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Abstract

ALTERNATIVE REGULATION OF THE ALGINATE ALGD OPERON BY AN ACTIVATED
ALGB IN NONMUCOID PSEUDOMONAS AERUGINOSA IS DEPENDENT ON SIGMA 54

By Jean H. Kim, Ph.D.

A dissertation submitted in partial fulfillment of the requirements for the degree of
Doctor of Philosophy at Virginia Commonwealth University

Virginia Commonwealth University, 2010
Major Director: Dennis E. Ohman, Ph.D.
Professor and Chair, Department of Microbiology and Immunology
Alginate overproduction by Pseudomonas aeruginosa, which causes a mucoid

phenotype, is @ major virulence factor associated with chronic pulmonary infections in
cystic fibrosis patients. Expression of the algD operon for alginate biosynthesis requires
three major regulators in association with the ECF sigma factor, 0%, in mucoid strains
that are typically defective in anti-sigma factor, MucA. One such algD regulator is AlgB,
a member of the NtrC family of two-component systems, which typically utilize >*.
However, neither ¢>* nor the cognate sensor kinase (KinB) of AlgB are required for algD
expression in such mucoid strains. I hypothesized that KinB-phosphorylated AlgB must
play some role in gene regulation, and so I sought to construct an overactive AlgB that
simulated kinase-phosphorylation. I took a predictive approach and genetically
introduced substitutions in AlgB that had been shown to activate DctD, a close

homologue of AlgB in Rhizobium (55). When one such substitution, AlgBg12sk, was



XX

transferred to a nonmucoid P. aeruginosa PAO AalgB-kinB (JK159) strain, alginate
overproduction was observed. Interestingly, introduction of an algT mutation to
remove o2 did not block alginate production induced by AlgBe12s; although, it did
stimulate the production of alginate in the presence of AlgB.: in trans to similar levels
induced by the overactive mutant. In contrast, introduction of an rpoN mutation
showed that alginate production mediated by AlgB.: and AlgBg125« was o~ dependent.
The increase in expression of alginate by AlgB.. in the presence of o>* and the absence
of 0?2 suggested a competition between the sigma factors for binding to PalgD.
Biochemical assays were conducted to assess the overactive property of AlgBgiosk. For
the ATPase assay, an equivalent amount of ATP hydrolysis was observed between the
mutant and the wild type AlgB proteins. Slight differences seen for the EMSA data
suggested possible higher order complex formation for AlgBgi2s5x compared to AlgBu.
Collectively, these results suggest that in wild-type (MucA*) P. aeruginosa, expression
of the algD operon is dependent on the phosphorylation of AlgB by KinB in a typical
two-component fashion that is triggered by some as yet unknown environmental

stimulus.



Chapter 1: Introduction

Pseudomonas aeruginosa

Members of the family Pseudomonadaceae are ecologically significant and the
most diverse group of bacteria. They are generally straight or slightly curved
nonsporulating rods with one or more polar or lateral flagella used for maotility (59).
Commonly found in the soil and water, these bacteria are important saprophytes that
degrade and decompose organic matter contributing to the carbon cycle (71).

Pseudomonas aeruginosa, a gram-negative opportunistic pathogen, is a member
of the family Pseudomonadaceae. As is true with opportunistic pathogens, P.
aeruginosa does not cause infection in healthy organisms, however, when given the
occasion such as reduced immunity or a temporary disruption of protective barriers, the
bacterium is pathogenic in plants and mammals. This ubiquitous organism is extremely
versatile and can adapt to most environments including those typically presumed
uninhabitable. P. aeruginosa have been isolated from unusual liquid sources such as
distilled water, ophthalmic solutions, and antiseptic solutions. They have also been
found on inanimate surfaces that are intermittently exposed to moisture including
forceps, utensils, sinks, and taps. Their unique ability to adapt and persist in such
unforgiving conditions is due to the organisms’ capacity to survive on extremely limiting

amounts of nutrients and to utilize a variety of carbon sources (21, 49, 71).



Pathogenesis

A vast number of species have been classified under the genus Pseudomonas,
however, P. aeruginosa is the species most commonly associated with human disease in
the U.S. This organism has become clinically important because of the myriad of minor
and severe infections it can cause anywhere throughout the body. However, these
infections can only be established when protective barriers are destroyed and/or the
host humoral and cellular defenses are impaired. Some minor infections include
folliculitis and otitis externa (swimmer’s ear), which might be self-limiting or can easily
be treated with topical antibiotics. More serious infections such as ocular kerititis,
endocarditis, meningitis, infections of burns and other severe skin wounds, and
pulmonary infections can be debilitating or lead to septicemia ultimately resulting in
death (22, 56, 71).

P. aeruginosa is also an important causative agent of nosocomial infections,
accounting for 11-13.8% of patients that are infected by this bacterium. The
percentage is even higher in intensive care units (ICUs) where 13.2-22.6% of these
patients are infected by P. aeruginosa (19). This is not surprising, since the protective
defenses of patients are depressed and the bacteria can persist on fomites and in other
unusual moist environments throughout the hospital. Survival of these opportunistic
pathogens is not only a result of their unique metabolic capabilities but also their
possession of multiple virulence factors (37) and their ability to acquire mechanisms of
antibiotic resistance (9, 44) constantly adding to their repertoire. These mechanisms

for resistance are truly impressive including enzymes that modify drugs, enzymes that



modify targets, a number of multidrug efflux pumps, and a decrease in outer
membrane permeability (19, 77).

A more notable infection caused by P. aeruginosa is the one seen in cystic
fibrosis (CF) patients. This bacterium is the leading cause of morbidity and mortality of
CF-afflicted individuals demanding for more research. Cystic fibrosis is an autosomal
recessive disorder resulting from mutations in the gene that codes for the cystic fibrosis
transmembrane conductance regulator, CFTR. The CFTR is an ATP-binding cassette,
ABC, transport protein responsible for the channeling of chloride ions across the apical
membranes of epithelial cells. Although this transport protein regulates levels of
chloride ions, it is also important for the regulation of other ion channels transporting
sodium, and potassium. The disregulation of these channels results in the abnormal
secretion of a viscous mucus deficient in both water and electrolytes. Passages in the
lungs and intestinal organs become obstructed causing damage and impairment of their
normal functions. People with CF also present with a high level of salt secreted from
their sweat glands. This is due to poor reabsorption of sodium ions since their chloride
counter ions are not reabsorbed by the mutated CFTR, which is the only pathway
mediating this process (52, 70).

