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ABSTRACT 

The opportunistic pathogen Pseudomonas aeruginosa ranks among the leading 

causes of nosocomial infections.  The type III secretion system (T3SS) aids acute P. 

aeruginosa infections by injecting potent cytotoxins (effectors) into host cells to suppress 

the host's innate immune response.  Expression of all T3SS-related genes is strictly 

dependent upon the transcription factor ExsA.  Consequently, ExsA and the biological 

processes that regulate ExsA function are of great biomedical interest.  The ExsA-ExsC-

ExsD-ExsE signaling cascade ties host cell contact to the up-regulation of T3SS gene 

expression.  Prior to T3SS induction, the antiactivator protein ExsD binds to ExsA and 

blocks ExsA-dependent transcription by interfering with ExsA dimerization and promoter 

interactions.  Upon host cell contact, ExsD is sequestered by the T3SS chaperone ExsC, 

resulting in the release of ExsA and an up-regulation of the T3SS. 

ExsA is an AraC/XylS-type transcriptional regulator and belongs to a subfamily 

of activators that regulate the T3SS in a variety of Gram-negative pathogens.  These 

regulators are characteristically difficult to purify due to the low solubility of their C-

terminal DNA binding domains.  A new method for purifying ExsA was developed and 

produced ExsA with improved solubility.  The interaction of ExsA and its PexsD promoter 

was examined using fluorescence anisotropy.  An in vitro transcription assay was 

developed and it was determined that ExsA is sufficient to activate T3SS transcription. 

Next, the ExsD–ExsA inhibitory mechanism was examined.  It was demonstrated 

for the first time that ExsD alone is sufficient to inhibit ExsA-dependent transcription in 
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vitro without the aid of any other cellular factors.  More significantly and contrary to 

previously published results, it was discovered that independently folded ExsD and ExsA 

are capable of interacting, but only at 37 C and not at 30 C.  Guided by the crystal 

structure of ExsD, a monomeric variant of the protein was designed to demonstrate that 

ExsD trimerization prevents ExsD from inhibiting ExsA-dependent transcription at 30 C. 

To further elucidate the ExsD-ExsA inhibitory mechanism, the ExsD-ExsA 

interface was examined.  ExsD variants were generated and used to determine which 

region of ExsD interacts with ExsA.  Interestingly, ExsD was also found to bind DNA, 

although it is unclear whether or not this plays a role in ExsA inhibition.  Fully 

understanding the mechanism by which ExsD inhibits ExsA may enable the development 

of drugs that target ExsA in order to shut down the T3SS, thereby eliminating P. 

aeruginosa infection. 
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LITERATURE REVIEW 
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Pseudomonas aeruginosa 

 Pseudomonas aeruginosa is a Gram-negative, rod-shaped bacterium that is 

ubiquitous in nature; occurring in soil, water, and on surfaces of plants and the skin of 

humans and animals.  It is free-living, aerobic, and versatile in that it uses a wide range of 

organic materials for food and can inhabit many natural and artificial environments.  P. 

aeruginosa is motile by a single polar flagellum [1] and is distinguishable by its 

production of pyocyanin, a blue-green pigment, as well as pyoverdin, a yellow 

fluorescent pigment [2].  It is capable of causing disease not only in humans and animals, 

but in plants as well [3]. 

P. aeruginosa infection 

 P. aeruginosa causes two distinct types of infections in humans: chronic and 

acute.  It causes chronic infections in the lungs of cystic fibrosis (CF) patients by 

producing a biofilm.  As a result, P. aeruginosa has been established as a model organism 

for the study of biofilms.  In acute infections, P. aeruginosa utilizes a type III secretion 

system (T3SS) as the main virulence mechanism to infect its host.  P. aeruginosa is the 

premier example of an opportunistic pathogen as it exploits a breach in host defenses in 

order to start an infection.  P. aeruginosa almost never infects uncompromised tissues.  

However, it can infect almost any tissue that becomes compromised, causing a wide 

variety of infections including bone and joint infections, dermatitis, gastrointestinal 

infections, respiratory system infections, soft tissue infections, and urinary tract 

infections [4-9].  Infection can progress to endocarditis, peritonitis, meningitis, 

bacteremia, septicemia, and death [10-13].  Patients susceptible to systemic infections 

include burn victims, cancer patients, and AIDS patients [8, 14-16]. 
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 P. aeruginosa expresses a number of virulence factors including adhesins, 

invasins, and toxins.  The adhesins include type IV pili [17], a polysaccharide capsule or 

glycocalyx [18], and alginate slime which helps produce the biofilm [19].  Invasins 

include alkaline protease [20], elastase [21], hemolysins phospholipase C [22] and 

lecithinase [23], leukocidin [24], pyocyanin [25], and siderophores [26].  Toxins include 

lipopolysaccharide (LPS) [27], exotoxin A [28], and exoenzymes S, T, U and Y [29-32].  

The capsule, slime layers, biofilm, and LPS also contribute to phagocyte resistance [33, 

34]. 

Chronic infection 

Infection by P. aeruginosa is the leading cause of death in CF patients where a 

biofilm develops in the lungs [35].  P. aeruginosa utilizes the T3SS to initiate these 

infections, but quickly switches to a biofilm-producing state [36].  CF patients usually 

become colonized with P. aeruginosa during childhood [37].  These chronic infections 

are minimally invasive and rarely progress to septicemia [35].  Rather, the inflammation 

and slow deterioration of pulmonary function is the main cause of death in these patients 

[35]. 

Acute infection 

 Acute infection is typically composed of three distinct stages: (1) bacterial 

attachment and colonization, (2) local invasion and (3) disseminated systemic disease.  

However, disease progression may stop at any stage.  P. aeruginosa is a leading cause of 

nosocomial infections, especially in immunocompromised and critically ill patients [38].  

Patient-to-patient transmission and hospital water sources are known to be responsible for 

spreading infection [39].  The risk factors in a hospital setting include use of steroids or 
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chemotherapy, and the use of medical devices/procedures such as vascular and urinary 

catheters, ventilators, drainage tubes, and endotracheal intubation [40-42].  Previous 

exposure to antimicrobial agents also increases the risk of P. aeruginosa infection, due to 

the development of antibiotic resistance [43].  Underlying diseases/conditions of 

hospitalized patients are risk factors as well.  Cancer, diabetes, renal failure, chronic 

obstructive pulmonary disease (COPD), solid organ transplantation, and AIDS all 

increase the risk of infection [14, 15, 44].  According to the Centers for Disease Control 

and Prevention, P. aeruginosa is the leading Gram-negative organism causing pneumonia 

in intensive care units in the United States.  Furthermore, P. aeruginosa is the third most 

frequently isolated Gram-negative pathogen from blood [45].  A prolonged hospital stay 

increases the risk of infection due to an elevated likelihood of P. aeruginosa developing 

resistance to antibiotics [46]. 

Antibiotic resistance 

Multi-drug resistance is an important clinical feature of P. aeruginosa [47].  High 

resistance has been seen with all major classes of antibiotics especially β-lactams [48], 

quinolones [49], and aminoglycosides [50].  Resistance is due in part to very low 

permeability of the P. aeruginosa outer membrane to small, hydrophobic molecules [51, 

52].  In addition, P. aeruginosa is particularly adept at acquiring antibiotic-resistance 

genes through genetic mutation or horizontal gene transfer [53].  Mechanisms of 

resistance include production of enzymes such as β-lactamase [48], alterations in target 

sites [54], loss of outer membrane proteins or porins [55], and production of efflux pumps 

[56]. 
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Treatment 

 Appropriate antimicrobial therapy is critical for treating acute P. aeruginosa 

infections, but finding the proper regimen can be problematic due to the wide range of 

resistance.  Typically, a drug cocktail is administered to the patient.  For instance, the 

combination of gentamicin and carbenicillin is frequently used to treat severe P. 

aeruginosa infections [57, 58].  However, if an effective drug cocktail is not given 

swiftly, high mortality rates ensue.  Choosing a proper combination of drugs can be 

challenging because different strains are resistant to different antibiotics and strains can 

quickly acquire new antibiotic resistance.  There is no current vaccine for P. aeruginosa 

infection, although several types are currently being tested. 

Type III secretion system (T3SS) 

The main virulence mechanism for P. aeruginosa acute infections is the T3SS 

[59].  The T3SS works as a molecular syringe to inject effector molecules (cytotoxins) 

directly into the cytoplasm of the host eukaryotic cell [60].  Many different types of 

Gram-negative pathogens utilize a T3SS including Salmonella, Shigella, Vibrio, and 

Yersinia spp [61, 62].  The components of the T3SS can be divided into five categories: 

effector proteins, chaperones, needle complex proteins, translocation apparatus proteins 

and regulatory proteins. 

T3SS effector proteins 

Only four effector proteins have been identified in P. aeruginosa which is less 

than any other well-characterized T3SS.  They are called exoenzymes S, T, U and Y.  

These effectors have a variety of functions, including promotion of tissue destruction, 

evasion of phagocytosis, and dissemination from initial sites of colonization [30, 59, 63-
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74].  Each effector contains an amino-terminal signal sequence that is presumably used 

for targeting to the type III secretion apparatus [75].  Different strains of P. aeruginosa 

secrete different combinations of these effectors with ExoS and ExoU being mutually 

exclusive [76, 77].  Strains that express ExoS cause delayed cell death via apoptosis, 

while strains possessing ExoU cause quick and robust cell lysis [77, 78]. 

ExoS 

The best characterized effector is exoenzyme S (ExoS).  ExoS has GTPase 

activating protein (GAP) activity as well as ADP ribosyl transferase (ADPRT) activity 

[29, 79].  The GAP domain of ExoS targets small GTPases that maintain organization of 

the host cell actin cytoskeleton, specifically Rac, Rho, and cell division cycle 42 

(CDC42) [79, 80].  Normally, these regulatory GTPases switch between an inactive 

GDP-bound form and an active GTP-bound form, but ExoS GAP domain changes the 

equilibrium to favor the inactive GDP-bound form [79, 80].  This leads to disruption of 

the host cell actin cytoskeleton [79, 80], which is associated with cell rounding and 

decreased internalization of P. aeruginosa by certain types of cells.  This suggests that 

ExoS GAP activity has a role in preventing phagocytosis [30, 59, 63].  The ADPRT 

domain of ExoS binds a eukaryotic 14-3-3 protein to activate ADPRT activity [81-84].  

The known ExoS ADPRT host cell targets are apolipoprotein A1, CDC42, cyclophilin A, 

ezrin, IgG3, moesin, radixin, RAB1, 3, 5, 7, 8 and 11, RAC1, RALA, RAP1, RAP2, 

RAS, and vimentin [85].  Affects of the ExoS ADPRT activity include actin cytoskeleton 

disruption associated with cell rounding, cell death, and inhibition of DNA synthesis, 

vesicular trafficking and endocytosis [64-66, 86].  Cytoskeleton disruption may lead to 
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loss in cell-to-cell adherence, which may facilitate P. aeruginosa penetration through 

epithelial barriers [64-66]. 

ExoT 

The amino acid sequence of ExoT is very similar to that of ExoS, and as a result, 

ExoT has GAP and ADPRT activity as well [87-89].  In addition to having the same GAP 

activity as ExoS, the GAP domain of ExoT also contributes to the inhibition of 

cytokinesis by inactivating Rho [90, 91].  The ADPRT domain of ExoT is also activated 

by a 14-3-3 protein, but its targets are unique, yet limited.  The known host cell target 

proteins are CRKI, CRKII, and phosphoglycerate kinase.  Collectively, the ExoT ADPRT 

domain acts to alter the host cell actin cytoskeleton and to inhibit cell adhesion, migration 

and proliferation.  These activities help P. aeruginosa to disseminate and avoid 

phagocytosis [63, 67-69].  The enzymatic activities of ExoT have also been correlated 

with delays in wound healing [92, 93].  ExoT causes apoptotic-like cell death, but it’s 

delayed compared to ExoS cell-mediated killing [94].  The role of ExoT in pathogenesis 

is modest compared to that of ExoS and ExoU [63, 67-69]. 

ExoU 

ExoU is a potent phospholipase capable of causing rapid eukaryotic cell death 

[31].  The patatin-like domain of ExoU gives it phospholipase A2 (PLA2) activity [95, 96].  

ExoU has a wide range of substrates including phospholipids, lysophospholipids, and 

neutral lipids [95-97].  Similar to other P. aeruginosa effector proteins, ExoU requires a 

eukaryotic factor for activation [95, 96].  In this case, the factor is Cu
2+

, Zn
2+

-superoxide 

dismutase (SOD1) [98].  The C-terminal domain of ExoU is used for targeting to the 

plasma membrane [99, 100].  ExoU intoxication causes rapid loss of cell membrane 
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integrity, resulting in cell death consistent with necrosis [31, 101].  ExoU killing is 

directed against phagocytes and epithelial barriers to prevent phagocytosis and enhance 

dissemination [67, 69-72]. 

ExoY 

ExoY is an adenylyl cyclase and works by binding ATP [32].  This results in an 

increase in intracellular cAMP, causing disruption of the actin cytoskeleton [32, 102], 

inhibition of phagocytosis [73], and increased endothelial permeability [74].  ExoY also 

requires a host factor for activity, however, the identity of this factor is unknown [32]. 

T3SS chaperones 

In P. aeruginosa, some but not all of the T3SS effectors have chaperones to which 

they bind before secretion.  These chaperones allow for proper storage of the effectors in 

the bacterial cytosol and delivery of the effectors to the secretion apparatus.  SpcS serves 

as the chaperone for both ExoS and ExoT [103, 104], SpcU is the chaperone for ExoU 

[105], and no chaperone has been identified for ExoY to date.  Chaperones also bind 

secreted proteins that aren’t effectors.  Translocation proteins PopB and PopD are bound 

by the chaperone PcrH [106].  PscF, a structural subunit of the needle complex, has two 

chaperones: PscE and PscG [107].  ExsC is also a chaperone for the secreted regulatory 

protein ExsE [108, 109]. 

T3SS needle complex 

The structural proteins of the T3SS that make up the needle apparatus are 

encodedby genes pscUTSRQPON, pcr1234DR, and pscBCDEFGHIJKL.  Much of what 

is known about the structural proteins is from studies in Yersinia enterocolitica, which 

has a needle complex that is homologous to that in P. aeruginosa (Fig. 1.1).  PscN 
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encodes an ATPase that uses energy created from the proton motive force to unfold 

effector proteins and push them through the needle apparatus [110, 111].  PscN is 

regulated by PscL [111].  PscC is a secretin-like protein that is thought to oligomerize 

with the help of the lipoprotein PscW in order to form a channel through the bacterial 

outer membrane [112, 113].  PscP is thought to serve as a molecular ruler to regulate the 

length of the needle [114].  PscJ is hypothesized to be a lipoprotein component of the 

basal structure of the needle complex [115].  Further work needs to be conducted to 

determine the properties and function of all the components of the needle complex and 

how they work together for secretion. 

T3SS translocation apparatus 

The translocation apparatus consists of a pore that delivers the effector molecules 

through the host cell plasma membrane.  It is encoded by pcrGVH and popBD.  PopB and 

PopD are actually secreted themselves and interact with the host cell membrane to form 

the pore [106]; however, this mechanism is poorly understood.  PcrV is also secreted and 

is thought to form a multimeric scaffold at the tip of the needle to facilitate the assembly 

of the PopB–PopD translocation pore [116].  Alternatively, PcrV could serve to connect 

the needle to preformed PopB–PopD pores [117].  PcrV is a potential vaccine candidate, 

given that it is required for the translocation of effector proteins [116] and has been 

shown to elicit protection in animal infection models [118, 119]. 

T3SS regulation 

Effector secretion as well as the expression of all T3SS components is tightly 

controlled by a regulatory mechanism consisting of four interacting proteins (ExsA, ExsC, 

ExsD and ExsE), with ExsA being the main transcription factor [120].  In addition to the 
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ExsACDE regulatory cascade, the T3SS is regulated by a multitude of other proteins (Fig. 

1.2).  These proteins include CpdA, a cAMP phosphodiesterase [121]; Crc, a catabolite 

repression control protein involved in carbon regulation [122]; adenylate cyclases CyaA 

and CyaB [123]; FimL, a type IV pili biogenesis protein [124]; FlhA, a transmembrane 

protein [125]; KynA, a tryptophan dioxygenase [126];  MgtE, a magnesium transporter 

[127]; MucA/AlgU/AlgR, alginate biosynthesis proteins [128]; NirS, a nitrite reductase 

[129]; PrpC, a methylcitrate synthase [122]; PsrA, a transcriptional activator [130]; small 

proteins PtrB and PtrC [131, 132]; RpoS, the stationary-phase sigma factor [133]; RsmA, 

an RNA-binding protein [134, 135]; two-component response regulatory systems, 

LadS/RetS, GacA/GacS and GtrS/GltR [36, 136-138]; TrpA, a tryptophan synthase 

[126]; and Vfr, a cyclic AMP (cAMP)-binding protein [139].  There are also small RNAs, 

RsmZ and RsmY, which contribute to T3SS regulation [36, 140].  In addition, the T3SS 

is regulated by a number of small molecules including calcium [141], acetyl-CoA [142], 

indole acetic acid (IAA), histidine [143], spermidine [144], and the quorum-sensing 

signals homoserine lactone (HSL) [145] and Pseudomonas quinolone signal (PQS) [146].  

However, for the most part, it is unclear how these regulatory proteins/molecules exert 

their influence on the T3SS. 

ExsACDE regulatory cascade 

The ExsACDE cascade constitutes perhaps the most direct link between effector 

secretion and upregulation of T3SS genes [109] (Fig. 1.3).  ExsA, the main 

transcriptional regulator, is inhibited by ExsD when ExsD binds to ExsA in a 1:1 

complex [147].  Meanwhile, ExsE sequesters ExsC [108, 109].  Upon host cell contact, 

ExsE is translocated into the host cell cytoplasm [108, 109].  Now ExsC sequesters ExsD 
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[148], which frees ExsA to bind to the T3SS promoters and recruit RNA polymerase 

(RNAP), thus initiating T3SS transcription [149]. 

ExsA 

ExsA is the main transcriptional activator of the T3SS and a member of the 

AraC/XylS family of transcriptional regulators [120].  These regulators are found in 

bacteria and fungi and are involved in the regulation of virtually all types of cellular 

processes [150].  AraC/XylS-type transcription factors are characterized by structurally 

conserved AraC domains that interact with specific DNA sequences near the -35 

promoter region [150].  This facilitates the recruitment of RNAP to the transcription 

initiation site [150].  On the other hand, the amino-terminal domains of the AraC/XylS-

type proteins are highly variable and thought to mediate diverse regulatory signals [150-

154].  Typical of an AraC/XylS-like activator, ExsA is composed of two functional 

domains: a carboxy-terminal DNA binding domain (CTD) and an amino-terminal 

regulatory domain (NTD) [155].  ExsA is 278 amino acids in length and has a molecular 

weight of 31.6 kDa. 

