INTEGRATING TWO SIGNALS: THE RESPONSE REGULATOR, VPSR, REQUIRES
C-DI-GMP AND PHOSPHORYLATION TO DRIVE TRANSCRIPTION INITIATION OF
BIOFILM GENES IN VIBRIO CHOLERAE
By

Meng-Lun Hsieh

A DISSERTATION
Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of
Biochemistry and Molecular Biology-Doctor of Philosophy

2018



ABSTRACT
INTEGRATING TWO SIGNALS: THE RESPONSE REGULATOR, VPSR, REQUIRES
C-DI-GMP AND PHOSPHORYLATION TO DRIVE TRANSCRIPTION INITIATION OF
BIOFILM GENES IN VIBRIO CHOLERAE
By
Meng-Lun Hsieh

The mechanistic role of the small bacterial second messenger cyclic di-GMP (c-di-GMP)
in transcription initiation has remained unclear. In Vibrio cholerae, the causative agent of the
disease cholera, VpsR is the master Enhancer Binding Protein (EBP) that binds c-di-GMP to
increase biofilm gene expression at the biofilm biogenesis promoter, P,,,;, in vivo. Unlike typical
EBPs that activate RNA polymerase (RNAP) containing the alternate sigma (o) factor, 654, VpsR
has several different features: 1) it lacks conserved residues needed to bind to 654 and hydrolyze
ATP; 2) it retains a highly conserved aspartic acid (D59) residue, which is typically
phosphorylated; and 3) it activates P, in the absence of 654 in vivo. These features all suggest a
different unknown mechanism of transcription activation.

To address this mechanism, we have established an in vitro system and show for the first
time that c-di-GMP is sufficient to directly activate transcription with another activator at P,,;.
Unlike other regulators which use c-di-GMP to promote oligomerization and/or increase DNA
binding affinity, the presence of c-di-GMP neither affects VpsR oligomerization nor significantly
changes the affinity of VpsR for P,,; DNA. Instead, KMnO, and DNase I footprinting reveal that
the P,,,1/670-RNAP/VpsR/c-di-GMP complex forms the open transcription bubble and adopts a
different conformation from that formed by P,,,;/ 670-RNAP with or without c-di-GMP or VpsR.

To investigate the role of the D59 residue, we have characterized the phosphodefective

variant D59A and the phosphomimetic DS9E. While both variants dimerize and bind DNA with



Kyeapp)s similar to that of wildtype (WT), D59E activates transcription and forms the open
transcription bubble while DS9A yields basal transcription. DNase I footprints of the transcription
complex made with DS9E resemble those made with WT, while footprints with DS9A resemble
those of RNAP alone. We have also developed a method to denature and renature VpsR

(VpsR®™). In the absence of the high-energy phosphate donor, acetyl phosphate, VpsR*™ now

REN" that behaves like the

resembles D59A. Addition of acetyl phosphate results in a VpsR
previously purified WT VpsR and D59E in in vitro transcriptions, electrophoretic mobility shift
assays (EMSAs), DNase I and KMnOy, footprinting.

Lastly, we have also explored whether VpsR has additional regulatory gene expression
roles. We have identified three new promoters that are regulated by VpsR and c-di-GMP in vitro:
rbmA, rbmF, and vpsU. Interestingly, like P,,;, the regulated genes of each promoter represent the
first gene of their gene cluster or operon. Similar to P,,, binding of c-di-GMP does not alter
protein-DNA contacts at these promoters in the absence of c70-RNAP. In vitro transcriptions
require both c-di-GMP and VpsR, and the positions of the VpsR binding sites at these promoters
reveal that VpsR can utilize both Class I and Class II activation to upregulate gene expression.

In conclusion, VpsR represents a novel c-di-GMP dependent transcription regulator. Not
only does it use c-di-GMP to promote open complex formation, but our data also suggests that
phosphorylation is simultaneously required for that process. As the master regulator of biofilm
formation, VpsR directly activates a set of vps and rbm promoters using different mechanisms of
transcription activation. Understanding these mechanisms not only provide a new paradigm in c-
di-GMP-dependent transcription activation and elucidate mechanistic processes that regulate

biofilm formation, but also provide the foundation needed for the development of novel chemical

inhibitors against V. cholerae and biofilm-based nocosomial infections
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CHAPTER 1:

Introduction



1.1 cyclic-di-GMP signaling

From relative obscurity to one of the most ubiquitous bacterial signaling molecules, cyclic
dimeric (3’ 5”) guanosine monophosphate (c-di-GMP) was first discovered by Moshe Benziman
and colleagues in 1987 as the long-sought allosteric activator of cellulose biosynthesis in
Acetobacter xylinum (1). Despite its initial discovery, only ten papers mentioned c-di-GMP from
1987 to 2000, nine of which came from the Benziman laboratory (2). These papers addressed a
variety of topics that are still investigated today including c-di-GMP signaling in other bacteria
such as Agrobacterium tumefaciens, identification of diguanylate cyclases (DGCs) and
phosphodiesterases (PDEs), c-di-GMP concentration within the bacterial cell, screens of DGC
inhibitors, and interkingdom crosstalk (3-13).

Around the beginning of the century, other investigators began to appreciate that the
GGDEF and EAL or HD-GYP domains, named for the amino acids in their active sites, are
widespread regulators of c-di-GMP signaling in many organisms. GGDEF domain are
diguanylate cyclase enzymes (DGCs) that synthesize c-di-GMP while EAL or HD-GYP domains
are phosphodiesterase enzymes (PDEs) that degrade c-di-GMP (14-16). While GGDEFs
synthesis ¢-di-GMP from two molecules of GTP, EALs break down and linearize c-di-GMP into
5’-pGpG, which can be further degraded by the nanoRNAse Orn, while HD-GYPs directly
degrade c-di-GMP to two GMPs (Fig. 1.1). Synthesis of c-di-GMP is dependent on the active site
(A site) of the GGDEF domain. Point mutations (except a D to E mutation) eliminate enzymatic
activity (17). Additionally, to help with excess GTP consumption and overproduction, most
DGCs contain a secondary site (I site) which is separated from the A site by a linker of five amino

acids (18). This I site is characterized by a RXXD motif.
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Figure 1.1: Synthesis and degradation of c-di-GMP and effector targets. Synthesis and
degradation of c-di-GMP is dependent on diguanylate cyclases (DGCs) containing modular
sensory GGDEF domains and phosphosdiesterases (PDEs) containing EAL or HD-GYP domains,
respectively. As c-di-GMP levels rise, c-di-GMP exerts its effects on three different targets:
transcriptional factors, riboswitches, and proteins.

Most enzymes that mediate c-di-GMP signaling contain one of these three domains, but
some contain both a synthesis and degradation domain. For example, BphG1 in Rhodobacter
sphaeroides preferentially activates the DGC domain via allosteric regulation by its amino-
terminal bacteriophytochrome domain while SrcC in Vibrio parahemolyticus modulates the
GGDEF-EAL domains with accessory proteins, ScrA and ScrB (19,20). C-di-GMP signaling
networks are complex as most bacteria encode numerous DGCs and PDEs. For example,
Escherichia coli K12 contains 12 GGDEFs, 10 EALs, and 7 GGDEF-EAL hybrids and Vibrio
cholerae contains 31 GGDEFs, 12 EALs, and 10 hybrids (21,22). This speaks to the intricacies
involved in regulating c-di-GMP concentrations.

Similar to two-component signal transduction systems which use a sensor histidine kinase

and a response regulator (RR), synthesis and degradation of c-di-GMP to control cellular



concentration levels are dependent on signal inputs. Some GGDEF, EAL, and HD-GYP domains
contain modular N-terminal sensory input domains with one or more transmembrane helices
placed in the periplasm of Gram-negative bacteria while others are located in the cytoplasm (22).
Environmental and cellular signals perceived by the bacterium include oxygen, light, starvation,
redox conditions, antibiotics, polyamines, or intercellular signaling molecules, such as heme- or
flavin-associated PAS domains (2,23-25).

Along with the discovery of c-di-GMP as a regulator of cellulose biosynthesis, we now
know today that c-di-GMP is involved in regulating a wide variety of phenotypes. These
phenotypes include type two and type six secretion systems, DNA repair, virulence, cell cycle
progression, antibiotic production, and regulating the transition between biofilm formation and
motility via stimulation of the biosynthesis of exopolysaccharide substances in biofilms and
inhibition of various forms of motility (Fig. 1.2) (2,26,27). In order for c-di-GMP to exert its wide
variety of different effects, it must first bind to different effectors, allosterically altering its
structure and function. These effectors bind c¢-di-GMP with a dissociation constant (K4) ranging
from 1 nM to 2 uM (2). Currently, there are three main types of c-di-GMP effectors: proteins,
including those of the PilZ family and I site effectors; transcription factors; and the GEMM (genes
for the environment, membranes, and motility) encoding riboswitches. The most well-studied are
the PilZ family of proteins which are named after the Pseudomonas aeruginosa type IV pilus
control protein. These c-di-GMP-binding domains are often linked to GGDEF, EAL, or HD-GYP
domains on their carboxyl terminus and bind to c-di-GMP to regulate phenotypes via protein-
protein interactions. I site effectors have degenerate A sites within the GGDEF domains. These
proteins include V. cholerae CdgG which binds to c-di-GMP to control rugosity, biofilm

formation, and motility as well as the Caulobacter cresecentus PopA which binds to c-di-GMP to



sequester the replication inhibitor and cell cycle regulator CtrA, targeting it for subsequent
degradation (28,29). Transcription factors bind to c-di-GMP to upregulate or downregulate gene
expression. For example, V. cholerae VpsR binds to c-di-GMP to directly activate transcription
with RNA polymerase containing 670, upregulating expression of polysaccharide genes (30). On
the other hand, the V. cholerae transcription factor FIrA binding to c-di-GMP alters the DNA-
binding domain of this protein to inhibit expression of motility genes. Along with proteins, c-di-
GMP is also a ligand for riboswitches (31). Riboswitches are RNAs that alter gene expression
upon binding to a target ligand. C-di-GMP binds to the 5’-untranslated regions of the highly
conserved GEMM RNA domain, which typically contains one of two similar architectures: a
specific tetraloop (type 1) or a tetraloop receptor sequence (type 2) (32). These GEMM RNAs are
often found residing upstream of DGC and PDE open reading frames or genes controlled by c-di-
GMP such as V. cholerae tfoY and gbpA (32). Thus, regulation occurs at many different levels

including transcriptional, post-transcriptional, and direct allosteric regulation at the protein level.

High c-di-GMP levels Low c-di-GMP levels
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—

Figure 1.2: c-di-GMP controls a wide variety of phenotypes. High levels and low levels c-di-
GMP exert different phenotypic behaviors.



1.2 Vibrio cholerae as a pathogen

V. cholerae is a rod-shaped gram-negative bacterium with one single polar flagellum. It
causes the well-known and potentially fatal intestinal disease, cholera, which was first described
by John Snow in 1854 and identified in 1883 by Robert Koch. Upon ingestion of the bacteria
through contaminated water and or food, within three to four hours, a previously healthy individual
will start secreting profuse rice-watery diarrhea. This leads to rapid dehydration with an average
loss of 20 mL/kg, which can proceed to hypovolemic shock, metabolic acidosis, and ultimately
death without proper treatment within twenty-four to forty-eight hours. Thus, cholera is a rapidly
progressing disease. During outbreaks, the fatality ratio is up to 50% in vulnerable groups, but can
be under 1% with proper treatment (33). Treatment includes immediate fluid resuscitation with
antibiotics as adjunct treatment. Adequate sanitation, water, and hygiene infrastructures are the
mainstay preventative measures, and oral cholera vaccines have recently been found to be effective
and inexpensive in high-risk endemic areas.

Every year, cholera causes an estimated three to five million cases and 100,000 to 120,000
deaths (34). The disease is endemic in 69 countries located in Asia, Africa, and the Americas (35).
These countries have poor water sanitation and hygiene facilities and are often plagued by natural
disasters, such as famines and/or humanitarian crises, such as wars. Though V. cholerae has
hundreds of serogroups, only two serogroups, O139 and O1, cause disease. The O1 serogroup can
be further divided into two biotypes, classical and El Tor. First discovered in the Ganges Delta,
cholera has since spread beyond Asia with over seven recorded pandemics. Six of the seven
pandemics belong to the classical biotype and occurred in the 1800s beginning in 1817 while the
last and seventh pandemic, caused by the El Tor biotype, started in 1961 and continues today.

From there, El Tor is also further classified into four major clonal groups: Australian clone; U.S.



Gulf Coast clone; seventh pandemic clone; and Latin American clone. Virtually all cases
worldwide are now derived from El Tor. O139 strains are rarely isolated.

V. cholerae’s natural habitat is the marine environment including coastal saline waters and
estuaries. Often found associated with shellfish and zooplankton, chitin is the predominant source
of carbon and nitrogen for the bacterium (36). In addition, it induces natural competence to
facilitate horizontal gene transfer (36,37). In response to nutritional deficiencies, V. cholerae enters
a viable, but non-culturable state, living in biofilms (38,39). In response to zooplankton blooms,
V. cholerae then proliferates rapidly (40).

Spreading via the fecal-oral route, humans are the only known hosts of V. cholerae.
Infection requires ingestion of 10° bacteria in healthy volunteers when challenged. It is possible
that lower doses are sufficient in impaired individuals, such as those with impaired gastric barriers
(41). Upon ingestion, V. cholerae then colonizes the small intestines, secreting cholera toxin.
Cholera toxin, first described in rabbits in 1959 and later discovered in the 1970s, uses ADP-
ribosylation to induce intracellular cyclic AMP signaling, thereby triggering massive fluid
secretion (42-44). The protein is 84 kDa in size with one 28 kDa toxic-active A subunit and a ring
of five identical 11.6 kDa B-subunits (45). After assembly of the toxin in the periplasm and
subsequent secretion into the intestines, the B subunit binds to the epithelial cell surface receptor,
GM1, and is then endocytosed and transported to the endoplasmic reticulum (ER) in a retrograde
manner (46). Within the ER, the A subunit dissociates from the B pentamer and enters the cytosol
in order to catalyze ADP-ribosylation of adenylate cyclase (AC), locking AC in a GTP-bound
activated state (47). This leads to a stimulation of the cAMP-responsive protein kinase channel,

the cystic fibrosis transmembrane conductance regulator chloride channel (48). Stimulation results



in an increase in chloride and bicarbonate export and a decrease in sodium uptake, resulting in
subsequent water excretion into the intestines due to osmotic imbalance.

Bacterial detachment and dissemination are the last stages of the infectious cycle. Infected
individuals typically secrete the bacteria for two to three days while symptomatic patients can
secrete for two or more weeks (49). To cope with nutrient limitations upon shedding into the
environment, the bacteria upregulate many processes including recycling of amino acids, proteins,
and cell wall components as well as utilization of alternative carbon sources such as succinate

(36,50).

1.3 Biofilm formation and regulation in Vibrio cholerae

V. cholerae produces biofilms to aid in environmental dissemination, persistence, and
survival from nutrient limitation and predation by bacteriophages and protozoa (51-53). Biofilms
are comprised of aggregates of extracellular matrix consisting of nucleic acids, proteins, and
sugars. Found on both biotic and abiotic surfaces, V. cholerae has a preference for forming biofilms
on zooplankton, phytoplankton, and chitin rain (54). Along with the environment, biofilms have
also been found within the human hosts and play an important role in host to host transmission.
Removal of particles larger than 20 mm lead to a decrease in cholera cases, suggesting that manual
biofilm removal hinders bacterial transmission (55,56). Biofilm aggregates have also been found
within stools of infected individuals, suggesting a hyper-infectious phenotype during host to host
transmission (57,58).

Biofilm formation is a complex multistep process. First, the bacterium scans and attaches
to the surface. Initial roaming and attachment are mediated by V. cholerae’s single polar flagellum

which is powered by a sodium ion motor and the mannose-sensitive hemagglutin pili (MSHA)



(36). Upon attachment, extracellular matrix is secreted. Important components of the Vibrio
extracellular matrix include extracellular DNA, matrix proteins such as RbmA, RbmC, and Bapl,
and VPS (Vibrio polysaccharides). Both matrix proteins and VPS are expressed in a set of gene
operons or clusters called VeBMC (V. cholerae biofilm matrix cluster). VeBMC is comprised of
six ribomatrix proteins (rbmA, rbmC, and rbmBDEF) flanked by 12 genes located within vps-1
(vpsU, vpsA-K) and six genes located within vps-2 (vpsL-vpsQ) (59-62). 8.3 kilo base pairs
separate these two vps operons. Despite the base pair separation distance, Vibrio biofilm formation
is orchestrated in a sequential manner. Over 50% of Vibrio biofilms are comprised of VPS and
during biofilm formation, it is synthesized and secreted first after attachment (59-64). While VPS
is essential for biofilm three-dimensional structure, matrix proteins are important for biofilm
support and cell-cell adhesion. After secretion of vps, RbmA matrix proteins are synthesized next
and secreted via the type Il secretion system (65). Upon accumulation of RbmA on the cell surface,
which also helps facilitate cell-cell interaction, Bap1 is then secreted at the attachment interface
while RbmC is secreted at discrete sites on the cell surface (66). Thus, maturation of the biofilm
results in organized clusters of vps, Bapl, RbmA, and RbmC.

Unsurprisingly, biofilm regulation is complex and requires multiple transcriptional
regulators, small RNAs, and various signaling molecules including c-di-GMP, cyclic adenosine
monophosphate (CAMP), and guanosine 3’-diphosphate 5’-triphosphate and guanosine 3°,5’-bis
(diphosphate) ((p)ppGpp). Transcriptional activators include VpsR, VpsT, and AphA while
transcriptional repressors include H-NS and HapR (Fig. 1.3). Although both VpsR and VpsT bind
c-di-GMP directly with a K4 of 1.6 uM and 3.2 uM, respectively, and both activators regulate
overlapping biofilm genes such as vps-1, vps-2, and vpsT, VpsR is considered the master regulator

of biofilm formation (67-71). Deletion of vpsR leads to larger defects in biofilm formation



compared to deletion of vpsT (53,72,73). Along with VpsR, AphA, the master regulator of
virulence expression, also upregulates VpsT and Vps-1 (69). Contrary to VpsR, HapR is the master
biofilm repressor. HapR production is regulated through quorum sensing. Under low cell density
conditions, 7apR mRNA remains untranslated due to the SRNA chaperone Hfq and the SRNAs,
Qrr1-4 (70,74). Thus, in the absence of HapR, biofilm genes are unrepressed under low cell density
conditions. Furthermore, the histone-like protein, H-NS also act as a major repressor of biofilm
gene expression by directing binding to vps-1, vps-2, and vpsT (71,75-77). Lastly, both c-di-GMP
and ppGpp upregulate biofilm formation while cAMP downregulates biofilm formation. As
mentioned earlier, c-di-GMP directly interacts with both transcriptional activators, VpsR and
VpsT. The role of c¢-di-GMP appears different for both activators. While ¢-di-GMP enhances
VpsT-DNA binding (71), c-di-GMP is required for VpsR to form the active open complex with
RNA polymerase containing 670 (30). Similar to c-di-GMP, (p)ppGpp upregulates biofilm genes
including vpsR and vpsT. While vpsR transcription requires all three (p)ppGpp synthesis enzymes,
RelA, SpoT, and RelV, vpsT transcription only requires RelA (78-80). Unlike c-di-GMP and
(p)ppGpp, cAMP downregulates biofilm genes by binding to CRP and decreasing expression of
multiple genes including rbmA, rbmC, bapl, vpsR, vpsT, and vpsL as well as upregulating the

biofilm repressor, HapR (81-83).
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Figure 1.3: Regulation of biofilm genes in Vibrio cholerae. Transcription activation of biofilm
genes include the activators, VpsR, VpsT, and AphA and the signaling molecule, c-di-GMP. H-
NS and HapR act as repressors at both vpsT and vpsI and vpsII (not shown).

1.4 Transcription initiation and classes of activation.

Transcription is a fundamental process that is conserved across all three domains of life
(84). It is the first step of gene expression and is thus a highly-regulated process. At the heart of
this activity is the catalytic enzyme, RNA polymerase (RNAP) which is comprised of a core of
five subunits (3, B’, two as, and ) and a specificity factor, sigma (o) (85). o factors are important
because RNAP core enzyme alone cannot recognize promoter DNA or initiate transcription
efficiently.

o factors can be classified into two main classes: 70 family and 654 family based on their
phylogenetic relatedness (86,87). Primary & factors, such as 670 in E. coli, are housekeeping s
that are primarily responsible for exponential growth (85). The domains of primary ¢ factors are
divided into Regions 1-4, based on structure and function. Alternative ¢ factors are used during

other times of stress or different growth conditions, such as nitrogen utilization. While 54 does

not share sequence similarity with 670, other alternate ¢ factors, such as extracytoplasmic function
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(ECF) o and the stationary phase o, ¢°, share sequence similarity with Regions 2 and 4 or Regions
2, 3, and 4, respectively (87-90).

Binding of o to RNAP core generates the RNAP holoenzyme. For transcription initiation
using the 670, double stranded DNA (dsDNA) is first recognized, forming an unstable short-lived
complex called the closed complex (RPc) (91,92). Without ¢ factor, RNAP alone cannot
efficiently recognize the promoter DNA (87). Recognition of the promoter DNA includes multiple
contacts between RNAP and the DNA by ¢ Regions 2, 3, and/or 4, and/or aCTDs. aCTDs can
recognize the minor grooves of the UP elements, an AT-rich region between -40 and -60 relative
to the +1 transcriptional start site (TSS) (93). The helix-turn-helix (H-T-H) motif of 670 Region
4.2 can interact with the -35 element, > TTGACA™"; Region 3 interacts with the extended -10,
TGn™"; and Region 2.4 interacts with the first double stranded (ds) base of the -10 element, ~
PTATAAT (87,91,94). While elements upstream of the -12 are recognized as dsDNA, elements
downstream of the -12 are recognized as single stranded DNA (89-92).

After formation of the RPc with RNAP core, 670, and promoter DNA, kinetically
favorable isomerizations quickly transition RPc to the heparin-resistant stable open complex, RPo
(95,96). Within the RPo, major conformational changes occur within polymerase and the dsDNA
bends approximately 90°, forming a transcription bubble from -12/-11 to approximately +5 relative
to the +1 TSS (84,96-98). In this bubble ¢ Region 2.3 interacts with the top (nontemplate) strand
of the -10 element from -11 to -7 (ATAAT) while o Region 1.2 can interact with the
‘discriminator’ located immediately downstream of the -10 and containing a GC-rich motif +1
TSS (84,96-98). This bubble allows the template strand of the DNA to descend into the active site
with the TSS at the proper position for RNA synthesis (84). Addition of NTPs entering through

the secondary channel allows RPo to proceed to the initially transcribing complex, RPi (96). Short
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RNA chains approximately two to thirteen nucleotides, also known as abortives, are first made
(96). Because Region 3.2 is still occupying the RNA exit channel, synthesis of RNA chains longer
that 13 nucleotides is inhibited (96). However, eventually the longer RNA can displace Region
3.2, leading to promoter clearance and formation of the elongation complex, usually with the
release of ¢ (99). This is also known as promoter escape.

For many promoters, RNAP containing 670 can activate transcription alone. This is known
as basal expression. However, other 670-dependent promoters, which deviate from the ideal
consensus sequences, require activators and/or signaling molecules to regulate transcription. There
are two main classes of activation: Class I and Class II. In Class I, activators bind to upstream sites
of the promoter and contact the aCTDs (Fig. 1.4) (85). In Class II activation, activators bind to a
site directly upstream or overlapping the -35 element and contact 670 Region 4 and/or aNTDs
(Fig. 1.4) (85). Both classes of activators recruit RNAP, although Class II activation also typically
promotes RPo formation. However, there are other types of activation that use different
mechanisms. For example, MerR family activators induce a conformational change in the
promoter DNA, shortening the suboptimal distance between the -35 and -10 elements that is
present in these promoters (85). In another example, called c appropriation, a co-activator binds
to RNAP, altering the H-T-H structure of 670 Region 4, while the activator binds to the promoter
DNA and the rearranged Region 4 (100). While most activators do not require binding to small
molecules to upregulate gene expression, others utilize signaling molecules such as (p)ppGpp,
cAMP, and c-di-GMP to activate transcription. For example, binding of cAMP to E. coli CRP
causes a coil-to-helix transition, positioning the DNA binding domains in the proper orientation

for DNA binding and subsequent transcription activation (101).
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Unlike ¢70, transcription initiation differs dramatically with 654. Though both o factors
bind to core polymerase, they share very little sequence similarities. Unlike 670-dependent
activation, which can transcribe certain promoters in the absence of additional regulators, c54-
dependent transcription absolutely requires an activator. These activators are ATPases and
typically bind to sites around 80 to 150 bps upstream of the TSS (102-104). Because this distal
binding is reminiscent of eukaryotic enhancer binding proteins, these activators are also commonly
known as bacterial enhancer binding proteins (EBPs). Along with utilizing activators, 654 also
recognizes different DNA elements and contains very distinct conserved domains. Instead of
recognizing -35 and -10 elements, 654 interacts with -12 GC and -24 GG elements (102-104).
With its two highly conserved domains (Region 1 and Region 3) linked by a flexible linker domain
(Region 2), Region 1 of 654 interacts with core RNAP, the -12 element, and then EBP via the
EBP’s GAFTGA motif. Region 2 is involved in RNAP isomerization and Region 3 contains a
putative H-T-H motif which interacts strongly with both the -12 and the -24 elements (102-104).

Unsurprisingly, with its drastic differences in sequence and binding interactions, the
mechanism of c54-dependent transcription initiation is significantly different (Fig. 1.4). While the
670-RNAP first forms a typically unstable RPc, the 554-RNAP is stable. Transition of 654-RNAP
into RPo not only requires bending of the DNA, typically facilitated by integration host factor or
small heteromeric proteins, but most importantly utilizes energy derived from EBP ATP hydrolysis
(Fig. 1.4) (102-104). Upon RPo formation, the complex is now competent for transcription
initiation and regulation of a set of genes, including those for nitrogen utilization, motility, and

fimbriae synthesis.
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Figure 1.4: Different classes of transcription activation at sigma70-dependent promoters and
sigmaS4-dependent promoters. (A) Activators (purple) in Class I activation of sigma70 (c70)
promoters bind to upstream sites and contact the aCTDs (blue circles). (B) Activators in Class II
activation of 70 promoters bind to proximal sites surrounding the -35 element, or overlapping the
-35 element. (C) Activators, also known as enhancer binding proteins, bind to -100 to -150 relative
to the +1 TSS and interact with the c54-dependent promoter as a hexamer via ATP hydrolysis,
utilizing IHF to mediate DNA looping and 654 binding.
1.5 c-di-GMP-dependent transcription factors

As mentioned earlier, some regulators function alone with RNAP to alter gene expression
while others additionally use signaling molecules such as (p)ppGpp, cAMP, or c-di-GMP.