The lung environment of an individual with CF is ideal for bacterial colonization.
The thick mucus secretion lining the surface of the lungs is unable to be cleared by the
damaged cilia providing a surface for adherence and a niche for pathogens. Early
colonizers infecting the lungs of infants are generally Staphylococcus aureus and

Haemophilus influenzae. P. aeruginosa is seen later in toddlers (20% of one-year olds



and 33% of three-year olds) and is subsequently dominant in adults (80-90%). Itis
believed that these early bacterial colonizers assist in the establishment of
pseudomonads. Ultimately, P. aeruginosa produces chronic pulmonary infections that
eventually lead to impairment of lung function and possibly death. Their ability to
persist and maintain infection is primarily due to the antibiotic resistance mechanisms
they possess as mentioned above. Both S. aureus and H. influenzae are treatable with
aggressive antibiotic therapy (14, 52, 82). Even P. aeruginosa can be eradicated when
caught early using the same method of treatment, however, elimination is impossible
once infection is established. A development of long-term suppressive antibiotic
treatments has benefited patients suffering from chronic Pseudomonas infections.
These antibiotic treatment methods and methods for preventing infection have
increased the life expectancy of CF patients from 25 years in 1985 to 38 years in 2007
(14, 47). Although improvements have been made to prolong the lives of CF patients,
new challenges continually arise such as the emergence of pan-resistance seen with

Pseudomonas aeruginosa magnifying the difficulty in treatment of infections (9, 44).

Alginate and its role in pulmonary infection

In addition to the number of antibiotic resistance mechanisms possessed by P.
aeruginosa, an important virulence factor, alginate, is also present in strains isolated
from CF patients contributing to the bacterium’s persistence. Alginate is a secreted
linear exopolysaccharide composed of two uronic acids, D-mannuronate and its C-5

epimer, L-guluronate, joined together via a p-1, 4 linkage. Further modifications to D-



mannuronate can occur at the C-2 and C-3 hydroxyl groups with the addition of acetyl
moieties at either one or both sites (27). Initial Pseudomonas infections observed in
the lungs of CF patients are negative for alginate production and have a nonmucoid
appearance. However, persistent colonizers, eventually secrete copious amounts of
alginate giving the bacterial colonies a mucoid phenotype. Interestingly, mucoid forms
of P. aeruginosa occur infrequently. Colonies isolated from infection sites outside of a
CF lung are rarely alginate-producing strains, and patients with other respiratory
diseases are generally colonized by strains that do not undergo mucoid conversion.
Less than 2% of these individuals have alginate-producing bacteria. However, the
incidence of mucoid isolates obtained from CF individuals is high with 90% of patients
containing this form (52). The conversion to mucoid phenotype was discovered to be a
result of mutations in the mucA gene coding for the anti-sigma factor to sigma 22 (35).
FRD1, an alginate-producing strain isolated from a CF lung, carries a mucA22 mutation,
which is a single nucleotide deletion resulting in a frame shift mutation that produces a
nonfunctioning anti-sigma factor (48). This deregulation of sigma 22 allows for
continued transcriptional activation of alginate creating a mucoid Pseudomonas
aeruginosa.

Alginate offers benefits to P. aeruginosa microcolonies that are found in the
lungs. This virulence factor allows for mature biofilms to develop with extensive
architecture providing protection against aggressive antibiotic treatments (33). Alginate
also mediates the survival of Pseudomonas within the harsh environment of the CF

lung. Colonization by microorganisms recruits a variety of host immune cells



administering their normal defense mechanisms. The exopolysaccharide protects the
bacteria from these defenses by scavenging free radicals (reactive oxygen and nitrogen
intermediates) released by macrophages, providing a physical and chemical barrier
against defensins and phagocytic cells, and impeding neutrophil chemotaxis and
complement binding and activation (19, 64). These multiple host evasion mechanisms
mediated by a single virulence factor give P. aerugonisa a significant survival

advantage, and the ability to persist and maintain infection.

Alginate gene regulation

The transcriptional regulation of the alginate operon is extremely complex
involving multiple factors that function either directly or indirectly in this process. The
operon consists of all but one of the biosynthetic genes, algC, which is located
elsewhere on the chromosome. Genes involved in the regulation of alginate are found
throughout the genome (Figure 1A and B). The direct regulators of Paygp, which bind to
the promoter, include the alternative sigma factor (o??, AlgT/U), AlgR, AmrZ (Algz), and
AlgB. Their binding positions are shown in Figure 2A. All three of these regulators are
essential for the maximum production of alginate and the loss of any one results in the
attenuation of this virulence factor (5, 6, 43, 58, 92).

Indirect regulation of the alginate operon is mediated by the alternative sigma
factor, sigma 22 (AlgT/U), as shown in Figure 2B. This sigma factor, a member of the
extracytoplasmic function (ECF) subfamily, undergoes autoregulation and positively

regulates the transcription of AmrZ, AlgR, and AlgB (5, 58, 92). Posttranslational



regulation of sigma 22 also occurs involving two negative regulators, MucA and MucB,
which are part of the algT operon. MucA, the anti-sigma factor, is a transmembrane
protein found in the inner membrane with the N-terminal domain in the cytoplasm and
the C-terminal domain in the periplasm (50). AlgT is tethered to the membrane in the
cytoplasm by MucA, which also binds to MucB in the periplasm. In response to cell wall
stress, sequential proteolytic cleavage of MucA occurs with the C-terminal domain
cleaved by AlgW followed by the N-terminal domain cleaved by YaelL. Subsequent
degradation of the N-terminus results in the release of sigma 22 allowing for
transcriptional activation of regulated promoters (63, 90). Two of the sigma 22
regulated proteins, AlgB and AlgR, have been shown to be homologous to response
regulators of two-component systems, however, AlgB’s role in this process is lacking

(16, 91).