It is estimated that there are at least 830 members in the AraC/XylS family of 

proteins [150].  However, out of these, only two complete structures have been published, 

and they are both from E. coli: MarA and Rob [156, 157].  The crystal structures were 

only obtained when these proteins were in complex with DNA to help stabilize their 

carboxy-terminal domains.  Both MarA and Rob activate genes that are involved in 

antibiotic resistance. 
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ExsA homologs 

There are close homologs to ExsA in a variety of Gram-negative pathogens 

including InvF from Salmonella enterica serovar Typhimurium, LcrF in Yersinia spp., 

Rns from enterotoxigenic E. coli (ETEC), ToxT from Vibrio cholerae, and ExsA from 

Vibrio parahaemolyticus.  These proteins make up a subfamily of activators that regulate 

virulence factor expression.  InvF from S. enterica regulates the T3SS found on the SPI–1 

pathogenicity island [158].  LcrF activates the T3SS in the three pathogenic Yersinia 

species: Y. pestis, Y. enterocolitica, and Y. pseudotuberculosis [159, 160]; but it is 

unknown whether a regulatory protein binds to LcrF.  It is known, however, that LcrF is 

thermoregulated through post-translational mechanisms [161].  Rns regulates fimbriae 

expression in ETEC, which is required for pathogenesis [162].  ToxT regulates 

expression of cholera toxin and toxin-coregulated pilus in V. cholerae [163].  The most 

closely related regulatory mechanism to the T3SS in P. aeruginosa is found in T3SS1 of 

V. parahaemolyticus.  This system is regulated by a similar ExsACDE regulatory cascade 

[164-166]; however, the main difference in this system is that ExsA does not regulate its 

own expression [164]. 

ExsA promoters 

 ExsA is the transcriptional activator of the T3SS regulon (Fig. 1.4) [120] and is 

known to bind to all 10 promoters
 
involved in expression of T3SS genes: PexsC, PexsD, PexoS, 

PexoT, PexoU, PexoY, Porf1, PpcrG, PpcrN and PpopN [31, 75, 103, 120].  ExsA is monomeric in 

solution, but it forms a dimer when bound to one of its promoters [167].  This is in 

contrast to MarA, which lacks a dimerization domain and binds to DNA as a monomer 

[156].  It is thought that one molecule of ExsA initially binds to the promoter at binding 
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site 1 and recruits the second ExsA molecule to binding site 2 [167].  Binding site 1, or 

the promoter-proximal site, contains highly conserved GnC and TGnnA sequences 

separated by ~10 base pairs [167].  The ExsA-CTD contains two helix-turn-helix (HTH) 

motifs, and the first HTH interacts with the GnC sequence while the second HTH 

interacts with the TGnnA sequence [168].  On the other hand, binding site 2, or the 

promoter-distal site, contains no obvious sequence similarity [167].  Given that ExsA 

always binds to binding site 1 in the same manner, binding site 2 is responsible for 

promoter-specific properties [169].  Promoter strength, ExsA-binding affinity, and the 

degree of promoter bending are properties that are primarily determined by binding site 2 

[169].  Cooperative binding has been demonstrated with the PexsC promoter [167], and the 

way in which ExsA binds to PexsC is distinct from the interactions that occur at the other 

promoters [169].  For PexsC, there is a GnC located in binding site 2 that interacts with 

HTH1 of ExsA, and is functionally equivalent to the GnC sequence in binding site 1 

[169].  The PexsD, PexoT, and PpcrG promoters also contain GnC sequences, but these 

sequences are not required for ExsA binding or transcriptional activation [169].  It has 

been shown that ExsA binds to the PexoT promoter in an ordered fashion in that 

occupation of binding site 1 is required for efficient occupation of site 2 [167].  This 

sequential binding mechanism is dependent upon interactions mediated through the 

amino-terminal/dimerization domain of the ExsA monomers [155].  Recent studies show 

that ExsA binds to the PexsC, PexsD, PexoT, and PpcrG promoters in a head-to-tail orientation 

[168].  It has been demonstrated that ExsA induces DNA-bending upon binding [167].  

ExsA shows modest DNA-bending with the PexsD and PexoT promoters, whereas the DNA-

bending at the PexsC promoter is more pronounced [167].  An electrophoretic mobility 
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shift assay (EMSA) was used to determine equilibrium constants (Keq) for the 

interactions between ExsA and three of its promoters [167].  The apparent equilibrium 

constants were 1.1 ± 0.2 nM, 4.1 ± 0.2 nM and 5.4 ± 0.6 nM for PexsC, PexsD and PexoT, 

respectively [167].  These high affinities are characteristic of a transcriptional activator.  

Once ExsA forms the dimer on the promoter, it is able to recruit RNAP so that 

transcription can be initiated.  DNase I footprinting experiments were used to map the 

regions of the PexsC, PexsD, and PexoT promoters to which ExsA binds [167].  For each 

promoter, the ExsA binding site overlaps the -35 RNAP binding site and extends 

upstream for approximately 34 base pairs [167].  The -35 and -10 sites for typical σ
70

-

dependent promoters are separated by ~17 nucleotides.  However, for ExsA-dependent 

promoters, this gap is 21-22 bases [167].  These features suggest that the -35 site is not 

involved in RNAP binding. 

ExsA–RNAP interactions 

 Recent work suggests that the -35 RNAP binding site of the PexsC promoter does 

not contribute to RNAP binding [170].  Instead, ExsA recruits σ
70

-RNAP to an extended  

-10 promoter [149, 170].  It has been shown that the carboxy-terminal domain of the α 

subunit of RNAP is not needed for ExsA-dependent transcriptional activation [170].  This 

is unusual for transcriptional activators.  Instead, studies indicate that ExsA interacts with 

region 4.2 of σ
70

 because this region is required for ExsA-dependent transcription [170].  

It is proposed that this is how ExsA makes up for the lack of a -35 RNAP binding site 

since region 4.2 typically interacts with the -35 site for most bacterial promoters [170]. 
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ExsD 

When the T3SS is turned off, ExsA is inhibited by an antiactivator protein ExsD 

[171].  An antiactivator is distinguished from a repressor in that it does not have a known 

DNA recognition site (operator).  An antiactivator can bind directly to the activator or 

bind non-specifically to DNA.  ExsD–ExsA interactions have been demonstrated in 

bacterial two-hybrid studies [171].  It has been shown that ExsD binds to ExsA to form a 

1:1 complex [147].  In the current model, ExsD inhibits ExsA activity by disrupting the 

ExsA dimer [172] and preventing ExsA from binding to the promoters [147, 172]. 

ExsD (Fig. 1.5) is 276 amino acids in length and has a molecular weight of 31.4 

kDa.  ExsD self-associates into a trimer when not bound to a different molecule [173].  

The crystal structure of ExsD [173] reveals surprising structural homology between ExsD 

and a DNA binding protein in E. coli called KorB [174].  KorB is found on a broad-host-

range plasmid called RP4 [174].  It is a repressor protein that binds to DNA operator 

sequences located as far as 500 base pairs away from the regulated promoter and is 

thought to mediate transcriptional repression through DNA looping [175]. 

ExsD also shows structural homology to GreB; a RNAP binding protein from E. 

coli [176].  RNAP occasionally loses its grip on the growing mRNA end during 

elongation and backtracks on the DNA template [176].  GreB binds to RNAP and cleaves 

the disengaged 3´ RNA segment so that RNAP can proceed with transcription [176]. 

ExsC 

ExsC is the anti-antiactivator composed of 141 amino acids and has a molecular 

weight of 16.2 kDa.  ExsC acts as a positive regulator of the T3SS and is required for 

T3SS expression [148].  When the T3SS is turned on, ExsC binds to ExsD [148], 
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allowing ExsA to initiate transcription.  A heterocomplex is formed when ExsD 

associates with ExsC [177].  Isothermal titration calorimetry (ITC) analysis has shown 

that formation of this complex is exothermic and thermodynamically favorable [177].  

There is a 1:1 stoichiometric ratio between ExsD and ExsC molecules in the complex, 

and the Kd of the complex was determined to be in the 18-nm range [177].  It is believed 

that ExsC and ExsD form a 2:2 complex with a dimer of ExsC binding two ExsD 

monomers [178]. 

ExsE 

ExsE is a small protein consisting of 81 amino acids and has a molecular weight 

of 8.3 kDa.  By itself, ExsE is highly disordered and contains no tertiary structure.  ExsE 

is interesting in that it is a secreted regulatory protein.  Acting as a negative regulator, 

ExsE sits at the top of the regulatory cascade [108, 109], and secretion of ExsE into the 

host cell cytoplasm triggers upregulation of the T3SS [108, 109].  It is unknown whether 

ExsE has a function inside the host cell.  ExsE is not required for type III-mediated 

cytotoxicity [109].  Prior to host cell contact, ExsE binds to ExsC and inhibits its activity, 

which ultimately inhibits transcription.  The crystal structure of the ExsC–ExsE complex 

reveals that an ExsC dimer is bound by one molecule of ExsE [178].  ExsE wraps around 

the ExsC dimer.  When ExsE is secreted from the cell, ExsC now binds ExsD, which 

allows ExsA to initiate transcription (Fig. 1.3).  The preferential binding that ExsC has 

for ExsE has been supported by ITC experiments that show ExsC has a stronger binding 

affinity for ExsE (1 nM), compared to ExsD (18 nM) [179].  ExsC acts as a chaperone for 

ExsE in that ExsE requires ExsC for stability and secretion [108].  ExsC is a member of 

the CesT-like family of chaperones [108].  Interestingly, ExsE is secreted from cells 
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under low calcium conditions.  The link between low calcium and T3SS initiation is 

currently unknown, but it allows for studies of type III secretion in the laboratory setting. 

Medical importance 

ExsA is a potential drug target due to the fact that it is absolutely required for type 

III secretion.  An ExsA mutant is unable to secrete type III effectors and unable to initiate 

an acute infection.  Therefore, a drug that inhibits ExsA would be extremely valuable due 

to the high antibiotic resistance of P. aeruginosa.  This type of drug would not kill P. 

aeruginosa, but just render it harmless.  Due to this, there would be less evolutionary 

pressure for the organism to develop resistance.  Currently, there are no drugs that act on 

P. aeruginosa in this way.  An inhibitor of ExsA should also have no harmful effects on 

human cells because AraC/XylS family members are only found in bacteria [150].  There 

is much that needs to be discovered about the interaction between ExsD and ExsA and 

how ExsD inhibits ExsA-dependent transcription.  Elucidation of the ExsD–ExsA 

inhibitory mechanism could result in the development of drugs that mimic ExsD function 

and inhibit ExsA to shut down the T3SS, thereby eliminating acute infection. 

Research objectives 

 The purpose of the following studies is to characterize ExsA and ExsD, the main 

transcriptional regulators of the T3SS in P. aeruginosa, through a variety of in vitro 

biochemical techniques to learn the properties of ExsA and ExsD individually and also 

how they interact.  If enough is known about these proteins and the way they regulate 

transcription, then drugs can be designed to shut down the T3SS.  In Chapter Two, the 

goal was to purify a more soluble recombinant ExsA protein and examine its ability to 

interact with its promoters and initiate transcription.  The affinity of ExsA for its PexsD 
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promoter was obtained using fluorescence anisotropy.  An in vitro transcription assay 

was developed to examine the ability of ExsA to initiate transcription from three of its 

promoters. 

Chapter Three examines the interaction between ExsD and ExsA.  Previous 

studies have shown that the ExsD–ExsA interactions are not freely reversible.  Because 

independently folded ExsD and ExsA were not found to interact, it was hypothesized that 

folding intermediates of the two proteins form the complex.  This study demonstrates for 

the first time that ExsD alone is sufficient to inhibit ExsA-dependent transcription in vitro 

and that no other cellular factors are required.  More significantly, it was discovered that 

independently folded ExsD and ExsA are capable of interacting, but only at 37 C and 

not at 30 C.  ExsD is known to form a trimer in solution when not bound to a different 

protein [173], but the role of ExsD self-trimerization was previously unknown.  Guided 

by the crystal structure of ExsD, a monomeric variant of the protein was designed to 

demonstrate that ExsD trimerization prevents ExsD from inhibiting ExsA-dependent 

transcription at 30 C. 

In Chapter Four, the main goal was to map the ExsD–ExsA interface.  ExsD 

variants lacking certain regions of the protein were used in the in vitro transcription assay 

to determine which regions of ExsD are important for ExsA binding and inhibition.  The 

ExsD–ExsA inhibitory mechanism was also further examined.  Contrary to the current 

model, ExsD was also found to bind to DNA.  However, it is unclear whether this plays a 

role in the inhibition of ExsA.  Preliminary results show that ExsD also binds to RNAP, 

but how this fits into the mechanism remains unclear.  Overall, this study contributes to 

the understanding of how ExsD and ExsA regulate the T3SS and adds to the current 
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model.  These studies will pave the way for future work that will lead to a complete 

understanding of how ExsD and ExsA regulate the T3SS in P. aeruginosa.  This will not 

only help in the development of drugs to treat P. aeruginosa infection, but other types of 

infections caused by the many Gram-negative pathogens that depend on the T3SS to 

infect humans. 
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Fig. 1.1.  Structural proteins of the T3SS needle apparatus.  Figure adapted by author 

with permission from Izoré et al. Structure (2011). 
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Fig. 1.2.  T3SS regulatory network.  Model of the known factors that regulate the T3SS. 
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Fig. 1.3.  Regulatory cascade of ExsA-dependent activation of the T3SS.  Upon host 

cell contact, ExsE is secreted from the cell, which allows ExsC to bind ExsD.  ExsA is 

now free to initiate transcription. 
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Fig. 1.4. Regulatory and secretory portion of T3SS regulon.  ExsA is the 

transcriptional regulator of the T3SS regulon, which contains the T3SS regulatory genes 

exsC, exsB, exsA, and exsD.  The psc genes make up part of the T3SS apparatus.  ExsA is 

known to bind to promoters PexsC and PexsD in order to initiate transcription. 
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Fig. 1.5.  ExsD structure.  Two views of the structure of ExsD as a monomer.  

Bernhards, et al. Protein Science (2009). 

 

  

 

 

 

 

 

 

 

 

 

 

Used with permission of Protein Science and John Wiley & Sons. 

Published by Wiley-Blackwell. © 2009 The Protein Society.
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CHAPTER TWO 

Characterization of ExsA, the main transcriptional regulator of the type 

III secretion system in Pseudomonas aeruginosa 
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Abstract 

 
ExsA is the main transcription factor or activator of the T3SS system in 

Pseudomonas aeruginosa.  ExsA is a member of the AraC/XylS family of transcriptional 

activators.  These proteins are composed of two domains: a C-terminal activation domain 

and an N-terminal regulatory domain.  The activation domain of AraC/XylS-type 

transcription factors binds to the promoter to initiate transcription.  The regulatory 

domain is the ligand binding domain.  In most AraC/XylS-type regulators, small 

molecules bind to either activate or inhibit the protein.  In the case of ExsA, the 

antiactivator protein ExsD is thought to bind to the regulatory domain and inhibit ExsA 

function.  A variety of ExsA homologs exist in other Gram-negative pathogens of 

medical relevance, so the study of ExsA could help shed light on the regulatory 

mechanisms of other T3SS’s.  Due to this, ExsA is a potential drug target.  The activation 

domain of ExsA homologs is conserved, so initial drug development has targeted the 

DNA binding domain in hope of finding an inhibitor to DNA binding.  Potentially, a drug 

that effectively inhibits the DNA-binding activity of the ExsA activation domain could be 

used to treat other types of infections.  AraC-type activators have been difficult to purify 

and crystallize due to their poor solubility.  In this study, a new ExsA purification 

protocol was developed, which led to improved solubility.  Fluorescence anisotropy was 

used to measure the DNA binding activity of ExsA.  A dissociation constant (Kd) was 

determined for ExsA and its PexsD promoter.  An in vitro transcription assay was also 

developed to observe ExsA activation with its T3SS promoters.  This assay could be used 

in the future to test drug candidates for their ability to inhibit ExsA-dependent 

transcription. 
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Introduction 

 The type III secretion system (T3SS) is the main virulence mechanism for 

Pseudomonas aeruginosa acute infections.  It works as a molecule syringe to inject 

effector proteins (cytotoxins) directly into the host cell cytoplasm [60].  These effectors 

aid in infection by preventing phagocytosis by cells of the immune system and allowing 

for the dissemination of the bacteria throughout the body [30, 59, 63, 74].  P. aeruginosa 

is unable to infect humans without a properly functioning T3SS.  ExsA is the main 

activator of the T3SS in P. aeruginosa and is essential for expression of all the genes 

necessary for type III secretion [31, 75, 103, 120]. 

ExsA is a member of the AraC/XylS family of transcriptional activators [120].  

This family is characterized by the presence of two distinct domains: a C-terminal 

activation/DNA binding domain and N-terminal regulatory/ligand binding domain.  Most 

AraC/XylS proteins are regulated by the binding of a small molecule.  ExsA is different 

in that its ligand is a protein called ExsD [171].  ExsA sits at the bottom of a regulatory 

cascade consisting of four interacting proteins: ExsA, ExsD, ExsC, and ExsE [108, 109, 

120, 148, 171].  When there is no host cell contact and the T3SS is turned off, ExsA is 

inhibited by the antiactivator ExsD [171].  Meanwhile, the anti-antiactivator ExsC 

sequesters ExsE [109, 178].  When host cell contact occurs, ExsE is secreted through the 

T3SS needle into the host cell [108, 109].  This frees ExsC to now bind to ExsD [148], 

which allows ExsA to become free and bind to the T3SS promoters as a dimer [167].  

ExsA serves to recruit RNA polymerase (RNAP) in order to initiate transcription [149].  

ExsA activates transcription from all 10 T3SS promoters, so it is required for the 
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production of all genes necessary for type III secretion, including the regulators 

themselves [31, 75, 103, 120]. 

This study focuses on the interaction between ExsA and its promoters.  A new 

protocol was developed for the purification of recombinant ExsA protein, which greatly 

improved solubility.  This ExsA product did not require a protein fusion tag after 

purification.  The purity and solubility of ExsA was suitable for biochemical testing.  

First, fluorescence anisotropy was used to measure the binding affinity of ExsA for its 

PexsD promoter.  Then an in vitro transcription assay was developed to study T3SS 

activation by ExsA.  ExsA was found to be sufficient to activate T3SS transcription in 

vitro from all the promoters tested. 

 

Results 

ExsA purification 

 Members of the AraC/XylS family of activators are notoriously difficult to purify.  

This is due to a highly insoluble C-terminal/DNA-binding domain (CTD).  When DNA is 

not present, these proteins have very low solubility, making them extremely difficult to 

purify.  Due to this, we decided to engineer a construct that would fuse maltose binding 

protein (MBP) to ExsA.  MBP is known to help other proteins fold properly, which 

improves their solubility.  To do this, we utilized a His6-MBP expression plasmid [180].  