Currently there are 11 transcriptional regulators that bind to c-di-GMP to activate or repress gene

expression (Table 1.1). Below, I will briefly describe each regulator’s mechanism of action.
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Table 1.1: List of c-di-GMP-dependent transcription activators and repressors. With only
eleven published c-di-GMP-dependent transcription regulators (8 activators and 3 repressors), the
field is still novel. Each regulator binds c-di-GMP with a dissociation constant (Kq) ranging from
less than 1 micromolar to 20 micromolar. A variety of different c-di-GMP binding pockets are
used and a wide variety of different genes are regulated by these c-d-GMP-dependent transcription

factors.
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V. cholerae contains three known c-di-GMP-dependent transcription factors: FIrA, VpsT, and
VpsR. FIrA is an EBP that binds c-di-GMP with a K4 of 2.4 uM; binding to c-di-GMP abrogates
DNA binding, thereby inhibiting transcription of fIrBC and repressing flagellar biosynthesis genes
(31). The c-di-GMP binding pocket of FIrA include R135 and R176 located within both the REC
and AAA+ domains (31). On the other hand, c-di-GMP interacts with VpsT and VpsR to
upregulate overlapping biofilm genes (53,67,72,73). VpsT belongs to the LuxR/FixJ/CsgD family
of transcription regulators. Two c-di-GMP molecules bind a VpsT dimer with a K4 of 3.2 uM
using the four-residue motif W[F/L/M][T/S]R (68). Binding of c-di-GMP enables VpsT to bind
biofilm promoters and upregulate their gene expression (71). In the presence of H-NS, a highly
abundant transcriptional silencer and nucleoid organizer that binds to AT-rich sequences, VpsT-
c-di-GMP together functions as an anti-H-NS repressor (77). Interestingly, at the rpoS promoter,
VpsT-c-di-GMP binds to two identified transcription initiation sites, repressing transcription of
rpoS (105). On the other hand, unlike VpsT, binding of c-di-GMP has no effect on VpsR
dimerization ability and DNA binding affinity at the promoter for vpsL (P,,) (30). Unlike all
previously characterized c-di-GMP-dependent transcription regulators, c-di-GMP is required to
form the competent open complex with RNAP containing 670 at P, (30). Alignment of VpsR
with other c-di-GMP-dependent transcription regulators does not reveal any conserved c-di-GMP
binding residues (data not shown) (106). Though the binding pocket is unknown, VpsR binds c-
di-GMP with a K4 of 1.6 uM in vitro (69).

Pseudomonas aeruginosa contains two known c-di-GMP-dependent transcription factors:
FleQ and BrIR. FleQ is the best characterized c-di-GMP dependent transcriptional regulator. FleQ
is an EBP that has been suggested to work with both RNAP containing 670 as well as RNAP

containing 654 (107-111). Together with the ATPase FleN, FleQ upregulates both flagellar and
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exopolysaccharide synthesis in response to low or high c-di-GMP concentrations, respectively
(107-111). At the exopolysaccharide pel promoter, FleQ binds to two sites and functions as a
repressor at low c-di-GMP concentrations, but upon binding to c-di-GMP immediately switches
to an activator due to release of DNA-binding at the proximal binding site near the TSS. FleQ
binds to c-di-GMP with a K4 of 4.1 uM using three key motifs: LFR'**S motif (R-switch), R'*’
and N'*® in SD1 (post-Walker A), and ExxxR*** in SD2 (106). FleQ alone forms dimers, trimers,
and hexamers in solution, which is unusual for an EBP; however, addition of c-di-GMP stalls this
oligomerization and stabilizes the protein in a dimeric conformation both in the absence and
presence of ATP (106). Like FleQ, BrIR also activates transcription in the presence of c-di-GMP.
Belonging to the MerR family of transcription activators which binds between the -10 and -35 to
shorten the elongated promoter configuration, BrIR upregulates at least two multidrug efflux
pumps as well as its own promoter, enhancing antibiotic drug tolerance (112,113). BrlR binds c-
di-GMP with a K4 of 2.2 pM; this stimulates DNA binding and increases and stabilizes the dimeric
conformation from the monomeric conformation (113). Crystal structures reveal that there are two
binding sites, both located on the N-terminal DNA binding domain (114,115). Upon binding to c-
di-GMP, the H-T-H and the flexible coiled-coiled linker undergo twists and bends, altering the
spacing and orientation of the DNA-binding domains to enhance DNA binding (114). Important
residues in the first binding site include R31, Y40, and R270, which interact with the Hoogsteen
edge of the guanine base, stack against the edge of the guanine base, and form hydrogen bonds
with the phosphorous group of c-di-GMP, respectively (115). The second binding site is located
between two arginine residues (R66 and R86), and binding to c-di-GMP is mediated by a

hydrophobic pocket formed by V60, P61, A64, and F93 (115).
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Klebsiella pneumoniae MrkH binds to c-di-GMP with a K4 of 2.4 uM to stimulate
interactions with the Mrk box of mrkABCDF, upregulating type three fimbriae synthesis (116-
118). Crystal structures reveal that the MrkH monomer binds to an intercalated c-di-GMP dimer
using two PilZ motifs, RxxxR and D/NxSxxG, and a new motif (HSDSGK) in the N-terminal
domain (119). Binding does not change the monomeric oligomeric state, but does reveal a large
138° interdomain rotation (119).

Both Burkholderia cenocepacia Bcam1349 (also known as BerA) and BerB upregulate
transcription of biofilm genes in a c-di-GMP-dependent manner. Belonging to the CRP/FNR
family of transcriptional regulators, binding of Bcam1349 to c-di-GMP significantly enhances
binding to cellulose and fimbriae synthesis genes as well as the Bcam1330-Bcam1341 gene cluster
involved in the synthesis of extracellular biofilm matrix components (120,121). Binding of c¢-di-
GMP to Bcam1349 was crudely estimated to have a K4 of 10 uM (121). On the other hand, BerB
belongs to the EBP family of transcription factors and binds c-di-GMP with a K4 of 3 uM (122).
While binding of Bcam1349 to c-di-GMP significantly enhanced DNA binding affinity, binding
of BerB to c-di-GMP did not alter DNA binding affinity (120-122).

Similar to Bcam1349, Clp is also a c-di-GMP-dependent transcription regulator belonging
to the CRP/FNR family. Found in Xanthomonas campestris, Clp binds to its promoter DNA in the
absence of any ligand (123). However, upon binding to c-di-GMP with a K4 of 3.5 uM, Clp no
longer binds the DNA, ceasing transcription of virulence genes (123). Important c-di-GMP binding
residues include D70, R154, R156, and D170 (123).

One c-di-GMP-dependent transcriptional regulator has been identified in a Gram-positive
bacteria. Controlling the expression of at least 167 genes, Streptomyces venezuelae BldD sits at

the apex of the regulatory cascade of multicellular progression and development, repressing
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sporulation genes during vegetative growth (124,125). Interestingly, the crystal structure revealed
that binding of tetrameric c-di-GMP stabilized the dimeric conformation of BldD using the
bipartite RXD-Xg-RXXD c¢-di-GMP interaction signature sequence (126). CTD BIdD binds c-di-
GMP with a K4 of 2.5 uM, thereby increasing dimerization to subsequently enhance DNA binding
around the -10 element to repress gene expression (126). As the only transcription factor that uses
a tetrameric c-di-GMP, interestingly, the mechanism of ¢-di-GMP binding to BldD occurs in a
sequential manner in which c-di-GMP dimers first bind to motif 2 (RXXD) and then to motif 1
(RXD) (127).

Belonging to neither Gram positive nor Gram negative families, Mycobcaterium
smegamatis also contains a c-di-GMP-responsive transcription regulator from the TetR-type H-T-
H domain family. This regulator, LtmA, is c-di-GMP-dependent and broadly activates 37 lipid
transport and metabolism genes (128). With unknown, unidentified, and non-conserved binding
motifs, LtmA binds c-di-GMP with a K4 of 0.83 uM, stimulating DNA binding affinity (128).

The number of c-di-GMP-dependent transcription factors is quite small as it is difficult to
bioinformatically predict these gene expression regulators. Though c-di-GMP binding motifs
among each regulator vary to some degree, similar mechanisms are used to activate and/or
inactivate gene expression in the presence and/or absence of c-di-GMP. Except for VpsR, these c-
di-GMP-dependent transcription factors use c-di-GMP to form the correct oligomeric state and

subsequently enhance or inhibit DNA binding.

1.6 Quorum sensing in Vibrio cholerae

Along with c-di-GMP, quorum sensing (QS) is also another method that bacteria use to

quickly sense and adapt to environmental changes. These two signaling pathways are intricately
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intertwined and regulate many functions including biofilm, motility, and virulence (129).
However, unlike c-di-GMP signaling, QS controls gene expression using chemical signals called
autoinducers (Als) to sense the local population density (130). As bacterial population increases,
such as seen in high cell density (HCD), Als accumulate in the environment. A decrease in
bacterial population, as seen in low cell density (LCD), leads to a reduction in Al levels.

QS in V. cholerae predominantly uses two quorum sensing receptors, CqsS and LuxPQ, as
well as two Als, CAI-1 and AI-2, respectively. CAI-1, (S)-3-hydroxytridecan-4-one, is synthesized
by CgsA using two substrates: SAM and decanonyl-coenzyme A (131-133). AI-2 is synthesized
by LuxS, which converts the SAM cycle intermediate, S-ribosylhomocysteine, to 4,5-di-hydroxy-
2,3-pentanedione (DPD) and homocysteine; DPD then spontaneously converts into AI-2 (134-
136). Two parallel circuits with two distinct receptors are utilized by V. cholerae to sense the two
different Als (Fig. 1.5).

Under LCD, no Als are synthesized and as a result, CqsS and LuxPQ, which are histidine
kinases, become autophosphorylated. The phosphate is then transferred to the EBP, LuxO
(137,138). Together with 54, phosphorylated LuxO activates transcription of four sSRNAs, also
known as quorum regulatory sSRNAs 1-4 (Qrr sRNAs 1-4) (138). These sSRNAs are Hfq-dependent
and together activate or repress 20 mRNAs (139-141). For example, they activate mRNA
translation of the LCD master regulator, AphA, and inhibit mRNA translation of the HCD master
regulator, HapR, leading to upregulation of virulence and biofilm genes and downregulation of
Hap protease and other HCD genes, respectively (141). Qrr sSRNAs basepair to the 5° untranslated
region of the aph4 mRNA, inducing a conformational change in the mRNA secondary structure

and revealing the ribosomal binding site (RBS) (142,143). AphA then activates tcpPH, TcpPH
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activates foxT, and finally, ToxT activates expression of virulence factors. On the other hand, Qrr
sRNAs basepair to the RBS of 7apR mRNA, occluding the RBS from translation (141,144).

The opposite is observed under HCD in which Al concentrations are elevated (Fig. 1.5).
High levels of Al inhibit autophosphorylation of CqgsS and LuxPQ, leading to activation of the
phosphatase domains of these receptors (145). As a result, LuxO is dephosphorylated and inactive,
eliminating expression of grr. Without expression of the Qrr sSRNAs that bind to the RBS of hapR
mRNA, hapR translation now increases under HCD. Mutual repression is also observed in which
HapR represses aphA and AphA represses hapR (142,146,147).

Integration of the two signaling pathways, QS and c-di-GMP, is seen in V. cholerae (Fig.
1.5). Under HCD, HapR is expressed and represses expression of 14 GGDEFs and EALs, leading
to decreased c-di-GMP levels and biofilm formation (70). Along with directly decreasing c-di-
GMP concentrations under HCD, QS and c-di-GMP together also regulate the expression of the
LCD master regulator, AphA, and the biofilm transcriptional activator, VpsT, under LCD.
Activation of either aphA or vpsT requires c-di-GMP and VpsR, which commonly occurs at LCD,
while HapR represses at HCD (69,70,146). For both promoters, VpsR and HapR bind to
overlapping sites, demonstrating that control of gene expression at these promoters is mutually
exclusive (147). Thus, at the aphA and vpsT promoters, QS and c-di-GMP together fine-tune

expression of these genes by functioning as a regulatory checkpoint.
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Figure 1.5: Quorum sensing and c-di-GMP signaling in Vibrio cholerae. Integration of these
two signals in V. cholerae occurs at aphA. (A) Under low cell density, autoinducers, CAI-1 and
Al-2, are not synthesized. This leads to autophosphorylation of CqsS and LuxPQ and their
resulting phosphoryl transfer to LuxO, subsequently activating transcription of Qrr sSRNAI1-4.
Together with Hfq, these SRNAs upregulate aph4 and downregulate hapR. AphA then activates
expression of biofilm genes and virulence genes and bolsters hapR repression. AphA is
additionally positively activated by c-di-GMP and the master biofilm regulator, VpsR. (B) At high
cell density, CqgsA and LuxS synthesize CAI-1 and AI-2, respectively. This leads to activation of
the phosphatase activities of CqsS and LuxPQ), leading to the dephosphorylation of LuxO. Without
expression of Qrr SRNA1-4, HapR is now expressed, activating Hap protease and high cell density
genes as well as inactivating biofilm genes and aphA4. HapR also represses GGDEF and activates
EALs and HD-GYPs, leading to decreased c-di-GMP levels.

1.7 Two-component signal transduction pathways

Finally, the most prevalent and abundant signaling pathway is the two-component system
(TCS) transduction pathway that can be found in prokaryotes, archaea, and some eukaryotes. Most
bacteria encode for hundreds of TCSs and since they are important in a wide array of phenotypes

including cellular survival, development, and virulence, TCSs have been well-studied (148,149).
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TCSs are typically comprised of a transmembrane sensor histidine kinase (HK) and its
soluble cytoplasmic cognate response regulator (RR). While HKs are comprised of a sensory
domain and a transmitter domain containing a dimerization domain with a conserved His residue
and an ATPase domain catalyzing phosphorylation, the RRs have a N-terminal receiver domain
that accepts phosphorylation linked to a C-terminal effector domain. With over 60 characterized
effector domains, these domains can be classified by their enzymatic activities and binding
characteristics which include binding to DNA, RNA, ligand, and/or protein. Most RRs are DNA-
binding transcription factors regulating gene expression (150). Phosphotransfer or phosphorelay

links this separation between the HK and RR (Fig. 1.6).
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Figure 1.6: Phosphotransmission and phosphorelay schematic in bacterial two-component
systems. (A) In phosphotransfer, such as the E. coli EnvZ-OmpR two-component system (TCS),
the sensor histidine kinase senses a signal leading to autophosphorylation of the histidine residue
within the transmitter domain and directly transfers the phosphoryl group to the aspartate on the
receiver domain of the response regulator (RR). (B) In phosphorelay, extra phosphoryl
transmission steps as well as additional proteins (Hpt: His-containing phosphotransfer proteins)
are involved. As characterized by the B. subtilis sporulation pathway, the sensor HK senses a
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Figure 1.6 (cont’d): signal, autophosphorylates a histidine residue, and proceeds to transfer the
phosphoryl group to the aspartate on its own receiver domain. The phosphoryl group is then
transferred to the histidine residue of the Hpt protein before finally phosphorylating the aspartate
on the receiver domain of the RR.

In response to a specific environmental signal, the SK first autophosphorylates a histidine
residue within the transmitter domain. The HK then transfers its phosphoryl group to its cognate
RR. This results in a conformational change that alters the activity of the effector domain. E. coli
EnvZ-OmpR is the most well-characterized TCS utilizing this simple phosphotransfer system. In
the phosphorelay scheme, the HK usually contains both the His- and Asp-containing domains. A
His-containing phosphotransfer (Hpt) protein is also used to mediate phosphorelay. Thus,
phosphorelay requires additional phosphoryl transfer steps as well as proteins. More specifically,
the phosphoryl group is transferred from the His to the Asp of the HK, then from the Asp of the
HK to the His of the Hpt protein, and then finally from the His of the Hpt protein to the Asp of the
RR (151), generating a His-Asp-His-Asp transfer chain. Addition of extra phosphoryl transfer
steps and phosphotransfer proteins allow the bacteria to finely sense, amplify, and/or tune signals
and modulate gene expression. TCS examples using phosphorelay include B. subtilus sporulation
genes. Upon phosphorylation of one of four HKs (KinA, KinB, KinC, or KinD), the HK
phosphoryl group is first transferred to the RR SpoOF, which then transfers the phosphoryl group
to SpoOB (152). Finally, SpoOB transfers that phosphoryl group to SpoOA, regulating various
sporulation genes (152).

Alignment of RRs reveals three conserved signature residues involved in phosphorylation:
an aspartic acid residue that receives the phosphoryl group from the HK and is located at the end
of the third B-strand; and two aspartates or one aspartate and one glutamate, which are involved in

Mg*" ion binding and are located within the loop connecting B1 and a1 (153). A variety of different

RRs can utilize acetyl phosphate as phosphoryl donors, simplifying in vitro assays by eliminating
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the need to include the cognate histidine kinase (154). Acetyl phosphate is a central metabolite that
is the intermediate of the phosphotransacetylase (Pta) and acetate kinase (Acka) pathway. Pta
converts acetyl CoA to acetyl phosphate, regenerating coenzyme A and an inorganic phosphate;
AckA converts acetyl phosphate to acetate, generating ATP from ADP (Fig. 1.7). Other high
energy phosphoryl donors include carbamoyl phosphate and y-glutamyl phosphate. Many RRs also
mimic a nonphosphorylated state upon mutation from an aspartate to an alanine and likewise,

mimic a constitutively phosphorylated state upon mutation from an aspartate to a glutamate.

Acetyl CoA

| pta
CoASH

Acetyl
phosphate

’ acka
ATP
Acetate

Figure 1.7: Synthesis and degradation of acetyl phosphate. Acetyl phosphate (Ac~P) is formed
and broken down in the Acka-Pta pathway. Pta enzyme uses inorganic phosphate and acetyl CoA
to form Ac~P and regenerate coenzyme A (CoASH). Acka enzyme then degrades acetyl phosphate
into acetate, generating ATP as a byproduct.

Phosphorylation of RRs induces major conformational changes within the RR (153). For
many RRs such as those in the OmpR/PhoB family, phosphorylation drives dimerization of the
RR, stimulating DNA binding. The receiver domain of E. coli PhoB demonstrates the most general

form of oligomerization within the OmpR/PhoB family: a 4-5-5 dimer at the a4-B5-a5 surface

(155). This oligomerization provides the driving force for DNA binding.
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Though it was previously believed that phosphorylation was required for DNA binding and
subsequent transcription activation, recent studies reveal that DNA binding does not require
phosphorylation at certain promoters. For example, Bordetella pertussis BvgA binds to the fim3
promoter with and without phosphorylation (156). Instead, phosphorylation alters protein-DNA
contacts and is required to form the correct competent open transcription complex with RNAP
(156). M. tuberculosis PhoP also binds to its own promoter in its non-phosphorylated form, but
the role of non-phosphorylated vs phosphorylated PhoP has not yet been determined (157,158). In
Salmonella enterica, the NarL-like regulator, SsrB, requires phosphorylation to activate
Salmonella Pathogenicity Island-2 genes via RNAP interactions (159), but does not require
phosphorylation to upregulate biofilm genes in both a DS6A mutant as well as its HK (SsrA)
knockout (160).

Regulation of phosphorylation of RRs must also require dephosphorylation of RRs in order
to terminate a specific response. Dephosphorylation rates vary for RRs and typically involve
insertion of the amino acid side chain of the phosphatase to initiate nucleophilic attack on the water
molecule of the phosphoryl group (153). While some RRs contain dedicated phosphatases, other

RRs use their cognate HK’s phosphatase activity for dephosphorylation.

1.8 Summary

In conclusion, V. cholerae is an important human pathogen that uses multiple signaling
pathways, allowing it to adapt to both the aquatic reservoir and the human intestines. It naturally
forms biofilms to aid in environmental transmission, survival and persistence. Like many other
bacteria, c-di-GMP is the key bacterial second messenger that regulates biofilm formation in V.

cholerae. Despite decades of c-di-GMP research, the mechanism by which c-di-GMP directly
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activates transcription still remains largely unknown. This dissertation investigates this mechanism
of regulation by determining how c-di-GMP directly interacts with the V. cholerae response
regulator, VpsR, to increase biofilm gene expression using a combination of in vivo and in vitro
approaches. A better understanding of the transcriptional mechanism by which c-di-GMP induces
biofilm formation is not only important for the development of new antimicrobials against biofilm-
based infections via c-di-GMP signaling, but also provide insights for a new paradigm in

transcription activation.
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CHAPTER 2:

VpsR and c-di-GMP together drive transcription initiation
to activate biofilm formation in Vibrio cholerae

The findings presented in this chapter have been previously published:
Meng-Lun Hsieh, Deborah M. Hinton, and Christopher Waters (2018). VpsR and c-di-GMP
together drive transcription initiation to activate biofilm formation in Vibrio cholerae. Nucleic

Acids Research, 46(17): 8876-8887.

Minor edits have been made to this chapter to conform to dissertation requirements.
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Preface

The small molecule cyclic di-GMP (c-di-GMP) is known to affect bacterial gene
expression in myriad ways. In Vibrio cholerae in vivo, the presence of c-di-GMP together with the
response regulator VpsR results in transcription from P,,, a promoter of biofilm biosynthesis
genes. VpsR shares homology with enhancer binding proteins that activate 54-RNAP, but it lacks
conserved residues needed to bind to 54-RNAP and to hydrolyze ATP, and P, transcription
does not require 654 in vivo. Consequently, the mechanism of this activation has not been clear.
Using an in vitro transcription system, we demonstrate activation of P,,,; in the presence of VpsR,
c-di-GMP, and 670-RNAP. c-di-GMP does not significantly change the affinity of VpsR for P,
DNA or the DNase I footprint of VpsR on the DNA, and it is not required for VpsR to dimerize.
However, DNase | and KMnOj footprints reveal that the 670-RNAP/VpsR/c-di-GMP complex on
P, adopts a different conformation from that formed by c70-RNAP alone, with c¢-di-GMP, or
with VpsR. Our results suggest that c-di-GMP is required for VpsR to generate the specific
protein-DNA architecture needed for activated transcription, a previously unrecognized role for c-

di-GMP in gene expression.
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2.1 Introduction

Biofilm formation and its persistence on catheters, pacemakers, sutures, and other
indwelling medical devices account for the vast majority of the two million healthcare-associated
annual infections and approximately 100,000 deaths per year in the United States (161). These
biofilm-based infections impose an estimated annual $94 billion in excess medical costs (162).
Forming on both biotic and abiotic surfaces, biofilms are aggregates of microbial communities
encased by a matrix of extracellular polymeric substances (163). Biofilms, which are formed by
almost all bacteria, play a significant role in environmental persistence, dissemination, and
transmission as well as protection from environmental stressors such as nutrient limitation,
predation, and bacteriophages (56,164-167). However, most concerning of all, biofilms
dramatically decrease susceptibility to antimicrobial agents, posing a serious threat to public
health.

Because biofilms are recalcitrant to conventional antibiotic therapies and represent a major
clinical obstacle, it is essential to understand the molecular mechanisms responsible for biofilm
gene expression. A central regulator of biofilm formation is the second messenger cyclic dimeric
guanosine monophosphate (c-di-GMP). Present in about 85% of bacteria, c-di-GMP is synthesized
by diguanylate cyclases (DGCs), which typically contain a conserved GGDEF motif, and is
degraded by phosphodiesterases, which contain a conserved EAL or HD-GYP motif (168).
Generally, high levels of c-di-GMP increase biofilm formation and decrease motility, while low
levels of c-di-GMP exert the opposite effect (169). Along with biofilm formation and motility, c-
di-GMP also regulates a diverse array of phenotypes including quorum sensing, virulence, cell
cycle control, secretion, bacterial predation, and stress responses (169). Although c-di-GMP has

been extensively studied since its discovery in 1987 (1) and many groups have studied the
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mechanisms by which c¢-di-GMP interacts with effectors (68,106,113,116,119,126-128),
mechanism(s) by which c-di-GMP might be needed to directly modulate RNA polymerase
(RNAP) in transcription have not been elucidated.

Catalyzing transcription is the multi-subunit enzyme RNAP. Bacterial RNAP is an ~500
kDa enzyme comprised of two large subunits (beta and beta’), two alpha subunits, one omega
subunit, and a promoter specificity factor, sigma (c) (85). Although the primary &, such as 670 in
Escherichia coli, is used for the expression of most genes during exponential growth, alternate o
factors, which are either related to 670 or belong to the 54 family, are used under other growth
conditions or times of stress (85). The first step in transcription is initiation, a multi-step process
that can be controlled by various regulators. During transcription initiation with ¢70-RNAP,
polymerase first binds to double-stranded DNA elements in the -10 and -35 regions, forming
closed complex that is typically unstable (84,91,92). Isomerization to the open complex proceeds
rapidly and requires unwinding and bending of the DNA, major conformational changes within
RNAP, and formation of the transcription bubble from -11 to ~+3 (84). Upon addition of
ribonucleoside triphosphates (rNTPs), the complex transitions to the initiating complex where
small abortive RNAs are synthesized and released prior to promoter clearance (84). While RNAP
catalyzes transcription efficiently at promoters with optimal -35 and -10 consensus sequences,
activators are typically needed to regulate promoters with suboptimal sequences. Some activators
additionally use second messenger molecules such as cyclic adenosine monophosphate, guanosine
pentaphosphate, or c-di-GMP to modulate gene expression (170).

