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ABSTRACT 

 

 Pseudomonas aeruginosa is an opportunistic pathogen capable of causing both 

acute and chronic infections, typically in the immunocompromised.  P. aeruginosa’s 

virulence factors include motility, adhesins, exotoxins, quorum sensing, biofilm and 

alginate production.  Arguably, its ability to regulate expression of virulence factors and 

being able to switch to different infectious modes provides a strong advantage for 

survival.  AmrZ is a ribbon-helix-helix transcriptional regulator that controls several 

virulence factors—alginate production, type IV pili expression and twitching motility, 

and flagellar expression. AmrZ acts as both an activator and a repressor, suggesting it 

works in a manner different than that of the prototypical RHH repressors Arc and Mnt. 

AmrZ contains a predicted DNA-binding β-sheet and two α-helices that 

contribute to oligomerization, forming the characteristic RHH motif. AmrZ contains an 

additional carboxy terminal domain believed to be involved in higher order 

oligomerization and a short amino terminal domain of unknown function.  Analysis of the 

amino terminal domain and the predicted β-sheet show that individual residues Lysine18, 

Valine20, and Arginine22 within the β-sheet are absolutely necessary for DNA-binding 

activity in vitro and in vivo. In contrast, the extended amino terminus does not appear to 

be necessary, and potentially contributes to in a different manner towards AmrZ activity.  

Glutaraldehyde crosslinking data supports oligomerization of AmrZ in solution, with 

resolution of complexes consistent with dimer and tetramer formation. 

 AmrZ’s contribution to virulence was assessed using a murine acute pneumonia 

infection model.  Strains deficient in AmrZ exhibited reduced morbidity and mortality.  

 xii



Direct competition between the strains shows a competitive advantage for the strain 

expressing AmrZ.  Infection with a DNA binding defective mutant AmrZ-expressing 

strain reveals that it is the transcriptional regulation by AmrZ that contributes to 

virulence.  Transcriptional profiling arrays identify several different targets that are 

differentially regulated, several of which may contribute to virulence. 
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CHAPTER 1: INTRODUCTION 

 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is a Gram-negative aerobic bacillus.  It is found 

ubiquitously in the environment, making eradication unlikely.  It is also used as a model 

organism for host-pathogen interactions.  However, P. aeruginosa infections are typically 

opportunistic – it is rarely cultured in healthy individuals and infections more often occur 

in patients with a compromised immune system.  P. aeruginosa is capable of causing a 

multitude of manifestations of disease, including both acute and chronic infection.   

Naturally resistant to many antibiotics, P. aeruginosa nosocomial infections are 

problematic, causing approximately 10% of all hospital-acquired illnesses [1].  P. 

aeruginosa infection causing ventilator-associated pneumonia has a high rate of mortality 

compared with other pathogens (35-50%), usually due to an excessive host response to 

infection.  However, most infection occurs in the absence of any productive immune 

response; these include those that are immunosuppressed, transplant patients, burn 

patients, cancer patients, and those with neutropenia [1].   

 P. aeruginosa chronic infections include urinary tract infections (UTI), diffuse 

panbronchiolitis, patients with chronic obstructive pulmonary disorder (COPD), and 

cystic fibrosis (CF), the latter of which is the most extensively studied.  P. aeruginosa has 

an advantage in COPD and CF lung environments due to the large amount of preexisting 

damage to the lungs.  The complex genetic regulation of P. aeruginosa virulence factors 

is necessary to establish an initial infection and then modify expression for survival as a 

chronic infection [2, 3].   
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Virulence factors 

 Adhesion and motility 

  Flagella.  The main purpose of flagella is in its ability to propel the 

bacterium through a liquid environment, allowing for greater colonization.  In a murine 

infection model, a nonflagellated mutant only caused a localized infection in the lungs 

and did not spread, leading to an absence of mortality and a reduction in the occurrence 

of pneumonia [4].  In contrast, the nonflagellated mutant also was taken up less 

efficiently by murine macrophages and purified flagellin causes inflammation in murine 

airways [4] due to being a strong activator of TLR5 [5].  Recognition of flagella by TLR5 

leads to production of a cascade of inflammatory cytokines, such as NF-κB and IL-8 that 

aid in clearance of the pathogen by the host [6].  This suggests that while flagella are 

necessary for initial infection and spread of disease, continued expression of flagella is 

counterproductive as it is a strong stimulator of the immune response. 

 P. aeruginosa expresses a single polar flagellum, composed of a basal body, 

switch, hook, filament, and cap. Flagella formation begins with the expression of early 

genes designed for placement and construction of the inner membrane structural 

components.  The next group of genes forms the rest of the basal body and the hook.  The 

filament cap is added so that it will remain distal to the bacteria during synthesis of the 

nascent flagellar filament.  The final set of genes contribute to polymerization of FliC to 

form the flagella filament and regulation of flagellar activity [7, 8]. 

 Due to its complex and methodical assembly, flagellar synthesis is tightly 

regulated and is controlled in a four-tier hierarchy [8].  The highest tier contains two 

genes, fliA and fleQ.  FliA, also known as RpoF, is responsible for transcriptional 
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activation of several tier 4 operons, including the motor and chemotaxis genes [9].  fleQ 

controls transcription of several second tier flagellar operons and is itself transcribed by 

RNA polymerase containing RpoD (σ70) while negatively regulated by Vfr and by direct 

interactions with FleN [8].   Systematic expression of each tier of genes allows for proper 

assembly of the flagella, however AmrZ acts effectively as a transcriptional repressor of 

fleQ, preventing flagellar expression by arresting development at the initial stages. 

  Type IV Pili.  Type IV pili are implicated in initial attachment as well as 

the semisolid translocation known as twitching motility.  Type IV pili contribute to 

disease in both acute and chronic infections [10-13].  In terms of initial attachment, the 

distal C-terminal tip of the pilin filament has been shown to bind to asialo-GM1 of 

epithelial cells [14, 15].  In addition to attachment, type IV pili are required for twitching 

motility.  Twitching motility, rather than mere pilin expression, contributes to virulence 

[11, 12]. 

 Type IV pili are filaments composed primarily of helical multimeric repeats of the 

PilA protein, approximately 5-7 nM in diameter and are extended and retracted as 

needed.  The entire apparatus necessary for the extension and retraction of the pilus 

requires a large number of proteins.  Indeed, at least 40 genes have been identified whose 

products are required for twitching motility [16].  Several of the necessary pilin-like 

proteins (PilE, PilV, PilW, PilX, FimT, and FimU) are similar to those involved in type II 

protein secretion  [16, 17].   For pilin assembly, several conserved proteins are necessary 

to catalyze the reaction – PilB, PilC, PilD, and PilQ.   For retraction, PilT and PilU are 

responsible for disassembly of the subunits.  The remaining proteins contribute to 

stabilization of the system and proper export of the PilA multimeric filament.  As 
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previously mentioned, there is a great deal of similarity between the pilin extension 

machinery and that of type II secretion.  The shared protein called alternatively PilD or 

XcpA is necessary for truncation of the leader-sequence for prepilin-like proteins in both 

pili assembly and protein secretion [18]. 

Control of the system designed to form a pilus and for efficient twitching motility 

also requires a great number of regulators; there are several known transcriptional 

regulatory mechanisms to control expression and the chemosensory and motor proteins 

control the activity.  A major structural subunit, PilA transcription is controlled not only 

by PilS/PilR, Vfr, but also appears to be self-repressive [16, 19] .  As a second level of 

control, FimL is necessary for pili biogenesis via regulation of Vfr [20].  AlgR activates 

transcription of the essential fimU-pilVWXY1Y2E operon [21].  AmrZ is necessary for 

proper localization of the type IV pili and for twitching motility [22], though it is 

unknown as to which target is transcriptionally regulated to achieve such an effect.  PilA 

shows no defect in production, suggesting another target. 

 

 Secretion and exotoxins.  There are several secretory pathways utilized by P. 

aeruginosa, which provide for the export of toxins to aid in survival and colonization.  

The type I secretion system is responsible for exporting AprX, the heme-binding HasA, 

and the alkaline protease AprA [23].  The type II secretion system is responsible for 

exporting several virulence factors, including hemolytic- and nonhemolytic 

phospholipase C, Exotoxin A, alkaline phosphatase, elastase, lipase, and protease IV  

[24].  The type III secretion system is used to directly inject the virulence factors into the 

eukaryotic host cell cytoplasm.  ExoU, ExoT, ExoS and ExoY all use the type III 
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secretion system.  ExoU is a highly potent cytotoxin [1, 25].  ExoT and ExoS are both 

ADP-ribosyltransferases, though ExoT utilizes its GTPase activating protein (GAP) 

activity to promote host destruction while ExoS’s GAP activity is minimal [25, 26].    

ExoY acts as an adenylate cyclase and is homologous to the Bacillus anthracis Edema 

Factor and Bordetella pertussis CyaA [27].  The exotoxins contribute to host cell damage 

and protect the bacteria from host immune defenses. 

 

 Quorum sensing and biofilm production.  Quorum sensing is a method of 

density-dependent cell-to-cell signaling and transcriptional regulation via expression of 

N-acetylated homoserine lactones (AHLs).  Similarly, a biofilm is classically defined as 

surface-associated microbial communities surrounded by an extracellular polymeric 

matrix [28].  P. aeruginosa uses quorum sensing as a method to globally coordinate gene 

regulation for formation and maintenance of a successful protective biofilm in a harsh 

environment [29].  Quorum sensing relies on three systems—LasI/R, RhlI/R, and 

Pseudomonas quinolone signal (PQS) which are interconnected.   

Constantly expressed during growth phase, the lasR gene is more highly 

expressed at the start of stationary phase.  LasR coupled with its cognate homoserine 

lactone (3O-C12-HSL) positively regulates lasI, whose gene product synthesizes 3O-

C12-HSL, forming a positive feedback loop.  LasR also positively regulates rhlR.  In a 

similar manner, RhlR binds its cognate C4-HSL to positively regulate rhlI, necessary for 

synthesis of C4-HSL; this forms a secondary positive feedback mechanism.  PQS 

production requires LasR with 3O-C12-HSL, wherein it positively regulates rhlI 

expression. PqsR is the master transcriptional regulator of PQS biosynthesis.  PQS itself 
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acts as a co-inducer for PqsR, acting as a positive feedback.  In contrast, RhlR negatively 

affects pqsR transcription [30].  Each system has its own regulon and own conserved 

recognition sequence, though some genes are targeted by more than one system.  New 

targets are still being identified [31].  The regulation of quorum sensing is performed by 

several global regulatory factors, including Vfr, sigma factors RpoS and RpoN, RelA, the 

LuxR homologues QscR and VsqR, RsmA, DksA, RsaL, MvaT, and GacA/S.  The 

genomic regulatory factors that allow for the production of the quorum sensing cascade 

also ensure its restraint. 

Quorum sensing has been shown to increase production of pyocyanin, 

rhamnolipid, hydrogen cyanide (HCN), superoxide dismutase, alkaline protease, and 

elastase [32].  In addition, there is evidence that QS is important in virulence, as QS 

mutants are attenuated for virulence; this includes the murine burn model, murine 

pneumonia model, rat model, Arabidopsis thaliana, and Caenorhabditis elegans [32].  In 

addition to the produced virulence factors, PQS and 3O-C12-HSL (at low concentrations) 

can modulate inflammatory and immune responses, while at high concentrations 3O-

C12-HSL induces apoptosis in neutrophils and macrophages, causing further host cell 

damage [33, 34].  QS inhibitory drugs and antibodies against AHLs reduce biofilm 

formation and toxicity in vivo [32, 34].  Interestingly, several studies have noted the 

repeated isolation of lasR mutants in late-stage CF infections.  A longitudinal study found 

that within 2 years, lasR mutants were isolated along with wild type.  This remained so 

until year 5, at which point all of the isolates contained the same lasR mutation, 

suggesting clonal expansion of the mutant and that loss of LasR occurs over time [35] as 

QS is necessary for initial infection and biofilm formation.  In addition, it is suggested 
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that the lower recovery of rhl mutants may be due to a continued role for this regulon in 

long term colonization [34].   

Biofilm formation is characterized by a series of steps: initial attachment, 

irreversible attachment, maturation, and dispersion.  Adhesins, pili, and flagella all 

contribute to the initial attachment stage [15, 36, 37].  Bacteria aggregate via twitching 

motility and form clusters, termed “microcolonies”.  The second stage of biofilm 

development is irreversible attachment during which bacteria produce polysaccharides 

and other extracellular polymeric substances (EPS) that will firmly cement them to the 

substrate.  Quorum sensing may play a role in the formation of microcolonies.  The 

maturation stage further activates QS and results in bacterial differentiation into 

mushroom structures [37].  The bacteria in the stalk are typically nonmotile while 

formation of the mushroom cap occurs via aggregation of motile bacteria, requiring 

flagella and type IV pili [38, 39], though quorum sensing is not required for twitching 

motility [40].  The final stage is dispersion, wherein the bacteria within the mushroom 

structures are released into the environment in order to further colonize and to begin the 

process of biofilm development again in a new location. 

Clearance of bacteria once a biofilm has been established is difficult because the 

biofilm protects the bacteria from the immune system and antimicrobials [28].  P. 

aeruginosa biofilm formation during infection is the most well-studied in the context of 

chronic infection of the CF lung (discussed in more detail later).  In chronic CF isolates, 

mucoid colonies are typically recovered; the biofilm overexpresses the polysaccharide 

alginate and it is believed to contribute to resistance to antibiotics, antibodies, immune 

cell killing, and physical clearance [32, 37].  In addition, the QS-induced virulence 
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factors produced by a mature biofilm contribute towards protection of the bacteria within.  

Sputum samples from CF patients yield detectible levels of virulence factors such as 

HCN, pyocyanin, and QS AHLs [32, 41].  The bacteria in the base of the biofilm exist in 

low-metabolic oxygen-limiting conditions, impeding the efficacy of antibiotics and 

resulting in the increased resistance of these bacteria [37]. 

 

 Alginate and CF.  Mucoid P. aeruginosa is characterized by the overproduction 

of the exopolysaccharide alginate.  For patients with CF, the second most common 

genetic disease causing early death, this state correlates with a poor prognosis [42].  The 

condition is caused by a mutation in the cystic fibrosis transmembrane conductance 

regulator (CFTR) sodium ion channel resulting in the buildup of a dehydrated mucus 

layer in the lung that impairs the mucociliary escalator and prevents physical clearance of 

pathogens; this allows bacteria such as P. aeruginosa a niche for establishing infection 

[43].  While P. aeruginosa infection is rapidly cleared in healthy human lungs, the 

inhibited mucociliary escalator of CF lungs allow for establishment of infection.  In 

addition, mutation of the CFTR leads to a reduction in IL-1R signaling and NF-κB 

translocation [44].  In addition to infection by P. aeruginosa, other bacterial and viral 

pathogens may colonize the CF lung, leading to continual inflammation due to the 

immune response and cellular damage by neutrophilic enzymes [45].  This host response 

actually hinders P. aeruginosa clearance due to the bacterial adhesion preference for 

injured epithelial cells [37].  Over the course of a sustained infection, phenotypic 

switching occurs that leads to the overproduction of the capsular polysaccharide alginate.  
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Alginate serves as a protectant, not only from physical clearance by the body, but also 

from antibiotics and the immune system [1].   

The alginate biosynthetic operon is tightly regulated because of the high energetic 

cost necessary to produce alginate and its export machinery.  However, due to the 

selective advantage provided in the CF lung environment, mutations occur that de-repress 

alginate production and lead to the observable switch to mucoidy.  Once mucoidy is 

detected, prognosis for the patient is poor because complete elimination of the mucoid P. 

aeruginosa rarely occurs, even with aggressive antibiotic therapy [43].  Analysis of CF 

sputum has shown that an initial colonizing nonmucoid P. aeruginosa strain may develop 

mucoidy over the course of an infection [46].  

