare the enzyme activity
of these trimers, an effector assay using nucleotides was performed. The 140 kDa trimer
showed inhibition while the 120 kDa polypeptide showed less inhibition. To verify the
composition of the pyrBC holoenzyme complex, B. cepacia dihydroorotase (DHOase,
subunit size of 45 kDa) was purified by the pMAL protein fusion and purification system
and holoenzyme reconstruction was performed using purified ATCase and DHOase. Both
the 140 kDa and the 120 kDa trimers could produce holoenzymes of 550 kDa and 510
kDa, respectively. The reconstructed ATCase holoenzyme from cleaved ATCase showed
better reconstruction compared to that from uncleaved ATCase in the conventional
ATCase activity gel assay. To characterize the relationship between pyrimidine pathway

and virulence factor production, motility tests and biofilm assays were conducted using



pyrC” mutant. Even though no significant difference in growth rates was observed, there
were significant differences between the wild type and mutant in the production of
biofilm and virulence factors.

This study will help us to understand the structure and regulation of ATCase
holoenzyme with DHOase, and facilitate the use of B. cepacia as an applicable bio-tool.

Additionally, we can potentially pursue more efficient drug targets for B. cepacia.
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CHAPTER 1
INTRODUCTION
What better microbial challenge to unite agricultural and
medical microbiologists than an organism that reduces an
onion to a macerated pulp, protects other crops from
bacterial and fungal disease, devastates the health and
social life of cystic fibrosis patients, and not only is
resistant to the most famous of antibiotics, penicillin, but

can use it as a nutrient!
J. R. W. Govan (Govan and Vandamme 1998)

Burkholderia cepacia was first described as the plant pathogen responsible for
onion soft rot known as slippery skin during harvest and provided an appropriate species
epithet (Latin: cepia = onion) by Burkholder in 1948 (Burkholder 1948).

Little was known about this organism until it emerged as an important
opportunistic human pathogen in the early 1980s especially for cystic fibrosis patients.
Cystic fibrosis (CF) is the most common genetic disease with approximately 1 in 2,500
Caucasians (carrier frequency of 1 in 25). The condition is characterized by defective ion
channels, resulting in multiorgan dysfunction, most notably affecting the respiratory tract.
The morbidity and mortality are greatly increased if the CF patient is infected with B.
cepacia because many develop what is known as cepacia syndrome, which is a fatal
necrotizing pneumonia. (Isles et al. 1984). The majority of CF is caused by Pseudomonas
aeruginosa (P. aeruginosa). Infection with B. cepacia often occurs in patients who are
already colonized with P. aeruginosa. In the United States, the median survival for CF

patients infected with B. cepacia is 15.6 years, compared with 27.8 years for those



infected with P. aeruginosa (FitzSimmons 1998). Treatment of such infections is
extremely difficult due to their high innate resistance to many antibiotics
(Mahenthiralingam et al. 2005). The pathogenicity of B. cepacia is not limited to CF.
Other groups, such as individuals with chronic granulomatous disease and
immunocompromised patients are vulnerable and it has caused disease in healthy
individuals.

Meanwhile, the organism has been developed as a biopesticide, and has seen
potential as a bioremediation agent for breaking down recalcitrant herbicides and
pesticides. Originally B. cepacia was known as a plant pathogen, but many Burkholderia
species produce antimicrobial compounds which eliminate many soil-borne pathogens so
it can protect plants from disease, particularly against fungal diseases (Holmes et al.
1998). Fungal pathogens such as Fusarium, Pythium, Rhizoctonia, Cylindrocarpum, and
Botrytis, are known to cause widespread harm to the forestry industry. Those pathogenic
fungi damage seedling grown in nurseries and stunt the growth of transplanted seedlings.
A specific strain of B. cepacia has been developed as a successful seed and root
inoculants that can inhibit these fungi on a variety of conifers (Reddy 1997). Other
Burkholderia strains have been shown to be plant growth-promoting rhizobacteria
(Thompson et al. 1997) and also nitrogen fixation is a common property in the genus
Burkholderia (el-Banna and Winkelmann 1998). Recently, there is evidence suggesting
that the members of Burkholderia genus are an ancient nitrogen-fixing symbiont of
mimosa legumes adapted to acidic infertile soils (Bontemps et al. 2010).

In addition to all these features, Burkholderia species are capable of using over



200 organic compounds as carbon and energy sources (Fiore et al. 2001). This
extraordinary nutritional versatility has led to the use of Burkholderia strains for
biodegradation of environmental pollutants (Estrada-De Los Santos et al. 2001) as well as
allowed their adaptation to a wide range of environments. Certain species of
Burkholderia have already proved to be very efficient in biocontrol, bioremediation, and
plant growth promotion. For example, B. xenovorans strain LB400 is one of the most
highly effective polychlorinated biphenyl (PCB) degraders known (Chain et al. 2006). A
summary of Burkholderia strains capable of degrading recalcitrant xenobiotics is
available at the Biodegradative Strain Database (Table 1).

Although B. cepacia has an important environmental role in the agriculture and
biotechnology industries, the use of Burkholderia strains in commercial applications has
been strictly limited by the US Environmental Protection Agency as Burkholderia species
have also emerged as opportunistic pathogens of humans, particularly in patients with
CF (Parke and Gurian-Sherman 2001; Vandamme et al. 2007; Mahenthiralingam et al.
2008) or chronic granulomatous disease, as well. The selection of strains "safe" for
environmental application is not presently possible phenotypically or genotypically.

Even “safe” strains could quickly develop into human pathogens due to their
exceptional capacity of mutability. Therefore, their use represents a potential clinical risk
to susceptible members of the community (Holmes et al. 1998). The microbiologists have
described B. cepacia as ~Burkholderia cepacia-Friend or Foe? " (Vidaver et al., ASM
News, September 1999, p. 587) and " Killing fields--a Bacterial Pesticide May Threaten

Human Life" Day, New Scientist, 23 May 1998, p. 5).



Table 1 The Burkholderia strains capable of degrading recalcitrant xenobiotics

Strain Genus and species Substrates
8 Burkholderia cepacia benzoate; 4-fluorobenzoate; 4-hydroxvbenzoate
AC1100 2.3.4 6-tetrachlorophenol; 2 4.5-
Burkholderia cepacia
trichlorophencxvacetate; pentachlorophenocl (PCP)
G4 benzene meta-cresal; ortho-cresol; para-cresol;
Burkholderia cepacia
phenol; toluene; trichloroethylene (TCE)
K72 Burkholderia cepacia 2-chlorobenzoate
MB2 Burkholderia cepacia 2-methvlbenzoate; 3-chloro-2-methvlbenzoate
LB400 Burkholderia fungorum biphenyl; polychlorinated biphenyls (PCBs)
KP23 Burkholderia kururiensis trichloroethyvlene (TCE)
712 Burkholderiasp. 2.4-dichlorophenoxyacetate (2,4-D)
4-chlorobenzoate; 2-nitrobenzoate; 3-
CBS3 nitrobenzoate;
Burkholderiasp. 4-nitrobenzoate; 3-nitrochlorobenzene; 2-
nitrophenol;

3-nitrophenol; 4-nitrophenol; 2 4 6-rinitrotoluene
EML154% | Burkholderiasp. 2 4-dichlorophenoxyacetate (2,.4-D)

benzene; benzoate: 1,2-dichlorobenzene; 1.4-
dichlorobenzene; 2,5-dichlorophenol; 2-

J5150 chlorophenal; 3-chlorophenol; meta-cresal; ortho-
Burkholderiasp. .
cresol; ethyvlbenzene; naphthalene; nitrobenzene; 2-
nitrotoluene; 3-nitrotoluene; 4-nitrotoluene;

phenol; salicvlate; toluene; richloroethylene (TCE)

RASC Burkholderiasp. 2 4-dichlorophenoxyvacetate (2,4-D)
RPOOT Burkholderiasp. benzoate; naphthalene; phenanthrene
TFD2 Burkholderiasp. 2 4-dichlorophenoxyacetate (2,.4-D)
TFD3% Burkholderiasp. 2 4-dichlorophenoxyacetate (2,4-D)
TFD6 Burkholderiasp. 2, 4-dichlorophenoxyacetate (2.4-D)

(Biodegradative Strain Database)



Members of genus Burkholderia, belong to the B subdivision of the
proteobacteria, were initially classified in the genus Pseudomonas (previously
Pseudomonas cepacia, P multivorans, P. kingii), but have been reassigned to the newly
created genus Burkholderia (Yabuuchi et al. 1992) on the basis of rRNA sequence
analysis. Several reports have shown that B. cepacia is biologically quite distinct from P.
aeruginosa. This is also supported by the present study, amino acid alignment of the B.
cepacia PyrC sequence with other species of Pseudomonas has about 60% amino acid
identity (Figure 1).

The general characteristics of B. cepacia include the following: Gram-negative
rod, non-spore-forming, aerobe with a respiratory metabolism and catalase- positive and
oxidase-positive; various nonfluorescent pigments may be produced and the optimal
temperature for growth is 30- 35°C (Figure 2). Advances in molecular taxonomic
analysis including whole-cell protein profiles, DNA-rRNA hybridization, DNA-DNA
hybridization, fatty-acid analyses establish that the genus Burkholderia consists of
several genomovars, which refers to a group of strains that is phenotypically similar but
genotypically different (Coenye et al. 2001). The recent study has extended the complex
to approximately 40 species, which comprises at least 17 distinct species (Vanlaere et al.
2008; Vanlaere et al. 2009). The bacterial strain used in this study is B. cepacia ATCC
25416, isolated in the 1940s by the American microbiologist Francis Burkholder from a
decayed onion. Originally B. cepacia was considered a plant pathogen, but later it was
also found in the sputum of a CF patient in the UK (Govan 2000). The genome of B.

cepacia ATCC 25416, which belongs to genomovar |, is 8.1 Mb in length and is known



to have four circular replicons. (Rodley et al. 1995). Its genomic sequence has not been
released so far. Most of the genomovars of the B. cepacia complex have been assigned a
binomial species name and their genomic sequence is still very limited (Table 2). These
bacteria are called the *“Burkholderia cepacia complex” (Bcc) (Vandamme and
Mahenthiralingam 2003; Huber et al. 2004; Baldwin et al. 2005). These organisms have
been isolated from a wide range of ecological niches where they can have a range of
beneficial properties. Strains from each of these species have been isolated from soil,
water (including marine water), plants (particularly rhizosphere) (Payne et al. 2006),
insects, fungi, and industrial settings (Coenye and Vandamme 2003; Mahenthiralingam
and Vandamme 2005; Mahenthiralingam et al. 2008). Also, all species of B. cepacia
complex have been isolated from patients with CF (Baldwin et al. 2007) and currently no
prediction of the pathogenic potential of strains on the basis of its phylogenetic status is
possible. This is obviously an area of interest between medicine and agriculture.

The ecological versatility of Burkholderia and capacity to propagate as
environmental microbes and as opportunistic pathogens may be due to their unusually
large genomes (twice that of E. coli). Many species contain one to five megaplasmids,
and all species have circular chromosomes. The genome of B. cepacia consists of two to
four chromosomes with an overall genome size of 5-9 Mb, which is rich in insertion
sequences (Lessie et al. 1996; Wigley and Burton 2000). The genome comprises
multiple replicons, allows unusual adaptability and easily facilitates the horizontal
transfer of virulence genes from other pathogenic bacteria and, perhaps, the evolution of

more virulent human pathogens (Govan et al. 1996). The evolution of multiple



chromosomes can be explained by three different mechnisms: by the split of a single
chromosome, by chromosome duplication, or by acquisition of a large plasmid with
essential genes. One replicon is typically larger, contains more essential genes than the
others, and is considered the primary chromosome (Couturier and Rocha 2006).

A recent bioinformatics study suggested that the genes located on the secondary
chromosomes exhibit a weaker codon usage bias than those located on the primary
chromosome, being subject to a faster evolutionary rate (Cooper et al. 2010). The recent
reports explained that the versatility of B. cepacia is reflected in the species’ genome. For
example, there are wide arrays of genomic islands variably represented across different B.
cepacia strains that give each strain different characteristics.

These genomic islands were acquired via horizontal gene transfer from other soil
saprophytes, consistent with a life in diverse environments outside of a host (Sim et al.
2008; Tuanyok et al. 2008; Tumapa et al. 2008), demonstrating that the genomes are
adapted to different environmental conditions.

A few other bacterial species of agricultural and medical importance also have multiple
chromosomes: Brucella melitensis, B. abortus, B. suis, B. bovis, Sinorhizobium meliloti,
Rhodobacter sphaeroides, and Agrobacterium tumefaciens (Allardet-Servent et al. 1993;
Michaux et al. 1993). Studying these organisms may give insight into the origin of
multiple chromosomes in higher organism.

The specific virulence determinants utilized by B. cepacia during the course of
infection are poorly understood compared to P. aeruginosa. One of the major problems

associated with Bcc infection is their intrinsic resistance to most of the clinically
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Fig. 2 Scanned electron micrograph of B. cepacia 25416. Image was

taken by X10,000 total magnification.



Table 2 Burkholderia cepacia complex species and strains with their

genome sequences completed.

Bce Species

Strains sequenced

B. cepacia

B. ambifaria

AMMD, MC40-6, MEX-5, I0P40-10

_multivorans

ATCC17616

J2315, MCO-3, ATU1054, HI2424

B
B. cenocepacia
B

lata

383

ATCC 23344 NCTC 10229, NCTC 10247,

B. mallei
SAVP1
B phymatum STMSB15
B. pseudomallei 1106a, 1710b, 668, K96243
B. viemamiensis G4
B dolosa
B. glumae BGRI1
B. plantarii
B. mana
B unamae
B oklahomensis
B. phytofirmans PsIN
B. tuberum
B. ubonensis
B. xenovorans LBE400
B. graminis
B. thailandensis E264, ATCC 700388

Burkholderia sp.

Burkholderia UFLA 4-3-1

(http://www.burkholderia.com/viewAllGenomes.do)
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available antimicrobials, including aminoglycosides, quinolones, and [-lactams
(Chernish and Aaron 2003). In this study, the construction of pyrC knockout mutants in
B. cepacia 25416 is hampered by unavailable genome information and the inherent
resistance of this strain to the most antibiotics used for genetic selection. The multidrug
resistance of B. cepacia results from several mechanisms which including various efflux
pumps, changes the permeability of the membrane to the antibiotics and formation of
biofilms (George et al. 2009). Biofilms are microbial communities that exist on abiotic
or biotic surfaces. The severity of B. cepacia infection is due in part to its formation of
biofilms, which have greater resistance to antibiotics than do planktonic cells (Djordjevic
et al. 2002).

The first steps in the infection by B. cepacia are penetration of the mucosal
blanket and subsequent adherence to the epithelial cell surface (Figure 3). The initiation
of a biofilm is dependent upon the organism's pili and flagella used for attachment as well
as through lateral movement which enlarges the colony. Twitching motility by Type IV
pili enables the organism to move on solid surfaces. Pili are surface appendages that
enhance bacterial adhesion to epithelial surface and to mucin (Sajjan and Forstner 1992).
B. cepacia and P. aeruginosa often co-exist as mixed biofilms in the lungs of patients
suffering from CF. Researchers have shown that infection with P. aeruginosa enhances
the subsequent adhesion by B. cepacia in the lung of patients with CF (Saiman et al.
1990) .

B. cepacia is a motile bacterium ranging from 1.6- 3.2 um, and its motility is

mediated by polar flagella (Hayashi et al. 2000). Motility has been shown to play an
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important role in the invasiveness of a number of bacterial pathogens. Mutations in
genes encoding flagella have been shown to attenuate the virulence of several human
pathogens, including P. aeruginosa and Helicobacter pylori (Eaton et al. 1992; Feldman
et al. 1998). There is strong evidence that flagellum-mediated motility is a contributing
factor in the ability of B. cepacia to invade respiratory epithelial cells (Tomich et al.
2002) . Thus, motility may be an important virulence determinant of B. cepacia for
function in adhesion, the production of biofilms, and in the production of an
inflammatory response in an infected host, overall enhancing the pathogenicity of the
organism in the human host.

The beginning stages of infection have also been linked to the scavenging of iron.
Iron is one of the most important nutrients for bacteria. However, oxygen and neutral pH
oxidize Fe ?* to Fe **, which is not available to bacteria. Infection of the lung presents
challenges to colonizing bacteria, not only due to the presence of alveolar macrophages,
but also because this organ presents an iron restricted environment (Wang et al. 1996).

Therefore, the successful establishment of a niche within the lung requires an
efficient means of iron capture. Bacteria have developed ways to scavenge iron with high
affinity by producing siderophores, which are low-molecule-weight chelating molecules
that sequester iron from other iron-containing molecules present in the surroundings.
Members of the B. cepacia complex produce up to four different siderophores. B.
cepacia 25416 is known to produce salicylic acid, pyochelin, ornibactin, and cepabactin.

Salicylic acid, or 2-hydroxybenzoic acid, serves as a precursor for the production

of a variety of siderophores. It has iron-binding properties and appears to be able to
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compete with transferring of iron and promote iron uptake as well as growth of many
bacteria in iron-limiting conditions. Salicylic acid was previously reported to be
produced by 88% of B. cepacia respiratory isolates from CF patients (Sokol et al. 1992;
Visca et al. 1993).

Pyochelin is derived from the condensation of salicylic acid with two molecules
of cysteine, which requires the presence of non-ribosomal peptide synthetases (NRPS)
PchE and PchF. In a previous study of 43 B. cepacia isolates from CF patients from
Toronto and Cleveland, 49% were found to produce pyochelin.  The majority of
pyochelin-positive strains were isolated from patients with severe pulmonary disease,
with more than half of infections resulting in death (Sokol 1986).

Ornibactin appears to be the only siderophore produced by the Burkholderia and
not made by fluorescent pseudomonads such as P. aeruginosa and cannot be utilized by
them. (Meyer et al. 1995). It is a linear tetrapeptide derivative that chelates iron by
providing three bidentate metal chelation groups (Stephan et al. 1993). It also appears to
be the most prevalent siderophore among the Burkholderia, and is produced by a high
proportion of clinical isolates. (Darling et al. 1998).

Cepabactin, 1-hydroxy-5-methoxy-6-methyl-2(1H)-pyridinone, is a cyclic
hydroxamate. It was shown to have all the characteristics of a siderophore: biosynthesis
of cepabactin occurred only under iron starvation conditions. There are no reports
describing the production of cepabactin in clinical isolates of B. cepacia (Meyer et al.
1989).