In V. cholerae, an important pathogen that causes the acute diarrhea disease cholera and
uses biofilms to aid in environmental transmission, survival, and pathogenesis, VpsR is the master

regulator that activates biofilm gene transcription in vivo in the presence of high levels of c-di-
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GMP and also binds c-di-GMP with a Kgpp) of 1.6 uM in vitro (53,69-72,171,172). VpsR is
known to activate promoters for vpsL and vpsT, genes within the biofilm biosynthesis operons.
Furthermore, VpsR also directly activates expression of other phenotypes in response to c-di-GMP
such as acetoin biosynthesis, the transcription factor #foY, and the eps operon encoding the type II
secretion system (26,69,173), suggesting that this transcription factor is the hub for a central
network of c-di-GMP transcriptional control in V. cholerae. However, despite the abundance of
evidence showing the positive regulatory role of VpsR and c-di-GMP in activating gene expression
in vivo, previous work has not recapitulated this result in vitro.

Based on amino acid sequence homology, VpsR has been classified as an atypical enhancer
binding protein (EBP) (69,71). Classic EBPs utilize 654 to activate transcription and are comprised
of three conserved domains: an N-terminal receiver (REC) domain, a central AAA+ domain
(ATPase Associated with diverse cellular Activities) involved in ATP hydrolysis and binding to
654, and a C-terminal helix-turn-helix DNA-binding domain (174). Although VpsR has overall
homology to EBPs, several residues known to be required for specific EBP functions are not
conserved. Not only does VpsR lack the GAFTGA motifinvolved in binding to 654, but the highly
conserved aspartate (D) and glutamate (E) residues in the Walker B domain involved in ATP
hydrolysis are asparagine (N) and aspartate (D) residues in VpsR (Fig. 2.1). Furthermore,
microarray analyses demonstrate that transcription from promoters known to be regulated by VpsR
does not change in a 654 (rpoN-) mutant (72), and sequence analyses indicate that the VpsR-
activated promoters do not contain the well-conserved -24 GG and -12 GC consensus sequences

utilized by 654-RNAP. Instead, some of these promoters have reasonable matches to the

consensus -10 element of promoters dependent on a primary ¢ factor, such as ¢70.
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VpsRVe SELFGLGHT = ===+ EEGQQPFLLOADGGTLLINDILTLPKSQQLNLLRFLQEGTVETRQG 267

NtrCvc SELFGHEHGAFTGANTVRQGRFEQANGGTLFLDEIGDMPLDIQTRLLRVLADGQFYRVGG 267

NtrCEco SELFGHEHGAFTGANTIRQGRFEQADGGTLFLDEIGDMPLDVQTRLLRVLADGQFYRVGG 266

HydGEco SELFGHEHGAFTGADKRREGRFVEADGGTLFLDEIGDISPMMQVRLLRAIQEREVQRVGS 267

AlgBPpu SELFGHTHGAFTGASESTLGRVSQADGGTLFDEIGDFPLTLOQPKLLRFIQDKEYERVGD 273

HupRRca IELFGARRGVLPGEV~-AXKIGLAQXKADRGTLFAGVEAASPALQLALLRMLADGAITPLGG 290
LA A Al R LA B BT . . LA A .

Figure 2.1: CLUSTAL Omega alignment of the AAA+ domain of VpsR with other bacterial
Enhancer Binding Proteins. AAA+ domain of VpsR (VpsRVc) is aligned with other Enhancer
Binding Proteins: NtrC from V. cholerae (NtrCVc); NtrC from E. coli (NtrCEco); HydG from E.
coli (HydGEco); AlgB from Pseudomonas putida (AlgBPpu); and HupR from Rhodobacter
capsulatus (HupRRca). Astericks indicate conserved signature residues. The missing GAFTGA
motif in VpsR is boxed in red and the nonconserved ND residues within the Walker B domain is
boxed in purple. Red indicates hydrophobic residues (A, I, L, M, F, W, V, C), magenta indicates
positively charged residues (K, R), blue indicates negatively charged residues (E, D), and green
indicates all other residues.

Here we have developed an in vitro transcription system demonstrating activated
transcription from the VpsR-activated promoter for the vpsL gene (P, ) in the presence of VpsR,
c-di-GMP, and 670-RNAP. We have used DNase I and KMnO, footprinting to characterize the
protein-DNA complex made by c70-RNAP alone with P,,;; versus complexes made by c70-
RNAP with VpsR and/or c¢-di-GMP. Surprisingly, we find that c-di-GMP together with VpsR is
needed to generate the correct protein-DNA interactions required for an active transcription

complex with 670-RNAP. Our results provide a new paradigm in c-di-GMP-dependent

transcription activation.
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2.2 Materials and Methods
DNA.

pMLHO06 (vpsL short promoter) and pMLHO7 (vpsL long promoter) contain the vpsL
promoter from -97 to +213 and from -393 to +213, respectively, cloned into the EcoRI and HindIII
restriction enzyme sites of pRLG770 (175). pMLHO09 (vpsL-lux long promoter) and pMLH10
(vpsL-lux short promoter) contain the vpsL promoter from -393 to +213 and from -97 to +213,
respectively, cloned into the Spel and BamHI restriction sites of pBBRIux (74). pMLH17 was
generated by cloning the wildtype vpsR gene into the EcoRI and HindIII restriction sites of
pHERD20T (176). Inserts were obtained as PCR products, which had been amplified with primers
from V. cholerae genomic DNA (BH1514) using Pfu Turbo polymerase (Stratagene). Inserts and
vectors were digested with the appropriate restriction enzymes and cloning was performed using
standard techniques. Primer sequences are available upon request.

pMLH11 is a pET28b(+) derivative (Novagen) that contains vpsR cloned between the Ndel
and Xhol restriction sites. PCR was used to amplify the pET28b(+) vector for restrictionless
cloning. Gibson Assembly Master Mix (New England Biolabs) was used to assemble the PCR
products and vectors according to manufacturer’s instructions.

pCMW75 contains an active V. harveyi DGC, gqrgB, and was used for expression of high
levels of c-di-GMP in gene reporter assays (70). pPCMW98 contains an inactive V. harveyi DGC,
qrgB, and used for expression of low levels of c-di-GMP (70).

Fragments containing P,,; used for EMSAs and DNase I footprinting were obtained as
PCR products using Pfu Turbo polymerase (Stratagene) and upstream and downstream PCR
primers, which anneal from positions -97 to +113 relative to the transcription start site (TSS). To

radiolabel the DNA, nontemplate or template primer was treated with T4 polynucleotide kinase
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Affymetrix) in the presence of [y->P] ATP prior to PCR. The radiolabeled PCR products were
y

purified as described (177).

Strains and growth conditions.

E. coli ElectroMAX DH10B (Invitrogen) or E. coli DH5a (New England Biolabs) were
used for cloning, and BL21(DE3) or Rosetta2 (DE3) pLysS (New England Biolabs) were used for
protein production. The V. cholerae strains, AvpsL and AvpsL AvpsR, used in this study were
derived from the El Tor biotype strain C6707str2 (178). For [ux-fusion assays, strains containing
a mutation in vpsL were used to prevent cellular aggregation, allowing us to obtain accurate
readings of reporter gene expression at high levels of c-di-GMP by preventing cellular aggregation
(70). High c-di-GMP was synthesized by production of the DGC QrgB from the plasmid pCMW?75
after addition of 0.5 mM IPTG (70). Strains were grown at 37°C in Luria-Bertani broth (LB) (1%
tryptone, 0.5% yeast extract, 1% NaCl at pH 7.5). LB agar medium contained 1.5% (wt/vol)
granulated agar (Acumedia). Antibiotics were added at the following concentrations: ampicillin at
100 pg/mL, chloramphenicol at 100 pg/mL, and kanamycin at 100 pg/mL. For /ux fusion assays
shown in Fig. 2.2, E. coli S17-Apir (179) or V. cholerae strains containing indicated plasmids were
grown overnight in LB medium supplemented with appropriate antibiotics. Cells were then diluted
1:200 in fresh LB supplemented with appropriate antibiotics and grown to an ODgy of
approximately 0.5. A final concentration of 0.2% arabinose and/or 1 mM IPTG was added to the
medium to induce VpsR and/or c-di-GMP synthesis, respectively. Luminescence was measured
using an Envision multilabel counter (PerkinElmer) and /ux expression was reported in relative
luminescent units (RLU; counts min"' mL™'/ODgg unit). Assays were repeated with at least two

biological replicates and three technical replicates.
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Proteins.

E. coli RNAP core was purchased from Epicenter Technologies. E. coli 670 was purified
as previously described (180). VpsR protein was isolated from Rosetta2 (DE3)/pLysS (Novagen)
containing pMLH11, which was grown at 37°C with shaking at 220 rpm in 200 mL of LB
containing 50 pg/mL kanamycin and 25 pg/mL chloramphenicol to an ODggg of approximately
0.5. Cultures were placed on ice, IPTG (final concentration of 0.5 mM) was added, and the cells
were then incubated at 16°C with shaking at 150 rpm for 16 hr. After centrifugation at 13,000 x g,
cells were harvested and then sonicated in 30 mL of sonication buffer [20 mM sodium phosphate
(pH 7.8), 400 mM NacCl, and 7 mM beta-mercaptoethanol]. Centrifugation at 17,500 x g removed
insoluble materials, and the soluble fraction was subjected to chromatography on a 1 mL Ni-NTA
column (Qiagen). The column was washed with wash buffer [20 mM sodium phosphate (pH 6.0),
400 mM NaCl, and 7 mM beta-mercaptoethanol] containing increasing amounts of imidazole: 0
mM (10 mL), 5 mM (10 mL), 50 mM (5 mL), 100 mM (5 mL), 150 mM (5 mL), 200 mM (5mL),
and 250 mM (5 mL). Purified VpsR eluted with fractions containing 150 mM-200 mM imidazole.
These fractions were pooled and dialyzed in VpsR buffer [20 mM sodium phosphate (pH 6.0), 150
mM NaCl, 7 mM beta-mercaptoethanol, and 20% glycerol] prior to storage at -80°C. Protein
concentrations were determined by comparison with known amounts of RNAP core after SDS-
PAGE and gel staining with Colloidal Blue (Invitrogen). To determine if VpsR co-purified with
c-di-GMP, 1uM of VpsR (100 pL) was heated at 95°C for 5 minutes and pelleted by centrifugation.
The resulting supernatant was examined using ultrahigh-pressure liquid chromatography (UPLC)—

tandem mass spectrometry (MS-MS) as previously described (181).

37



Thin-layer Chromatography (TLC) ATPase assay

Reactions (2.5 pl) containing 3 pmol of VpsR, 20 pM [y-*P] ATP at 2 x 10° dpm/pmol,
50 uM c-di-GMP (when indicated), and 1 X transcription buffer [40 mM Tris-acetate (pH 7.9),
150 mM potassium glutamate, 4 mM magnesium acetate, 0.1 mM EDTA (pH 7.0), 0.0l mM DTT,
and 100 pg/mL BSA] were incubated for 10 min at 37°C and aliquots (2 puL) were spotted on
polyetherimide (PEI) membranes (Sigma) and allowed to dry. Calf intestinal phosphatase was used
as a positive control while buffer alone or BSA were used as negative controls. PEI plates were
developed in 0.85M KH,PO,; (pH 3.4), autoradiographed, and the images scanned using a

Powerlook 2100XL densitometer.

BS® Crosslinking.

A solution of VpsR buffer containing 1.5 pM of VpsR, 5 mM of BS’ crosslinker (Thermo
Scientific), and as indicated, 50 uM of c-di-GMP was incubated at room temperature for 30 min.
Reactions were quenched with the addition of Tris-Cl (pH 7.5) to a final concentration of 0.1 mM.
Proteins were separated by SDS-PAGE on a 10-20% (wt/vol) Tris-tricine gel (Invitrogen) and
stained with Colloidal Blue (Invitrogen). To mimic transcription conditions, 5 mM of BS® was
added to a solution containing 0.6 uM of VpsR and 12.5 pM of c-di-GMP in transcription buffer.
After 30 min of incubation at room temperature, reactions were quenched as described above.
Proteins were separated on 10-20% (wt/vol) Tricine gels (Invitrogen) and stained with

SilverXpress Silver Stain (Invitrogen) according to manufacturer’s instructions.

Electrophoretic Mobility Shift Assays.

Protein-DNA complexes were formed by incubating 5 nM of **P-labeled DNA, and as
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indicated, VpsR (final concentration from 0.2 pM to 2 uM), 0.16 uM of reconstituted RNAP
(o:core ratio of 2.5:1), and unless indicated otherwise, 50 uM of c-di-GMP (final volume of 10 to
20 pl) at 37°C for 10 min in transcription buffer. A 1 pl solution of 1 mg/mL of poly(dI-dC) or
500 pg/ml heparin was added to VpsR-DNA complexes or transcription complexes, respectively.
Reactions containing VpsR-DNA complexes were loaded onto 5% (wt/vol) nondenaturing
polyacrylamide gels already running at 100 V in 1 X Tris/borate/EDTA (TBE) buffer. Samples
were electrophoresed for 1.5 h. Transcription complexes were loaded onto 4% (wt/vol)
nondenaturing, polyacrylamide gels already running at 100 V in 1 X TBE buffer. After loading,
voltage was increased from 100 V to 380 V, and samples were electrophoresed for 3 h. After
autoradiography, films were scanned on a Powerlook 2100XL densitometer and analyzed with

Quantity One software (Bio-Rad). Ky(pp)s were calculated as the concentration of VpsR needed to

shift 50% of the free DNA.

In Vitro Transcriptions.

Multiple and single round in vitro transcriptions were performed in 5 pL reactions
containing 0.02 pmol of supercoiled template, 0 to 3.0 pmol of VpsR, 0 to 50 uM of ¢-di-GMP,
reconstituted RNAP (0.2 pmol of 670 plus 0.05 pmol of core), and transcription buffer. Unless
otherwise indicated, samples were incubated at 37°C for 10 min prior to the addition of a solution
(1 pl) containing rNTPs (2.86 mM ATP, GTP CTP, and 71 uM [a->"P] UTP at 5 x 10* dpm/pmol)
with and without 500 ng heparin. After incubation for 10 min at 37°C, reactions were collected on
dry ice, formamide load solution (15 pL) was added, and aliquots were electrophoresed on 4%
(wt/vol) polyacrylamide, 7 M urea denaturing gels for 2500 volt-hrs in 0.5 X TBE buffer. After

electrophoresis, gels were exposed to X-ray films, films were scanned, and radioactivity was
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quantified as described above.

Primer Extensions.

Primer extension analyses of RNA generated in vitro were performed according to
manufacturer’s instructions (Promega) by using AMV Reverse Transcriptase. A sample (5 pL) of
the in vitro transcription reaction was added to 6 L of primer mixture containing 2 X AMV Primer
Extension buffer and 2 pmol of **P-labeled primer, which annealed +103 bp downstream of the +1
transcriptional start site. Aliquots were electrophoresed on 8% (wt/vol) polyacrylamide, 7 M urea
denaturing gels for 4000 volt-hours in 2 X TBE. Densitometry and quantification were performed
as described above.

In vivo RNA was obtained from WN310 containing pMLH17 and pCMW?75 or pPCMW98
grown in LB with 100 pg/mL ampicillin and 100 pg/mL kanamycin at 37° C with shaking at 220
rpm to an ODggo of approximately 0.5. Cells were harvested by centrifugation and RNA was
extracted using the RNeasy kit (Qiagen), and an on-column DNase I digestion (Qiagen) was
performed according to manufacturer’s instructions. After elution, 5 pg of total RNA in 5 pL was
added to the primer mixture and subsequent steps for primer extension reactions were performed

as described above.

DNase I footprinting.

Solutions were assembled as described for EMSAs using 0.04 pM DNA, and as indicated,
1.4 uM VpsR, 50 uM c-di-GMP, and/or 0.16 pM of reconstituted RNAP (o:core ratio of 2.5:1).
After incubation with poly(dI-dC) (complexes lacking RNAP) or heparin (complexes with RNAP)
for 15s,0.3 U of DNase [ in 1.5 pL. was added. Solutions were incubated for an additional 45 s at

37° C and then immediately loaded onto 4% (wt/vol) nondenaturing, polyacrylamide gels already
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running at 100 V in 1 X TBE buffer. Upon loading samples, voltage was increased from 100 V to
380 V, and samples were electrophoresed for 3 h. After autoradiography, the protein/DNA
complexes were excised and extracted DNA was electrophoresed on denaturing gels as described

(156).

Potassium Permanganate Footprinting.

For potassium permanganate (KMnOjy) footprinting, solutions were assembled as described
for DNase I footprinting. After addition of 500 ng of heparin, KMnO4 was added to a final
concentration of 2.5 mM, solutions were incubated at 37°C for 2.5 min, quenched with 5 pL of 14

M 2-mercaptoethanol, and further processed as described (156).
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2.3 Results

In the presence of c-di-GMP, VpsR activates 670/RNAP at the vpsL promoter (P,,) in vitro.
It has previously been demonstrated in V. cholerae that deletion of vpsR eliminates

expression of a Py, -driven /ux (71,182) and that high levels of c-di-GMP yield greater levels of

P,,sr-lux transcription (70). Thus, we sought to analyze the effects of both VpsR and c-di-GMP at

P,z using gene reporter fusion assays. We find that the presence of VpsR and c-di-GMP activates

P,,sr-lux expression in either V. cholerae (Fig. 2.2A) (69,70,182) or E. coli (Fig. 2.2B).
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Figure 2.2: vpsL-lux gene reporter assays in Vibrio cholerae and Escherichia coli S17-Ipir.
Both (A) V. cholerae and (B) E. coli strains contained pMLH10 (vpsL-lux short) and either
pCMWOIS (for low levels of c-di-GMP) or pPCMW75 (for high levels of c-di-GMP), while the E.
coli strain contained an additional plasmid, pMLH17, for VpsR overexpression. Error bars indicate
standard deviation of at least three independent cultures analyzed by one-way ANOVA with
Tukey’s HSD posthoc analysis (*p < 0.05; ns, not significant).

Thus, no specific Vibrio factors other than VpsR are required for activation. Consequently, we
established an in vitro transcription system and performed various footprinting assays using E. coli

RNAP. These analyses are detailed below and summarized in Fig. 2.3. It should be noted that the

transcription start site (TSS), which we determined by primer extension analyses of both in vivo
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RNA isolated from V. cholerae and in vitro RNA described below, differs from previously

reported locations (69,71).
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Figure 2.3: Summary of in vitro primer extension and DNase I and KMnOQ, footprinting at
P,s1. (A) Sequence of P, from -60 to +30. Bold and underlined A with black arrow at +1 and
bold G (+3) represent the transcription start sites determined by primer extensions; the -10 element
and the -35 region are labeled and boxed in green; sequences in bold and red denote the VpsR
binding site. Protection sites from DNase I footprinting and hypersensitivity sites are depicted as
rectangular boxes and triangles, respectively, either above (nontemplate) or below (template) the
sequences: grey, RNAP with or without c-di-GMP or VpsR; black, RNAP with VpsR and c-di-
GMP; red, VpsR with or without c-di-GMP. The open transcription bubble detected using KMnO4
footprinting is shown as separated ss DNA from position -11 to +2 with sites of KMnOj, cleavage
indicated as purple asterisks. (B) Summary of positions of protection and hypersensitivity sites on
nontemplate and template strand DNA.

As a transcription template, we constructed pMLHO06, which contains V. cholerae DNA
from -97 to +213 relative to the vpsL TSS inserted upstream of the 7#nBT1 terminator. Previous
EMSAs and DNase I footprinting analyses indicated that VpsR binds to the promoter for vpsL
(Ppsz) at both a promoter distal site (-297 to -336) and a promoter proximal site (-31 to -52).
However, promoter-fusion expression studies have demonstrated that the downstream site is
sufficient for activation (69,71).

Using E. coli core RNAP reconstituted with 670, we found that the presence of VpsR and

c-di-GMP activates transcription at P,,;; by ~ 7-fold (Fig. 2.4). Both VpsR and c-di-GMP are
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required for this activation. Addition of varying amounts of either c-di-GMP alone or VpsR alone
to RNAP does not alter the basal level observed with RNAP alone, while addition of both c-di-
GMP and VpsR to RNAP results in a dose-dependent activation (Figs. 2.4 and 2.5). We also
determined that only the downstream VpsR binding site is required for this activation in vitro (Fig.
2.6), consistent with the results obtained with /ux-fusion assays (Fig. 2.2) as well as other studies

(69,71).

A. RNAP + + + +
c-di-GMP - + - +
VpsR

<P, RNA

Fold change over
Pvpsl_basal expression

Figure 2.4: VpsR and c-di-GMP activate transcription at P,,; by approximately 7-fold in
vitro. (A) Representative gel showing P,,; RNA obtained after multiple round in vitro
transcription reactions using plasmid template P,,; with RNAP alone (lane 1), RNAP and c-di-
GMP (lane 2), RNAP and VpsR (lane 3), and RNAP, VpsR, and c-di-GMP (lane 4). (B) Graph
showing the level of P, transcription relative to that with RNAP alone (basal) obtained from at
least three independent experiments (one-way ANOVA with Tukey’s HSD (honest significant
difference) posthoc analysis, *p < 0.05).

44



VpsR 0.75 VpsR 1.5 VpsR 3.0 pmol
c-di-GMP VpsR c-di-GMP  ¢-di-GMP c-di-GMP
1 ol | o - ™

RNAP + + + + + + 4+ + + + + + + + + 4+

vpsz RNA

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Figure 2.5: Increasing c-di-GMP alone or VpsR alone has no effect on basal level
transcription activity in vitro. 0, 62.5, 125, or 250 pmol of c-di-GMP or 0, 0.75, 1.5, 3 pmol of
VpsR were used. A representative gel of Pyps. RNA obtained after single round transcription
reactions with RNAP and the indicated components is shown.
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Figure 2.6: VpsR only needs the proximal binding site to activate transcription at PypsL. (A)
Single round in vitro transcription reactions were performed with pMLHO06 (vpsL short promoter
containing the proximal VpsR binding site) (lanes 1-4) or with pMLHO7 (vpsL long promoter
containing both the distal and proximal VpsR binding sites) (lanes 5-8). (B) vpsL-/ux gene reporter
assays in V. cholerae. Strains contain pPCMW?75 to induce high levels of c-di-GMP and either
PMLH10 (vpsL-lux short, PypsL with the proximal VpsR binding site) or pMLHO9 (vpsL-lux long,
PypsL with both the proximal and distal VpsR binding sites).

45



Primer extension analyses and KMnO, footprinting identifies the TSS of P, ;.

Previous primer extension analyses of V. cholerae RNA isolated from cells have identified
multiple 5° ends for the RNA occurring upstream of the vpsL coding sequence. These included an
A, a T (most abundant), a G, and an A nucleotide, located 37, 39, 57, and 59 bases upstream of the
assigned GUG translation start site, respectively (71,76). However, these positions were
determined using exponentially growing V. cholerae, which should have low levels of c-di-GMP.
To determine the TSS in vitro, we performed primer extensions using RNA synthesized from our
in vitro transcription reactions. This analysis identified two 5’ ends whose presence is stimulated
when reactions contain RNAP together with both VpsR and c-di-GMP (Fig 2.7A, lane 9): the ‘A’
located 59 bases upstream of the vpsL GUG, which was one of the ends observed previously and
is indicated as the +1 in Fig. 2.3, and the ‘G’ located 57 bases upstream of the GUG. To assign
the TSS in the presence of high levels of c-di-GMP in vivo, we isolated RNA from V. cholerae
grown with high intracellular concentrations of c-di-GMP. We again observed these two sites as
well as other downstream 5’-ends (Fig. 2.7B, lane 4). Given that the farthest upstream end(s) seen
in vivo align with start sites seen in vitro and the TSS determined by KMnQO, footprinting (below),
we propose that the farthest upstream sites are in fact the start of the vpsL RNA and the other ends

observed in vivo arise from RNA processing or degradation.
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Figure 2.7: Identification of P,,;; +1 TSS using in vitro and in vivo primer extensions. RNA
was isolated from in vitro transcriptions (A) or V. cholerae (B). Two major primer extension
products, which are observed only in the presence of both VpsR and c-di-GMP are indicated with
arrows.

In a transcription open complex, the single-stranded (ss) transcription bubble typically
occurs from -11 to ~+3 (91,92). KMnOj footprinting, which selectively oxidizes thymines in ss
DNA, is considered the ‘gold’ standard for observing the position of this transcription bubble and
by extension the position of the +1 TSS (95). In this analysis, the ‘T’ at position -11 on the
template strand marks the start of the ss region of the DNA within the open complex and is thus
the farthest upstream reactive T in the analysis. Reactive thymines can extend to the end of the
bubble (position ~+3). In our assay, we challenged complexes with the addition of heparin, which

typically destabilizes closed complexes but does not impact open complexes. Thus, we conclude

that any oxidized thymines we are observing arise from the stable open complex.
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When we incubated P,,; with RNAP/VpsR/c-di-GMP, we observed reactive thymines on
the template strand at positions -11 and -4 to +2 (Fig. 2.8A, lane 2) and reactive thymines on the
nontemplate at positions -6 and -7 (Fig. 2.8B, lane 2) relative to the ‘A’ that is 59 bases upstream
of the GUG. These reactive bases identify the open complex and are consistent with our
identification of the transcription start site at position -59 relative to start of the gene. Furthermore,

this analysis defines the 670 -10 recognition element of P, as 2TAGTCT.

A. B.
RNAP + o+ - - RNAP + + - -
c-di-GMP + + - - c-di-GMP + + - -
VpsR + + - - @ VpsR + o+ - - G
KMnO4 - 4+ - + A KMnO4 - 4+ -+ A

-11T=—

=T —

+2T =

II -
_7T—
1 2 3 4 GA

Figure 2.8: KMnOy footprinting assigns the +1 TSS at the A located 59 bp upstream of the
vpsL translation start site. Reactive thymines within the transcription bubble are observed at
positions -11, -4, -3, -2, -1, +1, and +2 on template DNA (A). Reactive thymines within the
transcription bubble are also observed at positions -6 and -7 on nontemplate DNA (B). GA
corresponds to G+A ladder.

