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ABSTRACT

ExsA is an AraC-family transcriptional regulator that controls expression of T3SS
genes in P. aeruginosa. ExsA binds to DNA at T3SS promoters and activates
transcription. In the work presented here I examine the stoichiometry, ligand-interaction
properties, and transcriptional activation mechanism of ExsA. I determined that ExsA is
largely monomeric in solution. ExsA binds T3SS promoter DNA with high affinity
resulting in two ExsA-DNA complexes. Whereas the lower molecular weight complex
represents a single molecule of ExsA bound to DNA, the higher molecular weight
complex represents two molecules of ExsA bound to adjacent sites at T3SS promoters. [
next analyzed the mechanism by which ExsD negatively effects ExsA function.
Chromatin Immuno-Precipitation Assays (ChIP) demonstrate that ExsD inhibits the
DNA-binding activity of ExsA in vivo. Finally, I characterized the mechanism of
transcriptional activation by ExsA. ExsA-dependent promoters contain regions that
resemble consensus 6’ -35 and -10 recognition hexamers. The spacing between these
regions, however, is increased 4-5 bp compared to the 6'° consensus. Nevertheless,
demonstrate that T3SS promoters are dependent on 6’ -RNA polymerase (RNAP). Using
the abortive initiation assay I discovered that ExsA recruits RNA polymerase to the Peysc
and Peysp promoters. Potassium permanganate footprints indicate that following
recruitment, RNAP facilitates unwinding of DNA at the -10 hexamer of T3SS promoters.
Transcriptional activators generally recruit RNAP by contacting the o or 6'° subunits (or
both). I have found that ExsA recruits RNAP to the Peysc and Pexsp promoters by
contacting region 4.2 of 6’°. Although I have established the role of the -10 hexamer, the
function of a near-consensus, putative -35 remains puzzling. in vitro transcription assays
on templates with mutations in the Peysc -35 hexamer reveal that this region is
dispensable for ExsA-independent transcription. These data may suggest the putative -35

hexamer is really just an ExsA binding site. Consistent with this hypothesis, I provide



evidence that suggests an extended -10 element at Peysc may function to compensate for

the lack of a -35 hexamer.
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ABSTRACT

ExsA is an AraC-family transcriptional regulator that controls expression of T3SS
genes in P. aeruginosa. ExsA binds to DNA at T3SS promoters and activates
transcription. In the work presented here I examine the stoichiometry, ligand-interaction
properties, and transcriptional activation mechanism of ExsA. I determined that ExsA is
largely monomeric in solution. ExsA binds T3SS promoter DNA with high affinity
resulting in two ExsA-DNA complexes. Whereas the lower molecular weight complex
represents a single molecule of ExsA bound to DNA, the higher molecular weight
complex represents two molecules of ExsA bound to adjacent sites at T3SS promoters. [
next analyzed the mechanism by which ExsD negatively effects ExsA function.
Chromatin Immuno-Precipitation Assays (ChIP) demonstrate that ExsD inhibits the
DNA-binding activity of ExsA in vivo. Finally, I characterized the mechanism of
transcriptional activation by ExsA. ExsA-dependent promoters contain regions that
resemble consensus 6’ -35 and -10 recognition hexamers. The spacing between these
regions, however, is increased 4-5 bp compared to the 6'° consensus. Nevertheless,
demonstrate that T3SS promoters are dependent on 6’ -RNA polymerase (RNAP). Using
the abortive initiation assay I discovered that ExsA recruits RNA polymerase to the Peysc
and Peysp promoters. Potassium permanganate footprints indicate that following
recruitment, RNAP facilitates unwinding of DNA at the -10 hexamer of T3SS promoters.
Transcriptional activators generally recruit RNAP by contacting the o or 6'° subunits (or
both). I have found that ExsA recruits RNAP to the Peysc and Pexsp promoters by
contacting region 4.2 of 6’°. Although I have established the role of the -10 hexamer, the
function of a near-consensus, putative -35 remains puzzling. in vitro transcription assays
on templates with mutations in the Peysc -35 hexamer reveal that this region is
dispensable for ExsA-independent transcription. These data may suggest the putative -35

hexamer is really just an ExsA binding site. Consistent with this hypothesis, I provide
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evidence that suggests an extended -10 element at Peysc may function to compensate for

the lack of a -35 hexamer.
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CHAPTER I
INTRODUCTION

Pseudomonas aeruginosa

Pseudomonas aeruginosa 1s a Gram-negative opportunistic bacterial pathogen
found commonly in soil and other moist surfaces worldwide (Mena and Gerba 2009;
Noura et al. 2009). P. aeruginosa has few nutrient requirements and can thrive under
environmental stress (Cowell et al. 1999). P. aeruginosa is able to infect a wide variety
of organisms including mammals, fish, invertebrates, and lower-order eukaryotes
(Pukatzki et al. 2002; Rahme et al. 2000). Exposure to P. aeruginosa can cause a number
of clinical manifestations including but not limited to pneumonia, skin/soft tissue
infection, burn-wound complications, gastrointestinal disorders, endocarditis, meningitis,
and urinary-tract infections (Veesenmeyer et al. 2009). P. aeruginosa is an emerging
pathogen of clinical relevance due to the increased incidence of drug-resistant isolates
from infected patients and is a frequently-isolated source of nosocomial pneumonia
(Hocquet et al. 2007; Richards et al. 2000). Although community acquired infection has
been reported, most newly acquired infections are thought to originate from
environmental sources (usually nosocomial) infecting immunocompromised individuals
with several comorbidities (Patel et al. 2002). Common nosocomial sources of the
organism include ventilators, resuscitators, anaesthetic equipment, and catheters (Crouch
Brewer et al. 1996; Fierer et al. 1967; Liedberg and Lundeberg 1989; Olds et al. 1972).
Given its ability to persist in the hospital setting, it is not surprising that P. aeruginosa is
the most common pathogen isolated from patients hospitalized longer than one week
(Geffers et al. 2004). Although acute P. aeruginosa infections are often curable, a
number of fulminant infections such as those from burn wounds or those that cause
bacteremic pneumonia are associated with extremely high mortality rates (Kang et al.
2003). In addition to causing acute infections, P. aeruginosa frequently causes chronic

infections in the lungs of cystic fibrosis patients (Lyczak et al. 2002). The most effective



treatment options for P. aeruginosa infections include aminoglycoside, quinolone, and
cephalosporin antibiotics or combination therapy with multiple antiobiotics (Cunha
2002).

P. aeruginosa contains a number of virulence factors that contribute to acute and
chronic infection. Several appendages are produced that mediate adherence including a
type IV pilus and other non-pilus components such as neuraminidase, lipopolysaccharide,
and flagella (Cacalano et al. 1992; Hahn 1997). In the absence of these adherent
structures there is a dramatic decrease in the ability of P. aeruginosa to colonize host
tissues (Kang et al. 1997; Sundin et al. 2002). The elastase proteins LasA and LasB are
produced during P. aeruginosa infection, and these proteins enhance tissue destruction by
increasing host-invasion (Cowell et al. 2003). A number of other extracellular factors
like phospholipase and alginate are also important for the establishment of both acute and
chronic infections (Berka et al. 1981; Pedersen et al. 1992). Finally, P. aeruginosa
secretes a number of toxins that facilitate tissue destruction and phagocytic avoidance.
For example, Exotoxin A is a secreted toxin that has a similar mechanism as diphtheria
toxin and catalyzes the ribosyl transfer of ADP to protein synthesis elongation factor-2
(Pollack 1983; Pollack and Anderson 1978). Exotoxin-A is secreted in a multi-step
process first involving transport to the periplasmic space via the sec pathway followed by
outer membrane transport to the extracellular environment by the xcp system, collectively
known as type II secretion (Sandkvist 2001). Lastly, a subset of toxins is transported

across both membranes simultaneously via the type three secretion system (T3SS).

The Type 111 Secretion System (T3SS)

The T3SS consists of a macromolecular needle-like complex that facilitates the
translocation of effector proteins from the bacterial to host-cell cytoplasm. The T3SS is
functionally and structurally related to the well-studied flagellar secretion system and is

found in many Gram-negative organisms that cause disease in plants and animals (Hauser



2009). The structural components of the T3SS can functionally be divided into
regulators, the needle complex, the translocation apparatus, secreted effectors, and
chaperones. Much of what is known about the P. aeruginosa needle complex is derived
from the well-characterized needle complex in Yersinia sp. The needle complex consists
of a multi-ring base and a needle-like filament. In Yersinia sp. an ATPase motor (YscN)
powers the secretion system by unfolding effector proteins, placing them in a secretion-
competent state (Blaylock et al. 2006). The YscJ and YscC proteins anchor the system to
the inner and outer membranes, respectively (Marlovits et al. 2004; Woestyn et al. 1994).
The needle filament consists of repeating subunits of the YscF protein, which serves as a
conduit for protein secretion and may additionally serve as a sensor for host-cell contact
(Pastor et al. 2005). Toxins and effectors are secreted through the needle complex and
are translocated through the host-cell membrane via the YopB-YopD pore-forming
complex and LerV (Cornelis 2002a; Cornelis 2002b). The P. aeruginosa homologues
PopB, PopD, and PcrV are secreted through the T3SS channel; PopB and PopD are
sufficient for translocation pore formation of lipid vesicles in vitro (Schoehn et al. 2003).
PcrV is thought to work in much the same fashion as the homologous protein in Yersinia
sp. (LerV) which forms a scaffold attached to the tip of the T3SS needle and functions as
a chaperone for assembly of the YopBD complex (Mota 2006; Mueller et al. 2005).

The T3SS translocates four known effector toxins ExoS, ExoT, ExoU, and ExoY
(Engel and Balachandran 2009). Most bacteria encoding a T3SS are known to secrete a
large number of effectors yet P. aeruginosa is only known to secrete four toxins and
surprisingly no clinical isolate typically encodes all four effectors (Feltman et al. 2001;
Fleiszig et al. 1997). ExoS and ExoT are bifunctional cytotoxins with 76% amino acid
similarity (Engel and Balachandran 2009). Both toxins contain ADP ribosyltransferase
and GTPase-activating domains resulting in diverse effects in the host organism (Engel
and Balachandran 2009). The GTPase-activating domain of ExoS/ExoT targets the

eukaryotic factors Rac, Rho, and CDC42 (Goehring et al. 1999; Kazmierczak and Engel



2002). Constitutive inactivation of Rho causes alterations in cell morphology, inhibition
of phagocytosis, and perturbed cell migration (Lerm et al. 2000) . The ADP-
ribosyltransferase activity of both toxins differ in substrate specificity yet both require a
eukaryotic 14-3-3-ligand cofactor (Liu et al. 1997; Ottmann et al. 2007). ExoS appears to
have broad substrate specificity affecting host cytoskeletal structure, DNA synthesis,
adherent properties, and cell suicide mechanisms (Barbieri and Sun 2004). Although few
ADP-ribosylation targets for ExoS have been identified, the eukaryotic factors RAS and
ERM are validated targets (Jansson et al. 2006; Maresso et al. 2007). RAS is a GTPase
important for proliferation and cell-survival whereas ERM factors are important for actin-
related processes (Barbieri and Sun 2004). In contrast, the ADP-ribosyltransferase
activity of ExoT has narrow substrate specificity affecting a limited number of proteins
(Barbieri and Sun 2004). Of particular importance are the effects of ExoT on the
eukaryotic CRK I and CRK II adaptor proteins (Sun and Barbieri 2003). ExoT ADP-
ribosyltransferase activity disrupts cell-cell signaling and arrests cell division
(Kazmierczak and Engel 2002; Shafikhani and Engel 2006). ExoU is a potent
phospholipase that causes rapid cell-death via its phospholipase-A activity (Phillips et al.
2003; Sato et al. 2003). Phospholipase A activity causes rapid hydrolysis of
phospholipids with broad substrate specificity resulting in a rapid loss of host cell
membrane integrity and necrosis (Tamura et al. 2004). Much like ExoS and ExoT, ExoU
requires a eukaryotic cofactor, superoxide dismutase (SOD1). SOD1 was identified
through fractionation of eukaryotic cell extracts and interestingly its ExoU-stimulatory
activity seems to be independent of SOD1 enzymatic activity (Sato et al. 2006).
Additionally, yeast extracts lacking SOD]1 still exhibit ExoU-stimulatory activity
suggesting additional cofactors may be present (Sato et al. 2006). ExoU targets
phagocytes and epithelial barriers promoting both persistence and dissemination of P.
aeruginosa (Hauser 2009). Finally, ExoY is an adenylate cyclase similar to CyaA from

Bordetella pertussis and edema factor (EF) from Bacillus anthracis (Yahr et al. 1998).



Ex0Y is unique among known adenylate cyclase toxins in that it is not secreted by a type
I or type II mechanism and delivery is limited to cells at the site of colonization (Yahr et
al. 1998). ExoY causes a dramatic increase in the intracellular levels of cAMP, which
results in an inhibition of bacterial uptake and causes cytoskeletal disruptions (Ichikawa
et al. 2005; Yahr et al. 1998). A study has shown that although most P. aeruginosa
strains carry the exoY gene few of them actually express it (Yahr et al. 1998). The overall
contribution of ExoY to the virulence and dissemination of P. aeruginosa remains
unclear.

The secretion of toxins by the T3SS pathway results in dramatic effects on host
cell morphology and immune system function, yet effector-independent contributions are
just now being realized. It has been hypothesized that the translocation pore alone is
sufficient to cause host-cell death due to an increase in membrane permeability and/or an
effect on activation of the immune response (Dacheux et al. 2001; Goure et al. 2004; Lee
et al. 2005; Shafikhani et al. 2008). This hypothesis has never been thoroughly tested and
a more likely alternative explanation is that the T3SS induces an immune response by the
translocation of flagellin. The translocation of flagellin has been observed in a number of
different organisms that express a T3SS (Badea et al. 2009; Sun et al. 2007). The
translocation of flagellin activates caspase 1 through ice protease activating factor (Miao
et al. 2008). This phenomenon has been observed in Salmonella enterica and has also
been shown for the T4SS in Legionella sp. resulting in activation of the inflammasome
and eventual pyroptosis (Franchi et al. 2006; Ren et al. 2006). Whether translocation of
flagellin or other unknown T3SS-associated effectors contributes to P. aeruginosa
pathogenesis remains unknown. The notion that host cells have evolved an innate,
protective response to the formation of the bacterial translocation system is an intriguing

possibility and worthy of further study.



Regulation of T3SS Gene Expression

T3SS gene expression is regulated at the transcriptional and post-transcriptional
levels (Yahr and Wolfgang 2006). Induction of T3SS gene expression occurs via host
cell contact and can be artificially stimulated by the sequestration of calcium from the
growth medium (Frank 1997; Vallis et al. 1999). Mechanistically, it is unclear what
host/pathogen-specific factors are involved in cell contact-mediated induction and how
low calcium induces secretion. The T3SS is an energetically expensive process and is
tightly regulated to produce a rapid response only when host cells are present (Hauser
2009). The T3SS is unique in that transcription is coupled to the state of the secretory
apparatus by a cascade of regulatory proteins reminiscent of a partner switching
mechanism (Figure 1).

At the heart of the T3SS regulatory cascade is ExsA, an AraC-family
transcriptional activator. ExsA specifically binds T3SS promoters and activates
transcription of T3SS gene expression (Brutinel et al. 2008; Hovey and Frank 1995).
Under non-inducing conditions the activity of ExsA is negatively affected by the
formation of a 1:1 stoichiometric complex with ExsD (ExsA-ExsD) (McCaw et al. 2002;
Thibault et al. 2009). Concomitantly, the small regulatory protein ExsE remains
cytosolic and bound to its chaperone ExsC forming a 2:1 stoichiometric complex (ExsC,-
ExsE) (Rietsch et al. 2005; Urbanowski et al. 2005; Zheng et al. 2007). Upon host cell
contact or sequestration of calcium from the growth media, ExsE is translocated into host
cells or secreted, respectively (Urbanowski et al. 2007). In the absence of ExsE, ExsC
forms a 1:1 stoichiometric complex with ExsD (ExsC,-ExsD;) (Lykken et al. 2006;
Zheng et al. 2007). Formation of the ExsC,-ExsD, complex is energetically favored over
formation of the ExsA-ExsD complex and thus frees ExsA to activate transcription
(Brutinel et al. 2009a). This system is thought to be governed solely by protein affinity
and in keeping with this hypothesis, the dissociation constant (K,) for the ExsC,-ExsE

complex (1 nM) is lower than that of the ExsC,-ExsD, complex (18 nM) suggesting that



ExsC preferentially binds ExsE (Zheng et al. 2007). Although the insolubility of free
ExsD has hampered biochemical studies, we predict the dissociation constant of the
ExsA-ExsD complex to be greater than 18 nM. This regulatory cascade is depicted in
Figure 1 and is a summation of the following affinity hierarchy: ExsE > ExsC > ExsD >
ExsA.

In addition to secretion-mediated transcriptional regulation of T3SS gene
expression, a host of unrelated factors are known to influence T3SS gene expression
(Figure 2). Intracellular levels of cAMP modulate T3SS gene expression through the
CRP-like transcriptional regulator Vfr (Wolfgang et al. 2003). Recent studies indicate
that low Ca”" conditions also influence cellular cAMP levels (Rietsch and Mekalanos
2006). cAMP levels are known to allosterically modulate Vfr activity and DNA
microarray studies have implicated Vfr as a global regulator of type IV pili, type II
secretion, and T3SS gene expression (Wolfgang et al. 2003). ExsA overexpression can
complement mutants unable to produce Vfr and cAMP, suggesting these regulatory
components act on a common pathway (Wolfgang et al. 2003). Conversely, Vfr
overexpression and exogenous cCAMP are unable to complement a mutant lacking ExsA,
suggesting that the Vfr/cAMP effect occurs at or above the level of ExsA (Wolfgang et
al. 2003). It is attractive to posit that V{r may act synergistically with ExsA to directly
regulate T3SS gene expression given the propensity for AraC-family members to interact
with CRP-like proteins (Gallegos et al. 1997).

Other factors such as osmolarity, DNA damage, copper stress, and metabolic
stress influence T3SS gene expression. Increased osmolarity, caused by either high NaCl
or elevated sucrose concentrations, is known to modulate T3SS gene expression (Rietsch
and Mekalanos 2006). Levels of cAMP are also elevated in response to osmotic stress,
suggesting a possible link with the Vfr/cAMP pathway (Rietsch and Mekalanos 2006).
The SOS DNA damage stress response is known to induce PtrB, a protein that negatively

affects T3SS gene expression by an unknown mechanism (Wu and Jin 2005). PtrA is a



regulator that is induced by copper stress and is thought to negatively regulate T3SS gene
expression during burn-wound infections (Ha et al. 2004). Recent studies suggest PtrA
directly binds ExsA to negatively regulate its activity in P. aeruginosa strain PAK (Ha et
al. 2004) yet similar studies in PA103 yield different results suggesting strain-specific
effects (Vakulskas and Yahr, unpublished). Finally, disruptions in intracellular
metabolite levels are known to influence T3SS gene expression. Mutations in pyruvate
dehydrogenases, glucose transporters, and overproduction of efflux pumps all negatively
affect T3SS gene expression through unknown mechanisms (Linares et al. 2005; Rietsch
and Mekalanos 2006; Wolfgang et al. 2003).

In general, T3SS gene expression appears to be positively regulated in acute
infections and negatively regulated in chronic infections. Recent data suggest that
negative regulation of T3SS gene expression in a chronic infection is linked to alginate
production, biofilm formation, and quorum sensing (Yahr and Wolfgang 2006). Alginate
is an exopolysaccharide that increases the ability of P. aeruginosa to persist in the lungs
of cystic fibrosis (CF) patients (Bendiak and Ratjen 2009; Martin et al. 1993). Alginate
overproduction in CF patients occurs primarily because of mutations in mucA, the anti-
sigma factor negatively regulating alginate production (Martin et al. 1993). Analysis of
clinical isolates from CF-lungs suggests that the switch to alginate overproduction (mucA
mutation) is observed simultaneously with a loss in T3SS gene expression (Wu et al.
2004). The short term, reversible loss of T3SS gene expression is thought to occur as a
result of an increase in AlgU/AIgR production (Yahr and Wolfgang 2006). AlgU and
AlgR are regulators (repressed by MucA) that negatively affect T3SS gene expression by
an unknown mechanism (Yahr and Wolfgang 2006). The long term loss of T3SS gene
expression observed in clinical isolates from CF patients, however, may be due to the
rapid accumulation of mutations in factors positively regulating T3SS gene expression

(exsA, vfr, etc.) (Wu et al. 2004).