In nonmucoid P. aeruginosa strains, as typical of those that infect CF patients, 

AlgT (also known as AlgU or σ22) is sequestered by the anti-sigma factor MucA [43, 

47].  The majority of alginate biosynthesis genes are in an operon under the control of the 

algD promoter.  Transcription of algD requires the alternative sigma factor AlgT, AlgR, 

AlgB, AmrZ, IHF and AlgP, and AlgQ.  None of these factors alone will permit 

transcription of algD, the rate limiting GDP-mannose dehydrogenase that synthesizes the 

alginate precursor [47] and commits the bacteria to alginate production.  Another set of 

important regulatory factors, MucA and MucB act as repressors because they bind and 

sequester AlgT in nonmucoid strains.   MucB interacts with MucA, and it is MucA that 

directly binds AlgT and prevents it from activating algD transcription.  The majority of 

alginate-producing CF isolates recovered have mutations in MucA that render them 

unable to sequester AlgT, allowing it to activate algD transcription and drive alginate 

production [47].  FRD1 is a CF isolate that has a mutation in mucA and it is often used in 
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studies of chronic infection by P. aeruginosa in a CF lung.  As a final note, it has been 

shown that even apparent nonmucoid isolates of P. aeruginosa cultured from CF sputum 

samples exhibit low levels of alginate production and algD transcription [48].  Culturing 

mucoid isolates in the laboratory requires care because secondary mutations often arise 

that cause reversion back to a nonmucoid phenotype.  This quick reversion suggests a 

constant selective environment is necessary for the continued production of alginate. 

 

Genetic regulation. P. aeruginosa contains a plethora of virulence factors that 

aid in establishing and maintaining a productive infection.  However, the ability to 

effectively regulate expression of these virulence factors provides P. aeruginosa its 

greatest advantage in multiple environments.  The genetic mechanism for alginate 

production is fairly conserved amongst Pseudomonads [49].  Further analysis shows that 

in the plant pathogen Pseudomonas syringae, it is transcriptional regulation by AlgT 

rather than alginate production itself that is accountable for virulence [50].  There is also 

a strong correlation between the virulence genes necessary for animal infection and for 

plant infection [51, 52].  Screens using plant and nematode susceptibility have been used 

in identification of virulence factors in animal infection [53, 54].  This suggests that 

genes utilized by Pseudomonads in the environment are similar to those required for a 

human infection.  An independent study to identify plant environment-induced loci in P. 

fluorescens revealed the AmrZ homologue [55], suggesting that it is necessary for 

survival in the environment.  
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AmrZ 

 AmrZ (Alginate and Motility Regulator Z, formerly AlgZ) is a ribbon-helix-helix 

(RHH) transcriptional regulator of virulence factors. AmrZ has been shown to act as both 

a transcriptional activator and a transcriptional repressor.  AmrZ was discovered as a 

transcriptional activator of algD, the first gene in the alginate biosynthetic operon [56].    

AmrZ was also seen to act as a self-repressor and repress transcription of fleQ (and thus 

flagellar expression) [57, 58].  In addition, AmrZ is necessary for twitching motility and 

type IV pili expression on the cell surface [22].   

 RHH proteins.  RHH proteins are grouped by a similarity of structure, with Arc 

and Mnt from Salmonella typhimurium bacteriophage P22 as the prototypical examples.  

Prokaryotes, archaea and their viruses, and other bacteriophages have all used this design 

for transcriptional repressors [56, 59-67].  The functions of RHH vary; they include 

control of bacteriophage lytic cycle, antitoxin, control of plasmid partitioning, and 

regulation of plasmid conjugation [62]. They contain a characteristic DNA-binding β-

sheet followed by two α-helices that allow for oligomerization [62].  The predicted 

secondary structure of AmrZ is shown in Fig. 1B with the main components labeled. 

The β-sheet has been shown by site-directed mutagenesis and crystal structure to 

bind within the major groove of the DNA at the target site and form protein-DNA 

contacts that ensure specificity [68-71].  These operator binding sites tend to be sequence 

repeats in a palindromic or imperfect palindromic arrangement.  However, the length and 

sequence of the repeats recognized varies by protein.  The repetitious palindromic nature 

of the binding sites ensures specificity and often promotes repressor oligomerization at 

the binding site due to interaction of adjacent α-helices [60, 68, 69].  Crystal structures of 
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DNA-bound proteins have identified the regions of alpha helical interaction, and shown 

that even with similar structure, the amino acids that interact differ amongst the proteins 

[68, 69, 72].  Inhibition of oligomerization severely impairs DNA binding ability of Mnt 

[73]. 

 Despite utilizing a similar structural pattern to recognize and bind DNA, RHH 

regulators have great diversity, which can be attributed to differences within the target 

sites recognized by the residues in the β-sheet, as well as by incorporation of additional 

elements in the protein.  The antitoxins CcdA and FitA function by binding their 

respective toxins CcdB and FitB via the carboxy terminus [74, 75].  TraY has a direct-

repeat structure that gives it a RHH domain in both the amino- and carboxy terminus, 

such that a single monomer can form a motif similar to that of a typical RHH dimer [76].  

E. coli NikR and MetJ bind their cofactors nickel and S-adenosylmethionine, 

respectively, in a C-terminal region [62].  The Mnt and TrwA regulators each use their 

carboxy termini to facilitate tetramerization, necessary for protein activity [73, 77].  The 

PutA carboxy terminus contains a proline dehydrogenase and P5C dehydrogenase 

domain [62]. 

 In contrast to carboxy terminal variation, several RHH proteins have adapted an 

additional amino region prior to the RHH domain.  This region has been described as an 

extended amino terminus because it is not present in Arc or Mnt, the earliest 

characterized RHH proteins.  An extended amino terminus has been observed in ParG, 

omega, Helicobacter pylori NikR (HpNikR), ArtA, MetJ, and HP0222 and for those 

regions that have been characterized, this domain typically serves a unique role [59, 61, 

69, 78-80].  For example, this region has a role in protein-protein interactions (ParG), 
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metal cofactor specificity (HpNikR), and ATP hydrolysis, or oligomerization (ArtA) [59, 

81, 82].  Like the previously listed proteins, AmrZ also has a short extended amino 

terminus.  At the moment, the role of this region remains unresolved. 

 

AmrZ as a RHH protein.  With regards to AmrZ, secondary structure prediction 

models identify AmrZ as a RHH protein most similar to Arc [83].  Figure 1 shows the 

relationship between AmrZ and Arc and Mnt.  Residues 13-25 contain the putative RHH 

domain of AmrZ and it shares amino acid identity with β-sheet residues in Arc and Mnt.  

Within this region, protein prediction models suggest that AmrZ residues 19-22 form a β-

sheet (Fig. 1B and [84]).  Lys18 and Arg22 in the β-sheet are analogous to residues 

critical for DNA recognition within the Arc and Mnt β-sheet [68]. Site-directed 

mutagenesis of these residues inactivated DNA binding [22, 57].   

The remaining residues 26-66 share a large identity with Arc and Mnt and this 

region is predicted to form a coiled-coil motif that mimics the dimerization domain found 

in Arc used to stabilize protein-DNA interactions.  The carboxyl terminus of AmrZ may 

function similarly to the tetramerization domain of Mnt and contribute to oligomerization 

and high affinity DNA binding, since residues 67-108 of AmrZ are proposed to form a 

second coiled-coil domain.         

  AmrZ also has several unique features that set it apart from the other RHH 

proteins and necessitate further study.  As mentioned earlier, AmrZ has several known 

targets (algD, amrZ, fleQ, type IV pili localization), at which AmrZ acts as both a 

transcriptional activator and repressor.  With the exception of HpNikR, all the other 

known RHH proteins have a single function; most act as transcriptional repressors, 
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though they may have several gene targets [62].  Like HpNikR, AmrZ also contains an 

extended amino terminus.  This region is conserved between two proposed AmrZ 

orthologs in Pseudomonas putida and Pseudomonas syringae [85, 86], suggesting that it 

may fulfill a similar role in regulation of virulence factors during plant infection.   

 Footprinting data pinpointed the binding sites of AmrZ at algD and amrZ to be 

quite far upstream.  AmrZ binds 280 basepairs (bp) upstream of the algD promoter and at 

amrZ it binds two distinct regions, one at 93bp and one at 161bp upstream of the amrZ 

promoter [57, 87].  There is no evident consensus sequence or obvious palindromic 

repeats that are conserved amongst these three sites, suggesting that AmrZ may use 

different methods of identification of its target sites.  With identification of more AmrZ 

targets, a clearer idea of the essential nucleotides involved in sequence recognition and 

how it relates to the transcriptional activation or repression exerted by AmrZ can be 

gained. 

Thesis focus 

The focus of my work is two-part.  One part is heavily biochemistry-based and 

focuses on structure-function analysis of the amino terminal portion of AmrZ, 

specifically the the β-sheet and the extended amino terminus.  The RHH β-sheet is 

typically responsible for DNA-binding activity and previous studies show Lys18 and 

Arg22 are critical, but further investigation of the β-sheet may explain how AmrZ is able 

to recognize, bind, and act as a transcriptional activator and repressor.  The extended 

amino terminus of AmrZ is not conserved among RHH family members and this region 

typically has a function unique to the protein.  Preliminary work indicated it contributed 

to DNA-binding activity.  Therefore, to determine which residues are required for DNA-
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binding activity, AmrZ mutants were generated and analyzed using EMSA and 

fluorescence anisotropy analysis. 

The second portion of my project focuses on the global impact of AmrZ within P. 

aeruginosa.  While several AmrZ-regulated targets have been identified, methodical 

experimentation using a transcriptional profiling technique is desired to determine the 

AmrZ regulon.   In addition, the AmrZ targets that have been identified have included 

virulence factors, though no studies have analyzed the relationship between AmrZ 

regulation and virulence in an infection model.  A murine acute infection model was 

utilized to examine the role of AmrZ.  The goal was to establish a role for AmrZ 

transcriptional regulation that contributes to virulence by using a microarray approach to 

identify virulence factors and a murine infection model to establish AmrZ contribution 

during infection. 
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AmrZ is a putative ribbon-helix-helix (RHH) DNA-binding protein.  RHH proteins 

utilize residues within the β-sheet for DNA binding while the α-helices promote 

oligomerization.  AmrZ is unusual in that it has dual roles as a transcriptional activator 

and repressor of genes encoding virulence factors associated with chronic and acute P. 

aeruginosa infection. In the present study, AmrZ DNA binding activity was isolated to 

residues 1-26.  The first 16 unordered residues (extended amino terminus) contributed 

minimally to DNA-binding.  Mutagenesis of the AmrZ β-sheet demonstrated that 

residues 18, 20 and 22 were essential for DNA binding at both activation and repressor 

sites, suggesting that AmrZ utilizes a similar mechanism for binding these sites.  

Crosslinking studies revealed that AmrZ forms oligomers but the extended amino 

terminus and β-sheet were not required for oligomerization. Mice infected with amrZ 

mutants exhibited reduced bacterial burden, morbidity, and mortality.  Direct in vivo 

competition assays showed a 5-fold competitive advantage for wild type over an isogenic 

amrZ-mutant.  Finally, the reduced infection phenotype of the amrZ-null strain was 

similar to a strain expressing a DNA-binding-deficient AmrZ variant, indicating DNA 

binding and transcriptional regulation by AmrZ is responsible for in the in vivo 

virulence defect. 

 

The Pseudomonas aeruginosa transcriptional regulator AmrZ is a proposed member of 

the ribbon-helix-helix (RHH) family of DNA binding proteins, sharing structural similarity 

with the Arc and Mnt repressors of Salmonella typhimurium bacteriophage P22.  This family 

is grouped by structural similarity and includes several transcriptional regulators found in 

prokaryotes, archaea and their viruses, and other bacteriophages (1-8).  Based on amino acid 
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identity as well as secondary structure prediction models, AmrZ likely possesses a ribbon-

helix-helix motif (i.e. one β-strand and two α-helices, Fig. 1B) responsible for DNA-binding 

activity in this family of proteins (9).  RHH proteins function through oligomerization of the 

α-helices, which allows the two β-strands to form an antiparallel β-sheet that recognizes and 

binds in the major groove of the operator site (10,11).  Arc exists as a dimer in solution while 

Mnt utilizes an extra carboxy-terminal α-helical domain to maintain a tetramer configuration 

(12).  When binding DNA, these oligomers are maintained and inhibition of oligomerization 

negatively impacts DNA-binding activity (9).  To facilitate higher order oligomers at the RHH 

binding site, operator sites often contain sequences in either a direct repeat or palindromic 

orientation (1,7).  Because there are specific contacts between residues of the DNA-binding β-

sheet and specific bases in the operator site, mutation of critical bases within the operator sites 

typically abolish DNA-binding activity by these proteins. 

Of the 108 AmrZ amino acids, residues 1-66 share 34% amino acid identity with Arc 

and suggest the presence of an Arc-like DNA binding domain.  Fig. 1A presents an amino acid 

alignment of Arc, Mnt, and AmrZ to illustrate conserved residues, particularly in the proposed 

DNA-binding β-sheet region. The first twelve AmrZ residues (extended amino terminus) are 

not present in Arc or Mnt, though they are conserved between two proposed AmrZ orthologs 

in P. putida and P. syringae (13). An extended amino terminus has been observed in several 

other RHH proteins (ParG, omega, Helicobacter pylori NikR [HpNikR], ArtA, MetJ, and 

HP0222) and for those regions that have been studied, it typically serves a unique role (11,14-

18).  For example, this region functions in protein-protein interactions (ParG), metal cofactor 

specificity (HpNikR), and ATP hydrolysis, or oligomerization (ArtA) (17,19,20).  Residues 

13-25 of AmrZ share amino acid identity with β-sheet residues in Arc and Mnt, and protein 

 30



  
 

prediction models suggest that AmrZ residues 19-22 form a β-sheet (Fig. 1B and (21)).  A 

majority of the amino acid identity with Arc and Mnt falls between AmrZ residues 26-66, and 

this region is predicted to form a coiled-coil motif that mimics the dimerization domain found 

in Arc used to stabilize protein-DNA interactions (Fig. 1B).  The carboxyl terminus of AmrZ 

may function similarly to the tetramerization domain of Mnt and contribute to oligomerization 

and high affinity DNA binding, since residues 67-108 of AmrZ are proposed to form a second 

coiled-coil domain.         

AmrZ is highly expressed in alginate-overproducing mucoid variants of P. aeruginosa, 

such as those isolated in chronic infections of cystic fibrosis (CF) patients.  Previous work 

from our lab demonstrated AmrZ is required for activation of algD transcription, the first gene 

in the alginate biosynthetic operon (22).  AmrZ also acts as a transcriptional repressor by 

binding to two sites upstream of its own promoter (23).  In addition, AmrZ represses fleQ, a 

gene encoding an activator of flagella expression (24).  Finally, AmrZ is also required for the 

control of genes involved in type IV pili localization and twitching motility, though its specific 

gene target(s) is still being elucidated (25).  Due to its regulatory role in both alginate 

production and motility, the protein formerly called AlgZ has been designated AmrZ (Alginate 

and Motility Regulator Z)(25).  

 AmrZ regulates the transcription of algD and amrZ using protein-nucleotide contacts 

(2,23).  Although the binding sites at both promoters have some nucleotide sequences in 

common, it is unclear whether AmrZ utilizes similar amino acid residues contained in the Arc-

like DNA binding domain to modulate its opposing activities of activation and repression.  We 

present evidence that residues 1-26 are necessary for binding to algD.  Truncation of the 

extended amino terminus minimally reduced DNA-binding activity in vitro, though this 
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truncation did not affect the oligomerization capability.  Mutation of Arg22 to alanine in the 

proposed β-sheet resulted in a complete loss of algD-binding activity in vitro.  Mutation of 

Lys18, Val20 and Arg22 also caused elimination of algD transcription and alginate production 

in vivo but this was not always correlated with a loss of in vitro DNA binding activity.  

Additionally, Lys18, Val20, and Arg22 were required for repression of amrZ transcription in 

vivo, indicating AmrZ utilizes a conserved binding mechanism to control activated and 

repressed target genes.  Finally, to assess the contribution of AmrZ transcriptional regulation 

to virulence during an infection, a murine acute infection model was used to compare 

virulence of wild type, amrZ null mutant, and a mutant expressing a DNA-binding deficient 

AmrZ variant.  The defect in bacterial colonization and morbidity shown by strains without 

transcriptionally active AmrZ established the contribution of AmrZ DNA binding activity and 

transcriptional regulation to virulence. Taken together, the data identifies key residues in the 

oligomeric protein AmrZ that contribute to DNA-binding and transcriptional regulation of 

virulence factors in a biologically relevant infection model. 