We also used KMnOy, footprinting to investigate open complex formation when only some
of the components are present. As expected from the basal transcription that we observed with
RNAP alone (Fig. 2.4), we observed a low level of reactive thymines at the same positions in the

complexes made by RNAP in the absence of c-di-GMP and VpsR (Fig. 2.9, lane 2). Addition of
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either VpsR or c-di-GMP to RNAP did not stimulate this basal level of transcription (Fig. 2.4) or
the amount of reactive thymines (Fig. 2.9, lanes 4 and 6). Thus, KMnO, analyses indicate that
RNAP together with both VpsR and c-di-GMP is needed to form the maximum level of open
complex a P,,,, consistent with our in vitro transcription results (Fig. 2.4). Interestingly, these
analyses also indicated the presence of reactive thymines at other positions within the basal
complexes (Fig. 2.9, lanes 2, 4, and 6), which were relatively much less abundant in the activated
complex (Fig. 2.9, lane 8). It is possible then that in the absence of both VpsR and c-di-GMP,
RNAP is promiscuous in promoter choice utilizing different start sites such as the ones previously

reported (71,76).

RNAP + + + + + + + +
c-di-GMP - -+ + - - 4+ +

VpsR - - - -+ + + + - -
KMnO4 -+ - + - + - + - + GA

.=-15T
.=11T

.=5

+5 5’ TTCTTTTTT 3' -4

.+6

Figure 2.9: KMnO4 footprinting of transcription complexes at PypsL on template DNA.
Reactions were assembled with the indicated components and PypsI. DNA. Cleavages are seen at
positions -11, -4, -3, -2, -1, +1, and +2 on template DNA, indicative of an open transcription
bubble. The sequence from +5 to -4 is indicated. GA corresponds to G+A ladder.

Nevertheless, it is important to note that RNAP, VpsR, and c-di-GMP form an open complex in

the absence of ATP. This is unlike classic enhancer binding proteins which use ATPase activity to
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drive open complex formation. To investigate whether VpsR has ATPase activity, we assayed ATP
hydrolysis in the presence and absence of c-di-GMP (Fig. 2.10, lanes 3 and 4). No ATPase activity

was detected.

ATP

1 2 3 4 5

Figure 2.10: VpsR does not hydrolyze ATP. Reactions containing buffer alone (lane 1), 3 pmol
of calf intestinal phosphatase as a positive control (lane 2), 3 pmol of VpsR without and with c-di-
GMP (lanes 3 and 4, respectively), or 3 pmol BSA as a negative control (lane 5) in 1 X transcription
buffer were incubated with [y-""PJATP for 10 min at 37°C, and products were separated via thin-
layer chromatography on PEI membranes. The positions of ATP and ADP are indicated.
In the presence of VpsR and c-di-GMP, RNAP rapidly forms a heparin-resistant, stable
complex at P,,;.

To determine the rate of P,,; open complex formation in the presence of RNAP, VpsR, and
c-di-GMP, we incubated P,,,;; DNA with these components for various times before adding heparin
together with INTPs. As the addition of heparin will destabilize any unstable complexes, the

subsequent level of single round transcription reflects the level of stable complex present at that

time point. As seen from our KMnQO, analyses (Figs. 2.8 and 2.9), this represents the open complex.
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As seen in Fig. 2.11A, no additional activation was observed after the first time point of 1 min,
indicating that the open complex forms rapidly in the presence of VpsR and c-di-GMP.

To determine the stability of the open complex, we incubated proteins and DNA for 10 min
and then added heparin for varying time periods prior to the addition of rNTPs. Either a one min
or 15 min heparin incubation yielded similar levels of transcription (Fig. 2.11B), indicating that
the open complex is stable for at least several min. The stability of open complex to heparin
inhibition was not dependent upon the addition of c-di-GMP or VpsR as basal expression exhibited
equivalent stability to heparin addition at one versus 15 min although total transcript levels were
reduced. Thus, we conclude that RNAP rapidly forms a stable open complex at the vpsL promoter

and the amount of open complex formation is stimulated by VpsR and c-di-GMP.

A. RNAP + + + + + + + + + + + + + + + + + + + +
c-di-GMP + - + - + -+ -+ -+ -+ -+ - + -+
VpsR - = 4+ 4+ - =+ + = =+ + = =+ 4+ = -+ +
Hep/NTPs o0’ 0’ 0’ 0’ 1717 1’ 5/ 5’ 5’10710°10°10’15’15’15"15"

B.
RNAP + + o+ o+ + + + + + + + + + + + + + o+ o+ 4+
c-di-GMP - + - + - 4+ - + - + - + + -+ - 4+ - 4+
VpsR - = + + - -+ + - -+ + - - o+ 4+ - - o+ o+
Hep - - - - 1° 1’ 1’ 5/ 5’ 5’ 10’ 10’ 10’ 10’ 15’ 15’ 15’ 15’

Figure 2.11: VpsR, c-di-GMP, RNAP, and Pyps. DNA rapidly form active and heparin-
resistant transcription complexes in single round in vitro transcriptions. Transcription
complexes were formed for 0, 1, 5, 10, or 15 minutes prior to simultaneous addition of heparin and
rNTPs (A). Open complexes were challenged with heparin for 0, 1, 5, 10, or 15 min prior to the
addition of rNTPs (B). Each assay was performed at least three times. A representative gel of
PypsL RNA is shown.
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Dimerization and DNA binding by WT VpsR with and without c-di-GMP are similar.
Multiple studies have found that many transcription factors require c-di-GMP binding to
facilitate dimerization or the formation of higher order structures (68,106,119,126). Consequently,
we used BS’ crosslinking, which generates nonspecific amine to amine covalent bonds, to
investigate whether VpsR forms oligomers and if so, whether this formation is affected by c-di-
GMP. As seen in Fig. 2.12A, WT VpsR dimers are observed in the presence of BS® crosslinker,
and the amount of this crosslinked species is similar in the presence or absence of c-di-GMP. To
make sure that our transcription conditions did not affect these results, we also tested the BS’
crosslinking using the same protein concentration and buffer conditions that were used for
transcription. In this case, the presence of Tris buffer, which quenches the crosslinking reaction,
reduces the overall amount of crosslinking, but again there is no significant difference in the
presence or absence of c-di-GMP (Fig. 2.12B). On these silver stained gels, three crosslinked
bands are observed with and without c-di-GMP. We infer that these bands represent different
crosslinked VpsR dimer conformations using different amines since BS® is a nonspecific amine to
amine crosslinker. These results indicate that unlike other characterized c-di-GMP binding
proteins (68,106,119,126), VpsR does not require c-di-GMP to dimerize. However, it is possible

that the presence of c-di-GMP could change the conformation of the formed dimers.
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Figure 2.12: VpsR forms dimers in vitro with or without c-di-GMP. (A) Samples containing
1.5 uM of VpsR with and without 50 uM c-di-GMP were treated with the chemical cross-linker
BS® as indicated and separated on a 10-20% (wt/vol) Tricine gel that was stained with Colloidal
Blue. (B) Samples containing 0.6 uM of VpsR with and without 12.5 uM c-di-GMP in
transcription buffer were treated with the chemical cross-linker BS® as indicated and separated on
a 10-20% (wt/vol) Tricine gel that was silver-stained. Far left lane of each panel contains marker
proteins, whose molecular weights are indicated. Black arrows indicate position of VpsR monomer
(~50kDa) and grey arrows indicate position of VpsR dimer (~100kDa). Each sample was repeated
independently three times, and a representative gel image is shown.

Along with oligomerization, c-di-GMP also plays an important role in helping transcription
factors bind the DNA (68,106,113,116,119,126-128). Thus, we asked whether the ability of c-di-
GMP to stimulate open complex formation could arise by promoting the interaction of VpsR with
the DNA. We tested this possibility by determining the apparent dissociation constant (Kgapp)) for
VpsR binding to P,y in the presence or absence of c-di-GMP. Kyapps were calculated by
determining the concentration of VpsR needed to shift 50% of the free DNA. We found that the
presence of c-di-GMP did not enhance VpsR binding to the DNA [2.22 uM (+/- 0.64 uM) without
c-di-GMP, 1.66 uM (+/- 1.00 uM) with c-di-GMP (Fig. 2.13)], indicating that c-di-GMP does not

alter the affinity of VpsR for the DNA. Our results are consistent with a previous study that did
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not observe differences in VpsR binding to vpsL in the presence or absence of c-di-GMP using
EMSAs, though these experiments were only done at one concentration of VpsR and dissociation

constants were not measured (71).
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Figure 2.13: VpsR binds P,,; DNA with similar affinity with or without c-di-GMP.
Representative gels showing the retardation of 32p_labeled DNA harboring -97 to +103 of P,
with increasing VpsR concentrations from 0 uM to 2 pM either in the absence (lanes 1-5) or
presence (lanes 6-10) of 50 uM c-di-GMP. Black arrows indicate retarded complexes while grey
arrow indicates free DNA. (B) Quantitation of EMSAs. Apparent DNA-binding dissociation
constants (Kqepp)) Were calculated as the concentration of VpsR needed to retard 50% of the free
DNA. Values from at least three EMSAs were analyzed using one-way ANOVA with Tukey’s
HSD posthoc analysis (ns, not significant).

12345 678910

We also performed DNase I footprinting to determine whether there are different VpsR-
DNA contacts in the presence or absence of c-di-GMP. To make sure that we were only observing
the footprint of the stable protein complex of interest, we challenged the complexes with poly(dI-
dC), treated them with DNase I, and then isolated the complexes from EMSA gels before isolating
the DNA. Similar to a previous study, which identified the proximal VpsR binding site from -31
to -52 using nontemplate P,y in the absence of c-di-GMP (71), we found that VpsR with or
without c-di-GMP protected the DNA from -31 to -52 on nontemplate P, and from -34 to -53
on template P, (Fig. 2.14A and B, lanes 2 and 3). Thus, we did not observe any significant

differences between the VpsR-DNA contacts whether c-di-GMP was present or absent.
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Figure 2.14: DNase I footprinting of P,,; complexes on nontemplate DNA and template
DNA. GA corresponds to G+A ladder. VpsR, c-di-GMP, and/or RNAP are present as indicated.
To the right of each gel image, a schematic indicates the -10 and -35 regions and the +1. The
VpsR binding site is indicated as a dashed black line. DNase I protection regions and
hypersensitivity sites seen with the activated complex of RNAP, VpsR, c-di-GMP, and DNA are
depicted as black rectangles and horizontal arrows. The dashed red boxes indicate the regions of
DNA where the protection/enhancement within and immediately adjacent to the VpsR binding site
changes when comparing complexes containing RNAP with or without VpsR or c-di-GMP to the
activated complex.

It is important to note that in the previous study, DNase I footprinting was performed in
the absence of any competitor (71), while here we used poly(dI-dC) and isolated footprinting
complexes from EMSA gels. We observed no protection when complexes made with VpsR +/- c-
di-GMP were challenged with heparin (data not shown), even though the VpsR/RNAP/c-di-
GMP/P, ;. transcription complex is stable to heparin challenge (Fig. 2.11B). We conclude that the

presence of RNAP with c-di-GMP stabilizes VpsR binding to the DNA, forming a heparin-

resistant complex.
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DNase I footprinting analyses suggest that c-di-GMP is needed to form the active
transcriptional protein/DNA architecture at P,,;.

While RNAP alone, RNAP/c-di-GMP, and RNAP/VpsR all yield basal transcription from
P, activated transcription requires RNAP, VpsR, and c-di-GMP. To investigate whether the
protein-DNA interactions differed between the basal and activated transcription complexes, we
performed DNase I footprinting. Again, we challenged the complexes with heparin and extracted
the stable complexes from EMSA gels before isolating the DNA (Fig. 2.15) to ensure that we were
observing contacts made within the stable open complex. The observed protection patterns and

hypersensitive sites are summarized in Fig. 2.2.

RNAP -+ o+ o+ o+
c-di-GMP - - + - +
VpsR - - - + +

1 ]

',."« Free DNA
‘%‘ Y i
5

1 2 3 4

Figure 2.15: Discrete PypsI/RNAP complexes are formed in EMSAs. Native polyacrylamide
gel showing the complexes isolated for DNase I footprinting by incubation of **P-end labeled
nontemplate Pyps[. fragment from -97 to +103 with buffer alone (lane 1), RNAP (lane 2), RNAP
and c-di- GMP (lane 3), RNAP and VpsR (lane 4), or RNAP and VpsR and c-di-GMP (lane 5) in
1 X transcription buffer. Grey arrow indicates free DNA while black arrow indicates discrete
complexes with RNAP.
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DNase I footprints of basal complexes formed with RNAP alone, RNAP/c-di-GMP, or
RNAP/VpsR at P,,; were similar. On the nontemplate strand, protection was observed from -14
to -21 and -24 to -30 with hypersensitive sites at -22, -23, -34, -45, -46, -53, -54 (Fig. 2.14A, lane
5-7). On the template strand, protection was present from -26 to -16 with hypersensitive sites at -
57, -53, and -46 to -48 (Fig. 2.14B, lane 5-7). Because the KMnQOj footprinting (detailed above)
indicated the presence of an open bubble in these heparin resistant complexes, we conclude that
these are the contacts present within open complexes for basal transcription at P,,. The presence
of neither VpsR nor c-di-GMP alone to RNAP significantly affects these contacts.

In contrast, the activated complex of RNAP/VpsR/c-di-GMP at P, generated distinct
footprints. On the nontemplate strand, strong protection was observed from +29 to -11, -13 to -21,
-24 to -33, -35 to -44, and -47 to -52 with hypersensitivity sites at -22, -23, -54, and -55 (Fig.
2.14A, lane 8). On the template strand, strong protection was seen from -56 to -28 and -26 to +21
with hypersensitivity sites at -58 (Fig. 2.14B, lane 8). This pattern is consistent with the formation
of a typical stable open complex of RNAP and an activator or in our case, RNAP and VpsR/c-di-
GMP at P,,;.

Interestingly, a comparison of the DNase I footprints obtained with VpsR/RNAP/c-di-
GMP versus VpsR/c-di-GMP reveal differences in the protection/cleavage patterns within the
VpsR/c-di-GMP binding site of -31 to -53 as well as within the immediate upstream and
downstream regions (Compare patterns in Fig. 2.2 and regions within the red dashed boxes in Fig.
2.14). For example, on the nontemplate strand, the addition of RNAP to VpsR/c-di-GMP yielded
enhanced protection downstream and within the downstream portion of the binding site (-25 to -
32 and -35 to -40) and enhanced cleavage in the upstream portion (-45, -54, and -55). On the

template strand, addition of RNAP to VpsR/c-di-GMP yielded enhanced cleavage (-46 to -48)
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within the VpsR/c-di-GMP-binding site and more protection (-53 to -55) and a hypersensitivity
site (-58) upstream of the binding site. Because footprints between VpsR alone versus VpsR/c-di-
GMP are identical, both RNAP and c-di-GMP are required to facilitate these protein-DNA contact
changes within the VpsR-binding site in the activated complex. Thus, these results suggest that the
binding of VpsR to its DNA site is altered by the presence of both RNAP and c-di-GMP and/or
that contacts between RNAP and the DNA are altered by the presence of both VpsR/c-di-GMP.
Taken together, the footprints suggest that the transcription complex formed by VpsR, c-
di-GMP, and RNAP at P,,,;; is competent because it achieves a different architecture. The presence
of RNAP alone or with either c-di-GMP or VpsR does not generate this particular protein-DNA

conformation.
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2.4 Discussion

Biofilm formation by bacteria imposes an enormous medical cost, both in suffering and in
the price of treatment. Consequently, understanding the regulation of biofilm formation is crucial
to the prevention and treatment of bacterial disease. A central player in biofilm formation is the
second messenger c-di-GMP, which has previously been shown to be required for the activity of
several transcriptional activators including VpsR, the master regulator of biofilm formation in V.
cholerae. By developing the first in vitro transcription assay with c-di-GMP, we have
demonstrated that c-di-GMP works with VpsR in a novel way to stimulate transcription by RNAP
at P,,, a promoter for biofilm biogenesis genes. Surprisingly, unlike other characterized
regulators that use c-di-GMP, such as Klebsiella pneumonia MrkH, Mycobacterim smegmatic
LtmA, Streptomyces coelicolor BldD, V. cholerae VpsT, and Pseudomonas aeruginosa FleQ and
BrIR (68,106,113,116,119,126-128), VpsR does not require c-di-GMP to oligomerize or bind to
the DNA. VpsR dimers form with or without c-di-GMP, and the presence of the second messenger
does not substantially affect the affinity of VpsR for the DNA or the protein-DNA contacts made
by VpsR alone at P,,,;. Instead, c-di-GMP is needed to observe distinct protein-DNA contacts
within the activated transcription complex of 670-RNAP/VpsR/c-di-GMP. How the presence of
c-di-GMP results in these contacts is not clear. However, it could be needed to generate a
particular VpsR conformation that is active for transcription and/or by promoting needed contacts
between VpsR and 670-RNAP. In fact, the position of the VpsR binding site immediately
upstream of the -35 region suggests that VpsR should function as a Class II activator that can
interact with 670 region 4 and/or alpha CTDs.

Besides the novelty of activation, VpsR is also unusual as an atypical EBP. Classic EBPs

interact with 654-RNAP at a promoter, utilizing ATPase to form homomeric hexamers to generate
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the energy needed to form a stable open complex (102,183). However, VpsR, like other atypical
EBPs, lacks the GAFTGA motif needed for interaction with 654-RNAP and has nonconserved
amino acids in the Walker B motif involved in ATP hydrolysis. Atypical EBPs that utilize 670
rather than 654 may represent an evolutionary link between these two very different o class
families. To date, five atypical EBPs have been characterized: E. coli TyrR, Rhodobacter
capsulatus HupR, Myxococcus xanthus HstA, Pseudomonas putida PhhR, and Brucella abortus
NtrX (184-189). While all five atypical EBPs contain variations in the GAFTGA motif responsible
for binding to 654, some contain nonconsensus Walker A or Walker B motifs involved in ATP
binding and hydrolysis (190). Recently, the crystal structure of B. abortus NtrX was solved,
representing the first full-length crystal structure of a NtrC-like response regulator as well as the
first full-length crystal structure of an atypical EBP. However, unlike VpsR, NtrX functions as a
repressor at the pYX promoter and does not bind c-di-GMP (189). Thus, it appears that atypical
EBPs may function by varied mechanisms. Nevertheless, the remaining four atypical EBPs work
with 670-RNAP in the absence of c-di-GMP to activate transcription. How the activity of these
non-canonical EBPs is regulated remains to be determined for most of these transcription factors,
but we show here that VpsR represents the first EBP and first atypical EBP that is dependent on a
second messenger to directly activate transcription with RNAP.

In addition to VpsR, two other EBPs, FlIrA in V. cholerae and FleQ from Pseudomonas
aeruginosa, are also directly controlled by c-di-GMP. However, unlike VpsR, these regulators are
typical EBPs and contain conserved elements needed for c54-dependent transcription. While
binding of c-di-GMP to FIrA inhibits its ability to bind to the fIrBC promoter to promote
transcription activation (31), binding of c-di-GMP to FleQ has more complex effects. FleQ can

regulate transcription at promoters containing 654 or 670 elements in P. aeruginosa, but it is
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unclear whether FleQ directly activates transcription with these o factors in vitro. Like FIrA,
binding of ¢-di-GMP to FleQ represses flagellar genes in P. aeruginosa, but also derepresses and
activates the pel biofilm extracellular polysaccharide gene cluster in vivo (106-108). Thus, VpsR,
FlIrA, and FleQ appear to function on a continuum with each transcription factor having different
dependencies on 654 or 670 as well as different responses to c-di-GMP. While FIrA and FleQ
bind c-di-GMP via conserved arginine residues that flank a central cavity between the N-terminal
receiver domain and central AAA+ domain (106), VpsR lacks these arginines, instead having a
methionine and glutamate at those positions. The mechanism by which VpsR binds to c-di-GMP
is therefore unknown.

Along with the proximal VpsR binding site from -31 to -53 at P,,,,;, interestingly, a second
VpsR binding site lies far upstream of P, at -297 to -336. These binding sites differ in both
sequence, length, and protection intensities. Using DNase I footprinting with VpsR alone in the
absence of c-di-GMP, the protection pattern was stronger at the distal site versus the proximal site
(71). While VpsR protected the sequence
TTTCTCAAAAATAATTCAATGTAAATCCAAAATGTAATAC at the distal site, VpsR
protected the sequence AGTCTTAGAATTGATGCAGATA at the proximal site (71). Although
this distal site has no effect in our in vitro transcription assays with purified proteins as well as no
effect in transcriptional fusion studies when truncated, it appears that VpsR binding here is needed
to relieve H-NS repression in vivo (71). The downstream portion of the distal VpsR binding site
overlaps the first distal H-NS binding site (76). Thus, we speculate that at P,,;, VpsR acts as an
anti-H-NS repressor, blocking H-NS binding at the distal promoter site. In between the proximal
and distal VpsR binding sites, a VpsT binding site is present from —238 to —192. Previous work

demonstrates that VpsT acts solely as a antirepressor of H-NS at P,,; and in vitro transcription
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studies in our laboratory show that VpsT does not directly activate transcription at P, (data not
shown). This allows for additional H-NS regulation in which both VpsR-binding to the distal
promoter site and VpsT-binding downstream together help prevent H-NS from first binding the
site overlapping the distal VpsR binding site. Upon freeing up the DNA from H-NS binding,
VpsR/c-di-GMP may then bind to the proximal binding site to directly activate transcription with
RNAP. Other VpsR sites appear at various locations relative to the TSS of various genes. VpsR
binds and regulates vpsT with a site at -149 to -119, aphA with a site at -88 to -70, and epsC with
a site from -50 to -33 (69,147,173), and in silico analyses have identified conserved VpsR boxes
present at other locations, including promoters for rbmA, rbmB, rbmC, rbmE, vpsU, vpsR, cdgC,
and bap1 (71). H-NS sites have also been identified at some of these promoters (vpsL, vpsT, rbmA,
rbmB, and rbmC (75-77)). Thus, we speculate that in general, promoter distal VpsR binding sites
may correlate with a role in relieving H-NS repression, while promoter proximal sites may
correlate with VpsR/c-di-GMP activation with RNAP. Such a mechanism may be similar to that
used by S. typhirium SsrB. During biofilm formation, SsrB binds the DNA and displaces H-NS to
relieve H-NS silencing and enable transcription activation of csgD, the master regulator of biofilms
(191). However, at promoters of Salmonella Pathogenicity Island-2 SPI-2 genes, SsrB interacts
with RNAP to activate transcription (160). The role of VpsR’s diverse and numerous binding sites
remain unclear and future studies in determining the differing roles of VpsR in transcriptional

activation versus relieving H-NS repression are in progress.
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CHAPTER 3:

VpsR directly activates transcription of multiple biofilm genes in Vibrio cholerae
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Preface

Vibrio cholerae biofilm formation is important for its survival, dissemination, and
persistence. Regulation of biofilm formation is complex and requires several transcriptional
activators, repressors, and the ubiquitous signaling molecule, cyclic di-GMP (c-di-GMP). VpsR,
the master positive regulator of biofilm formation, was previously shown to be a Class II
transcription activator at the vpsL promoter with RNA polymerase containing 670 and c-di-GMP.
In this study, we have identified additional biofilm promoters that are directly activated by VpsR
in the presence of 670 containing RNAP and c-di-GMP. These promoters include P, .4, Prpmr, and
P,,sv and are all located upstream of the first gene of each gene operon or cluster involved in
biofilm formation. While VpsR binds to -82 to -59 at the rbmA promoter relative to the +1
transcriptional start site, VpsR binds to -99 to -57 at the rbmF promoter and -52 to -31 at the vpsU
promoter relative to the TSS. Not only do these binding sites demonstrate that VpsR can function
as both a Class I and Class II transcriptional activator, but the binding site at »bmF' reveals that
VpsR can bind to two sites in one intergenic region, simultaneously utilizing two classes of
transcription activation to upregulate biofilm gene expression. Biofilm formation is complex and
the master regulator, VpsR, directly binds and activates the first gene of multiple biofilm operons

or gene clusters.
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3.1 Introduction

Vibrio cholerae, the causative agent of the enteric disease cholera, is responsible for 3-5
million infections as well as 100,000-120,000 deaths per year (192,193). Symptoms of cholera
include profuse rice water diarrhea, which subsequently leads to hypotonic shock and death within
12 hours in the absence of proper treatment (194). Though cholera is not often encountered in
developed countries, it is still a significant public health problem in developing countries due to
the lack of proper water sanitation facilities.

During its life cycle, V. cholerae lives in both the planktonic and biofilm state. In the human
host as well as in its aquatic reservoir, V. cholerae forms biofilms to aid in survival, transmission,
and persistence (36,57,58,164,167). Not only do biofilms shield the bacteria from harsh
environmental conditions and stresses, they also protect the bacteria from protozoa and
bacteriophage predation as well as nutrient limitation (56,164-167). Biofilms are comprised of
matrix proteins, extracellular DNA, and Vibrio polysaccharides (VPS). Over 50% of the Vibrio
biofilm matrix mass is comprised of VPS (59-64). Essential for the three-dimensional structure
observed in biofilms, V. cholerae secretes VPS after initial attachment to either biotic or abiotic
surfaces (66). Both the biofilm structure modulator A protein RbmA as well as the biofilm matrix
protein Bapl are also secreted from the cell surface, promoting cell-cell adhesion and cell-VPS
adherence (61,62,66). As the biofilm grows and develops, other matrix proteins, outer-membrane
vesicles, and extracellular DNA help encase the biofilm (63,66,195).

Genes involved in VPS synthesis are located on the V. cholerae’s larger chromosome and
organized into two operons, vps-1 and vps-2 (59,60). Vps-1 contains 12 genes, vpsU, vpsA-K while
vps-2 contains six genes, vpsL-vpsQ (59,60). 8.3 kilo base pairs separate these two operons and

contain six ribomatrix genes: rbmA, rbmC, and rbmBDEF (Fig. 3.1) (59,61,62).
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Figure 3.1: Vibrio cholerae genomic organization of genes involved in Vibrio polysaccharide
(VPS) synthesis and ribomatrix protein production. VPS synthesis is comprised of two vps
operons: vps-1 (white arrows) and vps-2 (black arrows). Ribomatrix protein production is
comprised of the rbm gene cluster (grey arrows) and bap! (not shown). Arrow direction depicts
transcription direction. Image is approximately to scale.