Figure 1. Organization of the biosynthetic and regulatory genes of alginate.
A. The alginate operon. Twelve of the thirteen biosynthetic genes are arranged in an
operon. B. Circular representation of Pseudomonas aeruginosa genome. The location
of algC and the regulatory genes involved in alginate production are indicated within

the genome.
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Figure 2. Direct and indirect transcriptional regulation of alginate. A. The
location of regulator binding sites mapped to the algD promoter, Pagp. B. Diagram
showing the indirect regulation of alginate facilitated by sigma 22 with its
autoregulation, regulation of AlgB, AlgR, and AmrZ, and by its negative regulators.
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Two-component systems.

The two-component regulatory system is an important and effective signaling
mechanism utilized by bacteria for sensing their surroundings allowing them to adapt to
dynamic environments and to survive extreme conditions. This process in its
fundamental form involves two proteins: the cognate sensor kinase (histidine kinase)
and the response regulator, which are generally located together in a single operon. A
more complicated variant can also be found employing intermediate receiver or
phosphotransfer proteins providing an added level of regulation and an increased
precision of response (83). A genome wide screening of genes in P. aeruginosa
encoding proteins involved in two-component systems identified 63 putative histidine
kinases and 64 putative response regulators which is reported to be the highest number
of two-component systems for any bacteria. This is not surprising, however, since
Pseudomonas is found in a variety of environments requiring the bacterium to adapt
rapidly (67). As shown in Figure 3, the histidine kinase senses a stimulus in the
environment, which can either be chemical or physical such as interactions with host
cells, or changes in pH, ions, temperature, oxygen pressure, and osmolarity, resulting in
kinase autophosphorylation at a conserved histidine residue followed by its activation.
Once activated, the phosphate is transferred to an aspartic acid residue of the regulator
initiating a specific response. Each activated regulator has a particular function such as
activation or repression of gene transcription, or modification of proteins affecting their
activity. This entire phosphorelay ultimately leads to a variety of outcomes beneficial

for the bacterium including metabolic adaptation, and control of bacterial virulence or
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other complex developmental processes (sporulation, biofilm formation, and flagellar
assembly and rotation) (28, 87).

Histidine kinases are typically found as homodimers located within the cell
membrane (Figure 3), although, there are also examples of kinases found in the
cytoplasm such as CheA and NtrB (11). There are three important domains that typify
this enzyme. The input or sensing domain located at the N-terminus contains two
transmembrane regions forming a sensor loop that monitors any external changes.
Since each kinase is responsible for sensing a specific environmental stimulus, this
region is highly variable. The central dimerization domain possesses the conserved
histidine residue, which is the site of phosphorylation during activation, and the kinase
domain at the C-terminal end encompasses four conserved boxes (N, D (G1), F, G (G2))
containing key residues important for providing the ATP-binding pocket and allowing for
autophosphorylation. Sequences of the latter two domains have been the basis for
classification of eleven subfamilies of histidine kinases (89). Although phosphorylation
is the primary function of these kinases, many also possess phosphatase activity having
the ability to dephosphorylate activated response regulators (87).

The simplest form of the response regulator includes two major domains: an N-
terminal regulatory or receiver domain, and a C-terminal effector domain. A diagram of
the regulatory protein is shown in Figure 3. The regulatory or receiver domain contains
the highly conserved aspartic acid residue, which is phosphorylated by the cognate

sensor kinase upon activation, as well as other important residues needed for the
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Figure 3. Phosphorelay between the cognate sensor kinase and the response
regulator. The histidine kinase located in the inner membrane extends into both the
periplasm and the cytoplasm while the response regulator is located in the cytoplasm.
Both proteins contain important domains and motifs needed for their functions. In the
signaling cascade, an environmental stimulus sensed by the kinase induces the
autophosphorylation of the protein at a conserved histidine residue. The phosphate is
transferred to an aspartic acid residue of the regulator resulting in a response.
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phosphotransfer process. These amino acids, which have been extensively
characterized in CheY, are D12, D13, D57 and K109; the numbers correspond to their
positions found in CheY. The three aspartic acids bind and position a Mg?* ion that is
required for the transfer of the phosphate to Asp 57. The lysine residue increases the
rate of this process making it more efficient (34, 87). The C-terminal effector domain
has many functions including DNA, RNA, or protein binding, or enzymatic activity, and is
highly variable since there are a number of possible outputs, however, only one is
accomplished for each regulator. A common output is transcriptional regulation and
there are three major subgroups with a helix-turn-helix (HTH) motif in the effector
domains that bind DNA: OmpR/PhoB, NtrC, and FixJ. The NtrC family of regulators
(including NtrC, DctD, PilR, FleQ, and NifA) has a third domain that is not present in
OmpR/PhoB or FixJ, which is a central ATPase domain. This region is important for the
function of these regulatory proteins, which interact with sigma 54 and provide the

necessary energy needed for promoter clearance by this sigma factor (28).

KinB/AlgB, a response regulator and histidine kinase pair in P. aeruginosa
The amino acid sequence of AlgB is homologous to the class of response
regulators in the NtrC family. As stated above, members of this family of regulators are
classified based on the presence of three domains. Figure 4A depicts the AlgB protein,
and illustrates the three domains containing conserved motifs and residues that
characterize the function of these regulators. Aspartic acid residue 59, the site of

phosphorylation, is present in the N-terminal domain. Other important residues located
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within this region are D15, D16, and K109, which correspond to D12, D13, and K109 of
CheY, and have been shown to be necessary for the phosphotransfer process and
activation of these response regulators (12, 84, 87, 91).