 

Experimental Procedures 

Bacterial strains, plasmids, chemicals, oligonucleotides and growth conditions.  All 

strains, plasmids and oligonucleotides used in this study are listed in Table S1.  For all 

manipulations, E. coli and P. aeruginosa were cultured as previously described (26).  E. coli 

strains were grown in LB (10 g/L tryptone, 5 g/L yeast extract, 5 g/L sodium chloride) or on 

LA (LB with 15 g/L agar).  When necessary for plasmid maintenance, broth and plates were 

supplemented with 100 μg/mL ampicillin.  All P. aeruginosa strains were cultured in LBNS 

(10 g/L tryptone and 5 g/L yeast extract) or on LANS (LBNS with 15 g/L agar). Incubations 
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were carried out at 37°C. All manipulations in E. coli were performed in either JM109 or 

C41(DE3) strains (Promega).  All oligonucleotides used in this study were synthesized either 

by the DNA Synthesis Core Laboratory at Wake Forest University School of Medicine or by 

MWG and are listed in Table S1.  Chemicals and molecular biology reagents were purchased 

from Sigma or Promega unless stated otherwise.   

All P. aeruginosa strains from Fig. 5 and Tables 2 and 3 were derived from FRD1 

(mucA22), a mucoid CF isolate (27).  FRD1310 (mucA22 attB::amrZ-lacZ) and FRD2503 

(mucA22 amrZ19 attB::amrZ-lacZ) was generated as previously described  (26).  FRD2528, 

FRD2530 and FRD2532 were constructed in a similar fashion to FRD2503, with the following 

differences:  For FRD2528 (mucA22 amrZ28 attB::amrZ-lacZ), site-directed mutagenesis of 

pPJ136 was used with mutant oligonucleotide amrZ28 to generate the amrZ28 allele, which 

substituted an alanine residue for AmrZ residue Arg14 (pJLV1).  The BamHI-HindIII 

fragment from pJLV1 was subcloned into pEX18Ap, resulting in pELI1.  This sequence of 

amrZ was then substituted for the ΔamrZ::Ωtet allele in FRD1224 to generate FRD2515 

(mucA22 amrZ28), which expressed AmrZ R14A.  A single copy amrZ-lacZ fusion was 

placed at the attB site of FRD2515, resulting in FRD2528.  For FRD2530 (mucA22 amrZ17 

attB::amrZ-lacZ), the amrZ17 allele (AmrZ K18A, pPJ148) was generated as previously 

described (25).  The BamHI-HindIII fragment from pPJ148 was subcloned into pEX18Ap, 

resulting in pPJ155.  This sequence of amrZ was then substituted for the ΔamrZ::Ωtet allele in 

FRD1224 to generate FRD2234 (mucA22 amrZ17), which expressed AmrZ K18A.  A single 

copy amrZ-lacZ fusion was placed at the attB site of FRD2234, resulting in FRD2530.  For 

FRD2532 (mucA22 amrZ18 attB::amrZ-lacZ), the amrZ18 allele (AmrZ residue V20A, 

pPJ149) was generated as previously described (25).  The BamHI-HindIII fragment from 
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pPJ149 was subcloned into pEX18Ap, resulting in pPJ157.  This sequence of amrZ was then 

substituted for the ΔamrZ::Ωtet allele in FRD1224 to generate FRD2236 (mucA22 amrZ18), 

which expressed AmrZ V20A.  A single copy amrZ-lacZ fusion was placed at the attB site of 

FRD2236, resulting in FRD2532. 

FRD2606 (mucA22 attB::algD-lacZ) was generated similarly to FRD1310, except 

using pAS157c to place algD-lacZ at the neutral attB site.  FRD2534 (mucA22 amrZ28 

attB::algD-lacZ), FRD2517 (mucA22 amrZ17 attB::algD-lacZ), FRD2519 (mucA22 amrZ18 

attB::algD-lacZ) and FRD2521 (mucA22 amrZ19 attB::algD-lacZ) were generated as 

previously described (26), except with algD-lacZ at the neutral attB site.   

For complementation studies, wild type amrZ from pDJW586 was substituted in place 

of the tetracycline cassette in FRD1224 (mucA22 ΔamrZ::Ωtet) to generate FRD2514.  PCR 

amplification and DNA sequencing of the corresponding locus verified all gene replacement 

constructs. 

Transcriptional reporter assays.  Transcriptional reporter assays were essentially performed 

as described (23).  The absorbances of the samples at 420 nm, 550 nm and 660 nm were read, 

and the β-galactosidase activity (amount of ONPG hydrolyzed per minute as a function of cell 

density) was calculated.  Statistical analysis of data was performed using GraphPad InStat 

software. 

 Construction and purification of AmrZ mutants.  Supp. Fig. 1 utilized N-terminal 6x-His 

tagged proteins; wild type 6x-His-AmrZ (pDR2) was constructed and purified as previously 

described (23).  To generate 6x-His-tagged truncations of AmrZ, the mutant alleles were 

cloned into pTrcHisA using template pPJ145 and the following primers:  AmrZ1-66 (amrZ26 

and amrZ70; AmrZ63-108 (amrZ72 and amrZ73); AmrZ27-108 (amrZ68 and amrZ27). 
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Protein expression and purification steps were monitored by SDS-PAGE and staining with 

Coomassie brilliant blue (Fisher).   

For all other protein assays, a pET19b (Novagen, Madison, WI) was utilized due to its 

cleavable polyhistidine tag.  The generation and purification protocol was based on protocols 

detailed previously (23,28).  Briefly, the amrZ allele of interest was cloned into the multiple 

cloning site of the pET19b vector in frame with a DNA sequence encoding an 8-aa rhinovirus 

3C protease recognition sequence and a polyhistidine affinity tag. The resulting construct has 

an amino terminal histidine affinity tag that can be cleaved with PreScission Protease 

(Amersham Pharmacia) after purification of the AmrZ variant.  To generate the alanine 

mutants of AmrZ, the mutant alleles were cloned into pET19b using primers amrZ9 and 

amrZ85 and template pJLV1 (AmrZ R14A), pPJ148 (AmrZ K18A), pPJ149 (AmrZ V20A) or 

pPJ150 (AmrZ R22A).  To generate the extended amino terminus truncation proteins, the 

mutant alleles were cloned into pET19b using template pDJW585 and the following primers: 

∆2AmrZ (amrZ90 and amrZ85), ∆5AmrZ (amrZ91 and amrZ85), and ∆11AmrZ (amrZ89 and 

amrZ85).  The initial purification protocol follows a similar methodology as those listed 

previously (23).  Plasmid-expressing E. coli were grown at 37 ºC to mid-log phase, induced 

with 1mM IPTG (Isopropyl β-D-1-thiogalactopyranoside) overnight at 16 ºC to increase 

protein yield, then pelleted, resuspended in Lysis Buffer (100 mM KH2PO4 pH 7.5, 500 mM 

NaCl, 10% glycerol, 4 M urea),  sonicated, and applied over a nickel-chelating column 

(Qiagen).  The purified protein samples were eluted with imidizole.  The eluted, purified 

AmrZ was dialyzed overnight into Dialysis Buffer (100 mM Bis-Tris pH 5.5, 100 mM NaCl, 

5% glycerol, 2 mM DTT, and 0.5 mM EDTA).  The polyhistidine tag was cleaved by the 

addition of excess PreScission protease.  The final step of purification separated the pure 
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cleaved protein from the PreScission protease and any residual uncleaved portion via a MonoS 

cation exchange column (GE Healthcare).  The fractions containing the cleaved AmrZ were 

pooled and dialyzed into Storage Buffer (100 mM Bis-Tris pH 6.5, 100 mM NaCl, and 5% 

glycerol).  Samples were stored at -80 ºC.  Proteins were verified by western blotting (Fig. 2B 

and 2D) and by electrospray mass spectrometry (data not shown). 

Isolation and labeling of DNA.  DNA fragments were isolated and labeled as previously 

reported (22,23).  In brief, fragments containing portions of algD or amrZ were amplified by 

PCR using Taq polymerase and oligonucleotides listed below.  Template DNA was 

contributed by pDJW585 (amrZ) (26) or pDJW221 (algD) (29).  algD promoter sequences 

were amplified from pDJW221 with the algD5 and algD7 primers while amrZ promoter 

sequences were amplified from pDJW585 with the amrZ33 and amrZ37 primers.  For Supp. 

Fig. 1, one primer was end-labeled using T4 polynucleotide kinase and [γ-32P]ATP, as 

described in the manufacturer’s instructions.  Following PCR amplification, excess [γ-

32P]ATP was removed using G-50 columns (Amersham).  Labeled DNA was then extracted 

using phenol:chloroform:isoamyl alcohol, ethanol precipitated, dried and resuspended in a 

suitable amount of deionized water.    

For subsequent electrophoretic mobility shift assays (EMSAs), fluorescently labeled 

target DNA was used. A 5’ 6-carboxyfluorescein (6-FAM) labeled DNA primer amplified the 

desired target region in a similar PCR reaction, generating a fluorescein-labeled PCR product 

at either the algD or amrZ promoter site.  For fluorescence anisotropy, each 22 bp segment 

was ordered individually, with a 5’FAM label on one strand.  The labeled and unlabeled strand 

were mixed for a stock concentration of 50 nM total.  
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DNA binding studies and western blotting.  DNA binding assays and conditions are similar 

to those previously reported (22).  In general, wild type or mutant AmrZ was incubated with 

5’-end-labeled DNA fragments, 0.75 µg of poly d(I-C) and binding buffer (4 mM Tris-HCl, 

pH 8.0; 40 mM NaCl; 4 mM MgCl2; 4% glycerol).  All DNA binding assays were incubated at 

25ºC for 20 minutes in a reaction volume of 10µl, unless noted otherwise.  Supp. Fig. 1’s 

radioactive gel was dried at 80ºC for 20 minutes before exposure to a phosphoimaging screen 

for variable amounts of time.  The fluorescent EMSA reactions were performed in a similar 

manner.  However, these gels were scanned while still in the gel cassette.  All EMSAs were 

detected by a Typhoon scanner, while in either Storage Phosphor or Fluorescence mode, and 

were visualized by ImageQuant software.   

Fluorescence anisotropy was done based on previous protocols (30).  Briefly, 

increasing protein titrations were incubated with 1nM 6-carboxyfluorescein (6-FAM) labeled 

DNA, 100 nM competitive nonspecific DNA, 100 mg/L BSA, 100 mM Bis-Tris pH 6.5, 150 

mM NaCl, and 5% glycerol, and added to a constant volume of 25 μL.   Protein samples were 

assayed using a Safire2 microplate reader with a fluorescence polarization module (Tecan 

Group, Ltd) using excitation and emission wavelengths of 490 nm and 520 nm, respectively. 

Anisotropy data was normalized to the maximum value then plotted as a function of AmrZ 

concentration.  The Kd was calculated based on a single-ligand binding model.  Each AmrZ 

variant was analyzed at each site by three individual replicates.   

Western blotting was performed as previously described (23,26).  For the western blot 

in Fig. 5, P. aeruginosa strains were grown at 37 ºC with shaking to an OD (600 nm) of 1.0.  

Cells were pelleted, boiled for 5 minutes at 95ºC, and pelleted again.  The supernatants were 

collected and resolved on a 12% SDS-PAGE gel and probed with an AmrZ-specific antibody.       

 37



  
 

Glutaraldehyde Crosslinking.  Glutaraldehyde crosslinking was performed based on a 

previously described protocol (31).  Briefly, AmrZ (40 μmoles) was incubated with 2 μmoles 

glutaraldehyde for five minutes before the reaction was reduced on ice with 2 μmoles of 

sodium borohydride for twenty minutes.  The reaction was neutralized by addition of Tris-HCl 

(pH 8.0) to a final concentration of 167 mM.  Crosslinked species were resolved on a 12% 

SDS-PAGE gel and visualized by GelCode Blue Stain. 

Animal Studies.  The wild-type nonmucoid P. aeruginosa laboratory strain PAO1, WFPA205 

(an isogenic amrZ null strain containing a tetracycline resistance cassette), and WFPA513 (the 

R22A AmrZ-expressing strain) have been previously described (25). All strains were grown in 

LBNS with shaking at 37 °C to mid-log phase before centrifugation and resuspension in sterile 

phosphate-buffered saline (PBS). 

The intranasal infection protocol was based on one previously described (32) and 

modified for P. aeruginosa.  Five- to 6-week-old female C57BL/6 mice (Jackson Laboratory) 

were lightly sedated with isoflurane (Butler) and intranasally inoculated with either 30 µL of 

sterile phosphate-buffered saline (PBS) alone or with 1 x 108 CFU of P. aeruginosa.  At 

designated times post-inoculation, mice were euthanized and the blood and lungs aseptically 

harvested.  Blood was directly plated to detect bacteria.  Lungs were homogenized in PBS and 

dilutions were plated onto LANS. Colonies were enumerated after overnight growth at 37 °C.  

For the coinfection experiment, a slightly modified protocol was utilized wherein 

PAO1 and WFPA205 were mixed in a 1:1 ratio for a total of 1 x 108 CFU in 30 µL.   

Following infection, lung homogenates and blood were serially diluted and plated in duplicate 

on both LANS and LANS supplemented with 100 μg/mL tetracycline to provide total (PAO1 

and WFPA205) bacteria and WFPA205 counts, respectively.  PAO1 counts were determined 
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by subtraction of the tetracycline resistant (WFPA205) values from the total.  Competitive 

index was calculated by dividing the ratio of WFPA205:PAO1 recovered by the ratio of 

WFPA205:PAO1 inoculated.  All animal experiments were carried out in accordance with 

WFUHS guidelines under and IACUC approved protocol and were repeated at least twice. 

Statistical analysis was carried using an unpaired two-tailed Student t test.  

 

Results 

AmrZ residues 1-26 are absolutely required for binding to the algD promoter but not for 

oligomerization.  To determine the mechanism of AmrZ-mediated gene regulation, we 

initiated studies to determine which region of AmrZ was responsible for DNA-binding 

activity.  Based on structural homology of AmrZ residues 1-66 with the Arc-like DNA-

binding domain, we divided AmrZ into three hypothetical subdomains (Supp. Fig. 1A).  

Subdomain 1, which had no predicted periodic structure, was designated the N-terminal tail 

and contained the first twelve residues (AmrZ 1-12). Subdomain two (AmrZ 13-62) shares the 

highest amino acid identity with Arc and was designated the Arc-like DNA-binding domain; 

this included the characteristic ribbon-helix-helix element that, in Arc, is required DNA 

binding activity.  Subdomain three (AmrZ 63-108) was designated the oligomerization domain 

based on amino acid identity/similarity with the Mnt tetramerization domain (9).  Using these 

general subdomains as a basis, large-scale trunctations of AmrZ were generated to determine 

which portions of AmrZ are absolutely required for DNA-binding activity.  The carboxy 

terminus was not required for DNA-binding activity.  Deletion of residues 1-26 (AmrZ27-108) 

resulted in a non-binding protein, suggesting that residues 1-26 are required for DNA-binding 

activity at algD (Supp. Fig 1B).  This region contains two predicted elements – an extended 
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amino terminus which is absent in Arc or Mnt and the putative DNA-binding β-sheet.  To 

further clarify the residues necessary for DNA-binding activity within residues 1-26, amino 

terminal truncation mutants and site-specific mutations in the proposed β-sheet were used to 

provide a mechanistic basis for the contribution of these regions in DNA-binding activity.   

To determine if the extended amino terminus contributes to either DNA-binding or 

oliogmerization, three AmrZ truncation proteins (∆2, ∆5, and ∆11AmrZ) were generated (Fig. 

1A).  The proteins were purified, examined by SDS-PAGE and western blotting, and verified 

by electrospray mass spectrometry to express the anticipated deletion (Fig. 2A, 2B, and data 

not shown).   

In order to evaluate the residues within the putative AmrZ β-sheet, we identified 

conserved residues to target for mutagenesis. Mutation of critical residues within the DNA-

binding β-sheet of RHH proteins typically abrogates DNA-binding activity (4,33). Arg14, 

Lys18, and Arg22 were chosen based on identity or charge similarity with required amino 

acids in Arc and Mnt (10,33).  Val20 was chosen because it was different from the conserved 

Asn and may contribute to an AmrZ-specific sequence interaction.  Our previous studies using 

histidine-tagged proteins showed that substitution of alanines in place of residues Lys18 and 

Arg22 resulted in a loss of AmrZ-mediated DNA-binding activity at algD and corresponded 

with an in vivo loss of twitching motility, suggesting that these residues supplied critical 

protein-nucleotide contacts required for DNA binding and type IV-mediated motility (25).   