Since biofilm formation requires an assembly of multiple gene products, it is not surprising
that this process is highly regulated with multiple signaling pathways, transcriptional repressors
and activators, and regulatory sSRNA. Among these effectors is the ubiquitous signaling molecule,
cyclic di-GMP (c-di-GMP), a keystone regulator of biofilm formation in many bacterial species.
c-di-GMP is formed from two GTP molecules by diguanylate cyclase enzymes that contain a
GGDEF domain and then degraded into pGpG or two GMP molecules by phosphodiesterase
enzymes containing either PDE or HD-GYP domains. Generally, high levels of c-di-GMP increase
biofilm formation while low levels of c-di-GMP promote motility (168). Along with regulating
the switch between biofilm formation and motility, c-di-GMP also controls a vast array of different
phenotypes including DNA repair, type III secretion system, predation, development, fimbriae
synthesis, and stress response (26,27,169).

The transcriptional activators, VpsR and VpsT are required to activate biofilm formation
in V. cholerae (30,53,68-72,147). c¢-di-GMP binds both VpsR and VpsT with a dissociation
constant (Kg) of 1.6 uM and 3.2 uM, respectively (68,69). However, at the biofilm biogenesis

promoter, Py, c-di-GMP binds VpsT to enhance DNA binding while the presence or absence c-

di-GMP does not promote VpsR-DNA binding (30,71). Instead, c-di-GMP is required to initiate
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and activate transcription with both RNA polymerase containing the primary sigma (o) factor,
670, and VpsR (30). Based on amino acid homology, VpsR is classified as an enhancer binding
protein (EBP). Regulators in the EBP family use 654 and ATP hydrolysis to activate transcription.
However, VpsR is an atypical EBP. Not only does VpsR lack the GAFTGA motif responsible for
interacting with 654, but VpsR is also missing conserved residues within the Walker B domain
involved in ATP hydrolysis. In vitro transcriptions demonstrate that VpsR activation of
transcription with 670-RNAP and c-di-GMP does not require ATP hydrolysis (30).

Transcription activators commonly function by a Class I or a Class II mechanism or a
combination of both classes. In Class I transcription activation, activators bind to upstream regions
typically around -60 and in Class II transcription activation, activators interact directly upstream
or overlapping the -35 element (85). In the case of P,,,;, VpsR functions as a class II activator. It
interacts with a region overlapping the -35 element to subsequently initiation transcription with c-
di-GMP and RNAP via the formation of the open complex (30).

In this study, we report our findings that similar to its induction of P,,,, VpsR requires
RNAP containing 670 and c-di-GMP to activate transcription at P44, Prpmr, and Py, Analogous
to Py, VpsR binding at P, overlaps the -35 element, while VpsR binding sites at P,,,4 and
P.»mr are located farther upstream and centered around the -60. Though VpsR’s DNA binding
affinities vary in the presence and absence of c-di-GMP at each promoter, specific DNA-protein
interactions do not change in the presence of the signaling molecule. Our findings demonstrate
that VpsR is an adaptable activator, functioning as both a Class I and Class II transcription activator

to induce additional promoters of genes essential for biofilm formation in V. cholerae.

67



3.2 Materials and Methods
DNA.

In vitro transcription templates, pMLH40 containing the 7bmA promoter from -222 to +120
relative to the +1 transcription start site (TSS), pMLH41 containing the rbmF promoter from —209
to +167 relative to the TSS, and pMLH42 containing the vpsU promoter from —130 to +155 relative
to the TSS were cloned into the EcoRI and HindIII restriction enzyme sites of pRLG770 (175)
(74). Inserts were first obtained as PCR products, which had been amplified with primers (Table
1) from V. cholerae genomic DNA (BH1514) using Pfu Turbo polymerase (Stratagene). Vectors
were digested with the appropriate restriction enzymes, ligations were performed using standard
Gibson techniques (196), and resulting products were transformed into DH5a..

pMLHI11 is a pET28b(+) derivative (Novagen) that contains vpsR cloned within the Ndel
and Xhol restriction sites constructed as previously described (NAR citation).

Fragments used for EMSAs and DNase I footprinting were obtained as PCR products using
Pfu Turbo polymerase (Stratagene) and upstream and downstream PCR primers, which anneal
from positions -222 to +120 relative to the TSS of rbmA, -209 to +167 relative to TSS of rbmF,
and —130 to +155 relative to TSS of vpsU. To radiolabel the DNA, template primer was treated
with T4 polynucleotide kinase (Affymetrix) in the presence of [y-"’P] ATP prior to PCR.

Radiolabeled PCR products were purified as described (177).

Proteins.
E. coli RNAP core was purchased from NEB. E. coli 670 was purified as previously
described (180). VpsR protein was isolated from Rosetta2 (DE3)/pLysS (Novagen) containing

pMLHI11 and grown and purified as previously described (NAR citation). Protein concentrations
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were determined by comparison of known amounts of core RNAP after SDS-PAGE and gel

staining with Colloidal Coomassie Blue (Invitrogen).

In Vitro Transcriptions.

Single round in vitro transcriptions were performed in 5 puL reactions containing 0.02 pmol
of supercoiled template, 3.0 pmol of VpsR, 0 or 12.5 uM of c-di-GMP, reconstituted RNAP (0.2
pmol of 670 plus 0.05 pmol of core), and transcription buffer [40 mM Tris-acetate (pH 7.9), 150
mM potassium glutamate, 4 mM magnesium acetate, 0.1 mM EDTA (pH 7.0), 0.0l mM DTT, and
100 pg/mL BSA]. Samples were first incubated at 37°C for 10 min prior to the addition of rNTPs
(final concentrations of 220 pM ATP, 220 uM GTP, 220 uM CTP, 11uM [a->>P] UTP at 6.5 x
10°> dpm/pmol) and 500 ng heparin. After incubation for 10 min at 37°C, reactions were collected
on dry ice, formamide load solution (15 pL) was added, and aliquots were electrophoresed on 4%
(wt/vol) polyacrylamide, 7 M urea denaturing gels for 2500 volt-hrs in 0.5 X TBE buffer. After
electrophoresis, gels were exposed to X-ray films, films were scanned using a Powerlook 2100XL

(check) densitometer and analyzed with Quantity One software (Bio-Rad).

Primer Extensions.

Primer extension products generated from RNA isolated from in vitro transcriptions were
obtained described above and processed according to manufacturer’s instructions (Promega) and
as described previously (30). Briefly, 5 uL of the in vitro transcription reaction was added to 6 uL
of a primer mixture containing 2 X AMV Primer Extension buffer, reverse transcriptase, and 2
pmol of **P-labeled primer (rbmA primer, which anneals 69 bp downstream of the TSS of rbmA;

rbmF primer, which anneals 113 bp downstream of the TSS of rbmF’; or vpsU primer, which
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anneals 103 bp downstream of the TSS of vpsU. Samples were electrophoresed on 8% (wt/vol)
polyacrylamide, 7 M urea denaturing gels for 5000 volt-hours in 2 X TBE. Imaging, densitometry,
and quantification were performed as described above.

In vivo V. cholerae RNA was obtained from WN310 containing pMLH17 and pCMW75
or pCMWO98. Cells were grown and harvested and RNA was extracted as previously described
(30). Primer extension products were performed according to manufacturer’s instructions

(Promega) and as described previously (30).

Electrophoretic Mobility Shift Assays.

VpsR-DNA complexes and transcription complexes with RNAP were formed using 0.05
pmol of DNA, as previously described in transcription buffer (30). To ensure observation of
specific complexes, a 1 pl solution of 1 mg/mL of poly(dI-dC) or 500 pg/ml heparin was added to
VpsR-DNA complexes (20 uL) or transcription complexes (10 uL), respectively. After addition
of competitor, VpsR-DNA complexes were loaded onto a 5% (wt/vol) nondenaturing
polyacrylamide gel already running at 100 V/hr in Tris/borate/EDTA (TBE) buffer and
subsequently electrophoresed for 1.5 h at 100 V/hr. Transcription complexes were loaded onto a
4% (wt/vol) nondenaturing, polyacrylamide gel already running at 100 V in 1 X TBE buffer and
electrophoresed for 3 h at 380 V/hr. After autoradiography, films were scanned as described above.

Ka@pp)’s were calculated as the concentration of VpsR needed to shift 50% of the free DNA.

DNase I footprinting.

Solutions in transcription buffer were assembled as described above for EMSAs using 0.04

uM DNA, and as indicated, 1.4 uM VpsR, 50 uM c-di-GMP, and/or 0.16 uM of reconstituted
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RNAP. After incubation at 37° C for 10 min, poly(dI-dC) or heparin was added to VpsR-DNA
complexes and transcription complexes with RNAP, respectively, for 15 s at 37° C. To initiate
DNase I cleavage reaction, 0.3 U of DNase I in 1.5 pLL was added. Solutions were incubated for
an additional 30 s at 37° C, immediately loaded onto a 4% (wt/vol) nondenaturing, polyacrylamide
gel already running at 100 V in 1 X TBE buffer, and electrophoresed for 3 h at 380 V/hr. After
autoradiography, the protein/DNA complexes were excised and extracted DNA was

electrophoresed on denaturing gels as described (30,156).
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3.3 Results
VpsR binds the promoter regions of rbmA, rbmF and vpsU with or without c-di-GMP.
Previous in silico sequence analysis using MEME (multiple EM for motif elicitation)
revealed VpsR motifs upstream of the following genes: vpsR, vpsL, aphA, VCA0075, rbmA, vpsA,
vpsT, vpsU, bapl, cdgC, and rbmC (71). Of these promoters, VpsR binding sites have been
identified at aphA, vpsL, and vpsT (30,69,71,147). To assess whether VpsR bound to the promoters
of these other genes predicted by MEME, we performed gel retardation assays. Similar to what we
observed with P, ;, VpsR bound to P4, Prsmr, and P, and the presence of c-di-GMP was not
required for this binding (Fig. 3.2). However, for P44 and P47, VpsR binding affinity improved
by 50% and ~5-fold, respectively, in the presence of c-di-GMP (Fig. 3.2A and B). In contrast, no
significant difference in VpsR affinity for P,,, (Fig. 3.2C) or P,y (30) was observed with or

without c-di-GMP.
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Figure 3.2: VpsR binds P44, Ppmr, and P, with and without c-di-GMP. Representative gel
retardation assays of 32p_labeled DNA harboring —222 to +120 of P4, —209 to +167 of P,s,,r, and
-130 to +155 of P,y relative to the +1 TSS with increasing VpsR concentrations from 0 to 2.5
uM either in the absence of c-di-GMP (lanes 1-5) or presence of 50 uM c-di-GMP (lanes 6-10).
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Samples were incubated at room temperature for 10 minutes prior to electrophoresis on 5% TBE
polyacrylamide gel. (D) Apparent DNA-binding dissociation constants Kgepp) has been calculated
as the concentration of VpsR needed to retard 50% of the free DNA. Values from at least three gel
retardation assays were analyzed using one-way ANOVA with Tukey’s HSD posthoc analysis (ns,
not significant; *P < 0.05).
VpsR-dependent activation of the rbmA, rbmF and vpsU promoters requires both VpsR and
c-di-GMP in vitro.

To determine if VpsR and c-di-GMP directly activate transcription at P,pu4, Promr, and
P,,su, we constructed in vitro transcription templates containing P4 (-222 to +120; pMLH40),
Pipmr (<209 to +167; pMLH41), and P, (-130 to +155; pMLH42) Each insert was located
upstream of the rrnBP1 terminator within the vector pRLG770 (175). Using E. coli RNAP (New
England Biolabs) with 670 and supercoiled templates, we found that both VpsR and c-di-GMP
were needed to directly activate transcription from these promoters (Fig. 3.3A-C, lanes 4). RNAP,
VpsR, and c-di-GMP activated transcription at Pym4, Promr, and Py, by approximately 3-fold, 4-

fold, and 17-fold over basal level, respectively. RNAP alone or RNAP with either c-di-GMP or

VpsR only yielded a basal level of transcription (Fig. 3.3A-C, lanes 1-3).

A. PrbmA B. |:,rbmF C. PvpsU
RNAP + + + + RNAP + + + + RNA? + + + +
c-di-GMP - + - + c-di-GMP - + - + c-di-GMP - * - +
VpsR - - + + VpsR - - + + VpsR - R * +

1 2 3 4 1 2 3 4 1 2 3 4
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Figure 3.3: VpsR and c-di-VpsR and c-di-GMP activate transcription at P4, Psmr, and
P,,su in vitro. Representative images of single round in vitro transcription from supercoiled
plasmid templates at (A) P,pm4, (B) Ppmr, and (C) P,y with RNAP containing 670 (lane 1), RNAP
and c-di-GMP (lane 2), RNAP and VpsR (lane 3), and RNAP and VpsR and c-di-GMP (lane 4).
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Figure 3.3 (cont’d): Activation fold change for RNAP/VpsR/c-di-GMP relative to basal level
expression of RNAP alone is below the image. All reactions were repeated in triplicates.

In vivo and in vitro primer extension analyses define the +1 transcriptional start site for
rbmA, rbmF, and vpsU.

To determine the +1 TSS of the RNA generated from P44, Promr, and Py, after in vitro
transcription reactions, we performed primer extension analyses. These analyses revealed TTSs
at the C nucleotide located 19 bps upstream of the TTG start codon of rbmA (Fig. 3.4A, lane 8), at
the A and T nucleotides located 44 and 46 bps upstream of the ATG start codon of rbmF (Fig.
3.4B, lane 8), and at the T nucleotide located 53 bps upstream of the ATG start codon of vpsU

(Fig. 3.4C, lane 8).
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Figure 3.4: Determination of +1 transcriptional start site (+1) in vivo and in vitro for Py,
P.pmr, and P, Primer extension analyses were performed with 3?P-labeled primer that
hybridized 69, 113, and 103 basepairs downstream of the rbmA, rbmF, and vpsU translation start
site, respectively. RNA was isolated from V. cholerae (lanes 1-4) or in vitro transcriptions (lanes
5-8). (A) For P4, the most prominent in vivo and in vitro transcripts corresponding to the C
located 19 bp upstream of the rbmA translation start site. (B) For P,4,r, the most prominent in vivo
and in vitro transcripts corresponding to the T located 46 bp upstream of the »bmF translation start
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Figure 3.4 (cont’d): site. (C) For Py, the most prominent in vivo and in vitro transcripts
corresponding to the T located 53 bp upstream of the vpsU translation start site.

Primer extension analyses of RNA isolated from V. cholerae grown in the presence and absence
of c-di-GMP as well as from a AvpsR strain were confirmatory. As seen using in vitro RNA, we
again observe primary primer extension products corresponding to the C TSS 19 bps upstream of
the TTG start codon of rbmA (Fig. 3.4A, lane 3), the T 46 bp upstream of the ATG start codon of
rbmF (Fig. 3.4B, lane 3), and the T located 53 bps upstream of the +1 ATG (Fig. 3.4C, lane 3)
with RNA isolated from V. cholerae. These +1 positions are not seen in a AvpsR mutant or under
low c-di-GMP levels (Fig. 3.4 A-C, lanes 1, 2, and 4), indicating that as seen in vitro, this activation

is dependent on both VpsR and c-di-GMP.

VpsR complexes with RNAP and c¢-di-GMP bind DNA in typical Class I and Class 11
transcription complex fashion.

Since the presence of c-di-GMP altered the DNA binding affinity of VpsR to P44 and
P,smr, but not P, in gel retardation assays (Fig. 3.2), we were curious to see if there were any
changes in specific DNA bp contacts. Using DNase I footprinting, we discovered that VpsR bound
rbmA from -89 to -52 (Fig. 3.5A), VpsR bound rbmF from -99 to -57 (Fig. 3.5B), and VpsR bound
vpsU from —52 to —31 (Fig. 3.5C) relative to the +1 TSS of each promoter. This binding pattern,

which did not change in the presence and absence of c-di-GMP, is summarized in Fig. 3.7.
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Figure 3.5: DNase I footprinting of VpsR with and without c-di-GMP at template P44,
Ppmr, and Py, VpsR with and without c-di-GMP complexes were formed and treated with
poly(dI-dC) while transcription complexes were formed and treated with heparin at template (A)
Prpma, (B) Prpmr, and (C) Pyyu. All complexes were treated with DNase I prior to isolation from gel
retardation assays. VpsR binding site is indicated to the right of each image with a solid red line.

Next, we wanted to determine the bp contacts of the activated transcription complex of
RNAP/VpsR/c-di-GMP at all three promoters. To ensure that we are observing footprints of the
activated transcription complex, we performed DNase I footprinting on the template strands in
combination with gel retardation assays. This enables us to also remove all uncut background
DNA. Both rbmF and vpsU promoters demonstrated typical footprints for an activated
transcription complex. At P,,,r, protection extended from -96 to +23 with hypersensitivity sites at
-97, -35, and -26, consistent with VpsR binding at its site centered at -78 and RNAP binding at the
core promoter sequence (Fig. 3.6B). At P,,., protection extended from -57 to +22 with a

hypersensitivity site at -58, consistent with the VpsR binding site centered at -41, and RNAP

located immediately downstream (Fig. 3.6C). Unlike P,4,r, although RNAP protection was similar
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in the absence or presence of VpsR/c-di-GMP, changes in hypersensitivity sites were observed
only in the presence of VpsR/c-di-GMP at P,,,y. Unfortunately, we were unable to obtain clear
DNase I footprints for VpsR and RNAP at P,;,,4 despite multiple attempts (Fig. 3.6A). This result

suggests that the activated transcription complex at P,;,,4 is unusually unstable.
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Figure 3.6: DNase I footprinting of transcription complexes containing RNAP alone or
RNAP with VpsR and c-di-GMP at template P34, Ppmr, and P,,p. Transcription complexes
were formed, challenged with heparin, and treated with DNase I prior to isolation from gel
retardation assays at template (A) P,spa, (B) Prpmr, and (C) Pyy0. GA represents G+A ladder. Lane
1 contains DNA only, lane 2 contains RNAP, and lane 3 contains RNAP/VpsR/c-di-GMP.
Protection sites of transcription complexes are indicated by a blue line and hypersensitivity sites
are represented by blue arrow, both to the right of each image.
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A. rbmA promoter
------

AATTATAATAATTACGAATCGGTTACGTTAACAGAATCTAAACTATTTCCATCTAGGAAATTATTTTTCGCCTACATAAAAGATATCAATACTTAATATCGCGGTACATTTTTGTTTACCAAC

B. rbmF promoter

- amaas
AAGATTTGTATTACATTTTGGATTTACATTGAATTATTTTT AGAAAAGTAAAAAACAAATTATTTAACAAGCCACATAGACCAGCCGTGATTTAAAATACCA TAAAGAAATAATATGTATCGTTTATCGARAGGAARAACAGAACAATATG
TTCTAAACATAATGTAAAACCTAAATGTAACTTAATAAAAACTCTTTTCATTTTTTGTTT TAAATTGTTC ATCTGGTCGGCACTAAATTTTATGGTATTTCTTTATTATACATAGCAAATAGCTTTCCTTTTTGTCTTGTTATAC

TGTTATTTATTTTGATGAAAGTAAAATGACGAAATCAAGATTAATTATATAGGTCGAGTTAATACTCTGTCTGTAATAACCATTCGAACCC! TATTACTCATCTAACGCATAATGAAATTGTTATAATTT ACGCATCAATCCCATAC

D. vpsL promoter

——— 2 mmmEm
ATGAAACTTGGTTGTTTTCAATTGGTTTCATCATGTTTTTTATTTTTATTCAGTCTTAGAATTGATGCAGATATTTCTATT! GATGTAGTCTTT. AAGAATTTAATACATTCCAATTATTCTTCGGGARATCTTACATCGGTTAGGAGCGTCTAGTG

TACTTTGAACCAACAAAAGTTAACCAAAGTAGTACAAAAAATAAAAATAAGTCAGAATCTTAACTACGTCTATAAAGATAACTATTTCTACATCAGAAATTTT T TCTTAAATTATGTAAGGT TAATAAGAAGCCCTTTAGAATGTAGCCAATCCTCGCAGATCAC

Figure 3.7: Promoter sequence and summary of DNase I footprinting of Py, Promr, Pypsvs
and P,,. (A) P.yus contain sequences from -103 to +22. (B) P,sur contain sequences from -103
to +49. (C) P, contain sequences from -103 to +56. (D) P, contain sequences from -103 to
+62. VpsR binding sites are in red, +1 transcriptional start site is in purple, predominant +1
transcriptional start site from both V. cholerae RNA and in vitro transcription RNA are bold,
italicized, and underlined with a black arrow above, alternative +1 TSS from V. cholerae RNA are
bold and underlined, alternative +1 TSS from RNA isolated from in vitro transcriptions are bold
and italicized, potential -10 consensus elements contain a dotted black line above the sequence,
potential extended -10 sites contain a solid black line above the sequence, and the -35 region
contain a dashed black line above the sequence.
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3.4 Discussion

A variety of different mechanisms are used to direct RNAP to specific promoters to activate
transcription in response to environmental cues and growth signals. Factors can either first bind to
the promoter to subsequently guide RNAP to initiate transcription or factors can first interact with
RNAP to then change its promoter preference (85). For promoters that use transcriptional
activators, upon directing RNAP to the DNA, these activators typically either stabilize the initial
RNAP-DNA complex and/or accelerate the transition from the closed unstable complex, RPc, into
the stable open complex, RPo (85).

Activators can be generally categorized into four different classes based on promoter
binding location and RNAP contacts. In Class I activation, the activator binds upstream of RNAP
(typically around -60 or upstream) and interacts with one or both aCTDs (85). In Class II
activation, the activator binds adjacent to or overlapping the -35 element, directly contacting 670
region 4 and/or the aNTD (85). While most transcriptional activators can be classified as either a
Class I or Class II activator, Bordetella pertussis uses a combination of both Class I and Class II
at Ppqp. At this promoter, BvgA requires contacts with 670 region 4 as well as interaction with
oCTDs (197). Another set of regulators alter DNA conformation to shorten the suboptimal
distance between the -35 and -10 element, allowing RNAP to bind. The most well-understood
activator of this class is MerR. Binding of MerR to the promoter causes a twist in the -35 and -10
spacer, triggering transcription of genes needed for efflux pumps (198). In our last mechanism of
activation, ¢ appropriation, 670 region 4 is remodeled by a small protein to redirect  DNA
binding and alter ¢ protein binding by small proteins encoded by bacteriophage T4 (199). More
specifically, T4 uses the co-activator AsiA to remodel the helix-turn-helix of E. coli 670 Region

4 (200), thereby allowing o to bind the T4 activator MotA, which interacts with a motif within T4
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middle promoters. This hijacks E. coli RNAP and results in recognition of the T4 middle
promoters rather than host E. coli promoters (201).

VpsR, the master regulator of V. cholerae biofilm genes, uses a combination of Class I and
Class II mechanism of activation at biofilm promoters as demonstrated in this chapter (Fig. 3.8).
Based on VpsR binding site locations at these promoters, Class I is seen at rbmA and rbmF

promoter while Class II is seen at vpsL and vpsU promoters.

A.

alpha-CTD

Figure 3.8: Mechanisms of VpsR transcription activation at different promoters. Diagrams
of the RNAP/VpsR/c-di-GMP transcription complex in (A) Class I activation at P, and P, and
(B) Class II activation at P4 and P,ppr.

This ability to use two different classes of activation is also seen in E. coli cAMP receptor protein
(CRP; also known as CAP, catabolite acceptor protein). At the Class I /ac promoter, CRP binds
upstream of RNAP at a site centered around -61.5, and transcription activation is mediated by
protein-protein interactions between the surfaced-exposed B-turn of CAP and one of the aCTDs
(202). This increases the affinity of RNAP for promoter DNA, activating transcription. On the

other hand, at the Class II ga/PI promoter, CRP binds to a site centered around -42, overlapping

the -35 element, and transcription activation is mediated by three protein-protein interactions
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between the aCTD, aNTD and c70 region 4 (202). Unlike class I activation, CRP class II
activation not only recruits RNAP, but also facilitates formation of RPc to RPo (202). Interestingly,
we find that the presence of c-di-GMP modestly or more significantly improves the DNA binding
affinity of VpsR for the Class I ¥bmA and rbmF promoters, while its presence does not affect
VpsR’s DNA binding affinity at the Class I vpsU and vpsL promoters. This is consistent with the
idea that VpsR can use different activation mechanisms at different promoters. Our gel shift assays
demonstrate an increase in transcription complex formation at Class II promoters, but not at Class
I promoters during DNase I footprinting assays (data not shown). In addition, significantly
increased protection was observed with the activated transcription complex of RNAP/VpsR/c-di-
GMP at both P, (30) and P,,.r (Fig. 3.6). However, the RNAP protections sites were similar in
the absence or presence of VpsR/c-di-GMP at P, (Fig. 3.6). These additional hypersensitivity
sites suggest that perhaps at the vpsU promoter, instead of recruiting RNAP and enhancing the
DNA binding affinity of the transcription complex, VpsR/c-di-GMP instead play a role in altering
the DNA architecture required for transcription activation. While it was previously demonstrated
that c-di-GMP directly drives open complex formation and is required to rapidly form the stable
heparin-resistant open complex at the Class II vpsL promoter (30), whether c-di-GMP plays the
same and/or differing roles at the P44, Pomr, and Py, promoters remains to be determined.

The intergenic region between the divergently transcribed rbmF and vpsL genes contains
two VpsR binding sites. It has previously been suggested that the distal VpsR binding site (relative
to the +1 TSS) functions as a H-NS anti-repressor site (30). Our in vitro transcriptions and primer
extension analyses in this chapter demonstrate that this distal VpsR binding site is instead directly
involved in activating the divergent rbmF promoter. These two VpsR binding sites are

approximately 237 bp apart. Though VpsR forms a dimer in the presence and absence of c-di-
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GMP in solution (30), perhaps in the presence of DNA containing two binding sites, VpsR can
then form higher order structures. This would then allow DNA looping, further preventing H-NS
binding and repression while simultaneously bolstering transcription. It would be interesting to see
if there is temporal control in transcription activation of these two divergently transcribed
promoters mediated by the VpsR’s DNA binding affinity and/or RNAP recruitment and
isomerization.