ExsA was insertionally cloned into the plasmid directly downstream of MBP.  This 

produced a His6-MBP-ExsA construct, termed pFS-HMBPExsA.  This plasmid was 

transformed into an E. coli expression strain.  Cultures were grown at 37 °C and 

overexpression was induced at a low temperature (18 °C) for six hr.  Purification 
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included a Ni
2+

NTA affinity column, anion exchange, and cation exchange all before 

removing the His6-MBP tag.  The fusion protein was cut using TEV protease, which 

recognizes a TEV cleavage sequence in between MBP and ExsA.  Then a second 

Ni
2+

NTA affinity column was run, this time to purify ExsA away from His6-MBP.  The 

final purification step was gel filtration.  This produced a highly purified ExsA sample 

with improved solubility (Fig. 2.1).  This ExsA sample can be stored at -80 °C for years 

and still retains activity.  Aliquoting and storing at -80 °C is highly recommended 

because ExsA will start to unfold if left at 4 °C for more than 24 hr.  The ExsA sample is 

highly active and suitable for biochemical assays as long as it is thawed and used within 

24 hr to ensure full activity. 

ExsA promoter binding 

We sought out to measure the affinity of ExsA for its promoters in order to 

determine if there was a correlation between promoter affinity and transcriptional activity.  

The first promoter we wanted to test was the PexsD promoter.  This promoter is interesting 

in that it regulates the transcription of the antiactivator ExsD [171, 181].  Fluorescence 

anisotropy (FA) was used to determine a dissociation constant (Kd) for the PexsD promoter.  

FA is a technique that utilizes a fluorescent probe attached to a ligand, which in this case 

is the PexsD promoter.  We used a 60 base pair segment of PexsD that was attached to a 

TAMRA probe.  A titration of ExsA was performed, and the concentration of PexsD-

TAMRA was held constant.  The resulting Kd was 8.5 ± 2 nM (Fig. 2.2).  This Kd is 

indicative of a very tight interaction common to transcriptional activators [182].  During 

the course of our study, the affinity for ExsA and three of its promoters was determined 

by another group using an electrophoretic mobility shift assay (EMSA) [167].  Due to 
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this, we decided not to further test other promoters.  However, EMSA is not an 

equilibrium technique, meaning that ExsA is not free to bind and dissociate from the 

promoter under the experimental conditions.  FA is an equilibrium technique.  The Kd we 

obtained is two-fold higher than the one obtained via EMSA (4.1 ± 0.2 nM) [167].  Our 

Kd value is actually closer to what was obtained for AraC, using a fluorescence 

quenching equilibrium technique [182]. 

ExsA is sufficient to initiate T3SS transcription in vitro 

An in vitro transcription assay was developed in order to see if ExsA alone was 

sufficient to activate T3SS transcription.  Native RNAP from P. aeruginosa was purified 

and used in this assay, along with purified ExsA, a PexsD promoter template, and 

nucleoside triphosphates (NTPs).  Radiolabeled UTP is also added, which gets 

incorporated into the resulting mRNA transcript.  These transcripts were run on a gel and 

quantified.  A 0-15 min time course was performed with each reaction containing 133 nM 

ExsA (Fig. 2.3).  This experiment shows that ExsA is necessary and sufficient for 

efficient transcriptional activation at the PexsC, PexsD, and PexoS promoter sites.  This also 

further demonstrates that the recombinant ExsA is highly active.  The next step is to test 

whether ExsD is sufficient to inhibit ExsA-dependent transcription in this assay. 

 

Discussion 

Proteins belonging to the AraC/XylS family have characteristically low solubility 

and are extremely difficult to purify.  As a result, there are currently only two solved 

structures out of the 830-plus family members [156, 157].  This highlights the importance 

of the newly developed purification protocol for ExsA.  Furthermore, ExsA belongs to a 
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medically important subfamily of transcriptional activators that regulate virulence factors 

in a variety of Gram-negative pathogens.  These include ExsA from Vibrio 

parahaemolyticus, InvF from Salmonella enterica serovar Typhimurium, LcrF in 

Yersinia spp., Rns from enterotoxigenic E. coli (ETEC), ToxT from V. cholerae.  T3SS1 

of V. parahaemolyticus is regulated by a similar ExsACDE regulatory cascade [166].  

InvF from S. enterica regulates the T3SS located on the SPI–1 pathogenicity island [158].  

LcrF activates the T3SS in all three pathogenic Yersinia species: Y. pestis, Y. 

enterocolitica, and Y. pseudotuberculosis [159, 160]; although it is unknown whether a 

regulatory protein binds to LcrF.  However, it is know that LcrF is thermoregulated 

through post-translational mechanisms [161].  Rns regulates fimbriae expression in 

ETEC [162], and ToxT controls expression of cholera toxin in V. cholerae [163].  As one 

can anticipate, what is learned about ExsA can be translated to these other important 

Gram-negative pathogens.  Given that ExsA can be purified with relatively good 

solubility, it can serve as a model protein for this subfamily.  Recently, using the 

expression and purification protocols outlined in this study, the structure of the amino 

terminal domain of ExsA (ExsA-NTD) was solved, and current work is being done to 

crystallize full-length ExsA in complex with DNA.  This study demonstrates that 

recombinant ExsA is properly folded and highly active.  It was shown to bind to the PexsD 

promoter with high affinity.  ExsA was also shown to be sufficient to activate P. 

aeruginosa-specific T3SS transcription in an in vitro transcription assay.  This assay 

serves as a reliable tool and was used in the following chapters to study the ExsD–ExsA 

inhibitory mechanism. 
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With a better understanding of how ExsA interacts with its promoters and 

activates transcription, drugs can be developed to target ExsA and prevent it from binding 

to the T3SS promoters.  These drugs can potentially be used to treat infections from all of 

the aforementioned bacterial pathogens. 

 

Materials and Methods 

ExsA expression and purification 

ExsA was overexpressed in E. coli from a vector constructed by Gateway 

recombinational cloning (Invitrogen, Carlsbad, CA, USA).  A tobacco etch virus (TEV) 

protease recognition site and the appropriate att recombination sites (attB1 and attB2) 

were added to the exsA gene during PCR, and the amplicons were subsequently 

recombined into pDONR201 (Invitrogen).  The nucleotide sequences of the ORFs were 

verified, then recombined into the destination vector pDEST-HisMBP [180] to create the 

expression vector pFS-HMBPExsA.  This vector was designed to produce ExsA as a 

fusion to the C-terminus of an N-terminally His6-tagged E. coli maltose-binding protein 

(MBP). 

A single colony of E. coli BL21(DE3) CodonPlus RIL cells (Stratagene, La Jolla, 

CA, USA) containing the pFS-HMBPExsA expression plasmid was used to inoculate 125 

mL of Luria broth (LB) supplemented with 2 g/L dextrose, 100 µg/mL ampicillin, and 30 

µg/mL chloramphenicol.  The cultures were grown with shaking (225 rpm) to saturation 

overnight at 37 °C and then diluted 66-fold into 6 L of fresh medium.  They were grown 

to an OD600 of 1.0 then induced with IPTG at a final concentration of 1 mM.  The 

induction temperature was 18 °C, and the cultures were shaken for six hr.  Cells were 

harvested by centrifugation at 5,000 x g for 15 min.  The cell pastes were resuspended in 
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200 mL of 500 mM NaCl, 25 mM imidazole, 50 mM Tris-HCl (pH 7.4), 2 mM DTT 

(buffer A), along with three tablets of Complete, EDTA-free Protease Inhibitor Cocktail 

(Roche Applied Science, Indianapolis, IN, USA).  The cells were lysed via sonication 

and centrifuged at 40,000 x g for 25 min.  The supernatants were filtered through 0.45-

μm polyethersulfone membranes and applied to a 30 mL Ni-NTA Superflow affinity 

column (Qiagen, Valencia, CA, USA) equilibrated with buffer A.  During the run, the 

column was washed with five column volumes of buffer A, and proteins were eluted with 

a linear gradient from 25 to 250 mM imidazole (pH 7.4).  The His6-MBP-ExsA fusion 

protein sample was then dialyzed against a buffer of 50 mM NaCl, 25 mM Tris-HCl (pH 

7.4), and 2 mM DTT and loaded onto a HiTrap Q HP column (GE Healthcare) that had 

been equilibrated with the same buffer.  The His6-MBP-ExsA fusion protein was eluted 

using a linear NaCl gradient from 0.05 M to 1 M.  The sample was dialyzed against 2 L 

of 45 mM NaCl, 25 mM Tris-HCl (pH 7.15), and 2 mM DTT (buffer B) overnight.  The 

sample was then loaded onto a HiTrap Heparin HP column (GE Healthcare) equilibrated 

in buffer B and eluted with a 0.05 M to 1 M gradient of NaCl.  The NaCl concentration in 

the His6-MBP-ExsA sample was adjusted to 0.5 M, and the fusion protein was digested 

with 3 mg of His-tagged TEV(S219V) protease [183] at 4 C overnight.  The TEV 

protease cleaves at the TEV recognition site located between MBP and ExsA.  After 

digestion, ExsA was run through a second Ni-NTA Superflow affinity column to remove 

both the His6-MBP tag and the protease, using the same buffers as the first Ni-NTA 

column.  The ExsA sample was collected in the flow through.  Finally, gel filtration using 

a HighLoad 26/60 Superdex 200 prep grade column (GE Healthcare) was performed with 

the ExsA sample using 500 mM NaCl, 25 mM Tris-HCl (pH 7.4), and 2 mM TCEP 
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(ExsA storage buffer).  The sample was concentrated to 1 mg/mL, flash-frozen using 

liquid nitrogen, and stored at -80 °C. 

 

Fluorescence anisotropy 

A 60 base single strand of the PexsD promoter fragment attached to a 5´–TAMRA 

probe was purchased from Integrated DNA Technologies, Coralville, IA, USA:  5´–

TAMRA–

GGAAGGACGAATGCCGGGCTAAAAATAACTGACGTTTTTTGAAAGCCCGGTA

GCGGCTGC–3´.  This region contains both ExsA binding sites.  The complementary 

strand (5´–

GCAGCCGCTACCGGGCTTTCAAAAAACGTCAGTTATTTTTAGCCCGGCATTCG

TCCTTCC–3´) was annealed by incubation at 75 °C for 10 min and cooling at room 

temperature for 5 min.  The experiment consisted of individual samples of a titration of 

ExsA with a final concentration ranging from 0 to 50.7 nM.  Each sample also contained 

a final concentration of 150 mM NaCl, 25 mM Tris-HCl pH 7.4, 0.6 mM TCEP pH 8.0, 

and 10 nM PexsD-TAMRA.  The final volume of each sample was 30 μL.  Each sample 

was pipetted into separate wells in a 384 well, flat bottom, black polystyrene assay plate 

(Corning, Corning, NY, USA).  Measurements at Ex. 559 nm and Em. 600 nm were 

taken using SPECTRAmax M5e ROM v2.00b255 with SoftMax Pro 5.2 software.  The 

Kd was determined by data analysis using XLfit (IDBS, Bridgewater, NJ, USA).  The 

data points were fitted using the Boltzmann constant.  The experimental samples were in 

triplicate. 
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RNA polymerase purification and specific activity determination 

RNA polymerase (RNAP) was purified from P. aeruginosa PAO1 cells following 

the original procedure of Allan and Kropinski [184].  However, changes were made to the 

later chromatographic steps.  All purification steps were performed at 4 °C.  P. 

aeruginosa PAO1 cultures were grown in LB broth to an OD600 of 0.8, harvested by 

centrifugation at 6,000 x g, then lysed by sonication.  The cell debris was removed by 

centrifugation at 35,000 x g for 30 min, and 25% polyethyleneimine (pH 7.5) was added 

to the supernatant to a final concentration of 0.5% in order to precipitate the RNAP.  The 

supernatant was centrifuged at 35,000 x g for 30 min.  The polyethyleneimine precipitate 

was washed with 10 mM Tris-HCl (pH 8.0), 250 mM NaCl, 5% glycerol, 0.05 mM 

EDTA, 1 mM DTT, and 0.1 mM PMSF (wash buffer) and centrifuged at 35,000 x g for 

30 min.  RNAP was released by resuspending the pellet in 10 mM Tris-HCl (pH 8.0), 800 

mM NaCl, 5% glycerol, 0.05 mM EDTA, 1 mM DTT, and 0.1 mM PMSF (release 

buffer) and centrifuged at 25,000 x g for 30 min.  Ammonium sulfate was added to the 

supernatant to a final concentration of 30%, followed by gentle stirring for one hr, and 

centrifugation at 35,000 x g for 30 min.  Additional ammonium sulfate was then added to 

bring the supernatant to 60% saturation.  After a second centrifugation at 35,000 x g for 

30 min, the pellet was resuspended in 1 mL wash buffer per liter of original culture.  The 

suspension was dialyzed versus 2 L wash buffer overnight.  The dialyzed RNAP sample 

was centrifuged, and the supernatant was filtered in preparation for gel filtration.  The 

sample was run through a Sephacryl S-300 HR column (GE Healthcare) using wash 

buffer.  The fractions were analyzed by SDS-PAGE and collected to run on a Hi-Trap 

Heparin HP column (GE Healthcare) using a loading buffer composed of 10 mM Tris-
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HCl (pH 8.0), 250 mM NaCl, 5% glycerol, 0.05 mM EDTA, and 1 mM TCEP.  RNAP 

was eluted using a linear gradient of 0.25 M to 1 M NaCl.  Fractions were analyzed via 

SDS-PAGE, pooled, and concentrated to 1 mg/mL of total protein.  Glycerol was added 

to a final concentration of 50%.  RNAP was aliquoted and stored at -20 °C. 

The specific activity of the purified P. aeruginosa RNAP was determined by 

comparing its activity to a standard curve generated with different amounts of E. coli 

RNA polymerase holoenzyme (Epicentre Biotechnologies, Madison, WI, USA) using an 

ExsA-independent RNA-1 promoter which produces a 108 base transcript [185]. 

In vitro transcription assay 

The PexsC promoter template encompassed positions -268 to 123 of the PexsC 

promoter, relative to the transcription start site; and from this template, RNA polymerase 

synthesizes a 154 base mRNA transcript.  The PexsC template was produced by PCR using 

forward primer 5´-CGGGAAGGAGAGGTCAACGC-3´ and reverse primer 5´- 

CAGGAGGCTCGCCATGC-3´.  The PexsD promoter template encompassed positions      

-207 to 94 of the PexsD promoter and it codes for an 82 base mRNA transcript.  The PexsD 

template was produced by PCR using forward primer 5´-

CATCAGTTGCTGCTCAACAGCG-3´ and reverse primer 5´-

CACCGCTTCTCGGGAGTACTGC-3´.  The PexoS promoter template encompassed 

positions -126 to 112 of the PexoS promoter and coded for a 137 base mRNA transcript.  

The PexoS template was produced by PCR using forward primer 5´- 

CCTCAATCTGTCCCAAACGCCC-3´ and reverse primer 5´- 

GCAGTGCCAGCCCGGAGAGAC-3´.  All three PCR products were run on 2% agarose 

gels and purified using the Wizard SV Gel and PCR Clean-up System (Promega, 
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Madison, WI, USA).  Each 30 µL transcription assay reaction contained 4.4 fM of 

promoter template, 3.3 U purified RNA polymerase from P. aeruginosa (see above), 1 U 

RiboGuard RNase Inhibitor (Epicentre Biotechnologies), 15 ng/µL poly(deoxyinosinic-

deoxycytidylic) acid (to prevent non-specific transcription initiation), 133 mM NaCl, 32 

mM Tris-HCl (pH 7.4), 10 mM MgCl2, 25 µM EDTA, 0.9 mM TCEP, 0.2 mM DTT, and 

15.5% glycerol.  Each experiment contained 133 nM ExsA.  Samples were mixed and 

allowed to equilibrate at room temperature for five min.  To start the reaction, 3 µL NTPs 

(stock concentrations of 200 µM ATP, CTP, GTP and 40 µM UTP) mixed with 0.2 µL 

(0.2 µCi) of 3.3 mM P
32

-alpha UTP was added to each sample, and samples were 

incubated at 30 °C.  The reactions were stopped by adding 12 µL 1X stop solution (3M 

ammonium acetate, 50 mM EDTA, 0.11 mg/mL glycogen).  Then 170 µL 100% cold 

ethanol was added, and the samples were incubated at -20 °C for one hr.  Following 

centrifugation at 12,000 x g for 15 min, the supernatant was discarded and pellets were 

resuspended in 12 μL 1X TBE (Tris/Borate/EDTA)-urea sample buffer and heated at 

70 °C for five min.  After a brief centrifugation, the samples were loaded onto a 10% 

TBE-urea gel and run at 200 mV for 60 min.  Gels were exposed to a storage phosphor 

screen (GE Healthcare) for 16 hr.  The phosphor screen was scanned using a Typhoon 

Trio Variable Mode Imager (GE Healthcare), and gel bands were quantified using Image 

Quant TL v2005 (Amersham Biosciences, Piscataway, NJ, USA).  Each experiment was 

performed in triplicate. 
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Fig. 2.1.  ExsA purification.  Each gel strip represents the protein sample after the 

indicated purification steps. 
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Fig. 2.2.  ExsA promoter affinity.  Fluorescence anisotropy was used to measure the 

affinity of ExsA for its PexsD promoter.  The resulting Kd was 8.5 ± 2 nM.  This 

experiment was performed in triplicate. 
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Fig. 2.3.  T3SS transcriptional activation by ExsA.  Recombinant ExsA is capable of 

activating T3SS transcription from the PexsC, PexsD, and PexoS promoters in an in vitro 

transcription assay using native RNAP from P. aeruginosa. 
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CHAPTER THREE 

 

Self-trimerization of ExsD limits inhibition of the Pseudomonas 

aeruginosa transcriptional activator ExsA in vitro 
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Abstract 

 The opportunistic pathogen Pseudomonas aeruginosa ranks among leading causes 

of nosocomial infections.  The type III secretion system (T3SS) aids acute P. aeruginosa 

infections by injecting potent cytotoxins into host cells to suppress the host's innate 

immune response.  Expression of all T3SS-related genes is strictly dependent upon the 

transcription factor ExsA.  Consequently, ExsA and the biological processes that regulate 

ExsA function are of great biomedical interest.  The presented work focuses on the ExsA-

ExsC-ExsD-ExsE signaling cascade that ties host cell contact to the up-regulation of 

T3SS gene expression.  Prior to T3SS induction, the antiactivator protein ExsD binds to 

ExsA and blocks ExsA-dependent transcription by interfering with ExsA dimerization 

and promoter interactions.  Upon host cell contact, ExsD is sequestered by the T3SS 

chaperone ExsC resulting in the release of ExsA and an up-regulation of the T3SS.  

Previous studies have shown that the ExsD-ExsA interactions are not freely reversible.  

Because independently folded ExsD and ExsA were not found to interact, it has been 

hypothesized that folding intermediates of the two proteins form the complex.  Here we 

demonstrate for the first time that ExsD alone is sufficient to inhibit ExsA-dependent 

transcription in vitro and that no other cellular factors are required.  More significantly, 

we show that independently folded ExsD and ExsA are capable of interacting, but only at 

37 C and not at 30 C.  Guided by the crystal structure of ExsD, we designed a 

monomeric variant of the protein and demonstrate that ExsD trimerization prevents ExsD 

from inhibiting ExsA-dependent transcription at 30 C.  We propose that this unique 

mechanism plays an important role in T3SS regulation. 
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Introduction 

The opportunistic human pathogen Pseudomonas aeruginosa poses a significant 

medical threat due to its high levels of natural and acquired antibiotic resistance [8, 42, 

186-190].  P. aeruginosa utilizes a broad array of virulence mechanisms to establish and 

sustain infections.  The type III secretion system (T3SS) is a hallmark of acute infections 

and aids infection by translocating at least four distinct effector proteins into the 

eukaryotic host cell [191-193].  Inside the host, these effectors act to subvert the host-

immune response by interfering with critical signal transduction pathways [31, 194-200].  