T3SS gene expression is also linked to the expression of genes required for
biofilm formation. Biofilm formation is regulated by the RetS and LadS sensor proteins
(Ventre et al. 2006). Mutations in retS have reduced T3SS-dependent cytotoxicity and
increased biofilm formation while /adS mutants have the opposite effect (Ventre et al.
2006). RetS and LadS are two-component regulators thought to be associated with
sensing carbohydrates that mediate activity through the GacAS/rsmZ pathway (Heurlier
et al. 2004; Ventre et al. 2006). The small, regulatory RNA rsmZ sequesters the CsrA-
like RNA-binding protein RsmA (Ventre et al. 2006). Recent evidence suggests that
RsmA post-transcriptionally regulates ExsA expression (Urbanowski and Yahr,
unpublished). The current model predicts that RetS directly represses transcription of
biofilm genes and rsmZ expression, thereby allowing free RsmA to enhance T3SS gene
expression by stabilizing the exs4 mRNA. The available data also suggest that RetS may
function through the Vfr/cAMP pathway; as Vfr overexpression can complement a retS
deletion restoring T3SS gene expression (Mulcahy et al. 2006). Finally, T3SS gene
expression has been linked to quorum sensing as an inactive Rhl system shows increased
T3SS gene expression (Bleves et al. 2005). The details of this interaction have yet to be

determined but are worthy of further study.

ExsA and the AraC-family Transcriptional Regulators

ExsA is a member of the extremely diverse AraC family of transcriptional
regulators. AraC homologues are found in both Gram-positive and Gram-negative
organisms. These regulators can function to activate, repress, or bifunctionally modulate
transcription (Gallegos et al. 1997). The hallmark feature of AraC family regulators is a
conserved DNA-binding region comprised of approximately 100 amino acids (Egan
2002). This domain contains 1 or 2 helix-turn-helix DNA-binding motifs, which are
usually sufficient to bind DNA and activate transcription (Egan 2002). AraC family

regulators also typically have a non-conserved region containing either a ligand-
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interaction or multimerization domain (or both). DNA-binding activity is usually
affected by the presence of bound ligand. The ligands in these cases can be small
sugars/metabolites, redox components, organic compounds, or proteins (Egan 2002;
Plano 2004). For example, AraC regulates transcription of arabinose metabolism genes
in response to the presence or absence of the simple sugar arabinose (Schleif 2003). An
AraC dimer binds arabinose, inducing a conformational change in the complex that
increases its affinity for DNA half-sites located at the aral locus (Schleif 2003). In this
conformation, the arabinose-bound AraC dimer activates transcription by recruiting RNA
polymerase (RNAP) and facilitating open complex formation (Zhang et al. 1996). In the
absence of arabinose, the AraC dimer binds distal half sites; one located at the aral; locus
and the other 210 base pairs upstream at the araO; locus (Schleif 2003). In this
conformation the AraC dimer forms a repressive DNA loop that prevents access to
promoters by RNAP (Schleif 2003). This is an example of not only how an AraC-family
member is modulated by its bound ligand, but also of how it can both activate and repress
transcription.

ExsA contains the conserved AraC-family DNA-binding region located in its
carboxy terminus as well as an amino-terminal domain containing ExsD binding
determinants and a self-interaction domain (Brutinel et al. 2009b). Electrophoretic
mobility shift assays demonstrate that ExsA specifically binds T3SS promoters with high
affinity (K¢q = 1-5 nM) (Brutinel et al. 2008; Hovey and Frank 1995). Two complexes of
different mobility are observed at all tested promoters, with the most mobile shift product
termed complex 1, and the least mobile shift complex termed complex 2 (Brutinel et al.
2008). ExsA protects similar regions of the Py, Pexsp, and Py, promoters from DNAse
I cleavage. The area of protection starts approximately 8 nucleotides downstream of the
presumptive -35-like RNAP recognition hexamer and continues upstream as far as 30
nucleotides (Brutinel et al. 2008; Hovey and Frank 1995). This protection range is much

greater than that of several well-characterized monomeric AraC-family regulators, which
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suggests multiple ExsA molecules occupy T3SS promoters (Egan 2002). Point mutations
were made in the P, r promoter and ExsA binding was assayed by EMSA to more finely
map the ExsA binding site. The results of these experiments suggest that the
downstream, -35-like region as well as the upstream, adenine-rich region of the P,r
promoter (Figure 3) represent adjacent ExsA binding sites called sites 1 and 2,
respectively (Brutinel et al. 2008; Brutinel et al. 2009b). In contrast to most AraC-family
proteins, the ExsA binding site appears to completely overlap a presumptive -35
sequence (Brutinel et al. 2008). Mechanistically it is unclear how ExsA activates
transcription, and what role a near-consensus -35 RNAP recognition hexamer plays in
both activator-dependent and activator-independent transcription.

It is also interesting to note that ExsA bends DNA at the Py,7, Pexsp, and Pyc
promoters and that bending is dependent on the carboxy-terminal domain (Brutinel et al.
2008; Brutinel et al. 2009b). The most dramatic example of ExsA-dependent DNA
bending is seen at the P,.,c promoter where the DNA in complex 1 bends 37° and the
DNA in complex 2 bends 78° (Brutinel et al. 2008). DNA bending by transcriptional
activators has been shown to play a role in the formation of open complexes during
transcription initiation and it is tempting to speculate a similar role for ExsA (Kerppola

and Curran 1997).

The Bacterial 6°>-RNA Polymerase and the Kinetics of

Transcription Initiation

The DNA-dependent 6’°-RNAP from P. aeruginosa is very similar to that of E.
coli, containing nearly identical subunits and recognizing similar promoter consensus
sequences (TTGACA/TATAAT) (Dominquez-Cuevas 2004). The RNAP complex is
made up of five different subunits. The RNAP B subunit houses the catalytic machinery
facilitating RNA chain initiation and elongation (Gross et al. 1996). The 3’ subunit is

poorly understood but appears to have a role in non-specific DNA binding; this occurs
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independent of the o factor (Gross et al. 1996). At the heart of the complex is the a
subunit which forms a dimer as part of the RNAP holoenzyme, with each o monomer
containing two independent functional domains joined by a flexible linker (Gross et al.
1996). The a subunit amino terminus serves as a scaffold for RNAP core assembly by
independently binding the 8 and B’ subunits (Igarashi et al. 1991). In rare cases the a
subunit amino terminus has been implicated as a target for transcriptional activators yet
this domain does not seem to be critical for AraC-family protein-RNAP contacts (Egan et
al. 2000). The a subunit carboxy terminal domain binds DNA regions known as UP
elements which consist of AT tracts located upstream of the -35 hexamer (Gaal et al.
1996). In addition to having DNA-binding determinants, the a carboxy-terminal domain
serves as a target for a number of transcriptional activators, including several AraC
family members (Egan 2002). The a, B, and B’ subunits make up what is collectively
known as the RNAP core enzyme; this complex, when assembled on DNA, is fully
capable of RNA chain elongation yet is incapable of specifically recognizing promoter
sequences (Burgess et al. 1969).

The 6’° subunit, the most well-studied RNAP component, contains four
independent regions of discrete function (Paget and Helmann 2003). The first 6'° region
prevents non-specific association of 6’ with DNA in the absence of core RNAP (Paget
and Helmann 2003). Curiously this region is only present in the primary ¢ factors (rpoD,
rpoS, etc.) suggesting it may be critical for maximal expression of housekeeping genes.
The second region contains DNA binding sequences important for recognizing the -10 or
Pribnow recognition hexamer (Severinova et al. 1996). The third region contains
sequences important for recognition of extended -10 promoters and is thought to have a
role in transcription initiation (Paget and Helmann 2003). The fourth and final region of
6"’ contains DNA binding elements that recognize the -35 hexamer and is important for

the action of several transcriptional activators (Paget and Helmann 2003).
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An additional RNAP subunit @ has been identified but its role in transcription
remains unclear. It has been reported that E. coli mutants lacking the @ subunit have no
obvious phenotype and grow normally in rich media (Mathew and Chatterji 2006;
Mathew et al. 2006). Recent in vitro data suggests that this subunit may be important for
refolding of denatured RNAP enzyme (Mathew et al. 2006). Additionally, it has been
shown that the ® subunit can function as a target for a synthetic transcriptional activator;
suggesting it theoretically could be an authentic target for activator function (Dove and
Hochschild 1998).

RNAP is a complex enzyme that has evolved to recognize a diverse set of
promoter architectures and functions in concert with hundreds of different transcriptional
regulators. The initiation of RNA synthesis is also complex and is generally simplified
by the identification of rate-limiting steps. The initiation of RNA synthesis requires
template DNA, RNAP holoenzyme (a,,p,°,6"°), and the first few nucleotides of a
transcript (Hsu 2009). The first step in initiation is closed complex formation and simply
represents the initial recognition and binding of RNAP to promoter DNA (Hsu 2009).
The rate of closed complex formation is limited by the ratio of RNAP to template DNA,
as well as how efficiently RNAP can recognize the promoter. This efficiency is usually
determined by the specific sequence of -35/-10 recognition hexamers as well as the
presence or absence of additional promoter factors like UP elements or extended -10
sequences (Hsu 2009). The second step is isomerization to the open complex. The
hallmark of the open complex is a region of single-stranded DNA (ssDNA) starting at the
-10 hexamer and extending beyond the +1 site of transcription initiation. This step
allows the B subunit of polymerase access to the template strand to initiate RNA chain
synthesis and is easily detected by the presence of ssDNA-modifying agents such as
potassium permanganate (Davis et al. 2007). The final step in initiation, promoter

clearance, represents the transition to an elongation and is poorly understood. To date
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transcriptional activators have been identified that affect each step in transcription

initiation (Hsu 2009).

Research Proposal and Rationale

The AraC family of transcriptional regulators has been the subject of intense
study for the past fifty years. Although the DNA-binding activity of a number of these
regulators has been studied intensively, very little is known about how they activate
transcription. AraC, the prototypical family member, has been shown to recruit RNAP to
the promoter and affects isomerization of the resulting closed complex to an open
complex (Zhang et al. 1996). Beyond that, only a few studies have hinted at the
mechanism of transcriptional activation for other AraC-like proteins. I have developed a
simple scheme to purify P. aeruginosa core RNAP and to reconstitute RNAP
holoenzyme allowing the study of the regulation of ExsA-dependent transcription in
vitro. In the second chapter of this manuscript I characterize the stoichiometry of ExsA
both in solution and bound to T3SS promoters. Additionally, I show inhibition of ExsA
DNA-binding activity by ExsD in vivo. In the third chapter I have used genetic and
biochemical techniques to understand how ExsA interacts with ExsD, and how it
interacts with RNAP to activate transcription. In the fourth and final chapter I
determined which subunits of RNAP interact with ExsA and I provide convincing
evidence that ExsA compensates for the lack of a -35 hexamer at T3SS promoters. I also
provide a mechanism by which ExsA-independent transcription occurs in the absence of
a -35 hexamer. Studying how ExsA interacts with RNAP and the mechanism of
activation may aid in developing therapeutics designed to target both the T3SS as well as
the bacterial RNAP. The following information supports this claim: (i) a novel
therapeutic has already been developed specifically targeting ExsA (Bowser et al. 2007);

(i1) the drug Virstatin has been developed to inhibit dimerization of the AraC-like protein
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ToxT (Shakhnovich et al. 2007); and (iii) bacterial RNAP has been and will undoubtedly

continue to be the target of novel therapeutics for decades (Chopra 2007).
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Figure 1. Schematic illustration of the P. aeruginosa T3SS regulatory system. T3SS-
induction is accomplished by the presence of calcium-replete conditions (as depicted) or
host-cell contact. (A) In an induced cell, ExsA-dependent gene expression is maximal
and secretion or translocation of ExoU, ExoT, and ExsE takes place. The secretion or
translocation of ExsE results in formation of the ExsC,-ExsD, complex, which prevents
ExsD from disrupting ExsA self-association and DNA-binding activities. (B) In the
absence of induction, ExsE remains cytosolic and bound to ExsC. The ExsC,-ExsE
complex liberates ExsD which then is available to bind ExsA. The resulting ExsA-ExsD
complex is incapable of binding DNA or associating with free ExsA rendering the

complex transcription-incompetent.
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CHAPTER 11
THE STOICHIOMETRY OF EXSA AND IN VIVO INHIBITION OF
DNA-BINDING ACTIVITY BY EXSD
Introduction

The AraC-family of transcriptional activators is diverse and consists of members
that function as monomers, dimers, and higher order oligomers (Egan 2002).
Deciphering the stoichiometry of AraC-like regulators has been somewhat elusive given
the tendency for these proteins to aggregate and become insoluble (Schleif 2003). The
prototypical member of the family, AraC, binds DNA as a dimer and has been studied in
solution by isolating its amino terminal domain, which renders the protein highly soluble
(Hendrickson and Schleif 1985; Weldon et al. 2007). Experiments with this truncated
derivative reveal that AraC exists as a dimer in solution with or without arabinose
(LaRonde-LeBlanc and Wolberger 2000). Other AraC-family members like MarA
consist solely of the ~100 amino acid DNA-binding domain and function as monomers
(Rhee et al. 1998). Determining the stoichiometry of ExsA when in solution will allow
for a better understanding of how ExsA interacts with its known ligands and with DNA
(monomer assembly, dimer recognition, etc.). Revealing the stoichiometry of ExsA when
bound to T3SS promoters will also aid in determining both the RNAP interaction
mechanism (class I or class II) and the precise nature of the ExsA consensus binding
site(s).

A previous study of ExsA was complicated by the addition of a large solubility
tag making the interpretation of experimental results difficult (Hovey and Frank 1995).
Our laboratory has generated an amino-terminal histidine-tagged ExsA derivative that is
very amenable to in vitro study when purified in the presence of the non-ionic detergent,
Tween-20 (Brutinel et al. 2008). Using highly pure, decahistidine-tagged ExsA, it has
been shown that ExsA most likely binds DNA with either 1 or 2 molecules per single

binding site (Brutinel et al. 2008). Data supporting this hypothesis include
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electrophoretic mobility shift assays demonstrating two ExsA-DNA shift complexes of
distinct mobility and the corresponding DNAse I protection experiments showing a
protection region suggestive of two adjacent ExsA proteins (Brutinel et al. 2008). The
data also indicate the presence of 2 adjacent ExsA binding sites at the P, promoter.
EMSA experiments utilizing truncated P,,,r promoter derivatives indicate that deletions
in the upstream A-rich region (site 2) only affect formation of shift complex 2 (Brutinel
et al. 2008). Deletions of the downstream -35-like region (site 1), however, ablate the
formation of both shift complexes 1 and 2. These data suggest that two binding sites are
present and that occupation of site 1 by ExsA is required for occupation of site 2.
Interestingly, whereas mutations in site 2 only affect formation of EMSA shift complex
2, mutations in either binding site drastically affect ExsA-dependent transcription
(Brutinel et al. 2008), indicating that occupation of both binding sites is required for
ExsA-dependent activation. Although the available data suggest 2 ExsA binding sites
exist at T3SS promoters, it is unclear whether ExsA binds DNA as a monomer, multiple
monomers, or as an oligomer.

ExsD negatively regulates ExsA activity through a direct binding interaction
(McCaw et al. 2002). Recent in vitro data indicates that ExsD does so by forming a 1:1
stoichiometric complex (ExsA-ExsD), which perturbs the DNA-binding activity of ExsA
(Brutinel et al. 2009a; Thibault et al. 2009). It has also been shown that ExsD may
function by antagonizing both the DNA-binding activity and the self-association
properties of ExsA (Brutinel et al. 2009a). ExsD is insoluble in solution and therefore in
vitro studies have relied on testing the DNA binding activity of purified ExsA-ExsD
complex (Brutinel et al. 2009b; Thibault et al. 2009). The ExsA-ExsD complex can be
purified to homogeneity and is highly soluble (Brutinel et al. 2009a; Thibault et al. 2009).
Because of the presence of competing hypotheses for ExsD function (inhibition of ExsA

self-assocation and ExsD repression) it remains to be seen whether the inhibition of ExsA
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DNA-binding activity by ExsD is physiologically relevant in vivo (Bernhards et al. 2009;
Brutinel et al. 2009a).

In this chapter I determine the stoichiometry of ExsA in solution and when bound
to DNA at three different T3SS promoters. I employed glycerol gradient
ultracentrifugation to determine the stoichiometry of free ExsAy;s relative to protein
standards of known molecular weight. Furthermore, I utilized a previously-established
EMSA-based method (Orchard and May 1993) to determine the molecular weight of
complexes 1 and 2 at the P,y,7, Persc, and P,yp promoters. I used the chromatin
immunopreciptiation assay (ChIP) to test whether ExsD inhibits ExsA DNA-binding
activity in vivo. This represents the first complete stoichiometric characterization of a
full-length AraC-family protein in vitro and the first direct in vivo evidence
demonstrating modulation of the DNA-binding activity of an AraC-like protein by its

bound ligand.

Materials and Methods

Glycerol gradient centrifugation

The relative sedimentation of ExsA was compared with non-denatured protein
standards of known molecular weight (BSA monomer [66 kDa]; carbonic anhydrase [29
kDa]; and lactalbumin [14.2 kDa], Sigma) in a glycerol gradient. Purified ExsApis (2 pug)
was loaded onto a 5-20% linear glycerol gradient in 4 ml of ExsA DNA-binding buffer
(10 mM Tris [pH 7.5], 100 mM KC1, 1 mM EDTA, 5% glycerol and 100 ug ml™ bovine
serum albumin) supplemented with 0.5% Tween-20. This gradient alongside an identical
gradient containing 5 pg each of protein standard was centrifuged (247,000 g) for 27 h at
4°C in a Beckman SW60ti rotor. Fractions (200 ul) were collected and subjected to SDS-

PAGE followed by silver staining or anti-ExsA immunoblot analyses.
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Stoichiometry of the ExsApis—promoter probe complexes

Molecular weight determination of ExsA—DNA complexes was performed as
described (Orchard and May, 1993). Annealed oligonucleotide probes (50 bp) were end-
labelled with [y->*P]-ATP for use in DNA binding reactions. EMSAs were performed as
follows. Reactions (19 ul) containing end-labelled specific and non-specific probes (0.25
nM each), 25 ng ml™' poly (2’-deoxyinosinic-2'-deoxycytidylic acid) (Sigma, St Louis,
MO), and 10 pl of 2X binding buffer (20 mM Tris [pH 7.5], 200 mM KCI, 2 mM EDTA,
2 mM dithiothreitol, 10% glycerol and 200 pug ml" bovine serum albumin) were
incubated for 5 min at 25°C. ExsAp;s was added to the indicated concentrations in a final
reaction volume of 20 ul and incubated at 25°C for 15 min. ExsA-DNA complexes were
immediately subjected to electrophoresis in 4.5%, 5%, 6%, 7%, 8%, 9% and 10%
polyacrylamide (0.25X TBE) gels alongside non-denatured protein standards (B-amylase
[200 kDa], BSA dimer [132 kDa] and monomer [66 kDa], carbonic anhydrase [29 kDa]
and o-lactalbumin [14 kDa]). Protein standards were detected by Coomassie blue staining
and ExsA—DNA complexes were visualized by autoradiography. Imaging was performed
using an FLA-7000 phosphorimager (Fujifilm) and MultiGauge v3.0 software (Fujifilm)
for data analyses. The migration distance of each DNA—protein complex and protein
standard was divided by the migration distance of the bromophenol blue dye yielding a
relative mobility (R¢). The logarithm of each R¢ was plotted as a function of acrylamide
concentration and the slope of each best-fit calibration curve (denoted K, for retardation
coefficient) was plotted against the molecular weight to yield a standard curve. The
molecular weight of each ExsA—DNA complex was estimated from the standard curve
and the reported values are an average of three independent experiments.

Chromatin immunoprecipitation assay (ChIP)

P. aeruginosa strains were grown with vigorous aeration in tryptic soy broth

(TSB) supplemented with 100 mM monosodium glutamate and 1% glycerol to an ODggg

of 0.6 at 30°C. Protein-DNA complexes were crosslinked by the addition of
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formaldehyde (final concentration of 1%) and cultures were shaken at 150 rpm for 20
min at 30°C. Reactions were quenched by adding 5 ml 1.0 M glycine [pH 8.0]. The cells
were harvested by centrifugation (2,000 x g for 10 min at 4°C), washed 2 times with ice
cold PBS, and suspended in 500 pl lysis buffer (10 mM Tris-HCI [pH 8.0], 50 mM NaCl,
20% sucrose, 10 mM EDTA) containing protease inhibitor cocktail (complete mini,
EDTA-free protease inhibitor cocktail, Roche, Indianapolis, IN) and 2 mg ml™ lysozyme.
After 30 min on ice, 500 pl of 2x IP buffer (100 mM Tris-HCI [pH 7.0], 300 mM NaCl,
2% Triton X-100, 40 mM EDTA) was added to the reaction and incubated at 37°C for 10
min, followed by 2 min on ice. Samples were sonicated and unbroken cells were
sedimented by centrifugation (16,000 x g for 5 min at 4°C). The supernatant was passed
through a 0.22 uM filter and subjected to immunoprecipitation. Anti-ExsA polyclonal
antibody (2 pg) was incubated with the samples for 4 hours at 4°C followed by the
addition of Protein A magnetic beads (25 pl, New England Biolabs) for 45 min at 4°C.
Beads were washed 3 times with 1X IP Buffer and 2 times with TE buffer (10 mM Tris-
HCI [pH 8.0], 1 mM EDTA). Beads were suspended in 100 pl TE buffer and the
formaldehyde crosslinks were reversed by incubation for 8 hrs at 65°C. The eluate (5 pl)
was used in PCR reactions with primers that amplify ~200 bp region of the P,,p, Peysc,
and Pg.o promoters (5’- ATACGAATTCTTCCAGCCAGTCCTATTTCA and 5°-
GACAGGTACCCCTGCTCCATTCTCTGCCTTG for Pyp, 5'-
TGATGAATTCGCCTCCTAAAGCTCAG and 5' -
ATACGAATTCTTCCAGCCAGTCCTATTTCAC for Peyc, and 5' -
TTAGGTACCCACCAGATGTTCGGATAAGT and 5'-
TTAGAATTCCGAATGGGTCTCGCTCGACC for Pgp). The resulting PCR products

were visualized on an agarose gel stained with ethidium bromide.
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Results
Oligomeric state of purified ExsAyjs and stoichiometry of
ExsApis-promoter probe complexes

To examine the oligomeric state of ExsA in solution I employed glycerol gradient
centrifugation. Purified ExsAgis (300 nM) was applied to a linear 5-20% glycerol
gradient and centrifuged for 27 h. Fractions were then collected, subjected to SDS-
PAGE, and stained with silver or immunoblotted for ExsAyis. Molecular weight
standards consisting of BSA (66 kDa), carbonic anhydrase (29 kDa) and a-lactalbumin
(14 kDa) were analyzed in the same manner and used to generate a standard curve. The
majority of ExsAp;s applied to the gradient co-migrated with the 29 kDa marker
indicating that ExsAyis (which has a predicted molecular mass of 34 kDa) is monomeric
in solution (Fig. 4A). We also noted a minor ExsAp;s peak (representing < 5% of the
material applied to the gradient and not visible in Fig. 4A) that co-migrated with the 66
kDa marker. Although it is possible that ExsAy;is is dimeric but dissociates to monomers
within the glycerol gradient, the fact that ExsAy;s sediments as a tightly defined
monomeric peak rather than being spread between the 66 kDa and 29 kDa markers argues
against this possibility. Furthermore, I estimate the ExsAp;s concentration within the
monomeric peak to be ~60 nM when accounting for dilution. This concentration is well
within the range required for ExsApis DNA-binding activity (~5 nM) (Brutinel et al.
2008). These data suggest that purified ExsAy;js is monomeric under conditions
permissive for DNA binding.