Knockout of iron acquisition mechanisms has also been shown to attenuate the
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virulence of many bacteria (Lawlor et al. 2007). Darling et al. reported that ornibactins
and salicylic acid are the predominant siderophores produced by CF isolates and that
pyochelin may also be an important siderophore for B. cepacia. Analysis of siderophores
in B. cepacia and their effects to the cystic fibrosis should be performed in conjunction
with a molecular typing method such as RAPD analysis with representative groups of
strains prior to forming conclusions regarding their significance in particular patient
populations (Darling et al. 1998).

The next step in pathogenesis is the invasion of lung epithelial cell and also
translocation across the epithelium to the serosal side. Virulence factors that enhance its
pathogenicity in epithelial cells include lipase, metalloproteases, and serine proteases.
Lipases catalyze the hydrolysis and synthesis of esters of glycerol with long-chain fatty
acids and play a role in the invasion of lung epithelial cells. Interestingly, lipase is now
considered a candidate for biodiesel fuel production. Noureddini et al. (2005) used the
transesterification of soybean oil with methanol, ethanol, and lipases from different
microorganisms to determine which microorganism would yield the highest amount of
alkyl esters which is another name for the molecules that are commonly referred to as
biodiesel. They determined that the lipase from B. cepacia resulted in the highest yield
of alkyl esters (Noureddini et al. 2005).

Metalloproteases also play an important role in the virulence of B. cepacia in lung
tissue. ZmpA, a zinc metalloprotease, is one of the protease produced by B. cepacia
25416. The mature ZmpA is proteolytically active to type IV collagen, fibronectin,

neutrophil alpha-1 protease inhibitor, alpha 2-macroglobulin, and gamma interferon
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(Kool et al. 2005).

Serine proteases have been shown to be a key factor in the intracellular invasion
of lung tissue and also shown to be responsible for the ability of B. cepacia to utilize the
ferritin as an iron source (Whitby et al. 2006). Ferritin concentrations are particularly
high in the lungs of CF patients as compared to the non-CF lungs. Ferritin has not been
shown to be an iron source for any other pathogenic bacteria thus far, which gives a
significant advantage for B. cepacia (Whitby et al. 2006; McClean and Callaghan 2009).

In addition to the processes of attachment and invasion, Bcc produces a range of
virulence factors that enhance its pathogenicity in epithelial cells (Table 3). In most cases,
synthesis of these factors is controlled by a quorum-sensing (QS) system. A QS system is
a mechanism for regulating gene expression that allows bacteria to monitor their own
population density. The QS system in the members of the B. cepacia complex is very
well conserved and has been involved in the regulation of expression of extracellular
proteins and siderophores and also with the regulation of motility, biofilm formation,
plasmid transfer and antibiotic resistance (Huber et al. 2001; Conway et al. 2002; Aguilar
et al. 2003). In such a system, it involves the production of autoinducer signaling
molecules, which are normally N-acyl homoserine lactones (AHLs) in Gram-negative
bacteria, and a transcriptional regulator. As mentioned above, all species in Bcc have
been recovered from CF patients (Mahenthiralingam et al. 2002) which means all
members of the B. cepacia complex may share pathogenic potential. But the most
prevalent ones are B. cenocepacia and B. multivorans. B. cenocepacia H111, which was

isolated from a CF patient, employs a QS system, encoded by cep genes, to control the
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Table 3 Potential virulence determinants of B. cepacia complex

Class

Factors

Extracellular enzymes

DProteases

Lipases

Chitinases
Collagenase
Polwvgalacturonase

Phospholipase C

Siderophores

Salicylic acid
Pvochelin
Omibactin
Malleobactin
Cepabactin
Cepaciachelin

Toxins

Toxoflavin
Tropolone
Rhizobitoxine
Fhizoxin
Bongkrek acid
Fhizonin

Antifungal and other
antimicrobials

Dyrrolnitrin
Xvlocandin complex
Quinoline Derivatives
Glidobactins

CFe61
2-Hvdroxvmethvl-chroman-4-one
Altericidins

Cepacins Aand B
Cepaciamides A and B
Hvdrogen Cyanide
Phenazines

Volatile Compounds
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expression of virulence factors as well as the formation of biofilms (Huber et al. 2001).
It has also been shown that ornibactin biosynthesis is influenced by QS. Mutations in the
cepR or cepl genes, encoding a LuxR/Luxl| type quorum sensing regulatory system, result
in an approximately 65% increase in ornibactin biosynthesis in B. cenocepacia, but exert
no effect on salicylate or pyochelin production (Lewenza et al. 1999; Lewenza and Sokol
2001; Malott et al. 2005).

The pathogenicity of these bacteria is believed to be involved a number of potential
or contributing virulence factors. In order to identify a potential drug target, a gene of
interest or gene product must be essential for survival of the pathogen while presenting
little or no conservation in humans and it should be conserved in the various strains of the
pathogen (Sousa et al. 2010). In this aspect, the pyrimidine biosynthetic pathway is ideal
for the potential therapeutic targets. This pathway is not only the essential and conserved
for almost all organisms, but also has significant differences between prokaryotes and

eukaryotes.

The Pyrimidine Biosynthetic Pathway
Nucleotides participate in nearly all biological processes. Purines and
pyrimidines are the activated precursors of nucleic acids. They can be universal energy
sources and are involved in signal transduction pathways. A sufficient supply of
nucleotides is vital for most life. Previous study has shown that pathogens require
nucleotide biosynthesis to establish a successful infection (McFarland and Stocker 1987).

Biosynthesis of pyrimidines is critical for the growth of bacteria in human serum (Samant
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et al. 2008). Thus, nucleotide biosynthetic pathways are extremely important as
interference points for therapeutic agents.

The pyrimidine nucleotide biosynthetic pathway provides the building blocks
namely UTP and CTP for ribonucleic acid (RNA), and dCTP and dTTP for
deoxyribonucleic acid (DNA). This pathway falls into two classes; de novo pathways

and salvage pathways.

De novo Synthesis of UTP and CTP

In de novo pathways, the nucleotide bases are assembled from simpler
compounds and a free base is converted to a nucleotide, UMP (Figure 4). The end
product of this pathway, UMP (uridine- 5’-monophosphate), is synthesized in six steps
catalyzed by conserved enzymes in all three domains of life even though structure and the
regulation of the enzymes differ from one to
another. UMP is the precursor for all the pyrimidine nucleotides. UTP is formed by
phosphorylation of UMP, and CTP is synthesized by the amination of UTP. This pathway
has been most extensively studied in E. coli and Salmonella typhimurium (O'Donovan
and Neuhard 1970; Grogan and Gunsalus 1993), and is the same as found in P.
aeruginosa. This pathway is a series of nine reactions, which lead to the formation of
uridine-5-triphosphate (UTP) and cytidine-5-triphosphate (CTP).

Carbamoylphosphate synthetase (CPSase, EC 6.3.5.5.), encoded by carAB operon,
is an allosteric enzyme that catalyzes the synthesis of carbamoylphosphate from bicar-
bonate and glutamine at the expense of two molecules of ATP (Anderson and Meister

1965).
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Aspartate carbamoyltransferase (ATCase, EC 2.1.3.2), encoded by pyrBl in E.
coli ,catalyzes the first unique step of pyrimidine biosynthesis whereby the condensation
of carbamoyl phosphate and L-aspartate forms N-carbamoyl-L-aspartate and releases
inorganic phosphate (Pi) (Pardee and Yates 1956; Gerhart and Pardee 1962).

Dihydroorotase (DHOase, EC 3.5.2.3.), encoded by pyrC, catalyzes the
cyclization of N-carbamoyl-L-aspartate (CAA), the product of the ATCase reaction, to L-
dihydroorotate (DHO) (Washabaugh and Collins 1986). The reaction is readily
reversible and pH-dependent (Christopherson and Jones 1979); (Porter et al. 2004). The
biosynthetic direction (cyclization of L-CA-asp to L-DHO) is favored at lower pH, while
the degradative rate (L-DHO to L-CA-asp) is maximal at alkaline pH. DHOase is a
metallo-enzyme and has been reported to contain one tightly bound essential zinc ion per
subunit in addition to two weakly bound structural zinc ions per subunit which are not
essential for activity. Comparison of the amino acid sequences of DHOase from various
species reveals that two conserved histidine-containing regions are likely to be involved
in active-site zinc binding.

Dihydroorotate dehydrogenase (DHOdehase, EC 1.3.3.1), encoded by pyrD, is
the only membrane bound enzyme in this pathway. This enzyme catalyzes the redox
reaction in de novo UMP biosynthesis in which dihydroorotate is oxidized to orotate
(Karibian and Couchoud 1974; Larsen and Jensen 1985).

Orotate phosphoribosyl transferase (OPRTase, EC 2.2.4.10), encoded by pyrE,
produces the first nucleotide, orotidine-5’-monphosphate (OMP) (Lieberman and

Kornberg 1954). OMP and PP; are produced from orotate and PRPP in a Mg?* -
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dependent reaction.

OMP decarboxylase (OMPdecase, EC 4.1.1.23), encoded by pyrF, catalyzes the
final reaction of de novo pyrimidine nucleotide biosynthesis (Scapin et al. 1993). OMP is
decarboxylated to yield UMP, the precursor compound for all other pyrimidine
nucleotides.

Uridine monophosphate kinase (UMP kinase, EC 2.7.4.4), encoded by pyrH,
catalyzes the next step in pyrimidine synthesis which is the phosphorylation of UMP to
UDP.

Nucleoside diphosphate kinase (NDK, EC2.7.4.6) catalyzes the phosphorylation
of UDP to UTP using ATP (Ginther and Ingraham 1974).

Cytidine triphosphate synthetase (CTP synthetase, EC 6.3.4.2) is encoded by pyrG.
In the last step in pyrimidine ribonucleotide biosynthesis, CTP synthetase catalyzes the
formation of CTP from UTP, ATP, and glutamine (Long and Koshland 1978; Anderson
1983). This step is also stimulated by GTP (Levitzki and Koshland 1972).

To provide the cells with a balanced supply of rNTPs and dNTPs for RNA and
DNA synthesis, the pathway is regulated at the transcriptional or translational level. In E.
coli, the pathway is regulated through allosteric enzymes at five strategic points:

() In the first reaction of the pathway, CPSase is feedback-regulated in
accordance with its metabolic role. If the supply of carbamoylphosphate becomes
limiting for arginine synthesis, ornithine and inosine-5’-monophosphate (IMP)
accumulates and antagonize the inhibition by UMP. In the presence of excess arginine,

ornithine is not produced, and the enzyme is controlled solely by UMP. The
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physiological importance of this control is illustrated by the observation that mutations
rendering CPSase hypersensitive to inhibition by UMP induce a uracil-sensitivity
phenotype.

(if) ATCase catalyzes the second step, but is the first committed step of the
pathway. It is inhibited by CTP (Gerhart and Pardee 1962; Gerhart and Pardee 1964) and
activated by ATP (Wild et al. 1981). It is also regulated by UMP, which inhibits enzyme activity
by increasing its apparent K, for the carbamoyl phosphate substrate.

(i) UMP kinase is one of the regulation points in the pyrimidine pathway and is
allosterically regulated by the positive regulator GTP and a negative regulator UTP
(O'Donovan and Gerhart 1972; Serino and Maliga 1997).

(iv) CTP synthetase, encoded by pyrG, catalyzes the amination of UTP to CTP,
and is inhibited by CTP and activated by UTP (Long and Pardee 1967; Long and
Koshland 1978).

(v) The conversion of dCTP to dTTP.

In addition, the pathway is controlled at the enzyme synthesis level by attenuation
(Hoover et al. 1983; Turnbough et al. 1983). The genes pyrBl and pyrE that encode
ATCase and OPRTase, respectively, have upstream leader sequences that allow
attenuation control (Navre and Schachman 1983).

In Pseudomonas, the regulation is brought about by purine and pyrimidine
nucleotide effectors (Chu and West 1990). CPSase enzyme activity is inhibited by UMP
and activated by ornithine and N-acetylornithine (Abdelal et al. 1983). The P.

aeruginosa ATCase, encoded by pyrBC’, is inhibited by ATP and UTP. CTP was also an
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inhibitor but not to the same extent as ATP and UTP (Isaac and Holloway 1968; Condon
et al. 1976; Schurr et al. 1995). A regulatory protein PyrR was identified that regulates
the expression of downstream pyrimidine biosynthetic genes pyrD, pyrE, and pyrF and

the expression of the pyrR gene (Patel 2000). The ATCase of P. putida was reported to

be inhibited by pyrophosphate, ATP, UTP and CTP (Condon et al. 1976).

The Salvage Pathway

Pyrimidine bases or nucleosides, released by the degradation of mRNA, can be
salvaged and recycled in the salvage pathway. This pathway economizes intracellular
energy expenses. In prototrophs, scavenged bases and nucleosides are restored to the
nucleotide level such as UMP, CTP, or ATP. These nucleotides increase feedback
inhibition at the committed steps in the biosynthetic pathway while decreasing expression
of the pyr genes. Thus, the salvage pathways share the RNA synthesis with the de novo
pathway while providing all the necessary pyrimidine requirements to pyrimidine
auxotrophs (O'Donovan and Shanley 1999).

The other importance of the salvage pathway is making the pentose portions of
nucleosides as well as the free amino group of cytosine available for carbon, energy and
nitrogen sources of bacteria. Accumulation of breakdown products of mMRNA can be
toxic to the cell and therefore are removed very quickly (Womack and O'Donovan 1978).
The salvage pathway has been studied in more than 40 different wild type bacteria and
their mutants (Beck 1995). Figure 5 and Figure 6 shows the pyrimidine salvage pathways

of P. aeruginosa and B. cepacia which varies from organism to organism. Whereas the
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biosynthetic pathway of pyrimidine ribonucleotides is virtually the same for all
organisms, the salvage pathway differs among some species making it valuable as a
potential taxonomic marker. While the biosynthetic pathway is present in all but a few
bacteria that are obligate intracellular parasites (Zientz et al. 2004), some aspect of the
salvage pathway is present in every bacterium so far studied(Turnbough and Switzer

2008).

Classification of Bacterial Aspartate Transcarbamoylase

In bacteria, the pyrimidine biosynthetic pathway is primarily regulated at the
ATCase reaction. ATCase has been intensively studied over the last 40 years as a model
of allosteric enzyme (Herve 1981; Lipscomb 1994). The molecular mass and Kinetic
properties of bacterial ATCases have been used categorize ATCase into three classes that
follow phylogenetic lines (Bethell and Jones 1969).

All ATCases are composed of a basic subunit - the product of gene pyrB - which
assembles in catalytic homotrimers. The PyrB polypeptide itself is composed of two
structural domains which respectively bind the substrates carbamoylphosphate (N-half)
and aspartate (C- half). Prokaryotic ATCases correspond to different classes of
quaternary structures according to the mode of association of the catalytic PyrB subunit
with other polypeptides: either the Pyrl regulatory subunit (class B) or a dihydroorotase
(class A), which may be active (PyrC, subclass Al) or inactive (PyrC', subclass A2).
Class C is made uniquely of trimers of PyrB (Table 4).

The best studied ATCase is that of E. coli and its properties have been reviewed extensively
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Table 4 Classes of bacterial ATCases.

Classes Class Al Class A2 Class B Class C
Structure
Subunit PyrB catalytic | PyrB catalytic | PyrB catalytic | PyrB
Structure 34 kDa 34 kDa 34 kDa catalytic
34 kDa
PyrC active 45 | PyrC’inactive | Pyrl active as
kDa 45 kDa regulatory trimer
O 17 kDa No
. holoenzyme
Organism Streptomyces Pseudomonas | E. coli Bacillus
griseus putida | Salmonella subtilis
S.coelicolor P. aeruginosa typhimurium | B caldolydicus
Mycobacterium | Burkholderia Neisseria
smegmatis cepacia meningitidis | Streptococcus
Thermus Pyrococcus pyvogenes
aguaticus abyssi
Size of 450 kDa 480 kDa 310 kDa No
Holoenzyme holoenzyme
Trimer only
100 kDa
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(Herve 1981) (Lipscomb 1994). ATCase of E. coli is classified as a class B ATCase. This
enzyme consists of two trimers of pyrB encoded catalytic polypeptides (34 kDa each) united by
three dimers of pyrl-encoded regulatory polypeptides (17 kDa each) containing the binding sites
for the nucleotide effectors. The ATCase of E. coli is activated by ATP and inhibited by CTP and
UTP (Wild et al. 1989). The dodecameric holoenzyme has a 2(c3): 3(r2) quaternary structure
with a molecular mass of about 300 kDa, and exhibits sigmoidal substrate saturation kinetics for
both aspartate (Gerhart and Pardee 1962) and carbamoylphosphate (Bethell and Jones 1969).

Class C ATCases are the smallest in size and contains catalytic trimers (34 kDa each)
only (c3) (Brabson and Switzer 1975). This 100 kDa enzyme is not regulated by
allosteric effectors and exhibit typical Michaelis-Menten Kinetics for both substrates. A
representative within this class of ATCases is the Bacillus subtilis enzyme, but several
Gram negative bacteria also contain this size enzyme (Linscott 1996).

The largest ATCases are those that belong to Class A and have been most studied
in the genus Pseudomonas. The ATCase of P. fluorescens (Bergh and Evans 1993), P.
putida (Condon et al. 1976; Schurr et al. 1995), P. aeruginosa (Vickrey et al. 2002), P.
syringe (Shepherdson and McPhail 1993) have all been extensively studied. ATCases in
this class have a molecular mass ranging from 450 to 500 kDa, exhibit hyperbolic
substrate saturation curves, and are inhibited by the nucleotide effectors ATP, CTP, and
UTP. Purified P. fluorescens ATCase exists as a trimer with a 34 kDa catalytic chain in
association with a 45 kDa polypeptide, which is arranged in a dodecamer. Both the active
site for ATCase and the nucleotide effector binding sites were found to be located on the
34 kDa chain encoded by pyrB (Bergh and Evans 1993).