The needle complex that constitutes the secretion apparatus is assembled from multiple 

copies of 27 distinct proteins.  Protein translocation through the T3SS is powered by the 

proton motive force, while a cytoplasmic ATPase (PscN in P. aeruginosa) is thought to 

mediate targeting and unfolding of the transported effectors at the base of the needle 

complex [201, 202].  Because expression, assembly, and operation of the T3SS are 

energy-intensive, T3SS-related gene expression is tightly regulated via a number of 

regulatory pathways and closely tied to host infection [108, 109, 130].  The ExsA-ExsC-

ExsD-ExsE (ExsACDE) signaling cascade constitutes perhaps the most direct link 

between opening of the T3SS channel and activation of T3SS-gene expression [108].  

The AraC-type transcriptional activator, ExsA, facilitates the recruitment of RNA 

polymerase to the transcription initiation site and is required for transcription from all 10 

T3SS-related promoters including its own expression as well as genes of the other 

members of the signaling cascade: exsC, exsE, and exsD [120].  While unusual, the 

underlying regulatory mechanism appears to be relatively straightforward: Prior to the 

host cell contact-induced opening of the secretion channel, ExsC and ExsE form a tight 
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2:1 complex, while the antiactivator ExsD sequesters ExsA to prevent transcription 

activation [171].  Host cell contact triggers the opening of the T3SS channel.  Now, ExsE 

is secreted thereby releasing ExsC, which in turn binds to ExsD to activate ExsA-

mediated transcription [108, 109]. 

Recent work has focused on the question of how ExsD inhibits ExsA function.  

Thibault et al. determined that ExsD and ExsA form a 1:1 complex which fails to bind to 

ExsA-dependent promoters in vitro, suggesting that ExsD interferes with ExsA-promoter 

interactions [147].  Brutinel et al. subsequently discovered that ExsD also interferes with 

ExsA self-association using a monohybrid study [172].  While both phenomena have not 

been connected experimentally, the enhancement of DNA binding affinity through self-

association is a widespread feature of DNA binding protein factors.  In both studies, 

researchers reported an unusual feature of the signaling mechanism.  ExsD could only 

bind to ExsA when both proteins were synthesized at the same time.  Thibault et al. 

unsuccessfully added ExsD to see if it would interfere with ExsA-DNA interactions in 

EMSA studies [147].  When attempting to reconstitute the entire signaling cascade in 

vitro, Brutinel et al. observed that ExsC was indeed capable of dissociating the ExsD-

ExsA complex [172].  Perhaps mirroring a scenario where the bacterial cell loses host 

cell contact, the addition of ExsE to the sample readily brought about the formation of an 

ExsC-ExsE complex.  However, the released ExsD protein was not able to rebind to 

ExsA, suggesting that the signaling process is not freely reversible.  To explain this 

phenomenon, it was proposed that concurrent expression of both ExsD and ExsA might 

be required, because folding intermediates of either ExsD, ExsA, or both proteins might 

actually associate to form this complex [172].  Under this scenario, dissociation of the 
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ExsD-ExsA complex would allow for complete folding of the subunit(s) and create a 

formidable kinetic barrier preventing reassociation of the complex.  In the present study, 

we demonstrate that, rather than the folding of either protein, it is ExsD self-trimerization 

that accounts for the observed irreversible dissociation of the ExsD-ExsA complex.  We 

also demonstrate that this barrier may be overcome by shifting the temperature from 30 to 

37 C. 

 

Results 

ExsA-mediated in vitro transcription is not inhibited by wild-type ExsD at 30 C, 

but is strongly inhibited at 37 C 

The above cited work demonstrated that ExsD interferes with ExsA dimerization 

and ExsA-promoter interactions [147].  In vitro transcription studies subsequently 

confirmed that ExsA is necessary and sufficient for activation of T3SS promoters [149].  

Yet, what has not been explicitly shown is that ExsD alone can block ExsA-mediated 

transcription in vitro.  We believe that this distinction is important, because the 

interaction of ExsA with RNA polymerase could significantly impact the interactions 

between ExsD and ExsA; for example, by stabilizing the ExsA dimer or binding of ExsA 

to the promoter region.  We designed and optimized an efficient in vitro transcription 

assay using purified ExsA, ExsD, and P. aeruginosa RNA polymerase.  In the process, 

we also developed a new expression and purification protocol for the transcriptional 

regulator ExsA, which produces a highly homogeneous sample suitable for structural 

studies.  Unlike previous preparations, ExsA purified according to the described protocol 

does not require detergent and may be concentrated up to 50 μM.  Figure S3.1 in the 
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supplemental material contains the SDS-polyacrylamide gel lanes of all three purified 

samples.  Our initial in vitro transcription experiments closely mirrored the protocol used 

in previously published experiments [149].  As anticipated, activation of the PexsD 

promoter requires the presence of ExsA, and it was established that transcript production 

proceeded in a linear fashion up to at least 20 min under the given experimental 

conditions (Supplementary Fig. S3.2).  Also, confirming results of previous studies, even 

the addition of vast excess of ExsD (up to 50 μM) had no significant effect on the rate of 

transcription (Fig. 3.1a).  We now applied this assay to examine previously unexplored 

parameters of ExsA-dependent transcription.  Although temperature is likely important in 

the context of infection, to this point all studies of the ExsACDE cascade, including our 

initial assays, had been performed at or below 30 C.  Because the body temperature of a 

human host is approximately 37 C, we conducted a second set of in vitro transcription 

assays at this temperature.  At 37 C, the overall rate of ExsA-dependent transcription 

increased by about 13% compared to the 30 C assay experiment (Supplementary Fig. 

S3.3).  When ExsD was included in the assay at the higher temperature, ExsD now 

strongly inhibited ExsA-dependent transcription, suggesting that the elevated temperature 

had alleviated the kinetic barrier that had previously prevented ExsD-ExsA interactions 

(Fig. 3.1a).  Dose-response studies yielded a half maximal inhibitory concentration (IC50) 

value of 7.7 µM for ExsD under the given experimental conditions, which is indicative of 

a relatively weak inhibitor (Fig. 3.1b).  To determine if the observed effect of ExsD is 

specific to ExsA-dependent transcription, we repeated the in vitro transcription reactions, 

this time using a template containing the constitutively expressed RNA-1 promoter [185].  

ExsD had no effect on transcript levels from this promoter at 37 C (Supplementary Fig. 
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S3.4), thus demonstrating that the observed inhibition is specific to ExsA-dependent 

promoters. 

A single mutation generating the ExsD
M59R

 variant disrupts ExsD trimer formation 

The studies described above demonstrate that independently folded ExsD and 

ExsA interact in vitro at 37 C.  While it was still conceivable that the elevated 

temperature causes partial unfolding of either protein to permit binding as the original 

model posits, we sought to test an alternative hypothesis.  A striking feature of ExsD is 

the apparent plasticity of its oligomeric state depending on the interacting partner.  ExsD 

forms a 2:2 complex with ExsC and a 1:1 complex with ExsA, while analytical 

ultracentrifugation studies and the ExsD crystal structure suggest that ExsD self-

associates to form a trimer in absence of the other two proteins [173, 177].  Our recent 

work suggests that the ExsC-ExsD complex actually consists of two ExsD monomers 

bound to an obligate ExsC dimer, rather than a dimer of dimers [178].  Therefore, ExsD 

appears to either form a homotrimer or enter 1:1 interactions with ExsC or ExsA, 

indicating that the mutually exclusive interactions of ExsD with ExsA and ExsC also 

compete with ExsD self-association.  We hypothesized that dissociation of the ExsD 

trimer at 37 °C prior to ExsA binding might account for the unusual kinetic phenomenon 

that prevents the association of the two proteins at 30 C.  To test this hypothesis, we 

sought to engineer a monomeric variant of ExsD by disrupting the trimer through site-

directed mutagenesis.  We have previously reported the crystal structure of ExsD which 

contained three molecules in the asymmetric unit related by an almost perfect three-fold 

symmetry axis [173].  In the trimer, each ExsD molecule forms two distinct protein-

protein interfaces, both covering approximately 1200 Å
2 

of surface area.  Guided by the 
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detailed structural maps of these interfaces, we focused our efforts on a hydrophobic 

patch formed by residues from helix α1 of one molecule and helices α6 and α9 from the 

other molecule (Fig. 3.2a).  Because Met59 and Met217 are positioned at the heart of this 

interface, we decided to initially target these two residues.  We reasoned that replacing 

one or both of these residues with amino acids possessing large charged side chains 

should not only disrupt the interface, but also increase the polarity of this part of the 

structure to prevent aggregation of the variant protein due to the exposure of a large 

hydrophobic surface.  Both single point mutants were constructed, however, because the 

ExsD
M59R

 variant already displayed the desired properties, the ExsD
M217R

 variant was not 

characterized.  Following purification of the variant protein, we conducted an analytical 

gel filtration study to estimate the approximate molecular weight of the ExsD
M59R

 variant 

(Fig. 3.2b).  Using a calibration curve obtained from analyzing a set of standard proteins, 

the retention time of the variant protein gave an apparent molecular weight of 42 kDa.  

While this is somewhat larger than the actual 32 kDa mass of an ExsD monomer, the 

discrepancy is readily explained by the distinctively non-globular shape of the molecule 

[173].  In contrast, wild-type ExsD (Fig. 3.2b) eluted significantly earlier from the gel 

filtration column and gave an estimated molecular weight of 102 kDa, consistent with a 

homotrimeric complex as previously reported [173].   

To examine if the ExsD
M59R

 variant had undergone a dramatic conformational 

change as a result of the mutation, we also compared circular dichroism spectra of wild-

type ExsD and the variant.  The spectra are virtually identical (Fig. 3.2c), thus indicating 

the observed difference in elution volumes from the gel filtration column is due to an 

altered oligomeric state of ExsD
M59R

 rather than a conformational change. 
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Monomeric ExsD
M59R

 efficiently inhibits ExsA-dependent transcription in vitro at 30 

C 

After confirming that the engineered ExsD
M59R

 variant was indeed monomeric, 

we tested this protein in our in vitro transcription assay at 30 C (Fig. 3.3).  In agreement 

with our hypothesis, this variant strongly inhibits ExsA-dependent transcription even at 

30˚C.  A dose-response curve for ExsD
M59R

 produced an IC50 value of approximately 0.5 

μM, which is 15-fold lower than that obtained for wild-type ExsD at 37 C under 

otherwise identical conditions.  This indicates that ExsD
M59R

 is a stronger inhibitor than 

wild-type ExsD.  In order to verify that ExsD
M59R

 is specific for inhibiting ExsA-

dependent transcription, an ExsA-independent RNA-1 promoter template was also tested 

at 30 C.  As anticipated, ExsD
M59R

 had no impact on the transcript levels when this 

promoter was used (Supplementary Fig. S3.4). 

ExsD
M59R

 disrupts ExsA dimerization, but does not interfere with ExsA promoter 

binding 

We replicated two experiments previously conducted with wild-type ExsD to 

directly examine the effect of ExsD
M59R

 on ExsA dimerization and DNA binding.  In 

these assays, ExsD
M59R

 behaved in a manner that is indistinguishable from the wild-type 

protein.  Using a bacterial monohybrid assay, we were able to demonstrate that ExsD
M59R

 

expression efficiently disrupts ExsA dimerization (Fig. 3.4).  However, in subsequent 

EMSA studies, ExsD
M59R

 did not measurably interfere with ExsA-DNA interactions (data 

not shown).  Even pre-incubating ExsA and ExsD
M59R 

at 37 C prior to running the 

EMSA gel did not affect the outcome of the assay.  Based on the in vitro transcription 
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results, we had anticipated that the ExsD variant would also interfere with ExsA-DNA 

binding interactions despite not being co-expressed with ExsA. 

 

Discussion 

The ExsACDE signaling cascade displays a number of remarkable features, the 

most striking perhaps being that signal transduction does not involve the type of 

phosphate transfer events that mediate most of the signaling between extracellular milieu 

and bacterial gene expression.  Instead, signal transduction in the ExsACDE pathway was 

shown to be based entirely on the competitive association and dissociation of various 

bimolecular complexes formed by the four involved proteins [109, 148, 171].  The newly 

discovered role of ExsD trimer formation in the regulation of T3SS gene expression adds 

an intriguing new wrinkle to the mechanism.  Interestingly, as ITC studies have shown, 

ExsD self-association does not interfere with heterocomplex formation between ExsC 

and ExsD, suggesting that the affinity of the ExsC-ExsD complex is sufficiently high to 

overcome this obstacle [177].  The actual Kd for the ExsD-ExsA interactions is not 

known, however, consistent with its position at the bottom of the regulatory cascade, the 

complex is readily disrupted by ExsC [172].  Our data suggest that the affinity of the 

ExsD-ExsA complex falls perhaps in the hundreds of nanomolar range.  Therefore, one 

would anticipate that the requirement for dissociation of the ExsD trimer prior to binding 

poses a more significant barrier for the ExsD-ExsA complex.  

The thermoregulatory effect observed in the in vitro transcription assay appears to 

be produced by the self-association of ExsD into trimers.  While the ExsD
M59R

 variant 

has lost the ability to trimerize, we do not believe that the temperature increase from 30 
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to 37 C causes a dramatic shift in the monomer-trimer equilibrium of wild-type ExsD.  

Rather, we propose that the temperature increase weakens this homotrimer sufficiently to 

permit the thermodynamically favored association of ExsD and ExsA.  Two pieces of 

experimental data support the idea that ExsD is still primarily trimeric at 37 C.  The IC50 

value for the inhibition of ExsA-dependent transcription by wild-type ExsD is 

significantly larger than that observed for the ExsD
M59R

 variant, suggesting that the wild-

type protein still has a poorer affinity for ExsA.  Second, our differential scanning 

fluorimetry experiments reveal that the ExsD
M59R

 variant itself is significantly more 

temperature sensitive than the wild-type protein, presumably because the additional 

surface areas buried at the trimer interfaces stabilize the wild-type protein (Fig. 3.2d).  

Even though the melting temperature (Tm) of a protein depends on many factors, such as 

buffer conditions and the presence of ligands, we observed a striking drop in Tm for the 

variant, which would indicate that monomeric ExsD is not stable at 37 C unless it is 

associated with a different protein, such as ExsA or ExsC. 

The observation that ExsD
M59R

 did not affect ExsA-DNA interactions in the 

EMSA experiments is intriguing.  In conjunction with the results of our in vitro 

transcription experiments, which indirectly demonstrate that ExsD
M59R

 does interact with 

ExsA at 30 C, these findings appear to suggest that the presence of RNA polymerase is 

required for the association of ExsD and ExsA.  Perhaps the binding of ExsA to RNA 

polymerase triggers a conformational change in the transcription factor that reveals the 

otherwise obscured ExsD binding site. 

Even though ExsD self-association has been documented in two independent 

studies, its biological role is not clear [173, 177].  We carried out an initial comparison of 
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wild-type P. aeruginosa and a mutant strain carrying an M59R mutation in the 

chromosomal exsD gene using a PexsD-lacZ transcriptional reporter [171].  In this study, we 

found no difference in reporter activity under non-inducing or inducing conditions at 30 

C (data not shown).  These results were perhaps not completely unexpected and 

highlight the fundamental question of when the cellular concentration of free ExsD will 

most likely reach significant levels.  Because ExsD is not a secreted protein and 

expression is positively regulated by ExsA, the protein may accumulate inside the cell 

during a prolonged period of T3SS induction.  However, the pool of free ExsD is 

diminished by its associations with ExsA and ExsC.  Increases in the cellular levels of 

ExsE, on the other hand, should cause the concentration of free ExsD to rise.  In the 

context of an infection, this could reflect a scenario where a bacterial cell releases from 

the host cell at a later stage, causing the closure the T3SS channel, and thereby, an 

intracellular accumulation of the ExsE-ExsC complex.  While the temperature increase 

causes an overall rise in the expression levels of T3SS genes [203, 204], the ability of 

ExsD to re-associate with ExsA at 37 C may serve to dampen this effect at this stage, 

and thus, fine-tune virulence gene expression.  The ExsD
M59R

 variant provides a useful 

system for our molecular studies, however, due to its temperature sensitivity, it is not 

well suited for testing this model in vivo.  Perhaps, a mutation that attenuates, but does 

not fully disrupt ExsD self-association, would be a better choice for these studies.  In vivo, 

the temperature change from 30 C to 37 C is likely to affect the expression of multiple 

P. aeruginosa genes, and it might be instructive to examine the role of ExsD self-

association in the larger context of these changes through computational modeling studies. 
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In summary, we have shown in vitro that independently expressed ExsD does not 

inhibit ExsA-dependent transcription at 30 C, but inhibits efficiently at 37 C.  A 

monomeric ExsD variant strongly inhibits ExsA-dependent transcription at 30 C, 

suggesting that the temperature effect is caused by ExsD self-association.  ExsD self-

association appears to have no impact on basal T3SS expression levels at 30 or 37 C.  

Instead, we propose that trimerization limits the effective concentration of ExsD and 

stabilizes the protein.  Re-association of the accumulated ExsD protein with ExsA may 

assist in fine-tuning T3SS gene expression at a later stage of an infection. 

 

Materials and Methods 

Recombinant protein expression and purification 

 ExsA and ExsD were overexpressed in E. coli from a vector constructed by 

Gateway recombinational cloning (Invitrogen, Carlsbad, CA, USA).  A tobacco etch 

virus (TEV) protease recognition site and the appropriate att recombination sites (attB1 

and attB2) were added to the exsA and exsD genes during PCR, and the amplicons were 

subsequently recombined into pDONR201 (Invitrogen).  The nucleotide sequences of the 

ORFs were verified, then recombined into the destination vector pDEST-HisMBP
 
[180] 

to create the expression vectors pFS-HMBPExsD and pFS-HMBPExsA.  These vectors 

were designed to produce either ExsA or ExsD as a fusion to the C-terminus of an N-

terminally His6-tagged E. coli maltose-binding protein (MBP). 