However, these AmrZ variants were not purified or rigorously tested for either in vitro or in 

vivo activity. In addition, we hoped to utilize these mutants as negative controls, for algD in 

vitro studies as well as an example of an AmrZ-defective phenotype in vivo.  To resolve the 

role of specific residues in the putative AmrZ β-sheet, several point mutations were generated 
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that contained alanine substitutions in AmrZ at Arg14, Lys18, Val20, or Arg22. These AmrZ 

β-sheet mutants were purified and examined by SDS-PAGE and western blotting; mass 

spectrometry was used to verify the amino acid identity of the anticipated substitution (Fig. 

2C, 2D, and data not shown).  

  Most of the characterized RHH proteins exist as dimers or tetramers (1,12). While 

oligomerization is essential for Mnt and Arc activity (9), to date no such studies have been 

performed with AmrZ. Therefore, to determine if AmrZ oligomerizes and if amino acids 

within the first twenty-six residues were required for oligomerization, wild type and the 

above-mentioned variant proteins were analyzed by glutaraldehyde crosslinking (Fig. 2E).  

Untreated AmrZ migrated at ~12.5 kDa, consistent with the monomeric form (Fig. 2E, lane 1).  

However, crosslinked AmrZ showed two distinct migration bands, and taking into account the 

additional mass of glutaraldehyde, the bands were consistent with a dimer (~27 kDa) and 

tetramer (~60 kDa) (Fig. 2E, lane 2). Similar species were also observed when each of the β-

sheet mutants was evaluated (Fig. 2E, lanes 3-6).  K18A AmrZ (lane 4) migrated to a position 

consistent with a dimer, but  higher molecular weight oligomers had a slightly different profile 

as compared with that of wild type AmrZ and the other mutants.  This is likely due to the fact 

that glutaraldehyde preferentially links the ε-amino group of lysine (34).  Residue 18 is one of 

two lysine residues in AmrZ and upon dimerization the antiparallel β-strands would place two 

Lys18 residues in close proximity of each other within the β-sheet.  Mutation of these lysine 

residues most probably removed a target for the glutaraldehyde to crosslink, consistent with 

the resulting decrease in higher order oligomers for the K18A mutation. 

 Recent work indicates that the extended amino terminus of ArtA may contribute to 

dimer-dimer interactions at some target sites (17).  This does not appear to be the case for 
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AmrZ, since each of the AmrZ amino terminal truncation mutants showed a similar 

oligomerization pattern as wild type AmrZ (Fig. 2E, lanes 8-15).  Taken together, these data 

indicate that purified AmrZ does oligomerize in solution and that the first 26 residues do not 

contribute to this function.  To further establish the role of these residues to DNA binding 

activity, we utilized the truncation and β-sheet mutants to rigorously test their contribution in 

DNA-binding activity in vitro and in vivo. 

 

The extended amino terminus of AmrZ is not absolutely required for DNA-binding 

activity. To evaluate the role of the extended amino terminus in DNA-binding activity, each 

truncation variant was assayed for DNA binding activity via electrophoretic mobility shift 

assays (EMSA) and fluorescence anisotropy at both an activator (algD) and repressor site 

(amrZ). The purified wild type and AmrZ-variant proteins were analyzed by EMSA at non-

saturating concentrations to directly compare DNA-binding activity.  ∆2AmrZ, ∆5AmrZ, and 

∆11AmrZ each retained DNA binding activity at both templates (Fig. 3A and 3B, lanes 3, 4 

and 5, respectively). 

Analysis by fluorescence anisotropy (Table 1, Fig. 3C and 3D) provided a quantitative 

assessment of ∆2AmrZ, ∆5AmrZ, and ∆11AmrZ DNA-binding at equilibrium.  The ability of 

the protein to bind the labeled DNA was measured over increasing protein concentrations and 

the Kd calculated.  Since the amrZ promoter sequence has two defined binding sites (23), each 

was analyzed.  The anisotropy data revealed that the AmrZ truncation mutants had moderately 

reduced DNA-binding affinity at all three sites.  This was unexpected given no visible loss of 

DNA-binding activity by EMSA (compare data in Fig. 3C/Table 1 with Fig 3A and 3B).  This 

was most notable with ∆11 AmrZ (Table 1), which had a four-fold reduction in affinity at 

 42



  
 

amrZ1 compared to the wild type AmrZ.  The difference in results between the EMSA data 

and the anisotropy data may be due to the limitations of each assay.  Anisotropy is performed 

at equilibrium with a small segment of DNA (22bp in size) while EMSA analysis is performed 

with a much larger piece of DNA (~300 bp) and in the context of a cage formation by the gel 

matrix.  Regardless of the subtle difference, both assays show binding activity of the 

truncation mutatants and suggests that the extended amino terminus may contribute, but is not 

absolutely required, for in vitro DNA binding activity.   

 

Mutation of critical residues within the AmrZ DNA-binding β-sheet abrogates DNA-

binding activity.  The AmrZ β-sheet variants were also rigorously assayed for DNA binding 

activity at algD and amrZ by EMSA and fluorescence anisotropy (Table 1 and Fig. 4). As 

documented previously (2,23) AmrZ forms several protein-DNA complexes (Fig. 4A and 4B, 

lane 2), which increase in number as the concentration of AmrZ increases.  Our prior 

footprinting studies showed that these species likely represent AmrZ oligomers binding to a 

single site rather AmrZ occupying new sites as the protein concentration increases (23).  R14A 

AmrZ showed DNA binding activity similar to that of AmrZ at both algD and amrZ (Fig. 4A 

and 4B, lane 3).  Interestingly, K18A AmrZ exhibited reduced DNA-binding activity at algD, 

yet had no visible activity at amrZ (compare lane 4 in Fig. 4A and Fig. 4B).  This suggests that 

the K18A AmrZ is able to differentiate between the activator and repressor sites.  V20A AmrZ 

showed moderately reduced binding activity at both sites (Fig. 4A and 4B, lane 5).  As seen 

previously with hexahistidine-tagged versions (25), R22A AmrZ showed no DNA-binding 

activity at either site (Fig. 4A and 4B, lane 6).  The reduced binding affinity of R14A AmrZ, 
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V20A AmrZ, and K18A AmrZ (at algD only) was compensated by increased protein 

concentration (data not shown), however this was not the case for R22A AmrZ.  

Analysis of the DNA binding activity of these proteins by fluorescence anisotropy 

revealed each had reduced binding compared to wild type AmrZ (Fig. 4C, Table 1).  R14A 

AmrZ and V20A AmrZ only showed a modest increase in Kd at algD, which correlates to the 

minor reduction of activity seen by EMSA.  R22A exhibited measurable activity by this assay, 

though it was greatly reduced at all three sites compared to wild type AmrZ.  Interestingly, 

fluorescence anisotropy studies showed a loss of K18A binding at algD, which conflicts with 

the results seen by EMSA.  This suggests that K18A may not actually be recognizing the same 

target site on the DNA and the disparity between experiments may be due to the size and 

sequence of the target DNA used in these two assays.  We will later pursue this topic as it 

relates to in vivo protein activity (Fig. 5A and Table 2 and 3). 

 At the higher affinity amrZ1 site (Fig. 4D), the anisotropy data correlated with the 

EMSA; R14A AmrZ showed similar activity as wild type, with V20A having moderately 

reduced activity and K18A and R22A AmrZ mutants showing little detectable binding.  At the 

lower affinity amrZ2 site, all of the mutants had a moderate-to-high reduction in activity. 

Val20 appears to contribute to binding activity but is not absolutely required, as seen by the 

EMSA data (Fig. 4A and 4B).  Taken together with previous data (25), these results indicate 

that Lys18 and Arg22 are required for proper DNA-binding activity in vitro.  

 

Residues Lys18, Val20 and Arg22 are required for alginate production in vivo.  Since 

several of the AmrZ variants had reduced or no visible DNA binding activity, we wanted to 

assess the effect of these mutant proteins on AmrZ transcriptional activity in vivo.  To do so, 
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we examined alginate production by strains harboring the amrZ mutant alleles, as well as an 

amrZ deletion strain and its chromosomally complemented amrZ+ strain (Fig. 5). All strains 

displayed similar growth kinetics in rich media (data not shown). Protein extracts from each 

strain were analyzed by SDS-PAGE and probed with an AmrZ-specific antibody in an 

immunoblot assay to verify AmrZ expression (Fig. 5B).   

The parental wild type strain (FRD1) displayed a characteristic mucoid phenotype due 

to overproduction of alginate (Fig. 5A).  As expected, deletion of amrZ resulted in a 

nonmucoid phenotype; alginate production was restored upon the addition of wild type amrZ.  

Interestingly, strains expressing K18A AmrZ, V20A AmrZ, and R22A AmrZ all displayed a 

nonmucoid phenotype, indicating that AmrZ residues Lys18, Val20 and Arg22 are required 

for alginate production. Despite R14A AmrZ, K18A AmrZ, and V20A AmrZ all exhibiting 

some DNA binding activity at algD in vitro, only P. aeruginosa strains expressing R14A 

AmrZ displayed visible levels of alginate production (Fig. 5).   This indicated that despite 

apparent DNA binding activity via EMSA (Fig. 4A), the five-fold decline in activity 

determined by fluorescence anisotropy (Table 1) is a better reflection of the impact of the 

R14A mutation in vivo. 

 

Lys18, Val20, and Arg22 are required for transcriptional activation and 

repression in vivo.  We next evaluated the effect of β-sheet mutations on AmrZ-mediated 

activation of algD and autorepression at amrZ using single copy algD-lacZ or amrZ-lacZ 

transcription fusions.  Consistent with the alginate production assay, P. aeruginosa strains 

expressing K18A AmrZ, V20A AmrZ, or R22A AmrZ (Table 2) showed no observable algD-

lacZ transcription.  Also, FRD2515, which expresses R14A AmrZ and displayed a semi-
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mucoid phenotype (Fig. 5), had significantly reduced levels of algD transcription (3% 

compared to wild type; see Table 2).  Despite sharing identity with a critical residue in the 

Mnt β-sheet, Arg14 is not absolutely essential for activation of algD transcription.  Strains 

expressing K18A AmrZ and V20A were severely compromised in algD transcriptional 

activation (Table 2 and Fig. 5).  Collectively, the data in Table 2 and Fig. 5 demonstrated that 

proposed β-sheet residues Lys18, Val20 and Arg22 of AmrZ are required for algD 

transcription and subsequent alginate production.       

In a parallel manner, we assayed the effect of the β-sheet mutations on auto-repression 

at amrZ.  A lack of repression by an AmrZ variant would be seen as an increase in β-

galactosidase activity.  Like the amrZ null strain, an increase in amrZ-lacZ transcription was 

seen in the strains expressing K18A AmrZ, V20A AmrZ, and R22A AmrZ strains as 

compared to wild type levels (Table 3), indicating a loss of AmrZ-mediated repression by 

these variants.   Likely, insufficient DNA binding to the amrZ promoter by K18A, V20A and 

R22A (Fig 4B and 4D) lifts repression of amrZ transcription (Table 3).  R14A AmrZ levels of 

amrZ-lacZ transcription were similar to wild type, illustrating that the DNA-binding activity 

of AmrZ R14A was sufficient to mediate repression of amrZ transcription (Fig. 4B, Tables 1 

and 3).  Collectively, these data show that AmrZ residues Lys18, Val20 and Arg22 are 

required for repression of amrZ transcription and suggest that identical residues within a single 

DNA-binding domain are required for AmrZ-mediated gene regulation.  

 

 AmrZ DNA binding activity and transcriptional regulation contributes to P. 

aeruginosa virulence.  As AmrZ controls the expression of genes encoding P. aeruginosa 

virulence determinants, we decided to compare the relative virulence of wild type, amrZ null 
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mutants, and strains expressing AmrZ R22A.  First, wild type PAO1 or the isogenic amrZ null 

mutant, WFPA205, was intranasally inoculated into mice.  At indicated timepoints, mice were 

euthanized, the lungs aseptically harvested, and bacterial counts determined.  At early 

timepoints (0.5- and 4-hours post infection; hpi) there were similar bacterial counts recovered 

from mice infected with both strains (Fig. 6A).  In contrast, at 12 hpi there was a significant 

reduction in WFPA205 bacteria recovered compared with wild type (Fig. 6A; p = 0.0360), 

indicating the amrZ mutant had a reduction in colonization of the lungs. By 24 hpi, the 

recovered bacterial counts had a larger distribution and no statistical observation could be 

made.  In addition to the 12 hpi difference in bacterial numbers in the lungs, bacteremia and 

mortality associated with the PAO1 infection were higher than in mice infected with 

WFPA205 (Fig. 6B).  This suggests that loss of AmrZ results in a less virulent strain and that 

AmrZ does regulate virulence factors that contribute to infection.  To reduce natural variation 

between mice, a coinfection model used the same two strains to determine if wild type P. 

aeruginosa had an in vivo fitness advantage compared with WFPA205.  In vitro co-culturing 

showed no growth advantage for either strain (data not shown).  After 12 hpi, compared with 

WFPA205, PAO1 showed a ~5-fold competitive advantage in the lungs and a 12-fold 

advantage to go septic (Fig. 6C).   

The data in Fig. 6 suggest that the presence of amrZ provides P. aeruginosa a 

competitive advantage, potentially via its transcriptional regulation of virulence factors.  To 

directly test the role of AmrZ DNA binding and transcriptional regulation in vivo, WFPA513, 

a strain expressing the DNA-binding defective R22A AmrZ was used.  Based on EMSA data 

and anisotropy data (Fig. 4 and Table 1) as well as in vivo data (Fig. 5, Tables 2 and 3, (25)) 

the R22A mutation has no DNA-binding activity, nor any transcriptional regulatory capacity.  
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Similar to the effect seen in Fig. 6A, WFPA513 also exhibited a decrease in lung bacterial 

burden at 12 hpi compared with wild type PAO1 (p = 0.003, Fig 7A).  Additionally, 

WFPA513 had a similar reduction in morbidity and mortality (Fig. 7B) as was seen in the 

amrZ-null mutant WFPA205 (Fig. 6B). Taken together, this suggests that the loss of virulence 

is indeed due to a loss of DNA binding and transcriptional regulation of virulence factors 

mediated by AmrZ. 

 

Discussion 

In this study, we found that AmrZ residues 1-26 are required for DNA-binding 

activity, and residues Lys18, Val20, and Arg22 within the proposed β-sheet are essential for 

activation of algD expression and alginate production.  AmrZ residues Lys18, Val20 and 

Arg22 are also required for autorepression, signifying that these residues are important for 

modulating both repression and activation of these two target genes.  Another discovery is that 

AmrZ has the capability of oligomerizing into species that are consistent with dimers and 

tetramers in solution.  Previous studies revealed that oligomerization is essential for Mnt 

repressor activity (9) and most studied RHH proteins exist as dimers or tetramers (1,12).  

Evidence for AmrZ oligomerization contributes to its inclusion as a RHH protein.  In addition, 

each of the AmrZ variants exhibited oligomerization properties similar to that of native AmrZ, 

indicating that our observed in vitro and in vivo effects were not due to the inability of these 

proteins to oligomerize.  Crosslinking of the truncation proteins also indicated that the 

extended amino terminus is not required for the formation of higher order oligomers in 

solution.   
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AmrZ functions as a putative RHH transcriptional regulator, wherein residues in the 

DNA-binding β-sheet are responsible for creating sequence-specific contacts with the target 

DNA.  In vivo analysis reveals that Lys18, Val20, and Arg22 are absolutely required for 

transcriptional regulation by AmrZ (Tables 2 and 3) and downstream alginate production (Fig. 

5).  AmrZ residues 19-22 are predicted to form a β-sheet (Fig. 1), and studies of the Arc and 

Mnt repressors have shown that β-sheet residues determine binding specificity (35,36).   The 

specific mutation of conserved residues from the Arc and Mnt amino acid template (Fig. 1A) 

supports the hypothesis that similar amino acids in the AmrZ putative β-sheet (Fig. 1B) are 

required for DNA binding activity. This not only supports the classification of AmrZ as a 

RHH protein, but also supports the hypothesis that AmrZ uses similar residues within the β-

sheet to recognize both transcriptionally activated and repressed targets. 