To determine the number of ExsAyjs molecules bound to shift complexes 1 and 2
we utilized the method of Orchard and May (1993). This method requires the use of
relatively small EMSA probes (50 bp). Using probes of this size we find that ExsAgy;s
specifically shifts the P, Pexsp and P.y,r promoters and again yields two distinct shift
products (Fig. 4B). These data are similar to our EMSA findings using 200 bp probes

(Brutinel et al. 2008) with the notable exception that the mobility of shift product 2 for
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the 50 bp P,,sc promoter probe is now similar to the mobility of shift product 2 for the
P..sp and P, promoter probes (Fig. 4B). It was previously determined that ExsA
binding imparts a significant bend of the P, promoter. Therefore the most likely
explanations for the altered mobility observed with the 50 bp P..,c probe are that ExsAy;s
does not elicit bending of the 50 bp P,.,c promoter probe or that the effect of bending the
50 bp promoter probe is not detectable by gel electrophoresis.

The molecular weight of shift complexes 1 and 2 was determined by comparing
the ExsApis—promoter probe complexes to a standard curve generated from a panel of
non-denatured proteins of known molecular weight (Fig. 4C). By this method the
calculated molecular weight of shift product 1 for the P, Pxsp and Py, 7 promoter
probes is 70, 75 + 2 and 74 + 1 kDa respectively. Subtracting the molecular weight of the
50 bp probe (~33 kDa) yields molecular weights of 37, 42, and 41 kDa, respectively.
These values are consistent with shift product 1 resulting from one molecule of ExsAy;s
bound to the promoter probes. The calculated molecular weights for P,.sc, Pexsp, and Pey,or
shift products 2 are 65 + 1, 68 + 1 and 68 + 1 kDa, respectively, after subtracting the
molecular weight of the 50 bp probe, and is consistent with two molecules of bound
ExsAumis resulting in shift product 2.

The data presented thus far are consistent with ExsAg;s functioning as a monomer.
A trivial explanation for that finding, however, is that the Tween-20 required to maintain
ExsAp;is 1n a soluble state dissociates dimeric ExsAp;s into monomers. To address this
possibility whole-cell extracts from E. coli expressing ExsApis were prepared in the
absence or presence of 0.5 % Tween-20, and then used immediately in an EMSA. The
ExsAumis extracts generated shift products 1 and 2 irrespective of the absence or presence
of Tween-20 for each of the promoter probes tested (Brutinel et al. 2008). These

combined data demonstrate that ExsAg;s most likely binds DNA as a monomer.
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ExsD inhibits the DNA-binding activity of ExsA in vivo

Electrophoretic mobility shift assays demonstrate that the ExsA-ExsD complex
does not possess DNA-binding activity in vitro. Furthermore, Dr. Evan Brutinel in my
lab has determined that ExsA liberated from the ExsA-ExsD complex by the presence of
ExsC protein binds DNA in vitro (Brutinel et al. 2009b). To determine whether ExsD
also inhibits the DNA binding activity of ExsA in vivo, I performed a chromatin
immunoprecipitation (ChIP) assay. The ideal comparison would be between cells grown
under high Ca”* conditions where ExsD inhibits ExsA-dependent transcription versus
cells grown under inducing conditions (low Ca®") where ExsC inhibits the negative
regulatory activity of ExsD and ExsA is bound to promoter DNA. The fact that ExsA
levels increase 3-4 fold under inducing conditions, however, would make it difficult to
determine whether an increase in DNA-binding activity reflected increased ExsA
expression or a lack of inhibition by ExsD. For this reason I designed a system in which
ExsA expression remains constant and then assessed whether ExsD influences the
fraction of ExsA bound to DNA. To this end Aexs4 and AexsAAexsD (AexsAD) mutants
carrying a chromosomally integrated ExsA-dependent transcriptional reporter (Peysp-iacz)
were transformed with either a vector control (pJN105) or a plasmid constitutively
expressing low levels of ExsA (pExsA). The resulting strains were grown under non-
inducing conditions for T3SS gene expression and assayed for B-galactosidase activity.
As expected, the activity of the P..sp.j4cz reporter was low in the absence of exs4 (Fig. 5A,
pIN105). Introduction of pExsA into the Aexs4 mutant resulted in only a modest
increase in P..p.14c7 reporter activity (~2-fold) due to the negative regulatory function of
ExsD. In contrast, P..p.1.cz reporter activity increased dramatically in the Aexs4D mutant
transformed with pExsA. Immunoblots of whole cell lysates confirmed that the steady-
state levels of ExsA expression were similar in both the Aexs4 and AexsAD strains
transformed with pExsA (Fig. 5B). This finding suggests that the ability of ExsA to

activate transcription differs in these two backgrounds.
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To determine if the difference in expression of the P, 1,z reporter correlated
with changes in the DNA-binding activity of ExsA, cells from log-phase cultures were
treated with formaldehyde to crosslink ExsA to chromosomal DNA. The cellular DNA
was then sonicated to generate 500—1000 bp fragments and subjected to
immunoprecipitation with polyclonal ExsA antibody. Following reversal of the
formaldehyde crosslinks by heat treatment, the cellular DNA co-precipitating with ExsA
was used as template in a PCR with primers that amplify the ExsA-dependent P.p or
P..sc promoters, and the ExsA-independent Py, promoter as a negative control. Strong
PCR products representing the P.p or P,.,c promoters were seen in samples isolated
from cells expressing ExsA in the absence of ExsD (Fig. 5C, lane 6), and the amount of
those products was significantly reduced in samples isolated from strains expressing
ExsD (lane 5). PCR products were absent in reactions lacking ExsA (Fig. 5C, lanes 3-4),
ExsA antibody (lane 2), or when using primers to Pg.o (lanes 3-6). Although the PCR
method of detection used in these experiments is semi-quantitative at best, two pieces of
data indicate that the difference in P,,,p promoter signal in the absence and presence of
ExsD is greater than shown: First the subtraction of 2 PCR cycles greatly affects signal
from the exs4 mutant whereas signal from the exs4D double mutant is largely unaffected
suggesting that the levels of template are greater than visibly appreciated (Fig. 5).
Second, increasing the concentration of ExsA antibody had no apparent effect on PCR
signal from the exs4 mutant; however, it had a dramatic effect on signal from the exs4D
double mutant suggesting that the a-ExsA antibody was limiting (data not shown).

Discussion

In the present study I have determined the stoichiometry of ExsA in solution and
when bound to DNA in complexes 1 and 2. My data demonstrate that shift product 1
represents one molecule of ExsAyjs bound to the promoter and is consistent with my

observation that purified ExsAyjs is monomeric under conditions known to support DNA-
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binding (Fig. 4A). My data further indicate that shift product 2 represents two molecules
of ExsApis bound to the promoter. Although I cannot fully resolve whether the two
molecules of ExsAp;s are bound to a single site or two adjacent sites on the promoter, |
favor the latter possibility based on the following data: First, the minimal ExsAp;s
binding region on the P,,r promoter (27 bp) derived from mapping studies is larger than
the monomeric binding sites (17-21 bp) of several well-characterized AraC proteins like
MarA and SoxS (Brutinel et al. 2008; Li and Demple 1994; Martin et al. 1996). Second,
the extended size of the DNAse I footprints (~45 bp) of ExsA bound to several T3SS
promoters is also larger than one would expect for a single binding site (Brutinel et al.
2008). Third, whereas mutations in the adenine-rich region of the P, promoter disrupt
formation of complex 2 but have little effect on complex 1 formation, mutations
introduced near the -35 site impair formation of both complex 1 and 2 (Brutinel et al.
2008). Mutagenesis studies indicate that ExsA must be bound to both binding sites on
the P,,,7 promoter in order to activate transcription (Brutinel et al. 2008). Based on these
data I propose a monomer assembly pathway in which the monomer bound at site 1
facilitates binding of a second ExsA monomer to the upstream site 2. Although the Hill
plot data from an earlier study does not support cooperative binding interactions at the
P..,r and Pp promoters (Brutinel et al. 2008; Brutinel et al. 2009b), the following lines
of evidence suggest cooperative interactions occur at these promoters: (i) the afore-
mentioned promoter mapping and mutagenesis studies indicating ExsA bound to site 1 is
required for binding to site 2; (ii) DNAse I footprints show no evidence of ExsA
preferentially binding sites 1 or 2, suggesting occupation of site 1 causes immediate
occupation of site 2; and (iii) occupation of site 1 by ExsA cooperatively enhances
occupation of site 2 at the P, promoter (Brutinel et al. 2008; Brutinel et al. 2009b).

In addition to characterizing the stoichiometry of ExsA I provide the first
evidence that ExsD inhibits ExsA DNA-binding activity in vivo. ExsD is only one of two

described anti-activators that targets a member of the AraC family of transcriptional



29

activators, the other being OspD1 from Shigella flexneri (Parsot et al. 2005). Recent
studies in my lab indicate that ExsD may also function by disrupting ExsA self-
association (Brutinel et al. 2009a). Although it has been shown that ExsD binds to the
amino-terminal domain of ExsA and that the amino terminal domain is required for the
self-association and cooperative binding properties, it is unclear whether this
phenomenon is physiologically relevant (Brutinel et al. 2009b). I favor a model in which
the primary function of ExsD is to antagonize the DNA-binding activity of ExsA. Data
in support of this hypothesis include the observation that ExsD antagonizes ExsA shift
complex 1 suggesting it can do so independent of preventing self-association. Future

studies may elucidate whether ExsD functions by one or more of these mechanisms.
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FIGURE 4. Stoichiometry of ExsA. A. Purified ExsAg;s is monomeric in solution.
Molecular weight standards (66 kDa, 29 kDa, and 14 kDa] and ExsAy;s were applied to a
4 ml 5-20% glycerol gradient and centrifuged for 27 h. Fractions (200 pl, indicated on
the x-axis) were subjected to SDS-PAGE and proteins were detected by silver staining
and quantified by densitometry (arbitrary units, indicated on the left y-axis) to determine
the elution peak. A standard curve was generated by plotting the elution peak of each
standard (x-axis) against its molecular weight (MW) (indicated on the right y-axis). The
empirically determined molecular weight of ExsAy;s (27.9 kDa) based on the standard
curve is comparable to the molecular weight (34.1 kDa) predicted from the amino acid
sequence. B. EMSA using 50 bp probes containing the ExsA binding site from the P,
P..or and Pp promoters. Shift products 1 and 2 are indicated. C. Representative
experiment demonstrating the method for calculating the number of ExsAy;s molecules
bound to P,,,r shift products 1 and 2. A standard curve (Ferguson Plot) was generated by
plotting the gradient (-Slope, on the y-axis) of each calibration curve against the
molecular weight of protein standards (14, 29, 66, 132 and 200 kDa, on the x-axis). The
molecular weights of ExsApis—DNA complexes 1 (74.3 kDa) and 2 (100.8 kDa) were
determined from the standard curve as indicated and the molecular weight of the DNA
probe (33 kDa) was then subtracted to yield the molecular weight of the protein bound to
shift products 1 (41.3 kDa) and 2 (67.8 kDa).
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FIGURE 5. ExsD inhibits the DNA-binding activity of ExsA in vivo. (A - B) An exs4
mutant or an exsA4,exsD double mutant carrying the P..sp..cz reporter was transformed
with a vector control (pJN105) or an expression plasmid (p2UY95, labeled pExsA in the
Figure) that constitutively expresses low levels of ExsA. The resulting strains were
grown under non-inducing conditions for T3SS gene expression and assayed for f3-
galactosidase activity (A) or protein expression levels (B) by performing immunoblots of
whole cells lysates using the indicated antibodies. The reported values are the average of
three independent experiments and error bars indicate the standard error of the mean. (C)
Chromatin immunoprecipitation (ChIP) assays performed in the presence or absence of
ExsD. Cells were treated with formaldehyde to crosslink ExsA to the DNA and
processed for ChIP assays using polyclonal anti-ExsA antibody. The immunoprecipitate
was then used in a PCR reaction with primers designed to amplify 200 bp regions of the
Pexsc, Pexsp, and Py promoters. The PCR reactions were programmed to run for 25 or 27
extension cycles as indicated. The resulting PCR products were separated on an agarose
gel and stained with ethidium bromide. P. aeruginosa chromosomal DNA was used as a
positive control (lane 1) for the PCR and reactions lacking antibody served as a negative
control (lane 2) for chromosomal contamination.
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CHAPTER III
MECHANISM OF TRANSCRIPTIONAL ACTIVATION BY
PSEUDOMONAS AERUGINOSA EXSA

Introduction

The primary regulator of T3SS gene expression in Pseudomonas aeruginosa is
ExsA (Frank and Iglewski 1991; Yahr and Frank 1994; Yahr et al. 1995). ExsA controls
T3SS gene expression by directly binding to and activating transcription from all T3SS
promoters (Brutinel et al. 2008; Hovey and Frank 1995). Whereas the DNA-binding
properties of ExsA have been characterized through genetic and biochemical studies
(Brutinel et al. 2008; Brutinel et al. 2009b; Hovey and Frank 1995), the mechanism of
transcriptional activation is not known. Transcriptional start sites for several ExsA-
dependent promoters have been mapped by primer extension (Yahr and Frank 1994; Yahr
and Wolfgang 2006). The transcriptional start sites for the Peyp, Pexos, and Py,
promoters are favorably positioned downstream from near-consensus -10 (TATAAT) and
-35 (TTGACA) recognition hexamers typical of 6’’-dependent promoters in both E. coli
and P. aeruginosa (Dominquez-Cuevas 2004; Hawley and McClure 1983). Atypical,
however, is the apparent increase in spacing (21-22 bp) between the -10 and -35 elements
of ExsA-dependent promoters when compared to the optimal spacing of 17 bp for typical
6'’-dependent promoters (Brutinel et al. 2008). Whether these near-consensus promoter
sequences of ExsA-dependent promoters truly serve as recognition hexamers for RNAP-
6" is not known.

Transcriptional activators generally function by recruiting RNAP to non-standard
promoters and/or facilitating isomerization to an open complex. ExsA is an AraC-family
transcriptional activator of which the known activation mechanisms include both the
recruitment of RNAP and isomerization from a closed to an open complex (Gallegos et
al. 1997). Despite containing DNA-binding determinants very similar to other AraC-like

proteins, ExsA binds promoters that appear to more closely resemble that activated by
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SpoOA sporulation activator from Bacillus sp. SpoOA binds sites that completely overlap
the -35 sequence and activates transcription from promoters containing near-consensus
recognition hexamers but suboptimal promoter spacing (Seredick and Spiegelman 2004;
Strauch et al. 1990). Recent data has suggested that SpoOA promotes formation of a
second closed complex by repositioning prebound RNAP (Kumar and Moran 2008).
Whether ExsA functions by a similar mechanism is not known.

In this chapter I characterize the mechanism of transcriptional activation by
ExsA. Genetic data demonstrate that the putative-10 and -35 regions of T3SS promoters
are poor RNAP recognition hexamers and that ExsA does not simply overcome a
promoter spacing limitation. Biochemical data demonstrate that ExsA primarily
facilitates transcription originating ~10 nucleotides downstream of -10 hexamers by the

recruitment of RNAP and only modestly affects isomerization to an open complex.

Materials and Methods

Bacterial strains and culture conditions

The bacterial strains and plasmids used in this study are summarized in Table 1.
Escherichia coli strains were maintained on L-agar plates containing the following
antibiotics as necessary (gentamicin [15 pg ml"], ampicillin [50 or 100 pg ml™],
tetracycline [10 ug ml"'], kanamycin [50 pg ml™'], spectinomycin [50 ug ml']). P,
aeruginosa strains were maintained on Vogel Bonner minimal medium (Vogel and
Bonner 1956) with antibiotics as indicated (gentamicin [100 ug ml™'], carbenicillin [300
ng ml'], tetracycline [50 pg ml™']). To assay for T3SS gene expression P. aeruginosa
strains were grown with vigorous aeration at 30°C in TSB supplemented with 100 mM
monosodium glutamate, 1% glycerol, and 2 mM EGTA as indicated. B-galactosidase
assays were performed as previously described and the reported values are the average of

at least three independent experiments (Dasgupta et al. 2004).
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Plasmid construction and promoter mutagenesis
The primer sequences used to generate PCR products and the vectors into which
each product was cloned are provided in Tables 2 and 3, respectively. The Py, constructs
were generated by cloning annealed complementary oligonucleotides with Kpnl/HindIII
ends into mini-CTX-lacZ. Point mutations in the P,,.; promoter were introduced by
Quikchange site-directed mutagenesis (Stratagene). To limit f-galactosidase toxicity, E.
coli subcloning strains were transformed with the Lacl®-overexpressing plasmid pMS421

(Grana et al. 1988).

Purification of ExsA and RNAP

ExsAupis was purified by metal-affinity chromatography and shown to possess
DNA binding activity by EMSA as previously described (Brutinel et al. 2008). RNAP
was purified from P. aeruginosa strain AK1012 (lacking expression of LPS O-antigen) as
previously described (Burgess and Jendrisak 1975) with the following modifications.
Overnight cultures were diluted to an ODg of 0.1 into 5 L TSB and grown with shaking
at 37°C. At an ODgg of 1.0, cells were harvested by centrifugation (10 min, 6000 x g,
4°C), washed with 500 ml of 0.85% NaCl, collected by centrifugation, and resuspended
in 60 mls purification buffer (20 mM Tris-HCI [pH 8.0], 0.05 mM EDTA, 1.7 mM
PMSF, 0.3 mM DTT, and 5% glycerol) containing 0.1 M NaCl. Cells were lysed via
passage through a French pressure cell and unbroken cells were removed by
centrifugation (30 min, 35,000 x g, 4°C). Poly-ethyleneimine ([0.5% w/v final
concentration] Sigma) was added to the soluble fraction and incubated at 4°C for 30 min.
with constant stirring. The precipitate was collected by centrifugation (30 min, 35,000 x
g, 4°C) and washed with purification buffer containing 0.25 M NaCl using a Dounce-
homogenizer. Following centrifugation RNAP was extracted with purification buffer
containing 0.8 M NaCl. Insoluble material was removed by centrifugation and solid

ammonium sulfate (30% final concentration) was added to the soluble fraction and
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incubated at 4°C for 2 hours with constant stirring. Insoluble material was removed by
centrifugation and ammonium sulfate (60% final concentration) was added to the soluble
fraction and allowed to precipitate as above. The precipitate was collected by
centrifugation, homogenized in 11 ml of purification buffer containing 0.1 M NaCl, and
dialyzed for 18 hours at 4°C against 2 L purification buffer containing 0.1 M NaCl. Prior
to heparin column chromatography the material was subjected to ultracentrifugation
(100,000 x g for 30 min at 4°C) to ensure solubility. Soluble material was loaded onto a
5 ml heparin column, developed with a linear elution gradient (0.1 to 1 M NaCl), and
peak fractions (based on polymerase activity) were pooled. The heparin column was
repeated a second time followed by a final purification using superdex-300 gel filtration
chromatography. Purified polymerase was stored at -20°C in purification buffer
containing 0.1 M NaCl and 50% glycerol. The specific activity of RNAP was determined
as described previously (Allan and Kropinski 1987). One unit of RNAP activity is
defined as the amount of enzyme required to incorporate 1 pMol of UMP into acid-
precipitable material in 20 min. Protein samples were denatured in SDS-PAGE sample
buffer and electrophoresed on 15% acrylamide denaturing gels. Gels were analyzed by

Coomassie blue and silver-staining methods.