Along with VpsR, the repressor H-NS and the anti-repressor VpsT also directly regulate
all four promoter regions. Gel retardation assays show that H-NS and VpsT/c-di-GMP bind rbmA
and vpsU promoters as well as the intergenic region between vpsL and rbmF (71,76). Chromatin
immunoprecipitation (ChIP) assay demonstrated that deletion of vpsT resulted in higher H-NS
promoter occupancy while overexpression of c-di-GMP leads to a decrease in H-NS promoter
occupancy at rbmA, rbmF, vpsL, and vpsU (76). Nevertheless, because the expression from these
promoters was still present in the absence of both H-NS and VpsT (76), we also propose that at
these promoters, VpsT solely functions as an antirepressor and as demonstrated in our in vitro
transcriptions, VpsR is the main transcriptional activator with RNAP.

Taken together, our data supports a complex model of vps and rbm regulation dependent
on H-NS, VpsT, VpsR, and c-di-GMP. While VpsT/c-di-GMP are important in releasing the DNA
from negative regulation by H-NS, VpsR/c-di-GMP are important in positive regulation, directly
activating transcription with RNAP containing 670. Because these promoters vary in VpsR-DNA
binding affinity in the absence and presence of c-di-GMP, we speculate that VpsR’s mechanism
of activation is dependent on both the concentration of VpsR and the level of ¢c-di-GMP to increase
transcription. This two-tiered type of regulation allows fine-tuning of gene expression. It is

important to note that VpsR also contains a highly conserved aspartic residue at position 59. As an

82



orphan response regulator, there is no cognate histidine kinase directly upstream of vpsR and
currently, the kinase involved in phosphorylating VpsR remains undiscovered. If VpsR is indeed
phosphorylated, the combination of phosphorylation, ¢-di-GMP levels, and VpsR concentration
truly allows exquisite fine-tuning and diversity in transcription activation mechanisms at VpsR

regulated-promoters.

83



CHAPTER 4:

VpsR requires c-di-GMP and phosphorylation to drive transcription initiation
to activate biofilm formation in Vibrio cholerae
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Preface

Two-component signal transduction systems (TCSs), typically comprised of a sensor
histidine kinase (HK) and a response regulator (RR), are used by bacteria to respond to
environmental stimuli and extracellular signals. With 43 predicted HKs and 52 putative RRs,
Vibrio cholerae is well-adapted to environmental changes as it transitions between the aquatic
reservoir and the human host. Upon a signal input, the HK is phosphorylated and then transfers its
phosphate to the RR. Because few studies have researched the role of phosphorylation in
transcription initiation, we have investigated the role of the highly conserved D59 residue of the
orphan response regulator VpsR in vivo and in vitro at the biofilm biogenesis promoter P, ;. Using
the typically phosphodefective variant DS9A and the phosphomimetic D59E, we determined that
both variants dimerize and bind DNA with Kgepp)s similar to that of wildtype (WT) while VpsR
D59E activates transcription and D59A does not. DNase I and KMnO, footprints of the
transcription complex made with D5S9E resemble those made with WT, while footprints with
D59A resemble those of RNAP alone. Lastly, we have also developed a new method to purify

ren

VpsR (VpsR™) using denaturation and renaturation. VpsR™" resemble the D59A variant in
dimerization, DNA-binding affinity, and DNase I and KMnO4 footprints while addition of acetyl
phosphate to VpsR™ (VpsR™~P) yields similar results to WT and D59E variant. Our data
suggests that both c-di-GMP and phosphorylation of VpsR are required to initiate transcription

and generate the specific protein-DNA architecture needed for activated transcription.
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4.1 Introduction

Rapid detection and adaptation to fluctuating environmental changes are essential for
survival and proliferation. Not only must the microorganism sense a multitude of extracellular
signals, but it must then transmit those signals to alter and control gene expression. These signals
tend to be physical and chemical parameters such as temperature, pH, osmolarity, autoinducers,
ions, and host cell contact (203). In bacteria, the prevalent signaling pathways are the two-
component signal transduction systems (TCSs). TCSs are comprised of a membrane-bound
histidine kinase (HK) and a soluble cytoplasmic response regulator (RR). Though separated, these
two proteins are linked by a phosphotransmission or phosphorelay pathway and are generally
located adjacent to each other within genomes (204). After a signal is perceived by the sensory
domain of the HK, the His residue of the transmitter domain of the HK is phosphorylated by the
ATPase domain. In phosphotransmission, the HK then transfers its phosphoryl group to the Asp
of the receiver domain of the cognate RR while in phosphorelay, the phosphoryl group is
transferred from the His to the Asp of the HK, then to the His of the His-containing phosphotransfer
(Hpt) protein, and then finally to the Asp of the RR. Phosphorylation of the RR often induces a
conformational change, altering DNA-binding properties and controlling gene expression. As the
phosphorylation of an aspartic acid residue is typically unstable and labile (205,206), the phosphate
group can be lost passively or a specific phosphatase can remove the phosphorylation, leading to
an inactive RR, which can then be phosphorylated again. Currently, over 5000 bacterial genomes
have been sequenced with over 70,000 predicted HKs and over 500,000 predicted RRs (207).

Vibrio cholerae is the Gram-negative motile bacterial pathogen that causes the
gastrointestinal disease, cholera. In areas where cholera is endemic, disease occurrence parallels

seasonal pattern and climate changes (164). In regions where cholera is nonendemic, upon
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introduction of the pathogenic bacteria, poor sanitation leads to rapid bacterial dissemination via
the fecal-oral route (208). Despite causing illness in human hosts, V. cholerae is a natural aquatic
inhabitant and survives many environmental niches including the tropics such as the Bay of Bengal
and temperate waters world-wide, including Australia, Italy, and Sweden (209-211). With over 43
predicted HKs and 52 putative RRs (182), V. cholerae employs TCSs as a major tool to sense and
respond to these environmental changes, helping it survive stressors such as changes in
temperature and salinity, and to resist predators such as bacteriophages and protists.

Several TCSs have been characterized in V. cholerae. These TCSs regulate behaviors such
as quorum sensing, virulence, nutrient availability, and biofilm formation. Biofilm formation is
crucial to the bacterium since it facilitates survival in the aquatic environment and transmission to
the human host. Of the 52 putative RRs, 12 RRs have been shown to regulate biofilm formation
positively and negatively. For example, VpsR, VpsT, LuxO, and VxrB activate biofilm formation
while PhoB, VarA, VieA, VarR, VCI1348, and VCAO0210 repress biofilm formation
(30,67,72,74,182,212-217). VpsR is the master regulator of biofilm formation (30,53,60,71,72).
We have recently shown that in the presence of small molecule, cyclic-di-guanosine
monophosphate (c-di-GMP), VpsR directly activates transcription in vitro with RNA polymerase
(RNAP) containing the primary sigma (o) factor, 70 (30). Based on amino acid homology, VpsR
has been classified as an enhancer binding protein (EBP). EBPs have three distinct domains: a
receiver (REC) domain, an ATPases Associated with diverse cellular Activities (AAA+) domain,
and a helix-turn-helix (H-T-H) domain. For many EBPs, the AAA+ domain interacts with the
alternate o factor, 54. However, VpsR is an atypical EBP since both its REC and AAA+ domains
contain substitutions at highly conserved residues needed for activity. Although VpsR is

considered an orphan response regulator due to the lack of cognate histidine kinase directly
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upstream of the vpsR gene, a highly conserved aspartic acid residue (D59) is present within the
REC domain, suggesting that it might be phosphorylated (Fig. 4.1). This idea is bolstered by a
previous study, which has demonstrated that cells complemented with the phosphodefective DS9A
variant cannot form biofilms, while cells complemented with the phosphomimetic D59E variant
produce biofilms at levels similar to wildype (WT) (171). However, we have shown previously
that purified VpsR, heterologously produced in E. coli, is active for in vitro transcription without
needing treatment with a HK or acetyl phosphate, an unexpected result given the usual instability
of a phosphorylated aspartic acid residue (205,206). Thus, the phosphorylation status of VpsR has
remained unknown, a kinase responsible for phosphorylating VpsR has remained unidentified, and
the role of phosphorylation in transcription activation has remained to be determined.

Along with TCSs, the highly ubiquitous second messenger, c-di-GMP, also regulates
biofilm formation. c-di-GMP is generated from two GTP molecules by diguanylate cyclases
(DGCs) containing GGDEF domains. c-di-GMP is then degraded into GMP or pGpG by
phosphodiesterases (PDEs) containing conserved EAL or HD-GYP domains (218). The V.
cholerae genome contains 31 GGDEF, 22 EAL, 9 HD-GYP, and 10 combined GGDEF-EAL
domain proteins (219). Levels of c-di-GMP controls the transition between the motile planktonic
state and the sedentary biofilm lifestyle negatively and positively, respectively (169). Along with
biofilms and motility, other phenotypes regulated by c-di-GMP include quorum sensing, DNA
repair, predation, stress response, virulence, and cell cycle progression (26,27,169).

As the master regulator of biofilm formation, VpsR activates several biofilm promoters
including P,pma, Promr, Pupse, Pupst, Popsv (Chapter 3). Transcription initiation is a multistep process

mediated by RNAP. RNAP core is comprised of five subunits: 2 as, 3, B’, and ®. During the first

step of this process, core binds the ¢ factor to form the RNAP holoenzyme. Primary o factors
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facilitate recognition of -35 and -10 consensus DNA elements. Upon binding to the DNA, RNAP
forms the unstable closed complex (RPc). The RPc contains double-stranded (ds) DNA and is
typically very short-lived, quickly isomerizing to the stable open complex (RPo). Major
conformational changes are seen in the RPo/DNA complex including DNA bending and
unwinding of the DNA from -11 to ~ +5 relative to the +1 transcriptional start site (TSS)
(84,91,92). While some promoters are active with RNAP alone, other promoters with suboptimal
sequences use activators, including RRs, to activate transcription at various steps of initiation, such
as recruitment of RNAP, formation of the open complex, and/or promoter clearance (85). Class I
and Class II are the major classes of activation (95). During Class I activation, the activator binds
to a site centered upstream of the core promoter sequence typically around -60 and interacts with
the aCTDs, while during Class II activation, the activator binds to sites overlapping or
immediately adjacent to the -35 element and interacts with 670 region 4 and/or aNTDs (85). As
seen at P,yma, Promr, Pupsz, and Py,u, VpsR can function as either a Class I and Class II activator
with RNAP and c-di-GMP, allowing VpsR to regulate a large collection of promoters (Chapter 3).

Here we have explored the role of VpsR phosphorylation at P, using the phosphomimetic
variant D59E, the phosphodefective variant D59A, and a specially purified VpsR (VpsR™) that
requires the presence of acetyl phosphate for function. For most RRs, phosphorylation has been
found to promote dimerization and/or DNA binding by the RR, leading to an active RR or
RR/DNA that can then recruit RNAP. However, we find that phosphorylation of VpsR is not
needed for these properties. Instead phosphorylation is needed to generate the correct architecture
of the activated transcription complex containing VpsR, c-di-GMP, RNAP, and P,,;. Our results

indicate that together with c¢-di-GMP, the activity of VpsR can be regulated through
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phosphorylation, suggesting that regulation of biofilm biogenesis in V. cholerae is dependent on

the phosphorylation state of this master regulator.

90



4.2 Materials and Methods
DNA.

pMLHO06 contains the vpsL promoter from -97 to +213 cloned into the EcoRI and HindIII
restriction enzyme sites of pRLG770 (175). pMLH10 contains the vpsL promoter from -97 to +213
cloned into the Spel and BamHI restriction sites of pBBRIux (74). pMLH17 containing vpsR
wildtype was constructed as previously described (30). pMLH18 and pMLH19 contain the vpsR
D59A and D59E, respectively, and were constructed from pMLH17 using QuikChange (Agilent).
Primer sequences are available upon request.

pMLHI11 is a pET28b(+) derivative (Novagen) that contains vpsR cloned as previously
described (30). PCR was used to amplify the pET28b(+) vector for restrictionless cloning. Gibson
Assembly Master Mix (New England Biolabs) was used to assemble the PCR products and vectors
according to manufacturer’s instructions. pMLH14 and pMLH15 contain the vpsR variant genes
encoding VpsR D59A and VpsR D59E, respectively, which were constructed from pMLH]11 using
QuikChange (Agilent).

pCMW?75 contains an active Vibrio harveyi DGC, grgB, and was used for generating high
levels of c-di-GMP in gene reporter assays (70). pCMWO98 contains an inactive V. harveyi DGC,
qrgB, and was used for generating low levels of ¢-di-GMP (70).

Fragments containing P,,; used for EMSAs and DNase I footprinting were obtained as
PCR products as previously described (30), using primers that annealed from positions -97 to +113

relative to the transcription start site (TSS) of vpsL.
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Strains and growth conditions.

Cloning strains include E. coli ElectroMAX DHI10B (Invitrogen) and E. coli DH5a (New
England Biolabs), while protein synthesis strains include BL21(DE3) and Rosetta2 (DE3)/pLysS
(New England Biolabs). The V. cholerae strains, CW2034 (AvpsL), WN310 (AvpsL AvpsR), and
BP52 (AvpsR) were derived from the El Tor biotype strain C6707str2 (178). Strains carrying
mutations in vpsR were constructed using the pKAS32 suicide vector as described (220). For /ux-
fusion assays in V. cholerae, strains containing a deletion in vpsL were used to prevent cellular
aggregation. This allowed us to obtain accurate readings of reporter gene expression at high levels
of c-di-GMP by preventing cellular aggregation (70). Overnight strains were diluted 1:100 and
0.5mM IPTG was added to induce the DGC, QrgB, from the plasmid pPCMW?75, leading to the
synthesis of high concentrations of c-di-GMP (70). Strains were grown and /ux fusion assays with
at least two biological replicates and three technical replicates were performed as previously
described (30). For lux-fusion assays in E. coli, MG1655 and AackAApta strains were used.
Overnight strains were diluted 1:100, immediately induced with 0.02% arabinose to synthesize
VpsR and grown to an OD600 of approximately 0.3 prior to 0.5mM IPTG induction of DGC. Lux

fusion assays were performed as previously described (30).

Proteins.

E. coli RNAP core was purchased from Epicenter Technologies and New England Biolabs
(NEB). E. coli 670 was purified as previously described (180). WT VpsR, D59A, and D59E
protein variants were expressed and purified from Rosetta2 (DE3)/pLysS (Novagen) containing
pMLHI11, pMLH14, or pMLH15, respectively, as previously described (30). Nonphosphorylated

VpsR™ was expressed and purified as previously described with the modifications below (30).
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After centrifugation of the induced culture at 13,000 x g for 10 minutes, the cell pellet was
resuspended in 20 mL Binding Buffer [20 mM Tris-HCI (pH 7.5), 500 mM NaCl, 5 mM imidazole,
and 1 mM PMSF], sonicated, centrifuged at 17,500 x g for 20 minutes, and resuspended again in
Binding Buffer. Upon centrifugation at 17,500 x g for 15 min, the pellet was resuspended in 8 ml
Binding Buffer containing 6 M Urea (Binding Buffer/6M urea), rocked gently for an hour, and
centrifuged at 17,500 x g for 15 minutes. The supernatant was carefully removed to a new
centrifuge bottle, centrifuged as before, and filtered through a 0.8 micron syringe filter. After pre-
equilibiration of the Ni-NTA His-binding resin (QIAGEN) with Binding Buffer/6M urea, 2 ml of
the supernatant was mixed with 2 ml of the resin slurry and gently rocked for at least one hour,
then loaded into a 10 ml disposable column (Bio-Rad) and washed first with 12 ml Binding
Buffer/6 M Urea and and then with 12 ml Wash Buffer [20 mM Tris-HCI (pH 7.5), 500 mM NaCl,
10 mM imidazole, 6 M urea]. VpsR was eluted twice with 3 ml Elute Buffer #1 (20 mM Tris-HCI
[pH 7.5], 500 mM NaCl, 10 mM imidazole, 6 M Urea, 60 mM imidazole) and then twice with 3
ml Elute Buffer #2 (20 mM Tris-HCI [pH 7.5], 500 mM NaCl, 10 mM imidazole, 6 M Urea, 200
mM imidazole). The eluted protein was renatured by sequential dialysis in the following buffers:
1 X Reconstitution Buffer (RB) (50 mM Tris-HCI [pH 7.5], 1 mM EDTA, 0.1% Triton X-100,
20% glycerol, 1 mM DTT) containing 6M urea, three times; 2 X RB containing 6M Urea; 2 X
RB containing 3M urea; 1 X RB containing 3M urea; 2 X RB containing 3M urea; 2 X RB; 1 X
RB, three times; and VpsR Storage Buffer (20 mM Tris-HCI [pH 7.5], 1 mM EDTA, 10 mM NaCl,
20% glycerol, 0.1 mM DTT), four times. Dialyzed protein was stored at -20°C. Protein
concentrations were determined by comparison with known amounts of RNAP core after SDS-

PAGE and gel staining with Colloidal Blue (Invitrogen).
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In vitro phosphorylation of VpsR with acetyl phosphate

0.0039¢ of lithium potassium acetyl phosphate (Sigma) was dissolved and resuspended in
20mM Tris, 7.5 to make a final concentration of 200mM acetyl phosphate. A final concentration
of 20mM acetyl phosphate was added to VpsR™ and incubated at room temperature for 30 min,

forming VpsR™“"~P.

BS® Crosslinking.
Crosslinking reactions containing 1.5 uM of VpsR, 5 mM of BS’ crosslinker (Thermo
Scientific), and 50 uM of c-di-GMP, as indicated, were incubated at room temperature for 30 min.

After quenching with a final concentration of 0.1 mM Tris-Cl (pH 7.5), proteins were separated
by SDS-PAGE on a 10-20% (wt/vol) Tris-tricine gel (Invitrogen) and stained with Colloidal Blue

(Invitrogen) and/or SilverXpress (Invitrogen).

Electrophoretic Mobility Shift Assays.

Complexes were formed as described previously (30). 5 nM of **P-labeled DNA was
incubated as indicated with the following: VpsR (final concentration from 0.2 uM to 2 uM); 0.16
uM of reconstituted RNAP (o:core ratio of 2.5:1); and 50 uM of c-di-GMP at 37°C for 10 min in
transcription buffer. 1 pg of poly(dI-dC) or 500 pg of heparin was added to VpsR-DNA complexes
or transcription complexes, respectively. VpsR-DNA complexes were loaded onto 5% (wt/vol),
nondenaturing polyacrylamide gels already running at 100 V in 1 X Tris/borate/EDTA (TBE)
buffer and electrophoresed for 1.5 h. Transcription complexes were loaded onto 4% (wt/vol)
nondenaturing, polyacrylamide gels already running at 100 V in 1 X TBE buffer. Samples were

electrophoresed for 3 h at 380 V/h. After autoradiography, films were scanned on a Powerlook
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2100XL densitometer. Using the Quantity One software (Bio-Rad), Kyeapp)s were calculated by

determining the VpsR concentration needed to shift 50% of the free DNA.

In Vitro Transcriptions.

Single round in vitro transcriptions contained 0.02 pmol of supercoiled template, 0 to 3.0
pmol of VpsR, 0 to 50 uM of c-di-GMP, reconstituted RNAP (0.2 pmol of 670 plus 0.05 pmol of
core), 1 X transcription buffer [40 mM Tris-acetate (pH 7.9), 150 mM potassium glutamate, 4 mM
magnesium acetate, 0.1 mM EDTA (pH 7.0), 0.01 mM DTT, and 100 pg/mL BSA] in a total
volume of 5 ul. After incubation at 37°C for 10 min, a solution (1 pl) containing rNTPs (2.86 mM
ATP, GTP CTP, and 71 uM [a->*P] UTP at 5 x 10* dpm/pmol) and 500 ng heparin were added to
each reaction. Reactions were incubated for another 10 min at 37°C and subsequently collected on
dry ice with the addition of formamide load solution (15 pL). 10 pL aliquots were electrophoresed
on 4% (wt/vol) polyacrylamide, 7 M urea denaturing gels for 2500 volt-hrs in 0.5 X TBE buffer.
After electrophoresis, gels were exposed to X-ray films, films were scanned, and radioactivity was

quantified as described above.

DNase I footprinting.

Solutions were assembled as described above for EMSAs. DNA (0.04 uM) was incubated
with the following as indicated: 1.4 uM VpsR; 50 uM c-di-GMP; and/or 0.16 pM of reconstituted
RNAP (o:core ratio of 2.5:1). After an incubation of 10 min at 37°C, heparin was added to
complexes with RNAP for 15 s to ensure binding specificity prior to addition of a 1.5 pL solution
containing 0.3 U of DNase I. No additional competitor was added to complexes containing just

VpsR and DNA + - ¢c-di-GMP since these reactions already contained 1 pg of poly(dI-dC). After
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an additional 30 s incubation at 37° C to initiate DNase I cleavage reactions, samples were
immediately loaded onto 4% (wt/vol) nondenaturing, polyacrylamide gels already running at 100
Vin 1 X TBE buffer. Samples were electrophoresed for 3 h at 380 V/h. After autoradiography,
the protein/DNA complexes were excised and extracted DNA was isolated electrophoresed on

denaturing gels as described (156).

Potassium Permanganate Footprinting.

For potassium permanganate (KMnOjy) footprinting, reactions were assembled as described
above for DNase I footprinting and as described previously (30). Briefly, after addition of 500 ng
of heparin to ensure transcription complex stability, a final concentration of 2.5 mM KMnO, was
added prior to incubation at 37°C for 2.5 min. Reactions were quenched with 5 puL of 14 M 2-

mercaptoethanol, and further processed as described (156).

Trypsin proteolysis.

VpsR (1.8 pg) in 1 X Transcription Buffer with and without 50 uM c¢-di-GMP, as indicated,
was incubated for 10 min at 37°C. Trypsin (36 ng, Thermo Scientific) was added to the reaction
and aliquots were removed 2, 5, 10, 30, and 60 min after incubation at 37°C. Samples were
quenched with 4 X SDS-PAGE loading buffer (200 mM Tris, 6.8, 8% SDS, 0.4% bromophenol
blue, 40% glycerol), heated at 95°C, loaded onto a 10-20% (wt/vol) Tris-tricine gel (Invitrogen)

and stained with SilverXpress (Invitrogen).
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4.3 Results
The VpsR residue D59 is needed for transcription activation both in vive and in vitro.

Given that VpsR lacks both a GAFTGA motif and the typical DE residues within the
Walker B motif that are signature features of an EBP, it is not surprising that it functions with 70-
RNAP rather than with 654-RNAP. However, VpsR does retain the highly conserved aspartic
acid (residue D59 within VpsR), which is located in its N-terminal receiver domain and is typically
the site of phosphorylation for an EBP (Fig. 4.1). Previous studies have found that substitution of
a conserved aspartic acid to an alanine (phosphodefective) renders an RR inactive, while the
aspartic to glutamic substitution (phosphomimetic) generates a phenotype similar to WT
(137,221,222). This same result has been observed for VpsR in biofilm formation. WT VpsR and
the D59E variant form robust biofilms, while biofilm production is poor in the presence of the
D59A variant (171). However, no cognate histidine kinase for VpsR has been identified and no

biochemical studies have been reported showing that VpsR is phosphorylated.

VpsRVe VIDLSHDEFSLNGIANLVSSHEQVEWLAFIRE-AQLSSDTICQFI-VNFCIDFFTAFPIPDA 115
NtrCve SPLEM=~PGMDGIALLNQVHQRTPELPVIIMTAHSDLDAAVNAY-QQGAFEYLPEPFDVD 109
NtrCEco SPLEM==~PGMDGLALLEQIKQRHPMLPVIIMTAHSDLDAAVSAY-QQGAFDYLPEPFDID 109
HydGEco CDVEM==~AEMDGIATLEEIRALNPAIPVLIMTAYSSVETAVEAL=-KTGALDYLIKPLDFD 111
AlgBPpu LDLRL=-~GEDNGLDVLAQMRIQAPWMRVVIVTAHSAVDTAVDAI-QAGAADYLVEPCSPD 114
HupRRca CDREM=~PGRTGVDFLTEVRERWPETVRIIITGYTDSASMMAATNDAGTIHQFLTEPWHPE 111

& . - - . N TE B

Figure 4.1: CLUSTAL Omega alignment of the N-terminal domain of VpsR with other
Enhancer Binding Proteins. VpsR (VpsRVc) is aligned with NtrC from V. cholerae (NtrCVc),
NtrC from E. coli (NtrCEco), HydG from E. coli (HydGEco), AlgB from Pseudomonas putida
(AlgBPpu), and HupR from Rhodobacter capsulatus (HupRRca). Astericks indicate conserved

signature residues. The highly conserved D59 residue possibly involved in phosphorylation is
boxed in black.

To investigate whether VpsR phosphorylation might be involved in transcription activation
at Py, we tested WT VpsR, VpsR D59A, and VpsR D59E in transcriptional /ux-fusion assays in

V. cholerae and in in vitro transcription assays. We found that the D5S9A substitution seriously
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impairs activation while VpsR D59E behaves similarly to WT in vivo (Fig. 4.2A) and in vitro (Fig.

4.2B, 4.2C). Our primer extension analyses confirmed these results (Fig. 4.3).
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Figure 4.2: VpsR D359 residue is required for in vivo and in vitro activities at Py,;. (A)
Expression of vpsL-lux was determined in WT VpsR, VpsR D59A, or VpsR D59E mutations under
low or high ¢-di-GMP conditions in E. coli. Cells were grown to an ODsg of approximately 0.5
and induced with a final concentration of 0.2% arabinose to induce VpsR synthesis and/or I mM
IPTG to induce c-di-GMP synthesis. Error bars indicate standard deviation of three independent
cultures. (B) Single round in vitro transcription from plasmid template P,,,; with E. coli RNAP
containing 670 and either WT VpsR, VpsR D59A, or VpsR D59E with or without c-di-GMP. (C)
Histogram of at least three independent experiments of multiple round in vitro transcriptions with
standard deviations.

Similar to our previous results with strains containing WT VpsR (30), we identified two
predominant transcriptional start sites (TSS) using RNA isolated from in vitro transcriptions as
well as from V. cholerae: an A nucleotide and a G nucleotide located 59 bp and 57 bp upstream of
the vpsL AUG, respectively (Fig. 4.3). These 5’ ends are observed using RNA made with the
phosphomimetic variant D59E (Fig. 4.3A, lane 6; Fig. 4.3B, lane 7), and significantly decreased

with the RNA made with the phosphodefective variant DS9A (Fig. 4.3A, lane 5; Fig. 4.3B, lane

6).
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VPSR-
VPSR-
VPSR-

VpsR WT A E c-di-GMP - - + + + +
c-di-GMP -+ - + + + PVpPSR WT A E

i

Processed
start sites

GA 12 3 4 56 GA 12 34567
Figure 4.3: In vitro and in vivo primer extensions at P,,;; require c-di-GMP and WT VpsR
or the phosphomimetic DS9E variant. RNA was isolated from (A) in vitro transcriptions or (B)
V. cholerae. Two major primer extension products, an A nucleotide and a G nucleotide, which are
observed only in the presence of both c-di-GMP and WT VpsR or phosphomimetic D59E are
indicated with black arrows.