Over the course of this investigation, we analyzed V20A AmrZ, which had reduced 

binding activity, K18A AmrZ that had differential activity, and R22A AmrZ, which had no 

DNA binding in vitro (Fig. 4).  However, strains expressing all three mutant proteins had a 

similar defect in transcriptional regulation (Tables 2 and 3) and in alginate production (Fig. 5).  

With regards to the V20A AmrZ data, the disparity between in vitro and in vivo binding 

activity may be due to a more transient interaction with the DNA, which is not conducive to 

transcriptional regulation.  In EMSA assays, K18A AmrZ appears to be able to differentiate 

between algD activator and amrZ repressor sites.  However, K18A AmrZ shows no in vivo 

activity (Fig. 5, Tables 2 and 3), which is consistent with the in vitro anisotropy data (Table 1).    

AmrZ residues in the amino terminal tail contribute minimally to binding at algD and 

amrZ (Table 1). Since these twelve residues are absent in Arc or Mnt, but have functions in 

other RHH proteins, the contribution of these residues to AmrZ transcriptional regulation is an 
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interesting area for future study.  Notably, studies on other RHH proteins with an extended 

amino terminus indicate that this portion of the protein often contributes to a protein-specific 

activity, including DNA binding activity.  The flexible 30-amino acid amino terminal tail of 

ParG is not required for dimerization but is required for repression and high affinity protein-

DNA interactions (19).  More recent work has identified this ParG sequence as an arginine 

finger-like motif that has two vital functions in vivo, stimulating ATP hydrolysis and ParF-

ATP filamentation (37).  Like AmrZ, HpNikR also has several DNA targets (nixA, urea, fur, 

nikR, exbB, fecA3, and frpB4) where it also acts as a transcriptional activator and repressor.  

The nine amino acid amino terminal tail of HpNikR prevents low affinity binding.  In fact, 

within this region, two specific residues have been linked to high-affinity binding while two 

others are linked to the nickel-specific DNA binding activity in vitro (20). Recent work has 

indicated that ArtA has an amino terminus that is necessary for target recognition and binding 

as a dimer of dimers (17).  However it appears to only be absolutely necessary for one of the 

six targets studied.  Further experiments may show that this is also true for an AmrZ target 

other than algD or amrZ.  Future studies will also examine the role of the extended amino 

terminus in AmrZ structural stability and its modest contribution to AmrZ binding.  

AmrZ utilizes a single DNA-binding domain to regulate expression of at least two 

genes.  The DNA binding activity of the amino-terminal portion of Mnt is distinct from the 

oligomerization properties of the C-terminal domain (9), and truncated Mnt repressors lacking 

the C-terminal oligomerization domain form dimers in solution and retain DNA-binding 

activity (38).  The AmrZ  C-terminal truncation that lacks the proposed oligomerization 

domain (AmrZ 1-66) binds DNA in a manner similar to wild type, suggesting that separate 

regions of AmrZ may mediate binding and oligomerization (Supp. Fig. 1B).  Future studies 
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will address the potential contribution of C-terminal residues toward higher order 

oligomerization and high affinity DNA binding. 

Alginate production and algD expression in P. aeruginosa are controlled by a variety 

of transcriptional regulators, including the proposed RHH DNA-binding protein AmrZ.  A 

majority of soil-dwelling Pseudomonads do not produce alginate in the absence of specific 

environmental cues, although they have the genetic capacity to do so (39).  Homologs of genes 

encoding regulators of alginate biosynthesis are found in the genome of P. putida WCS358.  

Some of the alginate biosynthesis and regulatory genes have been studied in P. syringae pv. 

tomato DC3000, a plant pathogen that utilizes environmental signals such as copper to trigger 

alginate production (35,40).  However, in P. syringae, expression of the alginate 

transcriptional regulator AlgT, rather than alginate production alone, is required for virulence 

(41). Amino acid comparison of AmrZ with its proposed orthologs PP4470 (P. putida) and 

PSPTO1847 (P. syringae pv. tomato) shows that greater than 80% of AmrZ residues are 

conserved.  Although these loci appear to be AmrZ orthologs, it should be noted that no 

function has been ascribed to these ORFs in either Pseudomonas species.  Their extensive 

amino acid identity with AmrZ suggests that these proteins have the potential to serve as 

regulators of alginate genes and possibly others.  Furthermore, similar virulence factors are 

necessary for both human and plant colonization by P. aeruginosa (42,43) suggesting 

conserved transcriptional regulation in host pathogenesis.  It is reasonable to hypothesize that 

the mechanism of regulation may be similar in the Pseudomonads and increases the likelihood 

of the AmrZ orthologs contributing to regulation of virulence factors in a similar manner to 

that displayed by P. aeruginosa. 
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The impact of AmrZ in the context of an acute infection model has not previously been 

assessed.  In this study it is clear, both by bacterial enumeration at 12 hpi as well as by 

indicators of morbidity and mortality, that AmrZ-mediated transcriptional regulation is 

necessary for optimal virulence.  During the direct competition assay, the PAO1 wild type 

showed a competitive advantage.  In vitro competition shows no advantage for either strain.  

This suggests that during an infection, the transcriptional regulation by AmrZ regulates factors 

that contribute to virulence.  In addition, it also suggests that AmrZ does not contribute to the 

production of factors by PAO1 that are capable of acting in trans to complement defects by the 

WFPA205 amrZ-null strain.  In the PAO1 background, loss of functional AmrZ (both in an 

amrZ-null mutant and in R22A AmrZ-expressing strains) results in improper expression of 

type IV pili and loss of twitching motility (25).  Loss of these factors in other P. aeruginosa 

strains and in other models of infection (neonatal mouse and corneal) also reduced virulence 

(44-47). However, AmrZ likely regulates other virulence factors and future work aims to 

elucidate the targets of AmrZ transcriptional regulation that contribute to virulence in both 

chronic and acute infection models. 
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Table 1: Fluorescence anisotropy data 
 

algD amrZ1 amrZ2 AmrZ 
Protein 
 Kd* (nM) Fold 

over 
WT** 

Kd* (nM) Fold 
over 

WT** 

Kd* (nM) Fold 
over 

WT** 
WT  107 +/- 17 1.0 4.34 +/- 0.74 1.0 59 +/- 9.7 1.0 

143 +/- 17 1.33 3.87 +/- 0.76 0.89 89 +/- 15 1.52 Δ2  
140 +/- 21 1.30 9.77 +/- 1.92 2.25 134 +/- 13 2.28 Δ 5  
170 +/- 25 1.58 17.9 +/- 5.70 4.12 106 +/- 25 1.81 Δ 11  

R14A 613 +/- 86 5.72 3.96 +/- 0.73 0.91 306 +/- 28 5.21 
K18A 2300 +/- 

472 
21.46 1190 +/- 210 274.2 306 +/- 78 5.22 

V20A 474 +/- 97 4.42 45.4 +/- 10.6 10.46 988 +/- 98 16.83 
R22A 1347 +/- 

133 
12.57 192 +/- 26 44.24 875 +/- 89 14.91 

 
*Kd is calculated based on the average of three independent experiments.  The data was 
graphed in Sigma Plot (a representative experiment is graphed in Fig.s 3 and 4, C and D) and 
analyzed based on a single-ligand binding model with saturation.  All the Kd values are in nM. 
**Fold over WT is defined as the (calculated Kd of sample)/(calculated Kd of WT) for each 
binding site. 
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TABLE 2   
AmrZ residues Lys18, Val20 and Arg22 are absolutely required for activation  

of algD transcription.  
 
 
 

Strain 

 
 
 

Genotype 
 

 
 

AmrZ 
Expressed 

 

 
β-galactosidase 

assay  
(Miller units) 

 

 
 
 

% Wild type 

 
FRD2606 

 

 
mucA22 

attB::algD-lacZ 
 

 
Wild type 

 
10011 + 44 

 

 
100 

 
FRD2526 

 

 
mucA22 

amrZ::Ωtet 
attB::algD-lacZ 

 

 
- 

 
5 + 0.9 

 

 
0.05 

 

 
FRD2534 

 
mucA22 amrZ37 
attB::algD-lacZ 

 

 
AmrZ 
R14A 

 

 
285 + 5 

 

 
3 
 

 
FRD2517 

 

 
mucA22 amrZ17 
attB::algD-lacZ 

 

 
AmrZ 
K18A 

 

 
0 + 0.9 

 

 
0 
 

 
FRD2519 

 

 
mucA22 amrZ18 
attB::algD-lacZ 

 

 
AmrZ 
V20A 

 

 
65 + 2 

 

 
0.6 

 
FRD2521 

 

 
mucA22 amrZ19 
attB::algD-lacZ 

 

 
AmrZ 
R22A 

 

 
0 + 0.6 

 

 
0 

 
Table 2.  Residues Lys18, Val20 and Arg22 are absolutely required for activation of algD 
transcription.  Single copy algD-lacZ transcriptional fusions were placed at the neutral attB 
site in isogenic amrZ+ (FRD2606), AmrZ R14A (FRD2531), AmrZ K18A (FRD2517), AmrZ 
V20A (FRD2519), and AmrZ R22A (FRD2521) strains of P. aeruginosa.  All strains were 
engineered in FRD1 (mucA22) background.  β-galactosidase activity was recorded in Miller 
units, and results were averaged from three separate experiments.  Percentage of wild type 
values are also listed for comparison purposes.    
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TABLE 3:   

AmrZ residues Lys18, Val20 and Arg22 are absolutely required for repression  
of amrZ transcription.  

 
 

Strain 

 
 

Genotype 

 
AmrZ 

Expressed 

β-galactosidase 
assay  

(Miller units) 

 
 
% Wild type 

FRD1310 
 

mucA22 
attB::amrZ-lacZ 

 

Wild type 2054 + 41 
 

100 

 
 

FRD1312 
 

 
mucA22  

amrZ::xylE aacC1 
attB::amrZ-lacZ  

 

 
 
- 

 
 

3157 + 214 
 

 
 

154 

 
FRD2528 

 
mucA22 amrZ37 
attB::amrZ-lacZ 

 

 
AmrZ 
R14A 

 

 
1588 + 38 

 

 
77 

 

 
FRD2530 

 

 
mucA22 amrZ17 
attB::amrZ-lacZ 

 

 
AmrZ 
K18A 

 

 
3913 + 100 

 

 
191 

 

 
FRD2532 

 

 
mucA22 amrZ18 
attB::amrZ-lacZ 

 

 
AmrZ 
V20A 

 

 
4377 + 109 

 

 
213 

 
FRD2503 

 

 
mucA22 amrZ19 
attB::amrZ-lacZ 

 

 
AmrZ 
R22A 

 

 
3946 + 104 

 

 
192 

 
Table 3.  Residues Lys18, Val20 and Arg22 of AmrZ are absolutely required for repression of 
amrZ transcription.  Single copy amrZ-lacZ transcriptional fusions were placed at the neutral 
attB site in isogenic amrZ+ (FRD1310), AmrZ R14A (FRD2528), AmrZ K18A (FRD2530), 
AmrZ V20A (FRD2532), and AmrZ R22A (FRD2503) strains of P. aeruginosa.  All strains 
were engineered in a FRD1 (mucA22) background.  β-galactosidase activity was recorded in 
Miller units, and results were averaged from three separate experiments.  Percentage of wild 
type values are also listed for comparison purposes.     
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FIGURE 1 
 

 
 
 
Fig. 1. Alignment and predicted secondary structure of the putative ribbon-helix-helix 
transcriptional regulator AmrZ.  (A) An amino acid alignment of the Arc-like DNA-
binding domains of Arc (residues 1-18), Mnt (residues 1-15) and AmrZ (residues 1-27) 
reveals conserved residues in the DNA-binding β-sheet as well as the presence of the extended 
amino terminus.  Residues in gray indicate the DNA-binding β-sheet.  Residues to the left are 
part of the extended amino acid.  Residues within the DNA-binding β-sheet that were targeted 
for site-specific mutagenesis are shown in red.  (B) The predicted 3D structure of a single 
AmrZ monomer, residues 13-80.  The secondary structure prediction was provided by Phyre 
(48), and visualized in PyMol.  The major structural components (N- and C-termini, β-sheet, 
and α-helices) are indicated.  In addition, Arginine-22 (R22) is also indicated, as the R22A 
mutant is used as a DNA-binding defective mutant. 
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FIGURE 2 

 

 
 
 
Fig. 2.  Purified AmrZ forms oligomers in solution and oligomerization does not require 
the first 26 residues.  Purification and verification of the wild type and the extended amino 
truncation proteins ∆2 AmrZ, ∆5 AmrZ, and ∆11 AmrZ by SDS-PAGE and visualization by 
GelCode staining (A) or western blotting (B). Lane 2, wild type AmrZ; Lane 3, ∆2 AmrZ; 
Lane 4, ∆5 AmrZ; Lane 5, ∆11 AmrZ.  In parallel, the purification and verification of the wild 
type and the β-sheet mutants: R14A AmrZ (Lane 3), K18A AmrZ (Lane 4), V20A AmrZ 
(Lane 5), and R22A AmrZ (Lane 6) by SDS-PAGE and visualization by GelCode staining (C) 
and Western blotting (D).  Samples were crosslinked by incubation with glutaraldehyde to 
form a stable complex that would withstand separation by SDS-PAGE (E).  Lanes 1 – 6 are 
the β-sheet mutants.  Lane 1 was not incubated with glutaraldahyde to indicate size of a wild-
type AmrZ monomer.   Lanes 2-6 are crosslinked and contain wild type AmrZ (lane 2), R14A 
AmrZ (lane 3), K18A AmrZ (lane 4), V20A AmrZ (lane 5), and R22A AmrZ (lane 6).  Lanes 
8-15 represent the truncation proteins with alternating untreated monomeric and 
glutaraldehyde-treated samples.  Lanes 8 and 9, wild type AmrZ; lanes 10 and 11, ∆2 AmrZ; 
lanes 12 and 13, ∆5 AmrZ; and lanes 14 and 15, ∆11 AmrZ.  All lanes contain 40 μmol of 
protein and were separated by SDS-PAGE on a 12% polyacrylamide gel and complexes 
visualization by GelCode stain. 
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FIGURE 3 

 

 
 
Fig. 3.  The AmrZ extended amino terminus is not required for DNA-binding activity. 
Protein activity was analyzed with 5’-FAM-labeled PCR amplified targets of the algD (A) or 
amrZ (B) promoter region. Lanes 1 and 6 have no protein.  Lane 2, WT AmrZ; lane 3, ∆2 
AmrZ; lane 4, ∆5 AmrZ; and lane 5, ∆11 AmrZ, at 125nM each.  The black arrow on the left 
indicates free unbound DNA while the gray arrows indicate migration of DNA-protein 
complexes.  The fluorescence anisotropy data (see Methods and Materials) was assembled into 
a table, separated for each target site (Table 1).  A representative experiment is illustrated for 
the activator site algD (C) and the high affinity repressor site amrZ1 (D).   
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FIGURE 4 
 

 
 
 
Fig. 4.  Mutation of specific residues causes loss of AmrZ-mediated DNA-binding 
activity.  Protein activity was analyzed with 5’-FAM-labeled PCR amplified targets of the 
algD activator (A) or amrZ (B) promoter region. Lanes 1 and 7 have no protein.  Lane 2, WT 
AmrZ; lane 3, R14A AmrZ; lane 4, K18A AmrZ; lane 5, V20A AmrZ; and lane 6, R22A 
AmrZ, at 125nM each.  The black arrow on the left indicates free unbound DNA while the 
gray arrows indicate migration of DNA-protein complexes.  The fluorescence anisotropy data 
(see Methods and Materials) was assembled into a table, separated for each target site (Table 
1).  A representative experiment is illustrated for the activator site algD (C) and the high 
affinity repressor site amrZ1 (D).  
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FIGURE 5 
 

 

   
 
 
Fig. 5.  Residues Lys18, Val20 and Arg22 are required for alginate production.  (A) 
Strains containing wild type amrZ (FRD1), amrZ null (FRD1224), and FRD1224 
complemented with wild type amrZ (FRD2514), amrZ28 (AmrZ R14A; FRD2515), amrZ17 
(AmrZ K18A; FRD2234), amrZ18 (AmrZ V20A; FRD2236) or amrZ19 (AmrZ R22A; 
FRD2238) were plated on LANS and incubated at 37ºC for 24 hours to visualize the alginate 
phenotype.  (B) Western blot of strains expressing wild type, null or alanine substitution 
mutants of AmrZ.  Strain names are identical to those listed in (A).  
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FIGURE 6 
 