The 45 kDa chain, encoded by pyrC’ produces an inactive DHOase-like
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polypeptide. This inactive pyrC has been designated pyrC’ because it has significant
sequence homology to DHOase from other organisms, but has no DHOase activity. In P.
putida and P. aeruginosa, pyrB overlaps a pyrC’ gene encoding a nonfunctional DHOase,
which is required for the assembly of the functional dodecameric ATCase (Schurr et al.
1995). Therefore, Pseudomonas ATCases are active only as dodecameric holoenzyme
comprised of six pyrB-encoded polypeptides associated with six pyrC’-encoded
polypeptide chains which give 480 kDa molecular mass. This holoenzyme does not have
DHOase activity, but must be present for the holoenzyme to be active.

In the case of the ATCase of Streptomyces griseus, hyperbolic curves were
obtained for ATCase activity when velocity-substrate plots for aspartate and carbamoyl
phosphate were made. The ATCase enzyme was inhibited by ATP, CTP, UTP and GTP.
This is typical of Class A ATCase found in other organisms. This led Hughes et al. to
suggest a subtyping of the Class A ATCases (A; and A;) (Hughes et al. 1999).
Two other organisms, namely Deinococcus radiophilus and Thermus aquaticus also
show this ATCase/DHOase activity in their holoenzyme structure. Many more organisms

may also possess this unique complex.

Interaction between ATCases and DHOases
The evolution of the ATCase holoenzyme may have been influenced by the nature
of the DHOase interacting with the ATCase. DHOase may be active or inactive, can be
fused or overlapped to CPSase and ATCase activity, and affect the expression and

construction of functional holoenzyme structure.
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Eukaryotic ATCases are of different types. In lower eukaryotes the CPSase and
ATCase activities are fused in a single polypeptide chain containing an inactive DHOase.
In animals, pyrB- encoding ATCase is fused to the genes for CPSases and DHOase in a
multifunctional unit encoding the so-called CAD protein (Coleman et al. 1977; Davidson
et al. 1993). In plants, ATCase is similar to the prokaryotic class C except that the
enzyme is sensitive to allosteric effectors (Khan et al. 1999). In fungi, a CAD-like protein
occurs where the DHOase is not catalytically active, similar to prokaryotic subclass A2
(Souciet et al. 1989).

Whether a DHOase-like protein is catalytically active or not can be related to the
presence or absence of four catalytically critical histidine residues in its amino acid
sequence.

Holm and Sander (Holm and Sander 1997) proposed that DHOase belongs to a
superfamily of amidohydrolases that catalyze a diverse series of hydrolytic reactions.
Extensive phylogenetic analysis of the amino acid sequences of DHOase from 82
organisms reveals that the enzyme can be divided into two major groups (Fields et al.
1999).

Type | DHOases are the more ancient form of the enzyme with a subunit mass of
~ 45kDa and are found in all domains of life. They include the DHOase domain of
mammalian CAD and monofunctional DHOases found in Gram-positive bacteria,
including Bacillus, Lactobacillus and Streptococcus. Type Il DHOases are smaller (~
38 kDa compared with ~.45 kDa for the type 1 DHOases) monofunctional enzymes that

are found predominantly in Gram-negative bacteria (e.g. Escherichia coli) and considered
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a more recent evolutionary development. The two DHOase families share only 20 %
sequence identity.

Freund & Jarry (Freund and Jarry 1987) and Faure et al. (Faure et al. 1989)
suggested that the fused DHOases may have independently evolved as descendants of a
long spacer region separating the CPSase and ATCase domains in a common ancestral
gene. Low sequence homology between two DHOase families is different enough to
support convergent evolution.

However, there is the possibility that gene duplication is involved in the evolution
of DHOase. During evolution, there may have arisen a duplication of a monofunctional
DHOase gene, subsequently one copy may have been translocated and inserted into the
spacer region and reactivated at some point. This led to extinction of the monofunctional
DHOase. If this explanation is correct, all the DHOases are descendants of a common
ancestor and the sequence differences between the two families are due to their divergent
evolution (Simmer et al. 1989).

In pseudomonads, six active pyrB ATCase catalytic chains are coupled with six
pyrC’ polypeptides; in eukaryotes, the first three enzymes in pyrimidine pathway
(CPSase, ATCase, and DHOase) reside in the single polypeptide, CAD. There is the
possibility that dodecameric structure in pseudomonades may be a vestige of the
eukaryotic CAD complex or more likely its progenitor (Schurr et al. 1995).

The completion of the P. aeruginosa genome sequence revealed that there are
three pyrC genes, pyrC’ which is inactive but necessary for structure of ATCase

holoenzyme, and the other two pyrC and pyrC2 encoding active DHOases. In an earlier
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study from our lab, Brichta knocked out both individual pyrC genes to create double
mutant which was the first block in DHOase synthesis for P. aeruginosa. DHOase
mutants from P. aeruginosa showed it to be severely impaired in its ability to produce
virulence factors and were defective for motility (Brichta 2003). The P. putida DHOase
mutant also failed to produce the siderophore (Maksimova et al. 1993).

Moreover, since the genome of the genus Burkholderia consists of two to four
chromosomes, the pyrC gene locus in the chromosome is varied. B. mallei and B.
pseudomallei have two different pyrCs in chromosome 1 while B. cenocepacia has two
different pyrCs in chromosomes 1 and 2. Study of the ATCase-DHOase interaction,
especially in organism having multiple chromosomes, will give us valuable information

in evolutionary history.

Unique ATCase in B. cepacia 25416
In earlier studies from our lab, the aspartate transcarbamoylase pyrBC complex
was purified from Burkholderia cepacia 25416. Unlike other pseudomonads, in the
course of the purification, four different ATCase activities appeared as two dodecameric
holoenzymes of 550 kDa and 510 kDa, which is the longest PyrB polypeptide to date and
as two trimeric ATCases of 140 kDa and 120 kDa which are more like class C ATCases
(Kim 2004). Unlike class C ATCase, these trimers are regulated by nucleotide effectors.
Both the holoenzymes and trimers were regulated by nucleotide effectors. The 140 kDa
trimer consists of 3x47 kDa while the 120 kDa trimer consists of 3x40 kDa. The 40 kDa

PyrB polypeptide arose by specific cleavage of the 47 kDa polypeptide between Ser 74
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and Val 75 (Kim 2004). To verify the makeup of the pyrBC holoenzyme complex, B.
cepacia dihydroorotase (DHOase) was cloned and purified and active dimeric subunits of
90 kDa were observed.

B. cepacia ATCase had been previously classified as a Class A2, pyrBC’
dodecamer like the Pseudomonas ATCases but the result of this study requires
reclassification of B. cepacia ATCase. Here we present the first evidence that the
ATCase of B. cepacia occurs in an active ATCase/DHOase complex encoded from
pyrBC genes. Accordingly we propose a new class of ATCase named class D. In order
to determine more about the roles of DHOase in B. cepacia, pyrC gene was knocked out.

This study will help us understand the structure and regulation of ATCase
holoenzyme with DHOase, and this could prove useful to future studies examining its
biological control and its taxonomic assignment. Moreover, this research demonstrates

the possibility of a potential drug target for B. cepacia.
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CHAPTER 2

MATERIALS AND METHODS

Bacterial Strains and Plasmids
The bacterial strains used in this study are listed in Table 5. The plasmids used and

constructed in this study are also listed in Table 5.

Media and Growth Conditions

E. coli strains were grown in Luria-Bertani (LB) enriched medium or in E. coli
minimal medium (Ecmm) as indicated by Miller, 1992. Ecmm was supplemented with
the addition of arginine, uracil or both at a concentration of 50 pug/mL as needed. To
prepare 1 L Ecmm, 10.5 g K;HPO, 4.5 g KH,PO4, 0.5 g Nas-citrate, and 1.0 g
(NH4)2SO4 were dissolved in 984 mL distilled, deionized water (dd-H,O). After
autoclaving, sterile solutions of 10 mL 20% glucose (w/v) (0.2 % final), 1 mL 1 M
MgSO, (1 mM final) and 5 mL 0.337 % thiamine (w/v) (0.0015 % final) were added to
the Ecmm. B. cepacia and P. aeruginosa were cultivated in Luria-Bertani (LB) enriched
medium or Pseudomonas minimal medium (Psmm) (Ornston and Stanier 1966) as
needed. Metals 44 and concentrated base were prepared in advance to make Psmm.
Metals 44 consisted of 2.5 g EDTA, 10.95 g ZnSO,4 *7H,0, 5.0 g FeSO4¢ 7H,0, 1.54 g
MnSO,4¢H,0, 0.392 g CuSQO, 5 H,0, 0.251 g CuSO4(anhydrous), 0.25 g Co(NO3), 6H.0,

and 0.177 g Na;B4,0O; « 10 H,O (Borax) in dd-H,O for a final volume of 1 L.
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Table 5 List of strains and plasmids

Strain or Plasmid

(Fenotvpe or relevant property

Source or reference

Strain
B. cepacia
B. cepacia 25416
B. cepacia SKB1
P. aeruginosa
PAO1
E. coli
BL21
DH5a
MAI1008

Plasmids
pUCI1E
pHEeBC
pHEBC
pMAL-c2e
pMHEEBC

pEX18Gm
pEXHKEBC
pEXHEBCX
pGEX2T
pSKE2T

Wild tvpe
B. cepacia pyvB-

P. aeruginosa wild tvpe

E. coli B, ¥ ompT, hsdS, gal, dem and used for GST
recAl, hsdR17, endAl supE44, veldl, e A0S, Alargb-lacZY AYUJ169
lacZ43(Fs) b pwCo8 reldl thi-1

pME]1 origin, high copv E. coli shuttle vector, Amp®

pUC18 with 1.4 kb insert of gene contaning B. cepacia pyrC

pUCI18 with 1.1 kb insert of B. cepacia pyr(C

Maltose gene fusion vector, tac promoter, lac 19, Amp*

pMATL -c2e with 1.1 kb insert of B. ceparcia pyrC
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Table 6 PCR primers used in this study

Primer Sequence (5” - 37) Relevant property Restriction site
BurkC-F AAAGGTACCTTCAAGCATATCACCGAGCC Left primer used to amplify B. cepacia pyrC containing gene for cloning into pUC18 (1400 bp)  Kpnl
BurkC-R AAAAAGCTTTGCAGATTGTGGCGGCACG Right primer used to amplify B. cepacia pyrC containing gene for cloning into pUC18 (1400 bp) ~ Hindlll
BCpyrC-F CGGGGTACCATGACTGCCTCGAACGCT Left primer used to amplify B. cepacia pyrC gene for cloning into pUC18 (1065 bp) Kpnl
BCpyrC-R CCCAAGCTTTCACGCCAGTTTCCAGCC Right primer used to amplify B. cepacia pyrC gene for cloning into pUC18 (1065 bp) HindlIl
SBBCpyrC-F TTCGAACCGCTGATGACGCTTTCGAACCGCTGATGACGCT  Left primer used to synthesize the probe to detect B. cepacia pyrC in Southern blot analysis N/A
SBBCpyrC-R GCCTGAAGGTCGTGTTCGAATTCGAACACGACCTTCAGGC Right primer used to synthesize the probe to detect B. cepacia pyrC in Southern blot analysis N/A

Primers were purchased from Biosynthesis, Lewisville, TX
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Concentrated base consisted of 14.6 g of KOH, 20 g nitriloacetic acid, 28.9 g MgSO,
anhydrous, 6.67 g CaCly*7H,0, 18.5 g (NH4")s M070,, * 7H,0,0.198 g FeSO4+7H,0,
and 100 mL Metals 44 in dd-H,O for a final volume of 1 L. 1 L Psmm was prepared
with 25 mL 0.5 M Na;HPQOy, 25 mL 0.5 M 1 KH2PO4, 10 mL 10 % (NH4),SO4, and
10 mL concentrated base with dd-H,O. The pH was then adjusted to 6.8 with HCI.
0.2 % glucose was added to the medium as the carbon and energy source after
autoclaving. Pseudomonas Isolation Agar (P1A) from Difco was prepared as directed
by the company and used as a selective medium for transconjugation in the Bi-

parental mating experiment.

Isolation of Chromosomal DNA from Bacteria

Bacterial chromosomal DNA was extracted using the Wizard® Genomic DNA
Purification Kit from Promega Corperation. A culture of B. cepacia was grown in 5
mL of Pseudomonas minimal medium supplemented with 0.2 % glucose overnight.
A 1% inoculum was used to initiate growth. 1 mL of the overnight culture was
transferred to a 1.5 mL microcentrifuge tube and collected by centrifugation at
13,000-16,000 x g for 2 min (Eppendorf Microcentrifuge Model 5430, Hauppauge,
NY). After the supernatant was removed, 600 uL. of Nuclei Lysis Solution was added
and the pellet was resuspended by pipetting the cells. The lysed cells were incubated
at 80°C for 5 min and then cooled to room temperature. 3ul. of RNase Solution was
added to the cell lysate and the tube was inverted 2-5 times to mix. The cell lysate
was incubated at 37°C for 15-60 min and cooled to room temperature. 200ul of
Protein Precipitation Solution was added to the RNase-treated cell lysate. The cell

lysate was vortexed vigorously at high speed for 20 s to mix the Protein Precipitation
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Solution with the cell lysate and then incubated on ice for 5 min. After centrifugation,
the supernatant containing the DNA was transferred to a clean 1.5 mL
microcentrifuge tube containing 600 pL of room temperature isopropanol. The
centrifuge tube was gently mixed by inversion until the thread-like strands of DNA
formed a visible mass. After centrifugation at 13,000-16,000 x g for 2 min, the
supernatant was discarded. 600 puL of room temperature 70 % ethanol was added and
the tube was gently inverted several times to wash the DNA pellet. After a further
centrifugation, ethanol was carefully aspirated and the tube was drained on clean
absorbent paper and air-dried for 10-15 min. 100 uLL of DNA Rehydration Solution
was added to the tube and incubated at 65°C for 1 h to hydrate the DNA. The tube
was tapped periodically to mix the solution. The isolated DNA was stored at 2 - 8°C
until further use. The purity and quantity of DNA was determined by absorbance at
280 nm and 260 nm respectively in as Shimadzu 500 UV spectrophotometer. A DNA

concentration of 2 pg/ul. was recovered using the above preparation.

Isolation of Plasmid DNA from Bacteria

Plasmid DNA of transformed bacteria was extracted using Wizard® Plus SV
Minipreps DNA Purification kit from Promega Cooperation. 1-2 mL overnight cell
culture of transformed E. coli bacterial cell culture was harvested by centrifugation
for 5 min at 10,000 x g in a tabletop centrifuge. The supernatant was poured off and
250 pL of Cell Resuspension Solution was added. The cell pellet was completely
resuspended by pipetting. Then 250 pL of Cell Lysis Solution was added and the
centrifuge tube was inverted four times. 10 pL of Alkaline Protease Solution was

added and mixed by inverting the tube four times then incubated for 5 min at room
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temperature. 350 pL of Neutralization Solution was added to the cell lysate and
immediately mixed by inverting the tube four times. After centrifugation at 13,000-
16,000 % g for 10 min, the cleared lysate was transferred to the prepared Spin Column
by decanting. After centrifugation for 1 min at room temperature, the Spin Column
was removed from the tube and the flow-through was discarded from the Collection
Tube. The Spin Column was reinserted into the Collection Tube and 750 pL of
Column Wash Solution, previously diluted with 95 % ethanol, was added to the Spin
Column. Following centrifugation at maximum speed for 1 min at room temperature,
the Spin Column was removed from the tube and the flow-through was discarded. The
Spin Column was reinserted into the Collection Tube, and 250 pL of Column Wash
Solution was added. After centrifugation at maximum speed for 2 min at room
temperature, the Spin Column was transferred to a new, sterile 1.5 mL
microcentrifuge tube. The plasmid DNA was eluted by adding 100 pL of Nuclease-
Free Water to the Spin Column. The tube was then centrifuged at maximum speed for
1 min at room temperature. The flow-through plasmid DNA was stored at -20°C until

further use.

Elution of DNA from an Agarose Gel
The DNA of interest in an agarose gel was isolated using an Agarose Gel
extraction kit from Roche Applied Science. Following gel electrophoresis, the slice
of agarose containing the DNA band was excised by using clean razor blade and
transferred to weigh 1.5 mL microcentrifuge tubes. 300 uL of the Agarose
Solubilization buffer per 100 mg of agarose gel was added, and then incubated for 10

min at 56 - 60°C and vortexed every 2 - 3 min. During the incubation time, the silica
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suspension from the kit was resuspended thoroughly by vortex until a homogeneous
suspension was obtained. After the agarose gel was completely solubilized, 10 uL of
the silica suspension was added to the sample. The mixture was incubated for 5 min
with continuous mixing in a rocker, and then centrifuged for 30 s at maximal speed,
the supernatant was then discarded. 500 pL of Nucleic Acid Binding Buffer was
added to the matrix containing the DNA on a vortex mixer, and then centrifuged at
13,000-16,000 x g for 30 s and the supernatant was discarded as before. The pellet
was washed with 500 uL Washing Buffer by centrifugation and the supernatant was
discarded as before. The washing step was repeated twice more and all of the liquid
was removed with a pipette. The tube was then inverted on an adsorbent tissue and
dried at room temperature for 30 min. The matrix color turned bright white when
dried. The DNA was eluted with 20 uL of dd-H,O. Then tube was centrifuged at
14,000 x g for 2 min and the supernatant, which contained the eluted DNA, was
transferred to a clean centrifuge tube and stored at -20 °C until use.

The purity and the concentration of extracted DNA were checked by their

absorbance at Aogo and Aogo.

Polymerase Chain Reaction (PCR)
To amplify potential genes of interest, the PCR reaction cycle was performed
in a Programmable Thermal Controller from MJ. Research, Inc.
The PCR reaction contained 2 pL of template DNA (1 pg), 1 uL of forward
and reverse primer (0.02 nmol each), 2 pL of 10 mM dNTP, 5 pL of 10 X Pfu
polymerase buffer mixed in a 0.2 mL thermal PCR tube. 1 U of Pfu polymerase was

added last. The final volume to 50 uL. was adjusted by the amount of dd-H,O. The
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template DNA was denatured at 95°C for 5 min and the reaction entered 30 cycles of
5 min of denaturation at 95°C, 30 s of annealing at 5°C below that of the lower
melting point primer, and 90 s of polymerization at 72°C. After completion of 30
cycles, the reaction had 10 min more extension of polymerization at 75°C to complete
the reaction, and then was stopped at 4°C. The amplified DNA was stored in -20°C
until use. Before cloning, the DNAs were cleaned using the Agarose Gel extraction

kit from Roche Applied Science.