The central domain of AlgB contains four conserved motifs that are identical or
nearly identical to NtrC of Klebsiella pneumoniae: the ESELF motif, the GAFTGA loop,
Walker box A (phosphate binding or P-loop), and Walker box B (91). These four sites
have been demonstrated to be important for the function of the regulators belonging to
the NtrC family. The ESELF motif is important in the initial binding of the activator to
the sigma 54 holoenzyme. Alanine substitutions within this region inhibit transcriptional
activation, and chemical cross-linking assays result in the loss of transcriptional activity
from a lack of binding between the activator to sigma 54 and to the p subunit of RNA
polymerase (RNAP) (85, 95). The GAFTGA loop is believed to couple the energy
released by ATP hydrolysis to open complex formation. Both NtrC (57) and DctD (85)
containing mutations within this motif prevent transcriptional activation yet retain their
ability to hydrolyze ATP. Based on these results, the mutations either inhibit direct
contact between the regulators and the sigma 54 holoenzyme and/or prevent the
coupling of ATPase activity to open complex formation. Wang et al. (85) performed
cross-linking assays using the DctD mutants and showed binding to both sigma 54 and
the p subunit of RNA polymerase. Therefore, it was concluded that the GAFTGA motif
is not actually a major sigma 54 holoenzyme binding determinant but that it is
important for harnessing the energy from ATP hydrolysis to open complex formation

(85, 95). Lastly, the two Walker boxes found in the central domain are important for
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ATP binding and hydrolysis. Possession of these two motifs has further classified the
NtrC family of regulators under a larger and functionally diverse group of enzymes
called AAA+ (ATPase associated with various cellular activities) superfamily (31). The
highly conserved Walker box A (GXXXXGKE, X is any amino acid) is a glycine rich region
that interacts specifically with the phosphate groups of ATP by looping around the

B phosphate and coordinating the Mg®* ion with the p and y phosphates of ATP (1).
Binding affinity assays reveal a loss of affinity for MgATP following a substitution of the
second glycine within this motif of NtrC compared to wild type (69). The glycine
residue appears to be important for the loop formation around the g phosphate (1) and
this modification may have resulted in the loss of that secondary structure and
consequently the binding of MgATP. Walker box B (hhhhDE, h is a hydrophobic amino
acid) binds and hydrolyzes ATP. The significant residue within this motif determined to
be essential for the hydrolysis of ATP is the aspartic acid, since substitutions of this
amino acid result in no ATPase activity. Interestingly, these mutants are not adversely
affected in their ability to bind MgATP and actually display a ~5 fold higher binding
affinity compared to wild type. Rombel et al. (69) believe that the increase in affinity
results from a decrease in electrostatic repulsion with the loss of the negatively charged
amino acid. Structural data of this motif show that the aspartic acid residue indirectly
coordinates the Mg?* ion with an intervening water molecule. This coordination is
important because it supports the nucleophilic attack of the phosphorus resulting in the

cleavage of the -y bond (39, 69).
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The C-terminal domain of AlgB contains the helix-turn-helix (HTH) motif needed
for DNA binding. The 20 amino acid sequence contains highly conserved residues
including an alanine or glycine at position 5; a glycine at position 9; and a valine,
leucine or isoleucine at position 15. Generally, hydrophobic amino acids occupy
positions 4, 8, 10, 16, and 18 forming a hydrophobic core within the two helices (32,
91). A basic tri-helical structure is typically seen with the NtrC family of regulators with
the second and third helices representing the 20 amino acid sequence used to define
this motif. Residues 1-7 constitute the second helix while residues 12-20 characterize
the third helix. The intervening sequence between the two helices creates the sharp
turn mediated by the glycine residue at position 9. DNA sequence recognition and
interactions observed between the regulator protein and the major groove of the DNA
backbone is accomplished by the third helix also known as the recognition helix (3).

KinB is the cognate sensor kinase of AlgB (46). The gene coding for the kinase
is immediately downstream of algB in an operon. Sequence alignment of KinB displays
homology to other histidine kinases based on conservation of critical domains and
motifs as shown in Figure 4B. The N-terminus contains two hydrophobic regions
representing transmembrane domains and integration into the inner membrane. PhoA
fusions confirm periplasmic localization of the intervening sequence between the two
domains. Found within the central domain of KinB is the highly conserved histidine
residue (H385) and within the C-terminal domain is the ATP binding site composed of
the four conserved boxes (N, D (G1), F, G (G2)) containing essential amino acids

needed for ATP hydrolysis. Autophosphorylation studies were conducted using
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radiolabeled ATP, [y->*P] ATP, to determine whether these conserved motifs are
important for this process. Mutations to H385 as well as critical residues within each of
the conserved boxes inhibit autophosphorylation of KinB supporting the importance of
these residues in the function of the enzyme. Phosphotransfer experiments from KinB
to AlgB were also performed using [y->>P] ATP. Radiolabeled AlgB is only observed in
the presence of phosphorylated KinB confirming this protein as the cognate sensor

kinase of AlgB (46).



21

Figure 4. Modular structures of AlgB and KinB. A. AlgB is composed of three
major domains: the receiver domain, the ATPase domain, and the DNA binding
domain. Located within each domain are essential motifs and residues characteristic of
the NtrC family of response regulators. The conserved aspartic acid residue, D59, is
the site of phosphorylation and is found in the receiver domain. Within the ATPase
domain are the two Walker boxes for ATP hydrolysis and the sites of sigma 54
interactions, ESELF and GAFTGA. The helix-turn-helix motif is located in the DNA
binding domain, and the amino acids are numbered according to their position within
the motif and not in the polypeptide. The asterisks indicate the amino acids that are
highly conserved in the helix-turn-helix, at positions 5, 9, and 15. B. KinB possesses
three domains: the sensor domain, the dimerization domain, and the kinase domain.
Two hydrophobic regions representing the transmembrane domains (TM) are in the
sensor region. The highly conserved histidine residue is located in the H box found in
the dimerization domain, and the ATP binding region consisting of the N, D, F, and G
boxes are at the kinase domain. The black arrowheads indicate the important residues
within each box.
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Transcriptional activation by NtrC

The NtrC effector was the first of its kind to be discovered and the characteristics
of this enzyme are used to define the family of regulators bearing its name. Extensive
research has been done to understand the mechanism by which this regulator promotes
transcriptional activation. NtrC (nitrogen regulatory protein C) along with its cognate
sensor kinase, NtrB (nitrogen regulatory protein B), are involved in nitrogen
assimilation, and specifically activate the transcription of g/inA, glutamine synthetase.
The histidine kinase, located in the cytoplasm, detects levels of nitrogen within the
bacterial cells. Under nitrogen limiting conditions, NtrB undergoes activation via
autophosphorylation at the conserved histidine residue. The phosphate is then
transferred to NtrC dimers resulting in their activation, NtrC-P. These activated dimers
bind to two far upstream enhancer sequences of dyad symmetry in the gInA promoter
at positions =140 and —108 (Figure 5). Phosphorylation of the NtrC dimers is not
required for binding at these two sites and weak cooperative binding has been shown
to occur. However, once the dimers are activated by phosphorylation, there is a strong
increase in the cooperative binding (54). Downstream of the enhancer sites, at
positions —24 and —12, sigma 54 holoenzyme binds in a closed complex formation.
Transcriptional activation can only occur once the NtrC-P dimers oligomerize and
interact with the holoenzyme via DNA looping (62, 78). Hydrolysis of ATP by NtrC-P
provides the energy needed for DNA melting. The ATPase activity is dependent upon
phosphorylation of NtrC and is enhanced in the presence of DNA containing both