 
 
Fig. 6.  amrZ mutants exhibit an in vivo virulence defect.  (A) Wild type PAO1 and 
WFPA205 (amrZ::tet) strains were used to intranasally inoculate 6 wk old C57BL/6 mice with 
1x108 bacteria. At the indicated timepoints (hours post infection), lungs were aseptically 
harvested and the bacteria enumerated.  Each symbol indicates an individual mouse (n=5 for 
each group per timepoint). A gray bar indicates the average, along with the standard deviation. 
(* p≤0.05)  The dashed line indicates the lower limit of detection.  (B) Mice (n=15) were 
assessed for lung colonization (>104 bacteria recovered from the lungs), bacteremia (bacteria 
recovered from the blood), or death (requiring euthanasia due to severe disease symptoms) at 
12 hpi.  (C) Strains PAO1 and WFPA205 were co-inoculated at a 1:1 ratio (total of 108 
bacteria).  At 24 hpi, lungs and blood were harvested and bacterial counts determined.  The 
competitive index from the lungs is plotted for each mouse (n=13) and for those that showed 
evidence of bacteremia (n=8). 
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FIGURE 7 
 

 
 
Fig. 7. AmrZ DNA-binding activity is required for optimum virulence.  (A) 108 PAO1 or 
WFPA513 (R22A AmrZ) were used to intranasally inoculate 6wk old C57BL/6 mice. At 4 
and 12 hpi, lungs were aseptically harvested and the bacteria enumerated.  Each symbol 
indicates an individual mouse (n=10 for 4 hpi and n=15 for 12 hpi).  A gray bar indicates the 
average, along with the standard deviation. (**p≤0.01)  The dashed line indicates the lower 
limit of detection.  (B) Mice (n=15) were assessed for lung colonization (>104 bacteria 
recovered from the lungs), bacteremia (bacteria recovered from the blood), or death (requiring 
euthanasia due to severe disease symptoms) at 12 hpi. 
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FIGURE 8 

 
SUPPLEMENTAL FIGURE 1 

 
 
Supp. Fig. 1.  AmrZ DNA-binding activity requires residues 1-26.  (A) Based on 
homology with Arc and Mnt as well as AmrZ orthologues in other Pseudomonas species 
(50,51), AmrZ was divided into three hypothetical subdomains:  N-terminal tail (N-Tail), an 
Arc-like DNA binding domain, and an oligomerization domain.  Truncations shown are AmrZ 
1-66, AmrZ 64-108, and AmrZ 27-108.  (B) 6x-His-tagged wild type or truncated AmrZ 
variants were incubated with 5’-end-labeled DNA fragments containing the AmrZ binding site 
at algD.  The first lane (-) has no protein; lane 1, wild type 6x-His-AmrZ; lane 2, 6x-His-
AmrZ 1-66; lane 3, 6x-His-AmrZ 64-108; lane 4, 6x-His-AmrZ 27-108.  The arrow indicates 
free algD DNA.  (C) Western blot of proteins used in Part B, probed with an AmrZ-specific 
antibody.  Lane 1, wild type 6x-His-AmrZ; lane 2, 6x-His-AmrZ 1-66; lane 3, 6x-His-AmrZ 
64-108; lane 4, 6x-His-AmrZ 27-108. 
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TABLE 4 
 
Supplemental Table 1:  Bacterial strains, plasmids, and oligonucleotides used in this study 
 
 
Bacterial strain, plasmid 
or oligonucleotide 
designations 
 

 
 
Description 

 
 
Reference 

   
P. aeruginosa   

mucA22 (27) FRD1 
mucA22 ΔamrZ::Ωtet (23) FRD1224 
mucA22 attB::amrZ-lacZ (26) FRD1310 
mucA22 algZ::xylE aacC1 attB::algZ-lacZ (23) FRD1312 
mucA22 amrZ19 attB::amrZ-lacZ (23) FRD2503 
mucA22 ΔamrZ::amrZ This study FRD2514 
mucA22 amrZ17 This study FRD2234 
mucA22 amrZ18 This study FRD2236 
mucA22 amrZ28 This study FRD2515 
mucA22 amrZ17 attB::algD-lacZ This study FRD2517 
mucA22 amrZ18 attB::algD-lacZ This study FRD2519 
mucA22 amrZ19 attB::algD-lacZ This study FRD2521 
mucA22 ΔamrZ::Ωtet attB::algD-lacZ This study FRD2526 
mucA22 amrZ28 attB::amrZ-lacZ This study FRD2528 
mucA22 amrZ17 attB::amrZ-lacZ This study FRD2530 
mucA22 amrZ18 attB::amrZ-lacZ This study FRD2532 
mucA22 amrZ28 attB::algD-lacZ This study FRD2534 
mucA22 attB::algD-lacZ This study FRD2606 
Nonmucoid P. aeruginosa strain O1 (25)     PAO1                            
PAO1 amrz∆::tet (25) WFPA205 
amrZ R22A in PAO1 (25) WFPA513 

   
E. coli   

e14- mcrA recA1 endA1 gyrA96 thi-1 hsdR17(rK
- mK

+) 
supE44 relA1∆(lac-proAB) [F' traD36 proAB lacIqZ∆M15] 

Promega JM109 

BL21(DE3)pLysS F-, ompT, hsdSB(rB-, mB-), dcm, gal, λ(DE3), pLysS, Cmr Promega 
   
Plasmids   

algD-lacZ in mini-CTX-lacZ background This study pAS157c 
3.1-kb SphI algD-cat fragment in pALTER1 (29) pDJW221 
pUCP2IT with amrZ from FRD1 on a 1.8kb HindIII 
fragment 

(26) pDJW585 

Wild type amrZ in pTrcHisA background (23) pDR2 
amrZ28 allele (AmrZ R14A) in pEX18AP background This study pELI1 
amrZ28 allele (AmrZ R14A) in pALTER1 background This study pJLV1 
Promoter and sequence of amrZ in pALTER1 background (23)  pPJ136 
Wild type amrZ in pET29a (26) pPJ145 
amrZ17 allele (AmrZ K18A) in pALTER1 background (25) pPJ148 
amrZ18 allele (AmrZ V20A) in pALTER1 background (25) pPJ149 
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amrZ19 allele (AmrZ R22A) in pALTER1 background (23) pPJ150 
amrZ17 allele (AmrZ K18A) in pEX18AP background (25) pPJ155 
amrZ18 allele (AmrZ V20A) in pEX18AP background (25) pPJ156 
amrZ19 allele (AmrZ R22A) in pEX18AP background (25) pPJ157 

pTrcHisA pBR322-derived protein expression vector Invitrogen 
pET19b Protein expression vector encoding an N-terminal 

polyhistidine tag and enterokinase cleavage site 
Novagen 

pEX18Ap 
 

Gene replacement vector containing a multiple cloning site, 
and providing ampicillin resistance and a counterselectable 
sacB marker 

(49) 

Oligonucleotides   
algD5 5’-AAGGCGGAAATGCCATCTCC (22) 
algD7 5’-AGGGAAGTTCCGGCCGTTTG (22) 
amrZ9 5’- CCCCCATATGCGCCCACTGAAACAGG (26) 
amrZ14 5’-AACGACCGGTGGTCAGAAGG (23) 

5’- AGCCGTACCGCTGACGCATTCGTCGTTCGTCTG  (25) amrZ17* 
5’-CTGACAAATTCGCamrZ18* CGTTCGTCTG (25) 

amrZ25 5’-GCCTATGACCACGATTTCCG (23) 
amrZ26 5’-CGCGGATCCATGCGCCCACTGAAACAGGCA (23) 
amrZ27 5’-CCGGAATTCTCAGGCCTGGGCCAGCTCCGC (23) 

5’-ACCTACTCCAGCGCTACCGCTGACAA This study amrZ28* 
amrZ68 5’-TACTGATCGATCCCAGTAAA This study 
amrZ70 5’-GTACAACTAGTAAATGCGAGCGATT This study 
amrZ72 5’-CGCGGATCCGCAGAAGTCGCTCGC This study 
amrZ73 5’-CCGGAATTCTCACTGGCGGAAACG-3’ This study 

5’-CTGACAAATTCAACGTTCGTCTG-3’ This study amrZ81* 
5’-AGCCGTACCGCTGACCACTTCGTCGTTCGTCTG This study amrZ82* 

amrZ83 5’- ACCGCTGACAAATTCAACGTTCGTCTGCCCGAG This study 
amrZ84 5’- CTCGGGCAGACGAACGTTGAATTTGTCAGCGG This study 
amrZ85 5’- CGGGATCCCGCGCTCAGGCCTGGGCCA This study 
amrZ89 5’- CCCCCATATGTCCAGCCGTACCGC This study 
amrZ90 5’- CCCCCATATGCCACTGAAACAGG This study 
amrZ91 5’- CCCCCATATGCAGGCAACTCCTA This study 
   
Anisotropy   
AmrZ_Z1_FAM_Forwa
rd 

[FAM]-GTACTGGCAAAACGCCGGCACG This study 

AmrZ_Z1_Reverse CGTGCCGGCGTTTTGCCAGTAC This study 
AmrZ_Z2_FAM_Forwa
rd 

[FAM]-AGAAGGCCATCATCCAACCCCC This study 

AmrZ_Z2_Reverse GGGGGTTGGATGATGGCCTTCT This study 
algD_FAM_Forward [FAM]-CATTGGCCATTACCAGCCTCCC This study 
algD_Reverse GGGAGGCTGGTAATGGCCAATG This study 
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CHAPTER 3: TRANSCRIPTIONAL PROFILING REVEALS POTENTIAL 
CONSTITUENTS OF THE AmrZ REGULON 
 

INTRODUCTION 

 Pseudomonas aeruginosa is capable of causing both acute and chronic infections 

in immunologically compromised patients [1].  Tight transcriptional regulation of 

virulence factors allow for the bacteria to colonize a vast array of environments, from 

free living isolates in nature to other susceptible hosts.  Often, a single transcriptional 

regulator will coordinate activation or repression of several genes in order to synchronize 

expression of the most advantageous combination of virulence factors to any given 

environment [2]. AmrZ is a ribbon-helix-helix transcriptional regulator shown to 

contribute to virulence in the murine acute infection model (Fig. 6 and 7).  AmrZ is also 

known to be required for alginate production [3] and for flagellar repression [4]— 

suggesting its necessity during a chronic infection as well.  In addition to these virulence 

factors, others include proper localization of type IV pili and twitching motility [5].  Loss 

of AmrZ results in a twitching deficient mutant in nonmucoid backgrounds. 

 One of the transcriptional targets of AmrZ, fleQ, is one of the main transcriptional 

activators for flagella expression [4, 6].  This suggests that AmrZ can regulate 

downstream targets indirectly via other transcriptional regulators.  A transcriptional 

profiling assay was chosen in an effort to identify genes composing the AmrZ regulon.  

This analysis will identify global changes in transcript, an appropriate assay for a 

transcriptional regulator, however it doesn’t allow for identification of direct versus 

indirect regulation. 
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 Three different transcriptional profiles were compared in an attempt to compose a 

list of potential genes that compose the AmrZ regulon.  Using a wild type P. aeruginosa 

strain, an isogenic amrZ-null strain, and a strain expressing a DNA-binding deficient 

R22A AmrZ, several genes and operons were identified as being differentially regulated.  

Within these were genes encoding several known virulence factors, including a few 

transcriptional regulators.  If the regulators are themselves directly controlled by AmrZ, it 

indicates that AmrZ may also be an intermediate transcriptional regulator in P. 

aeruginosa. 

 

MATERIALS AND METHODS 

Strains.  There were three strains used in the microarray assays.  PAO1, WFPA205, and 

WFPA513 have all been previously described [5].  Briefly, PAO1 is the wild type 

nonmucoid PAO1 laboratory isolate from the Wozniak lab.  WFPA205 is an isogenic 

amrZ-null strain and was generated by chromosomal insertion of a tetracycline resistance 

cassette (tet) into the amrZ gene.  WFPA513 is an isogenic strain containing a 

chromosomal mutation that produces the R22A AmrZ variant.   

 

RNA isolation and hybridization for Affymetrix GeneChip analysis.  RNA purification, 

preparation, hybridization, and microarray analyses were based on a previously described 

protocol [7].  Briefly, three independent replicates of each P. aeruginosa strain were 

grown in Luria broth with vigorous shaking at 37 °C to an OD600 of 1.0, and then bacteria 

were collected by centrifugation. Total RNA was isolated using RNeasy Mini Kit 

(Quiagen) per the manufacturer's instructions followed by DNase I treatment using 
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Ambion's DNA Free Kit. Total RNA (10 μg) was used for cDNA synthesis, 

fragmentation and labeling according to the Affymetrix GeneChip P. aeruginosa genome 

array expression analysis protocol. Briefly, random hexamers (Invitrogen) were added 

(final concentration, 25 ng/μl) to the 10 μg of total RNA (as described in the Affymetrix 

GeneChip protocol). cDNA was synthesized using Superscript II (Invitrogen) according 

to the manufacturer's instructions under the following conditions: 25 °C for 10 min, 37 

°C for 60 min, 42 °C for 60 min and 70 °C for 10 min. RNA was removed by alkaline 

treatment and subsequent neutralization. The cDNA was purified using the MinElute 

Purification Kit (Qiagen) and eluted in 40 μl of buffer EB (10 mM Tris-HCl, pH 8.5). 

The cDNA was fragmented by DNase I (0.6 U/μg cDNA; USB) at 37 °C for 10 min and 

then end-labelled with biotin-ddUTP with GeneChip DNA Labelling Reagent 

(Affymetrix) at 37 °C for 60 min. Proper cDNA fragmentation and biotin labeling were 

determined by gel mobility shift assay with NeutrAvadin (Pierce) followed by 

electrophoresis through a 4–20% polyacrylamide gel and subsequent DNA staining with 

SYBR Gold (Roche). Chips were hybridized, washed, stained and scanned according to 

Affymetrix Microarray protocols for the P. aeruginosa chip. 

 

Data analysis.  Microarray data were generated using Affymetrix protocols. Absolute 

expression transcript levels were normalized for each chip by global scaling of all probe 

sets to a target signal intensity of 500. Three statistical algorithms (detection, change call 

and signal log ratio) were then used to identify differential gene expression in 

experimental and control samples. The detection metric (present, absent or marginal) for 

a particular spot was determined using default parameters in GCOS software (version 1.2, 
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Affymetrix). Further analysis was performed by importing pivot data tables, generated by 

GCOS, into Genespring (version 7.2, Silicon Genetics). Only transcripts that were 

present for all replicates in at least one sample were included in further analysis. Signal 

log ratio values were converted from log2 and expressed as fold change. Statistical 

significance of signals between control and experimental conditions (P ≤ 0.05) for 

individual transcripts was determined using the GeneSpring Volcano Plot. Finally, the 

Benjamini and Hochberg false discovery rate algorithm was applied to data sets as a 

multiple testing correction to control for false positives.  

 

RESULTS 

  AmrZ is a transcriptional regulator, therefore it is logical to use transcriptional 

profiling as a method to determine its regulon.  A quantitative microarray approach was 

used to measure mRNA levels for a wild type PAO1 laboratory strain and its isogenic 

amrZ::tet counterpart. Previously generated and characterized strains were used and were 

labeled PAO1 and WFPA205, respectively.  These transcriptional profiles were 

compared to determine which genes were differentially expressed.   

AmrZ is an activator and a repressor, so genes that were over- and underexpressed 

in WFPA205 were of interest.  Comparative analysis of PAO1 and WFPA205 profiles 

using a 2-fold and a P-value cutoff of 0.05 identified 273 genes that were potentially 

AmrZ-repressed and 91 genes that were potentially AmrZ-activated.  Grouping the genes 

by type (Fig. 9), revealed that most of the genes are hypothetical and have no known 

function.  A large number of potentially-activated genes are related to the transport of 

small molecules.  Among the prospective AmrZ-repressed targets, there were a large 
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number of transcriptional regulators, suggesting that AmrZ may act indirectly, similar to 

its regulation of fleQ.   In addition, phoQ (PA1180) of the PhoP-PhoQ two-component 

response regulator was identified as potentially AmrZ-repressed.  PA2081, kynB, a vital 

enzyme in the kynurenine synthesis operon (kynBU) was also identified as potentially 

AmrZ-repressed.  Conversion of tryptophan to anthranilic acid via the kynurenine 

pathway provides the precursor of the quorum sensing signal PQS [8].  Regulation of 

PhoP/Q and quorum sensing suggests downstream amplification of the transcriptional 

control of AmrZ.   