Single colonies of E. coli BL21(DE3) CodonPlus RIL cells (Stratagene, La Jolla, 

CA, USA) containing either expression plasmid were used to inoculate 125 mL of Luria 

broth (LB) supplemented with 2 g/L dextrose, 100 µg/mL ampicillin, and 30 µg/mL 
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chloramphenicol.  The cultures were grown with shaking (225 rpm) to saturation 

overnight at 37 °C and then diluted 66-fold into 6 L of fresh medium.  ExsA cultures 

were grown to an OD600 of 1.0, ExsD cultures were grown to an OD600 of 0.5, and 

ExsD
M59R

 cultures were grown to an OD600 of 0.8.  All three cultures were induced with 

IPTG at a final concentration of 1 mM.  The induction temperature for the ExsA cultures 

was 18 °C, and they were shaken for six hr.  ExsD cultures were induced at 28 °C for 

four hr, and ExsD
M59R

 cultures were induced at 17 °C overnight.  Cells were harvested by 

centrifugation at 5,000 x g for 15 min.  The cell pastes were resuspended in 200 mL of 

500 mM NaCl, 25 mM imidazole, 50 mM Tris-HCl (pH 7.4), 2 mM DTT (buffer A), 

along with three tablets of Complete, EDTA-free Protease Inhibitor Cocktail (Roche 

Applied Science, Indianapolis, IN, USA).  The cells were lysed via sonication and 

centrifuged at 40,000 x g for 25 min.  The supernatants were filtered through 0.45-μm 

polyethersulfone membranes and applied to a 30 mL Ni-NTA Superflow affinity column 

(Qiagen, Valencia, CA, USA) equilibrated with buffer A.  For each run, the column was 

washed with five column volumes of buffer A, and proteins were eluted with a linear 

gradient from 25 to 250 mM imidazole (pH 7.4).   

The His6-MBP-ExsD protein was digested with 5 mg His-tagged TEV (S219V) 

protease [183] while being dialyzed overnight in 150 mM NaCl, 50 mM Tris-HCl (pH 

7.4), 11.6 mM imidazole (pH 7.4), and 1 mM DTT.  The sample was then passed through 

a second Ni-NTA column to remove both the His6-MBP tag and the protease, using the 

same buffers as the first Ni-NTA column.  The protein sample was collected in the flow 

through.  The sample was diluted with 50 mM Tris-HCl (pH 7.4) and 2 mM DTT in order 

to lower the NaCl concentration to 50 mM.  The ExsD sample was loaded onto a HiTrap 
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Q HP column (GE Healthcare, Waukesha, WI, USA) that had been equilibrated with 50 

mM NaCl, 25 mM Tris-HCl (pH 7.4), and 2 mM DTT, and elution was achieved by 

applying a linear gradient of NaCl from 50 mM to 1 M.  Finally, gel filtration was 

performed using 150 mM NaCl, 25 mM Tris-HCl (pH 7.4), and 2 mM TCEP (ExsD 

storage buffer).  ExsD
M59R

 was purified in the same manner as wild-type ExsD, except 

that no anion exchange was performed.  All purification steps were performed at 4 °C.  

After each purification step, fractions were analyzed via SDS-PAGE and pooled 

accordingly.  ExsD and ExsD
M59R

 were concentrated to 4.5 mg/mL and 6.8 mg/mL, 

respectively.  Protein samples were flash-frozen using liquid nitrogen and stored at 

-80 °C. 

The His6-MBP-ExsA fusion protein was treated differently.  Following the initial 

Ni-NTA affinity purification step, the fusion protein was dialyzed against a buffer of 50 

mM NaCl, 25 mM Tris-HCl (pH 7.4), and 2 mM DTT and loaded onto a HiTrap Q HP 

column (GE Healthcare) that had been equilibrated with the same buffer.  The His6-MBP-

ExsA fusion protein was eluted using a linear NaCl gradient from 0.05 M to 1 M.  The 

sample was dialyzed against 2 L of 45 mM NaCl, 25 mM Tris-HCl (pH 7.15), and 2 mM 

DTT (buffer B) overnight.  The sample was then loaded onto a HiTrap Heparin HP 

column (GE Healthcare) equilibrated in buffer B and eluted with a 0.05 M to 1 M 

gradient of NaCl.  The NaCl concentration in the His-MBP-ExsA sample was adjusted to 

0.5 M, and the fusion protein was digested with 3 mg of His-tagged TEV(S219V) 

protease at 4 C overnight.  Next, ExsA was run through a second Ni-NTA Superflow 

affinity column, this time collecting ExsA in the flow through.  Finally, gel filtration 

using a HighLoad 26/60 Superdex 200 prep grade column (GE Healthcare) was 
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performed with the ExsA sample using 500 mM NaCl, 25 mM Tris-HCl (pH 7.4), and 2 

mM TCEP (ExsA storage buffer).  The sample was concentrated to 1 mg/mL, flash-

frozen using liquid nitrogen, and stored at -80 °C. 

RNA polymerase purification and specific activity determination 

RNA polymerase (RNAP) was purified from P. aeruginosa PAO1 cells following 

the original procedure of Allan and Kropinski [184].  However, changes were made to the 

later chromatographic steps.  All purification steps were performed at 4 °C.  P. 

aeruginosa PAO1 cultures were grown in LB broth to an OD600 of 0.8, harvested by 

centrifugation at 6,000 x g, then lysed by sonication.  The cell debris was removed by 

centrifugation at 35,000 x g for 30 min, and 25% polyethyleneimine (pH 7.5) was added 

to the supernatant to a final concentration of 0.5% in order to precipitate the RNAP.  The 

supernatant was centrifuged at 35,000 x g for 30 min.  The polyethyleneimine precipitate 

was washed with 10 mM Tris-HCl (pH 8.0), 250 mM NaCl, 5% glycerol, 0.05 mM 

EDTA, 1 mM DTT, and 0.1 mM PMSF (wash buffer) and centrifuged at 35,000 x g for 

30 min.  RNAP was released by resuspending the pellet in 10 mM Tris-HCl (pH 8.0), 800 

mM NaCl, 5% glycerol, 0.05 mM EDTA, 1 mM DTT, and 0.1 mM PMSF (release 

buffer) and centrifuged at 25,000 x g for 30 min.  Ammonium sulfate was added to the 

supernatant to a final concentration of 30%, followed by gentle stirring for one hr, and 

centrifugation at 35,000 x g for 30 min.  Additional ammonium sulfate was then added to 

bring the supernatant to 60% saturation.  After a second centrifugation at 35,000 x g for 

30 min, the pellet was resuspended in 1 mL wash buffer per liter of original culture.  The 

suspension was dialyzed versus 2 L wash buffer overnight.  The dialyzed RNAP sample 

was centrifuged, and the supernatant was filtered in preparation for gel filtration.  The 
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sample was run through a Sephacryl S-300 HR column (GE Healthcare) using wash 

buffer.  The fractions were analyzed by SDS-PAGE and collected to run on a Hi-Trap 

Heparin HP column (GE Healthcare) using a loading buffer composed of 10 mM Tris-

HCl (pH 8.0), 250 mM NaCl, 5% glycerol, 0.05 mM EDTA, and 1 mM TCEP.  RNAP 

was eluted using a linear gradient of 0.25 M to 1 M NaCl.  Fractions were analyzed via 

SDS-PAGE, pooled, and concentrated to 1 mg/mL of total protein.  Glycerol was added 

to a final concentration of 50%.  RNAP was aliquoted and stored at -20 °C. 

The specific activity of the purified P. aeruginosa RNAP was determined by 

comparing its activity to a standard curve generated with different amounts of E. coli 

RNA polymerase holoenzyme (Epicentre Biotechnologies, Madison, WI, USA) using an 

ExsA-independent RNA-1 promoter which produces a 108 base transcript [185]. 

Site-directed mutagenesis  

The ExsD
M59R

 variant was generated by site-directed mutagenesis using Quik-

Change (Stratagene) and the manufacturer’s suggested protocol.  The following primers 

were used:  

5´–CTGCAGCGGCGGCTGCCGCGCCTGCGGCTGGAGC–3´ 

5´–GGCGCGGCAGCCGCCGCTGCAGCAACGCCAG–3´. 

ExsA-dependent in vitro transcription assays 

The linear DNA template used in each assay encompassed positions -207 to 94 of 

the PexsD promoter, relative to the transcription start site; and from this template, RNA 

polymerase synthesizes an 82 base mRNA transcript.  The template was produced by 

PCR using forward primer 5´-CATCAGTTGCTGCTCAACAGCG-3´ and reverse primer 

5´-CACCGCTTCTCGGGAGTACTGC-3´.  The PCR product was run on a 2% agarose 
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gel and purified using the Wizard SV Gel and PCR Clean-up System (Promega, Madison, 

WI, USA).  Each 30 µL transcription assay reaction contained 4.4 fM of promoter 

template, 50.4 µM bovine serum albumin (to eliminate non-specific protein-protein 

interactions), 10 U purified RNA polymerase from P. aeruginosa  (see above), 1 U 

RiboGuard RNase Inhibitor (Epicentre Biotechnologies), 15 ng/µL poly(deoxyinosinic-

deoxycytidylic) acid (to prevent non-specific transcription initiation), 133 mM NaCl, 32 

mM Tris-HCl (pH 7.4), 10 mM MgCl2, 25 µM EDTA, 0.9 mM TCEP, 0.2 mM DTT, and 

15.5% glycerol.  The time-course experiments contained 64 nM ExsA and either no ExsD 

or 50 µM ExsD (no ExsA was added for the RNA-1 control experiments).  Samples were 

mixed and allowed to equilibrate at room temperature for five min.  Samples were then 

pre-incubated for 10 min at either 30 or 37 °C, depending on the experiment.  Next, 3 µL 

NTPs (stock concentrations of 200 µM ATP, CTP, GTP and 40 µM UTP) mixed with 0.2 

µL (0.2 µCi) of 3.3 mM P
32

-alpha UTP was added to each sample to start the reaction, 

and samples were incubated at either 30 or 37 °C, depending on the experiment.  After 

the reactions were stopped by adding 12 µL 1X stop solution (3M ammonium acetate, 50 

mM EDTA, 0.11 mg/mL glycogen), 170 µL 100% cold ethanol was added, and the 

samples were incubated at -20 °C for one hr.  Following centrifugation at 12,000 x g for 

15 min, the supernatant was discarded and pellets were resuspended in 12 μL 1X TBE 

(Tris/Borate/EDTA)-urea sample buffer and heated at 70 °C for five min.  After a brief 

centrifugation, the samples were loaded onto a 10% TBE-urea gel and run at 200 mV for 

60 min.  Gels were exposed to a storage phosphor screen (GE Healthcare) for 16 hr.  The 

phosphor screen was scanned using a Typhoon Trio Variable Mode Imager (GE 

Healthcare), and gel bands were quantified using Image Quant TL v2005 (Amersham 
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Biosciences, Piscataway, NJ, USA).  Each experiment was performed in triplicate, and 

curve fits were analyzed with XLfit (IDBS, Bridgewater, NJ, USA). 

Analytical size exclusion chromatography  

One hundred µL samples of 2.1 µM purified wild-type ExsD and ExsD
M59R

, each 

containing 150 mM NaCl, 25 mM Tris-HCl (pH 7.4), and 2 mM TCEP, were separately 

loaded onto a Superdex 200 10/300 GL column (GE Healthcare).  The proteins were 

eluted with 150 mM NaCl, 25 mM Tris-HCl (pH 7.4), and 2 mM TCEP.  The absorbance 

at UV280 was plotted on the y-axis and Ve/Vo was plotted on the x-axis, where Ve is the 

elution volume and Vo is the void volume (7.93 mL).  Cytochrome C, carbonic anhydrase, 

bovine serum albumin, and β-amylase standards were individually run using the same 

elution buffer.  These standards were plotted using the log of their known molecular 

weights on the y-axis and Ve/Vo on the x-axis; from this, a best fit line was determined.  

The molecular weights of wild-type ExsD and ExsD
M59R

 were subsequently estimated 

using the fitted linear equation. 

Circular dichroism (CD) measurements 

 Circular dichroism measurements using far-UV (200-240 nm) of wild-type ExsD 

and ExsD
M59R

, each at a concentration of 5.3 µM, were separately measured at 4 °C using 

a JASCO J-815 Circular Dichroism Spectrometer (JASCO, Easton, MD, USA) with a 1 

mm pathlength cuvette.  Each protein sample contained 150 mM NaCl, 25 mM Tris-HCl 

(pH 7.4), and 2 mM TCEP.  The spectra obtained represent an average of three scans that 

were corrected for the buffer baseline. 
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Differential scanning fluorimetry (DSF) 

The DSF experiments were performed utilizing an ABI 7300 Real-Time PCR 

System (Applied Biosystems, Foster City, CA, USA).  Each 30 μL reaction contained 5x 

Sypro Orange (Ex. 490 nm, Em. 530 nm) (Invitrogen), 10 μM wild-type ExsD or 

ExsD
M59R

, 150 mM NaCl, 8.3 mM Tris-HCl (pH 7.4), and 0.67 mM TCEP.  Starting at 

10 °C, the temperature was incrementally increased to 68 °C at a rate of 1 °C per min.  

Data analysis was conducted using XLfit (IDBS). 

LexA monohybrid assay 

Quik-Change (Stratagene) mutagenesis was used to modify the previously 

constructed arabinose-inducible vector pJNexsD  [172] by introducing an M59R 

substitution in exsD using primer ExsD
M59R

 (5´-

CGTTGCTGCAGCGGCGCCTGCCGCGCCTGC-3´).  The resulting plasmid was 

designated pAM102.  E. coli strain SU101, which carries a LexA-repressible PsulA-lacZ 

reporter, was transformed with pAM102 and the IPTG-inducible pSR658-exsA vector 

[172] and selected on LB agar with gentamicin (15 µg/mL) and tetracycline (12 µg/mL).  

Self-association of ExsA in the presence of ExsD or ExsD
M59R

 was measured as 

previously described [172, 205].  Briefly, strains containing the appropriate expression 

vectors were grown overnight at 30 °C with shaking in 5 mL LB with 50 µM IPTG, 0.5% 

arabinose, and appropriate antibiotics.  The following day, cultures were diluted to OD600 

= 0.1 in 5 mL trypticase soy broth supplemented with 100 mM monosodium glutamate 

and 1% glycerol, as well as 50 μM IPTG, 0.5% arabinose, and antibiotics and grown at 

30 °C with shaking to OD600 = 1.0.  β-galactosidase levels were measured as previously 

described [172].  Miller units were reported as the average of three replicates with error 
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bars representing the standard error of the mean (SEM).  Immunoblots were performed 

with -ExsD and -LexA1-87 to confirm the stability of ExsD and ExsA-LexA1-87, 

respectively. 
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Fig. 3.1.  Temperature-dependent regulation of ExsA by ExsD.  a. Autoradiograms 

and graphical representations for the in vitro transcription of an 86 nucleotide transcript 

from an ExsA-dependent PexsD promoter template.  Assays were performed at 30 C and 

37 °C and in absence and presence of 50 μM ExsD.  In both graphs, the ExsD-free data 

are represented by solid trend lines and empty diamonds, whereas the data obtained in the 

presence of ExsD are represented by dashed trend lines and crosses.  b. Dose response 

data and fit generated by measuring in vitro transcription levels at the 10-min time point 

at 37 C in the presence of increasing amounts of ExsD protein (filled circles).  Data 

(empty triangles) and dashed trend line obtained when the same experiment was 

conducted at 30 C.  The 30 C gel strip has been digitally manipulated to align the fewer 

data points with those generated in the experiments performed at 37 C.  In order to 

obtain a reliable dose-response curve, two additional concentrations were included in the 

37 C experiment. 



65 

 

 

Fig. 3.2.  Characterization of the ExsD
M59R

 variant.  a. Three views of the ExsD trimer 

(PDB code 3FD9).  The mutated methionine 59 is highlighted at the three interfaces.  The 

rightmost view provides a close-up of the intermolecular contacts of the mutated M59 

residue.  The letters behind the residue names denote the chain identifications of the 

different ExsD molecules in the trimer.  b. Elution profiles for ExsD
M59R

 and wild-type 

ExsD from an analytical gel filtration column.  The inset shows the calibration curve for 

the column and the resulting apparent molecular weights for the two proteins.  The four 

standards used to calibrate the column were I. cytochrome C (MW = 12.4 kDa), II. 

carbonic anhydrase (MW = 29 kDa), III. bovine serum albumin (MW = 66 kDa), and IV. 

β-amylase (MW = 200 kDa).  c. Overlay of the circular dichroism spectra of ExsD
M59R

 

and wild-type ExsD.  d. Differential scanning fluorimetry profiles for ExsD
M59R

 and 

wild-type ExsD.  The melting temperature (Tm) is defined as the temperature where 50% 

of the protein is unfolded, i.e., the inflection points of the curves.  A Tm of 50.8 C was 

obtained for wild-type ExsD, while ExsD
M59R

 had a Tm of 30.7 C. 
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Fig. 3.3.  Effect of ExsD
M59R

 on ExsA-dependent transcription.  Dose response data 

and curve fit generated by measuring in vitro transcription levels in the presence of 

increasing amounts of ExsD
M59R

 protein at the 10-min time point and at 30 C (clear 

diamonds).  To highlight the differences, data shown in figure 3.1b are reproduced.  Clear 

triangles show the results for the titration experiment with wild-type ExsD at 30 C, 

while filled circles show data obtained at 37 C. 
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Fig. 3.4.  ExsD
M59R

 disrupts ExsA dimerization.  E. coli strain SU101 carrying a PsulA-

lacZ transcriptional reporter was transformed with two different plasmids, as previously 

described [172].  The first plasmid was either a vector control (-, pSR658) or pSR658 

expressing a LexA-ExsA fusion protein.  The second plasmid was either a vector control 

(-, pJN105 ) or pJN105  expressing either wild-type ExsD or the M59R variant.  The 

resulting strains were cultured in LB medium containing the appropriate antibiotics and 

50 µM IPTG to A600 = 1.0 and assayed for -galactosidase activity.  The reported values 

represent the average of three independent experiments. 
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Fig. S3.1. SDS-PAGE images for the purified proteins used in the different assays. 
a. ExsA, b. ExsD, c. ExsD

M59R
, and d. P. aeruginosa RNA polymerase. 



69 

 

 

 
 

Fig. S3.2. In vitro transcription assay time-course at 37 °C.  Initial time-course study 

performed to determine a suitable time-point for the dose response experiments.  Under 

the described experimental conditions, the rate of transcription remains linear for at least 

20 min. 
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Fig. S3.3. a. Temperature dependence of ExsA-dependent transcription, both in the 

absence and presence of 50 μM ExsD, at 30 °C versus 37 °C.  Assays were performed 

as described in Experimental procedures.  Both experiments were analyzed on the same 

gel.  b. Trend line fit to band intensity data for experiments performed in the absence of 

ExsD at 30 °C  (blue line, clear diamonds) and at 37 °C (red line, clear squares).  In the 

absence of ExsD, in vitro transcription proceeds at a 13% higher rate at 37 °C.  c. Same 

experiment as shown in b, except the assay was performed in the presence of 50 μM 

wild-type ExsD. 
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Fig. S3.4. Neither wild-type ExsD nor ExsD
M59R

 affects ExsA-independent 

transcription.  Autoradiograms and graphical representations for the in vitro 

transcription of a 108 nucleotide transcript from an ExsA-independent RNA-1 promoter 

template with and without 50 μM ExsD at 37 °C (a), and with and without 2.8 μM 

ExsD
M59R

 at 30 °C (b).  In both graphs, the ExsD/ ExsD
M59R

-free data are represented by 

solid trend lines and empty diamonds, whereas the data obtained in the presence of 

ExsD/ExsD
M59R

 are represented by dashed trend lines and crosses. 
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CHAPTER FOUR 

Mapping the ExsD–ExsA interface and further elucidation of the type 

III secretion system inhibitory mechanism in Pseudomonas aeruginosa 
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Abstract 

Pseudomonas aeruginosa is an emerging opportunistic human pathogen that is 

problematic due to its resistance to a multitude of common antibiotics.  P. aeruginosa 

utilizes a type III secretion system (T3SS) to cause acute infections.  The T3SS is 

regulated by a cascade of four interacting proteins: ExsA, ExsD, ExsC and ExsE.  ExsA 

is the main transcriptional activator and regulates transcription of all the genes necessary 

for the T3SS.  ExsD is the antiactivator and inhibits ExsA when there is no contact of the 

T3SS needle and the host cell.  Meanwhile, ExsC sequesters ExsE.  Upon host cell 

contact, ExsE is secreted into the host cell cytoplasm, which frees ExsC to bind to ExsD.  