Competent Cell Preparation

For the transformation of constructed plasmid into E. coli, cells were made
chemically competent by CaCl, by the Mandel and Higa method with slight
modification (Mandel and Higa 1970). 50 mL of LB in a 200 mL flask were
inoculated with 500 puL of an overnight starter culture of E. coli. This was incubated at
37°C with shaking at 250 rpm for 3-4 h until the culture reached an Aggo 0f 0.5. The
culture was aseptically transferred to a 50 mL polypropylene conical tube and placed
on ice for 30 min, and then centrifuged at 1300 x g for 20 min at 4°C. The supernatant
was removed and the pellet was resuspended with 20 mL of ice-cold 0.1 M CaCl,
solution and incubated on ice for 30 min. This mixture was centrifuged at 1300 x g
for 10 min. The supernatant was aseptically removed and the pellet was resuspended
with 20 mL ice-cold 0.1 M CacCl, solution again and centrifuged at 1300 x g for 10
min. The supernatant was removed and the pellet was gently resuspended in 812 pL.
of ice cold 0.1 M CaCl,. The mixture was left on ice and incubated in the refrigerator
at 4°C overnight. The next morning, 188 uL of sterile 80 % glycerol was aseptically

added and the suspension was gently mixed and then dispensed as 0.1 mL aliquots
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into pre-chilled 1.5 mL Eppendorf® tubes. The competent cells were stored at -80°C.

Transformation Procedures

The 100 uL prepared competent cells were removed from the -80°C and
allowed to thaw on ice. When thawed, plasmid DNA was added, usually between 40-
500 ng (not more than 1 pg) in a volume of 3 — 10 uL.. To maximize the efficiency of
transformation, the plasmid DNA was added to the competent cells immediately after
the cells were thawed. The plasmid DNA/cell mixture was kept on ice for 20 min then
heat-shocked by incubation in a 42°C water bath for 30 s, then cold-shocked on ice
for 2 min. Next, 500 uL of room temperature LB was added to each transformation
tube and the cells were incubated at 37°C for 1 h in the shaker. Finally, 50 uL of
incubated cells were collected by centrifugation and plated on to selective medium
with appropriate antibiotics. If minimal medium plates were used, cells were washed
with the same minimal medium broth prior to plating, in order to avoid carry-over of

the rich nutrients of the LB medium.

Preparation of Cell Extract for Enzymatic Assay
Cell extracts of P. aeruginosa, E. coli, and B. cepacia were prepared from 50
mL cultured cells. Cells (ODgoo = 0.8 to 1.0) were harvested by centrifugation at
13,000-16,000 x g for 20 min at 4°C. After removal of supernatant, 1 mL of ATCase
breaking buffer (50 mM Tris-HCI, pH 8.0, 2 mM p-mercaptoethanol (BME), 20 uM
ZnS0Oy, and 20 % glycerol) was added and the cells were resuspended by vortex. The
resuspended cells were broken by ultrasonic disruption using a Branson cell

disruptor200 for 1 min on ice, followed by 1 min of rest on ice, this was repeated
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three times. The disrupted cell suspension was transferred into 1.5 mL centrifuge

tubes and centrifuged at 13,000-16,000 x g for 20 min. The supernatant was
transferred to previously prepared dialysis tubing and dialyzed for 30 min at 4°C in a
1 L dialysis buffer consisting of 50 mM Tris-HCI (pH 8.0), 2 mM BME, and 20 uM
ZnSO,4, with stirring. The dialysis buffer was then replaced by 1 L fresh dialysis
buffer and dialyzed overnight at 4°C with stirring. Dialysis tubing was prepared in the
method of Sambrook et al. (Sambrook 1989). The recommended dialysis buffer
volume of 300 times the total cell extract volume was used. Each dialyzed cell extract

was then transferred to a new centrifuge tube and stored at 4°C for further use.

Cloning of the B. cepacia pyrC Gene

Bioinformatics Study to Obtain the pyrC Gene Sequence
To study the assembly and the kinetics of B. cepacia DHOase and ATCase
holoenzyme, the pyrC gene was cloned. Since the sequence of B. cepacia pyrC was
not available, the already identified pyrC genes of other Burkholderia species such as
B. mallei, B. pseudomallei, and B. fungorum were obtained from the NCBI database.
The gene alignment was performed using the GENE DOC computer program and the

conserved sequence upstream and downstream of the pyrC gene was available.

Cloning of the Gene Containing B. cepacia pyrC into pUC18 Plasmid
The chromosomal DNA of B. cepacia was purified as previously described.
The primers used in PCR were designed based on the gene alignment derived from
bioinformatics. To the end of the forward primer (BurkC-F), a Kpnl site was added,

and at the end of reverse primer (BurkC-R), a Hindlll site was added (Table 6). The
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PCR reaction for the DNA containing B. cepacia pyrC gene was performed as
described earlier using a 63°C of annealing temperature. The 1.4 kb amplified DNA
was cleaned and isolated by agarose gel using Agarose Gel extraction kit from Roche
Applied Science. This PCR product and the pUC18 plasmid (Figure 7) were cut
using Kpnl and Hindlll restriction enzymes and run on a 1 % agarose gel. The DNA
was cleaned and purified by the above mentioned protocol. The gene containing the
pyrC gene of B. cepacia was then ligated to the pUC18 plasmid at a molar ratio of 3
to 1. The transformation was performed as described earlier and the resulting
ampicillin (Amp) resistant plasmid, pHKeBC18, 4.1 kb in size, was obtained.
Sequencing was performed by Lonestar Laboratory in Houston, Texas. The
sequence was analyzed using PC-gene software and homology was evaluated by the

on-line NCBI-BLAST resource.

Cloning of B.cepacia pyrC into pUC18 plasmid

The primers of PCR were designed based on the gene sequence aquired from
the results of cloning the gene containing the B.cepacia pyrC. To the end of forward
primer (BCpyrC-F), a Kpnl site was added, and to the end of reverse primer (BCpyrC-
R), a Hindlll site was added (Table 6). The cloning step was similar to the previous
one. PCR reaction of B. cepacia pyrC was performed as described earlier at 53°C
annealing temperature. After digesting the PCR product (1.1 kb) and the puUC18
plasmid containing Kpnl and HindlIll sites, the cleaned and purified DNA was ligated
and transformed on LB agar plate supplemented with 100 pg/mL of Amp. The
resulting plasmid pHKBpC18 was then sequenced by Lonestar Laboratory in Houston,

Texas.
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The sequence was analyzed using PC-gene software and homology was
searched through the on-line NCBI-BLAST resource. From this sequencing result,
the pyrC gene of B. cepacia was identified and reported to NCBI (GenBank:

EU718731.1).

Complementation Test of pyrC Gene in MA1008 Cell

To check the expression of pyrC gene, the complementation test was
performed with DHOase deficient E. coli MA1008l. Chemically competent MA1008
cells were made as decribed earlier. pHKBpC18 plasmid was transformed into
MAZ1008 cell by heat shock. The transformants were plated on LB plate containing
Amp (100 pg/mL) and incubated at 37°C overnight. Colonies were patched on to a
LB plate containing 100 pg/mL of Amp and incubated at 37°C overnight. Colonies
on the plate were patched onto an Ecmm plate containing 0.2 % glucose and 50
ug/mL of uracil, and onto an Ecmm plate contaning 0.2 % glucose without uracil.
Colonies that grew on Ecmm plates without uracil were selected because these cells
survived onto Ecmm without uracil by the expression of B. cepacia pyrC gene
through complementation. This MA1008 cell designated as MA1008pHKBpC18 was
inoculated into 50 mL Ecmm broth and incubated at 37 °C and the cell extracts were
prepared as before. The expression of DHOase was confirmed by the DHOase

conventional activity assay.

Purification of DHOase Enzyme by the pMAL Protein Fusion and Purification
System

Purification of DHOase was carried out by the pMAL protein fusion and
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purification system from New England Biolab. Inc. The pMAL vectors (Figure 8)
provided a method for expressing and purifying a protein produced from a cloned
gene or open reading frame. The cloned gene is inserted downstream from the malE
gene of E. coli, which encodes maltose-binding protein (MBP), resulting in the
expression of an MBP fusion protein. The MBP in these vectors has been engineered
for tight binding to amylose.

The method uses the strong “tac” promoter and the malE translation initiation
signals resulting in high-level expression of the cloned sequences, and a one-step
purification of the fusion protein using MBP’s affinity for maltose. The vectors carry
the lac' gene, which codes for the Lac repressor. This keeps expression from Ptac
low in the absence of IPTG induction. The pMAL-5 vectors also contain the sequence
coding for the recognition site of a specific protease such as enterokinase, located just
5" to the polylinker insertion sites. This allows MBP to be cleaved from the protein of

interest after purification.

Subcloning of B. cepacia pyrC Gene into the pMAL-c2e Plasmid

The first digestion of pHKBpC18 plasmid by Kpnl and Hindlll enzyme was
purified by gel electrophoresis; results revealed a 1.1 kb size of the pyrC gene. The
PMAL-c2e plasmid was also restricted by Kpnl and Hindlll enzyme and purified by
gel electrophoresis. 1.1 kb of the pyrC gene was then ligated to the pMAL-c2e. 20
ng of this plasmid was transformed into a protease deficient E. coli BL21 host cell. In
the pMAL Protein Fusion and Purification System, E. coli BL21 is the recommended
host cell strain. The transformant E. coli BL21 was selected on LB plate with Amp
(100 pg/mL) and cultivated overnight in LB broth with Amp (100 ug/mL). The B.

cepacia pyrC subcloned pMAL-c2e transformant was confirmed by restriction
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digestion with Kpnl and Hindlll enzymes and sequencing. The overall schematic

diagram to construct the pMAL-B.cepacia pyrC fusion plasmid is given in Figure 9.

Purification of DHOase Enzyme

Purification of DHOase was performed as indicated by the protocol provided by
the manufacturer for MBP fusion proteins with slight modifications (Figure 10). A
200 pL of selected E. coli BL21 were inoculated in 20 mL LB broth containing Amp
(100 ug/mL) and cultivated overnight. The next day, this overnight culture was
transferred into 2 L LB broth with Amp (100 pg/mL) and incubated at 37°C shaker
for 4 h until the culture reached the ODggo Of about 0.8. In order to induce the
overexpression, 0.5 mM (final concentration) of isopropyl-p-D-thiogalactoside (IPTG)
was added and the cells were incubated for 3 h on a 37°C shaker. The cells were then
harvested using a 500 mL centrifugal bucket at 6,000 x g for 15 min in 4°C. After
removing the supernatant, the pellet was resuspended with 50 mL cold PBS buffer,
pH 7.3. To prevent excessive viscosity, 37.5 ng/mL (final concentration) of DNase
was added to the resuspension solution. The cells were then broken by means of a
French pressure cell at 2000 psi. and then transferred into a clean 50 mL centrifuge
tube and the cell debris was removed by centrifugation at 15,000 x g for 30 min. The
clear supernatant was transferred to a 50 mL conical tube and used for protein
purification.

The amylose column was washed with 1X PBS buffer. A 1.33 mL of bead
slurry (1 mL bed volume) was transferred to a 15 mL conical tube. This bead slurry
was centrifuged at 1,750 x g for 5 min in 4°C. After removing the supernatant, the
beads were washed with 10 mL ice cold 1X PBS and centrifuged as described above.

This step was repeated twice and the beads were then transferred to a 50 mL conical

51



Enterokinase

Anion Exchange chromatography:DEAE-Sepharose

Fig. 10 Schematic diagram of DHOase purification from the pMAL-fusion protein

purification system.

52



tube. The prepared cell lysate was transferred to the washed beads and incubated with
a rocker at room temperature for 1 h, then centrifuged at the same condition as above.
The beads were then washed with 10 mL of 1X PBS gently and centrifuged at the
same condition as above. This step was repeated 3 times.

Then fusion proteins were eluted by 50 U enterokinase. 50 pL of enterokinase (50U)
solution was mixed with 950 pL of cold 1X PBS buffer and added to the beads. This
mixture was incubated in a rocker for 20 min at room temperature and centrifuged as
described above. The supernatant was carefully transferred to a new tube and labeled
as “Elute 1”. This step was repeated once and the eluted protein was labeled as “Elute

2”. After elution, all proteins were immediately stored in 12 % glycerol at -80°C.

Purification of DHOase Enzyme by Anion Exchange Column Chromatography
To further purify the partially purified DHOase by pMAL protein fusion and
purification system, 1 mL of eluted DHOase was loaded onto a 1 mL DEAE
Sepharose column (Pharmacia) and washed three times with 1 mL of PBS buffer.
Then, the DHOase was eluted using linear gradient from 0 mM NaCl to 1000 mM
NaCl with 1 mL collections three times for each gradient. The eluted DHOase was
pooled together and dialyzed by 300X volume of 1X PBS buffer at 4 °C overnight,
then stored at -80°C with glycerol.
The purity of purified DHOase was checked by 10 % Sodium dodecyl sulfate
polyacrylamide gel electrophoresis. The protein concentration of DHOase was

determined by Bradford assay using Bovine serum albumin (BSA) as the standard.

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)

SDS-PAGE is a method used to separate proteins according to their size. Since
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different proteins with similar molecular weights may migrate differently due to their
differences in secondary, tertiary or quaternary structure, SDS, an anionic detergent,
is used in SDS-PAGE to reduce proteins to their primary (linearized) structure and
coat them with uniform negative charges. A 10 % SDS polyacrylamide separating gel
with a 4 % stacking gel was used to analyze the samples.

The apparatus used to conduct the electrophoresis was the Mini-Protean 1™
chamber (Bio-Rad). The gel was prepared by first pouring a 10 % separating gel,
which contained 1.67 mL of Solution A (30 % w/v acrylamide and 0.8 % w/v bis-
acrylamide in dd-H,0), 1.25 mL of Buffer B (1.5 M Tris-HCI, pH 8.8, 0.4 % w/v
SDS in dd-H;0), 2.08 mL of dd-H,0O, and 50 puL of 10 % ammonium persulfate. The
gel began to polymerize with the addition of 5 pL of N, N, N° N -
tetramethylenediamine (TEMED). The mixture was gently inverted and poured into
the assembled apparatus using a Pasteur pipet. A space of 2 cm was left at the top to
pour the stacking gel. The gel was overlaid with n - butanol to prevent oxidation.
The gel was allowed to polymerize for approximately 20 min after which the stacking
gel was prepared. The stacking gel contained 0.27 mL of Solution A, 0.4 mL of
buffer C (0.5 M Tris, pH 6.8, 0.4 % w/v SDS), 0.92 mL dd-H,O, ammonium
persulfate (0.01 g), and 5 pL of TEMED.

A 10 well comb was inserted and the gel was allowed to polymerize for 15
min. The gel was then placed into the apparatus and the tank was filled with
denaturing gel running buffer (25 mM Tris, 192 mM glycine and 0.1 % SDS wi/v, pH
8.3). The sample was mixed at a ratio of 4:1 with the gel loading dye (60 mM Tris-
HCI, pH 6.8, 25 % glycerol v/v, 2 % SDS w/v, 14.4 mM B-mercaptoethanol, 0.1 %

Bromophenol Blue) in a sterile microcentrifuge tube. The samples and the standards
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were boiled for 5 min and cooled on ice. The samples and the pre-stained low range
SDS standards were loaded onto the gel and electrophoresed for 90 min at 100 volts.
The proteins were stained with Coomassie Blue staining solution (45 % methanol v/v,
10 % acetic acid v/v, 0.1 % Coomassie Brilliant Blue R-250 w/v in dd-H,0) for 10
min with gentle rocking. The gel was destained with a solution of 10 % methanol v/v

and 10 % glacial acetic acid v/v in dd-H,O for 3 h.

DHOase Activity Assay

DHOase activity was measured with the modified color development
procedure using the reverse assay of Beckwith et al. (Beckwith et al. 1962).

The reaction mixture contained in a total volume of 100 uL 1 mM EDTA, 100
mM Tris/HCI buffer pH 8.6, 2 mM L-dihydroorotic acid (DHO) dissolved in 0.1 M
phosphate buffer, 1 pL purified DHOase or 10 pL cell extract and sterile dd-H20. A
control tube was prepared to obtain a blank reading (without cell extract) and the
background (without DHO). All ingredients except dihydroorotate (DHO) were
preincubated at 30°C for 2 min. Following the addition of dihydroorotate, the reaction
mixture was incubated for 10 min at 30°C. Stop color mix was added and incubated at
65°C for 1 h. The stop reaction buffer was made by two parts of 5 mg /mL antipyrine
in 50 % sulfuric acid (v/v) mixed with one part of 8 mg/mL of 2, 3-butanedione
monoxime in 5 % acetic acid (v/v).

After the tubes were cooled in the dark for a brief period of time, the reverse
reaction of carbamoylaspartate (CAA) from DHO was measured at 450 nm in a

kinetic microplate reader from Molecular Devices.

Enzyme Kinetics of DHOase of B. cepacia

55



The purified DHOases were assayed for DHOase activity by measuring the
amount of CAA produced by conversion from dihydroorotate (DHO) produced at 20
min at 37°C. DHOase assay was performed to determine the Vmax, and Ky. The
assay was conducted at pH 9.5 in a microtiter plate as indicated in DHOase assay.

DHO was varied from a final concentration of 0.5 mM to 6 mM. The total
volume of the assay was 200 uL.. A blank control containing all ingredients excluding
the enzyme was used. This reading was then subtracted from the final reading for the
experimental reaction. The assay reaction plate was preincubated at 37°C for 2 to 3
min. The reaction was initiated with the addition of DHO. At 20 min, the reaction
was stopped with the addition of 100 pL of stop mix (2 parts antipyrine (5 mg/mL) in
50 % sulfuric acid and 1 part monoxime (8 mg/mL) in 5 % acetic acid). After the
addition of the stop mix, clear tape was applied to the top of the wells to prevent the
evaporation of the reaction mixture.

The color was developed at 60°C in a waterbath. The assay was read at 450
nm in a kinetic microplate reader from Molecular Devices. Velocity-substrate curves
were generated by plotting the specific activity of the enzyme (umol CAA/min/ug of

protein). The pmol produced was calculated by generating a CAA standard curve.