Experiments from the previous chapter indicate that AmrZ contributes to 

virulence in a murine acute infection model (Figs 6 and 7).  Infection by the WFPA205 

(∆amrZ::tetR) resulted in reduced morbidity and mortality and a direct competition 

infection experiment demonstrated a competitive advantage for the wild type strain.  

Further experimentation established that the AmrZ DNA binding activity is necessary, as 

a strain expressing the DNA-binding deficient R22A-AmrZ (WFPA513) was also 

reduced in morbidity and mortality.  We hypothesized that the genes identified as being 

differentially regulated between WFPA513 and PAO1 should be similar to that of  

WFPA205. 

Comparative transcriptional profiling of WFPA513 with PAO1 identified 34 

potentially AmrZ-activated genes and 141 potentially AmrZ-repressed genes.  Fig. 10A 

and 10B shows the potentially AmrZ-activated and AmrZ-repressed targets, grouped by 

type.  The 34 AmrZ-activated genes are spread out over the categories, rather than 

skewing towards any one function.  In contrast, a large number of the AmrZ-repressed 

targets are involved in translation, post-translational modification, and degradation.  
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Genes identified by transcriptional profiles between PAO1/WFPA205 and 

PAO1/WFPA513 revealed sixteen potentially AmrZ-activated and 76 potentially AmrZ-

repressed genes that were identified by both.  The overlapping genes were grouped by 

function and are diagrammed in Fig.10C and 10D.  Of the AmrZ-activated transcriptional 

regulators, PA0243 has no known function and PA0191 is predicted to be a positive 

regulator for protocatechuate catabolism.  Interestingly, rhlG (PA3387) was identified in 

both the WFPA205 and WFPA513 arrays; rhlG encodes an reductase that is specifically 

involved in rhamnolipid synthesis, an important virulence factor of P. aeruginosa [9]. 

Fig. 10D shows that a large number of AmrZ-repressed genes are involved in 

energy metabolism, including four genes within the operon encoding ATP synthase 

(PA5556-PA5559).  Also recovered are two genes within the psl operon, pslE and pslG 

(PA2235 and PA2237), which encodes genes required for production of the 

polysaccharide Psl.  Also idendified are PA4774, PA4775, and PA4776 (pmrA), which 

are part of an operon encoding PmrA and PmrB, the two-component regulatory system.  

PmrA/B provides protection against antimicrobial peptides via regulation of genes 

responsible for the addition of aminoarabinose to lipid A [10].  In P. aeruginosa the gene 

cluster arnBCADTEF is responsible for aminoarabinose addition, and both arnC 

(PA3553) and arnE (PA3557) are identified as AmrZ-repressed targets by WFPA513 and 

WFPA205 [11].  AmrZ may repress expression of the PmrA/B regulatory system and 

indirectly the activation of the arn gene cluster, or it may act directly at both sites as a 

failsafe. 

Another interesting discovery is that of fpvA (PA2398).  FpvA is a TonB-

dependent primary outer membrane transporter for pyoverdine (Pvd) and is necessary for 
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iron acquisition [12].  FpvA has two discrete roles, it is absolutely necessary for transport 

of pyoverdine and its amino-terminal extension controls signaling of the sigma factor 

PvdS that then directs production of pyoverdine, exotoxin A, and PrpL protease [13, 14].   

This suggests that AmrZ regulation would also have downstream effects on these 

virulence factors.  Iron acquisition is very important in an infection; the bacteria must 

compete with host iron scavenging molecules such as transferrin and lactoferrin [15].   

As bacteria generally transcribe all of the genes in an operon as a single mRNA, it 

is reasonable to hypothesize that if one gene shows AmrZ-mediated control then the 

entire operon should be AmrZ-dependent.  Further analysis revealed several AmrZ-

repressed operons.  One (PA4250-PA4259) encodes ribosomal subunits and another 

(PA5553-PA5561) encodes the numerous subunits of ATP synthase.  Finally, two of the 

three genes in the PhoP/Q operon (oprHphoPQ) were discovered to be potentially AmrZ 

repressed; oprH (PA1178) was identified in WFPA513, phoP (PA1179) was identified in 

WFPA205.  This operon is particularly important, as PhoP/Q is a two-component 

response regulator responsible for expression of virulence factors.  A ∆phoQ strain 

exhibits reduced twitching motility, biofilm formation, attachment, and cell line 

cytotoxicity [16]. In low magnesium conditions, both PhoP/Q and PmrA activate 

transcription of their own operon as well as the arnBCADTEF operon [10, 17].  All three 

elements are identified as potentially repressed by AmrZ.   

DISCUSSION 

 P. aeruginosa utilizes several overlapping sets of transcriptional regulators to 

adjust to the demands of changing environments, such as GacA/S, RetS, LadS, PhoP/Q, 

and AlgR [2].  There are also mechanisms to regulate protein levels and activity at the 
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translational and post-translational level, though transcriptional regulation is often the 

most energy-efficient method.  The focus of this work is on the transcriptional regulator 

AmrZ and how it contributes to disease via regulation of numerous virulence factors.  

Transcriptional profiling arrays were used to determine potential genes in the AmrZ 

regulon.  P. aeruginosa is capable of causing both acute and chronic infections and 

during the course of infection different virulence factors are expressed.  Previous work 

demonstrated AmrZ transcriptional control contributes to establishment of an acute 

infection (Figs 6 and 7).  During a chronic infection, such as often is the case in a CF 

patient, AmrZ-mediated flagellar repression and alginate production contribute to 

establishment of a long-term infection [1, 3, 4].  As the bacteria express different levels 

of transcription for the virulence factors during different points in the infection, it is 

necessary to choose a single starting point.  Since P. aeruginosa typically requires 

establishment of an acute infection before establishment of a chronic infection, study of 

nonmucoid P. aeruginosa was preferred.  A nonmucoid strain was selected with the 

caveat that AmrZ protein levels were lower than that of a mucoid strain and the sigma 

factor AlgT would not be active [18]. This also reduces any targets that may be under 

AlgT control and co-regulated by AmrZ.  Fig. 15 shows regulation of known targets 

(15A) and the projected targets (15B) based on the transcriptional profiling.   

The oprHphoPQ operon, encoding the PhoP/Q two-component regulator, was 

identified as potentially repressed by AmrZ.  In addition, the genes pmrA, arnC, and arnE 

were also identified and represent a portion of the PmrA/B two-component regulator and 

the arnBCADTEF operon.  Under low magnesium conditions, both PhoP/Q and PmrA/B 

positively regulate expression of arnBCADTEF which is responsible for addition of 
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aminoarabinose to lipid A, leading to polymyxin B resistance [2, 10, 17].  When the two-

component regulators are active, they also stimulate transcription of arnBCADTEF as 

well as their own operon.  Under high magnesium conditions, neither regulator is active 

and arnBCADTEF transcription is not activated.  However, the PhoP/Q system in P. 

aeruginosa is different from the prototypical systems studied in Salmonella typhimurium 

and Escherichia coli, as the latter systems contain a negative feedback in the form of the 

47 amino acid mgrB; this protein is not present in P. aeruginosa [19].  Loss of phoQ 

reduces twitching motility, biofilm formation, attachment, cytotoxicity [16]; however, 

expression of AmrZ does not result in any decreased virulence. AmrZ repression appears 

to only be approximately 2-fold at phoQ, suggesting that it may be subtly modulating 

several virulence factors, rather than completely preventing expression of any single 

factor.  AmrZ regulation of the arnBCADTEF operon may be direct or indirectly through 

PhoP/Q and/or PmrA/B. 

PA1432 (lasI) was identified by both WFPA205 and WFPA513 as potentially 

AmrZ-repressed.  P. aeruginosa contains three overlapping but separate systems for 

production of the three quorum sensing molecules [20].  Briefly, the LasR/I system 

produces 3O-C12-HSL and it further activates RhlR/I system; the RhlR/I system 

produces C4-HSL.  PQS is the final system and it also requires activation by LasR/I [21].  

Downregulation of the lasI synthesis gene would also reduce further quorum sensing.  

The PQS system is also targeted as the kynurenine synthesis pathway synthesizes the 

PQS precursor [8].  As the transcriptional profiles were done during exponential growth, 

it is unlikely that the downstream effects of a reduced quorum sensing ability would be 
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seen in the data, though it may have further implications in stationary growth phase or 

during a chronic infection. 

Finally, there were a few proteins identified among the transcriptional profiles 

that suggest they are regulators of the cyclic-di-GMP (c-di-GMP) secondary messenger 

system.  This system has been shown to participate in global functions such as adhesion 

and exopolysaccharide biosynthesis, motility, response to environmental stresses, and 

virulence [22, 23].  The potentially AmrZ-repressed PA3177 and PA4843 both contain a 

predicted GGDEF motif; this motif is used by cyclic diguanylate enzymes to synthesize 

c-di-GMP.  However, a study in the PA14 strain that focused on potential c-di-GMP 

synthesis and degradation enzymes suggests neither PA3177 nor PA4843 is particularly 

active on its own, especially as compared with other cyclic diguanylate enzymes [24].  

Several of the c-di-GMP globally regulated effects—exopolysaccharide biosynthesis, 

motility, and virulence—are also traits that are AmrZ-regulated, though a direct 

interaction between the AmrZ and c-di-GMP is unknown.   

Cross-talk between quorum sensing and c-di-GMP, typically occurs by means of a 

quorum-sensing regulated c-di-GMP responsive enzyme.  In the case of P. aeruginosa 

strain PA14, the tyrosine phosphatase TpbA (PA3885) is positively regulated by quorum 

sensing and it in turn negatively regulates c-di-GMP levels [25].  In PAO1, recent work 

suggests that FleQ is c-di-GMP responsive and high levels of c-di-GMP relieve FleQ-

mediated pel polysaccharide repression [26].  AmrZ and c-di-GMP are both necessary for 

alginate production, though they do not interact with the same target [3, 27].   

There was a great deal of overlap between the genes identified as being 

differentially regulated in both WFPA205 and WFPA513.  However, there were about 
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half of the WFPA513-identified and about 200 of the WFPA205 genes that did not 

overlap.  One possible explanation is that expression of these genes fell below the 2-fold 

cutoff or the p-value standard.  Another explanation is due to the construction of 

WFPA205, wherein a tetracycline resistance cassette is placed within the amrZ gene, 

interrupting expression of amrZ and providing an antibiotic selectable marker.  This 

provides tetracycline resistance and it may explain the large number of “transport of 

small molecules” and “antibiotic resistance” type of genes identified only by WFPA205 

because neither WFPA513 nor PAO1 contain a similar resistance gene.  Another 

potential possibility is that genes identified as AmrZ regulated in WFPA205 but not 

WFPA513 could be controlled by AmrZ via a DNA binding independent mechanism.  

Finally, although unlikely, it is possible that AmrZR22A may still function in the control 

of some target genes.   

The focus of this work was to identify potential genes within the AmrZ regulon 

by means of transcriptional profiling.  The next logical step would be determination of 

direct regulation by AmrZ.  AmrZ itself potentially regulates several transcriptional 

regulators, providing a downstream effect that is indirectly regulated by AmrZ.  

Confirmation of the directly regulated targets and any downstream effects will help 

elucidate the mechanism by which AmrZ contributes to virulence during a murine acute 

pneumonia infection model.  Additionally, one caveat of this work is that transcriptional 

profiling is only able to provide a snapshot into the transcript levels at a single point in 

time.  AmrZ activation of algD for alginate production and fleQ repression of flagellar 

expression are both only observable during a mucoid state, during which the sigma factor 

AlgT is active and AmrZ protein levels are elevated.  As both virulence factors contribute 
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to disease in a CF chronic infection [1], transcriptional control of these genes is an 

important component of the AmrZ regulon.  Transcriptional analysis of strains expressing 

active AlgT may also provide insight into other virulence factors regulated by AmrZ 

during a chronic infection. 
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FIGURE 9 

 

 

 
Fig. 9. Patterns of gene function based on transcriptional profiles for amrZ-
knockout strains.  Genes identified by microarray analysis (see Materials and Methods 
for approach in identification of targets) were grouped based on function provided by 
www.pseudomonas.com. A. Genes found more highly expressed in the PAO1 strain, 
indicating AmrZ activation. B.  Genes found more highly expressed in the WFPA205 
strain, indicating AmrZ repression.   
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FIGURE 10 
 

 
 
 
Fig. 10. Patterns of gene function based on transcriptional profiles.  Genes identified 
by microarray analysis (see Materials and Methods for approach in identification of 
targets) were grouped based on function provided by www.pseudomonas.com.  A. and B. 
are the result of PAO1/WFPA513 (R22A AmrZ) comparative transcriptional profiles.  C. 
and D. indicate the conserved genes within the PAO1/WFPA205 and PAO1/WFPA513 
comparative transcriptional profiles. 
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CHAPTER 4: DISCUSSION 

 

 The focus of this work is on the transcriptional regulator AmrZ and how it is able 

to control expression of virulence factors of Pseudomonas aeruginosa.  AmrZ was 

predicted to be a RHH protein based on amino acid alignment and secondary structure 

predictions [1].  Appendix 1 illustrates crystallographic data that confirms AmrZ has a 

ribbon-helix-helix structure.  Fig. 11B shows a ribbon diagram of an AmrZ dimer, with 

the interacting β-strands forming the antiparallel β-sheet at the bottom and the interaction 

of the two α-helices interacting and allowing for oligomerization.  Fig. 11A shows two 

AmrZ dimers bound to the higher affinity site at amrZ (denoted amrZ1).  Crystallization 

conditions necessitated use of a carboxy-terminal truncated mutant; so truncation of the 

last 42 residues, a predicted highly-helical domain, was used.  Unfortunately, this 

prevents any conclusions from being drawn regarding how this portion of the protein acts 

based on its structure when AmrZ is bound to target DNA. 

 RHH proteins are transcriptional regulators that are grouped based on structural 

similarity rather than function [2].  The two-helical portion of the protein provides for 

necessary oligomerization.  Mutation of Mnt, a well-characterized RHH, that prevented 

tetramerization was shown to inhibit DNA-binding activity [3].  Glutaraldehyde 

crosslinking data (Fig. 2) suggests that wild type, as well as the mutant AmrZ proteins, all 

show bands consistent with a dimer and tetramer, indicating that AmrZ does indeed form 

oligomers in solution.  Crystallization data show AmrZ binding DNA as a dimer-of-

dimers, further corroborating the trend of oligomerization in RHH proteins. 
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AmrZ has an extended amino terminus positioned prior to the RHH, which is then 

followed by a predicted alpha helical domain in the carboxy terminus.  Presence of the 

extended amino terminus is not unique, though the size and sequence is not conserved 

among the RHH family[2].  For those that have been characterized, the extended amino 

terminus enhances protein activity.  Previous work by a former graduate student indicated 

that truncation of five or more residues of the extended amino terminus abrogated DNA-

binding activity in vitro using amino-terminal histidine-tagged proteins [4].  This 

suggested a role for DNA-binding by the extended amino terminus which is unusual as 

typically DNA-binding and recognition is provided by the anti-parallel β-sheet [2], so 

investigation of the contribution of the extended amino terminus and β-sheet may 

elucidate the mechanism by which AmrZ is able to bind and alternatively activate and 

repress its targets. 

 As outlined in Chapter 2, in-depth in vitro analysis by EMSA and anisotropy (Fig 

3) of DNA-binding activity by tag-free purified proteins shows little loss of activity, 

despite deletion of most of the extended amino terminus.  It is hypothesized that the 

presence of the histidine tag in prior experiments resulted in the loss of DNA-binding 

activity.  Since subsequent studies indicate that the loss of most of the extended amino 

terminus, it indicates that the region is not essential to DNA-binding and recognition.  In 

HpNikR, the extended amino terminus prevents low-affinity DNA-binding activity [5].  