To investigate open complex formation directly, we performed KMnQO, footprinting. These
analyses indicated that VpsR D59E behaves similarly to WT (Fig. 4.4A, lanes 2 and 6; Fig. 4.4B,
lanes 2 and 6). In contrast, VpsR D59A is seriously impaired in the formation of the open complex
(Fig. 4.4A, lane 4; Fig. 4.4B, lane 4), generating a low level of KMnOjy cleavage within the bubble
similar to what is seen by RNAP alone (30). These results indicate that D59 is a crucial residue for

VpsR and are consistent with the idea that phosphorylation of VpsR is needed for transcriptional

activation.
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A. Nontemplate B. Template

RNAP + o+ o+ o+ o+ 4+ - - RNAP + o+ o+ o+ o+ o+ - -
c-di-GMP + + + + + + + + c-di-GMP + + + + + + - -
VpsR WEWFEA A E E - - VpsR WEWTA A EE - -
KMnO4 -+ -+ -+ - 4+ GA KMno4 - + - 4+ - 4+ - 4+ @A

.=15T
.-11T

.=5

+5 TTCTTTTTTT -4

.+6

.+11

1 2 3 4 56 7 8 1 2 3 4 5 6 78

Figure 4.4: WT and VpsR DS9E form the open complex with RNAP and c¢-di-GMP at P,
in KMnO, footprinting. (A) Reactive thymines within the transcription bubble are observed at
positions -6 and -7 on nontemplate DNA. (B) Reactive thymines within the transcription bubble
are observed at positions -11, -4, -3, -2, -1, +1, and +2 on template DNA. GA corresponds to G+A
ladder.
Dimerization and DNA binding by WT VpsR, VpsR D59A, and VpsR D59E are similar.

Multiple studies have found that for many RRs, phosphorylation promotes protein
dimerization, which then enhances DNA binding (223-227). We previously demonstrated using
BS® crosslinking that VpsR forms dimers in the absence and presence of c-di-GMP (30). To
determine if VpsR phosphorylation affected this oligomer formation, we repeated the BS’
crosslinking using the DS9A and D59E variants. As seen in Fig. 4.5, the level of crosslinked dimer
is similar using WT VpsR, VpsR D59A, or VpsR D59E in the presence or absence of c-di-GMP.

These results indicate that unlike many other phosphorylated RRs (223-227), VpsR does not

require phosphorylation to dimerize.
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VpsR WT VpsR D59A VpsR D59E

c-di-GMP - - + + - - + + - - + +
BS3 e S T
150 kDa——

100 kDa——»

75 kDa——» —
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Figure 4.5: WT VpsR, VpsR D59A, and VpsR DSIE form dimers in vitro with or without c-
di-GMP. Samples containing 1.5 mM of VpsR with and without 50 mM c-di-GMP were treated
with the chemical cross-linker BS® as indicated and separated on a 10-20% (wt/vol) Tricine gel
that was stained with Colloidal Blue. Black arrows indicate position of VpsR monomer (~50kDa)
and grey arrows indicate position of VpsR dimer (~100kDa). Each sample was repeated
independently three times, and a representative gel image is shown.

However, the dimers formed by the variants might have different protein conformations. To
investigate this, we performed limited trypsin proteolysis in the presence and absence of c-di-GMP
(Fig. 4.6). Although there were subtle differences in these patterns among the proteins, there were
no differences that suggested a different conformation for the active WT and D59E proteins vs.
the impaired D59A protein. These results are again consistent with the idea that phosphorylation
is not needed to generate a particular dimer conformation. Presence of c-di-GMP (Fig. 4.6, lanes
6-10) vs. absence of c-di-GMP (Fig. 4.6, lanes 1-5) also do not reveal significant differences in

digestion patterns. Thus, like phosphorylation, ¢c-di-GMP do not impart large conformational

changes within the protein.
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Figure 4.6: Trypsin proteolysis of WT VpsR, VpsR D59A, and VpsR DS9E with or without
c-di-GMP. Samples containing 1.6 pug of (A) WT VpsR, (B) VpsR D59A, or (C) VpsR D59E was
incubated in the absence of ¢-di-GMP (lanes 1-5) or presence of 50 uM c-di-GMP (lanes 6-10) for
10 min. After digestion with trypsin for 2 min (lanes 1 and 6), 5 min (lanes 2 and 7), 10 min (lanes
3 and 8), 30 min (lanes 4 and 9), and 60 min (lanes 5 and 10), samples were separated on a 10-
20% (wt/vol) Tricine gel and stained with SilverXpress.

Next, we used gel retardation assays to investigate whether the phosphodefective and
phosphomimetic D59 substitutions affect the affinity of VpsR for the DNA (Fig. 4.7). We
previously reported an apparent dissociation constant (Kgapp)) for WT VpsR binding to P, by
determining the amount of VpsR needed to shift 50% of the DNA. We found that the presence of
c-di-GMP did not enhance VpsR binding to the DNA [2.22 uM (+/- 0.64 uM) without c-di-GMP,
1.66 uM (+/- 1.00 uM) with c-di-GMP] (30). VpsR D59A and VpsR D59E with and without c-di-

GMP bound the DNA in similar ranges, from 1.04 uM to 1.82 uM (Fig. 4.7D).
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Figure 4.7: WT VpsR, VpsR D5S9A, and DS9E bind P,,;; DNA with similar affinities with or
without ¢-di-GMP. (A-C) Representative gels showing the retardation of the **P-labeled DNA
harboring -97 to +103 of P,z with increasing VpsR concentrations either in the absence (lanes 1-
5) or presence (lanes 6-10) of c-di-GMP. Black arrows indicate retarded complexes while grey
arrow indicates free DNA. (D) Quantitation of gel retardation assays. Apparent DNA-binding
dissociation constants (Kgpp)) Were calculated as the concentration of VpsR needed to retard 50%
of the free DNA. Values from at least three EMSAs were analyzed using one-way ANOVA with
Tukey’s HSD posthoc analysis (ns, not significant).

To investigate whether the substitutions affect the protein-DNA contacts within the
VpsR/DNA complex, we performed DNase I footprinting in the presence or absence of c-di-GMP.
To ensure that we were observing the footprint of the stable and specific protein complex of
interest, we challenged the complexes with poly(dI-dC), treated them with DNase I, and then
isolated the complexes from gel retardation assays prior to isolating the DNase I-cleaved DNA.
Like previous studies, the DNase I footprint patterns for WT VpsR were similar in the absence and
presence of c-di-GMP, and binding site for WT VpsR extended from -31 to -52 on nontemplate
P, and from -34 to —53 on template P, (Fig. 4.8A and 4.8B, lanes 2 and 5) (30,71). The D59A

and D59E variants protected the DNA similarly (Fig. 4.8A and 7B, lanes 3, 4, 6, and 7), although

103



protection was somewhat weaker overall. Thus, we conclude that there are no significant

differences in the protein-DNA interactions among the variants in the presence or absence of c-di-

A. Nontemplate B. Template
RNAP - - - - - - -+ 4+ + + ++ RNAP = - - - - - - - -+ 4+ + + + +
c-di-GMP - - -+ + + - -+ - + + + c-di-GMP - - - -+ + o+ - -+ - + + +
VpsR - WIAEWTAE - - -WTWTA E VpsR -WT A EWT A E - - -WTWT A E

L
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Figure 4.8: DNase I footprinting of P,,,; containing WT VpsR, VpsR D5S9A, and VpsR DS9E
complexes on nontemplate DNA and template DNA. GA corresponds to G+A ladder. VpsR, c-
di-GMP, and/or RNAP are present as indicated. To the right of each gel image, a schematic
indicates the -10 and -35 regions and the +1. The VpsR binding site is indicated as a dashed red
line. DNase I protection regions and hypersensitivity sites seen with the activated complex of
RNAP, VpsR, c-di-GMP, and DNA are depicted as black rectangles and horizontal arrows.
DNase I footprinting analyses suggest that phosphorylation is needed to form the active
transcriptional protein/DNA architecture at P,,;.

Although either RNAP alone or RNAP/c-di-GMP/D59A yielded a basal level of
transcription from P,,;, both RNAP/c-di-GMP/VpsR and RNAP/c-di-GMP/D59E resulted in
activated transcription. Given that the activities of WT VpsR and the D59A and D59E variants
were similar in the dimerization and DNA binding assays, these results suggested that the

architecture of the transcription complexes made in the presence of c-di-GMP by WT VpsR or

VpsR D59E might be the significant difference between the active proteins and the inactive D59A
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variant. To investigate whether protein-DNA interactions differed among complexes formed with
RNAP and the variants, we performed DNase I footprinting. To minimize nonspecific background
DNA cleavage sites and to ensure that the observed footprints originated specifically from the
transcription complexes, we treated the complexes with DNase I and then isolated the stable
complexes from gel retardation assays prior to isolating the DNA.

We previously reported the DNase I footprints of RNAP alone, RNAP/c-di-GMP,
RNAP/VpsR, and RNAP/c-di-GMP/VpsR at P, (30). We repeated these here to compare the
complexes made with WT VpsR vs. the phosphovariants. As observed before, the DNase I
footprints obtained with the basal transcription complexes formed with RNAP alone, RNAP/c-di-
GMP, or RNAP/VpsR at P,,; were similar and consistent with the formation of a weak
transcription complex, while the activated complex of RNAP/VpsR/c-di-GMP at P,,;; generated
distinct footprints, consistent with an activated open complex in which the DNA is protected from
-58 to +30 (30). In particular, enhanced protection in the downstream portion of the VpsR binding
site and enhanced cleavage in the upstream portion of the VpsR binding site were only observed
in the presence of RNAP/c-di-GMP (Fig. 4.8A and 4.8B, lane 11), suggesting that the presence of
RNAP/c-di-GMP alters the VpsR DNA binding pattern.

Though both the D59A and D59E variants bound the DNA similarly in the presence and
absence of c-di-GMP, the presence of the phosphodefective VpsR D59A, which is inactive for
transcription activation (Fig. 4.2), did not significantly alter the basal footprint made by RNAP
alone (Fig. 4.8A and 4.8B, lanes 9-11, and 13)]. However, the footprints obtained with VpsR D59E
(Fig. 4.8A and 4.8B, lane 14), although weaker, were similar to those of the activated complex

(Fig. 4.8A and 4.8B, lane 12). Furthermore, the hypersensitivity sites at -23 on the nontemplate
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strand and -59 on the template strand were observed with either WT VpsR and the D5S9E variant
(Fig. 4.8A and 4.8B, lanes 12 and 14).

Taken together, the footprints again demonstrate that VpsR D59 is a residue that is required
for activation and suggest that in addition to c-di-GMP, phosphorylation of VpsR or the acidic

nature of the D59 residue are required to achieve the distinct, activated transcription complex.

An inactive, nonphosphorylated VpsR, purified after denaturation/renaturation, becomes
active after addition of acetyl phosphate.

In our previous study and the experiments described to this point, we used WT VpsR that
was heterologously produced in E. coli from a plasmid construct (30). This purified protein was
active even though it was not subsequently treated with a kinase or with a chemical reagent, such
as acetyl phosphate, to ensure phosphorylation. Furthermore, addition of acetyl phosphate to the

purified protein did not increase the level of transcription (Fig. 4.9).

RNAP + + + + +
c-di-GMP - - + - +
VPSR - + + + +
Acetyl P - - + +

— - — .

Figure 4.9: Acetyl phosphate has no effect on transcription activation in vitro when using the
WT VpsR isolated without denaturation. Multiple round in vitro transcription from plasmid
template P,,,; with E. coli RNAP containing 670 and VpsR and as indicated, c-di-GMP and/or
acetyl phosphate (~P).

Given the results with the phospho-variants, we speculated that perhaps our purified WT VpsR

was phosphorylated in vivo and retained this phosphorylation throughout the purification process.
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However, phosphorylation of an aspartic acid tends to be quite labile (205,206), and we would not
expect that it could be retained. Consequently, we considered the following possibilities: 1) D59
is a crucial residue that can be replaced by a glutamic acid, but it is not actually phosphorylated;
2) phosphorylation of D59, which occurs in vivo either by acetyl phosphate or through an unknown
non-cognate E. coli sensor kinase, is atypically stable; or 3) phosphorylation of D59 in vivo
converts VpsR to a different conformation that then is maintained even if phosphorylation is lost.
We hypothesized that if direct phosphorylation of D59 of VpsR was needed, then a purification
protocol that involved a denaturation/renaturation step might result in a protein that either lost the
phosphorylation or lost the conformation triggered by phosphorylation. It would then need to be
phosphorylated again. Previous VpsR purification methods, including ours, have involved
purifying the protein from the soluble lysate even though most of the VpsR protein remains
insoluble within the pellet. Consequently, we purified VpsR from the insoluble pellet by
denaturation in buffer containing 6M urea and then slowly renatured the protein. We refer to this
protein as VpsR™".

Acetyl phosphate has been used with other RRs as a way to phosphorylate an aspartic acid
residue in the absence of the HR (154). Consequently, we tested VpsR™ in in vitro transcription
reactions (Fig. 4.10), KMnOy footprinting analyses (Fig. 4.11), BS® crosslinking studies (Fig.
4.12), trypsin digestions (Fig. 4.13), gel retardation assays (Fig. 4.14), and DNase I footprinting

analyses (Fig. 4.15) in the presence or absence of acetyl phosphate.
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RNAP + + + + +
c-di-GMP - - + - +
VpsRre? - + + + +
Acetyl P - - - + +

1 2 3 4 5

Figure 4.10: In vitro transcription activation using VpsR"™" requires acetyl phosphate (Ac~P).
Single round in vitro transcription from plasmid template P, with E. coli RNAP containing 70
and either VpsR™ or VpsR™'~P generated by the addition of Ac~P

RNAP - + + + + o+

c-di-GMP - - - + - +

VpsRren - - + + + +

Acetyl P - - - - + +
-15T.

-11T.

=-5.

+5 TTCTTTTTTT -4
s
+6. ’

+11.

GA 1 2 3 4 5 6

Figure 4.11: Formation of the open complex requires VpsR™" and Ac~P at P,,sr. Denaturing
gels show the products obtained after KMnO, footprinting. Reactive thymines within the
transcription bubble are observed at positions -11, -4, -3, -2, -1, +1, and +2 on template DNA. GA
corresponds to G+A ladder.
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Figure 4.12: VpsR™" and VpsR""~P form dimers in vitro with or without c-di-GMP. Samples
containing 1.5 mM of VpsR™" or VpsR™"~P with and without 50 mM c-di-GMP were treated with
the chemical cross-linker BS® as indicated and separated on a 10-20% (wt/vol) Tricine gel that was
stained with Colloidal Coomassie Blue. Black arrows indicate position of VpsR monomer
(~50kDa) and grey arrows indicate position of VpsR dimer (~100kDa).

A. VpsRren B. VpsRren~p
c-di-GMP - - - - - - + + + + + + c-di-GMP - - - - - - + + + + + +
' ) :
1 2 3 4 5 6 7 8 910 11 12 1 2 3 4 5 6 7 8 9 10 11 12

Figure 4.13: Trypsin proteolysis of VpsR™ and VpsR™~P demonstrates no significant

changes in protein conformation with or without c-di-GMP. Samples containing 1.6 pg of

protein was incubated in the absence of c-di-GMP (lanes 1-5) or presence of 50 uM c-di-GMP
(lanes 6-10) for 10 min. Samples were then digested with trypsin for 2 min (lanes 2 and §), 5 min
(lanes 3 and 9), 10 min (lanes 4 and 10), 30 min (lanes 5 and 11), and 60 min (lanes 6 and 12) prior
to quenching with 4 X SDS loading dye. A 10-20% (wt/vol) Tricine gel used to separate cleaved
products and stained with SilverXpress, is shown.

109



A. VpsRren B. VpsRre"~P

[VpsR] [VpsR~P]

c-di-GMP c-di-GMP

123 45 678910 123 45 678910

Figure 4.14: VpsR™ and VpsR™~P bind P,,; similarly with or without c-di-GMP.
Representative gels showing the retardation of the **P-labeled DNA harboring -97 to +103 of Pyt
with increasing (A) VpsR™ or (B) VpsR™~P concentrations either in the absence (lanes 1-5) or

presence (lanes 6-10) of c-di-GMP. Black arrows indicate retarded complexes while grey arrow
indicates free DNA.
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Figure 4.15: DNase I footprinting of P,,; transcription complexes containing WT VpsR,
VpsR™, and VpsR™"~P on nontemplate DNA and template DNA. GA corresponds to G+A
ladder. VpsR WT, VpsR™, VpsR™~P, c-di-GMP and/or RNAP are present as indicated. To the

right of each gel image, a schematic indicates the -10 and -35 regions and the +1. The VpsR
binding site is indicated as a dashed red line.
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In all of these assays, VpsR™ in the absence of acetyl phosphate resembled the phosphodefective
variant D59A. However, in the presence of acetyl phosphate, VpsR™" resembled our previously
purified WT VpsR and the phosphomimetic DS9E variant. In particular, activation of transcription
in vitro (Fig. 4.10, lane 5), KMnO4 footprinting, which measures the level of open complex (Fig.
4.11, lane 6), and the distinct DNase I footprints observed with the activated transcription complex
(Fig. 4.15, lane 6) were only seen with VpsR™" in the presence of acetyl phosphate. The addition
of acetyl phosphate had little to no effect on VpsR dimerization (Fig. 4.12) and protein
conformation (Fig. 4.13) as well as DNA binding (Fig. 4.14) in the absence and presence of c-di-
GMP. This was expected since these properties were similar whether using WT VpsR, the D5S9E
variant, or the D59A variant.

These results indicate that treatment of VpsR™ with acetyl phosphate is required to
generate a protein that is active in transcription, but is not needed for dimerization or DNA binding.
Taken with the highly conserved D59 residue, the ability of the DS9E variant to replace WT VpsR,
and the ability of acetyl phosphate to generate an active VpsR™", we conclude that phosphorylation
of VpsR at D59 is needed for VpsR’s transcriptional activity. However, we cannot eliminate the
formal possibility that acetyl phosphate acetylates the protein rather than working as a phospho-
donor. Our mass spectrometry analyses of previously purified VpsR did not detect
phosphorylation or acetylation (data not shown). Given the lability of a phosphorylated aspartic
acid residue, it is highly unlikely that we would detect phosphorylation. However, acetylation is
usually a stable modification. Consequently, we conclude that along with c-di-GMP,

phosphorylation is indeed needed to drive open complex formation to initiate transcription at Py;.
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Transcription activation by VpsR in vivo requires ackA pta

Acetyl phosphate is the intermediate of the phosphotransacetylase (Pta)-acetate kinase
(AckA) pathway. Pta converts acetyl-CoA and inorganic phosphate to acetyl phosphate and CoA
while AckA converts acetyl phosphate to acetate, generating ATP from ADP in the process. Thus,
in the absence of Pta, acetyl phosphate is not generated. To investigate whether the level of acetyl
phosphate in vivo affects transcription from P,,,;, we performed transcriptional /ux fusion assays
in E. coli WT MG1655 and MG1655 Aacka Apta strains containing plasmids that generate high
levels of ¢-di-GMP and elevated VpsR concentrations (Fig. 4.16). We find that the level of Jux
activity is ~6-fold lower in the Aacka Apta strain compared to WT MG1655, implicating acetyl

phosphate in the generation of active VpsR in vivo.
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Figure 4.16: vpsL-lux gene reporter assays in E. coli MG1655 and AackaApta. Both strains,
(A) MG1655 and (B) AackaApta contained pMLH10 (vpsL-lux), pPCMW75 (for high levels of c-
di-GMP), and pMLH17 (for VpsR overexpression). Error bars indicate standard deviation of at
least three independent cultures analyzed by one-way ANOVA with Tukey’s HSD posthoc
analysis (*p < 0.05; ns, not significant).

4.4 Discussion
Regulation of TCSs allows bacteria to quickly adapt to a wide variety of different

environments. Despite the extensive biochemical characterizations and identifications of hundreds
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of TCSs, research undercovering the role of RR phosphorylation in activating transcription is still
emerging. The best characterized phosphorylated RR is the OmpR/PhoB family. Phosphorylation
of proteins within this family promotes dimerization, which then significantly increases DNA
binding affinity (228). On the other hand, phosphorylation of Bordetella pertussis BvgA by its
cognate HR BvgS results in a more complicated situation. At the promoter Py, phosphorylation
of BvgA is needed to improve DNA binding (229). However, at another B. pertussis virulence
promoter Pj,3, phosphorylation of BvgA alters specific protein-DNA contacts in the presence of
RNAP (156). Without this phosphorylation, BvgA acts as a repressor by forming an incompetent
stable transcription complex with RNAP at Pj,,3 (156). In the case of VpsR, how or even whether
phosphorylation affects function has been unclear. There is no cognate kinase upstream of vpsR,
and VpsR purified after synthesis in E. coli from a plasmid-borne vpsR is active in vitro without
the addition of a kinase or acetyl phosphate (30). However, a highly conserved aspartic acid, D59,
is present within VpsR, and biofilm formation by V. cholerae, which is activated by VpsR, is
impaired by the phosphodefective substitution D59A, but is similar to WT with the
phosphomimetic substitution DS9E (171). These results strongly suggest that phosphorylation
might play a role.

We have investigated whether VpsR is actually affected by phosphorylation by testing the
functions of the phosphodefective D59A variant, the phosphomimetic D59E variant, and VpsR™",
a WT VpsR, which was purified by a protocol involving denaturation/renaturation. Our previous
purification procedure involved using the minor fraction of VpsR available in the soluble fraction.
We speculated this protein may by phosphorylated by acetyl phosphate or through an unknown
non-cognate E. coli sensor kinase in vivo. It is then active either because it retains this

phosphorylation or because phosphorylation generates an active conformation that remains after
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phosphorylation is lost. We find that the distinct footprint of the activated complex, open complex
formation, and transcription activation all require c-di-GMP and either VpsR™ that has been
treated with acetyl phosphate or the D59E variant. VpsR™" that has not been treated with acetyl
phosphate behaves like the DS9A variant and does not activate transcription above the basal level
seen with RNAP alone. Our results are consistent with the idea that phosphorylation of VpsR at
residue D59 is indeed needed to generate a protein that can activate transcription. However, it
should be noted that we have been unsuccessful in our attempts to detect phosphorylation of VpsR
either by Phos-tag gel or by mass spectrometry (data not shown).

Interestingly, formation of the active transcription complex at P, requires both c-di-GMP
and phosphorylation of VpsR (Figs. 4.2 and 4.10). Unlike the majority of c-di-GMP-dependent
transcription factors and RRs requiring phosphorylation (68,106,113,116,119,126-128,228),
neither c-di-GMP nor phosphorylation significantly affect VpsR’s ability to bind P, (Fig. 4.7)
and form dimers (Figs. 4.5 and 4.12) (30). This then leads to the question, is VpsR phosphorylation
dependent on c-di-GMP or vice versa? Our previous mass spectrometry analyses indicate that our
previously purified WT VpsR lacks c-di-GMP (30). Since VpsR™ is also devoid of c-di-GMP
and behaves similarly to this previously purified VpsR and the phosphomimetic DS9E variant,
VpsR may have a preference for phosphorylation over c-di-GMP binding. Thus, we hypothesize

that VpsR would be phosphorylated first and then bind c-di-GMP second.
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Figure 4.17: Mechanistic model of c-di-GMP-dependent transcription activation at P, ;. (A)
Major players for transcription initiation at P, include VpsR, DNA, c-di-GMP, and possible
phosphorylation of VpsR at the D59 residue. (B) VpsR forms a dimer in the presence and absence
of phosphorylation at D59 and/or c-di-GMP. (C) VpsR binds the DNA in the presence and absence
of phosphorylation and/or c-di-GMP. (D) Upon phosphorylation of VpsR at the D59 residue by an
unknown kinase and the presence of c-di-GMP, VpsR adopts a new conformation (now
represented as darks hexagons), enabling it to activate transcription and to form the open complex
with RNAP.

Our results are consistent with the idea that our heterologously produced VpsR is
phosphorylated as it is produced in E. coli either by crosstalk from a E. coli HK or by acetyl
phosphate. We used the Keio collection to screen for an E. coli kinase that might be responsible
for VpsR phosphorylation. However, we were unsuccessful in these attempts (data not shown),
suggesting that when VpsR is produced in E. coli, acetyl phosphate is the phosphodonor. Whether
there is a specific HK in V. cholerae responsible for VpsR phosphorylation and a phosphatase that
dephosphorylates is not known. Given the fact that the ability of VpsR to activate P, in a reporter

assay is diminished 10-fold in V. cholerae lacking pta, it appears that acetyl phosphate contributes

to VpsR phosphorylation in vivo either directly or indirectly. Despite gene expression evidence
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supporting RR phosphorylation by acetyl phosphate, the mechanism remains controversial.
Several mechanisms have been proposed to explain this link: 1) phosphorylation provides an
increase in ATP energy; 2) acetyl phosphate binds an ATPase, resulting in increased activity; or
3) acetyl phosphate directly donates a phosphate independent of a HK (154). The direct phospho-
donor model is the most attractive given that about 100 genes respond to the status of the acetyl
phosphate pool in vivo and that acetyl phosphate can donate to a large subset of RRs in vitro
including OmpR, NRI, RcsB, and BvgA (154). For these RRs that respond to acetyl phosphate in
vivo, they appear to possess one of three qualities: their cognate HK contains a phospho-aspartate
phosphatase activity (HKP) that functions mainly as a phosphatase; they exist in greater excess
over their cognate HK or HKP; or they lack a cognate HK. As mentioned earlier, VpsR lacks a
cognate HR, further supporting the possibility that acetyl phosphate is the phosphodonor for VpsR.