binding sites. It is also dependent upon oligomerization of the activated regulators
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Figure 40. Construction of the plasmids used for g-galactosidase assays.
PCR amplification of promoter regions to PA1183, and the PA0603 operon were cloned
into pSS269, which contained a promoterless lacZ. Amplification also included 101 bp
of the upstream genes as well as 101 bp of PA1183 and PA0603. The constructs
generated were pJHK7 with Ppai1g3 and pJHK8 with Ppagsos.
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B-galactosidase enzyme present. The substrate, ONPG, was added to the
permeabilized cells, and a start time was recorded. As soon as the mixture turned
yellow indicating the release of ortho-nitrophenol (colored product), sodium carbonate
was added to stop the reaction, and a stop time was recorded. The samples were read
using a spectrophotometer at OD4,0 and ODss, and the miller units were calculated for
each strain representing the relative activity of each promoter. The results are listed in
Table 3. For the strains with pJHK7 (PA1183 promoter), there was no significant
difference in the amount of miller units for the two mutant strains compared to PAO1.
There was a decrease in promoter activity for the AlgB mutant, PDO401, (4040.98 +
217.39 MU) compared to PAO1 (5185.64 £ 114.08 MU), but for the KinB mutant,
PDO406 (6098.99 + 318.38 MU), there was an increase compared to wild type. Strains
carrying pJHK8 (promoter for PA0603 operon) had similar results. PDO401 and PAO1
were essentially the same measuring at 4506.07 £ 422.90 MU and 4925.95 + 423.37
MU, respectively. However, PDO406 (7356.46 + 466.19 MU) had a significant increase
in promoter activity compared to PAO1. The KinB mutant strain with either pJHK7 or
pJHK8 had opposite results from those of the microarray, and although, the AlgB
mutant strain showed decreases in promoter activity, they were not significant

compared to wild type.
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Table 3. Miller Units of activity for each strain carrying either
pJHK? or pJHKS.

Strain Miller Units Sgnificant
p<0.05
PAO1 (pIHK?) 5185.64 + 114.08 NA
PDO401 (pIHK7) 4040.98 + 217.39 No
PDO406 (pIHK7) 6098.99 + 318.38 No
PAOL (pIHKE) 4925.95 + 423.37 NA
PDO401 (pIHKE) 4506.07 + 422.90 No
PDO406 (pIHKS) 7356.46 + 466.19 Yes
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Identification of promoter regions bound by AlgB in vivo

An alternative approach to identify genes regulated by KinB and AlgB was the
chromatin immunoprecipitation sequence (ChIP-Seq) assay. A collaborative effort was
made between our lab and Dr. Yuan Gao’s lab in the department of Computer Science
at Virginia Commonwealth University. It was agreed that I would perform the
chromatin immunoprecipitation assay, and his lab would sequence the DNA fragments
from the ChIP assay using the Illumina Genetic Analyzer (Solexa) to determine the
promoters bound to AlgB. The ChIP-Seq method was the best approach for
determining genes directly regulated by AlgB since the ChIP process involved cross-
linking the protein to the bound promoter region in vivo. Also, the sequencing method
employed by the Illumina Genetic Analyzer provided higher resolution, less noise, and
more sensitivity because contrary to the microarray chip analysis this process did not
depend on DNA hybridization (60). The Pseudomonas strains used for the ChIP assay
were algB-kinB deletion strains carrying the His-AlgB constructs: JK159 (pJHK13; His-
AlgBwt), JK159 (pJHK20; His-AlgBei2sk), and JK159 (pJHK28; His-AlgBra42e). Since His-
tagged wild type and mutant AlgB proteins were used for this study, I decided to utilize
the a-6X His antibody to precipitate out the regulator instead of the AlgB antibody that
was originally chosen for the protocol (43). However, first I needed to determine the
amount of 6X His antibody to use for the assay. This was accomplished by screening
Western blots of Pseudomonas FRD1 lysates with a-AlgB antibody since the amount of
a-6X His antibody used for screening was already known. Based on this experiment, it

was determined that twice as much o-AlgB Ab was needed compared to a-6X His Ab.
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Therefore, for the ChIP assay, 5 uL of a-6X His Ab was used since the original protocol
designated 10 ulL of a-AlgB Ab. The ChIP analysis was performed on the three strains
listed above, which is described in detail in the Materials and Methods (Chapter 2), and
the DNA fragments were extracted and retained. PCR amplification of PalgD and
another promoter not regulated by AlgB, Pneg, was done to verify specificity of binding
by the His-AlgB variants. Since AlgB had been shown to bind the algD promoter,
amplification should be seen for strains with His-AlgB.: and His-AlgBe12s¢, however, the
strain with His-AlgBra42e, the DNA binding mutant, should have no amplicon. For the
negative promoter, there should be no amplification at all, which would confirm the
absence of random DNA fragments that had not completely been removed during the
wash steps. Figure 41 shows the PCR products after amplification of PalgD. The ChIP
assay was performed in two sets for each strain. From this data, PalgD amplified with
bright bands for the strains with His-AlgB,: and His-AlgBgi2s¢. There was also
amplification seen for the AlgB DNA binding mutant, however, the level of product was
significantly less than the other two bands. Amplification of the negative promoter was
also completed resulting in no bands for all strains (data not shown). These DNA
samples were given to Dr. Gao’s Lab for sequencing. Unfortunately, when the lab
assessed DNA fragmentation, it was found that all three samples contained relatively
equivalent amount of total DNA. This was unexpected because the DNA binding mutant
should have had a significantly less amount of total DNA than the other two variants.