EMSA and anisotropy analysis, each using a different nonspecific DNA sequence, 

revealed that AmrZ and ∆11AmrZ have similar activity (data not shown), suggesting that 

the AmrZ extended amino terminus does not prevent low-affinity binding.  Chromosomal 

replacement of the truncated AmrZ, as seen in Appendix 2, results in a decrease in 
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expressed protein concentrations in vivo.  This may suggest one potential role of the 

amino terminus in protein stability or prevention of protein degradation.  The extended 

amino terminus is not visible in the crystal structure of AmrZ (Fig. 11A and 11B), 

preventing any prediction based on structure and suggesting that the terminus maintains a 

great deal of flexibility.   

 Four residues within the predicted AmrZ β-sheet were chosen for mutagenesis 

based on sequence similarity with required residues within other characterized RHH 

proteins, namely Arg14, Lys18, Val20, and Arg22 (Fig. 1).  Previous EMSA data 

identifies Arg22 and Lys18 as being required for DNA-binding activity [6, 7].  More in-

depth analysis of tag-free proteins (Fig. 4) by EMSA and anisotropy indicated the 

requirement for Lys18, Val20, and Arg22, though not for Arg14.  The crystal structure of 

AmrZ bound to the high affinity amrZ1 site supports the in vitro binding data, as 

hydrogen bonding occurs between Lys18 and Arg22 and the DNA target sequence (Fig. 

14A).    These residues are necessary for DNA-binding and transcriptional regulation at 

both activator and repressor sites in vivo (Table 2 and 3), suggesting a conserved 

mechanism for target sequence recognition, regardless of target regulation activity.   

The residue-nucleotide interaction at amrZ1 is indicated in Fig. 14B, along with 

the hypothesized interactions with the lower affinity amrZ2 and algD site.  Differences in 

the GCC and CGG sequences bound by the β-sheet and the distance between the two 

recognized sequences may explain the differences in affinity.  Using this information, the 

DNA-binding site of fleQ has been identified using fluorescence anisotropy (Appendix 

3).  Due to the limited sequence specificity identified by the footprinting and 

crystallization data ([8, 9], Appendix 1), scanning the genome for AmrZ target sequences 
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is not a practical approach.  Following the discovery of more AmrZ targets, future work 

will continue to expand upon this recognized binding sequence in an effort to explain the 

subtleties in AmrZ recognition as well as disparate transcriptional regulation. 

AmrZ is responsible for transcriptional regulation of virulence factors, but to test 

its effect we used a murine acute infection model.  WFPA205, the amrZ-null strain, 

showed reduced bacterial counts at 12 hpi and reduced morbidity and mortality compared 

with the wild type strain (Fig. 7).  The wild type strain showed a competitive advantage 

during a direct competition infection, while no advantage was seen during in vitro co-

culturing.  Use of the R22A mutant as a DNA-binding defective mutant has provided 

insight into the transcriptional control provided by AmrZ.  WFPA513, the strain 

expressing R22A AmrZ, shows a similar phenotype of reduced virulence (Fig. 8).  These 

data indicate AmrZ is necessary for establishment of an acute infection; alginate 

expression and flagellar repression by AmrZ suggest that it contributes to a chronic 

infection as well.   

Transcriptional regulation by AmrZ was investigated via transcriptional profiling 

microarrays.  Comparing the transcriptional profiles of the wild type PAO1 and 

WFPA205, many targets were identified as being differentially regulated.  Several 

transcriptional regulators, two-component systems, and signal transduction proteins were 

identified, suggesting a role for AmrZ as an indirect regulator of many genes.  The 

transcriptional profile of WFPA513 was also analyzed and compared to PAO1 to 

determine members of the AmrZ regulon.  There was a great deal of overlap of the 

targets identified by both WFPA205 and WFPA513, suggesting that these targets have a 

high probability of being regulated by AmrZ.  Work done in the lab by a fellow graduate 
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student indicated that AmrZ repressed Psl polysaccharide production and the 

transcriptional profiles support this claim.  Fig. 15A shows the previously known targets 

of AmrZ while Fig. 15B shows a few of the targets identified by the microarray.  It is 

interesting that many of the virulence factors seem to be AmrZ-repressed.  This may be in 

part due to the growth conditions, since nutrient-rich liquid culture does not require 

expression of such virulence factors.  Future experiments will endeavor to confirm direct 

transcriptional regulation by AmrZ of the targets identified by the transcriptional profiles.  

Additional analysis of other conditions, such as growth on a plate to stimulate twitching 

motility, or in a FRD1 background to allow for higher AmrZ concentration, will also 

provide insight into the global impact of AmrZ regulation.  Analysis of DNA sequences 

bound by AmrZ may also provide insight into how AmrZ recognizes its target site, based 

on conserved bases and their relative positions. 

AmrZ is fairly unique among the RHH proteins; as previously stated, AmrZ has a 

dual role as a transcriptional activator and a transcriptional repressor.  Only one other 

characterized protein also has this ability – the Helicobacter pylori NikR.  HpNikR 

regulated targets were identified using a transcriptional profiling approach; HpNikR 

transcriptionally activates urease genes ureAB,  copA, hpn, and hpn-like genes and 

transcriptionally represses genes in ferric uptake and storage, the nickel transporter nixA, 

motility, stress responses, and outer membrane proteins [10].  These virulence factors, 

especially urease production, are essential for colonization of H. pylori in acidic 

environments.  In this manner, HpNikR and AmrZ show similarity, as both are 

responsible for transcription of virulence factors.  In addition to having numerous targets, 

the consensus sequence for both proteins is rather vague.  Just as P. aeruginosa AmrZ 
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has homologs in other Pseudomonas species, HpNikR has homologs in other urease-

positive Helicobacter species.  Using these Helicobacter homologs, a consensus 

sequence of TRWYA-N15-TRWYA was recently suggested [11], which still allows for a 

lot of variability within the sequence.  One other important point of similarity is the 

presence of an extended amino terminus by both HpNikR and AmrZ.  This region is 

absent in the E. coli RHH repressor NikR, and may account for some of the difference in 

activity between the two species’ proteins.  HpNikR has a characterized extended amino 

terminus, and this portion of the protein functions to prevent low-affinity binding activity 

and also necessitates the nickel-dependent binding to nixA [5].   

HpNikR is responsible for subtle regulation of the levels of available intracellular 

nickel, which occurs via its dependency on nickel for activity[12].  In contrast to 

HpNikR, AmrZ does not have a known metal cofactor that is required for DNA-binding 

activity.  It has been suggested that it has a two-tiered method of recognition, correlating 

to the nickel-responsiveness of the genes regulated [13].  AmrZ does not seem to have an 

analogous set of tiers, though there is a difference of affinity between the different AmrZ 

target sequences (Table 1).  Finally, AmrZ has been shown to act far upstream of its 

targets [8].  In contrast, HpNikR appears to act as a repressor by interfering with RNA 

polymerase binding [11, 14].  This suggests that while AmrZ and HpNikR may use 

similar methods of binding differing genes, their actual method of transcriptional 

repression may differ.  The role of the extended amino terminus also differs between the 

two, as deletion of the AmrZ extended amino terminus does not lead to low-affinity 

binding in vitro (data not shown).
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APPENDIX 1: AmrZ CRYSTAL STRUCTURE BOUND TO amrZ 

 
FIGURE 11 

 
 

A         

          
 
B 

   
 
Fig. 11.  Crystal structure of AmrZ bound to the high affinity amrZ1 site. A.  Ribbon 
modeling based on structure from crystallographic data with AmrZ bound as a dimer-of-
dimers to an 18bp sequence at the higher affinity amrZ1 site, where AmrZ binds to act as 
a self-repressor.  The amrZ1 DNA helix is at the bottom.  AmrZ has two dimers, a green-
cyan dimer and a magenta-orange dimer.  For crystallization purposes, the AmrZ protein 
is missing the last 42 residues of its carboxy terminus.  B.  An AmrZ dimer is shown with 
the antiparallel β-sheet shown in red for one monomer and pink for the other.  The α-
helices are colored in teal. 
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APPENDIX 2: CHROMOSOMAL REPLACEMENT OF AmrZ TRUNCATION 

MUTANTS 

 

To determine the in vivo effect of truncation of the AmrZ extended amino 

terminus, a chromosomal replacement of amrZ with a mutant allele was constructed in a 

similar manner to that previously described to generate the β-sheet mutations [6].  In 

brief, the truncation was generated by modification of PCR primers used to amplify the 

truncated amrZ allele.  The allele was inserted in the pUC18Ap plasmid which allowed 

for homologous recombination and insertion into the chromosome.  Sucrose selection 

removed the plasmid backbone and antibiotic supplementation insured the proper 

incorporation of the mutant amrZ allele.  The truncated-AmrZ expressing strains would 

then be subjected to phenotypic analysis of alginate production and twitching motility. 

 Replacement into the FRD1 background revealed that while the strains expressing 

∆2 AmrZ and ∆5 AmrZ retained alginate production while ∆11 AmrZ had a nonmucoid 

phenotype.  In FRD1, AmrZ acts as a repressor of fleQ, which then in turn represses 

flagellar expression.  In Fig. 12A, cellular extracts were assayed by western blotting 

probing with an anti-flagella antibody.  On the right are the two controls; FRD1 expresses 

AmrZ and thus represses flagellar expression, resulting in low recognition by the 

antibody.  FRD1225 lacks AmrZ, resulting in unrepressed flagellar expression and thus, a 

strong recognition by the antibody and a strong signal.  All of the mutants appear to have 

flagellar repression somewhere in-between the two controls, suggesting that truncated 

AmrZ has reduced transcriptional repression abilities at fleQ.   
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In Fig. 12B, these same strains were analyzed for alginate production by the 

carbazole assay.  The carbazole assay uses a standard curve of alginic acid to compare 

alginate concentration from overnight cultures.  Interestingly, strains expressing ∆2 

AmrZ and ∆5 AmrZ, while mucoid in appearance, showed reduced levels of alginate 

compared with the wild type FRD1.  The strains expressing ∆11 AmrZ showed about as 

much as the amrZ-null strain FRD1224, suggesting that it was unable to activate algD 

transcription in vivo.  Together, Fig. 12A and 12B indicate that the truncation proteins, 

and strains expressing ∆11 AmrZ in particular, have reduced repression and activation at 

fleQ and algD, respectively. 

Finally, the generated strains were analyzed by western blotting for production of 

the truncated AmrZ allele.  As can be seen below in Fig. 13, the right-most lane contains 

the positive control FRD1 expresses high levels of AmrZ (indicated by the arrow on the 

left).  The lane beside it contains the negative control with an amrZ-knockout strain 

which shows no AmrZ.  The amino terminal truncation mutants are in the first five lanes.  

It appears the concentration of the AmrZ truncation proteins is substantially less than that 

of the isogenic wild type FRD1.  Since the protein concentrations of the AmrZ truncation 

strains are less than that of FRD1, it may be that reduced activity at fleQ and algD are the 

result of reduced AmrZ rather than loss of activity.  This suggests that one potential role 

of the extended amino terminus of AmrZ may contribute to protein stability or prevention 

of degradation. 
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FIGURE 12 
 
A. 

∆2 AmrZ ∆5 AmrZ ∆11 AmrZ AmrZ∆42 FRD1224 
amrZ::tet

FRD1 
Positive control 

 
 
B. 

Strain 
Alginate 
(µg/mL) 

Percent of 
WT 

FRD1 424.64 100.00
FRD1224 29.25 6.89
∆2AmrZ CL7 262.60 61.84
∆5AmrZ 163.63 38.53
∆11AmrZ CL2 27.80 6.55
∆11AmrZ CL6 39.44 9.29

 
Fig. 12.  Truncation protein expression in vivo correlates with reduced 
transcriptional control. A. α-Flagella Western blotting was performed as previously 
described [7].  Briefly, whole-cell lysates were prepared from P. aeruginosa grown in 
liquid Luria-Bertani broth to an OD600 nm = 0.5. Equivalent amounts of each strain were 
pelleted, resuspended in SDS-PAGE loading buffer, and loaded onto a denaturing gel.  
Proteins in the gel were transferred to a nitrocellulose membrane and probed with rabbit 
anti-flagellin serotype B antiserum. Blots were developed with Kodak Image Station 
2000RT.  Truncation strains are indicated based on which AmrZ-truncation is expressed.  
The positive control (FRD1) and negative control (FRD1224) are on the right. 

B.  Carbazole assay was performed based on the protocol described previously 
[15].   Briefly, strains were grown overnight in liquid culture with aeration.  Unbound 
alginate in the media was purified by treatment with cetyl pyridinium chloride and 
precipitation with isopropanol.  Alginate was resuspended in saline.  Incubation of 
alginate with the carbazole reagent initiates a color change, and samples were analyzed at 
OD530.   Strain yields were compared with a standard curve of purified alginic acid. 
∆2AmrZ CL6 was not included, as streaking of the overnight growth indicated 
nonmucoid reversion. 
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FIGURE 13 

∆2 AmrZ ∆5 AmrZ ∆11 AmrZ AmrZ∆42 FRD1224 
amrZ::tet 

FRD1 
Positive control

17 kDa 

36 kDa 

11 kDa 

 
 
Fig. 13.  Reduced in vivo protein expression of AmrZ-truncation mutants.  Western 
blot of AmrZ-truncation strains indicate reduced expression.  Briefly, whole-cell lysates 
were prepared from P. aeruginosa grown in liquid Luria-Bertani broth to an OD600 nm = 
1.0. Equivalent amounts of each strain were pelleted, resuspended in SDS-PAGE loading 
buffer, and loaded onto a denaturing gel.  Proteins in the gel were transferred to a 
nitrocellulose membrane and probed with rabbit anti-AmrZ antiserum. Blots were 
developed with Kodak Image Station 2000RT.  Truncation strains are indicated based on 
which AmrZ-truncation is expressed.  The positive control (FRD1) and negative control 
(FRD1224) are on the right.  The arrow on the left indicates the predicted migration of 
AmrZ. 
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APPENDIX 3: INVESTIGATION INTO THE AmrZ TARGET SEQUENCE 
 

FIGURE 14 
B A 
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Fig. 14.  AmrZ residues makes specific contact with DNA bases.  A.  This is a 
diagram based on the crystallization model, showing the hydrogen bonds formed between 
the Lys18 and Arg22 and the guanosine bases in the DNA.  B.  This diagram shows the 
interaction between the residues in the β-sheet of AmrZ and the nucleotides in the DNA 
for amrZ1.  The sequences for the lower affinity amrZ2 and algD site are shown, along 
with the predicted interactions.  C.  Based on the data from A and B, an attempt to 
identify the DNA-binding site within the fleQ operator sequence using fluorescence 
anisotropy was undertaken.  Two different sequences were identified as potentially 
containing the target sequence.  The second of the two potential fleQ sites has high wild 
type AmrZ binding activity, especially compared to that of R22A AmrZ. The sequence 
listed on the right indicates the DNA fragment used, with the bolded bases suggesting 
nucleotides that may be involved in the interaction. 
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APPENDIX 4: PROPOSED AmrZ REGULATION 
 

FIGURE 15 
A.  

 
 
 
 
B. 
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Fig. 15.  Known and predicted targets of AmrZ.  A.  These are the known targets of 
AmrZ.  Green arrows indicate activation, red lines indicate repression.  The dashed line 
leading to psl is because the work has not yet been published.  For the rest, in clockwise 
order, AmrZ is a self-repressor [8], is required for proper localization of type IV pili and 
twitching motility [6], is a repressor of fleQ and therefore flagellar expression [7], and is 
an activator of algD transcription, the first gene in the alginate biosynthetic operon [1].  
B.  Using the data obtained from the transcriptional profiling in Chapter 3, this is an 
example of some of the genes and systems identified by the array.  AmrZ is potentially an 
activator of rhlG, a necessary gene for rhamnolipid synthesis.  AmrZ is a potential 
repressor of kynB, part of the kynurenine pathway which degrades tryptophan into 
anthranilic acid, the precursor for the quorum sensing PQS molecule.  AmrZ may also 
repress transcription of both the PhoP/Q and PrmA/B two component systems.  Under 
certain conditions, both activate transcription of the arn operon, leading to addition of 
aminoarabinose onto lipid A.  It is unknown if the repression of the arn operon is a direct 
or indirect effect.  FpvA is involved in ferripyoverdine transport and the amino terminus 
is responsible for activation of the PvdS sigma factor. 
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