ExsA is now free to activate transcription.  The way in which ExsD inhibits ExsA is 

largely unknown.  The current model posits that ExsD inhibits ExsA by binding in a 1:1 

complex, which interrupts ExsA dimerization and prevents ExsA from binding to the 

T3SS promoters.  This study reveals that there could be more to this inhibitory 

mechanism.  We show conclusive evidence that ExsD is a DNA-binding protein through 

differential scanning fluorimetry (DSF) and electrophoretic mobility shift assays 

(EMSAs).  We also begin to map the ExsD–ExsA binding interface by testing an 

assortment of ExsD variants in an in vitro transcription assay to determine which regions 

of ExsD are important for ExsA binding and inhibition.  A complete understanding of 

how ExsD inhibits ExsA would allow for the development of drugs that mimic ExsD 

function and target ExsA to shut down the T3SS. 
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Introduction 

Pseudomonas aeruginosa utilizes a type III secretion system (T3SS) to infect its 

host and cause acute infections [191, 193].  The T3SS is regulated by the ExsA-ExsC-

ExsD-ExsE cascade, which works by direct protein-protein interactions [179].  In this 

cascade, ExsA is main transcriptional activator and controls expression of all the genes 

necessary for type III secretion [120].  ExsA is a member of the AraC/XylS family of 

transcriptional activators [120].  When the T3SS is turned off, ExsA is inhibited by the 

antiactivator protein ExsD [171].  ExsD binds to ExsA in a 1:1 complex [147].  

Meanwhile, ExsC sequesters ExsE [108, 109].  Upon host cell contact, ExsE is secreted 

through the T3SS needle apparatus into the host cell cytoplasm [108, 109].  This now 

allows for ExsC to bind to ExsD [148, 177], which frees ExsA to bind to the T3SS 

promoters as a dimer and recruit RNA polymerase (RNAP) to activate T3SS transcription 

[149]. 

ExsD is a dynamic protein in that it interacts with different protein binding 

partners in different ways.  ExsD exists in a 2:2 complex with ExsC [177], where a dimer 

of ExsC is bound to two ExsD monomers [178].  In addition to ExsD binding to ExsA in 

a 1:1 complex [147], ExsD also forms a self-trimer when not bound to a different protein 

[173].  Furthermore, structural evidence as well as preliminary experimental evidence 

suggests that ExsD is a DNA-binding protein and binds to DNA as a monomer [173].  

The plasticity of ExsD gives it the ability to function in many different ways.  ExsD is of 

significant medical importance given that it is capable of inhibiting the T3SS in P. 

aeruginosa [171].  Much can be gained by studying ExsD and how it is able to inhibit 

ExsA to shut down the T3SS. 
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This study examines the interaction between ExsD and ExsA.  The current model 

proposes that ExsD disrupts ExsA dimerization and prevents ExsA from binding to the 

T3SS promoters [172].  ExsD does not interact with DNA in this model.  However, based 

on the crystal structure of ExsD, which was previously solved by our lab, ExsD 

resembled a DNA-binding protein [173].  Here we further examine the ability of ExsD to 

bind DNA.  Wild type ExsD as well as an ExsD
M59R

 monomeric variant were examined 

using differential scanning fluorimetry (DSF) to demonstrate that ExsD is a DNA-

binding protein.  ExsD DNA-binding was confirmed using ExsD
M59R

 in an 

electrophoretic mobility shift assay (EMSA). 

The main focus of this study was to map the ExsD–ExsA binding interface.  A 

group of ExsD variants lacking certain regions of the protein were examined in an in 

vitro transcription assay to determine which regions of ExsD are important for ExsA 

binding and inhibition.  It was determined that the coiled-coil region of ExsD is not 

important for ExsA binding.  On the other hand, we determined that the amino terminus 

of ExsD is important, but not sufficient to inhibit ExsA-dependent transcription. 

 

Results 

ExsD is a DNA-binding protein 

 The crystal structure of ExsD shows that it resembles a DNA binding protein 

from E. coli called KorB [173, 174].  Initial examination by DSF provided preliminary 

evidence that ExsD binds nonspecifically to DNA [173].  DSF measures the melting 

temperature of a protein.  If a protein binds to DNA, the protein typically becomes more 

stable, which results in an increase in melting temperature.  However, when DNA is 
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added to ExsD, it results in a decrease in melting temperature [173].  The ExsD structure 

suggests that ExsD binds to DNA as a monomer [173], and this could explain the 

decrease in melting temperature.  The ExsD trimer without DNA could be more stable 

than an individual monomer bound to DNA.  To further test this hypothesis, a monomeric 

ExsD variant called ExsD
M59R

 [206] was examined using DSF for its ability to bind DNA 

(Fig. 4.1).  A portion of the PexsD promoter was used as the dsDNA.  Without DNA, the 

melting temperature of ExsD
M59R

 was 27.64 ± 0.06 °C, and when DNA was added the 

ExsD
M59R

 melting temperature increased to 31.57 ± 0.22 °C.  Along with the wild type 

ExsD data, this supports the hypothesis that ExsD binds to DNA as a monomer. 

 The lab of Dr. Timothy Yahr at the University of Iowa used EMSA to determine 

whether ExsD and ExsD
M59R

 disrupt ExsA promoter binding (Fig. 4.2).  In this assay, 

ExsA forms two distinct shift products when it binds to one of its promoters.  The ExsA-

dependent PexsC promoter was used in this experiment.  The lower shift product 

corresponds to one ExsA molecule bound to the promoter, and the higher and more 

pronounced shift product occurs when two ExsA molecules bind to the promoter [167].  

If ExsD inhibits ExsA DNA binding then they expected to see a lower amount of shifted 

DNA when ExsD is added.  Although they were not able to see an effect at these 

particular protein concentrations and temperature (30 °C), they were able to examine the 

ability of ExsD and ExsD
M59R

 to bind to DNA.  At 30 °C, ExsD wild type was unable to 

bind to PexsC.  This is most likely due to the fact that the ExsD trimer is very stable at this 

temperature and does not dissociate to bind to DNA.  This could also explain why there 

was no disruption of ExsA DNA binding by wild type ExsD.  However, ExsD
M59R

 shifted 

the PexsC as well as the nonspecific DNA control (pscF) at 30 °C (Fig. 4.2).  This 
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confirms that ExsD is a DNA binding protein.  However, since ExsD
M59R

 nonspecifically 

binds to DNA, it is not known whether or not ExsA-dependent promoters are specific 

targets for ExsD. 

The coiled-coil region of ExsD is not important for ExsA binding 

 In order to map the ExsD–ExsA interface, we designed a variety of ExsD variants.  

The first variant was ExsD lacking the coiled-coil region (ExsDΔC-C).  The ExsDΔC-C 

variant was constructed using site-directed mutagenesis and lacked residues 138-202.  

The two separated regions were fused by a linker consisting of four glycines.  Following 

overexpression and purification, the ExsDΔC-C variant (Fig. 4.3) was examined using an 

in vitro transcription assay.  We hypothesized that if the coiled-coil region was important 

for ExsA binding, then we would see less ExsA-dependent inhibition in the assay.  A 

titration of ExsDΔC-C was performed at 37 °C (Fig. 4.4).  To our surprise, ExsDΔC-C 

turned out to be a more potent inhibitor than wild type ExsD (IC50 = 0.97 ± 0.4 μM).  We 

reasoned that deleting the coiled-coil region made the protein primarily monomeric.  We 

previously demonstrated that the monomeric ExsD variant (ExsD
M59R

) is a more potent 

inhibitor of ExsA dependent transcription [206].  At 37 °C, ExsDΔC-C had an IC50 value 

of 0.97 ± 0.4 μM, which closely resembles the IC50 value of ExsD
M59R

 (1.3 ± 0.1 μM) at 

37 °C.  The ExsDΔC-C titration was also performed at 30 °C, and it produced an IC50 

value of 4.3 ± 0.4 μM (Fig. 4.4).  We suspect that at the lower temperature, ExsDΔC-C is 

still capable of forming trimers, so a certain percentage is trimeric.  This would explain 

the increase in IC50 value.  Nevertheless, we concluded that the coiled-coil region of 

ExsD is not important for ExsA binding or inhibition. 
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The amino terminus of ExsD is important for ExsA binding 

The next region of ExsD we wanted to examine was the N-terminus, since it was 

structurally located on the opposite side of the protein from the coiled-coil region.  We 

also suspected that the ExsD N-terminus of ExsD could be important for ExsA binding, 

because the N-terminus of ExsD is predicted to be important for binding to ExsC [178].  

It would be reasonable to assume that the binding of ExsD to either ExsC or ExsA 

involves a competitive ExsD binding region.  In order to test this hypothesis, a variant of 

ExsD lacking the first 20 amino acids on the N-terminus was made by limited proteolysis.  

A simple thermolysin digest results in a highly stable ExsDΔ20 product [173].  ExsDΔ20 

was tested in the in vitro transcription assay at 37 °C using the same titration as for 

ExsDΔC-C.  The results show a decrease in ExsA-inhibition, indicating that the ExsD N-

terminus is important for ExsA binding and inhibition (Fig 4.5).  To confirm that the 

observed effect of ExsDΔ20 is specific to inhibit ExsA-dependent transcription, we 

performed an in vitro transcription assay time course using a DNA template containing 

the ExsA-independent RNA-1 promoter [185] (Fig 4.6).  ExsDΔ20 showed no significant 

inhibition, indicating that ExsD1-46 is specific to inhibit ExsA. 

To confirm that the ExsD N-terminus is important for ExsA binding, we ordered a 

synthetically made polypeptide of the first 46 amino acids of the ExsD N-terminus 

(ExsD1-46).  A titration in the in vitro transcription assay at 37 °C shows ExsD1-46 does 

inhibit ExsA-dependent transcription, albeit weakly (Fig. 4.7).  Since the inhibition was 

weak, we wanted to confirm that the observed effect of ExsD1-46 is specific to ExsA-

dependent transcription, so we performed an in vitro transcription assay time course 

using a DNA template containing the ExsA-independent RNA-1 promoter (Fig. 4.8).  
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ExsD1-46 showed no significant inhibition, indicating that ExsD1-46 is specific to inhibit 

ExsA.  Overall, these results suggest that the amino terminus of ExsD is important for 

ExsA binding, but is not sufficient to inhibit ExsA-dependent transcription. 

 

Discussion 

In P. aeruginosa, ExsA-dependent T3SS transcription is inhibited by the 

antiactivator ExsD [171].  ExsD is a dynamic protein with many different binding 

partners and most likely multiple functions [147, 148, 173, 178].  This study confirms 

that ExsD is a DNA binding protein.  However, the role of ExsD DNA binding is unclear.  

Even though ExsD exists as a trimer, we discovered that ExsD can only bind to DNA as a 

monomer.  Thus, one of the functions of the ExsD trimer could be to prevent ExsD from 

binding to DNA non-specifically.  The ExsD trimer also most likely serves to stabilize 

the protein, given that the ExsD monomer is significantly less stable.  It is unclear 

whether ExsD has a specific DNA binding site.  A ChIP-sequencing study is currently 

underway to investigate this question. 

The main goal of this study was to begin to map the ExsD–ExsA interface, as no 

information on the way ExsD and ExsA interact currently exists.  ExsD variants were 

constructed and purified, and an in vitro transcription assay was utilized to determine 

which region of ExsD is important for ExsA-binding.  The results are shown together in 

Fig. 4.9 for comparison.  It was determined that the ExsD coiled-coil region is not 

important for ExsA binding.  However, the ExsD amino terminus is important for ExsA 

binding, but not sufficient to inhibit ExsA-dependent transcription.  We suspect that 

another portion of ExsD somewhere between the amino terminus and the coiled-coil 
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region is also important for ExsA-binding.  Future studies will further map the ExsD–

ExsA interface by testing amino acid substitution mutants in the in vitro transcription 

assay to determine which amino acids are critical for ExsA-binding.  We are also 

attempting to crystallize the ExsD–ExsA complex.   

The way in which ExsD inhibits ExsA remains a mystery.  We propose three 

possible scenarios.  The first is the current model where ExsD disrupts ExsA dimerization 

and promoter interactions by binding to ExsA in a 1:1 complex [147, 172].  The second 

scenario is ExsD binds to ExsA while ExsA is bound to the promoter and disrupts ExsA 

dimer formation.  ExsD may or may not be binding to DNA under this scenario.  The 

third possibility is that ExsD binds to ExsA when the dimer is formed on the promoter 

and disrupts ExsA–RNAP interactions.  ExsD shows structural similarity to GreB, which 

is a RNAP binding protein in E. coli [176].  During transcription, RNAP occasionally 

loses its grip on the growing mRNA end during elongation and backtracks on the DNA 

template [176].  GreB binds to RNAP and cleaves the disengaged 3´ RNA segment, so 

that RNAP can proceed with transcription [176].  The coiled-coil region of GreB inserts 

into RNAP [176], and given that the coiled-coil regions of ExsD and GreB are very 

similar structurally, one could imagine that ExsD interacts with RNAP in the same 

manner.  Given that the coiled-coil region of ExsD does not interact with ExsA, ExsD 

could be binding to both ExsA and RNAP at the same time.  ExsD could function to stall 

RNAP, thereby inhibiting T3SS transcription. 

Insights into the way ExsD inhibits ExsA could lead to the discovery of drugs that 

mimic ExsD function and target ExsA to shut down the T3SS in P. aeruginosa.  Drugs 

that shut down the T3SS would eliminate acute P. aeruginosa infection.  These drugs 
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would also induce less selective pressure than current antibiotics, because P. aeruginosa 

can survive without a T3SS outside the host.  Drugs that do not induce selective pressure 

are of particular interest for bacteria such as P. aeruginosa, which have the ability to 

develop quick and wide-ranging resistance to first generation antibiotics.  These drugs 

could also potentially be used to treat human infection from other organisms that contain 

close homologs to ExsA, such as Vibrio parahaemolyticus and Yersinia pestis. 

 

Materials and Methods 

Recombinant protein expression and purification 

ExsA and ExsD were overexpressed in E. coli from a vector constructed by 

Gateway recombinational cloning (Invitrogen, Carlsbad, CA, USA).  A tobacco etch 

virus (TEV) protease recognition site and the appropriate att recombination sites (attB1 

and attB2) were added to the exsA and exsD genes during PCR, and the amplicons were 

subsequently recombined into pDONR201 (Invitrogen).  The nucleotide sequences of the 

ORFs were verified, then recombined into the destination vector pDEST-HisMBP
 
[180] 

to create the expression vectors pFS-HMBPExsD and pFS-HMBPExsA.  These vectors 

were designed to produce either ExsA or ExsD as a fusion to the C-terminus of an N-

terminally His6-tagged E. coli maltose-binding protein (MBP). 

Single colonies of E. coli BL21(DE3) CodonPlus RIL cells (Stratagene, La Jolla, 

CA, USA) containing either expression plasmid were used to inoculate 125 mL of Luria 

broth (LB) supplemented with 2 g/L dextrose, 100 µg/mL ampicillin, and 30 µg/mL 

chloramphenicol.  The cultures were grown with shaking (225 rpm) to saturation 

overnight at 37 °C and then diluted 66-fold into 6 L of fresh medium.  ExsA cultures 
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were grown to an OD600 of 1.0, ExsD cultures were grown to an OD600 of 0.5, and 

ExsD
M59R

 cultures were grown to an OD600 of 0.8.  All three cultures were induced with 

IPTG at a final concentration of 1 mM.  The induction temperature for the ExsA cultures 

was 18 °C, and they were shaken for six hr.  ExsD cultures were induced at 28 °C for 

four hr, and ExsD
M59R

 cultures were induced at 17 °C overnight.  Cells were harvested by 

centrifugation at 5,000 x g for 15 min.  The cell pastes were resuspended in 200 mL of 

500 mM NaCl, 25 mM imidazole, 50 mM Tris-HCl (pH 7.4), 2 mM DTT (buffer A), 

along with three tablets of Complete, EDTA-free Protease Inhibitor Cocktail (Roche 

Applied Science, Indianapolis, IN, USA).  The cells were lysed via sonication and 

centrifuged at 40,000 x g for 25 min.  The supernatants were filtered through 0.45-μm 

polyethersulfone membranes and applied to a 30 mL Ni-NTA Superflow affinity column 

(Qiagen, Valencia, CA, USA) equilibrated with buffer A.  For each run, the column was 

washed with five column volumes of buffer A, and proteins were eluted with a linear 

gradient from 25 to 250 mM imidazole (pH 7.4).   

The His6-MBP-ExsD protein was digested with 5 mg His-tagged TEV (S219V) 

protease [183], while being dialyzed overnight in 150 mM NaCl, 50 mM Tris-HCl (pH 

7.4), 11.6 mM imidazole (pH 7.4), and 1 mM DTT.  The sample was then passed through 

a second Ni-NTA column to remove both the His6-MBP tag and the protease, using the 

same buffers as the first Ni-NTA column.  The protein sample was collected in the flow 

through.  The sample was diluted with 50 mM Tris-HCl (pH 7.4) and 2 mM DTT in order 

to lower the NaCl concentration to 50 mM.  The ExsD sample was loaded onto a HiTrap 

Q HP column (GE Healthcare, Waukesha, WI, USA) that had been equilibrated with 50 

mM NaCl, 25 mM Tris-HCl (pH 7.4), and 2 mM DTT, and elution was achieved by 
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applying a linear gradient of NaCl from 50 mM to 1 M.  Finally, gel filtration was 

performed using 150 mM NaCl, 25 mM Tris-HCl (pH 7.4), and 2 mM TCEP (ExsD 

storage buffer).  ExsD
M59R

 was purified in the same manner as wild-type ExsD, except 

that no anion exchange was performed.  All purification steps were performed at 4 °C.  

After each purification step, fractions were analyzed via SDS-PAGE and pooled 

accordingly.  ExsD and ExsD
M59R

 were concentrated to 4.5 mg/mL and 6.8 mg/mL, 

respectively.  Protein samples were flash-frozen using liquid nitrogen and stored at           

-80 °C. 