Therefore, the ChIP assay needed to be redesigned.
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Figure 41. ChIP analysis. PCR amplification of PalgD was performed on DNA
fragments collected from JK159 (pJHK13), JK159 (pJHK20), and JK159 (pJHK28)
following the ChIP assay. Two sets of samples for each strain were used in the assay.
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There were two changes made to the ChIP protocol. I decided to use a different
negative control strain and a different antibody. The negative control used was the
algB-kinB deletion strain carrying no His-AlgB constructs, JK159. Therefore no
amplification of PalgD should occur with this strain. The new antibody used was the
AlgB antibody because the a-6X His Ab was a polyclonal that bound to multiple proteins
in Pseudomonas. Since the His antibody was commercial, it could not be preabsorbed
for further purification. Unfortunately, the AlgB antibody, also a polyclonal, did not
exhibit high specificity and bound to multiple proteins as well. However, I was able to
increase specificity of this antibody by preabsorption using boiled lysates of JK159. In
order to determine the success of this process, the preabsorbed a-AlgB antibodies were
used to screen Western blots of Pseudomonas cell lysates (Figure 42). Before
preabsorption, multiple bands were visible on the blot. The higher molecular weight
bands were very prominent and the lower ones were faint but still visible. After
preabsorbing the antibody, most of the nonspecific proteins disappeared. The smaller
molecular weight bands were no longer visible and the larger molecular weight bands
were nearly gone. It was obvious now that JK159 strain did not have any AlgB protein,
and that the other two strains did since AlgB was the only protein with the strongest
band at the correct molecular weight. For the ChIP assay, I used two different amounts
of JK159 lysates to preabsorb a-AlgB Ab. The first used the same volume ratio as the
one used to the screen the Western blots, and the second used a more stringent
method increasing the amount of lysed cells. These were added to the ChIP assay and

the DNA fragments collected were PCR amplified. Once again, amplification of PalgD
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was seen for all three strains, which included the new negative control (Figure 43).
There was no amplification of the negative promoter for the three strains indicating the

absence of random DNA fragments in the samples.
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Figure 42. Western blot analysis of Pseudomonas cell lysates using
preabsorbed and not preabsorbed a-AlgB Ab. The strains used are listed in the

table. The blot on the left was screened with unaltered a-AlgB Ab and the blot on the
right was screened with preabsorbed antibody. His-AlgB has a molecular weight of 52
kDa.
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Figure 43. ChIP analysis after using preabsorbed a-AlgB Ab. PCR
amplification of the negative promoter, Pneg, (on left), and PalgD (on right) was done
following the ChIP assay. Again two sets for each strain was used for the assay.
Lanes 2 and 10 are PCR controls amplified from PAOL1.
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Discussion

The focus of this research was to explore KinB/AlgB as global regulators in
Pseudomonas aeruginosa and to identify the genes that were directly regulated by
these two proteins. I believed that by identifying the genes under KinB/AlgB control
would not only provide an understanding of the regulation process involved but also an
understanding of the role this two-component system contributed to P. aeruginosa.
The initial attempt to identify KinB/AlgB regulated genes was through microarray. A
number of genes were found to be greater than five fold down in both the AlgB and
KinB mutant strains, PDO401 and PDO406, respectively, compared to PAO1. Five genes
were chosen to assess promoter activity and to verify the results seen by microarray.
The first was PA1183, which encoded a protein homologous to DctA, a C4-dicarboxylate
transporter protein. The other four were part of an operon homologous to the
spermidine transport system (PotA, D, B, C; an ABC transport system). The promoter
regions of PA1183 and the PA0603 operon were cloned into pSS269, which contained a
promoterless lacZ, and conjugated into PAO1, PDO401, and PDO406. Based on the
results of the assay, no significant difference in promoter activity was seen for either
Pra1183, OF Ppagso3 in the AlgB mutant strain compared to wild type. For the KinB mutant
strain, an opposite effect was observed with an increase in promoter activity, which was
significant for Ppaosos compared to PAO1. None of the p-galactosidase data correlated
to the microarray results. It was later found that overnight spread plates of
Pseudomonas culture were used to generate the microarray data, which was different

from the protocol I had used to perform the p-galactosidase assay. Since the RNA was
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collected from overnight cultures, the effects observed by microarray were not direct,
however, the results seen by the pg-galactosidase assay were. This could explain the
discrepancy observed from the results that I had obtained compared to the results of
the microarray.

The second attempt to identify KinB/AlgB regulated genes was to perform the
ChIP-Seq assay. This was done in collaboration with Dr. Yuan Gao’s lab. My
responsibility was to conduct the chromatin immunoprecipitation assay, which was
initially done using the algB-kinB deletion strains carrying the His-AlgB variants (His-
AlgB., His-AlgBe12s¢, and His-AlgBra42e), and utilizing the a-6X His Ab. The DNA
fragments obtained from the assay were verified by PCR amplifying PalgD and a
negative promoter, Pneg. This was to ensure binding of His-AlgB.: and His-AlgBg12sk to
PalgD and no binding of His-AlgBra42e to any promoter. The negative promoter was to
confirm the absence of any random DNA that was not removed during the washing
process. I was able to collect DNA samples that seemed promising. PalgD amplified for
all three strains, however, the level of amplification seen by the DNA binding mutant
strain was significantly less than the other two. There were also no amplicons observed
for Pneg. These were sent to Dr. Gao’s lab for sequencing, but unfortunately, I was
informed that the total amount of DNA for each sample was equivalent. This was
unexpected, since the DNA binding mutant should not have bound to any DNA
promoters. The ChIP assay was redone with two modifications. JK159 was used as the
negative control strain, and the antibody was changed to a-AlgB Ab. Before I could use

the new antibody, I had to preabsorb it with lysates of JK159 to increase its specificity.
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The preabsorption process was verified by screening Western blots of Pseudomonas
lysates and once the best condition was determined this was used for the ChIP assay.
A more stringent preabsorbing condition was also used incorporating more lysed cells.
After PCR verifying the DNA samples, amplification of PalgD was still observed for all
three strains and at relatively similar levels; however, no amplicons for Pneg was seen.
It appeared that even the preabsorption process was not enough specificity for the a-
AlgB Ab. Since the negative mutant was completely absent of AlgB protein, the
antibody must be binding to another protein that also bound the algD promoter. It was
decided that next option would be to develop a monoclonal antibody for AlgB, which

would provide the highest level of specificity to the protein.