Purification of ATCase of B. cepacia by GST Gene Fusion System
Purification of ATCase was carried out by the glutathione S-transferase (GST)
gene fusion system from GE Life Sciences. The GST gene fusion system is an
integrated system for the expression, purification and detection of fusion proteins

produced in E. coli. The pGEX2T plasmid vector (4.8kb) (Fig 11) is designed for
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inducible, high level intracellular expression of genes as fusions with Schistosoma
japonicum GST in this system. Fusion proteins are easily purified from bacterial

lysates by affinity chromatography using Glutathione Sepharose 4B. Cleavage of the

desired protein from GST is achieved using site-specific protease whose recognition
sequence is located immediately upstream from the multiple cloning site on the pGEX
plasmid.

The plasmid pSK2T was previously constructed in this lab (Kim 2004). The
ATCase purification steps in GST Gene Fusion system are similar as those in the
pPMAL protein fusion and purification system. 2 L of BL21 contaning pSK2T plasmid
in LB broth with Amp (100 pg/mL) were incubated at 37°C shaker for 4 h until the
culture reached the ODggo of about 0.8. 0.5 mM (final concentration) of isopropyl-p-
D-thiogalactoside (IPTG) was added and the cells were incubated for 3 h further on a
37°C shaker. Then, the cells were harvested using a 500 mL centrifugal bucket
at6,000 x g for 15 min in 4°C. After removing the supernatant, the cell pellet was
resuspended with 50 mL cold PBS buffer, pH 7.3, and 37.5 pug/mL (final
concentration) of DNase and 0.1 % (final concentration) Triton X-100 were added to
the resuspension solution. Then cells were broken by means of a French pressure cell

at 2000 psi. 1 mM of phenylmethylsulfonyl fluoride (PMSF) was added to the broken

cell mixture and stirred gently at 4°C overnight. The cell debris was removed by
centrifugation at 15,000 x g for 30 min. The clear supernatant was then transferred to
a 50 mL conical tube and used for protein purification. The purification was
performed as instructed by the manufacturer with slight modifications. The dialyzed

fusion proteins were transferred to the new 15 mL conical tube and 50 U of thrombin

58



were added to cut the fusion portion of the GST and ATCase. This tube was
incubated at room temperature in a rocker for 2 to 16 h. The next day, thrombin-cut
protein was stored in 12 % glycerol at -80°C until being used.

To further purify the partially purified ATCase, anion exchange
chromatography was performed using DEAE Sepharose column (Pharmacia). Eluted
ATCase was dialyzed by 300X volume of 1X PBS buffer at 4 °C overnight and
washed three times with 1 mL of PBS buiffer each time. The purity of purified
ATCase was checked using 10 % sodium dodecyl sulfate polyacrylamide gel
electrophoresis. The protein concentration of ATCase was determined by Bradford

assay using BSA as the standard.

Aspartate Transcarbamoylase (ATCase) Assay
ATCase activity was measured by quantifying the amount of
carbamoylaspartate (CAA) produced in 20 min at 30°C. This was accomplished
using the method of Gerhart and Pardee (Gerhart and Pardee 1962), with
modifications, by using the color development procedure of Prescott and Jones
(Prescott and Jones 1969).

This assay was performed using a microtiter plate. The assay mixture
contained the following in a 100 pL reaction volume: 4 pL of Tri-buffer pH 9.5
(51mM diethanolamine, 51 mM N-ethylmorpholine, and 100 mM MES, with an
adjusted pH to 9.5 (Ellis and Morrison 1992), 10 mM potassium aspartate (pH 9.5), 2
mM dilithium carbamoylphosphate and cell extract or purified enzyme, usually 3 to
10 pL. The final volume was adjusted to 100 uL. with dd-H,O. Assay wells

containing all components, except for carbamoylphosphate, were prepared in advance
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and pre-incubated at 30°C for 5 min. The reaction was initiated by the addition of
carbamoylphosphate and incubated at 30°C for 30 min. Then the reaction was
stopped by the addition of 100 puL of stop reaction buffer (Prescott and Jones 1969).
The microtiter plate was run in a 65°C heating block under fluorescent light for 1 h.
The plates were taped shut to prevent loss of volume due to evaporation. The stop
reaction buffer was made by two parts of 5 mg /mL antipyrine in 50 % sulfuric acid
(v/v) mixed with one part of 8 mg/mL of 2, 3-butanedione monoxime in 5 % acetic
acid (v/v). This mixture has to be made just prior to use and kept on ice. Then the
micro titer plate was allowed to cool in the dark for 10 to 15 min and the assay was
read at A4so by the Kinetic Micro Plate reader from Molecular Device Company.

The amount of CAA produced was determined using a CAA standard curve.
The standard curve was prepared using the same buffering system and known

concentrations of CAA ranging from 0 to 1.0 mM.

Non-denaturing Polyacrylamide Aspartate Transcarbamoylase Activity Gels

A nondenaturing polyacrylamide gel with 4 % stacking gel and an 8 %
separating gel was used. The gel was prepared by first pouring the separation gel,
which contained 1.33 mL of the stock solution of acrylamide (30 % w/v acrylamide
and 1 % w/v bis-acrylamide in dd-H,0), 1.25 mL of Buffer B (1.5 M Tris-HCI, pH
8.8), and 2.41 mL of dd-H,O. Ammonium persulfate (0.01g) was added to the
mixture. The gel was polymerized with the addition of 5 pl of N, N, N* N’ -
tetramethylenediamine (TEMED). The mixture was gently inverted and poured into
the assembled Bio-Rad mini protein Il apparatus. A space of 2 cm was left at the top

to pour the stacking gel. The gel was overlaid with N- butanol to exclude oxygen,
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which inhibits the polymerization. The N- butanol also helped to flatten the top of
separating gel. This set was allowed to polymerize for approximately 30 min after
which the stacking gel was prepared. The stacking gel contained 0.27 mL of
acrylamide, 0.4 mL of buffer C (0.5 M Tris, pH 6.8) and 0.92 mL dd-H,0,
ammonium persulfate (0.01g) and 5uL of TEMED. A 10 well comb was inserted and
the gel was allowed to polymerize. 20 pL of sample was mixed with 5 pL of 5X
loading buffer (312.5 mM Tris, 50 % v/v glycerol, and 0.05 % w/v bromophenol blue
in dd-H,0). The samples were loaded onto the gel. The chamber was filled with gel
running buffer (25 mM Tris, 192 mM glycine in dd-H,O) and electrophoresis was

performed with 100volts for 1 h 40 min at room temperature.

Activity Stain of the ATCase in Non-denaturing Polyacrylamide Gels

The gels were stained specifically for ATCase activity by the method
described by Bothwell (Bothwell and Schachman 1974) as modified by Kedzie
(Kedzie 1987). The principle of this method is demonstrated when ATCase catalyses
the reaction between carbamoylphosphate and aspartate to produce
carbamoylaspartate, an inorganic phosphate is generated. This phosphate group reacts
with lead nitrate to form a white precipitate. A modified version of the above method
by Kedzie (1987) was performed.

The gels were placed in 250 mL of cold histidine buffer (50mM, pH 7.0) for
10 min. Then freshly made 5 mL of 1 M aspartate and 10 mL of 0.1 M
carbamoylphosphate were added; the gels were incubated at room temperature for 5
min on a rocking shaker. The reactants were removed by rinsing the gel in 100-200

mL of cold dd-H,O for three times. Lead nitrate, at a concentration of 3 mM, was
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added to another 250 mL of histidine buffer, pH 7.0, which was then poured onto the
gel. After 10 min, the lead nitrate was removed by 3 washes in cold dd-H,O. ATCase
activity was observed at the site of lead phosphate precipitation. The gel was left
overnight at 4 °C to increase the visibility of the bands, and then stained with 3 %
sodium sulfide for 3 min and washed three times with dd-H,O to convert the white
lead nitrate to black lead sulfide. The gels were soaked in 10 % glycerol and dried for

preservation.

Enzyme Kinetics of ATCase of B. cepacia

The purified ATCases were assayed for ATCase activity by measuring the
amount of carbamoylaspartate (CAA) produced at 20 min at 37°C. The method
utilized was the color reaction described by Prescott and Jones, 1969. ATCase assays
were performed to determine the Vmax, and Ky A tribuffer system (0.05 M MES,
0.1 M diethanolamine, and 0.051 M N-ethymorpholine) was used. The assay was
conducted at pH 9.5 in a microtiter plate as indicated in ATCase assay. Aspartate was
varied from a final concentration of 0.5 mM to 6 mM and carbamoylphosphate was
kept at a concentration of 5 mM. The total volume of the assay was 200 pL.

The reaction was initiated with the addition of carbamoylphosphate. The
assay was read at 450 nm by a kinetic microplate reader from Molecular Devices.
Velocity-substrate curves were generated by plotting the specific activity of the
enzyme (umol CAA/min/ug of protein). The pmol produced was calculated by

generating a CAA standard curve.

Refolding of ATCase Holoenzyme
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To investigate the structure of ATCase holoenzyme of B. cepacia, the purified
DHOase from B. cepacia was refolded with the previously purified ATCase from B.
cepacia (Kim 2004) using the method provided by New England Biolabs. Inc. Kim
reported that there are two active trimeric forms of ATCase in B. cepacia, the normal
B. cepacia ATCase polypeptide (consists of 47 kDa PyrB subunits) and truncated
PyrB subunit B. cepacia ATCase (consists of 40 kDa PyrB subunits) (Kim 2004).

As a pilot experiment, 10 pL of purified DHOase from B. cepacia was mixed
with previously purified ATCase, and incubated at 37°C for 1 h. The practical
refolding method provided by New England Biolab. was performed with slight
modification. First, equal molar amounts of purified ATCase and DHOase (10 uL
each) were mixed with guanidine hydrochloride to give a final concentration of 6 M.
Then mixture was transferred to a dialysis tube, and dialyzed against 300 volumes
ATCase Buffer, 2 times: once for 4 h and once overnight. Following collection from
the dialysis tube, the reconstructed ATCase holoenzyme was stored at -80°C. The
refolded ATCase holoenzyme was run on nondenaturing polyacrylamide gels for
ATCase activity staining to investigate the refolding of cleaved and non cleaved

ATCase with DHOase.

Construction of a pyrC Knockout in B. cepacia
The pyrC knockout was constructed by deletion of 300 bp of pyrC gene cloned
into the pUC18 plasmid. The 300 bp from pyrC gene of B.cepacia was deleted by the
BstB1 restriction enzyme. The interrupted pyrC gene was subcloned into pEX18-Gm
plasmid (Figure 12) using Kpn | and Hind Il restriction enzymes. This subcloned

pEX18 plasmid was transformed into E.coli SM10 for conjugation. Recombination of
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the pyrC gene from B. cepacia with the interrupted pyrC gene was achieved by the bi-
parental mating method (Van Haute et al. 1983). The wild-type B. cepacia was
grown in LB broth at 42°C with shaking to mid-log phase (ODggo = 0.5). E. coli SM10
transformed with pyrC interrupted pEX18-Gm was grown in LB broth at 37°C with
shaking to mid-log phase (ODgoo = 0.5). The B. cepacia and SM10 cultures were
combined in microcentrifuge tubes in the ratio of 20: 1. The mixed cultures were
collected by centrifugation at 14,000 x g in a Sorvall® microcentrifuge for 1 min. The
supernatant was discarded and the cells were resuspended in 30 pL LB broth. The
suspension was transferred onto an LB plate in one location and allowed to mate
overnight at 37°C. The mating growth was then scraped off of the agar and
suspended in 1 mL of PBS. Dilutions were made and 50 pL of 10 through 10°®
dilution samples were plated onto PIA with gentamicin (Gm) 15 pg/mL. The plates
were incubated at 37°C for 12 h. E. coli SM10 was selected on PIA with Gm 15
ug/mL in order to collect any surviving B. cepacia colonies containing B. cepacia
pyrC interrupted pEX18-Gm incorporated into the genome by a single recombination.
These colonies were then picked and touched to two patch plates: 1) PIA with Gm 15
ug/mL and 2) PIA with 10 % sucrose, and allowed to incubate at 37°C for 12 h.
Colonies that grew on both plates were picked and grown in LB with Gm 15
ug/mL an additional 12 h at 37°C with shaking to allow time for a second
recombination. The cells were collected by centrifugation and plated onto PIA with
Gm 15 pg/mL. Colonies were picked with sterile toothpicks, touched to two patch
plates: 1) PIA with Gm 15 pg/mL and 2) PIA with 10 % sucrose, and allowed to
incubate at 37°C for 12 h. Colonies that grew on 1) but not on 2) were then moved

onto two more patch plates: 3) Psmm and 4) Psmm with 50 ug per mL uracil. The
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colonies that grew on 4) but not on 3) contained the new B. cepacia pyrC mutant. To
confirm the construction of pyrC knockout B. cepacia, PCR, sequencing and Southern

blot analysis were performed.

Southern Blot

A Southern blot was performed using the procedure described by Sambrook et
al. (Sambrook 1989) with slight modifications. This allows us to determine the
molecular weight of a restriction fragment, to measure relative amounts in different
samples and to locate a particular sequence of DNA within a complex mixture. DNA
(genomic or other source) is digested with a restriction enzyme and separated by gel
electrophoresis and transferred from an agarose gel onto a membrane which is then
incubated with a probe of single-stranded DNA. This probe will form base pairs with
its complementary DNA sequence and bind to form a double-stranded DNA molecule.

The probe is labeled before hybridization either radioactively or enzymatically.

Restriction of Chromosomal DNA with Restriction Enzyme
The chromosomal DNAs of wild-type B. cepacia and pyrC knockout B.
cepacia were prepared as described earlier. 20 puL (10 ug) of each chromosomal DNA
was restricted overnight at 37°C by 3 uL of EcoRI and 3 uL 10X NEB buffer (1
M Tris-HCI, 500 mM NaCl, 1M MgCl,, and 0.25 % Triton X-100) in the final
reaction volume of 30 ulL after adjusting with dd-H,O. Other restriction enzymes

were used with the same reaction conditions.

Separation of Restricted DNA by Agarose Gel Electrophoresis

The restricted DNA was run on 1 % agarose. The gel was initially
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electrophoresed at 65 volts for 30 min to move the DNA out of the wells, then at 25
volts for 20 h, and then again at 100 volts for 30 min to sharpen up the bands for
better size separation.. Once electrophoresed, a picture was taken to document the

ladder location.

DNA Blotting

A series of washes were performed on the gel. The gel was washed with 100
mL of 1X denaturation solution (1.5 M NaCl, 0.5 N NaOH) for 15 min with gentle
rocking twice. Then the gel was washed with 100 mL of 1X neutralization solution (1
M Tris, pH 7.4, 1.5 M NaCl) for 30 min with gentle rocking three times. For the DNA
blotting, a Nalgene® positively charged nylon membrane was used. The membrane
was always handled with sterile forceps to avoid foreign DNA contamination, and all
paper described was handled with gloved hands. A gel stand wrapped with
Whatman® paper was set into a baking dish and transfer solution (5X SSC) was
poured into the dish to halfway fill up the gel stand and paper.

The DNA denatured and neutralized gel was trimmed and notched on one
corner for orientation recognition and placed wells down (DNA up) onto the stand
wrapped with Whatman® paper soaked in transfer solution. The membrane was
thoroughly wetted with sterile dd-H,0, placed onto the gel and marked with a
permanent marker in one corner to indicate the non-DNA side, and the well location
on the membrane. On top of the membrane, 3 pieces of Whatman® paper, a stack of
paper towels, and a glass plate weight were used as a wick system to pull the transfer
solution up through the gel and into the membrane (Figure 13).

The transfer was allowed to proceed for 24 h with periodic exchange of wet paper

towels for dry ones, and replenishment of transfer solution. The membrane was
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(A)

(B)

Fig. 13 Transfering DNA from gel to nitrocellulose membrane.

A. Stacking the membrane on gel. B. Completion of stacking

nitrocellulose membrane and paper towels on gel.
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removed from the gel, and placed DNA side up onto a piece of Whatman® paper wet
with 10X SSC. The DNA was then fixed to the membrane using ultra violet radiation
in a UVP CL-1000 ultraviolet crosslinker. The membrane was exposed for 40 s at
1500 x 100 pJ/cm?and then allowed to air dry on a dry paper towel. The membrane
was sandwiched in Whatman®paper, wrapped in aluminum foil and stored at 4°C

until ready for hybridization with the probe.

Probe Creation and Hybridization

The probe creation and hybridization was achieved using the Roche® DIG
High Prime DNA Labeling and Detection Starter Kit Il. The probe was labeling as
random primed labeling method.

10 ng-3 pg template DNA was added to a reaction vial. The DNA was
denatured by heating the sample in a boiling water bath for 10 min and then the
sample was quickly chilled in an ice/water bath. 4 pLL mixed DIG-High Prime was
added to the denatured sample and centrifuged briefly. The sample was incubated for
at least 1 h at 37°C. The reaction was finished by adding 2 uL. 0.2 M EDTA (pH 8.0)
to the sample, and heating the sample to 65° C for 10 min.

For hybridization, an appropriate volume of DIG Easy Hyb (10 mL/100 cm?
filter) was preheated to hybridization temperature (37 - 42°C). Then the filter was
prehybridized for 30 min with gentle agitation in an appropriate container. The DIG-
labeled DNA probe (about 25 ng/mL DIG Easy Hyb) was denatured by boiling for 5
min and rapidly cooling in ice/water. Then, the denatured DIG-labeled DNA probe
was added to pre-heated DIG Easy Hyb (3.5 mL/100 cm? membrane) and mixed well.
The prehybridization solution was poured off and the probe/hybridization mixture was

added to the membrane, and then incubated overnight with gentle agitation.
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Visualization
Visualization was achieved as indicated in the manual provided by the
manufacturer without modification. After hybridization and stringency washes, the
membrane was rinsed briefly for 1-5 min in washing buffer. The membrane was
treated in series of incubations: 30 min in 100 mL Blocking solution, 30 min in 20 mL
Antibody solution, washed 2 x 15 min in 100 mL washing buffer, and equilibrated 2-

5 min in 20 mL Detection buffer.

Growth Study

A growth curve was performed for the wild type and mutant strain in minimal
and rich media. Growth curves of pyrC and wild-type B. cepacia were initiated by
first inoculating a 5 mL starter culture of the appropriate medium and incubated
overnight. This overnight culture (15 — 20 h) was used to inoculate 50 mL of medium
in a 125 mL Erlenmeyer flask. The bacteria were diluted 1:1000 (0.5 mL inocula for
a 50 mL culture) and the ODggo Was measured and recorded for time point zero. The
cultures were incubated at 37°C with shaking at 250 rpm. At the indicated time point,

1 mL of each culture was aseptically removed and the ODsgs recorded.