Although both c-di-GMP and phosphorylation play a role in transcription initiation by
forming the active stable and competent open complex with RNAP, it is possible that
phosphorylation alone may also play a distinct role in upregulating gene expression. Because the
phosphodefective D59A variant can still bind to the promoter DNA, we hypothesize that at certain
promoters, VpsR could act independently of RNAP and upregulate transcription via anti-
repression. For example, while VpsR binds to the epsC promoter, vpsA promoter, and vpsT
promoter in gel retardation assays (26,69,71,230), in vitro transcriptions at these promoters
demonstrate no differences in activation levels relative to basal level expression (data not shown).
All three promoters are also directly repressed by H-NS (75-77). Whether VpsR functions as an
anti-H-NS repressor remains to be determined.

In conclusion, we have discovered that VpsR is a unique and unusual RR. To our

knowledge, VpsR is the first RR that combines two signals, c-di-GMP and phosphorylation, to
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directly activate transcription with RNAP to upregulate biofilm genes. A transcriptome comparing
WT E. coli cells to those of cells that either accumulated acetyl phosphate or cells that were unable
to synthesize acetyl phosphate demonstrated that increased levels of acetyl phosphate correlated
with decreased expression in flagella biosynthesis as well as increased expression of biofilm genes,
type 1 pilus assembly, and stress response (231). This is reminiscent of c-di-GMP-dependent gene
regulation in V. cholerae. Thus, perhaps VpsR has evolved to use both c-di-GMP and
phosphorylation to positively activate biofilm biogenesis genes. As the master regulator of biofilm
formation as well as other processes such as T2SS and virulence, VpsR upregulates a wide variety
of different promoters with binding sites having various lengths and DNA sequences.
Incorporating two signals instead of simply one would allow VpsR to vary its mechanism of
transcription activation, allowing fine-tuning of gene expression. Future studies determining the
structural conformational changes that occur upon binding to c-di-GMP and/or phosphorylation

are in progress.
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CHAPTER 5:

Conclusions and Future Directions
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Biofilm formation and persistence on implantable devices are problematic in numerous
settings including hospitals, industries, and developing countries. Not only do biofilms exhibit
significantly decreased antimicrobial susceptibility, but they also prevent proper healing of chronic
wounds. Thus, it is thus crucial to understand how biofilm formation is regulated in bacteria to
develop new strategies to prevent their formation. The second messenger cyclic dimeric guanosine
monophosphate (c-di-GMP) is a central signaling molecule that controls biofilm formation as well
as motility, quorum sensing, virulence, cell cycle regulation, and other processes in the vast
majority of bacteria (169). However, the molecular mechanisms by which c-di-GMP directly
controls transcription remains largely uncharacterized. Previous studies in our laboratory and other
laboratories revealed that transcription of the Vibrio cholerae biofilm genes is regulated by both
c-di-GMP and the atypical enhancer binding protein (EBP) VpsR (30,53,60,71-73,147), although
the mechanism by which this occurs remained unknown until my recent work detailed in this
dissertation (Chapters 2-4).

The overarching aim of this dissertation is to determine how c-di-GMP signaling regulates
biofilm formation to develop new strategies to prevent and treat biofilm-based bacterial infections.
To elucidate the mechanism by which c-di-GMP binds and modulates regulators to directly control
transcription, I have utilized both in vivo and in vitro approaches to study how VpsR interacts with
c-di-GMP and regulates target genes using V. cholerae as a model organism. In chapter 2, |
determined that c-di-GMP is required and sufficient to form the activated transcription complex
with RNAP containing 670 and VpsR. With an in vitro transcription activation of approximately
7-fold over basal expression, c-di-GMP plays an important role in forming the transcription bubble
(30). Unlike other c-di-GMP-dependent transcription regulators, c-di-GMP does not play a

significant role in VpsR’s DNA binding affinity, DNA basepair (bp) contacts in the absence of
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RNAP, and dimerization ability (30). In chapter 3, I uncovered new Class I and Class II biofilm
promoters directly regulated by both VpsR and c-di-GMP. Lastly, in chapter 4, 1 further
investigated the role of VpsR phosphorylation at the highly conserved D59 residue within the REC
domain. My data suggests that along with c¢-di-GMP, phosphorylation is also required to form the
transcription bubble. Like c-di-GMP, phosphorylation does not play a significant role in DNA
binding affinity, DNA bp contacts, and oligomerization. Whether phosphorylation is required to
bind to c-di-GMP remains to be determined.

Though I have made progress in understanding VpsR’s mechanism of transcription
activation, my dissertation has led to fascinating unanswered questions, opening many new future
avenues of research. A major breakthrough was the development of a new method to purify high
quantities of VpsR. These new purification methods should enable us to obtain crystal structures
of VpsR in collaboration with Dr. Matthew Neiditch’s lab at the University of Rutgers. We plan
to solve VpsR structures in four different forms: VpsR, VpsR + c-di-GMP, VpsR~P, and VpsR~P
+ c¢-di-GMP. Not only will these structures reveal the conformational changes upon
phosphorylation with acetyl phosphate, but they will also give us insights into the dimerization
pocket and c-di-GMP binding pocket. Though my trypsin proteolysis experiments demonstrate no
striking differences in protein digestion patterns/protein conformation in the presence and absence
of phosphorylation and/or c-di-GMP, the conformational changes may be subtle, preventing the
visualization of these changes in a trypsin proteolysis assay or the conformational changes may
occur only in the presence of RNAP containing 670. Solving the structure of VpsR will enable us
to model VpsR with available structures of RNAP. Alternately, we may be able to obtain cryo-EM
structures of the activated transcription complex. Understanding how VpsR interacts with the DNA

with and without c-di-GMP and/or phosphorylation within the activated transcription complex

120



with RNAP will give us significant insights into the mechanism of VpsR’s unusual c-di-GMP-
dependent transcription initiation process.

We can also use our high throughput gene reporter assay to complement VpsR structural
studies. Using error-prone PCR with manganese chloride and targeted arginine site-directed
mutagenesis, respectively, I have scanned the VpsR protein for mutations that affect binding to c-
di-GMP using both a nonbiased and biased approach. Upon expression of vpsR mutants under the
arabinose promoter in a V. cholerae AvpsR background containing a reporter plasmid with vpsL-
lux and another plasmid with the GGDEF enzyme QrgB, I have isolated vpsR mutants belonging
to one of four classes: 1) wildtype-like, 2) inactive, 3) blind to c-di-GMP with low transcriptional
activity, or 4) constitutively active in the presence or absence of c-di-GMP at a level similar to WT
with ¢-di-GMP (Fig. 5.1, WT green bar). This is a powerful screen since any mutation that renders
the protein inactive will be immediately eliminated from subsequent analyses. So far, I have
screened approximately 2000 mutants and identified several VpsR residues that appear to be
involved in binding to c-di-GMP in vivo. These VpsR mutants demonstrate only small differences
between VpsR induction (Fig. 5.1, red bars) vs. VpsR/c-di-GMP induction (Fig. 5.1, green bars).
I have followed up with one constitutively active mutant (I170T) and four c-di-GMP blind mutants

(R193H, R274C, 1275C, L325S) for further studies.
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Figure 5.1: Three-plasmid genetic screen to isolate VpsR mutants that are blind to c-di-GMP
or constitutively active in the absence of c-di-GMP. VpsR mutants were isolated using error-
prone PCR and tested for vpsL-/ux expression with cells harboring three total plasmids as indicated
in the text. Cells were grown to ODggo of 0.5 with final concentration of 0.2% arabinose and/or 1
mM IPTG for induction. Blue bar indicates induction of GGDEF to produce high levels of c-di-
GMP. Red bar indicates induction of VpsR with arabinose. Green bar indicates induction of both
VpsR and c-di-GMP with arabinose and IPTG, respectively. Error bars represent standard
deviation with three independent cultures.

To test whether these VpsR mutants can bind c-di-GMP in vitro, I have employed Differential
Radial Capillary Action of Ligand Assay (DRaCALA). This powerful technique allows the use of
induced whole cell lysates to probe protein-ligand interactions, eliminating the need for protein
purification (232). After cloning individual VpsR mutations into the pET system and confirming
protein expression with SDS-PAGE, I tested each mutant’s ability to bind to **P-c-di-GMP. My
preliminary data demonstrate that the VpsR mutants from Fig. 5.1 all exhibit decreased binding to

32P-¢c-di-GMP relative to wildtype VpsR in vitro (Fig. 5.2A and 2B).
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Figure 5.2: Characterization of VpsR mutants binding to c-di-GMP by DRaCALA. (A) 6 uM
of *?’P-c-di-GMP were incubated with VpsR protein lysates and later competed with 100 pM cold
c-di-GMP and dotted on nitrocellulose (B) Three technical replicates were performed and analyzed
using Graphpad Prism, 7.0. (C) Mapping mutant amino acid residues on VpsR homology model.
Mutants include constitutively active mutant, 1170T (red), and c-di-GMP blind mutants, R193
(orange), R274 (yellow), 1275 (blue), and L325 (purple). A comparative model of VpsR was
generated using NtrC1 crystal structure (PDB: 414U). All VpsR mutants map to the AAA+ domain.
Thus far, all mutants are located in the AAA+ domain of VpsR. Of the 5 identified amino acid
mutants, 4 mutations are clustered in one location on our VpsR homology model based on NtrC1
structure (PDB: 414U) (Fig. 5.2C). I have also purified and characterized two of these mutants, the
c-di-GMP blind VpsR R193H and the constitutively active VpsR 1170T, in EMSAs and in vitro
transcriptions to determine their effects on DNA-binding and transcription activation. Though both
variants bind DNA and dimerize (data not shown), neither behaves in vitro as predicted from their
in vivo characteristics. R193H is defective in transcription activation, while I1170T still requires c-
di-GMP for transcription activation (Fig. 5.3). Biofilm phenotypes for each mutant could also be

tested using crystal violet staining. In this assay, overnight cultures would be transferred to a 96-

well polystyrene plate with a minimum biofilm eradication concentration (MBEC) lid. Biofilms
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would then be washed with ethanol and stained with crystal violet prior to quantification at an

absorbance of 595 nm (233,234).

RNAP + + + + + + + +
c-di-GMP - + - - - + + +
VpsR - - WT I170T R193H WT I170T R193H

ST

Figure 5.3: Single round in vitro transcriptions of VpsR mutants. Reactions were performed
with plasmid template P,,,; with E. coli RNAP containing 70, with or without c-di-GMP, and
either WT VpsR, c-di-GMP blind mutant VpsR R193H, or constitutively active mutant VpsR
1170T.

In addition, bacterial adenylate cyclase two-hybrid (BACTH) assays can be used to
complement these structural studies. These analyses can identify possible protein-protein
interactions within the activated transcription complex between VpsR and RNAP or within the
VpsR dimerization pocket between VpsR and VpsR in the absence and presence of c-di-GMP. In
this system, which has been previously used to study c-di-GMP-dependent protein-protein
interactions (235), two fragments of pertussis adenylate cyclase, T25 and T18, need to physically
close to synthesize cyclic-AMP, a small molecule activator of the lactose and maltose operons, in
a E. coli cya- strain (236). A protein or protein domain is fused to T25 and its putative partner is
fused to T18. If these proteins interact, T18 and T25 are in close proximity and adenylate cyclase
functions, synthesizing cAMP. I constructed a bait plasmid containing VpsR fused to the T18
domain with and without QrgB cloned downstream of the fused VpsR protein. As prey plasmids,
I constructed the following fused to the T25 domain: RNAP subunits and VpsR with and without
a downstream QrgB. After transformation into BTH101, E. coli that lacks the native cyad gene,

overnight cultures were spotted onto LB agar supplemented with appropriate antibiotics, IPTG,

and X-galactose. Blue colonies represent positive interactions while white colonies denote no
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interaction. Dot reporter plates demonstrate strong interactions between VpsR and VpsR with and
without c-di-GMP, supporting my BS® crosslinking studies. I also observed a signal consistent
with a strong interaction between VpsR and either full-length RpoA or RpoAN'™ (Fig. 5.4).

TD
AC

Although no interaction was observed between VpsR and Rpo , this assay is known to have

false negatives and thus this result does not exclude a potential interaction.
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Figure 5.4: Bacterial adenylate cyclase two hybrid (BACTH) assay of VpsR +/- ¢-di-GMP
and o subunit domains. Reconstitution of CyaA, indicative of protein-protein interaction, was
detected by B-galactosidase activity on LB plates containing ampicillin (100pg/mL), kanamycin
(50pug/mL), IPTG (0.5mM), and X-gal (40pg/mL). Plates were incubated at 30°C for 48 hrs.

I performed Miller assays to quantify the activity of betagalactosidase and further determine
strength of protein-protein interactions. Since E. coli CRP is the most well-characterized regulator
with genetic and biochemical analyses defining the interaction pocket between CRP and aNTD, I
used the interacting domain of the aNTD with CRP to select V. cholerae rpoA residues that could
potentially interact with VpsR. I then mutated the corresponding V. cholerae rpoA residues, E163,
E164, D165, and E166, that could potentially be interacting with VpsR (237). My Miller assays
demonstrated a modest, but reproducible decrease in binding interaction for these mutants (Fig.

5.5).
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Figure 5.5: Miller assay investigating interactions between VpsR +/- ¢-di-GMP and a. (A)
Mutant o residues (yellow spheres) are mapped to the crystal structure E. coli RNAP (PDB:
4Y@G2). o dimers are represented in red and pink, 3 represented in green, 3’ represented in blue,
o represented in purple, and 670 represented in brown. (B) The level of B-galactosidase (in Miller
units) observed in the 2-hybrid assays using the indicated protein-protein pairs. Red line indicates
negative control. Values above the red line represent positive interactions while values around or
below the red line represent negative interactions. Empty vector plasmids were used as negative
controls.

In the future, additional rpo4 as well as vpsR residues can be screened either through direct
selection or utilizing a random mutagenesis approach with error-prone PCR as described above
for the high throughput reporter assay screen. Similar to the high throughput reporter assay, VpsR
mutants can be overexpressed and purified and tested in EMSAS, in vitro transcriptions, BS®
crosslinking, DRaCALA, and crystal violet assays to examine DNA binding affinity, transcription
activation, dimerization, binding to c-di-GMP, and biofilm formation, respectively. Additionally,
RpoA mutants can also be tested in vivo in a reporter assay, which has been used previously by

another group looking at mutant o>

and CRP interactions (238). In this assay, 7po4 mutants are
overexpressed on one plasmid, the CRP is overexpressed on the second plasmid, and the promoter

is fused to lacZ on the chromosome (238). Furthermore, because we also routinely purify E. coli
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RNAP in the Hinton laboratory, we can also express, purify, and test these oo mutants in in vitro
transcriptions. To further validate protein-protein interactions, pull-down assays can be performed
with purified His-tagged VpsR bound to c-di-GMP and RNAP subunits. The bait protein, His-
tagged VpsR, would be bound to a Ni-NTA affinity column prior to addition of one of the RNAP
subunits. Positive protein-protein interactions can be identified on denaturing polyacrylamide gels
and stained with Coomassie Blue.

Along with protein-protein and protein-signal interactions, protein-DNA interactions
within the activated transcription complex can be further investigated using FeBABE assays.
FeBABE is a powerful biochemical cleavage tool that conjugates to cysteine residues (239).
Addition of appropriate reagents induces the Fenton reaction and generates a chemical bomb due
to production of hydroxyl radicals, thereby cleaving DNA and protein near the chelated site (239).
With our VpsR homology model, we can select residues within and/or surrounding the DNA
binding domain to mutate into cysteines. We can thereby obtain a molecular map of VpsR/c-di-
GMP +/- RNAP transcription complex on the DNA.

Furthermore, with the ability to purify nonphosphorylated VpsR, we can now also look at
the role of nonphosphorylation vs. phosphorylation at other VpsR-regulated promoters using
acetyl phosphate as the phosphate donor. Recent studies reveal that nonphosphorylated RRs are
not simply just inactivated versions of RRs. Instead, they also play a role in transcription activation.
For example, Salmonella enterica SsrB binds to the csgD promoter in the absence of
phosphorylation and activates transcription by relieving H-NS silencing (160,191). However,
upregulation of Salmonella Pathogenicity Island-2 genes requires phosphorylation of SsrB due to
direct interaction with RNAP at this promoter (159). Interestingly, in gene reporter assays at vpsL

and vpsT promoters, VpsR/c-di-GMP and H-NS up-regulate and down-regulate these genes,
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respectively (30,69,71,76,77). Gel shift assays and DNase I footprinting demonstrate that both
regulators bind to both pieces of DNA (data not shown) (30,69,71,76,77). However, in in vitro
transcriptions, WT VpsR (presumably phosphorylated) and c-di-GMP together activate vpsL,
while vpsT does not (data not shown) (30), suggesting that perhaps VpsR also uses two modes of
transcription activation, similar to SsrB. Further studies using competition assays between VpsR
+/- c-di-GMP vs. H-NS can be investigated. /n vitro transcriptions can also be used to determine
if VpsR can function as an anti-H-NS repressor, relieving repression and upregulating gene
expression. Since VpsR/c-di-GMP also do not directly activate epsC, tfoY, and vpsA in in vitro
transcriptions (data not shown), this mechanism may apply at these promoters. Single molecule
atomic force microscopy could also be employed to look at protein oligomerization as well as
conformational changes associated with DNA binding of each regulator.

Along with looking for downstream effects associated with phosphorylation, we can also
investigate vpsR regulation. My studies in chapter 4 demonstrate that the E. coli AackAAptA mutant
is unable to activate P,y in gene reporter assays. These mutants can also be constructed in V.
cholerae, which encodes one pta gene and two ack genes: ackl and ack2. Mass spectrometry can
be used to confirm that these mutants contain low levels of acetate and acetyl phosphate. We would
expect that activation would be low in a AacklAack2Apta mutant but high in a Apta strain. Though
these studies would not rule out the possibility that a kinase may still exist, we can additionally
perform a random transposon mutagenesis screen to identify the kinase and/or regulators involved
in vpsR promoter regulation.

Though I have identified three new promoters directly activated in vitro by VpsR, c-di-
GMP, and RNAP, it has become increasingly evident that VpsR regulates additional promoters

beyond biofilm gene expression. For example, VpsR directly binds to the promoters, epsC, tfoY,
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and aphA, regulating T2SS, motility, and virulence, respectively (26,69,147,173). Though I did
not observe transcription activation in vitro at P,g,c and Py, it is possible that I did not have the
proper conditions for activation. In collaboration with Dr. Peter Freddolino at the University of
Michigan, we are searching for additional promoters that are transcriptionally regulated by VpsR
and c-di-GMP using a combination of RNA-seq and /n vivo Protein Occupancy Display High
Resolution (IPODHR) (240). We have grown, induced, crosslinked, and harvested WT V. cholerae
and AvpsR strains containing IPTG-inducible QrgB or QrgB*, allowing us to achieve high and low
c-di-GMP levels, respectively. After DNA fragmentation and isolation, we used deep sequencing
and looked for genes that have decreased promoter occupancy and decreased gene expression in
AvpsR. Preliminary data appears promising. Positive hits include many of the promoters that are
directly regulated by VpsR and c-di-GMP: vpsT, vpsL, aphA. Full analysis of the data will allow
us to identify additional promoters that are bound by and are transcriptionally regulated by both
VpsR and c-di-GMP. Upon identification of these promoters, we can then test these promoters in
a wide variety of assays that I have already developed: gene reporter assays, in vitro transcriptions,
EMSAs, and DNase I footprinting.

Lastly, vps regulation is a complex and multistep process requiring multiple activators,
repressors, and signaling molecules. At the vpsL promoter, together with c-di-GMP, VpsR and
VpsT upregulate transcription while H-NS represses transcription under LCD in vivo. 1 have
purified VpsT and H-NS and have attempted to construct this entire regulation in vitro. My data
show that VpsT alone with RNAP and c-di-GMP does not activate transcription, but H-NS alone
inhibits transcription (Fig. 5.5A and 5.5B). Addition of both activators (VpsR and VpsT) and c-
di-GMP as well as the repressor H-NS reveals that activation still occurs (Fig. 5.5E). Mechanistic

experiments incubating H-NS first show that VpsR and VpsT can relieve H-NS repression to
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activate transcription (Fig. 5.6). Likewise, prior incubation with VpsR and VpsT prevents H-NS
from repressing transcription (Fig. 5.6). Optimization of this in vifro system by varying
concentrations of each regulator will further allow us to understand the mechanism of this complex
regulation. To further mimic the system, we can use purified V. cholerae RNAP instead of E. coli
RNAP. With the help of Genscript, we have constructed a plasmid expressing V. cholerae RNAP
with a His-tag at the N-terminus of rpoB. Expression and purification has been thus far

unsuccessful, but we plan to try different expression conditions and/or redesign the plasmid.

A. B. C. D. E. F.
| | PR | | e | [H-NS]
<«— vpsL
[ - - transcript
— - - - — —— - —

Figure 5.6: VpsR, VpsT, c-di-GMP, and H-NS regulation at P,,. Single round in vitro
transcription reactions were performed to look at the mechanism of transcription regulation at P,,;.
(A) Reactions were performed with RNAP/VpsT/c-di-GMP preincubation prior to H-NS
incubation from 0 to 7.5 uM. (B) Reactions were performed with RNAP preincubation prior to H-
NS incubation from 0 to 7.5 uM. (C) Reactions were performed with RNAP/VpsR/c-di-GMP
preincubation prior to H-NS incubation from 0 to 5 pM. (D) Reactions were performed with
RNAP/VpsR/VpsT/c-di-GMP preincubation prior to H-NS incubation from 0 to 5 uM. (E) All
components were incubated on ice simulatenously prior to initiation transcription. (F) Reactions
were performed with H-NS incubation prior to incubation with RNAP/VpsR/VpsT/c-di-GMP.

In conclusion, I have made significant progress in understanding the mechanism by which
c-di-GMP interacts with transcriptional regulators to directly modulate gene expression with
RNAP. I was the first to determine the transcriptional mechanism of c-di-GMP-dependent
activation of V. cholerae biofilm genes, but I have also investigated the role of VpsR
phosphorylation in this mechanism and I have identified additional VpsR-regulated promoters.
Based on this work, future studies should be able to construct a molecular map of both protein-

DNA and protein-protein interactions detailing how VpsR and c-di-GMP function together and

interact with RNAP and the DNA. By exploring this transcriptional mechanism, my research has
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had three important major impacts: I have established a new paradigm in c-di-GMP-dependent
transcription activation, I have elucidated mechanistic processes that regulate biofilm formation,
and most importantly, I have provided the foundation needed for the development of new inhibitors
that target V. cholerae, biofilm-based infections, and EBP/c-di-GMP regulatory pathways. As
atypical EBPs, such as VpsR, and c-di-GMP are widespread in bacteria and responsible for
fundamental processes including virulence, biofilm formation, and motility, understanding how
this key transcription factor family is regulated by c-di-GMP will allow us to predict novel c-di-
GMP-dependent signal transduction pathways in other bacteria and identify new targets to directly

modulate this gene expression.
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Plasmids

Description

pMLHO6 vpsL promoter -97 to +213 cloned into pRLG770 (30)
Chapter 2
pMLH10 vpsL promoter -97 to +213 cloned into pBBRIux (30)
Chapter 2
pCMW75 IPTG-inducible V. harveyi diguanylate cyclase qrgB (70)
pCMW98 IPTG-inducible V. harveyi diguanylate cyclase qrgB (70)
mutant (GG>AA)
pMLH17 vpsR cloned into pHERD20T (30)
Chapter 2
pMLH18 vpsR D59A cloned into pHERD20T Chapter 4
pMLH19 vpsR D59E cloned into pHERD20T Chapter 4
pMLH11 vpsR cloned into pET28b(+) (30)
Chapter 2
pMLH14 vpsR D59A cloned into pET28b(+) Chapter 4
pMLH15 vpsR D59E cloned into pET28b(+) Chapter 4
pMLH40 rbmA promoter -222 to +120 cloned into pRLG770 Chapter 3
pMLH41 rbmF promoter -209 to +167 cloned into pRLG770 Chapter 3
pMLH42 vpsU promoter -130 to +155 cloned into pRLG770 Chapter 3
pMLH48 C18-vpsR for BACTH Chapter 5
pMLH49 C18-vpsR-qrgB Chapter 5
pMLH50 C25-vpsR for BACTH Chapter 5
pMLH54 C18-vpsR-qrgB for BACTH Chapter 5
pMLH81 N18-rpoA for BACTH Chapter 5
pMLH82 N18-rpoA NTD for BACTH Chapter 5
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Table A.1 (cont’d):

Plasmids Description Source
pMLH83 N18-rpoA CTD for BACTH Chapter 5
pMLH91 N18-rpoA for BACTH Chapter 5
pMLH92 N18-rpoA NTD for BACTH Chapter 5
pMLH93 N18-rpoA CTD for BACTH Chapter 5
Radiolabeled DNA for | vpsL promoter -97 to +103 Chapter 2
EMSA and DNase |

footprinting

Radiolabeled DNA for | rbmA promoter -222 to +120 Chapter 3
EMSA and DNase |

footprinting

Radiolabeled DNA for | rbmF promoter -209 to +167 Chapter 3
EMSA and DNase |

footprinting

Radiolabeled DNA for | vpsU promoter -130 to +155 Chapter 3
EMSA and DNase |

footprinting

pKAS VpsR D59A allelic exchange vector, vpsR D59A Chapter 4
pKAS VpsR D59E allelic exchange vector, vpsR D59E Chapter 4
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Table A.2: Strains of Vibrio cholerae and Escherichia coli used in this study.

Strain name Description Reference/Source

ElectroMAX DH10B E. coli strain used for Invitrogen
cloning

DH5a E. coli strain used for NEB
cloning

BL21 (DE3) E. coli strain used for protein | NEB
purification

Rosetta2 (DE3) pLysS E. coli strain used for protein | NEB
purification

S17-Apir E. coli strain used for (179)
conjugation

2781 E. coliMG1655 Alan Wolfe

2785 E. coli ackA-, pta- Alan Wolfe

C6707str2 (WT) V. cholerae El Tor strain (178)

CW2034 vpsL- (70)

WN310 vpsL- vpsR- (69)

BP52 vpsR- Chapter 4

BP72 vpsL-, vpsR D59A Chapter 4

WN314 vpsL-, vosR D59E Chapter 4
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