Chapter 7: Conclusions and future studies proposed

Pseudomonas aeruginosa, an opportunistic pathogen, is still the leading cause of
morbidity and mortality of CF patients. However, the current use of aggressive
prevention methods have partially contributed to the increased survival age of these
inflicted individuals (14). P. aeruginosa is capable of establishing and maintaining
disease because of its unique ability to survive in dynamic environments requiring
minimal carbon and nitrogen sources, its possession of a variety of virulence factors,
and its acquisition of numerous antibiotic resistant mechanisms (9, 21, 37, 44, 49).
Alginate is an important virulence factor associated with chronically infected CF lungs
and therefore, understanding the biomolecular basis of its regulation is clinically
significant. Extensive research on the regulation of this exopolysaccharide has been
conducted on strains that have undergone mucoid conversion isolated from the lungs of
these chronically infected individuals. The mucoid strains possess mutations in the anti-
sigma factor, MucA, resulting in the deregulation of sigma 22. At least three other
major transcriptional activators are also involved in the expression of alginate including
AlgR, AlgB, and AmrZ, all of which are under sigma 22 control as well (5, 58, 92).
Further research has discovered another level of alginate regulation that occurs
indirectly with the tight control of the sigma factor by negative regulators, MucA and

MucB. MucA, an inner membrane protein, binds to MucB in the periplasm and tethers
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sigma 22 in the cytoplasm to the cytoplasmic membrane. Compounds affecting the
integrity of the outer membrane results in the proteolytic cleavage of MucA allowing for
the release of sigma 22. This sigma factor is then able to activate the transcription of
various genes and alginate (63, 90). A model of alginate regulation by sigma 22 is
shown in Figure 44.

An alternative mechanism of alginate regulation has been discovered based on
the results of this dissertation study. The focus of this research was to investigate one
of the major alginate transcriptional activators, AlgB, which was previously established
to be a member of the NtrC family of response regulators and part of a two-component
system with KinB (46, 91). The goal was to understand AlgB as a two-component
regulator in Pseudomonas and to examine the functional characteristics of the activated
state of this protein following phosphorylation. I was able to construct an overactive
mutant of AlgB by mimicking an amino acid change previously modified in a homologue,
DctD, which also resulted in an overactive form (55). The mutant, AlgBgi2sk,
unexpectedly induced the expression of alginate in a nonmucoid Pseudomonas strain at
the transcriptional level and is dependent upon sigma 54 (RpoN). These results provide
support of AlgB functioning as an overactive response regulator because transcriptional
activation of the algD promoter is continuously elevated, and requires a sigma factor
generally associated with NtrC family of regulators, sigma 54. Although alginate
induction occurred with the overactive mutant, the levels produced were never at the
levels seen for FRD1 or PDO300 (another mucA22 strain). It is possible that AlgBegi2sk

may not be the exact phosphomimic to provide the maximum level of AlgB activation
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Figure 44. Model illustrating the regulation of PalgD under sigma 22
control. Cell wall damage signals the cleavage of the periplasmic and cytoplasmic
domains of MucA. The cytoplasmic domain, which binds and tethers sigma 22 (AlgT)
to the membrane, is proteolytically degraded releasing sigma 22. This sigma factor is
then able to active transcription of itself, and other regulators of the algD operon.
These regulators together with sigma 22 bind to PalgD and activate the transcription

of alginate.
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and therefore alginate production. For future studies, I would randomly mutate AlgB
and determine which mutations induce alginate production in the nonmucoid strain,
PAO1. I would also measure and compare the amount of exopolysaccharide generated
by each mutation. It was surprising to discover that the activated state of AlgB
functioning as a response regulator is able to induce alginate production since previous
mutations of AlgB preventing its phosphorylation and the removal of KinB did not inhibit
alginate production in a strainwith a deregulated sigma 22 (FRD1) (45). Also
inactivation of sigma 54 (RpoN) in PDO300 did not affect the copious amount of
alginate generated by this strain. Based on these findings I believe that AlgT is
dominant for the regulation of alginate, and supersedes any other mechanism of control
when it becomes deregulated. Therefore, the effects of KinB/AlgB as a two-component
system on the algD operon could only be observed once sigma 22 is under tight control.
Competition is also shown between AlgT and RpoN, which becomes evident in
the presence of AlgB.: added in trans. Increased transcriptional activation of the algD
operon unexpectedly resulted following the mutation of sigma 22 in the presence of
AlgB.:. Even in the presence of both sigma factors, there was a significant 3-fold
increase in algD transcription, although this did not translate to detectable amounts of
uronic acid over background levels. However, this increase in transcript did indicate
transcriptional activation when sigma 54 was able to bind to the promoter since no
significant difference was seen compared to PAO1 after inactivation of sigma 54.
Published research has also observed competition between these same two sigma

factors and map overlapping binding sites (=35 and —10 for o?*; and —24 and —12 for
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o~") within the algD promoter region (10). The results above suggest a higher affinity
for promoter binding by sigma 22, since full alginate induction by sigma 54 is only
observed after its removal. Therefore, even under complete regulation of o** (AlgT),
some of the sigma factor is still able to bind to the promoter preventing activation by
o> (RpoN).

The biochemical studies comparing AlgB.: to the overactive mutant, AlgBgi2sk,
presented interesting and unexpected results as well. The ATPase assay reveal an
intrinsic ability of AlgBw:to hydrolyze ATP without phosphorylation. Innate ATPase
activity has been previously demonstrated by two other homologues, DctD and NtrC1,
however, both are regulated by their N-terminal domains. Phosphorylation is required
to remove the inhibition and allow for ATP hydrolysis (42, 55). AlgB is the first member
of the NtrC family to exhibit ATPase activity with no dependence upon phosphorylation.
Since AlgB.: was able to intrinsically hydrolyze ATP, this would explain its ability to
interact with o> (RpoN) in the absence of o?? (AlgT) promoting alginate transcription.
AlgBE12s¢ also possessed ATPase activity at an equivalent rate compared to wild type.
Therefore, the overactive mutant’s ability to induce alginate production is not a result of
increased ATP hydrolysis.