Virulence Tests

Motility Tests
The ability of B. cepacia to be an opportunistic pathogen by producing
virulence factors is entitled by adherence factor. Swimming and swarming motilities
were tested on B. cepacia wild type and pyrC knockout mutant strain. Swimming

motility is the assay to test the ability of motility provided by flagella, while
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swarming and twitching motilities are the assays to test the type 1V pili.

Twitching Assay

Twitching agar (Rashid et al. 2000) used to detect the twitching motility
contained 25 g Difco® Luria-Bertani (LB) Miller broth and 10 g of Difco bacto agar
(1 %) per one liter. After sterilization, uracil 40 pg/mL concentration was
supplemented. Colonies were picked from the overnight culture with a sterile
toothpick and moved to the corresponding Twitching plates. The plates were
incubated at 37°C for 24 h. Pictures were taken to document the resulting

characteristics.

Swarming Assay

Swarming agar (Rashid and Kornberg 2000) used to detect swarming motility
contained 0.5 % (w/v) Difco Bacto Agar, 0.8 % Difco® nutrient broth, and 0.5 %
glucose supplemented with uracil 40 ug/ mL concentration. Test organisms were
streaked onto LB plates and incubated overnight at 37°C. Colonies were picked from
the overnight culture with a sterile toothpick and touched to the corresponding swarm
plates. The plates were incubated at 37°C for 24 h. Pictures were taken to document

the resulting characteristics.

Swimming Assay

Swim agar plates (Rashid and Kornberg 2000) used to detect swimming
motility contained tryptone broth (1% tryptone, 0.5% NaCl), and 0.3% (w/v) agarose
supplemented with uracil 40 pug/ml concentration. Test organisms were streaked onto
LB plates and incubated overnight at 37°C. Colonies were picked from the overnight

culture with a sterile toothpick and touched to the corresponding swim plates. The
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plates were incubated at 30°C for 24 hours. Pictures were taken to document the

resulting characteristics.

Biofilm Assay
Microtiter Plate Biofilm Assay

This experimental system, whose most common format is often referred to as
the 96-well plate assay, is a simple high-throughput method used to monitor microbial
attachment to an abiotic surface (MacKenzie et al. 1994; Pratt and Kolter 1999).

Cells are grown in microtiter dishes for 24h and 48h then the wells are washed
to remove planktonic bacteria. Cells remaining adhered to the wells are subsequently
stained with a dye that allows visualization of the attachment pattern. A modified
method was used in this research. To reduce the complexity of complexity of
extracellular components and to avoid uracil in LB medium, Pseudomonas minimal
media (Psmm) were used.

First, 5 ul of overnight cultured cells were added into the one set of sterile
microtiter plates filled with 100 ul of the Psmm without uracil per well. To check the
uracil effect on the biofilm formation, uracil 40 ug/mL concentration was added in the
other sets. Four wells were used for wild type and mutant, and were incubated
overnight 37°C with a cover. The next day, planktonic bacteria were removed from
each microtiter dish by briskly shaking the dish out over the waste tray. To wash the
wells, plate was submerged into water tray and liquid was vigorously shaken out over
the waste tray. Each well was stained with 125 pl of 0.1 % crystal violet solution for
10 min at room temperature. The crystal violet solution from the microtitier dish was
removed by shaking each microtiter dish out over the waste tray. The microtiter dish

was washed successively in each of the next two water trays and shaken out as much
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excess liquid as possible was removed after each wash and was then inverted on paper
towels to remove any additional liquid. After being air dried, 200 pL of 95 % ethanol
was added to each stained well.

Plates were covered and incubated at room temperature for 15 min to allow
the dye to solubilize. The contents of each well were briefly mixed by pipetting, and
then 125 pL of the crystal violet/ethanol solution was transferred from each well to a
separate well in an optically clear flat-bottom 96-well plate. The optical density (OD)

of each of these 125 pL samples was measured at a wavelength of 500 to 600 nm.

Air-liquid Interface Coverslip Assay

Often, a great deal can be learned about the biofilm formation behavior of a
particular bacterium simply by observing the early stages of this process, including
attachment and early microcolony formation. The air-liquid interface (ALI) assay
provides a simple system for microscopic analysis of biofilm formation over a time
range of ~4 to 48 h (Caiazza and O'Toole 2004).

A 24-well plate is placed at an angle of 30° to 50° relative to horizontal, and
stationary-phase cultures are diluted and slowly applied to these wells such that the
upper edge of each culture aliquot is positioned at the center of a well’s bottom. The
bacteria of interest are allowed to grow in this manner for an appropriate length of
time, and then the wells are rinsed gently and viewed by phase-contrast microscopy.

First, each bacterium of interest was inoculated and grown to stationary phase
in a 5 mL Psmm medium. Then, the stationary-phase (or other appropriate) cultures
was diluted 1:100 in Psmm not supplemented with uracil and 1 mL of diluted culture
was transferred into a well in a flat-bottom multiwell plate. A coverslip was inserted

into each well so that it was held at a 90° angle relative to the bottom of the well (i.e.,
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perpendicular to the bottom of the well) so that the meniscus of the medium was at the
center of the coverslip. Then, plate was covered and incubated at 37°C for 24 h. Each
coverslip was removed from its well and nonadherent cells were rinsed off by dipping
in sterile Psmm. Bacteria on the coverslip were stained by submerging coverslips in
0.1 % crystal violet for 10 min. After rinsed off excess dye by dipping each coverslip
in two successive water baths, coverslip was air dried. The bacteria on each coverslip
were visualized by microscopy. To check the uracil effect on the biofilm formation,
uracil 40 ug/mL concentration was added in the other set and performed exactly the

same way.
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CHAPTER 3

RESULTS

Cloning of the B. cepacia pyrC Gene

To clone the pyrC gene of B. cepacia, the pyrC genes of Burkholderia spp.
were aligned by using Genedoc® software due to unavailable B. cepacia pyrC gene
information. The pyrC genes of B. fungorom, B. mallei, and B. pseudomallei showed
variance at the 5’ and 3’ regions (Figure 14). From the gene alignment, the conserved
sequences 130 bp upstream from the start codon and 700 bp downstream from the
stop codon were identified and used to develop primers (BurkC-F and BurkC-R)
(Table 6) for PCR reaction in the cloning procedure (Figure 15). The PCR reaction
using these primers yielded a product with a size of 1.4 kbp (Figure 16). This PCR
product was inserted into the pUC18 plasmid (Figure 17) and the cloned plasmid was
confirmed by restriction digestion (Figure 18). This cloned plasmid was named
pHKeBC plasmid. Lane 1 shows 1 kb DNA ladder and lane 2 and 3 identifies the
cloned plasmid digested with Kpnl and Hindlll. Lane 4 shows undigested cloned
plasmid. The sequence of the cloned gene was aligned with the genes of B. fungorom,
B. mallei, and B. pseudomallei again to achieve the sequence of B. cepacia pyrC gene.
As a result, 1,065 bp of B. cepacia pyrC gene was identified. Based on this identified
gene, primers were designed (BCpyrC-F and BCpyrC-R) (Table 6). After being
amplified (Figure 19), 1,065 bp B. cepacia pyrC gene was inserted into the pUC18
plasmid (Figure 20), and the cloned plasmid was confirmed by restriction digestion

(Figure 21). This cloned plasmid was named as pHKBC plasmid.
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Fig. 16 PCR reaction to amplify B. cepacia pyrC-contained gene.
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containing B. cepacia pyrC gene into pUC18 plasmid. Figure is drawn by PlasMapper

version 2.0.
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pUC18 (2.7 kb)

"< pyrC containing fragment (1.4 kb)

Fig. 18 Restriction digestion of pHKeBC plasmid. pHKeBC plasmid was
digested with Kpnl and Hindlll enzyme and run on a 1.5 % agarose gel.

Lane 1: 1 kb ladder, lane 2, 3: cloned pHKeBC plasmid.
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<—pyrC (1.1 kb

Fig. 19 PCR reaction to amplify B. cepacia pyrC gene.
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< puUC18 (2.7 kb)

<—pyrC (1.1 kb)

Fig. 21 Restriction digestion of pHKBC plasmid. pHKBC plasmid
was digested with Kpnl and Hindlll enzyme and runona 1.5 %

agarose gel. Lane 1: 1 kb ladder, lane 2: cloned pHKBC plasmid.
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Lane 1 shows 1 kb DNA ladder and lane 2 represents the cloned plasmid digested
with Kpnl and Hindlll (Figure 21). The sequenced 1,065 bp B. cepacia pyrC gene
(Figure 22) was reported and registered in NCBI data base (Figure 23). The protein-
protein blast was also performed using 1,065 bp B. cepacia pyrC gene (Figure 24).
The protein sequence of B. cepacia DHOase was homologous to other Burkholderia
spp. (>99 %), and gave 98 % homology to Bordetella pertussis and >93 % to
Pseudomonas aeruginosa. These results demonstrate the conserved protein sequences
of DHOase from Burkholderia spp. even with slight variation in the nucleotides

sequences.

Complemetation Test Using DHOase Deficient E.coli MA1008
In the complementation test using DHOase deficient E. coli MA1008, E. coli
containing B. cepacia pyrC gene grew in E. coli minimal medium without uracil
while the control DHOase deficient E. coli MA1008 was not able to survive (Figure
25 top panel A and B). In addition to that, E. coli containing B. cepacia pyrC gene
showed DHOase activity of 35 nmol/min/mg (Figure 25 bottom panel A and B). From
these results, the cloned B. cepacia pyrC gene expressed active DHOase and

complemented the E. coli pyrC auxotroph.

Purification of DHOase Enzyme by the pMAL Protein Fusion and Purification
System
The DHOase from B. cepacia ATCC25416 was purified by the pMAL protein
fusion and purification system. After being digested from the cloned plasmid, 1,065

bp B. cepacia pyrC gene was re-inserted into the pMAL plasmid (Figure 26), and the
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ATEGACTGCCTCEAACGCTTCCTCCCCGECEGACGCTCTCGCTCGCCCGET
COCGACGACTGGCACCTGCACCTGCGAGACGGCRACATGCTGGCCGC
CGTGCTGCCEGCACACCGUGCGCCAGTTCGGCCECECGATCGTCATGC
COAMACCTFAAGUCOCCOEGT GACGACCACCGCECAGGUGCAGGCCOTAT
COCGAGCGCATCCTCGCCECECTGCCEGCCGEEAT GACGTTCGAACT
GCTGATGACGCTGTACCTGACCEACAACATGCCOGCCCGACGAGATCC
GCCECECECECEAAAGCHFECTTCOTGCACGECAT GAAGCTGTATCCG
GCCGEETECEACGACGAATTCCRACCACGGTGT CACCGATCTCGCGAA
ATGCECGAAGACGCTCGAGGCGAT GOAGGAMACCEGCATGCCGCTGC
TCOGTGCACGGCGAGETGACCGACGCAT CGATCGACCTGTTCGACCGC
GAGAAGGTCTTCATCGACCGCGT GAT GACGCCGCTGCGCCGIGATTT
COCGGECCTEAAGGTCGTGTTCGAACA CATCACGACGAAGGATCGCG
GCCGACTACGTGCGCGACGCCGATGCGECECCCEECCTGCTCGGCGT
GACGATCACCECECAT CACCTGCOTGTACAACCGCAATGCECTGTTCGT
CEGCEGGATTCGCCCECATTACTACTGCCTGCCEGTGCT GAAGCGCGE
AGACGCATCGCGTCGCGCT 3T CGAGGUCGCRACHTCOEGLAACCCG
CGCTTCTTCCTCGEAACCGACAGCICECCHCAT GNGCRCGACGCGAL
GEALACCEGCETGCGGCTGCGCGEGTTGCTATA CGGCGCTGCATGCGT
TCGAALCTGTAT GCGGAAGCGTTCRACCACGCCGETGCECTCRACAAG
CTEGAAGGTTTCGCIAGCTTCTTCOGCGCCEATTT CTACGGECTGCCG
COCAGCECCGAGACGGTCACGCTGCETCGCTAGGCETGEGAGT TGO
COCGCRAGATCTTCGC GGG CEATACGCCCGTCET GCCGCTGCGCEGEC
GECEFAGACGATCOGCTGEAAACTGGCGETGA

Fig. 22 Identified sequence of B. cepacia pyrC gene.
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GenBank: EUT18731.1
Features Sequence

LOCUS EU718731 1065 bp DNA linear BCT 10-JUN-2008

DEFINITICN Burkholderia cepacia strain 25416 dihydroorotase (pyrC) gene,
complete cds.

ACCESSION EU718731

VERSION EU718731.1 GI:189409345
KEYWORDS
SO0URCE Burkholderia cepacia

ORGANISM Burkholderia cepacia
Bacteria; Proteobacteria; Betaproteobacteria; Burkholderiales;
Burkholderiaceae; Burkholderia; Burkholderia cepacia complex.
REFERENCE 1 (bases 1 to 1065)
AUTHORS Kim,H., Kim,5. and O'Donovan,G.A.
TITLE Purification and characterization of dihydroorotase (DHOase) of
Burkholderia cepacia 25416 and construction of pyrC knockout mutant
JOURNAL Unpublished
REFERENCE 2 (bases 1 to 1065)
RUTHORS Kim,H., Kim,5. and O'Donovan,G.A.
TITLE Direct Submission
JOURNAL Submitted (14-MAY-2008) Biological Sciences, University of North
Texas, 1510 Chestnut 5t., Denton, TX 76203, USA

Fig. 23 Deposit of identified B. cepacia pyrC gene. The sequence of B. cepacia pyrC

gene was reported in NCBI data base (GenBank:EU718731.1).
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es producing significant al

Accession Description Max score Total score Query coverage

Yp 7. dihvdroorotase [Burkholderia sp. 3831 16 716 100%
Ye 763943, dihvdroorotase [Burkholderia cenccepacia MCO-31 712 712 100%
Ye 4. dihvdroorotase [Burkholdena cenccepacia )23151 212 712 100%
YP 620079.1 dihvdroorotase [Burkholderia cenocepacia AU 1054] =ref|YP 83432 210 710 100%
ZP 04546553.1 Dihvdroorotase, homodimeric tvpe [Burkholderia dolosa AUO158] 705 705 100%
YP 001580889.1 dihvdroorotase [Burkholderia multivorans ATCC 176161 >ref|YFP 0OC 688 688 100%
ZP 02378522.1 dihvdroorotase [Burkholderia ubonensis Bul 684 684 100%
YP 001807309.1 dihvdroorotase [Burkholderia ambifaria MC40-61 670 670 100%
ZP 02911250.1 dihvdrooratase, homodimeric type [Burkholderia ambifania MEX-51 669 669 100%
ZP 02890634.1 dihydroorotase, homodimeric type [Burkholdena ambifana [OP40-1 867 667 100%
YP 772463.1 dihvdrocrotase [Burkhalderia ambifaria AMMD] 867 667 100%
Ye 118488, dihvdroorotase [Burkholderia vietnamiensis G41 659 559 100%
£P 0235659941 dihvdroorotase [Burkholderia oklahomensis EQ1471 >reflZP 02364 653 653 598%
2P 02464737.1 dihvdroorotase [Burkholderia thailandensis MSMB43] 547 647 8%
YP 441777.1 dihvdroorotase [Burkholderia thailandensis E264] =ref|2P 0237346 646 646 58%
ZP 02451454.1 dihvdroorotase [Burkhaolderia pseudomallei NCTC 131771 645 645 58%
YP _334796.1 dihydroorotase [Burkholderia pseudomallei 1710b] >ref|2ZP 046094 644 544 GE%
ZP 04819720.1 dihvdroorotase, homodimeric type [Burkholderia mallei PRL-201 644 644 98%
YP 109508.1 dihvdrooratase [Burkholderia pseudomallei K96243] >ref|YP 10397 5] 544 98%
YP 001 .1 dihvdroorotase [Burkholderia pseudomallei 6681 543 643 98%
Yp 454, Dihvdroorotase, homodimeric tvpe [Burkholderia alumae BGR11 837 637 99%
Ye 785, dihvdroorotase, homodimeric tvpe [Burkholderia phymatum STME1 529 629 599%

P 024125847, dihvdroorotase [Burkholdenia pseudomallel 14] 529 629 96%
YP 001856972.1 dihvdroorotase [Burkholderia phytofirmans PsIN] 625 625 59%
£P 06293854.1 dihvdroorotase, hamadimeric type [Burkhalderia sp. CCGE10011 623 623 G5%
ZP 0B845754.1 dihvdroorotase, homodimerie type [Burkholderia sp. Ch1-1] 620 620 5§5%
YP 560383.1 dihvdroorotase [Burkholderia xenovorans LE400] 620 620 99%

Fig. 24 Gene blast using NCBI data base. The amino acid sequence from B. cepacia

pyrC gene was blasted against other strains using NCBI data base.
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Fig. 25 Complementation test. Each of cloned pyrC genes from B. cepacia was
transformed into the DHOase mutant E. coli MA1008 (Top panel). The cell extract of

A. MA1008 (pyrC’) and B. MA1008 (B. cepacia pyrC) was used for DHOase activity

assay (Bottom panel) (T-test, p<0.001).