Transcription templates

Supercoiled plasmid templates containing the P..,p promoter fused to the rpoC
terminator were generated and purified as described previously (Brutinel et al. 2009b).
Supercoiled minicircle templates were created by cloning PCR-generated P..,c and P..p
promoters (nucleotides -238 to +192 relative to the transcriptional start site) as Sacl/Kpnl
fragments into pSAS508 (Choy and Adhya 1993). The resulting plasmids add 29
additional bases upstream of the 7poC transcriptional terminator to generate 221 base
transcripts from each promoter. Minicircle purification was as described previously

(Choy and Adhya 1993) with the following modifications: T3SS promoter-containing
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pPSAS508 derivatives were introduced by transformation into E. coli strain SA1751 [Aint+
x1s439 cI857 (cro-chlA)AH1]. Transformants were grown in 800 mls of LB containing
ampicillin (50 pg mI™) to an ODggo of 0.8 at 30°C, heat-shocked at 42° for 15 min,
returned to 30°C in an ice-water bath, and grown at 30°C for an additional 30 min. Cells
were harvested by centrifugation and plasmid DNA was isolated with the Fast-Ion
Plasmid Maxi kit (IBI Scientific, Peosta, IA). Transcription templates were subjected to
agarose gel electrophoresis and visualized by methylene blue staining. Supercoiled DNA
was excised, gel purified, and analytical samples were examined by agarose gel
electrophoresis to confirm that the preparations were largely free of nicked template.
in vitro transcription assays

Single-round transcription assays (20 pL final volume) were performed by
incubating ExsAp;s (35 nM) with supercoiled transcription templates (2 nM) at 25°C in
Ix transcription buffer (40 nM Tris-HCI [pH 7.5], 50 mM KCI, 10 mM MgCl,, 0.01%
Tween-20, and 1 mM DTT) containing the initiating nucleotides ATP or GTP (0.75 mM)
for the P,.p and P, promoters, respectively. After 10 min 25 nM E. coli RNAP
holoenzyme (Epicentre, Madison, WI) or P. aeruginosa RNAP holoenzyme was added
and open complexes were allowed to form for 5 min at 30°C. Elongation was allowed to
proceed by the addition of the remaining unlabeled nucleotides (0.75 mM each including
5 uCi [0**P-CTP]) in 1x transcription buffer containing heparin (50 pug ml™ final
concentration). Reactions were stopped after 10 min at 30°C by the addition of stop
buffer (20 pl, [98% formamide, 20 mM EDTA, 0.05% bromophenol blue, and 0.05%
xylene cyanol]). Samples were heated to 95°C for 5 min. and electrophoresed

immediately on 5% denaturing urea polyacrylamide gels.

Transcription start site identification

RNA was isolated from mid-log phase (ODgg 0.8) bacterial cells using

RNAprotect reagent and an RNA mini isolation kit (Qiagen, Valencia, CA). Purified
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mRNA (200 ng) and gene-specific, antisense primers (positioned ~500 bases downstream
of the translational start sites) were used in reverse transcription reactions to generate
cDNA for the P,,,p and P,,,c promoters with the SuperScript III First-Strand Synthesis
System (Invitrogen). Reverse transcriptase reactions were allowed to proceed at 55°C for
30 min. and terminated by incubation at 70°C for 15 min. cDNA was purified using the
MinElute PCR purification kit (Qiagen). The 5' ends of the resulting cDNAs were
identified using the PCR-based method of 5' RACE (Scotto-Lavino et al. 2006); ten
independent clones for each promoter were sequenced to confirm the start site.
Abortive initiation assays

The steady-state properties of the abortive initiation assay have been described
previously (McClure 1980). Abortive initiation assays were performed with P.p or Py
supercoiled minicircle templates (2 nM) in the presence and absence of ExsAyis (35 nM)
in 1x transcription buffer. The substrates for the abortive initiation reactions were as
follows: for the Peysp promoter, | mM ATP, I mM UTP, and 0.33 pCi [o->P] UTP to
form pppApApApUpU and pppApApUpU; for the P, ;¢ promoter, 1 mM GTP, 1 mM
CTP, 1 mM UTP, and 0.33 pCi [0->*P] UTP to form pppGpCpUpUpU and
pppCpUpUpU. Reactions including ExsAyjs were incubated in 1x transcription buffer
with template DNA for 10 min at 25°C prior to nucleotide/RNAP addition. To measure
the lag time to open complex formation (1) two separate reactions were performed for
each of the seven RNAP concentrations tested (25, 28.6, 33.3, 40, 50, 66.7, 100 nM).
The first set of reactions contained template, ExsApyis (35 nM as indicated), and substrate
nucleotides in 1x transcription buffer and was initiated by the addition of RNAP. The
second set of reactions contained template, ExsAyis (35 nM), and RNAP in 1x
transcription buffer and were preincubated for 60 min at 30°C. Transcription was
initiated by the addition of nucleotides. Both sets of reactions were allowed to proceed at

30°C and samples were taken at various time points (1 — 120 min), terminated with stop
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buffer, and electrophoresed on denaturing 25% polyacrylamide gels. Gels were subjected
to phosphorimaging and densitometry. The rate of abortive synthesis was calculated for
reactions initiated with nucleotides by linear regression analysis (least-squares). Curves
plotted for reactions initiated by RNAP addition were analyzed by drawing a line through
the curve but parallel to the reaction initiated by nucleotide addition. t,,s was also
obtained for these curves by linear regression analysis by solely using values 3 times
greater than the initial estimate for 1, as described previously (McClure 1980) yielding
results comparable to the first method. GraphPad Prism (GraphPad Software, Inc) was

used to plot abortive initiation data and evaluate Tops.

Potassium permanganate footprinting

Supercoiled minicircles carrying P,,sc or P..sp were used as templates for the
potassium permanganate footprinting reactions (Zhang et al. 1996). Reactions containing
ExsApis were incubated for 10 min at 25°C to allow DNA-binding in 1x potassium
permanganate reaction buffer (40 mM Tris-HCI pH [7.5], 25 mM KCI, 10 mM MgCl,, 1
mM DTT, 0.1% Tween 20, and 100 ng mI”' BSA). RNAP was added to the indicated
concentrations and open complex formation was allowed to proceed for 3 min at 25°C.
Potassium permanganate (Sigma-Aldrich, St. Louis, MO) was immediately added (10
mM final concentration) and allowed to modify DNA for 1 min at 25°C. Reactions were
stopped with termination buffer (0.5 M Potassium Acetate [pH 7.0], 1.5 M 2-
mercaptoethanol, 5 mM EDTA) and purified with a PCR column purification kit (IBI
Scientific) and eluted into 30 pl elution buffer (10 mM Tris-HCI [pH 8.5]). Modification
by potassium permanganate was detected by primer extension. Primers (50 pmol) were
end-labeled with 50 pCi [y->*P]-ATP (Perkin Elmer) and 10 U polynucleotide kinase
(New England Biolabs, Ipswich, MA) as instructed by the manufacturer. Primer
extension reactions (10 ul) were performed on the potassium permanganate-modified

plasmids with 1 mM dNTPs, 0.5 ul end-labeled primer, 1.25 units sequencing grade Taq
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DNA polymerase (Promega, Madison, WI) in 1x sequencing buffer (50 mM Tris-HCl
[pH 9.0], 2 mM MgCl,) under the following conditions: 1 cycle of 2 min at 94°C, 30
cycles of 0.5 min at 94°C, 0.5 min at 55°C, and 1 min at 72°C. Stop buffer (10 pl) was
immediately added to each reaction to terminate DNA synthesis. Dideoxy sequencing
reactions for A and T were generated using the same thermocycling program and the
following reaction components: 5 fmol P,,/P..;p minicircle, 0.5 pmol labeled primer,
1.25 units sequencing grade Taq DNA polymerase, 500 uM termination nucleotide
(ddATP or ddTTP), and 20 uM elongation nucleotides (dCTP, 7-deaza-dGTP, dATP,
dTTP). Sequencing reactions were terminated with an equal volume of stop buffer and
run alongside primer extension reactions on denaturing 6% polyacrylamide gels. Gels
were dried and visualized by phosphorimaging and analysis performed with MultiGauge

v3.0 software (Fujifilm).

Results
Near-consensus -35 and -10 sequences at T3SS promoters
are poor RNA polymerase recognition hexamers

Each of the ExsA-dependent promoters used in this study (P.ysc and P,,sp) contain
hexamers that match the consensus -10 and -35 regions of 6'’-dependent promoters at 4/6
or 5/6 of the nucleotide positions (Fig. 3). Nevertheless, it is not known whether the -10
and/or -35 regions are truly recognized by RNAP-6"". One reason for this uncertainty is
that the -10 and -35 regions of ExsA-dependent promoters are separated by 21 or 22 bp
whereas optimal spacing for o'°~-dependent promoters is 17 bp (Allan and Kropinski
1987; Harley and Reynolds 1987; Hawley and McClure 1983; Warne and deHaseth
1993). One interpretation of these data is that the increased spacing between the -10 and
-35 regions prevents transcription in the absence of ExsA and that ExsA functions by
overcoming the increased spacing. If this were true, I would predict that reducing the

spacing of ExsA-dependent promoters to 17 bp would reconstitute a functional o’



40

dependent promoter and eliminate the requirement for ExsA. To test this hypothesis,
Keith Brady in our lab created a series of lacZ transcriptional reporters in which the
spacing between the -10 and -35 regions of P,,,r and P,,,p promoters was decreased (16
bp) from the native spacing of 21 bp. Whereas expression of the native P,,,r and P,p
reporters is ExsA-dependent, reporter derivatives in which the spacing was decreased to
16 bp were not utilized efficiently in either the absence or presence of ExsA. The lack of
activity for the P,,,rand P,p reporters was somewhat surprising as I expected that
reducing the spacing to the 6’’-dependent consensus of 16 bp might result in constitutive,
ExsA-independent expression. To test the hypothesis that sequences outside the -35 and -
10 regions might be affecting promoter activity, hybrid reporters were constructed by
replacing the -10 and/or -35 regions of the P,,.1.,cz reporter with the corresponding
elements from the P,,,p promoter (Fig. 6A). Whereas the native P17 reporter had
significant activity in the absence of exsA, the hybrid Py,.;,.z reporters containing the -10
and/or -35 regions from the P,,,p promoter demonstrated a 7-14-fold reduction in activity
(Fig. 6B). These combined data indicate that even when properly spaced and in the
appropriate context, the putative -10 and -35 hexamers of P, are suboptimal for ¢”°-
dependent transcription.
ExsA activates transcription at T3SS promoters in vitro

To examine the mechanism of ExsA-dependent transcriptional activation, |
developed a single-round in vitro transcription assay using ExsAgy;s purified from E. coli
(Fig. 7A, lane 1) and RNAP-6"° holoenzyme purified from P. aeruginosa (lane 2) or
RNAP-6"" holoenzyme from E. coli (obtained commercially). The specific activity of
RNAP-6"" isolated from P. aeruginosa was 3-4 fold lower than that of E. coli RNAP-c"°
(data not shown). The initial transcription template consisted of supercoiled plasmid
DNA carrying the P..,p promoter fused to a strong transcriptional terminator (7poCie;).

The plasmid template was pre-incubated with ExsApi, RNAP-6"°, and the initiating
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nucleotide for transcription (ATP, as determined below) for 15 min. Ribonucleotides
(including [0->*P]-CTP) were then added in the presence of heparin (to prevent RNAP-
o’’ from reinitiating) and transcripts were allowed to elongate for 10 min. RNAP-¢"’
from either E. coli or P. aeruginosa generated the expected terminated transcript of 261
nucleotides in an ExsA-dependent manner (Fig. 7B). Since the E. coli RNAP
holoenzyme used for these studies is o' -saturated, and the P. aeruginosa RNAP
holoenzyme isolated from log phase cells is presumed to be largely ' -saturated (Fig.
7A, lane 2), I conclude that ExsA-dependent promoters are ' -dependent.
ExsA-independent transcription was not observed at high RNAP concentrations
(200 nM) and at incubation times as long as 2 h (data not shown). Because the
transcription templates used in these experiments are self-replicating, supercoiled
plasmids (~5 kb in length), I hypothesized that strong, constitutive plasmid promoters
might out-compete the P,,p or P, promoters for RNAP occupancy in the absence of
ExsA. A similar result was previously observed for the ga/ promoters in E. coli and
addressed by constructing small supercoiled plasmid templates called minicircles (Choy
and Adhya 1993). To generate P, and P,,,p minicircles the promoters were cloned
upstream of the rpoC transcriptional terminator in the parental vector pSA508 (3.4 kb).
The minicircles excise in vivo from the parental plasmid as supercoiled plasmids through
a temperature-dependent recombination event. The resulting P..,c and P,,,p minicircles
(~0.83 kb) consist solely of the cloned promoters fragments (0.43 kb), the rpoC
transcriptional terminator, and residual plasmid sequences. Similar to the findings
presented in Fig. 7B, the larger parental P,,c or P..,p plasmids were permissive for
ExsA-dependent transcription while ExsA-independent transcripts were undetectable
(Fig. 7C). Minicircle templates derived from the parental plasmids, however, supported
both ExsA-dependent and -independent transcription although the amount of terminated
transcript in the absence of ExsA was significantly reduced for both the P..sc or Peysp

minicircle templates. Detection of ExsA-independent transcription from the minicircle
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templates is consistent with the possibility that strong promoters on the parental plasmid
out-compete the P, and P,,,p promoters for RNAP-¢"° occupancy and suggests that

RNAP-6"° binds to T3SS promoters poorly in the absence of ExsA.

Transcription from the P,,,c and P,,sp promoters initiates 8
to 9 NT downstream of near-consensus Pribnow boxes

Transcriptional start sites for several ExsA-dependent promoters were previously
mapped by primer extension ((Yahr and Frank 1994; Yahr et al. 1995). As expected of
G7O-dependent promoters, the P.p, Pevos, and P, promoters initiate transcription 7-9 bp
downstream of the -10 Pribnow box (Fig. 8). The P,,,c start site, however, mapped to
two adjacent nucleotides located ~50 bases upstream of the putative -10 region. To
resolve this apparent discrepancy 5’ rapid amplification of cDNA ends (RACE) and
abortive initiation assays were used to reexamine the transcriptional start sites for the
P..sc and P,,sp promoters.

For the RACE assays mRNA was isolated from wild-type PA103 and an exsA4
mutant grown under inducing (+EGTA) conditions for T3SS gene expression. The
mRNA was reverse transcribed into cDNA using gene specific primers (exsC or exsD)
and cloned into a plasmid vector for sequencing. At least 10 clones were sequenced for
each promoter/RNA sample. Consistent with the previous primer extension data, the 5'
end of the exsD mRNA mapped to nucleotides located 7-9 bases downstream of the -10
region in both wild-type and the exs4 mutant (Fig. 8). The 5' end of the exsC mRNA,
however, mapped to two distinct regions located 50 bp upstream and 8-9 bp downstream
of the -10 region. Whereas the position of the former site is consistent with the previous
primer extension data, the location of the latter site is nearly identical to the P,.p, Peyos,
and P,,; promoters with respect to the putative -10/-35 regions (Fig. 8). Subsequent
studies (described below) indicate that the P, c promoter initiates transcription at the

second site.
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An inherent limitation of 5° RACE analysis is that the exact starting nucleotide
cannot always be determined. To more precisely map the start sites, I analyzed abortive
transcription products. Abortive RNA synthesis is thought to occur at all promoters and
results from RNAP that initiates transcription but fails to clear the promoter and
randomly aborts transcription generally producing transcripts less than 20 nt (Hsu 2009).
By starving an in vitro transcription reaction for one or more nucleotides, and
incorporating specific radiolabeled nucleotides, the length of the abortive transcripts can
reveal the exact transcriptional start site. The abortive initiation assays for the P,.¢
promoter contained GTP, CTP and radiolabeled UTP. Under these conditions the
putative start site located 50 bp upstream of the -10 region would generate a 10-12 nt
transcript before terminating at an adenine while the start site located 8-9 bp downstream
of the -10 region would generate a 4-5 nt product. In the presence of ExsApis two
abortive transcripts were generated (Fig. 9A, lane 4). The shorter product was nearly
identical in size to the abortive transcript (4 nt, pppAAUU) from the well-characterized
Pisuys promoter when provided only ATP and radiolabled UTP (data not shown). These
data are consistent with the aborted P, transcripts representing pppCUUU (4 nt) and
pppGCUUU (5 nt) and indicate that P, transcription initiates from the G and C
nucleotides located 8 and 9 nucleotides downstream of the -10 region (Fig. 8). The fact
that the same products were not detected when the transcription reactions lacked UTP
further supports this conclusion (Fig. 9A, lanes 1-2). The pppCUUU and pppGCUUU
abortive transcripts were also generated in the absence of ExsAp;s albeit to a much lesser
extent and only after an extended incubation period (Fig. 9A, lanes 6). The failure to
detect the 10-12 nt product from the site located 50 bp upstream of the -10 region
suggests that this start site mapped by primer extension and RACE may be an artifact.

Abortive initiation assays for the P,,,p promoter that were limited to ATP and
radiolabeled UTP generated two ExsA-dependent products (Fig. 9B, lanes 1-2;
pppAAUU and pppAAAUU) the shorter of which is identical in size to the aborted
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transcript generated by the Psyys promoter (data not shown). This finding is consistent
with transcription initiating at the adenine nucleotides located 7-8 bp downstream of the -
10 region (Fig. 8). To confirm this finding the assays were repeated in the presence of
ATP, UTP, and radiolabeled GTP where only the terminal nucleotide would be labeled.
As expected the resulting abortive products (pppAAUUG and pppAAAUUG) were 1 nt
longer (Fig. 9B, lanes 2 vs 4) and ExsA-dependent (lane 3 vs 4).

The ability to measure ExsA-independent abortive products can provide
information regarding the mechanism of transcriptional activation by ExsA (discussed
below). Unfortunately, extended incubation of RNAP-6"° with the P,.p promoter in the
absence of ExsA resulted in the appearance of background bands which raised questions
as to whether the abortive transcripts were truly arising from the P,,,p promoter. To
determine whether the aborted products were indeed derived from P,,p, a mutant
promoter (P..sp+cc) was generated in which two additional guanine nucleotides were
added between nucleotides +6 and +7. When compared to the wild-type P..p promoter,
the products generated from the P..sp+ce promoter (pppAAUUGGG and
PPPAAAUUGGG) were 2 bases greater in length (Fig. 9C, lane 2 vs 3) and, importantly,
were clearly detected in absence of ExsAy;s if the incubation time was extended to 240
min.

ExsA promotes an early step in transcription initiation

The most common rate-limiting steps during transcriptional initiation are closed
and open complex formation (Hsu 2009). Closed complexes result from the binding of
RNAP to the promoter; transition of the closed complex to an open complex involves
unwinding of the -10 region of the promoter to single stranded DNA (ssDNA). Open
complex formation provides RNAP access to the template strand and is required for
subsequent elongation of the transcript (Hsu 2009). The open complex can be detected

with the DNA modification reagent potassium permanganate which preferentially
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oxidizes pyrimidine bases in ssSDNA (Akman et al. 1990). To determine whether ExsA is
required for the initial steps in initiation of P, and P,,,p transcription, the minicircles
carrying these promoters were incubated with ExsAg;s and/or RNAP-6"" and then
subjected to potassium permanganate modification. Modified minicircles were then used
as templates in primer extension reactions with DNA polymerase and radiolabeled
primers. DNA polymerase terminates transcription at bases oxidized by potassium
permanganate, and the resulting enrichment of the terminated fragments indicates the
regions of ssDNA. Incubation of the P,,,c and P,,,p minicircles with both ExsAy;s and a
low concentration of RNAP-6'’ (1.5 nM) resulted in strong permanganate modification
of the -10 regions within each promoter (Fig. 10A-B). Weaker modification of the same
regions could also be seen with RNAP-6" alone. These findings demonstrate that
RNAP-6"° can bind to the P..sp and P,.,c promoters independent of ExsA and that ExsA
facilitates transcriptional initiation by enhancing recruitment of RNAP-6"° to the

promoter and/or promoting isomerization to an open complex.

ExsA facilitates a rate-limiting step prior to open
complex formation at the P,,,c and P.,;p promoters
Potassium permanganate footprints indicate that ExsA functions at the level of

transcription initiation but cannot discern whether ExsA recruits RNAP and/or promotes
isomerization to the open complex. The abortive initiation assay, however, can be used
to estimate the isomerization rate constant and overall reaction rate for a given promoter
by measuring the lag time to steady-state synthesis of abortive transcripts. To analyze the
kinetics of transcription initiation at the P, and P,.p promoters, abortive transcripts
were generated at varying concentrations of RNAP-c"" in the absence or presence of
saturating concentrations of ExsAp;s and the lag time (tops) to open complex formation
was recorded for each RNAP-c'” concentration on a Tau (t) plot. The resulting t plots

for both the P,,c and P,,,p promoters shows an inverse linear relationship between the
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lag time to open complex formation and RNAP-6"’ concentration (Fig. 11A-B). The
overall reaction rates for the P,.,c and P,,,p promoters increased 13- and 11-fold in the
presence of ExsAys, respectively (Table 4). In both cases, the stimulatory effect of
ExsAunis resulted primarily from an increase in the equilibrium binding constant for
RNAP-6"" (5-8 fold) although there was also a modest increase in the isomerization rate
constant (~2-fold). These data indicate that the primary mechanism by which ExsA
stimulates transcription is through recruitment of RNAP-6"" to the Poyc and Poysp
promoters prior to open complex formation.