For the EMSA studies, I was finally able to demonstrate AlgB binding to PalgD in
vitro, which has not been previously accomplished. Shifted EMSA bands were present
for AlgBwt: and AlgBe12sk, but the overactive mutant required more protein and
possessed a weaker band compared to wild type. Competition was also seen with the

addition of unlabeled specific probe for both proteins. However, the mutant and wild
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type AlgB possess an overall weak affinity for DNA since a large amount of protein is
required for binding shifts to occur and a large amount of unlabeled probe is needed for
competition. Attempts to optimize binding conditions were unsuccessful, although, I
still believe that a second binding site is present within PalgD, which would increase
binding affinity. Both NtrC and DctD have demonstrated cooperative binding to two
sites within their respective promoter regions (40, 62). The first effort to include a
possible second binding site for AlgB failed because the probe that was used was too
large, which probably inhibited any chance of protein binding. Future studies would
utilize shorter probes moving upstream and would include part of the initial specific
probe, which has shown binding. I hypothesize that a probe incorporating both AlgB
binding sites would demonstrate binding shifts requiring less protein and competition
using less unlabeled specific probe. Therefore, the initial hypothesis stating that
AlgBe12s5x bound DNA with a higher affinity than AlgB.: to allow for alginate production is
not true and is not the reason for the mutant’s overactive property.

One important characteristic of the NtrC family of response regulators in their
activated states is the process of oligomerization, which was not investigated in this
thesis study. It has been shown for NtrC that oligomerization is required for
transcriptional activation and elevated ATPase activity (24, 62). Also, binding of the
activated regulators results in DNA bending, which is important for interactions between
the activator and sigma 54 (13, 65). Native gel electrophoresis was performed on His-
AlgB., His-AlgBe12s¢, and His-AlgBra42e @s shown in Figure 45. Both AlgB.: and

AlgBe12s¢ were of equal size in their native state since they migrated down the gel at the
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Figure 45. Native gel electrophoresis of His-AlgB constructs. Purified His-
AlgB., His-AlgBe12s¢, and His-AlgBra42e Were electrophoresed in a 10% polyacrylamide
gel under native buffer conditions. Coomassie stain was used to visualize the protein
bands.
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same rate. However, AlgBras2e ran faster than the other two proteins suggesting a
tighter folding complex as a result of the helix-turn-helix mutation. Unfortunately, the
multimeric state of these proteins under native conditions was unable to be determined.
NtrC and DctD have been shown to be dimers under normal buffer conditions, and
uponactivation in the presence of DNA, these dimers form higher order complexes.
However, there is still debate over whether this oligomerization process results in
hexamers or octomers (15, 66). Since the overactive mutant, AlgBe12sk, did not display
an elevation in ATPase activity compared to wild type, an alternate hypothesis is
developed in which increased transcriptional activation of alginate by AlgBg12sk is a
result of oligomerization at the algD promoter. This could explain the binding difference
that is seen for the EMSAs between AlgBei2sk and AlgBy:. The shifted band observed
for the mutant was weaker than wild type; nevertheless, AlgBe12sk definitely bound the
DNA probe because the band for unbound DNA was much less than the control
containing no protein. Since the shifted band for the overactive AlgB was fainter, larger
complexes could have formed that were too big to enter the gel, and therefore,
undetectable. Future research to assess the oligomerization hypothesis would first
involve size exclusion chromatography to determine whether AlgB.: and AlgBg12s¢x form
dimers in their native states. Next, scanning electron microscopy would be used to
visualize possible higher order complexes of mutant AlgB bound to PalgD compared to
wild type. Finally, if the EM result shows support for the hypothesis, further research

involving ultracentrifugation analysis or methods to assess crystallized proteins would
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be performed in the presence of PalgD to examine whether the oligomerized state of
AlgBE12s¢ resulted in hexamers or octomers.

Based on this research, an alternative model is developed to illustrate the
regulation of the algD operon by the KinB/AlgB two-component system (Figure 46). An
external signal, which has yet to be determined, stimulates the autophosphorylation
and activation of KinB at its highly conserved histidine residue. Phosphotransfer from
KinB to the aspartic acid residue of AlgB occurs resulting in the activation of the
regulator. Phosphorylated AlgB binds to PalgD and is believed to oligomerize.
Downstream of the AlgB binding site, sigma 54 attaches to the —24 and —12 regions
along with RNA polymerase (RNAP). The oligomerization of AlgB results in DNA
bending and allows for interactions with the sigma factor. The activated AlgB
hydrolyzes ATP providing the energy for open complex formation around the +1 start
site. Sigma 54-RNAP holoenzyme is then able to clear the promoter and transcription
of the algD operon occurs generating alginate.

This alternate level of regulation provides another method of alginate control
stimulated by signals in the environment that may be clinically relevant. Since these
signals to activate KinB are still unknown, it is possible that they may be present during
infection within the CF lung. Although many of the alginate-producing strains of P.
aeruginosa isolated from infected lungs have been identified to contain a deregulated
sigma 22 (48), there are those which have yet to be characterized. These mucoid
strains could be assessed for an altered KinB/AlgB system allowing for an overactive

AlgB or possibly an overactive KinB. Another possible role for this two-component
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system could occur early in infection. If the overactive AlgB mutant I created was in
fact a true phosphomimic, the low levels of alginate produced by this strain might be
required for its initial survival within the CF lung. KinB could be activated to allow for
induction of some alginate mediated by phosphorylated AlgB. These surviving bacteria
could then undergo a permanent mutation such as mucA22 producing copious amounts
of alginate for their persistence. In order to study the clinical relevance of this two-
component system, methods to prevent the phosphorelay process such as
phosphorylation inhibitors could be used to determine the success of these strains in

colonizing the lung.
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Figure 46. Model illustrating the regulation of PalgD by the KinB/AlgB two-
component system. The phosphorelay process is initiated by an unknown external
signal. Phosphorylated AlgB, indicated by the red star, binds to PalgD and
oligomerizes. Downstream, sigma 54-RNAP holoenzyme binds in closed complex
formation. The oligomerization of activated AlgB allows for DNA bending and
interaction with sigma 54. ATP hydrolysis by AlgB provides the energy needed for
open complex formation. The holoenzyme is then able to clear the promoter and the
algD operon is transcribed.
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