88



lacl reg
| Apal6az

Vol
i b ¥ |
/ |_/
EcoRV 882

: {/Hpal 938

s Marl 1072
rs

:/

.
E000bp
%
“ROF other

PER322 origin-..__h_‘_‘ - . _f__,_,tac prom
" Ndei1527

pMHKBC

- G

X f1 origin
i g

| 4500bp
-~

T gl 1888

-

f/f Avrl 2672
B foal 267 2~5acl 2638

Y
e
¥ EK other

- \IacZ_a reporter

ameRrem / / EcoRl 2699
rmB_T2 18rM g T1 term BamHI 2705
rrnB term ¥bal 2711

Pstl 2727

i o
P |

04Ad ejoedad’g

Fig. 26 Schematic diagram of construction of the pMHKBC plasmid from inserting

B. cepacia pyrC gene into the pMAL-c2E plasmid. Figure is drawn by PlasMapper

version 2.0.
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PMAL-c2e (6.6)kb)

pyrC (1.1 kb)

Fig. 27 Restriction digestion of the pMHKBC plasmid.
pMHKBC plasmid was digested with Kpnl and HindlIl1
enzyme and run on a 1.5 % agarose gel. Lane 1: 1 kb ladder,

lane 2: cloned pMHKBC plasmid.
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cloned plasmid was confirmed by restriction digestion (Figure 27). This cloned
plasmid was named pMHKBC plasmid. Lane 1 shows 1 kb DNA ladder and lane 2
represents the cloned plasmid digested with Kpnl and Hindlll. Based on the known
sequence of the pyrC gene, the expected size of the subunit was 45 kDa. When the
fusion proteins were cut by enterokinase, only the DHOase was cut from the fusion
protein and collected. To check the efficiency of over expression and the size of the
monomer of DHOases, purified DHOases were run on 10 % SDS-PAGE (Figure 28).
The expected size of the fusion or overexpression protein was 87 kDa because the
monomer size of DHOase was 45 kDa and the maltose binding protein (MBP) size
was 42 kDa. The overexpressed 87 kDa fusion protein was seen in lane 1. The
purified DHOase by enterokinase elution was reapplied on the amylase resin after
dialysis. The flow-thru contained partially purified DHOase as seen in lane 2. The
partially purified DHOase was applied on an anion exchange chromatography using
DEAE Sepharose column. DHOases were eluted with 200 mM NaCl of linear
gradient from 0 mM NaCl to 1000 mM NaCl. DHOase-containing fractions were
collected and dialyzed, and run on a 10 % SDS-PAGE to check the purity of sample
(Figure 29). Lane 1 shows the low range protein marker and lane 2 represents the
highly purified DHOase. The final protein concentration was measured as 50 ug/ ul

by the Bradford assay.

Enzyme Kinetics of DHOase of B. cepacia

To charaterize the nature of purified DHOases, enzyme Kinetic studies were
performed to determine the Ky and V), for the B. cepacia DHOase. The purified

DHOases were assayed for DHOase activity by measuring the reverse reaction, the
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52kDa
<+ 45kDa

36kDa

Fig. 28 Purification of B. cepacia DHOase using pMAL protein
fusion and purification system. The purified DHOase was run on
10 % SDS-PAGE. A. Purified DHOase cut by 50 U enterokinase.
B. Partially purified DHOase from flow thru of the second

application on the beads.
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51 kDa
<— DHOase (45 kDa)

34 kDa

Fig. 29 Further purification of highly purified B. cepacia DHOase
by anion exchange chromatography. The purified DHOase was run

on 10 % SDS-PAGE.
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amount of CAA produced from dihydroorotate at 37°C for 20 min using the
colorimetric method for the assay of Beckwith et al. (Beckwith et al. 1962).

The assay was conducted in a microtiter plate and the absorbance was read at
466 nm in a kinetic microplate reader. To calculate the Km and VVm value of purified
B. cepacia DHOase, Michaelis-Menten kinetics (Figure 30A) and a Lineweaver-Burk
plot were analyzed (Figure 30B). From this assay, purified dimeric 90 kDa (2X 45
kDa) B. cepacia DHOase revealed very strong activity without ATCase. Ky and Vi
for dihydroorotase were calculated to be 0.87 mM and 32 mmol CAA/min/mg
proteins, respectively. In addition, the purified B. cepacia DHOase also showed
substrate inhibition by Michaelis-Menten kinetics which is similar to DHOase activity

in other organism.

Purification of ATCase Enzyme by GST Gene Fusion System

The cloned ATCase from B. cepacia ATCC25416 was purified by the
Glutathione S-Transferase Gene Fusion System as previously described by Kim
(Figure 31) (Kim 2004). Kim proposed that trimers from the uncleaved 47 kDa and
the cleaved 40 kDa ATCase subunits are present in the B. cepacia cell. 40 kDa
ATCase has a cleavage between Ser74 and Val75 residues downstream from the
initial f-Met start codon.

During the protein purification system, ATCases were cut out from the fusion
protein by thrombin. In addition to the expected 47 kDa subunit, a 40 kDa polypeptide
was also detected in the eluted samples (Figure 32A). Purified cleaved and uncleaved
ATCases were run on anion exchange chromatography using DEAE Sepharose

column. ATCases were eluted with 300 mM NaCl of linear gradient from 0 mM NacCl
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Fig. 30 Enzyme kinetics of purified B. cepacia DHOases. A. Michaelis-Menten
kinetics. B. Lineweaver-Burk plot. Km (0.64 mM) and Vm (32 mmol CAA/min/mg
protein) value were calculated from the Lineweaver-Burk plot. The data represent the
mean value of three experiments and the error bars were removed from graphs for

clarity. The DHOase revealed substrate inhibition.
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Fig. 31 Schematic diagram of construction of pSK2T plasmid from inserting B.

cepacia pyrB gene into pGEX2T plasmid. Figure is drawn by PlasMapper version 2.0.
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Fig. 32 Purification of B. cepacia ATCase using Glutathione S-transferase (GST)
Gene Fusion System. The purified ATCases were run on 10 % SDS-PAGE.A.

ATCase cut by 50 U thrombin. B,C. Separation of uncleaved (47 kDa) and cleaved

(40 kDa) ATCase by anion exchange chromatography, respectively.
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<+ 480kDa
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<+120kDa

Fig. 33 ATCase activity gel assay. in situ detection of purified ATCase
was performed by the procedure of Bothwell with the histidine buffer

modification of Kedzie (1987).
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to 1000 mM NaCl. The ATCase-containing fractions were detected by a 10 % SDS-
PAGE. ATCase-containing fractions were collected and dialyzed, and run on a 10 %
SDS-PAGE to check the purity of the sample (Figure 32B and 32C). This result was

in accordance with those previously reported by Kim (2004).

Conventional ATCase Activity Gel Assay

To investigate the structural characteristic for ATCase activity, purified
ATCase enzymes were run on a 6 % native gel and in situ detection of purified
ATCase was performed by the procedure of Bothwell with the histidine buffer
modification of Kedzie (Figure 33). Lane 1 shows the ATCase holoenzyme from P.
aeruginosa. Lane 2 and 3 represents purified uncleaved and cleaved ATCase. This
ATCase activity gel assay shows that uncleaved ATCase forms 140 kDa size of active
trimer from 47 kDa monomer and cleaved ATCase forms 120 kDa size of active

trimer from 40 kDa monomer.

Enzyme Kinetics of Purified ATCase Enzymes

To investigate the nature of purified ATCases, the ATCase assay was
performed with uncleaved and cleaved ATCase (Figure 34). Both purified ATCases
were assayed for ATCase activity by measuring the amount of CAA produced at 37°C
for 20 min using the colorimetric method described by Prescott and Jones 1969. The
assay was conducted in a microtiter plate and the absorbance was read at 450 nm in a
Kinetic microplate reader.

Both uncleaved and cleaved ATCases showed significant ATCase activity but

the cleaved ATCase produced 37 % more ATCase activity than did the uncleaved

99



0.5
0.4
= 0.2 1
= T
Ly
=¥
< gz
0.1 4
aa
& &
oy g
& &
AL
S \8
o)
-k@ __}QJ
\fb Qlfb
$ 6
‘b‘?

Fig. 34 ATCase activity assay using purified uncleaved and cleaved
B. cepacia ATCase. The data represent the mean value of three

experiments (T-test, p=0.013).
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ATCase. From this result, it was shown that the cleaved ATCase had a higher affinity
for aspartate than did the uncleaved ATCase. Both the uncleaved ATCase (47 kDa)

and the cleaved ATCae (40 kDa) made active trimers.

Effectors Assay for Purified ATCase

To characterize the property of uncleaved and cleaved B. cepacia ATCases,
the effectors assay was performed using ATP, UTP, GTP, and CTP (Figure 35).
Based on pre-experiment results, 10 mM concentration was used as a final effector
concentration to give saturation. The graph of Figure 35 shows the ATCase activities
of uncleaved and cleaved ATCase under 10 mM of each effector. The percentage
numbers in the table represent the relative inhibition degree by comparing the each
ATCase activity with effectors with the ATCase activity without effectors.

From this result, it is clear that ATCase specific activities of both uncleaved
and cleaved ATCase are decreased when the nucleotides were present. Moreover,
cleaved ATCase revealed less inhibition than did the uncleaved ATCase. Specifically
cleaved ATCase had about twenty times less inhibition under UTP effect than

uncleaved ATCases’.

Refolding of ATCase Holoenzyme

To investigate the structure of ATCase holoenzyme of B. cepacia, the purified
DHOase from B. cepacia was refolded with the purified ATCase from B. cepacia
using thermal process method at 37°C (Figure 36) and the method provided by New
England Biolab. From this result, both reconstituted ATCase holoenzyme from 140

kDa ATCase trimer with DHOase dimer and 120 kDa ATCase trimer with DHOase
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Fig. 35 Effector assay of purified ATCases. The purified ATCases, 140 kDa
and 120 kDa, were assayed using effectors. Bottom table represents the relative
inhibition percentage versus control (no effector). 120 kDa ATCase revealed

less inhibition.
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Fig. 36 Refolding of ATCase holoenzyme using purified B. cepacia ATCase and
DHOase. Refolding was performed using procedure from New England Biolab. In
situ detection of activity of refolded ATCase holoenzyme was performed by the

procedure of Bothwell with the histidine buffer modification of Kedzie (1987).
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dimer revealed the ATCase activity. Moreover, 120 kDa ATCase trimer with
DHOase dimer showed better refolding affinity to each other than purified 140 kDa

ATCase trimer with DHOase dimer.

However, the refolding method provided by New England Biolab did not

produce active ATCase holoenzyme from any combination.

Construction of pyrC Knockout in B. cepacia

From previous research, it was likely that two DHOases are present in B.
cepacia. To learn more about the B. cepacia ATCase, we constructed a pyrC
knockout strain using the gene deletion method followed by bi parental mating. The
pyrC gene from the cloned pUC18 plasmid was subcloned into pEX18Gm plasmid
(Figure 37). The constructed pEXHKBC plasmid was digested with Kpnl and HindllI
enzyme and run on a 1.5 % agarose gel (Figure 38). Then, partial deletion of B.
cepacia pyrC gene from pEXHKBC was achieved by BstBI enzyme digestion and
sequential self-ligation (Figure 39). The constructed pEX18Gm-pyrC™ plasmid was
selected by BstBI enzyme digestion (Figure 40), and named as pEXHKBCX plasmid.
Lane 1 and lane 2 show the 1 kb ladder and constructed plasmid, respectively. The
cloned pEX18Gm-pyrC’ plasmid was confirmed by sequencing.

After being transformed into the SM10 E. coli strain, this construction was
then mated into wild type B. cepacia using bi-parental mating.

B. cepacia is naturally very resistant to a range of antibiotics. In the case of
gentamicin, the Minimum Bactericidal Concentration (MBC) was 3 mg/mL (data not
shown). The screenings successfully identified a colony whose single recombination

phenotype was gentamicin resistant and sucrose sensitive, and whose double
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Fig. 37 Schematic diagram of construction of pEXHKBC plasmid from inserting B.

cepacia pyrC gene into pEX18Gm plasmid. Figure is drawn by PlasMapper version
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<— pEX18Gm

<— B. cepacia pyrC

Fig. 38 Restriction digestion of pEXHKBC plasmid. pPEXHKBC
plasmid was digested with Kpnl and Hindlll enzyme and run

on a 1.5 % agarose gel. Lane 1: 1 kb ladder, lane 2: cloned pEXHKBC.
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Fig. 39 Schematic diagram of construction of pPEXHKBCX plasmid from inserting B.
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version 2.0.
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« pEX18 Gm (5.8 kb)

pyrC (0.8 kb)

Fig. 40 Restriction digestion of pEXHKBCX plasmid. pPEXHKBCX plasmid
was digested with Kpnl and HindlIl enzyme and run on a 1.5 % agarose gel.

Lane 1: 1 kb ladder, lane 2: cloned pPEXHKBCX.
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Fig. 41 PCR results to confirm the construction of pyrC knockout
B. cepacia 25416.PCR was performed using BCpyrC-F and BCpyrC-R

primers. The PCR product was run on a 1.5 % agarose gel.
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recombination phenotype was gentamicin sensitive and sucrose resistant as described
in Material and Methods. The resulting recombinant B. cepacia was screened by
plating on Psmm containing supplemented with uracil. The pyrC knockout strains
grew very slowly in minimal medium at 30°C but after fully growing then the growth
rate was comparable to that of wild type B. cepacia. Moreover, this strain became
prototrophic and grew in Psmm without uracil. Despite the deletion of pyrC, the
strain grew without uracil suggesting that another pyrC was present as seen by Brichta
for P. aeruginosa (Brichta 2003). Insertion of the pyrC™ allele into the appropriate site
of the B. cepacia chromosome by homologous exchange was confirmed by PCR, the
product has a 300 bp-less fragment than 1.1 kb size of pyrC gene from wild type
(Figure 41). Additionally, the deleted portion at pyrC gene in mutant strain was

confirmed by sequencing.

Southern Blot

To confirm the selected pyrC™ B. cepacia, Southern blot analysis was
performed using high prime DNA labeling and a detection kit from Roche Applied
Sciences. This kit uses non-radio labeling with digoxigenin-dUTP (DIG), and an
alkali-labile detection method. To detect the deleted part of pyrC gene, the probe was
designed to target 100 bp upstream and downstream of the deleted region resulting in
a product size of 300 bp. PCR primers to produce probes were designed using Primer
3 software (SBBCpyrC-F and SBBCpyrC-R) (Table 6). To the PCR, DIG- Random
primed DNA labeling was performed as described in the manual provided by vendor
(Figure 42).

For Southern blot analysis to confirm the construction of pyrC knockout B.
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Fig. 42 PCR reaction to synthesize the probe used to detect
the deleted part of pyrC gene for Southern blot analysis.

1. 2-log DNA marker, 2-5. Synthesized probes.
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cepacia, the genomic DNA of wild-type B. cepacia and pyrC™ B. cepacia were
digested by EcoRI and BamHI enzyme. EcoRI enzyme was chosen because it digests
in the middle of the deleted 300 bp of B. cepacia pyrC gene used to construct the
pyrC knockout mutant strain. BamHI enzyme was chosen because it digests upstream
and downstream of the deleted 300 bp of B. cepacia pyrC gene to construct the pyrC
knockout mutant strain. Restriction digestion with EcoRI and BamHI was performed
on 10 pug of each genomic DNA overnight at 37°C. The digested each genomic DNA
was loaded on a 1 % agarose gel and separated by electrophoresis. The results of the
restriction digest performed on genomic DNA of wild- type B. cepacia and pyrC" B.
cepacia are shown in Figure 43. Digested genomic DNA was transferred onto 2
nitrocellulose membrane and hybridized with the constructed probe. The hybridized
DNA and probe were visualized by BCIP/NPT substrates, and the result was
photographed (Figure 44).

Lane A3 and lane A4 represent the digested genomic DNA of B. cepacia wild
type and pyrC" knockout mutant strain by EcoRI. EcoRI digested within the middle
of the deleted pyrC gene. As seen on figure, B. cepacia wild type produced two
fragments of 0.5 kb and 1.3 kb while pyrC" knockout mutant strain produced one
fragment of 1.5 kb. The anticipated kb size difference of 0.3 kb matched the size of
the deleted portion of pyrC.

Lane B3 and lane B4 represent the digested genomic DNA of B. cepacia wild
type and pyrC" knockout mutant strain by BamHI. BamHI digested upstream and
downstream of pyrC gene. As seen on Figure 44, B. cepacia wild type produced 1.5
kb fragment while pyrC™ knockout mutant strain produced 1.2 kb. From Southern blot

analysis, the construction of pyrC™ knockout mutant strain was confirmed.
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Fig. 43 Restriction digestion of genomic DNA of wild type and pyrC knockout B.
cepacia with EcoRI and BamHI enzyme. 1. Wild type with EcoRlI, 2. pyrC” with
EcoRl, 4. 2 log DNA marker, 5. Wild type with BamHI, and 6. pyrC™ with BamHI.
Lane 1, 2, and 3 represent the genomic DNA of wild-type B. cepacia and two pyrC”
B. cepacia mutants digested by EcoRI. Lane 4 shows the 2-log DNA marker, and

lane 5, 6, and 7 represent the genomic DNA of wild-type B. cepacia and two pyrC

B. cepacia mutants digested by BamHlI.
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Fig. 44 DIG-dUTP Hybridized Southern blot of B. cepacia wild type and pyrC
mutant. Genomic DNA of wild type and pyrC knockout B. cepacia was digested
with EcoRI and BamHI enzyme. A. 1, 3. Wild type with EcoRl, 2, 4. pyrC” with
EcoRlI. 3,4. Southern blot. B. 1, 3. Wild type with BamHI. 2, 4. pyrC” with BamHlI.

3, 4. Southern blot.
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Growth Study

Growth curves were performed for the wild type and mutant strain in Psmm
with and without supplying uracil as described in Materials and Methods. All the
cultures were started at the similar optical density to maintain a consistent basal
starting point (Figure 45). In this study, wild-type B. cepacia showed a lag in growth
rate in Psmm supplemented with uracil. Exogenously supplied uracil might cause the
cells to grow for a longer period of time. The pyrC" B. cepacia mutant showed longer
generation time in comparison to wild-type B. cepacia in Psmm with and without
uracil.

Interestingly, pyrC™ B. cepacia mutant did not show any difference in growth
rate in the presence or absence of exogenously added uracil. Therefore, this growth
curve of wild type and the pyrC™ B. cepacia mutant provides a characteristic of the
prototrophic life of pyrC™ B. cepacia. Once we discovered that the knockout mutation
in pyrC did not produce pyrimidine auxotrophy we concluded that there must be two

active pyrCs in B. cepacia. This explains the growth curve seen in Figure 45.

Virulence Tests
Twitching, swarming, and swimming motilities were tested on wild type and
the B. cepacia pyrC mutant strains to see if there was any significant difference in the
mutant when compared to the wild type. Swimming motility requires flagella, while

swarming and twitching motility require type 1V pili.