Discussion

In the present study I find that purified ExsApyis and RNAP-c" isolated from
either P. aeruginosa or E. coli is sufficient to activate transcription from T3SS promoters
in vitro. This is consistent with previous studies demonstrating that T3SS genes are
expressed maximally during exponential growth phase (Ha and Jin 2001; Hogardt et al.
2004; Shen et al. 2008) and the fact that the -10 and -35 regions of T3SS promoters are
similar to the 6’° consensus sequences from E. coli (Grana et al. 1988; Hawley and
McClure 1983) and P. aeruginosa (Dominquez-Cuevas 2004). In addition, potassium
permanganate footprinting assays reveal RNAP-o"’-dependent unwinding of the P,,p and
P..sc -10 regions, and this was greatly enhanced in the presence of ExsAp;. Based on
these data I conclude that ExsA primarily utilizes RNAP-6"° to activate T3SS gene
expression. Our findings, however, do not preclude the possibility that alternative sigma
factors might also be involved in ExsA-dependent gene expression.

5" RACE was used to map the general region of the P,.,c and P,,p transcription
start sites in vivo and abortive initiation products were used for more precise mapping in
vitro. Although the P,,,p start site matched previously published primer extension data,
two apparent start sites were observed for the P..;c promoter. Whereas the first site is

located upstream of the ExsA binding site, the second site is located downstream of the -
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10 element (Fig. 8). I believe the latter site is the true P, start site given its proximity
to the ExsA-binding site and RNAP recognition elements, and its similarity to the
positions of the Peyp, Peyos, and P,y start sites. The apparent upstream start site may
result from transcriptional read-through from the upstream P, promoter. In this regard
it is worth noting the poly(dA) and poly(dT) tracts located just downstream of the start
site mapped by primer extension and 5> RACE (Fig. 8) and that both of those techniques
rely upon reverse transcriptase (RT) extension from mRNA templates. RT is known to
pause at sites of secondary structure and at poly(A) and poly(U) nucleotide runs
(Harrison et al. 1998; Klarmann et al. 1993). I believe the apparent upstream start site
represents pausing of RT that results from either the poly(A)/poly(U) sequence or
secondary structure associated with a transcriptional terminator. In either case this
finding suggests that transcriptional read-through from the upstream P, promoter,
which is also ExsA-dependent, contributes to expression of the exsCEBA operon and
could represent another point at which ExsA expression levels are regulated.

AraC activates transcription by enhancing the RNAP equilibrium binding and the
open complex isomerization rate constants (Zhang et al. 1996). These activities have
been attributed to protein-protein interactions between AraC and RNAP-6"" (Martin and
Rosner 2001). Given the similarities between ExsA and AraC with respect to the
location of the activator binding site, I hypothesized that ExsA might activate
transcription through similar mechanisms. Abortive initiation assays, however, indicate
that ExsApis only marginally altered the isomerization rate constant but had a significant
effect on the equilibrium binding constant (5-8 fold) at both the P, and P,,,p promoters.
These results indicate that ExsA primarily functions by enhancing recruitment of RNAP-
o' to the promoter prior to open complex formation. The effect of ExsAy;is on
transcriptional initiation in vitro (11-13 fold) is much lower than that observed in vivo
(100-1000 fold) (McCaw et al. 2002). The most likely explanation for this discrepancy is

that the level of ExsA-independent transcription seen in vitro is artificially elevated due
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to the absence of competing promoters (Fig. 7D), a condition never seen in vivo. Other
contributing factors include the inherent limitations of an in vitro assay, the use of
minicircle transcription templates as a mimic for chromosomal DNA, and the absence of
factors that may be required for maximal ExsA-dependent transcription. For example,
ExsA may possess a co-activator as is seen for the AraC family members (VirF and
MxiE) that regulate T3SS gene expression in Salmonella typhimurium and Shigella
flexneri, respectively. Alternatively, some AraC-family members function together with
catabolite activator protein (CAP) to regulate gene expression. It is interesting to note
that the P. aeruginosa homolog of CAP (Vfr) is required for T3SS gene expression
through an undetermined pathway (Wolfgang et al. 2003). Development of an in vitro
transcription assay provides a means to test whether factors known to influence T3SS
gene expression in P. aeruginosa do so by directly modulating ExsA-dependent
activation.

ExsA-dependent promoters are unusual in that the putative -10 and -35 promoter
elements are separated by 21 or 22 bp when compared to the 17 bp typical of '’
dependent promoters. The mechanism of Spo0A-dependent transcriptional activation in
Bacillus subtilis closely parallels the ExsA situation where in both cases the -10 and -35
sites are separated by 21-22 bp and the activator binding sites overlap with and extend
upstream of the -35 regions. These observations initially raised concerns as to whether
the -35 region was an authentic determinant for binding of RNAP-c" (the equivalent of
RNAP-6"" in B. subtilis) to Spo0A-dependent promoters (York et al. 1992). The findings
that reducing the spacing between the -10 and -35 regions of the spolIG promoter to 17
bp results in SpoOA-independent transcription and that RNAP-6" footprints the -35 site
independently of SpoOA (Bird et al. 1996), however, indicate that the -35 region is
recognized by RNAP-6" and that Spo0A activates transcription by suppressing the -10
and -35 spacing constraint. The current model proposes that RNAP binds to the spollG

promoter independently of SpoOA through low specificity interactions between RNAP-6"
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and the -35 region. SpoOA binding then repositions RNAP-6" 4 bp downstream of the -
35 region such that region 2 of ¢** can interact with the -10 region resulting in open
complex formation (Kumar and Moran 2008).

While it is clear from permanganate footprinting experiments that the -10 regions
of P..,r and P,,p isomerize to open complexes, the role of the putative -35 regions
remains unclear. Permanganate footprints and abortive transcripts demonstrate that
RNAP-6"" is capable of binding to the P,,7r and P,,p promoters in the absence of ExsA.
In this regard ExsA-dependent promoters are similar to SpoOA-dependent promoters in
that RNAP can bind independently of the activator. Binding of RNAP-6" to the Poor
and P,,p promoters, however, was only detected in the absence of competing promoters
and may not reflect the in vivo situation. A notable difference between the ExsA and
Spo0A systems is the effect of altered spacing between the -10 and -35. Based upon the
Spo0A model I hypothesized that reducing the spacing between the -10 and -35 regions
of ExsA-dependent promoters to 16 bp would result in ExsA-independent activity. Both
the P.sp and P.,,r promoters, however, lacked ExsA-independent expression at the
optimal spacing of 16 bp (Vakulskas et al. 2009). This was particularly surprising for the
P..sp promoter because the -10 and -35 regions closely match the o' consensus. Even
more striking was the finding that the -10 and -35 regions of P..,p are poor substitutes for
the corresponding elements of the P,,.; promoter (Fig. 6B). These findings suggest that
the -10 and -35 regions of P,,,p function as poor recognition elements for RNAP-6"" and
support our conclusion that the primary role of ExsA is to facilitate recruitment of
RNAP-6"" to the promoter. Future experiments will focus on characterization of the
ExsA-RNAP-c"” interaction, the regions of 6’° that interact with T3SS promoters in both
the presence and absence of ExsA, and whether the -35 region contributes to the binding

of RNAP-6"°,
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FIGURE 6. The role of the -10 and -35 regions in ExsA-independent expression. (A)
Diagram of the native P,,p, P/, and hybrid promoters derived from both P,,p and P4
The Praci-Pexsni-35)-1acZ, Praci-Pexspi-10)-1acZ, and Pyuei-Pexspi-35/-10)-1acZ reporters were
constructed by replacing the -10 and/or -35 regions of P,.; with the corresponding
regions of P..p. The putative -10 and -35 regions are indicated in bold typeface. (B)
Wild-type PA103 and exsA4::Q carrying the indicated reporters were cultured under T3SS
inducing conditions and assayed for -galactosidase activity. The reported values
represent the average of three independent experiments and error bars indicate the
standard error of the mean.
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FIGURE 7. Purified ExsAp;js activates transcription in vitro. (A) Silver-stained gel of
ExsAp;s purified from E. coli (lane 1) and c'°-RNAP purified from P. aeruginosa (lane
2). Molecular mass standards (in kDa) are indicated on the left. (B) Single-round in vitro
transcription assays. ExsApis (35 nM) was incubated with 2 nM supercoiled P,p
promoter template (pOM90-P,,,p) at 25°C in the presence of rATP. After 10 min RNAP
from E. coli or P. aeruginosa (25 nM of each, normalized to the specific activity of E.
coli RNAP) was added and the reaction was incubated for 5 min at 30°C. Heparin and
the remaining ribonucleotides (including 5 uCi [o**P-CTP]) were immediately added and
the reaction was incubated for 10 min at 30°C. Reactions were terminated, and the
resulting products were electrophoresed on a 5% polyacrylamide-urea gel, and subjected
to phosphorimaging. The ExsA-dependent terminated transcript (261 nt) from the P,.p
promoter is indicated. A transcript originating from an undetermined plasmid promoter
is indicated with an asterisk. (C) Single-round in vitro transcription assays were
performed as above using the parental pSA508-P,,;c/pSAS508-P,,sp plasmid templates or
minicircles derived from the parental plasmids. The terminated transcript (221 nt) from
these templates is indicated. A transcript originating from a weak plasmid promoter is
indicated with an asterisk.
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FIGURE 8. Diagram of the P,s1, Pexos, Pexsp, and Peyc promoters. The putative -10 and
-35 regions are boxed. Transcription start sites previously mapped by primer extension
(53, 54) are indicated with an asterisk. The start sites mapped in this study by RACE
analysis and by abortive initiation assays are in bold typeface or underlined, respectively.
A putative transcriptional terminator from a transcript located upstream of the P,
promoter is indicated by the double underline.
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FIGURE 9. Abortive initiation assays for the P,.,c and P,,,p promoters. Reactions using
the P.ysc (A) or P,yp (B-C) minicircle templates were allowed to proceed for 40 min or
240 min, as indicated, with RNAP and substrate nucleotide sets (asterisk indicates labeled
nucleotide) in the absence or presence of ExsApjs. Reactions were terminated and the
products were electrophoresed through a 25% denaturing polyacrylamide gel and
visualized by phosphorimaging. Control reactions using a supercoiled minicircle
template lacking T3SS promoters were performed with each substrate nucleotide set in
the presence of ExsApis. (C) Abortive initiation assays with the P.,;p and modified
P..sp+ce promoters in the absence or presence of ExsApis. Abortive initiation reactions
were allowed to proceed for 240 min in the presence of RNAP, unlabeled ATP/UTP, and
labeled GTP. Control reactions in the presence of ExsAy;s were incubated for 40 min.
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FIGURE 10. ExsA stimulates formation of open complexes as measured by potassium
permanganate footprinting. (A-B) Supercoiled minicircles carrying the P..c (A) or Pyp
(B) promoters (1.6 nM) were incubated in the absence (-) or presence (+) of ExsApis (30
nM) for 10 min. RNAP was added to the indicated concentrations and incubated for 3
min. Reactions were then treated with potassium permanganate (except -KMnO, control)
and the modified minicircles were used as templates in primer extension reactions with a
radiolabeled coding strand primer. Primer extension products were subjected to
denaturing electrophoresis and phosphorimaging. Dideoxy sequencing reactions for A
and T are indicated. The diagrams to the left show the transcriptional start sites (bold
typeface), the -10 regions (boxed), and the nucleotides modified by potassium
permanganate (indicated with asterisks).
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FIGURE 11. Kinetics of transcription initiation at the P, and P,.,p promoters. (A-B)
Tau plots for the P, (A) and P..sp (B) promoters in the presence (open circles) and
absence (closed cirlces) of ExsApis. Values for tobs were calculated from abortive
initiation assays measuring synthesis of the products pppGCUUU (P..c) and
PppAAAUU (P.p). Calculated values for tobs were plotted on the ordinate as a
function of reciprocal RNAP concentration.
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Bacterial strains and plasmids used in Chapter III

Strain or plasmid

Relevant characteristics

Reference

P. aeruginosa strains
PA103
PA103 exsA::Q
AK1012
Escherichia coli strains
DH5a
SA1751

Plasmids
pMS421

mini-CTX-lacZ

mini-CTX-P,,,r
mini-CTX-P,,,r (17-24)
mini-CTX-P,,r (C)
mini-CTX-P,.p
mini-CTX-P,p (17A,B,C)
mini-CTX-P,,.;
mini-CTX-Pvp aer16
mini-CTX-Pyerpexsp (-35)
mini-CTX-Pyyerpexsp (-10)
mini-CTX-Pyer pexsp (-35/-10)
pOM90-P,.sp

pSA508

pPSAS508-P,sp

PSAS08-P,.
pSA508'Pest+GG

wild-type parental strain

insertional mutant lacking ExsA
Transcriptional activator, no T3SS expression
defective LPS core; O antigen deficient

for RNAP purification

recA cloning strain
thermoinducible Int expression from the
cryptic prophage for minicircle recombination

Lacl” expression plasmid for mini-CTX
cloning

vector for single-copy integration of lacZ
reporters onto the P. aeruginosa
chromosomal a#B site

transcriptional fusion of the P, promoter
to lacZ

Pororiiacz fusions with -10/-35 spacing
deletions and insertions

Peroroacz fusion with a portion of the
-10/-35 spacer region changed to its
complementary sequence

transcriptional fusion of the P,y promoter to lacZ

P.csp-1acz fusion with 4 base deletions in
the -10/-35 spacing nucleotides
transcriptional fusion of the constitutive
P,..; promoter to lacZ

Pwsp-iacz fusion with -10/-35 spacing
nucleotides from P,,.;

Pacriacz fusion with the -35 sequence
from P,,p

Pracriacz fusion with the -10 sequence
from P,,p

Piucriacz fusion with the -10 and -35
sequences from P,p

plasmid in vitro transcription template
containing the P,p promoter

Parent vector for supercoiled minicircle
yielding pMCP

P..,p template vector; yielding minicircle pMCP,,p
P..sc template vector; yielding minicircle pMCP,¢

P..sp+Gc template vector; yielding
minicircle pMCP o p- 66

(Frank et al. 1994)
(Frank et al. 1994)

(Jarrell and Kropinski 1977)

(Hanahan 1983)

(Choy and Adhya 1993)

(Grana et al. 1988)

(Hoang et al. 2000)

(McCaw et al. 2002)

this study

this study
(McCaw et al. 2002)

this study

this study

this study

this study

this study

this study
(Brutinel et al. 2009b)

(Choy and Adhya 1993)
this study

this study
this study
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Primers used in Chapter III
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Primer ID Primer Sequence (5°- 3°)

36444516 ACGTTCTAGAAAGCTTGGCTGCACGCCGAGCCGC

37630269 ACGTGTCGACGAATTCGCAATTTGGGCCGATTCTACT

39456110 CTTGACAATTAATCATCGGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAATTA
39456728 AGCTTAATTGTTATCCGCTCACAATTCCACACATTATACGAGCCGATGATTAATTGTCAAGGTAC
39647294 AGGGCGAATTGGGTACCTTGAAAATTAATCATCGGCTCGT

39647293 ACGAGCCGATGATTAATTTTCAAGGTACCCAATTCGCCCT

39647291 CGCTCACAATTCCACACATTCTACGAGCCGATGATTAATT

39647292 AATTAATCATCGGCTCGTAGAATGTGTGGAATTGTGAGCG

25444811 ACCGAATTCGGACTCACGATACAAACTGCTCGA

25444813 CGTGGAATTCATGCTCTTCGCGTTCAGTCC

36893485 ATAGCAGGTACCGATTCCGGACTCACGATACA

36893487 TATCATGAGCTCGATCAGCGAGCGGAGAATCCT

36893484 ATAGCAGGTACCCCACATCGGCCTCCAGCAAC

36893489 ATATCTGAGCTCAGCCAGAAGCAGAAGGTCGAG

38524736 GAGTAGAATCGGCCCAAATTGGGCAGGCTCTGACGAG

38524735

CTCGTCAGAGCCTGCCCAATTTGGGCCGATTCTACTC
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TABLE 3

Construction of plasmids used in Chapter III

Figure PCR Product Primer Pair Cloning Vector

Fig. 6 mCTX-PexsD 36444516-37630269 miniCTX-lacZ

Fig. 6 mCTX-Ptacl 39456110-39456728 miniCTX-lacZ

Fig. 6 mCTX-Ptacl-PexsD(-35) 39647294-39647293 miniCTX-Ptacl-lacZ

Fig. 6 mCTX-Ptacl-PexsD(-10) 39647291-39647292 miniCTX-Ptacl-lacZ

Fig. 6 mCTX-Ptacl-PexsD(-35/-10) 39647291-39647292 miniCTX-Ptacl-PexsD(-35)-lacZ
Fig. 7B pOM90-PexsD 25444811-25444813 pOM90

Fig. 7C, 9-11 PSAS508-PexsD 36893485-36893487 pSA508

Fig. 7C, 9-11 PSA508-PexsC 36893484-36893489 pSA508

Fig. 9C PSAS508-PexsD+GG 38524736-38524735 pSA508-PexsD
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Kinetic parameters of the P,.,c and P,,p promoters
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Promoter T k? K5 kyx Kg°
Posc 13.8 72 1.3 9.4
Posc + ExsApis 8.1 123 10 123
P...p + ExsApis 22.6 44 16.5 72.6

“ lag time (sec) to open complex formation
> isomerization rate constant (sec” x 10%)
¢ equilibrium binding constant for RNAP (M™' x 10)

4 overall reaction rate for open complex formation (M sec” x 10)
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CHAPTER 1V
EXSA RECRUITS RNA POLYMERASE TO AN EXTENDED -10
PROMOTER BY CONTACTING REGION 4.2 OF SIGMA-70
Introduction

The central regulator of T3SS gene expression is ExsA (Frank and Iglewski 1991;
Yahr and Frank 1994; Yahr et al. 1995). ExsA directly binds to 10 different promoters
and activates transcription of the core genes required for assembly and function of the
T3SS (Brutinel et al. 2008; Vakulskas et al. 2009). Work presented in chapter III
demonstrated that ExsA is dependent on ¢”° for transcriptional activation (Vakulskas et
al. 2009). In addition, ExsA-dependent promoters contain apparent ' -RNAP hexamers
that closely resemble the P. aeruginosa consensus sequences (TTGACA and TATAAT
for the -35 and -10 sites, respectively) (Brutinel et al. 2008; Hovey and Frank 1995). 1
determined the placement of the -10 hexamers and transcription start sites for several
ExsA-dependent promoters by 5> RACE mapping and potassium permanganate
footprinting experiments (Vakulskas et al. 2009; Yahr and Frank 1994). These
experiments indicated that 6’°-dependent transcription originates from the same start sites
in the presence and absence of ExsA (Vakulskas et al. 2009). I established the role of the
-10 hexamers and provided evidence that near-consensus -35 hexamers are not authentic
determinants for the initial binding of RNAP to T3SS promoters (Vakulskas et al. 2009).
Consistent with this hypothesis, by a kinetic analysis of abortive transcript production
from the P, and P,,p promoters, I reveal that the primary function of ExsA is to recruit
6'-RNAP to promoter DNA (Vakulskas et al. 2009).

AraC-family transcriptional regulators typically promote transcription through
specific contacts with the a and ¢’° subunits of RNAP (Martin and Rosner 2001). The
transcriptional activation mechanisms facilitated by these proteins fall into one of two
classes. Class I activation usually involves an activator DNA-binding site that is located

> 20 bp upstream of a -35 hexamer. Class I activation is mediated by specific contacts
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between the activator protein and the carboxy-terminal domain of the RNAP alpha (a)
subunit. Class II activation occurs when the activator-binding site is positioned in
proximity to, or overlaps the -35 hexamer. In these cases, the activator protein contacts
the 6’ subunit and the activator may additionally bind the o subunit. In this mechanism
of activation, RNAP recruitment is thought to occur by interaction with the o subunit
while isomerization from a closed to open complex is thought to occur through
interactions with the ¢’° subunit.

The 6’° RNAP subunit functions as a specificity factor during transcription
initiation. There are four main regions of 6’°, each thought to possess a discrete function.
Region 1 prevents non-specific association of ’° with promoter DNA in the absence of
core RNAP (Paget and Helmann 2003). Region 2 contains a DNA-binding domain
important for interaction with the -10 hexamer (Paget and Helmann 2003). Although
much less is known about the role of region 3, the available data suggests it binds
extended -10 promoters and may play a role in the initiation of transcription (Paget and
Helmann 2003). Region 4 can be subdivided into two distinct sections (4.1 and 4.2).
Although the role of region 4.1 is poorly understood, region 4.2 contains a DNA-binding
domain that recognizes the -35 hexamer. The carboxy-terminal end of region 4.2 also
interacts with a diverse group of class II transcriptional activators. For example, the
AraC-family regulators RhaR and RhaS, (involved in metabolism of the sugar rhamnose)
contact several amino acids in region 4.2 of ¢’’ and this interaction is required for
transcriptional activation (Wickstrum and Egan 2004).