The His6-MBP-ExsA fusion protein was treated differently.  Following the initial 

Ni-NTA affinity purification step, the fusion protein was dialyzed against a buffer of 50 

mM NaCl, 25 mM Tris-HCl (pH 7.4), and 2 mM DTT and loaded onto a HiTrap Q HP 

column (GE Healthcare) that had been equilibrated with the same buffer.  The His6-MBP-

ExsA fusion protein was eluted using a linear NaCl gradient from 0.05 M to 1 M.  The 

sample was dialyzed against 2 L of 45 mM NaCl, 25 mM Tris-HCl (pH 7.15), and 2 mM 

DTT (buffer B) overnight.  The sample was then loaded onto a HiTrap Heparin HP 

column (GE Healthcare) equilibrated in buffer B and eluted with a 0.05 M to 1 M 

gradient of NaCl.  The NaCl concentration in the His-MBP-ExsA sample was adjusted to 

0.5 M, and the fusion protein was digested with 3 mg of His-tagged TEV(S219V) 

protease at 4 C overnight.  Next, ExsA was run through a second Ni-NTA Superflow 

affinity column, this time collecting ExsA in the flow through.  Finally, gel filtration 

using a HighLoad 26/60 Superdex 200 prep grade column (GE Healthcare) was 

performed with the ExsA sample using 500 mM NaCl, 25 mM Tris-HCl (pH 7.4), and 2 
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mM TCEP (ExsA storage buffer).  The sample was concentrated to 1 mg/mL, flash-

frozen using liquid nitrogen, and stored at -80 °C. 

RNA polymerase purification and specific activity determination 

RNA polymerase (RNAP) was purified from P. aeruginosa PAO1 cells following 

the original procedure of Allan and Kropinski [184].  However, changes were made to the 

later chromatographic steps.  All purification steps were performed at 4 °C.  P. 

aeruginosa PAO1 cultures were grown in LB broth to an OD600 of 0.8, harvested by 

centrifugation at 6,000 x g, then lysed by sonication.  The cell debris was removed by 

centrifugation at 35,000 x g for 30 min, and 25% polyethyleneimine (pH 7.5) was added 

to the supernatant to a final concentration of 0.5% in order to precipitate the RNAP.  The 

supernatant was centrifuged at 35,000 x g for 30 min.  The polyethyleneimine precipitate 

was washed with 10 mM Tris-HCl (pH 8.0), 250 mM NaCl, 5% glycerol, 0.05 mM 

EDTA, 1 mM DTT, and 0.1 mM PMSF (wash buffer) and centrifuged at 35,000 x g for 

30 min.  RNAP was released by resuspending the pellet in 10 mM Tris-HCl (pH 8.0), 800 

mM NaCl, 5% glycerol, 0.05 mM EDTA, 1 mM DTT, and 0.1 mM PMSF (release 

buffer) and centrifuged at 25,000 x g for 30 min.  Ammonium sulfate was added to the 

supernatant to a final concentration of 30%, followed by gentle stirring for one hr, and 

centrifugation at 35,000 x g for 30 min.  Additional ammonium sulfate was then added to 

bring the supernatant to 60% saturation.  After a second centrifugation at 35,000 x g for 

30 min, the pellet was resuspended in 1 mL wash buffer per liter of original culture.  The 

suspension was dialyzed versus 2 L wash buffer overnight.  The dialyzed RNAP sample 

was centrifuged, and the supernatant was filtered in preparation for gel filtration.  The 

sample was run through a Sephacryl S-300 HR column (GE Healthcare) using wash 
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buffer.  The fractions were analyzed by SDS-PAGE and collected to run on a Hi-Trap 

Heparin HP column (GE Healthcare) using a loading buffer composed of 10 mM Tris-

HCl (pH 8.0), 250 mM NaCl, 5% glycerol, 0.05 mM EDTA, and 1 mM TCEP.  RNAP 

was eluted using a linear gradient of 0.25 M to 1 M NaCl.  Fractions were analyzed via 

SDS-PAGE, pooled, and concentrated to 1 mg/mL of total protein.  Glycerol was added 

to a final concentration of 50%.  RNAP was aliquoted and stored at -20 °C. 

The specific activity of the purified P. aeruginosa RNAP was determined by 

comparing its activity to a standard curve generated with different amounts of E. coli 

RNA polymerase holoenzyme (Epicentre Biotechnologies, Madison, WI, USA) using an 

ExsA-independent RNA-1 promoter which produces a 108 base transcript [185]. 

Site-directed mutagenesis  

The ExsD
M59R

 variant was generated by site-directed mutagenesis using Quik-

Change (Stratagene) and the manufacturer’s suggested protocol.  The following primers 

were used:  

5´–CTGCAGCGGCGGCTGCCGCGCCTGCGGCTGGAGC–3´ 

5´–GGCGCGGCAGCCGCCGCTGCAGCAACGCCAG–3´.  The ExsDΔC-C variant 

was created by two sequential rounds of PCR.  The first set of primers was 5´–

GTGGAGAACCTGTACTTCCAGGGTATGGAGCAGGAAGAC–3´ and 5´–

GTGGAGAACCTGTACTTCCAGGGTGCGATCCCCGGCTGG–3´.  The second set 

was 5´–CGGGTCAACCTCGGAGGAGGAGGATCGGCACTGGCG–3´ 5´–

GGGGACAACTTTGTACAAGAAAGTTGCTCATACTGGCAGAGCTGA–3´ 
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Differential scanning fluorimetry (DSF) 

The DSF experiments were performed utilizing a C1000
TM

 Thermal Cycler with a 

CFX96
TM

 Real-Time System (Bio-Rad, Hercules, CA, USA).  The DNA used was a 24 

base pair segment of the PexsD promoter made by annealing the following primers: 

5´–CGAATGCCGGGCTAAAAATAACTG–3´ and 5´–

CAGTTATTTTTAGCCCGGCATTCG–3´.  The primers were annealed by incubating at 

67 °C for 3 min and cooling at room temperature for 5 min.  Each 30 μL reaction 

contained 5x Sypro Orange (Ex. 490 nm, Em. 530 nm) (Invitrogen), 10 μM wild-type 

ExsD or ExsD
M59R

, 50 μM dsDNA (PexsD), 150 mM NaCl, 8.3 mM Tris-HCl (pH 7.4), 

and 0.67 mM TCEP.  Starting at 10 °C, the temperature was incrementally increased to 

68 °C at a rate of 1 °C per min, and readings were taken every 30 sec.  Data analysis was 

conducted using XLfit (IDBS, Bridgewater, NJ, USA). 

Limited proteolysis to obtain ExsDΔ20 

 ExsDΔ20 was made by performing limited proteolysis on wild type ExsD using 

thermolysin.  The digest contained 500 μL of 2.5 mg/mL ExsD in 150 mM NaCl, 25 mM 

Tris-HCl pH 7.4 and 2 mM TCEP as well as 500 μL 2× thermolysin buffer (20 mM Tris-

HCl pH 8.0, 4 mM CaCl2, 400 mM NaCl, and 10% glycerol).  To start the reaction, 10 

μL of 0.25 mg/mL thermolysin in 1 × thermolysin buffer was added and the sample was 

incubated at 37 °C for 1 hr.  The reaction was stopped by adding 10 μL of 0.5 M EDTA 

pH 8.0.  In order to remove precipitated protein, the sample was centrifuged at 10,500 x g 

at 4 °C for 10 min then spin filtered at 10,000 x g at 4 °C for 3 min.  The sample was then 

loaded onto a HighLoad 26/60 Superdex 200 prep grade column (GE Healthcare).  The 

column was washed with 150 mM NaCl, 25 mM Tris-HCl pH 7.4, and 2 mM TCEP pH 
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8.0.  Sample fractions were run on SDS-PAGE.  Fractions containing ExsDΔ20 were 

pooled then the protein sample was aliquoted, flash-frozen, and stored at -80 °C. 

In vitro transcription assay 

The linear DNA template used in each assay encompassed positions -207 to 94 of 

the PexsD promoter, relative to the transcription start site; and from this template, RNA 

polymerase synthesizes an 82 base mRNA transcript.  The template was produced by 

PCR using forward primer 5´-CATCAGTTGCTGCTCAACAGCG-3´ and reverse primer 

5´-CACCGCTTCTCGGGAGTACTGC-3´.  The PCR product was run on a 2% agarose 

gel and purified using the Wizard SV Gel and PCR Clean-up System (Promega, Madison, 

WI, USA).  Each 30 µL transcription assay reaction contained 4.4 fM of promoter 

template, 50.4 µM bovine serum albumin (to eliminate non-specific protein-protein 

interactions), 10 U purified RNA polymerase from P. aeruginosa  (see above), 1 U 

RiboGuard RNase Inhibitor (Epicentre Biotechnologies), 15 ng/µL poly(deoxyinosinic-

deoxycytidylic) acid (to prevent non-specific transcription initiation), 133 mM NaCl, 32 

mM Tris-HCl (pH 7.4), 10 mM MgCl2, 25 µM EDTA, 0.9 mM TCEP, 0.2 mM DTT, 

15.5% glycerol, 64 nM ExsA, and the specified concentration of ExsD variant.  Samples 

were mixed and allowed to equilibrate at room temperature for five min.  Samples were 

then pre-incubated for five min at either 30 or 37 °C, depending on the experiment.  Next, 

3 µL NTPs (stock concentrations of 200 µM ATP, CTP, GTP and 40 µM UTP) mixed 

with 0.2 µL (0.2 µCi) of 3.3 mM P
32

-alpha UTP was added to each sample to start the 

reaction, and samples were incubated for 10 min at either 30 or 37 °C, depending on the 

experiment.  The reactions were stopped by adding 12 µL 1X stop solution (3M 

ammonium acetate, 50 mM EDTA, 0.11 mg/mL glycogen).  Then 170 µL 100% cold 
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ethanol was added, and the samples were incubated at -20 °C for one hr.  Following 

centrifugation at 12,000 x g for 15 min, the supernatant was discarded and pellets were 

resuspended in 12 μL 1X TBE (Tris/Borate/EDTA)-urea sample buffer and heated at 

70 °C for five min.  After a brief centrifugation, the samples were loaded onto a 10% 

TBE-urea gel and run at 200 mV for 60 min.  Gels were exposed to a storage phosphor 

screen (GE Healthcare) for 16 hr.  The phosphor screen was scanned using a Typhoon 

Trio Variable Mode Imager (GE Healthcare), and gel bands were quantified using Image 

Quant TL v2005 (Amersham Biosciences, Piscataway, NJ, USA).  Each experiment was 

performed in triplicate, and curve fits were analyzed with XLfit (IDBS, Bridgewater, NJ, 

USA). 
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Fig. 4.1.  ExsD binds to DNA as a monomer.  Differential scanning fluorimetry profiles 

for wild type ExsD and ExsD
M59R

.  The melting temperature (Tm) is defined as the 

temperature where 50% of the protein is unfolded, i.e., the inflection points of the curves.  

The Tm of ExsD with and without DNA was 47.71 ± 0.43 °C and 50.22 ± 0.23 °C, 

respectively.  The Tm of ExsD
M59R

 with and without DNA was 31.57 ± 0.22 °C and 27.64 

± 0.06 °C, respectively. 
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Fig. 4.2.  Does ExsD
M59R

 disrupt ExsA-binding activity?  EMSA with wild type ExsD 

(upper panel) and ExsD
M59R

 (lower panel) at 30 °C.  The PexsC promoter was used as the 

template as well as the pscF gene which is known to be nonspecific. 

 

 

 

 

 



91 

 

 

Fig. 4.3.  ExsD variant purification.  Purified wild type ExsD (lane 1), ExsDΔ20 (lane 

2), ExsDΔC-C (lane 3), and ExsD1-46 (lane 4). 
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Fig. 4.4.  Effect of ExsDΔC-C on ExsA-dependent transcription at 30 and 37 °C.  
Autoradiograms and graphical representations for the in vitro transcription of an 82 base 

nucleotide transcript from an ExsA-dependent PexsD promoter template with 64 nM ExsA 

and a titration of ExsDΔC-C at 30 and 37 °C.  Wild type ExsD at 50 μM served as a 

control.  Each experiment was performed in duplicate.  The IC50 values were 4.3 ± 0.4 

μM and 0.97 ± 0.4 μM at 30 and 37 °C, respectively. 
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Fig. 4.5.  Effect of ExsDΔ20 on ExsA dependent transcription at 37 °C.  
Autoradiogram and graphical representation for the in vitro transcription of an 82 base 

nucleotide transcript from an ExsA-dependent PexsD promoter template with 64 nM ExsA 

and a titration of ExsDΔ20 at 37 °C.  Wild type ExsD at 50 μM served as a control.  This 

experiment was performed in triplicate. 
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Fig. 4.6.  ExsDΔ20 has no effect on ExsA-independent transcription.  Autoradiogram 

and graphical representation for the in vitro transcription of a 108 nucleotide transcript 

from an ExsA-independent RNA-1 promoter template with and without 50 μM ExsDΔ20 

at 37 °C.  This experiment was performed in duplicate. 
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Fig. 4.7.  Effect of ExsD1-46 on ExsA dependent transcription at 37 °C.  
Autoradiogram and graphical representation for the in vitro transcription of an 82 base 

nucleotide transcript from an ExsA-dependent PexsD promoter template with 64 nM ExsA 

and a titration of ExsD1-46 at 37 °C.  This experiment was performed in triplicate. 
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Fig. 4.8.  ExsD1-46 has no effect on ExsA-independent transcription.  Autoradiogram 

and graphical representation for the in vitro transcription of a 108 nucleotide transcript 

from an ExsA-independent RNA-1 promoter template with and without 50 μM ExsD1-46 

at 37 °C.  This experiment was performed in triplicate. 
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Fig. 4.9.  Effect of ExsD variants on ExsA dependent transcription at 37 °C.  
Comparison of previously shown in vitro transcription assays of the ExsD variants to 

wild type ExsD. 
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Table 1. IC50 values of ExsD variants at 30 and 37 °C. 

 30 °C 37 °C 

Wild type ExsD N/A 6.6 ± 0.9 

ExsD
M59R

 0.37 ± 0.1 1.3 ± 0.1 

ExsDΔC-C 4.3 ± 0.4 0.97 ± 0.4 
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CHAPTER FIVE 

Overall Conclusions 
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Pseudomonas aeruginosa is a major public health concern due to the increasing 

number of immunocompromised patients in the United States and around the world as 

well as its growing resistance to common antibiotics.  The T3SS is the main virulence 

mechanism of P. aeruginosa acute infection; therefore it is of great medical importance.  

The ExsA-ExsC-ExsD-ExsE regulatory cascade in P. aeruginosa is highly unusual in that 

it functions solely on protein–protein interactions to regulate the T3SS.  Understanding 

the way in which these regulatory proteins interact is essential to developing drugs to shut 

down the T3SS.  The ExsD–ExsA interaction is of critical importance, because it sits at 

the bottom of the regulatory cascade.  ExsA is the main transcriptional activator and is 

absolutely essential for every aspect of the T3SS.  ExsD directly binds to ExsA and 

inhibits the T3SS.  Without ExsD, the T3SS is constitutively expressed.  Understanding 

how ExsA and ExsD function will lay the groundwork for the development of novel 

therapeutics to combat P. aeruginosa infection. 

Chapter Two examines the T3SS activator ExsA.  We detail a procedure for 

greatly improving the solubility of recombinant ExsA utilizing a His-MBP tag and TEV 

protease during the purification process.  The end result is a highly purified ExsA that is 

soluble without any tag.  An in vitro transcription assay was developed and it was 

determined that the recombinant ExsA is able to activate T3SS transcription.  This proves 

that the recombinant ExsA is highly functional.  The affinity of ExsA for its PexsD 

promoter was also determined by fluorescence anisotropy which is an equilibrium 

technique, and thus more reliable than EMSA.  Considering that ExsA is a member of the 

AraC/XylS family of transcriptional activators, it can be used as a model since these 

family members are known for their low solubility.  The ability to produce soluble and 
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highly active ExsA allows for biochemical analyses of the protein which can reveal 

information on these types of activators.  Furthermore, ExsA is a member of a subfamily 

of AraC/XylS activators that regulate virulence factor transcription in a variety of Gram-

negative pathogens.  P. aeruginosa ExsA shares close homology with many of the 

activators of this subfamily, especially ExsA in Vibrio parahaemolyticus and LcrF in 

Yersinia pestis.  Our lab has recently solved the structure of the amino-

terminal/regulatory domain of ExsA.  Future work will be to crystallize full-length ExsA 

in complex with DNA and solve its structure.  This crystal structure would reveal how 

ExsA interacts with DNA.  With this information, drugs can be designed to target regions 

of ExsA that interact with DNA.  Disrupting ExsA DNA binding would shut down the 

T3SS.  These drugs would also have the potential to shut down the T3SS in other 

pathogenic species, such as Vibrio parahaemolyticus and Yersinia pestis.  

ExsD is the antiactivator protein that inhibits the function of ExsA in order to shut 

down the T3SS.  ExsD is a dynamic protein that is able to exist as a monomer or a trimer 

under different conditions.  Chapter Three examines the ExsD–ExsA inhibitory 

mechanism.  We show that ExsD is sufficient to inhibit ExsA-dependent transcription in 

vitro, and no other cellular factors are required.  We also demonstrate that ExsD inhibits 

ExsA in a temperature-dependent manner in vitro.  ExsD inhibits ExsA at 37 °C, but not 

30 °C.  By engineering an ExsD monomeric variant, we demonstrate that this 

thermoregulation is due to the ExsD trimer.  ExsD inhibits ExsA by binding in a 1:1 

complex [147], therefore, the trimer prevents ExsD from binding to ExsA.  When the 

temperature is increased, the ExsD trimer becomes less stable, allowing for ExsD to bind 

to ExsA in the 1:1 complex that is needed for inhibition.    T3SS transcription is known to 
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be upregulated at 37 °C [203], so it seems contradictory that a shift from 30 °C to 37 °C 

would inhibit T3SS transcription.  We hypothesize that this mechanism could serve to 

downregulate T3SS gene expression in the lungs of cystic fibrosis patients.  In this 

environment, P. aeruginosa switches from an acute form of infection to a 

chronic/biofilm-producing state in which the T3SS is not expressed [36].  Future work 

will be to determine the role the ExsD trimer plays in vivo and during the course of P. 

aeruginosa infection.  A cystic fibrosis mouse model could be used to determine if the 

PA103 exsD
M59R

 strain has a different effect during pathogenesis compared to PA103 

wild type [207].  One could hypothesize that the exsD
M59R

 mutation would reduce T3SS 

activity.  This could lead to a faster switch to a biofilm-producing state.  An alternative 

outcome is that the mutation could prevent P. aeruginosa from establishing an infection 

since the T3SS is required to initiate infection [68].  Given there was no difference in 

transcriptional activity between PA103 wild type and PA103 exsD
M59R

 in a β-

galactosidase assay (Fig. A.3), possibly due to the temperature sensitivity of ExsD
M59R

, a 

difference in pathogenesis might not be observed with this strain in the mouse model.  A 

PA103 exsDΔC-C strain might be a better choice for this study since this mutation would 

attenuate but does not fully disrupt ExsD self-association. 