Twitching Motility
Results for twitching motility after 24 h incubation at 37°C are presented in

Figure 46. Twitching motility require type 1V pili.
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Fig. 45 Growth curve of B. cepacia wild type and pyrC™ mutant. WT: wild type, MT: pyrC” mutant. The data represent the mean value
of three experiments and the error bars were removed from graphs for clarity. No difference in growth rate was seen because the pyrC

strain remained a prototroph.
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The results showed that the twitching motility of B. cepacia pyrC" mutant
strain was apparently reduced to compare with that of wild-type B. cepacia after 24 h.
However, B. cepacia wild type and the pyrC" mutant strain did not show significant
difference of twitching motility with or without uracil, but in wild type, the addition of
uracil slightly decreased. Therefore, the B. cepacia pyrC™ mutant strain did not recover
the normal twitching motility even with exogenous uracil. The phenotypes of wild
type were rough growth perimeter while the mutants with decreased twitching

motility were smooth growth perimeter.

Swarming Motility
Results for swarming motility after 24 h incubation at 37°C are presented in
Figure 47. Swarming motility requires both flagella and type IV pili. Swarming
motility results were different from twitching. Swarming was not impaired for the
pyrC” mutant in plates and also B. cepacia wild type and the pyrC™ mutant strain did
not show significant difference of swarming motility with or without uracil. Therefore,
the swarming motility of the pyrC” mutant strain was not affected even without a

functioning of pyrC gene.

Swimming Motility
Results for swimming motility after 24 h incubation at 37°C are presented in
Figure 48. Swimming motility requires flagella.
The results showed that swimming motility was reduced in the mutant to
compare with that of wild type after 24 h. However, B. cepacia wild type and the
pyrC™ mutant strain did not show significant difference of swimming motility with or

without uracil, but in wild type, the addition of uracil slightly decreased. Even though
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Fig. 46 Twitching motility assay.

118




Uracil: - +

MT
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the growth curve for the wild type and the pyrC™ mutant were nearly identical, this
was not the case for the motility studies. Here the pyrC™ mutant strains failed to
produce the wild type levels of twitching and swimming motilities. The residual
pyrC, here designated pyrC2 was unable to produce a wild type motility response. A

similar result was seen for the biofilm production.

Biofilm Assay

To determine the ability of B. cepacia wild type and B. cepacia pyrC™ mutant
strains to attach to abiotic surfaces, two different biofilm assays were carried out as
described in Materials and Methods. Thus the wild type and the pyrC™ mutant strain
were compared for biofilm production. The wild type produced a thick biofilm in
polystyrene microtiter plates while the mutant did not show any comparable
attachment (Figure 49). These results occurred with or without uracil and were
observed before it was known that two pyrCs were present in B. cepacia. Biofilm
formation by B. cepacia wild type and the B. cepacia pyrC™ mutant strain was
virtually independent of uracil. However, both 48 h cell cultures of wild type and
pyrC” mutant strains showed more biofilm formation than did the 24 h cell cultures.

The Air-liquid interface coverslip assay also revealed similar results to the
Microtiter plate biofilm assay (Figure 50 and 51). Increased and wider biofilm
formation in the coverslip of the B. cepaciawild type compared to pyrC™ mutant strain
was observed. Both 48 h cell cultures of wild type and pyrC™ mutant strains showed
more biofilm formation than that observed in the 24 h cell cultures. However,

exogenous uracil did not significantly affect biofilm yields.
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biofilm assay.
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Fig. 50 Air-liquid interface coverslip assay of 24 h cultured cells.
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CHAPTER 4

DISCUSSION

The molecular mass and kinetic properties of ATCase have been used to
separate bacterial ATCases into three classes along phylogenic lines (Bethell and
Jones 1969). Large bacterial ATCases are found in Class A with molecular masses of
450-500 kDa. All ATCases are inhibited by nucleotide triphosphates and display
Michaelis-Menten Kkinetics. The ATCases of the Pseudomonas (P. putida, P.
aeruginosa: Schurr et al. 1995) are typical of this Class. The Pseudomonas ATCase
contains six copies of the PyrB subunit with a molecular mass of 36.4 kDa and six
copies of the larger PyrC’ polypeptide with a mass of 44.2 kDa are arranged as a
dodecamer (Schurr et al. 1995). The larger PyrC’ polypeptide is not active as a
DHOase but it has to be present for the ATCase holoenzyme to be active (Schurr et al.
1995). Members of the class A group are seen in column 2 of Table 7.

The three traditional classes A, B, C were extended in 1999 by Hughes et al.
(1999) when the ATCase was studied in Streptomyces griseus. Here, the pyrBC
complex, unlike P. putida ATCase holoenzyme contains an active DHOase encoded
by pyrC.

To distinguish between the ATCases with active DHOases from those with
inactive DHOases, Hughes suggested the designation Class A; for those with active
DHOase and Class A; for those with inactive DHOase. These are seen in Columns 1
and 2 in Table 7.

The Class B ATCases have a molecular mass of about 300 kDa and are
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typified by sigmoidal kinetics. The enzyme from E. coli is the most studied ATCase
member of Class B. The enzyme is a dodecamer and consists of six catalytic
polypeptides encoded by pyrB and six regulatory polypeptide encoded by pyrl. The
PyrB enzyme has a molecular mass of 34kDa and the Pyrl, a molecular mass of
17kDa. The catalytic polypeptides line up as two active trimers and three regulatory
dimers to form the classic dodecameric holoenzyme.  Class B ATCases are found in
most enteric bacteria as well as in Neisseria and Pyrococcus (Purcarea et al. 1994).
Members of Class B are seen in Column 3 Table 7.

Class C ATCases are characterized by their small size, lack of inhibition by
nucleotides and Michaelis-Menten kinetics for carbamoyl phosphate and aspartate
substrates. Bacillus subtilis has a typical Class C ATCase. It is a typical Class C
ATCase. It is active only as a trimer consisting of three identical polypeptides for a
molecular mass of 100 kDa. The Class C enzymes are seen in Column 4 of Table 7.

In this study, the ATCase pyrBC complex was purified from Burkholderia
cepacia. In the course of the purification four different ATCase activities appeared as
two dodecameric holoenzymes of 550 kDa and 510 kDa and as two trimeric ATCases
(like the trimer of Class C) of 140 kDa and 120 kDa. The 140 kDa trimer consists of
3x47 kDa while the 120 kDa consists of 3x40 kDa. The 40 kDa PyrB arose uniquely
by specific cleavage of the 47 kDa polypeptide between Serine 74 and Valine 75. This
created a shortened PyrB polypeptide lacking 74 amino acids at its N-terminus. Other
Ser/Val sites downstream were not cleaved. Chemical modification of the Ser/Val site
prevented cleavage (Kim 2004). In seeking a possible role for the 74 amino acid
overhang, the enzyme activities of the two trimers were studied and effector assays

with the four nucleotide triphosphates carried out. The holoenzymes were also
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studied.

Surprisingly, the 140 kDa enzyme showed significant inhibition while the 120
kDa had much less inhibition. This suggested that the 74 amino acid overhang at the
N-terminus of PyrB housed the nucleotide binding site. As mentioned above, this
binding site is removable by specific cleavage eliminating inhibition in the larger 550
kDa holoenzyme by UTP and to a lesser extent by ATP. The smaller holoenzyme of
510 kDa, with the 74 amino acid removed, gave much less inhibition. Both
holoenzymes contained an active PyrC (DHOase). However, the favorable
combination of ATCase and DHOase to form the ATCase holoenzyme is not clear
(Figure 52).

Column 5 of Table 7 shows some of the unique features of B. cepacia ATCase.
B. cepacia produces two active large holoenzymes at 550 kDa and 510 kDa. It
produces two active trimers of 140 kDa and 120 kDa. The 40 kDa PyrB arose by
cleavage of the 47 kDa chain. Both cleaved and uncleaved ATCase make active
trimers and these two trimers participate in holoenzymes synthesis. The physiological
conditions that allow the cleavage have not yet determined. Since B. cepacia ATCase
contains atypical characteristics to those seen in Class A (Class A; and Class A)) it
seems appropriate to suggest a new class, namely Class D to accommodate the unique
B. cepacia and B. cepacia-like ATCases.

The aim of this study was to clone and characterize the pyrC gene in B.
cepacia 25416 that plays important roles in ATCase holoenzyme formation and the
virulence factor production. To verify the composition of the PyrBC holoenzyme
complex, the pyrC gene encoding B. cepacia dihydroorotase (DHOase, subunit size of

45 kDa) was cloned and purified by the pMAL protein fusion and purification system.
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In an earlier study in our lab, Linscott (1996) partially purified the ATCases
from B. cepacia and found that there were two bands at about 600 kDa and 240 kDa
respectively, in ATCase activity gel. That was an unusual finding since B. cepacia
was considered a pseudomonad at that time. Studies from O’Donovan’s lab suggested
that ATCase could be used as a taxonomic marker (O’Donovan and Shanley 1999).

Pseudomonas ATCases are representative Class A, ATCases as mentioned
previously. B. cepacia ATCase also has been classified as Class A ATCase previously.
While purifying the ATCase and DHOase from B. cepacia, we discovered the 4
different ATCase activities as mentioned above. It was great questionable
phenomenon why this organism possesses 4 different sizes of ATCases. After Kim’s
discovery, Azad (2005) showed ATCase activity for all phases of growth in the
dialyzed cell free extract using 5 differrent species bacteria including B. cepacia
grown in rich media. He found that the ATCase of B. cepacia yielded two large bands
at 550 kDa and 480-500 kDa and one much smaller band at 140 kDa on activity gels
(Azad 2005). From his ATCase activity gel, especially for samples from stationary
phase and death phase, there was a significant decrease in activity in the larger
holoenzyme but the smaller holoenzyme remained partially active in death phase even
though activity was decreased (gel picture not shown).

In order to determine more about the roles of the DHOase in B. cepacia, the
pyrC gene was knocked out. B. cepacia pyrC” mutant did not exhibit a requirement for
pyrimidines and remained a prototroph. Nevertheless, though the PyrC" knockout
strain is a pyrimidine prototroph, it is not prototrophic for biofilm and virulence factor
production.

In growth studies, there was no difference in growth rate between wild type
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strain and the knockout mutant indicating that the observed motility defects in this
study were not due to delayed growth of mutant. Moreover, the knockout strain did
not require uracil.

Even though DNA sequences of B. cepacia 25416 are not available so far based
on these results and the released sequences of other Burkholderia species, we can
conclude there is another pyrC in this organism.

To characterize the relationship between pyrimidine pathway and virulence
factor production, motility tests and biofilm assays were conducted using pyrC’
mutant. It would not be possible to test the pyrC™ mutant for all the possible virulent
factors since the genus Burkholderia is well known to produce many different factors
depending on the species they produce different virulent factors. Biofilm formation is
the common characteristic of the genus Burkholderia and the pathogenicity of B.
cepacia is in part due to the ability of biofilm production (Djordjevic et al. 2002). The
comparison of ability of biofilm formation between the wild type and the mutant was
the great way for these reasons. To develop biofilm, their motility should be involved
to attach, once produced, bacteria may undergo significant phenotypic shifts including
induction of different metabolic pathways and development of resistance to antibiotic.

Even though no significant difference in growth rates was observed, there were
significant differences between the wild type and mutant in biofilm production and
other virulence factor. Overall the wild type had significantly greater biofilm
formation than did the mutant. This indicates that differences in biofilm formation
were due to factors other than the abiliy to match wild type growth.

Two different biofilm assays were combined for more accurate results. The

direct microscopic observation and the quantification using the microtiter plate assay
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provided the consistent results for biofilm production. Addition of uracil did not make
any significant difference. These assays confirmed that pyrC gene was directly or
indirectly involved in biofilm formation in B. cepacia.

Motility plays a major role in biofilm formation. Swarming behavior of the
pyrC™ mutants and the wild-type was not distinguishable, indicating that swarming
motility was not required for biofilm production (Figure 47). Huber et al. also reported
that swarming motility is not required for biofilm formation in B. cepacia H111
(Huber et al. 2001). Swimming and twitching motility were diminished in the mutant
strain, therefore pyrC™ mutant may have a problem in the initial cell attachment, but
more investigations such as knockout of genes involved in motility would be required
to confirm the requirement of these types of motility for the biofilm production.

The results from biofilm production in this study open very important
possibility in relationships between the pyrimidine biosynthetic pathway and quorum
sensing (QS) system which is the global gene regulation systems in bacteria. As
mentioned in the introduction, QS system controls the production not only of other
virulence facors but also of biofilm. It could be possible that pyrC gene knockout also
affects QS system. That is reasonable since the pyrimidine pathway is the essential
pathway for the living organisms. More research is needed to investigate these details.
In order to know the exact functions of each pyrC genes, the goal of this study had
been changed to the construction of double knockout of pyrC genes. Unfortunately,
that was not successful after several trials.

In 2003, the Wellcome Trust Sanger Institute sequenced the first genome of
the Burkholderia genus, which was B. cenocepacia J2315. Recently more sequence

information is available than when this study began. But especially for the
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identification of another pyrC, designated pyrC2, required to have more genome
sequencing in the future.

During this research, B. cepacia pyrC was identified and gene sequence was
reported in NCBI data base. A BLAST search using B. cepacia PyrC amino acid
sequence revealed high homology to Pseudomonas spp. PyrC amino acid sequence
(Figure 53). The PyrC amino acids homology amomg B.cepacia, P. aeruginosa, P.
putida, and P. fluorescens was analyzed using Biology WorkBench (Figure 54)
(http://seqtool.sdsc.edu/CGI/BW.cgi). B.cepacia PyrC amino acid showed about 60 %
homology with PyrC of P. aeruginosa, P. putida, and P. fluorescens. Another
BLAST search using B. cepacia PyrC amino acid sequence was performed. As
expected, B. cepacia PyrC amino acid sequence showed very high homology to other
Burkholderia spp. PyrC amino acid sequences (Figure 55). Some Burkholderia spp.,
such as B. mallei, have two pyrC gene loci in chromosome 1 while other
Burkholderia spp., such as B. cenocepacia, have one pyrC in chromosome 1 and
another one in chromosome 2. Among them, B. cepacia PyrC amino acid sequence
matches mostly with B. cenocepacia PyrC in chromosome 1 (Figure 56). Therefore, B.
cepacia pyrC is likely to be found in chromosome 1.

Maksimova et al. reported that in a DHOase mutant strain of P. putida failed
to produce the siderophore pyoverdin, which is one of its virulence factors
(Maskimova et al. 1993). Brichta (2003) showed that the pyrC and pyrC2 of P.
aeruginosa are involved in the production of the siderophore pyoverdin and
pyocyanin, which are virulence factors. She also reported that pyrC was found to be
constitutively expressed while pyrC2 was expressed only in the pyrC mutant

background. It is possible that similar regulation may occur in B. cepacia.
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In an earlier study, Kim (2004) showed that the pyrB1 knockout in B. cepacia
25416 had lost its virulence against Caenorhabditis elegans. He also showed that
there were two pyrBs (pyrB1 and pyrB2) in B. cepacia.

The research presented here combined two important aspects of use ATCase
as a taxonomic tool and a potential therapeutic target. Recently, many different
approaches have been performed to discover and control the virulence factors from
typical gene inactivation to very recent comparative transcriptomics (Yoder-Himes et
al. 2010).

ATCase, an essential enzyme, is found in almost all living organisms and is
conserved in its basic characteristics during the evolution. We can deduce that it has
originated from a common ancestor. Without this enzyme, organisms can not survive
excluding a few natural pyrimidine auxotrophs. The unique ATCase in B. cepacia has
been classified as Class Ay, but it contains active DHOase like Class A; and also
contains active trimers of ATCase like Class C. It seems that they carry the mixed
characteristics of ATCase from most bacteria. We are not sure of the advantages of
carrying several ATCases. But it may be an advantage for adaptation to protection
from new environments quickly, and also for their versatile characteristics. The study
of ATCase in multichromosomal organisms, such as how organisms keep and develop
the genes for their survival, during evolution will provide us invaluable information
for the future.

To characterize the relationship between pyrimidine pathway and virulent factor
production, some virulent tests and biofilm assay were conducted using B. cepacia
pyrC mutant. B. cepacia pyrC” mutant showed diminished twitching motility. This

may due to the malfunction of Type IV pili.
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Fig. 54 Analysis of amino acids alignment of B. cepacia PyrC with Pseudomonad

PyrC using Biology WorkBench.
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B. cepacia pyrC mutant also showed the reduction of biofilm formation.
Quorum sensing regulates biofilm production, which is mediated by hormone-like N-
acyl homoserine lactones. These molecules control the production not only of biofilm
matrix material but also of virulence factors such as proteases, flagellae, and fimbriae.
Recent research has found that B. cepacia shares the same quorum-sensing molecules
as P. aeruginosa; thus, these organisms potentially enhance each other's virulence
(Huber et al. 2001). Therefore, B. cepacia pyrC  mutant may have a problem in the
regulation of initial cell attachment, or in the control of the maturation of the biofilm.
These results provide the evidence that twitching motility of B. cepacia is quorum-
sensing-regulated, possibly through the control of biosurfactant production.

As a result, we propose the new classification of B. cepacia ATCase as Class D
ATCase (Table 7). B. cepacia contains two pyrC genes, one locating at chromosome
1. The B. cepacia pyrimidine pathway has a relationship to virulence factor
production and biofilm formation. In addition to that, since B. cepacia has
characteristic of plant promoter and bioremediation, this research will help to make B.
cepacia as a bio-agent in agriculture and anti-pollution industry. Moreover, it will

pave the way to generate the vaccine to prevent the deadly infection to CF patient.
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Table 7 Proposed new class of ATCase, class D, for B. cepacia

Classes Class Al Class A2 Class B Class C Class D
Structure
Subunit PyrB catalytic | PyrB catalytic | PyrB catalytic | PyrB PyrB
Structure | 34kDa 34 kDa 34 kDa catalytic catalytic
34 kDa 47 kDa
or
40 kDa
PyrC active 45 | PyrC’inactive | Pyrl active as PyrC
kDa 45 kDa regulatory trimer active
o 17 kDa No 45 kDa
. holoenzyme
Organism Streptomyces Pseudomonas | E. coli Bacillus Burkholderia
griseus putida | Salmonella subtilis cepacia
S.coelicolor P. aeruginosa typhimurium | B caldolydicus
Mycobacterium 1">‘ h nlrfvz"‘ = Neisseria
smegmaris cepaciu meningitidis | Streptococcus
Thermus Pyrococcus pyvogenes
aquaticus abyssi
Size of 450 kDa 480 kDa 310 kDa No 550 kDa
Holoenzyme holoenzyme | or
Trimer only |510 kDa
100 kDa
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