In this chapter I test for an interaction between ExsA and the RNAP o and 6"
subunits. My data indicates that ExsA functions as a class II transcriptional activator at
the P,sc and P,,p promoters and contacts several amino acids in region 4.2 of 6. Talso
provide evidence that the -35-like element of the P,,,c promoter is not an authentic RNAP

recognition hexamer for ExsA-independent or -dependent transcription and I demonstrate
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that ExsA-independent transcription at the P, promoter requires an extended -10

promoter element.

Materials and Methods

Bacterial strains and culture conditions

The bacterial strains and plasmids used in this study are summarized in Table 1.
Escherichia coli strains were maintained on LB-agar plates containing the following
antibiotics/chemicals as necessary (gentamicin [15 ug ml™'], ampicillin [50 or 100 pg ml°
1, tetracycline [10 pg ml™], kanamycin [50 pg ml"], indole-3-acrylic acid [0.5 mM]). P.
aeruginosa strains were maintained on Vogel Bonner minimal medium (Vogel and
Bonner 1956) with antibiotics as indicated (carbenicillin [300 pg ml™"] and tetracycline
[50 ug mI™]). For experiments where LuxR was utilized the co-factor 30xo-hexanoyl-L-
homoserine-lactone (Sigma Aldrich) was added (200 nM). To assay for ExsA-dependent
gene expression in the presence of mutant and wild-type RNAP subunits, E.coli strains
were inoculated from LB-agar plates grown overnight into 10 ml of LB to an ODgo-0.1
and grown with vigorous aeration at 30°C to an ODg0-0.6. B-galactosidase assays were
performed as previously described (Vakulskas et al. 2009) and the reported values are the

average of at least three independent experiments.

Plasmid construction and promoter mutagenesis

The Pexscitacz, Pexsp-tacz, and Peyoriacz transcriptional reporters were generated by
PCR amplifying the promoters and cloning into the Kpnl/EcoRI (Pys¢/Pexsp) or
Sall/EcoRI (P.,7) sites of the A integration plasmid pAH125 (Haldimann and Wanner
2001). The P40z translational fusion reporter was generated by cloning the
Aatll/EcoRI restriction fragment from plasmid plux/-lacZ (Urbanowski et al. 2004) into
plasmid pAH125. The resulting plasmids were integrated at the A attachment site of E.
coli strains GS162 and/or GA2071 by an electroporation method as described previously

(Haldimann and Wanner 2001).
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The constitutive ExsA expression plasmid p2UY21 was created through the
following series of subcloning steps. ExsA expression plasmid pEB102 was created by
PCR amplifying the exsA4 gene from P. aeruginosa strain PA103 using Ndel/Sacl-
containing primers and cloning the resulting fragment into plasmid pUY30 (Urbanowski
et al. 2007). Plasmid p2UY21 was created by cloning the 210 bp Apol fragment from
plasmid pMCTX-P,cvvsmur-1acz (described below) into the Mfel/EcoRI sites of plasmid
pEB102. Plasmid pMCTX-P,cuvsmur-iacz Was created by annealing complementary
oligonucleotides (5 —
AGCTTAGGCTTATCACTTTATGCTTCCGGCTCGTATAATGTGTG -3’ and 5’ —
AATTCACACATTATACGAGCCGGAAGCATAAAGTGATAAGCCTA -3°) and
cloning the resulting fragment into the HindIII-EcoRI sites of plasmid pMini-CTX-lacZ
(Becher and Schweizer 2000). Constitutive LuxR expression plasmid p2UY21-/uxR was
created by cloning the Ndel-Sacl fragment from pMU102 (Urbanowski et al. 2004) into
plasmid p2UY21. The pGEX-rpoD(K593A,R596A,R599A) triple mutant 6'° expression
plasmid as well as P, promoter point mutant transcription templates were generated by
QuickChange site-directed mutagenesis (Stratagene).

The carboxy-terminal hexahistidine-tagged a subunit expression vector pET24-
rpoAunisctp was created by PCR amplifying the rpoA gene from P. aeruginosa strain
PA103 lacking its native stop codon by using Ndel-Notl-containing primers and cloning
the resulting fragment into pET-24a (Novagen). p and 3’ prime subunit expression
vectors pET24-rpoB and pET24-rpoC were created by PCR amplification of the rpoB or
rpoC gene from P. aeruginosa strain PA103 by using Ndel-Notl containing primers and
cloning the resulting fragment into pET-24a. The carboxy-terminal hexahistidine-tagged
6"’ expression vector pET23-rpoDyiscrp Was created by PCR amplification of the rpoD
gene lacking its native stop codon from P. aeruginosa strain PA103 by using primers

incorporating Ndel-HindIII restriction sites and cloning the resulting fragment into pET-
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23b (Novagen). Point mutations in 7poD were introduced by QuickChange site-directed

mutagenesis (Stratagene).

Purification of P. aeruginosa RNAP core enzyme, 6% and
holoenzyme

Individual RNAP subunits were purified as described previously (Tang et al.
1996) with modification. E. coli Tuner (DE3) carrying pET24-rpoAnisctp was grown at
37°C in 50 ml of Luria Broth containing 50 pg ml™" kanamycin to an ODggo-0.7 at which
time IPTG (1 mM) was added and the culture was incubated for an additional 3 h at
37°C. Bacteria were harvested by centrifugation and suspended in 4 ml of buffer A (20
mM Tris-HCI [pH 7.9], 500 mM NaCl, and 5 mM imidazole). Cells were lysed via
sonication on ice and unbroken cells were removed by centrifugation (15 min, 16,000 x
g, 4°C). Solid ammonium sulfate (60% of saturation) was added and samples were
allowed to precipitate for 15 min at 4°C with agitation. The precipitate was collected by
centrifugation (20 min, 16,000 x g, 4°C) and resuspended in 10 ml of buffer B (20 mM
Tris-HCI [pH 7.9], 6 M guanidine HCI, and 500 mM NaCl) containing 5 mM imidazole.
Prior to Ni*"-affinity chromatography (see below), the material was subjected to
ultracentrifugation (30 min, 100,000 x g, 4°C) to remove particulates.

E. coli tuner (DE3) carrying pET23-rpoDuisctp was grown at 37°C in 200 ml LB
containing 200 ug ml™' ampicillin to an OD4g-0.5 at which time IPTG (1 mM) was added
and the culture was incubated for an additional 3 hr at 37°C. Bacteria were harvested by
centrifugation and suspended in 5 ml buffer B containing 5 mM imidazole. Cells were
lysed via sonication on ice and unbroken cells were removed by centrifugation (15 min,
38,000 x g, 4°C).

The a and o subunits were purified from the soluble fractions described above by
Ni**-affinity chromatography. Lysates was applied to a 1 ml HisTrap column (GE

Healthcare) equilibrated with buffer B containing 5 mM imidazole, washed with 10 ml
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buffer B containing 30 mM imidazole, and developed with a 10 ml linear imidazole
gradient (30-500 mM) in buffer B. The elution peaks were established by SDS-PAGE.
The purified a subunit was stored on ice for immediate use in core RNAP reconstitution.
Purified 6”° was dialyzed overnight against buffer E (see below) at 4°C, subjected to
ultracentrifugation (30 min, 100,000 x g, 4°C), and stored in 50% glycerol at -20°C.

The B and B° RNAP subunits were purified from E. coli inclusion bodies. E. coli
Tuner (DE3) carrying either pET24-rpoB or pET24-rpoC was grown at 37°C in 1 L of
LB containing 50 pg ml" kanamycin to an ODgg-0.5 at which time IPTG (1 mM) was
added and the culture was incubated for an additional 3 h at 37°C. Bacteria were
harvested by centrifugation and suspended in 16 ml of Buffer C (40 mM Tris-HCI [pH
7.9], 300 mM KCI, 10 mM EDTA, 1 mM DTT, and 1x Protease Inhibitor Cocktail
[Roche]) containing 0.2 mg ml” lysozyme and 0.2% (w/v) sodium deoxycholate. The
bacteria were incubated on ice for 20 min and lysed by sonication. Inclusion bodies were
collected by centrifugation (30 min, 38,000 x g, 4°C) and washed with 16 ml buffer C
containing 0.2% n-octyl-B-D-glucoside. Inclusion bodies were sonicated and centrifuged
as above, followed by a final wash with 16 ml buffer C. Washed inclusion bodies were
solubilized in 2 ml of buffer D (50 mM Tris-HCI [pH 7.9], 6 M guanidine-HCl, 10 mM
MgCl,, 10 uM ZnCl,, | mM EDTA, 10 mM DTT, and 10% glycerol [v/v]) and incubated
at 25°C for 10 min. The resulting material was subjected to ultracentrifugation (30 min,
100,000 x g, 4°C) and the soluble fraction was stored on ice for immediate use in core
enzyme reconstitution.

RNAP core enzyme was reconstituted by mixing 0.3 mg purified a subunit, 1.5
mg purified B subunit, and 3 mg B' subunit in buffer D (2 ml) and dialyzing twice against
500 ml of buffer E (50 mM Tris-HCI [pH 7.9], 200 mM KCI, 10 mM MgCl,, 10 uM
ZnCl,, | mM EDTA, 5 mM 2-mercaptoethanol, and 20% [v/v] glycerol) at 4°C with
constant stirring. The resulting material was subjected to ultracentrifugation (30 min,

100,000 x g, 4°C) and the soluble fraction was applied to a 1 ml HiTrap Heparin HP
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column (GE Healthcare) equilibrated with Buffer E. The column was washed with 10 ml
Buffer E containing 0.4 M KCl and developed with a 10 ml linear KCl gradient (0.4-2 M)
in Buffer E. The elution peaks were analyzed by SDS-PAGE and pure fractions
containing stoichiometric core RNAP (axBp”) were dialyzed against 1 L Buffer E
containing 50% glycerol and stored at -20°C.

RNAP holoenzyme was reconstituted by mixing core RNAP (500 nM) and ”° (1
uM) in 35 pl 1x transcription buffer (40 mM Tris-HCI [pH 7.5], 50 mM KCI, 10 mM
MgCl,, 1 mM DTT, 0.1 % Tween-20, and 0.5 mg ml™ bovine serum albumin [BSA]) for
30 min at 25°C. The resulting holoenzyme was then used (1 pl) in a 20 pl transcription
reaction.

in vitro transcription assays

Supercoiled transcription templates containing the P, and P,,p promoters were
described previously (Brutinel et al. 2009b; Vakulskas et al. 2009). The pOM90-P,.s¢
template was generated by PCR-amplifying the P,.,c promoter (nucleotides -207 to +192
relative to the transcriptional start site) and cloning as an EcoRI fragment into pOM90
(Richet and Sogaard-Andersen 1994). The resulting template contains a fusion of the
P.xsc promoter to the 7poC terminator on pOM90, and directs synthesis of a 261 base
transcript. The pOM90-P,,.;s0 and pOM90-P,,...s59 templates were generated by PCR-
amplifying the P, promoter (nucleotides -61 to +109/179 relative to the transcriptional
start site) from pTRCHIS-b (Invitrogen) and cloning as an EcoRI fragment into pOM90.
The pOM90-P,,.;50 and pPOM90-P,,.o59 templates fuse the P, promoter to the rpoC
terminator from pOM90, and direct synthesis of 180 and 250 base transcripts,
respectively. Finally, the pPOM90-Pgz4 template was generated by annealing
complementary nucleotides and the resulting BamHI-EcoRI fragment was cloned into
pOMO90. The pOM90-Pggx template fuses the Pgzs promoter to the r#nb T1 terminator on

pOMO90, and directs synthesis of a 135 base transcript.
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Single-round transcription assays (20 pl final volume) were performed by
incubating ExsAp;is (35 nM) with transcription templates (2 nM) at 25°C in 1x
transcription buffer (40 mM Tris-HCI [pH 7.5], 50 mM KCI, 10 mM MgCl,, 1 mM DTT,
0.1 % Tween-20, and 0.5 mg ml"' BSA) containing the initiating nucleotides ATP and
GTP (0.75 mM). After 10 min, 25 nM reconstituted P. aeruginosa RNAP holoenzyme
was added, and open complexes were allowed to form for 1 min at 25°C in the presence
of ExsAp;is or for 20 min at 25°C in the absence of ExsApis. Elongation was allowed to
proceed by the addition of the remaining nucleotides (0.25 mM ATP/GTP/CTP, 0.75 mM
UTP, and 2.5 pCi [a-"*P]-CTP) in 1x transcription buffer containing heparin (final
concentration 50 pg ml™). Reactions were stopped after 5 min at 25°C by the addition of
20 pl stop buffer (98% formamide, 20 mM EDTA, 0.05% bromophenol blue, and 0.05%
xylene cyanol). Samples were heated to 95°C for 5 min and immediately incubated on

ice before electrophoresis on 5% denaturing polyacrylamide gels.

Results
The carboxy-terminal domain of the RNAP a subunit is not
required for ExsA-dependent transcriptional activation
Since ExsA activates transcription primarily through recruitment of RNAP
(Vakulskas et al. 2009), and most transcriptional activators contact the carboxy-terminal
domain of the RNAP a subunit (a-CTD), we tested the hypothesis that ExsA uses a
similar mechanism. Previous studies have shown that ExsA activates transcription in
vitro to similar levels using RNAP from either P. aeruginosa or E. coli (Vakulskas et al.
2009). To demonstrate that ExsA can activate transcription in E. coli from the P,,c,
Pe.xsp, and P, promoters, ExsA was expressed in E. coli from a plasmid under the
transcriptional control of a constitutive a-CTD-independent promoter and ExsA-
dependent transcription was measured from transcriptional reporters consisting of ExsA-

dependent promoters (P.ysc, Pexsp, and Py,7) fused to lacZ and integrated at the E. coli A
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phage attachment site. Significant ExsA-dependent activation of all three promoters was
observed relative to a control plasmid (Fig. 12A), demonstrating that ExsA is sufficient to
activate transcription from P, Peysp, and P.,,r as was previously shown for P,.c in E.
coli (Thibault et al. 2009).

To determine the role of the a-CTD we used an established E. coli assay in which
the native o subunit (a-wt) or a lacking the C-terminal 239 amino acids (a-ACTD) were
expressed from a plasmid such that their cellular concentrations are in vast excess over
native o subunit expressed from the chromosome. This approach was necessary because
E. coli rpoA deletion mutants are lethal. ExsA-dependent transcription following
overexpression of a-ACTD was plotted as a percentage of activation observed with a-wt.
As a control we also measured LuxR-dependent activation of a Py, ..z transcriptional
fusion (Antunes et al. 2007). LuxR is an activator known to require the a-CTD (Stevens
et al. 1999). ExsA-dependent activation of the Pexsciacz, Pexspiacz, and Peyoriacz rEpoOTIters
in the presence of a-ACTD was >100% of that seen with a-wt indicating that ExsA does
not require the a-CTD for transcriptional activation (Fig. 12B). Curiously, activation
from the P,,;c promoter in the presence of a-ACTD was 125% of WT suggesting the a-
CTD might have an inhibitory function at this promoter. In contrast, activation of the

Pruxtiacz reporter was reduced to ~33% of wild-type in the presence of a-ACTD.

ExsA-dependent transcription in E. coli is dependent on
specific amino acids within region 4.2 of ™
A number of class II transcriptional activators interact with a basic amino acid
region of ¢’’ region 4.2. Since the ExsA promoter-binding site overlaps a near-consensus
-35 RNAP recognition hexamer, we hypothesized that ExsA recruits RNAP through an
interaction with region 4.2 of the ¢’ subunit. Lonetto et al. generated an rpoD plasmid
expression library containing alanine point mutations in 16 non-essential positions of

region 4.2 to test for activator specific defects in gene expression (Lonetto et al. 1998).
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These experiments were performed in E. coli strain GA2071 where expression of
chromosomal rpoD is tightly repressed. To measure ExsA activity, the Poysc.cz and
P..sp-1acz transcriptional reporters were introduced at the A phage attachment site of E. coli
strain GA2071 and the resulting strains were transformed with a plasmid expressing wild-
type RpoD or the RpoD point mutants. Given the tendency for reversion to wild-type
rpoD sequence (Lonetto et al. 1998) each expression plasmid was sequenced after being
introduced into strain GA2071. ExsA was constitutively expressed from plasmid
p2UY21 and the levels of ExsA protein in each were verified by western blot (Fig. 13A).
Since the RpoD mutants in this library do not affect activator-independent transcription,
the levels of ExsA protein were maintained at a constant level (Fig. 13A) (Lonetto et al.
1998). ExsA-dependent expression from the P, c and P,p reporters in the presence of
RpoD mutants was plotted relative to wild-type RpoD (Fig. 13). The most drastic effect
on ExsA-dependent activation of the P,.c.i4z reporter resulted with the K593A, R596A
and R599A substitutions, which exhibited 50%, 29%, and 25% the activity seen with
native RpoD, respectively (Fig. 13B). Similarly, P, s,z reporter activity was also
impaired by the K593A, R596A and R599A substitutions to 42%, 67%, and 36% the
native RpoD levels (Fig. 13C).

The effects observed from the single amino acid substitution mutants were modest
(2-3 fold) and likely reflect the fact that each of the individual positions represents only a
small portion of the ExsA-c'” interaction site. We predicted that ExsA-dependent
transcription might result from synergistic interactions with each of the three amino acid
positions. This proved to be true as the activity of the P,,,c and P,p reporters in the
presence of a triple RpoD mutant (K593A, R596A, R599A) was only 15% of wild-type
in both cases (Fig. 13). We did note that strain GA2071 expressing the RpoD triple
mutant exhibited a 2-fold growth defect yet had equivalent ExsA levels compared to

GA2071 expressing native RpoD (Fig. 13A).
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ExsA-dependent transcription in vitro is dependent on P.
aeruginosa ¢'° region 4.2

To further characterize the role of 6’ region 4.2 the mutations from E. coli rpoD
(K593A, R596A, and R599A) that affect ExsA-dependent transcription in vivo were
introduced into P. aeruginosa rpoD. Native and mutant forms of P. aeruginosa RpoD
were expressed in E. coli and purified under denaturing conditions by Ni*"-affinity
chromatography. Core RNAP was generated by expressing the P. aeruginosa a, 3, and f'
subunits in E. coli, purifying the individual purified components (Fig. 14A), and
reconstituting o-saturated RNAP holoenzyme with either native RpoD, RpoD-K593A,
RpoD-R596A, RpoD-R599A, or the triple RpoD mutant. RNAP holoenzyme activity
was normalized between the different RpoD-reconstituted polymerases by comparing the
production of single-round in vitro transcription products from the P, promoter.
Transcription from the P, promoter is not affected by the K593 A, K596A, or K599A
mutations in region 4.2 of 6'° (Lonetto et al. 1998).

Reconstituted RNAP holoenzmes were then assayed for ExsA-dependent
transcription in vitro using supercoiled plasmid templates containing the P,.sc and P,.p
promoters fused to the rpoC terminator. Each of the templates generates a 261
nucleotide, terminated transcript. As expected, terminated transcripts were not observed
with core RNAP alone. We initially tested the single amino acid substitutions in RpoD
for ExsA-dependent activation of the P,,c or P,.,p promoters but found that none had an
activation defect greater than 50% of native RpoD (data not shown). This result was not
surprising given that a similar observation was made when testing in vivo activation in E.
coli (Fig. 13A). In contrast, the triple RpoD mutant produced far less exsC and exsD
transcripts than did native RpoD (Fig. 14B,C). These combined results indicate that '’
region 4.2 is required for ExsA-dependent activation of the P, and P,,,p promoters both

in vivo and in vitro.
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The near-consensus -35 sequence at the P,.,c promoter is
not required for ExsA-independent transcription

We previously demonstrated that the P,,,c promoter has low basal activity in the
absence of ExsA (Vakulskas et al. 2009). To determine whether the putative -35
sequence is required for ExsA-independent promoter activity we generated P,.¢
transcription templates containing point mutations at each of the -35 nucleotide positions.
All of the nucleotide substitutions were changed to the complementary A/T or G/C
nucleotide to maintain the G+C ratio and each, with the exception of G41T, were
divergent from the 6’° consensus (Fig. 15A). The mutant promoters were assayed for
ExsA-independent transcript levels and compared to the native P,,,c promoter and to a
negative control containing a single point mutation in the established -10 Pribnow box
(Fig. 15A). To account for subtle differences in template concentration and purity, the
P..sc transcripts were normalized to a constitutive transcript generated from a promoter
located on the plasmid backbone (Vakulskas et al. 2009). Whereas the negative control
(T8G) lacking a functional -10 hexamer exhibited a > 50-fold decrease in transcription
compared to wild-type P, (Fig. 15), the remaining point mutants had little (less than 2-
fold) or no effect on ExsA-independent transcription (Fig. 15B-C). These data indicate
that the putative -35 hexamer is not important for ExsA-independent transcription at the
P.xsc promoter.