Chapter Four provides evidence that ExsD is a DNA-binding protein, which adds 

to its complexity.  We demonstrate that ExsD binds to DNA as a monomer.  However, 

we believe that this DNA binding is non-specific.  ChIP-sequencing will be used to 

determine if ExsD has any specific DNA-binding sites.  It is unclear whether ExsD DNA-

binding plays a role in the inhibition of ExsA.  Future work will investigate this 

possibility. 
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The ExsD–ExsA interface is also examined in Chapter Four.  It was determined 

that the coiled-coil region of ExsD is not important for ExsA-binding.  Removal of the 

coiled-coil region greatly reduces the stability of the ExsD trimer, so the coiled-coil 

region is important for ExsD trimer formation.  We found that the amino terminus of 

ExsD is important for ExsA-binding, but is not sufficient to inhibit ExsA-dependent 

transcription.  Future work will be to determine the key residues that are important for 

ExsA-binding. 

The way in which ExsD inhibits ExsA remains ambiguous.  The current model 

holds that ExsD disrupts ExsA dimerization and promoter interactions by binding to 

ExsA in a 1:1 complex.  We propose two other possible scenarios, as outlined in Chapter 

Four.  The first is ExsD binds to ExsA in a 1:1 complex, while ExsA is bound to the 

promoter and disrupts ExsA dimer formation.  ExsD may or may not be binding to DNA 

under this scenario.  The other possibility is that ExsD binds to ExsA when the ExsA 

dimer is formed on the promoter and disrupts ExsA–RNAP interactions.  Given the 

structural similarity of ExsD to RNAP binding protein GreB from E. coli [176], one 

could imagine a scenario where ExsD interacts with RNAP in the same manner where the 

coiled-coil region inserts into RNAP.  Seeing as the coiled-coil region of ExsD does not 

interact with ExsA, ExsD could be binding to both ExsA and RNAP at the same time.  

ExsD could inhibit T3SS transcription by stalling RNAP.  Cryo-electron microscopy is 

currently being used to determine if ExsD does indeed interact with RNAP. 

Given that P. aeruginosa is highly resistant to the majority of current classes of 

antibiotics, new drug treatments are of critical importance.  Drugs that inhibit the T3SS 

would eliminate acute P. aeruginosa infection.  They could also prevent P. aeruginosa 
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from establishing infection in the lungs of cystic fibrosis patients.  In addition, these 

drugs would place less selective pressure on the organism to develop resistance, because 

P. aeruginosa does not require a T3SS to survive outside of the host.  This dissertation 

contributes to the groundwork for the understanding of the key regulators of the T3SS in 

P. aeruginosa.  It highlights the complexity of ExsD and the way it interacts with ExsA.  

This work reveals new insights that challenge the current ExsD–ExsA inhibitory model.  

More work will need to be done to fully understand the way in which ExsD inhibits ExsA.  

Future work will include using mass spectrometry to determine how many molecules of 

ExsA, ExsD, ExsC, and ExsE are present in the cell under inducing and non-inducing 

conditions for type III secretion.  This could shed light on how the regulatory cascade 

works to turn on and off the T3SS.  We suspect that the concentrations of the regulators 

play a key role.  A small shift in the equilibria may be all that it takes to turn the T3SS on 

or off in this finely tuned mechanism.  Once the ExsD–ExsA inhibitory mechanism is 

fully elucidated, drugs can be designed to mimic ExsD function in order to inhibit ExsA 

and shut down the T3SS, thereby eliminating acute P. aeruginosa infection. 
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Extension of Chapter Three: Self-trimerization of ExsD limits inhibition 

of the Pseudomonas aeruginosa transcriptional activator ExsA in vitro 
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Abbreviations: MSG = monosodium glutamate; ONPG = ortho-Nitrophenyl-β-

galactoside; T3SS = type III secretion system; TBE = Tris/borate/EDTA; TSB = 

trypticase soy broth; VB = Vogel-Bonner minimal medium. 
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Abstract 

 Pseudomonas aeruginosa uses a type III secretion system (T3SS) to cause acute 

infection in humans.  This T3SS is regulated by a cascade of four interacting proteins: 

ExsA, ExsC, ExsD, and ExsE.  ExsA is the main transcriptional activator and is inhibited 

by the antiactivator ExsD.  In Chapter Three, it was observed that ExsD is capable of 

inhibiting ExsA in vitro at 37 °C but not 30 °C.  It was discovered that this 

thermoregulation was a result of ExsD self-trimerization.  Here, we further investigate 

this phenomenon.  An in vitro transcription assay was performed at 33 °C, and it was 

determined that ExsD inhibits ExsA based on a temperature gradient, rather than a switch 

between 30 and 37 °C.  We also examined the ExsD
M59R

 monomeric variant at 37 °C.  As 

expected, the inhibition by ExsD
M59R

 decreases at this temperature, because ExsD
M59R

 is 

unstable at 37 °C.  Given that the observed thermoregulation was in vitro, we wanted to 

examine whether ExsD trimerization plays a role in vivo.  A β-galactosidase assay was 

performed to compare wild type ExsD to an ExsD
M59R

 mutant strain under inducing and 

non-inducing conditions for type III secretion.   
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Introduction 

The type III secretion system (T3SS) of P. aeruginosa is essential for causing 

acute infections in immunocompromised patients.  Regulation of the T3SS is coordinated 

by a set of four proteins: ExsA, ExsC, ExsD, and ExsE.  ExsA is the main transcription 

activator [120], and when the T3SS is turned off, ExsA is inhibited by the antiactivator 

ExsD [147, 171].  When the T3SS is turned on, ExsE is secreted through the T3SS needle 

[108, 109], which frees ExsC to bind to ExsD [148, 177].  ExsA is now free bind to the 

T3SS promoters and recruit RNA polymerase to activate T3SS transcription [149]. 

 Chapter Three investigated the ExsD–ExsA inhibitory mechanism, and here, we 

further investigate this mechanism.  Chapter Three demonstrated that ExsD is able to 

inhibit ExsA-dependent transcription in vitro at 37 °C but not 30 °C [206].  Here, an in 

vitro transcription assay was performed at an intermediate temperature (33 °C) to 

determine if the inhibition by ExsD corresponds to a temperature gradient or simply an 

on/off switch between 30 and 37 °C.  The thermoregulation described in Chapter Three 

was due to ExsD self-trimerization, because a monomeric ExsD variant (ExsD
M59R

) was 

able to strongly inhibit ExsA-dependent transcription in vitro at 30 °C [206].  Differential 

scanning fluorimetry was used in Chapter Three to demonstrate that the ExsD
M59R

 variant 

is not as stable as wild type ExsD [206].  This is most likely due to a greater amount of 

exposed surface area.  We wanted to determine if ExsD
M59R

 is still able to inhibit ExsA at 

37 °C, because this is the temperature where P. aeruginosa infects its human host.  This 

would serve as a way to test the suitability of ExsD
M59R

 for use in vivo.  In order to do 

this, we performed an in vitro transcription assay to examine the effect of ExsD
M59R

 on 

ExsA-dependent transcription at 37 °C.  We found that ExsD
M59R

 lost some activity at 
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this temperature, so we thought it was best to examine the effect of ExsD
M59R

 in vivo 

using a β-galactosidase assay at 30 °C.  A chromosomal ExsD
M59R

 mutation was made in 

the P. aeruginosa strain PA103, and this mutant was compared to wild type PA103 under 

inducing and non-inducing conditions for type III secretion. 

 

Results 

Inhibition by ExsD is based on a temperature gradient 

 It was determined in Chapter Three that ExsD inhibits ExsA-dependent 

transcription in vitro at 37 °C but not 30 °C.  We wanted to determine if this temperature-

dependent inhibition corresponded to a temperature gradient or simply an on/off switch 

between 37 and 30 °C.  In order to do this, an in vitro transcription assay was performed 

at 33 °C (Fig. A.1).  In this 0-10 min time course experiment, each sample contained 64 

nM ExsA without or without 50 μM ExsD.  There was a 1.72x level of inhibition by 

ExsD, which is in between what was previously seen at 30 °C (no inhibition) and 37 °C 

(~3.75x inhibition).  This demonstrates that the observed thermoregulation corresponds to 

a temperature gradient. 

Effect of ExsD
M59R

 on ExsA-dependent transcription at 37 °C 

 In Chapter Three, the ExsD
M59R

 monomeric variant was utilized to determine that 

the observed thermoregulation was due to ExsD self-trimerization.  ExsD
M59R

 was found 

to strongly inhibit ExsA-dependent transcription in an in vitro transcription assay at 

30 °C.  Here, we wanted to examine ExsD
M59R

 in the in vitro transcription assay at 37 °C.  

Based on a previous differential scanning fluorimetry experiment, ExsD
M59R

 would likely 

be unstable at this higher temperature.  A titration of ExsD
M59R

 was performed keeping 
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the ExsA concentration constant at 64 nM (Fig. A.2).  The IC50 value was measured to be 

1.3 ± 0.1 μM, which is slightly higher than the IC50 value at 30 °C (0.37 ± 0.1 μM).  This 

indicates that a certain percentage of the ExsD
M59R

 protein is becoming denatured at the 

higher temperature, as expected.  However, ExsD
M59R

 at 37 °C is still a more potent 

inhibitor than wild type ExsD at the same temperature (IC50 = 6.6 ± 0.9 μM).  This 

suggests that most of the ExsD
M59R

 is stable enough to still be active at 37 °C. 

Effect of ExsD
M59R

 in vivo 

 Given that the thermoregulation due to ExsD trimerization was observed in vitro, 

we wanted to examine if the effect is observed in vivo.  A PA103 ExsD
M59R

 chromosomal 

mutant strain was compared to PA103 wild type in a β-galactosidase assay (Fig. A.3).  

The cultures were grown under inducing and non-inducing conditions for type III 

secretion at 30 °C, and T3SS transcriptional activation was measured from the PexsD 

promoter.  We hypothesized that the ExsD
M59R

 strain would inhibit ExsA more strongly 

compared to wild type, because the monomeric ExsD
M59R

 variant is able to strongly 

inhibit ExsA-dependent transcription at 30 °C in vitro.  However, there was no significant 

difference in the level of T3SS transcription under inducing or non-inducing conditions. 

 

Discussion 

 Here we demonstrate that the observed thermoregulation by ExsD corresponds to 

a temperature gradient.  This suggests that as the temperature increases, the ExsD trimer 

becomes less stable, which allows for ExsD to bind ExsA in the 1:1 complex that is 

needed for inhibition [147].  Chapter Three reveals that the ExsD
M59R

 monomeric variant 

is capable of inhibiting ExsA-dependent transcription at 30 °C, which demonstrates that 
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the ExsD trimer is reason for the thermoregulation seen with wild type ExsD [206].  Here, 

we wanted to examine the ability of ExsD
M59R

 to inhibit ExsA-dependent transcription at 

37 °C.  ExsD
M59R

 in the absence of ExsA or DNA is unstable at 37 °C, as shown by the 

differential scanning fluorimetry experiment in Chapter Three, which revealed a melting 

temperature of 30.7 °C [206].  However, in the presence of binding partners ExsA and 

DNA, the overall stability of ExsD
M59R

 should increase.  The in vitro transcription assay 

at 37 °C showed only a slight decrease in inhibition.  The IC50 value was 1.3 ± 0.1 μM, 

compared to 0.37 ± 0.1 μM at 30 °C.  This suggests that a certain amount of ExsD
M59R

 is 

denatured, and thus inactive at the higher temperature.  However, the inhibition is still 

stronger than wild type ExsD (IC50 = 6.6 ± 0.9 μM) [206], indicating that a high 

percentage of ExsD
M59R

 is still stable at the increased temperature.  In Chapter Four, it 

was demonstrated that the melting temperature of ExsD
M59R

 does increase when DNA is 

added.  We also assume that the stability of ExsD
M59R

 improves upon binding to ExsA. 

 Our initial in vivo analysis of ExsD
M59R

 was inconclusive.  In the β-galactosidase 

assay, there was no difference between the ExsD
M59R

 mutant and wild type under 

inducing or non-inducing conditions for type III secretion at 30 °C.  As this is our first 

attempt, the effect of ExsD self-trimerization in vivo will need to be further investigated.  

Outside of the ExsA-ExsC-ExsD-ExsE cascade, regulation of the T3SS is very complex.  

There are many other factors that influence the T3SS (Fig. 1.2), however the mechanisms 

are poorly understood.  These regulatory mechanisms could be masking the effect of 

ExsD
M59R

.  Therefore, the ExsD
M59R

 mutant should be tested under a variety of growth 

conditions.  An alternative explanation is that ExsD
M59R

 is not stable enough for use in 

vivo.  A more stable ExsD monomeric variant could be a better option.  Chapter Four 
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describes an ExsD variant lacking the coiled-coil region (ExsDΔC-C).  This ExsD variant 

showed strong, monomeric activity in the in vitro transcription assay.  However, 

ExsDΔC-C is not believed to be completely monomeric.  At 30 °C, the activity of 

ExsDΔC-C indicates that it is partially trimeric.  Therefore, ExsDΔC-C could be more 

stable than ExsD
M59R

.  A differential scanning fluorimetry experiment could be used to 

determine the stability of ExsDΔC-C.  If it shows increased stability, a chromosomal 

ExsDΔC-C mutant could be constructed and used in β-galactosidase assays.  We also 

demonstrated in Chapter Four that the coiled-coil region is not important for ExsA 

binding, so the mutation should not affect the ability of ExsD to inhibit ExsA. 

 

Materials and Methods 

In vitro transcription assay 

The linear DNA template used in each assay encompassed positions -207 to 94 of 

the PexsD promoter, relative to the transcription start site; and from this template, RNA 

polymerase synthesizes an 82 base mRNA transcript.  The template was produced by 

PCR using forward primer 5´-CATCAGTTGCTGCTCAACAGCG-3´ and reverse primer 

5´-CACCGCTTCTCGGGAGTACTGC-3´.  The PCR product was run on a 2% agarose 

gel and purified using the Wizard SV Gel and PCR Clean-up System (Promega, Madison, 

WI, USA).  Each 30 µL transcription assay reaction contained 4.4 fM of promoter 

template, 50.4 µM bovine serum albumin (to eliminate non-specific protein-protein 

interactions), 10 U purified RNA polymerase from P. aeruginosa  (see Chapter Three), 1 

U RiboGuard RNase Inhibitor (Epicentre Biotechnologies), 15 ng/µL 

poly(deoxyinosinic-deoxycytidylic) acid (to prevent non-specific transcription initiation), 
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133 mM NaCl, 32 mM Tris-HCl (pH 7.4), 10 mM MgCl2, 25 µM EDTA, 0.9 mM TCEP, 

0.2 mM DTT, and 15.5% glycerol.  The time-course experiments contained 64 nM ExsA 

and either no ExsD or 50 µM ExsD (no ExsA was added for the RNA-1 control 

experiments).  Samples were mixed and allowed to equilibrate at room temperature for 

five min.  Samples were then pre-incubated for 10 min at either 33 or 37°C, depending on 

the experiment.  Next, 3 µL NTPs (stock concentrations of 200 µM ATP, CTP, GTP and 

40 µM UTP) mixed with 0.2 µL (0.2 µCi) of 3.3 mM P
32

-alpha UTP was added to each 

sample to start the reaction, and samples were incubated at either 33 or 37°C, depending 

on the experiment.  After the reactions were stopped by adding 12 µL 1X stop solution 

(3M ammonium acetate, 50 mM EDTA, 0.11 mg/mL glycogen), 170 µL 100% cold 

ethanol was added, and the samples were incubated at -20 °C for one hr.  Following 

centrifugation at 12,000 x g for 15 min, the supernatant was discarded and pellets were 

resuspended in 12 μL 1X TBE (Tris/borate/EDTA)-urea sample buffer and heated at 

70 °C for five min.  After a brief centrifugation, the samples were loaded onto a 10% 

TBE-urea gel and run at 200 mV for 60 min.  Gels were exposed to a storage phosphor 

screen (GE Healthcare) for 16 hr.  The phosphor screen was scanned using a Typhoon 

Trio Variable Mode Imager (GE Healthcare), and gel bands were quantified using Image 

Quant TL v2005 (Amersham Biosciences, Piscataway, NJ, USA).  The IC50 value for the 

ExsD
M59R

 experiment was determined by analysis using Kaleidograph (Synergy 

Software). 

β-galactosidase assay 

PA103-miniCTX-PexsD-lacZ (wild type) and PA103ExsD
M59R

-miniCTX-PexsD-

lacZ strains were grown on Vogel-Bonner (VB) minimal medium plates with 4 µg/mL 
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triclosan overnight at 37 °C.  Cells were scraped from the plates and resuspended in 2 mL 

trypticase soy broth (TSB).  The broths were shaken at 300 rpm at 37 °C for 5 min to 

resuspend the cells.  OD600 measurements were taken and adjusted amounts were added 

to 10 mL of TSB with 1% glycerol and 100 mM monosodium glutamate (MSG) so that 

each culture started at an OD600 of 0.1.  EGTA pH 8.0 was added to both of the (+) 

EGTA cultures to obtain a final concentration of 2 mM.  The cultures were incubated at 

30 °C with shaking at 250 rpm.  100 µl samples were taken for each time point and stored 

at -20 °C.  900 µl of Z-buffer (60 mM Na2HPO4, 40 mM NaH2PO4 x H2O, 10 mM KCl, 1 

mM MgSO4 x 7 H2O) with 50 mM β-mercaptoethanol was added to the frozen samples, 

and they were thawed in a 28 °C water bath.  Once thawed, 30 µl of chloroform and 30 µl 

of 0.1% SDS were added, and the samples were vortexed for 10 sec.  Each sample was 

pre-incubated at 28 °C for 5 min.  Then 0.2 mL ortho-Nitrophenyl-β-galactoside (ONPG) 

solution (4 mg/mL in Z-buffer containing β-mercaptoethanol) was added to start the 

reaction, and they were incubated immediately at 28 °C.  The reactions were stopped 

once they turned yellow by adding 0.5 mL of 1 M Na2CO3.  The samples were 

centrifuged for 5 min at 10,000 rpm to pellet the lysed cells, and the OD420 of the 

supernatant was measured.  Miller units were calculated using the following formula: 

Miller units = (1000 x OD400) / (incubation time in min x volume of cell culture in mL x 

OD600). 
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Fig. A.1.  Effect of ExsD on ExsA-dependent transcription at 33 °C.  A 0-10 min time 

course was performed with 64 nM ExsA with or without 50 μM ExsD.  This experiment 

was performed in triplicate.  ExsD provides a 1.72x level of inhibition at this 

temperature. 
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Fig. A.2.  Effect of ExsD
M59R

 on ExsA-dependent transcription at 37 °C.  A titration 

of ExsD
M59R

 was performed at 37 °C.  Each sample contained 64 nM ExsA.  Each 

reaction was allowed to proceed for 10 min.  This experiment was performed in 

quadruplicate.  The resulting IC50 value was 1.3 ± 0.1 μM. 
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Fig. A.3.  T3SS transcription activity of PA103 WT vs. PA103 exsD
M59R

.  β-

galactosidase assay under inducing (+ EGTA) and non-inducing (– EGTA) conditions for 

type III secretion at 30 °C.  Transcriptional activity was measured from the PexsD 

promoter.  This experiment was performed in quadruplicate. 
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