Although a near-consensus, but improperly spaced, -35 sequence is present at the
P..,c promoter, it is possible that a weak, unrecognizable -35 hexamer with a poor match
to the 6’ consensus is present and optimally spaced (16/17 bp) from the -10 hexamer.
Potential -35 hexamers spaced at either 16 or 17 bp would have the sequence AAAGCG
or AAAAGC, respectively (matches to consensus are underlined). To test this
hypothesis we constructed a single point mutant in the P,,,c promoter (A33G) such that
the potential -35 hexamer spaced 16 bp (AAGGCG) from the -10 hexamer more closely

resembles the -35 consensus sequence and the potential -35 hexamer spaced at 17 bp
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(AAAGGC) would be a weaker match to consensus. The A33G mutation had no
significant effect (<2 fold) compared to native P,,,c. These combined data suggest that
the putative -35 sequence is not important for ExsA-independent transcription.

The P..sc promoter sequence located immediately upstream of the -10 box
resembles an extended -10 promoter (Fig. 15A). Extended -10 promoters contain the
sequence TGnTATAAT and can function both in the presence or absence of a -35
hexamer (Barne et al. 1997; Mitchell et al. 2003). To determine whether the P,,s¢
promoter contains an extended -10 element we mutated the consensus TG sequence to
AC (hereafter referred to as P.sc.76). As expected the mutant P,,c.7¢ promoter had a
significant reduction in ExsA-independent transcription (5-fold) when compared to the
native P,.,c promoter (Fig. 15B-C). These combined data suggest that the P,,,c promoter
lacks a -35 hexamer, and that an extended -10 element may provide basal promoter
activity.

The extended -10 element is important for ExsA-
independent and ExsA—dependent promoter activity

Since the ExsA-independent activity of the P..,c promoter requires an apparent
extended -10 sequence, we asked whether ExsA-dependent activation had a similar
requirement using in vitro transcription assays. P..c.7¢ promoter activity was reduced 3-
fold in the presence of ExsA demonstrating that the extended -10 element affects P, to
a similar extent in the presence and absence of ExsA (Fig. 16A-B). Note that ExsA-
independent transcripts were not observed under these conditions due to the short RNAP
incubation time (1 min) required to detect ExsA-dependent open complex formation in
the linear range. To rule out the trivial explanation that the DNA-binding activity of
ExsA is affected by the TG mutation we employed electrophoretic mobility shift assays
(EMSAs) and found no significant difference in the binding affinity of ExsA for the

P..sc.7¢ and native P,,,c promoters or in formation of shift complexes 1 and 2 (Fig. 16C).
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Region 4.2 of 6"’ is required for ExsA-dependent but not
ExsA-independent transcription

Region 4.2 of 6" recognizes the -35 hexamer and is essential for recognition of
most bacterial promoters (Campbell et al. 2002). Region 4.2 is also a common target for
AraC-family transcriptional activators. We have provided evidence that ExsA interacts
with this region and that the putative -35 is not a determinant for RNAP recruitment at
the P,.,c promoters. Based on these data we hypothesized that the P,.,c extended -10
element compensates for the lack of a functional -35 hexamer. To test this idea we
employed in vitro transcription assays utilizing RNAP holoenzyme reconstituted with 6"
lacking the carboxy-terminal 43 amino acids (region 4.2). Deletion of region 4.2 renders
promoters that are dependent upon -35 hexamers non-functional; however, this deletion
has little effect on transcription initiation and elongation from extended -10 promoters
(Kumar et al. 1993). The following promoters were used as controls for this experiment;
(i) P which contains a strong -35 hexamer and requires region 4.2 of ¢’°, and (ii) Przs a
synthetic promoter which lacks a -35 hexamer and does not require ¢'° region 4.2, but is
dependent upon an extended -10 element (Brosius et al. 1985; Kumar et al. 1993) (Fig.
17A). Although as previously reported (Lonetto et al. 1998) the truncated ¢'° protein

70A4.2

(hereafter referred to as ¢ ) has a slightly reduced affinity for core RNAP enzyme, the

70A4.2

specific activity of o at the Pggx promoter is similar to that seen with native RNAP

70A4.2

holoenzyme at Pgzy (Fig. 17B). In contrast, RNAP-c generated significantly fewer

transcripts from the P, promoter than did RNAP-6"’ (Fig. 17B). Consistent with our

70A4.2 and

hypothesis that the P, promoter lacks a functional -35 hexamer, RNAP-c
RNAP-¢"° generated similar levels of P,,,c transcript (Fig 17B). In addition, the P,.c.76
and P.crs¢ mutants were essentially void of RNAP-G70A4'2-dependent activity. Finally,
we tested whether ExsA-dependent transcripts were produced from the P, ¢ promoter

using RNAP-¢""*2. Although ExsA-dependent transcription was drastically reduced

with RNAP-6""*?, a detectable transcript was made when reactions were allowed 1 min
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for open complex formation. These same conditions do not support the detection of
ExsA-independent transcription using wild-type 6’>-RNAP (Fig. 16A). It is unclear
whether the weak ExsA-dependent transcription in the absence of region 4.2 represents
additional contacts between ExsA and ¢’ outside of region 4.2 or additional contacts
between ExsA and other RNAP subunits.
Discussion

In the present study we found that recruitment of RNAP by ExsA does not require
the CTD of the a subunit of RNAP, a common target for AraC-family regulators.
Although these studies were performed in E. coli, we believe the findings would be
identical in P. aeruginosa. Data supporting this claim include the following; (i) ExsA
activates transcription from T3SS promoters in vitro to a similar extent with RNAP
(normalized for specific activity) from either E. coli or P. aeruginosa (Vakulskas et al.
2009); (ii) the carboxy-terminal 90 amino acids of the a subunit from E. coli and P.
aeruginosa share 86% identity; and (iii) heterologous activators known to require the a-
CTD, including LuxR from V. fischeri (used in this study), can efficiently activate E. coli
RNAP (Stevens et al. 1999). For these reasons, we believe that the involvement of the a-
CTD in ExsA-dependent activation would have been detected in our experiments.

Interestingly, ExsA-dependent transcription from the P..,c promoter was slightly
elevated (125%) in the presence of a-ACTD as compared to full-length a subunit (Fig.
12B). A possible explanation for this finding is that the a-ACTD may bind the P.sc
promoter and antagonize ExsA function. In this scenario, the a-ACTD -P,,s¢c promoter
interaction might sterically hinder the DNA-binding activity of ExsA or its ability to
contact RNAP. The physiological relevance and role this phenomenon plays is unknown.
We did not test the hypothesis that ExsA interacts with the a-NTD as Egan et al. have
shown that an extremely diverse group of AraC family members do not require this

domain for class II activation (Egan et al. 2000).
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Using a plasmid-based mutant 7poD expression library, we found that ExsA
requires the K593, R596, and R599 amino acids of o' for full activation of the P,y and
P...p promoters (Fig. 13). These specific residues are some of the most frequently
observed contact points for AraC-family members and unrelated transcriptional
regulators (Table 8). Although ExsA-dependent activation defects greater than 2-fold
were not routinely observed with a single point mutation in 7poD, a 6-fold defect was
observed with the triple o mutant (K597A, R600A, and R603A). We believe these data
support one or more of the following conclusions. First, although expression of the
chromosomal rpoD gene is suppressed, leaky expression of ¥poD may result in higher
levels of ExsA-dependent activation and would bias the data towards transcriptional
activation defects smaller than those observed. Second, the available data suggest that
RNAP-activator interaction regions most likely consist of several amino acids contacts
(Lonetto et al. 1998). We believe our data support the latter conclusion since in vitro and
in vivo studies with the triple o mutant showed a cumulative effect on ExsA-dependent
transcription (Fig. 13 and 14). Finally, ExsA may interact with amino acids in region 4.2
that we did not test, other regions in 6'°, and/or different RNAP subunits. The 16 amino
acids in the mutant 7poD expression library we used were selected because those
positions had little effect on activator-independent transcription (Lonetto et al. 1998).
Some amino acids in region 4.2 were omitted from this library because alanine
substitution resulted in unstable protein or because they are required for interaction with
the -35 hexamer. It is therefore possible that other amino acids are also important for the
interaction with ExsA. Finally, the finding that a 6’° derivative lacking region 4.2
(6"°**?) is still capable of weak ExsA-dependent activation supports the hypothesis that
ExsA interacts with several regions of 6’° and/or multiple RNAP subunits (Fig. 17B).

We provide evidence that site 1 of the ExsA consensus binding site, which
closely resembles a -35 hexamer, is not sufficient for ExsA-independent expression from

the P..sc promoter. In support of this hypothesis, a previous study indicated that the -35
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hexamer from P,,p although a close match to the o consensus, is a poor RNAP
recognition site (Vakulskas et al. 2009). To further characterize the role of T3SS
promoter -35 hexamers we generated point mutations at every position in the P.c -35
site and the resulting mutations had no significant effect (< 2-fold) on ExsA-independent
transcription while control mutations in the -10 hexamer produced undetectable levels of
transcript (Fig. 15). An explanation for this result is that an authentic -35 hexamer is
located at a more favorable position (16 or 17 bp relative to -10) but has few matches to
the consensus. We tested this hypothesis by creating a single point mutation in P,.¢
(A33@G), which should drastically increase or decrease ExsA-independent activation if the
-35 hexamer is positioned 16 or 17 bp from the -10 hexamer, respectively (Moyle et al.
1991). No significant effect was observed with this mutant suggesting a -35 hexamer is
not required for ExsA-independent transcription at the P, promoter. Unfortunately, we
were unable to assess the role of the -35 hexamer with respect to ExsA-dependent
transcription as mutations in the -35 sequence are known to disrupt ExsA binding to site
1 (Brutinel et al. 2008). Consistent with the hypothesis that a -35 is not required for
ExsA-independent transcription we identified a putative extended -10 element located
upstream of the P,,,c promoter -10 hexamer. Extended -10 elements are 1 bp removed
from the -10 hexamer with the consensus being TGnTATAAT (Kumar et al. 1993). We
made point a mutation within this element and observed a significant effect on both
ExsA-dependent and ExsA-independent transcription (Fig. 15-16). EMSA experiments
demonstrated the extended -10 mutation had no affect on the binding of ExsA to the
promoter Fig. 16C). These data indicate that the P, promoter contains an extended -10
promoter that might partially compensate for the lack of a functional -35 hexamer. The
P..sc promoter is the only ExsA-dependent promoter that contains an extended -10
element that matches consensus. It is tempting to speculate that the extended -10 element
is important in maintaining a housekeeping level of the exsCEBA transcript. The fact that

the extended -10 element is required for maximal P,,,c promoter activity, however,
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prevented us from testing this hypothesis. Nevertheless, 5° RACE promoter mapping
experiments suggest that exsCEBA transcript is detectable in an exs4 mutant (Vakulskas
et al. 2009) suggesting that P, exhibits some level of basal activity.

We propose a model in which ExsA recruits RNAP to an extended -10 promoter
(Pexsc) by contacting o region 4.2. In support of our model, we created a truncated o

70A4.2

lacking region 4.2 (o ) and found that the resulting holoenzyme was able to transcribe

from P, in the absence of ExsA. Interestingly, ExsA was still able to activate

70842 RNAP albeit very poorly (Fig. 17). The general contention is

transcription with ¢
that an RNAP subunit other than o and 6”° is likely involved in transcriptional activation
by a number of AraC-like regulators (Bhende and Egan 1999; Egan et al. 2000; Holcroft
and Egan 2000; Jair et al. 1995). Our data may support this claim and are worthy of

further study.
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FIGURE 12. The RNAP o-CTD is not required for ExsA-dependent activation of
transcription. (A) E. coli strain GS162 carrying the indicated transcriptional reporters was
transformed with a vector control (pJN105) or a constitutive ExsA expression plasmid
(p2UY21, labeled pExsA in the Figure). The resulting strains were grown in LB to an
ODg00-0.6 and assayed for B-galactosidase activity. (B) E. coli strain GS162 carrying the
indicated reporter and ExsA expression plasmid p2UY21 or p2UY21-/uxR was
transformed with a plasmid expressing the wild-type a or a-CTD subunit. The resulting
strains were grown in LB to an ODgp-0.6 and assayed for B-galactosidase activity. The
reported values (Miller Units [A] or % activity in the presence of wild-type a subunit [B])
represent the average of three independent experiments, and error bars represent the
standard error of the means.
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point mutation in region 4.2. The resulting strains were grown in LB to an ODgp-0.6 and

assayed for B-galactosidase activity. The reported values (% activity in the presence of
wild-type o’° subunit) are the average of three independent experiments, and error bars

transcriptional reporters and the p2UY21 ExsA expression plasmid was transformed with
a wild-type 6”° expression plasmid or an ¢’° expression plasmid carrying the indicated

region 4.2 of E. coli 6'°. (A) ExsA immunoblots demonstrating that steady state
expression levels are similar in each of the strains used below. (B-C) E. coli strain
GA2071 (tightly suppressed for native o expression) carrying the Py iacz OF Pevspoiaez

FIGURE 13. ExsA-dependent transcription is dependent on several amino acids in

represent the standard error of the means.
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FIGURE 14. ExsA-dependent transcription in vitro is dependent on P. aeruginosa 6™

region 4.2 (A) Silver-stained SDS-polyacrylamide gel of purified and reconstituted core
polymerase subunits a, B, and B' (lane 1), native 6’° (lane 2), o'’ carrying the K597A,
R596A, and R599A amino acid substitutions (lane 3), and ' lacking region 4.2 (lane 4).
(B-C) Single-round in vitro transcription assays. ExsApis (35 nM) was incubated with 2
nM supercoiled Py or P..p promoter template (pOM90-P,.;c or pPOM90-P,,p) at 25°C
in presence of ATP and GTP. After 10 min, P. aeruginosa core RNAP, 070-RNAP, orc”
(K597A/R596A/R599A)-RNAP was added (25 nM of each, the activity of c-saturated
enzymes was normalized with P,.) and the reaction mixture was incubated for 1 min at
25°C. Heparin and substrate nucleotides (including 2.5 p Ci [a32P]-CTP) were
immediately added, and the reaction mixture was incubated for 5 min at 25°C. Reactions
were terminated, and the resulting products were electrophoresed on a 5% denaturing
polyacrylamide-urea gel and subjected to phosphorimaging. The ExsA-dependent
terminated transcripts (261 nt) from the P,c or P..p promoters and the run-off
transcripts (250 or 180 nt) from the P, promoter are indicated.
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T40A - |[GAGACARAAGCGATGCATAGCCCGETEUTAGCAT)
G39C - |[GTCACARAAGCGATGCATAGCCCGETGOTAGCAT)
A38T - [GTGTCARAAGCGATGCATAGCCCGGETGUTAGCAT
C37G - |[GTGAGARAAGCGATGCATAGCCCGATGTAGCAT)
A36T - [GTGACTRAAGCGATGCATAGCCCGHTGOTAGCAT
A33G - [GTGACRRAGGCGATGCATAGCCCGGETGUTAGCAT
TG - |[GTGACARAAGCGATGCATAGCCCGEACOTAGCAT
T8G - |[GTGACARAAGCGATGCATAGCCCGETEUTAGCAG
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FIGURE 15. The near-consensus -35 hexamer at the P,,,c promoter is not required for
ExsA-independent transcription. (A) Diagram showing the mutant P,,,c promoter
derivatives used in this experiment. The -35, extended -10, and -10 elements are boxed
and the individual point mutations are in bold typeface. (B) Single-round in vitro
transcription assays showing ExsA-independent transcription from P,,,c derivatives
containing -35 (G41T, T40A, G39C, A38T, C37G, A36T, and A33QG), extended -10
(TG), and -10 (T8G) point mutations. Reactions were performed as described previously
(Fig. 14) except open complexes were allowed to form for 20 min in the absence of
ExsA. (C) Quantification of the in vitro transcription data shown in panel B. The
amount of exsC transcript produced in each experiment was normalized to an ExsA-
independent transcript (Vakulskas et al. 2009) produced from a weak promoter on the
minicircle backbone. The reported values are the averages of three independent
experiments, and error bars represent the standard error of the means.



82

A
Pest Pest -TG Pest -T8G
exsC —» = —
ExsA - + — + - +
B 800

PestJacZ ACUV'ty
(Arbitrary Units)

pest -T8G

Complex 2= --

Complex 1—»

| - OO0 ool
Non-SP—| NS ED EP P @ S® DO ®OW
E)(S’Q\His; - [\ - ]\

Promoter P oxs Peysc -16

FIGURE 16. The extended -10 element is important for ExsA-independent and ExsA-
dependent promoter activity. (A-B) Single-round in vitro transcription assays and
quantification of the corresponding transcripts from the P..c, Pevsc.r6, and Peoyerse
promoters. Experiments were performed as described in Fig. 14 and allowing 1' for open
complex formation in both absence and presence of ExsA. The reported values are the
averages of three independent experiments, and error bars represent the standard error of
the means. (C) Electrophoretic mobility shift assays (EMSAs) of the P..,c and P.ysc.r6
promoter probes. Specific (SP) and non-specific (Non-SP) probes (0.25 nM each) were
incubated in the absence of ExsAy;s (-) or with increasing concentrations of ExsAyis
(1.125-36 nM; 2-fold dilutions) for 15 min followed by electrophoresis and
phosphorimaging. ExsApis-dependent shift products 1 and 2 are indicated.
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A TTGACA TG TATAAT
Pyre AGCTGTTGACAATTAATCATCCGGATCGTATAAT

Prer GTTGCGTTTGTTTGCACGAGCTCTATGTTATAAT

Pexsc GTGACAAAAGCGATGCATAGCCCGGTGCTAGCAT

Pexsc-re GTGACAAAAGCGATGCATAGCCCGGACCTAGCAT

Pest(TBG) GTGACAAAAGCGATGCATAGCCC GGTGCTAGCAEI

B
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FIGURE 17. Region 4.2 of 6"° is required for ExsA-dependent but not ExsA-
independent transcription. (A) Diagram of transcription templates used in this
experiment. The -35 elements (underlined), extended -10 elements (boxed), -10 elements
(boxed), and point mutations (bold typeface) are indicated. (B) Single-round in vitro
transcription assays were performed with 6'° and 6'**** reconstituted RNAP
holoenzymes normalized for specific activity using the Pgzy extended -10 promoter (lanes
3 and 4). Reactions were performed as described previously (Fig. 14) and open
complexes were allowed to form for 1 min (lanes 1-4,9-10) or 20 min (lanes 5-8) as
indicated.
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TABLE 5

Bacterial strains and plasmids used in Chapter [V

Strain or plasmid Relevant characteristics Reference

Pseudomonas aeruginosa strains

PA103
Escherichia coli strains
DH5a

GS162
SA1751

GA2071
BL21 (DE3) Tuner
BW25141

Plasmids

pREiia

pGS490

pIN105

pUY30
pMini-CTX-lacZ

PMCTX-Pucvvsmuttacz

p2UY21-exsA
p2UY21-luxR
pMU102
pAHI125

pluxi-lacZ

PAHI125-P it sacz
PAHI125-P,scutucz
PAHI125-Pisp.tacz
PAHI125-Pororisacz
pGEX-rpoD and its
derivatives
pGEX-rpoD(K593A,R596A,R599A)

pET-23b

PET23-rpoDyisctp and
its derivatives
pET-24a

pET24-rp0Am,CTD
pET24-rpoB
pET24-rpoC
pOMO90
POMOIO-Pec

pOM90-P...p
pSAS08-P,,,cand
its derivatives
pTRCHIS-b
pOMO0-P . 250)
pOMgO'Prrc(IX())
pOM90-PRE#

pET23-rpoD (1-574)

wild-type parental strain
recA cloning strain

wild-type strain carrying AlacU169
thermoinducible Int expression from the cryptic
prophage for minicircle recombination

rpoD suppression strain

protein purification

maintenance of pir-dependent plasmids

rpoA expression vector

rpoA expression vector with a stop codon at 239
arabinose inducible expression vector

arabinose inducible expression vector

vector for single-copy integration of lacZ reporters onto
the P. aeruginosa chromosomal a#tB site
transcriptional fusion of the Picuvsmur-iacz
promoter to lacZ

plasmid that constitutively expresses exsA4
plasmid that constitutively expresses /uxR

luxR expression vector

vector for single-copy integration of lacZ
reporters onto the E. coli A attachment site
translational fusion of the Py, promoter to lacZ
translational fusion of the Py, promoter to lacZ
transcriptional fusion of the P,.,c promoter to lacZ
transcriptional fusion of the P,.,p promoter to lacZ
transcriptional fusion of the P,.,rpromoter to lacZ
plasmid that constitutively expresses rpoD

or one of 16 alanine point mutations

rpoD expression plasmid carrying the

K593A, R596A, and R599A mutations

protein expression vector that includes a
carboxy-terminal His, tag

RpoD expression vector with a carboxy-
terminal Hisg tag

protein expression vector that includes a
carboxy-terminal His tag

untagged RpoA expression vector

untagged RpoB expression vector

untagged RpoC expression vector

in vitro transcription template

in vitro transcription template containing

the P,.,c promoter

in vitro transcription template containing

the P,.,p promoter

P..sc template vector; yielding minicircle
PMCP, ¢

source of P, promoter

in vitro transcription template containing

the P, promoter

in vitro transcription template containing

the P, promoter

in vitro transcription template the Prgsx
promoter containing

RpoD expression vector lacking region 4.2

(Frank et al. 1994)
(Hanahan 1983)

(Stauffer et al. 1981)
(Choy and Adhya 1993)

(Lonetto et al. 1998)
(Novagen)

(Haldimann and Wanner 2001)

(Blatter et al. 1994)
(Jourdan and Stauffer 1999)
(Newman and Fuqua 1999)

(Urbanowski et al. 2007)

(Hoang et al. 2000)

this study
this study

this study
(Urbanowski et al. 2004)

(Haldimann and Wanner 2001)

(Urbanowski et al. 2004)
this study
this study
this study
this study
(Lonetto et al. 1998)

this study
(Novagen)
this study
(Novagen)
this study

this study
this study

(Richet and Sogaard-Andersen 1994)

this study

(Vakulskas et al. 2009)

(Vakulskas et al. 2009), this study

(Invitrogen)
this study

this study
this study

this study
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TABLE 6

Primers used in Chapter IV

Primer ID Primer Sequence

44122038 CATGGCCATATGAAAAACATAAATGCCGAC

44122037 CATGGCGAGCTCTTAATTTTTAAAGTATGG

39530603 GCGACGCGGTACCATGAAGGACGTCCTGCAGCTCATCC
49188917 TGATGAATTCGCCTCCTAAAGCTCAGCGCATGC

48669731 CAGATCGAAGCGGCGGCGCTGGCCAAACTGGCTCACCCGAGCCGT
48669730 ACGGCTCGGGTGAGCCAGTTTGGCCAGCGCCGCCGCTTCGATCTG
43812190 CCGAGCCATATGTCCGGAAAAGCGCAA

43812191 GGCAGGAAGCTTCTCGTCGAGGAAGGAGCG

46001014 CAGATCGAAGCCGCGGCGTTGCGCAAG

46001013 CTTGCGCAACGCCGCGGCTTCGATCTG

47437714 TCGCGACGGATGGGCCAGCTTGCGCAA

47437715 TTGCGCAAGCTGGCCCATCCGTCGCGA

47437713 CGCTCCTTCCTCGCCGAGAAGCTTGCG

47437712 CGCAAGCTTCTCGGCGAGGAAGGAGCG

48432036 GCCGCGGCGTTGGCCAAGCTGGCCCAT

48432035 ATGGGCCAGCTTGGCCAACGCCGCGGC

46775590 GCCACCCATATGCAGAGTTCGGTAAATGAGTT

46775589 GCCTACGCGGCCGCGGCGGCAGTGGCCTTGTCGTCTTTCTTA
46775588 GCCACCCATATGGCTTACTCATACACTGAGAAAAAACG
46775587 GCCTACGCGGCCGCGGCTTATTCGGTTTCCAGTTCGATGTCG
47100507 GCCACCCATATGAAAGACTTGCTTAATCTGTTGAA

46775585 GCCTACGCGGCCGCGGCTTAGTTACCGCTCGAGTTCAGCGCTT
35048925 ATACTGGAATTCTGCGGTTCCCCCCC

35048926 ACGAATGAATTCCCACATCGGCCTCCAGCAAC

43648443 AAGAAAAGTCTCTCATTGACAAAAGCGATGC

43648442 GCATCGCTTTTGTCAATGAGAGACTTTTCTT

48552525 AAAGTCTCTCAGAGACAAAAGCGAG

48552524 CTCGCTTTTGTCTCTGAGAGACTTT

48552527 AAGTCTCTCAGTCACAAAAGCGAGG

48552526 CCTCGCTTTTGTGACTGAGAGACTT

43648441 AAAAGTCTCTCAGTGTCAAAAGCGATGCATA

43648440 TATGCATCGCTTTTGACACTGAGAGACTTTT

43648439 AAAGTCTCTCAGTGAGAAAAGCGATGCATAG

43648438 CTATGCATCGCTTTTCTCACTGAGAGACTTT

48552529 TCTCTCAGTGACTAAAGCGAGGCAT

48552528 ATGCCTCGCTTTAGTCACTGAGAGA

43648437 TCTCTCAGTGACAAAGGCGATGCATAGCCCG

43648436 CGGGCTATGCATCGCCTTTGTCACTGAGAGA

48552531 GGCATAGCCCGGACCTAGCATGCGCT

48552530 AGCGCATGCTAGGTCCGGGCTATGCC

43579324 AGCCCGGTGCTAGCAGGCGCTGAGCTTTAGG

43579323 CCTAAAGCTCAGCGCCTGCTAGCACCGGGCT

25444818 CTGCGAATTCAACGGTTCTGGCAAATATTC

25444816 CCGCGAATTCGGTTTATTCCTCCTTATTTAATCG

25444814 CTATGAATTCGAGTGCCCACACAGATTTC

48495914 GATCCTCGTTGCGTTTGTTTGCACGAGCTCTATGTTATAATTTCCTAAGCTTG
48495913 AATTCAAGCTTAGGAAATTATAACATAGAGTCGTGCAAACAAACGCAACGAG

48495915

GGCAGGAAGCTTCGACTGCATGGTGGAGTC
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Construction of plasmids used in Chapter [V

Figure Product Primer Pair Cloning vector

Fig. 12B p2UY21-LuxR 44122038-44122037 p2UY21

Fig. 12,13 pAH125-P,c 39530603-49188917 pAH125

Fig. 13 pGEX-rpoD 48669731-48669730 pGEX-rpoD
(K593A, R596A, R599A)

Fig. 14-17 RpoDuyisctp 43812190-43812191 pET-23b

Fig. 14 RpoD (K597A) 46001014-46001013 pET23RpoDyisctp

Fig. 14 RpoD (R603A) 47437714-47437715 pET23RpoDyisctp

Fig. 14 RpoD (D616A) 47437713-47437712 pET23RpoDyisctp

Fig. 14 RpoD (K597A,R603A)  46001014-46001013 pET23RpoDyiscrp (R603A)

Fig. 14 RpoD 48432036-48432035 pET23RpoDyiscrp (K597A,R603)
(K597A, R600A, R603A)

Fig. 14-17 RpoArisctp 46775590-46775589 pET-24a

Fig. 14-17 RpoB 46775588-46775587 pET-24a

Fig. 14-17 RpoC 47100507-46775585 pET-24a

Fig. 14 pOMO90-P,sc 35048925-35048926 pOM90

Fig. 15 Posc (G41T) 43648443-43648442 PSAS08-P,sc

Fig. 15 Psc (T40A) 48552525-48552524 PSAS08-P,sc

Fig. 15 Pwsc (G39C) 48552527-48552526 PSAS08-P,sc

Fig. 15 Psc (A38T) 43648441-43648440 PSAS08-P,sc

Fig. 15 P.sc (C37G) 43648439-43648438 PSAS08-P,sc

Fig. 15 P..sc (A36T) 48552529-48552528 PSAS08-P,sc

Fig. 15 P (A33G) 43648437-43648436 PSAS08-P,c

Fig. 15-17 P.sc (TG) 48552531-48552530 PSAS08-P,c

Fig. 15-17 P (T8G) 43579324-43579323 PSAS08-P,c

Fig. 17 pOM90-P,. 250 25444818-25444816 pOM90

Fig. 17 pOM90-P,(179) 25444818-25444814 pOM90

Fig. 17 pOMO0-Prp 48495914-48495913 pOM90

Fig. 17 RpoD (1-574) 43812190-48495915 pET-23b
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CHAPTER V
GENERAL DISCUSSION

ExsA Stoichiometry and Ligand Response

Oligmerization (when present) by an AraC-family member is mediated by a self-
interaction domain that is separate from the DNA-binding domain (Gallegos et al. 1997).
In the present study I determined that ExsA is monomeric in solution (Fig. 4). 1
furthermore show that ExsA binds DNA at T3SS promoters forming complexes that have
1 or 2 ExsA molecules bound (Fig 4). Current research indicates that the stoichiometric
state of individual AraC-family members does not change when in solution or when
DNA-bound. AraC, for example, forms a dimer that persists when free in solution and
when DNA-bound (LaRonde-LeBlanc and Wolberger 2000). In contrast, AraC-family
members like MarA exist as monomers both when in solution and when DNA-bound
(Rhee et al. 1998). These combined data indicate that the stoichiometric state of ExsA
may be unique among AraC-family regulators. Data that conflict with this hypothesis,
however, include monohybrid experiments which demonstrate that ExsA can self-
associate, and that multimerization is mediated by the amino-terminal domain (Brutinel et
al. 2009a). One potential explanation for this discrepancy is that monomeric ExsA,
which is fully able to bind DNA and activate transcription in vitro, represents a
physiologically irrelevant form of the protein, and is an in vitro artifact. Alternatively, it
may be possible that ExsA does not readily dimerize and that by binding DNA, either in
the context of the native protein or as a LexsA-fusion, the local concentration of ExsA is
increased thereby promoting self-association. Resolving this discrepancy will
undoubtedly provide insight into the mechanism in which ExsA interacts with itself,
DNA, and ExsD.

To further characterize the mechanism by which ExsD antagonizes ExsA activity,
I performed chromatin immunoprecipitation assays in vivo. Using this assay |

demonstrated that ExsD inhibits the binding of ExsA to DNA at the P..sc and P.sp
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promoters (Fig. 5). Recent data suggests that ExsD also disrupts the self-association
properties of ExsA (Brutinel et al. 2009a). Anti-activators from other systems (non-AraC
targets) function by one of three mechanisms; preventing self-association of the activator
(Chai et al. 2001), occluding the DNA binding domain from interacting with DNA
(Navarro-Aviles et al. 2007), or inducing conformational changes that alter the structure
of the DNA binding domain (Chen et al. 2007). My data best support a mechanism in
which ExsD inhibits the DNA-binding activity of ExsA, as the amount of promoter-
bound ExsA was significantly lower when ExsD was present (Brutinel et al. 2009a). Of
the AraC-family members that are known to interact with a ligand, ExsA is the first
example where DNA-binding activity is lost. AraC, for example, binds arabinose and
causes the AraC dimer to occupy a different set of DNA binding sites (Gallegos et al.
1997). In contrast, AraC-family members like RhaS and UreR, have dramatically
increased affinity for DNA in the presence of rhamnose and urea, respectively (Gallegos
et al. 1997). The loss of DNA-binding activity by an activator-ligand interaction is a
unique mechanism that may be shared by homologous AraC-family members that

regulate T3SSs such as MxiE from S. flexneri.

Mechanism of ExsA-Dependent Transcription

Functional diversity seems to be the hallmark of AraC-family regulators as they
can have dramatically different ligands, stoichiometries, and DNA-binding sites; it seems
hardly surprising that the transcriptional activation mechanism is no exception. The
mechanism of transcription is known for very few AraC-family proteins. The
prototypical family member, AraC, recruits RNAP to promoters and enhances
isomerization to an open complex (Zhang et al. 1996). In the present study I present
evidence that ExsA strongly recruits (5 to 10-fold) RNAP to T3SS promoters and has
only a modest effect on the isomerization to an open complex (< 2-fold). I propose that

the difference in transcriptional activation mechanisms between AraC-family proteins
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may be due to differences in promoter structures and activator-DNA binding sites. For
example, the AraC-dependent Pp,;, promoter contains 6’ -dependent -35 (TAGATC) and
-10 (GATCCT) RNAP recognition sites that are separated by 17 bp. The available data
suggests that RNAP recognizes the Pp4p -35 hexamer (albeit weakly) in the absence of
AraC. Additionally, the -10 hexamer is located properly with respect to the transcription
start site, and the unwinding of DNA during open complex formation occurs from -10 to
+1 (Zhang et al. 1996). These data suggest that the -35 and -10 hexamers are functional,
and that the poor AraC-independent activity from Pg,p is most likely because the -35 and
-10 are poor matches (both 3/6) to the 6’° consensus.

In contrast, my data indicates that T3SS promoter consensus -35 sites are not
RNAP recognition determinants. For example, I have established that the P,,,p promoter
near-consensus -10 hexamer (TAGAAT) is properly spaced with respect to the P.,p
transcription start site (Fig. 8, 10). Functionally, I have determined that DNA unwinds at
the Psp -10 site during open complex formation (Fig. 10). The P,,p putative -35
hexamer (TTGAAA), however, is spaced 21 bp from the -10 site; an increase of 4 bp
compared to the 6’° consensus (Fig. 3). Furthermore, I have determined that the P,y -35
hexamer is a poor recognition site even in the context of ideal promoter spacing (Fig. 6).
A simple interpretation of this data is that whereas the function of AraC is to overcome
relatively weak -35 and -10 sites, the function of ExsA is to overcome the complete lack
of a -35 site. The following data support this hypothesis: (i) whereas mutations in the -
35 site of 6'° promoters affect closed complex formation, mutations in the -10 site of 6'°
promoters affect isomerization to an open complex (Paget and Helmann 2003); and, (i)
ExsA strongly promotes closed complex formation while AraC strongly promotes both
closed and open complex formation (Fig. 11)(Zhang et al. 1996). A more complex
interpretation of the data, however, is that ExsA and AraC activate transcription by
fundamentally different mechanisms. This interpretation seems unlikely as AraC, ExsA,

and a host of other AraC-family members interact with the same amino acids in "’
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region 4.2 (Table 8). As the transcriptional activation mechanisms of additional AraC-
family members become available, perhaps some of these questions can be answered.

ExsA-RNAP Interaction

In chapter IV I present data that indicates ExsA interacts with region 4.2 of 6'°.
The three amino acids I determined to be important for ExsA-c'°-RNAP interaction are
some of the most common positions identified in studies of both related and unrelated
transcriptional activators (Table 8). It is curious, however, that the interaction of ExsA
with region 4.2 of 6'° functions primarily in the recruitment of RNAP. Most dimeric
AraC family members are known to both recruit RNAP and promote isomerization to the
open complex, and these activities are thought to result from individual contacts with a-
CTD and 6", respectively (Egan 2002; Gallegos et al. 1997; Zhang et al. 1996). The best
example of an activator (non AraC-family) that interacts with ’° region 4.2, cl, increases
the isomerization rate at the Py, promoter (Dove et al. 2000; Hawley and McClure 1982).
The cI example is somewhat paradoxical since it has been well established that 6" region
4.2 interacts directly with DNA at the -35 position to facilitate the initial binding of
RNAP to the promoter (Campbell et al. 2002). In fact, the observation that ExsA recruits
RNAP through contacts with ¢’° region 4.2 seems to better support the known function of
region 4.2. I believe the most likely explanation for these discrepancies is that protein-
protein interactions with 6’ region 4.2 can harbor effects on both closed and open
complex formation. In support of this claim a single point mutation (R596H) in ¢'°
region 4.2 changes the mechanism of cl activation to an enhancement on closed complex
formation, while having almost no effect on the isomerization rate to an open complex
(Dove et al. 2000). We furthermore believe that the nature of the specific interaction
between ¢’ region 4.2 and transcriptional activator does not drastically differ whether it
enhances closed or open complex formation. Dove et al. have suggested that the
promoter sequence and location of the activator binding site may play the most important

part in determining the mechanism of transcriptional activation by an activator (Dove et
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al. 2000). Further studies analyzing the structure of activator-RNAP complexes are

needed to address this curiosity.

Model for Activation of T3SS Gene Expression by ExsA

My data and the published literature combined have led me to propose the
following model for how ExsA activates transcription from T3SS promoters. Monomeric
ExsA preferentially binds to site 1 at T3SS promoters. Monomeric ExsA bound to site 1
recruits a second molecule to site 2 by interacting with the NTD. Through specific
interactions with region 4.2 of 6°, ExsA then recruits RNAP to T3SS promoters and
open complexes are readily formed.

The available data suggests that in cases where two or more activator molecules
bind to DNA, the promoter-proximal molecule contacts 6'’. Examples of this
phenomenon include the fumarate/nitrate reductase regulator FNR and the catabolite
activator protein CRP (Blake et al. 2002; Busby and Ebright 1999). Since ExsA interacts
with region 4.2 of 6’* independent of the a-CTD, I predict that the promoter-proximal
ExsA monomer interacts with 6°, and that the promoter-distal ExsA monomer stabilizes
this interaction. A problem with this hypothesis, however, is that mutations in ExsA
binding site 2 completely disrupt ExsA-dependent activation. Mutations in ExsA binding
site 2 do not significantly affect ExsA binding to site 1 (Brutinel et al. 2008), and
therefore the promoter-distal ExsA molecule must be important for ExsA-dependent
transcriptional activation. A potential explanation for this discrepancy is that interaction
with 6’° region 4.2 is necessary but not sufficient for ExsA-dependent transcriptional
activation. An alternative hypothesis is that although a specific interaction between ExsA
monomers at T3SS promoters is not required for ExsA-dependent transcriptional
activation (Brutinel et al. 2009b), binding of a second ExsA monomer to site 2 may bend
DNA to allow ExsA bound at site 1 to efficiently contact '’ region 4.2. This is an

attractive hypothesis since ExsA exhibits DNA bending, a phenomenon known to be
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required for the mechanism of some transcriptional activators (Kerppola and Curran
1997).

I also provide a model that explains how ExsA-independent transcription at the
P..;c promoter occurs in the absence of a -35 hexamer. In this model, o"°-RNAP binds
the P,,,c promoter at an extended -10 element and this is sufficient to provide basal
transcription in the absence of ExsA. This data also seems to indicate that a maintenance
level of T3SS gene expression occurs in an ExsA-independent fashion. This
interpretation introduces a paradox, as ExsA strongly activates its own expression and it
is therefore unclear whether basal transcription from the P,,,c promoter is required for
T3SS gene expression. If so, basal P, promoter activity may be required for the
maintenance of ExsA in the cell, or the initial expression of the exsCEBA operon in a
newly divided cell. The former hypothesis seems unlikely, as the basal level of P,
promoter activity in an exs4 mutant is at least 10-fold lower than P, activity in an
uninduced wild-type cell (Dasgupta et al. 2004). Whether ExsA-independent P,
promoter activity plays a role in the initial expression of exsCEBA in a newly divided cell
would depend on whether the number of ExsA molecules (if any) acquired from the

parent cell is sufficient to activate the P,.,c promoter.

Future Directions

The available data suggests that ExsA bound to both sites 1 and 2 is required for
transcriptional activation of T3SS promoters (Brutinel et al. 2008). Since ExsA most
likely directly interacts with ¢’° region 4.2, I predict that ExsA bound to site 1 is
responsible for this interaction based on its proximity to the -10 hexamer. This
hypothesis is supported with data from the dimeric Crp and FNR regulators in which the
promoter-proximal molecule contacts ¢° region 4.2 (Blake et al. 2002; Busby and
Ebright 1999). Alternatively, ExsA bound to site 1 may not interact with RNAP, and

solely functions to recruit an additional ExsA monomer to site 2. The ExsA molecule
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bound to site 2 would then contact region 4.2 of 6'° to activate transcription. This
hypothesis would explain why ExsA bound to both sites 1 and 2 is required for
transcription, but seems improbable given the distance between site 2 and the -10
hexamer. A potential way to test this hypothesis would involve isolating both ExsA
mutants that are unable to interact with region 4.2 of 6’°, and alleles of ExsA that bind
altered recognition sites. Using heterodimers containing the afore-mentioned ExsA
mutants and wild-type ExsA, the role of each ExsA molecule in transcription activation
can be determined. This question remains perhaps the most interesting facet of ExsA-
dependent transcriptional activation as it potentially sets it apart from other AraC-family

members.
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Model for ExsA-Independent Transcription of P,

o
[\ 2
= Site2 | Site1 } 'ITGI -10 II

Model for ExsA-Dependent Transcription of P,

FIGURE 18 Model for transcription activation of the P,.,c promoter. In the absence of
ExsA, the 6’° subunit of RNAP recognizes the extended -10 and -10 elements, and

weakly activates transcription. An ExsA monomer then binds site 1 and recruits a second
molecule to site 2. The promoter-proximal E%(SA molecule (bound to site 1) then recruits

RNAP by an interaction with region 4.2 of ¢
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Transcription activators that interact with region 4.2 of 6"°

Regulator Amino Acids Organism Reference
AraC Family
ExsA K593, R596, R599 P. aeruginosa (this study)
AraC K591, K593, E596 E. coli (Hu and Gross 1985)
(Lonetto et al. 1998)
(Travers 1974)
RhaS K593, R599 E. coli (Bhende and Egan 2000)
(Wickstrum and Egan 2004)
RhaR K593, L595, R599, E. coli (Wickstrum and Egan 2004)
R608
MelR R596, R599 E. coli (Grainger et al. 2004)
Ada* K593, K597, R603 E. coli (Landini and Busby 1999)
Unrelated regulators
CRP K593, K597, R599 E. coli (Lonetto et al. 1998)
R603 (Rhodius and Busby 2000)
FNR K593, R596, R603 E. coli (Lonetto et al. 1998)
LuxR E591, L595, R596, V. fischeri (Johnson et al. 2003)
K597, S602, R603
GcevA E591, K593, 1595, E. coli (Stauffer and Stauffer 2005)
H600, S602, R603
CI R588, K593, R596 Phage A (Kuldell and Hochschild 1994)

(Li et al. 1994)
(Nickels et al. 2002)
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